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Editorial

See corresponding article on page 1174.

How bad is fructose?1,2

George A Bray

This issue of the Journal contains another disturbing article on
the biology of fructose (1). Why is fructose of concern? First, it
is sweeter than either glucose or sucrose. In fruit, it serves as a
marker for foods that are nutritionally rich. However, in soft
drinks and other “sweets,” fructose serves to reward sweet taste
that provides “calories,” often without much else in the way of
nutrition. Second, the intake of soft drinks containing high-
fructose corn syrup (HFCS) or sucrose has risen in parallel with
the epidemic of obesity, which suggests a relation (2). Third, the
article in this issue of the Journal (1) and another article published
elsewhere last year (3) implicate dietary fructose as a potential
risk factor for cardiovascular disease.

The intake of dietary fructose has increased significantly from
1970 to 2000. There has been a 25% increase in available “added
sugars” during this period (4). The Continuing Survey of Food
Intake by Individuals from 1994 to 1996 showed that the average
person had a daily added sugars intake of 79 g (equivalent to 316
kcal/d or 15% of energy intake), approximately half of which was
fructose. More important, persons who are ranked in the top
one-third of fructose consumers ingest 137 g added sugars/d, and
those in the top 10% consume 178 g/d, with half of that amount
being fructose. If there are health concerns with fructose, then
this increased intake could aggravate those problems.

Before the European encounter with the New World 500 y ago
and the development of the worldwide sugar industry, fructose in
the human diet was limited to a few items. For example, honey,
dates, raisins, molasses, and figs have a content of �10% of this
sugar, whereas a fructose content of 5–10% by weight is found in
grapes, raw apples, apple juice, persimmons, and blueberries.
Milk, the main nourishment for infants, has essentially no fruc-
tose, and neither do most vegetables and meats, which indicates
that human beings had little dietary exposure to fructose before
the mass production of sugar.

Most fructose in the American diet comes not from fresh fruit,
but from HFCS or sucrose (sugar) that is found in soft drinks and
sweets, which typically have few other nutrients (2). Soft drink
consumption, which provides most of this fructose, has increased
dramatically in the past 6 decades, rising from a per-person
consumption of 90 servings/y (�2 servings/wk) in 1942 to that of
600 servings/y (�2 servings/d) in 2000 (5). More than 50% of
preschool children consume some calorie-sweetened beverages
(6). Children of this age would not normally be exposed to fruc-
tose, let alone in these high amounts. Because both HFCS and
sucrose are “delivery vehicles for fructose,” the load of fructose
has increased in parallel with the use of sugar.

Fructose is an intermediary in the metabolism of glucose, but
there is no biological need for dietary fructose. When ingested by
itself, fructose is poorly absorbed from the gastrointestinal tract,
and it is almost entirely cleared by the liver—the circulating
concentration is �0.01 mmol/L in peripheral blood, compared
with 5.5 mmol/L for glucose.

Fructose differs in several ways from glucose, the other half
of the sucrose (sugar) molecule (4). Fructose is absorbed from
the gastrointestinal tract by a different mechanism than that
for glucose. Glucose stimulates insulin release from the iso-
lated pancreas, but fructose does not. Most cells have only low
amounts of the glut-5 transporter, which transports fructose
into cells. Fructose cannot enter most cells, because they lack
glut-5, whereas glucose is transported into cells by glut-4, an
insulin-dependent transport system. Finally, once inside the
liver cell, fructose can enter the pathways that provide glyc-
erol, the backbone for triacylglycerol. The growing dietary
amount of fructose that is derived from sucrose or HFCS has
raised questions about how children and adults respond to
fructose alone or when it is accompanied by glucose. In one
study, the consumption of high-fructose meals reduced 24-h
plasma insulin and leptin concentrations and increased post-
prandial fasting triacylglycerols in women, but it did not sup-
press circulating ghrelin, a major appetite-stimulating hor-
mone (4).

Fructose is metabolized, primarily in the liver, by phos-
phorylation on the 1-position, a process that bypasses the
rate-limiting phosphofructokinase step (4). Hepatic metabo-
lism of fructose thus favors lipogenesis, and it is not surprising
that several studies have found changes in circulating lipids
when subjects eat high-fructose diets (4). In the study con-
ducted by Aeberli et al (1), dietary factors, especially fructose,
were examined in relation to body mass index, waist-to-hip
ratio, plasma lipid profile, and LDL particle size in 74 Swiss
schoolchildren who were 6 –14 y old. In that study, plasma
triacylglycerols were higher, HDL-cholesterol concentrations
were lower, and lipoprotein (LDL) particle size was smaller in
the overweight children than in the normal-weight children.
Fatter children had smaller LDL particle size, and, even after
control for adiposity, dietary fructose intake was the only

1 From the Pennington Biomedical Research Center, Louisiana State Uni-
versity System, Baton Rouge, LA.

2 Reprints not available. Address correspondence to GA Bray, Boyd Pro-
fessor, Pennington Biomedical Research Center, LSU System, 6400 Perkins
Road, Baton Rouge, LA 70808. E-mail: brayga@pbrc.edu.
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dietary factor related to LDL particle size. In this study, it was
the free fructose, and not sucrose, that was related to the effect
of LDL particle size. Studies in rodents, dogs, and nonhuman
primates eating diets high in fructose or sucrose consistently
show hyperlipidemia (4). The current report by Aeberli et al
suggests that the higher intake of fructose by school-age chil-
dren may have detrimental effects on their future risk of car-
diovascular disease by reducing LDL particle size. It is inter-
esting that this study did not find a relation of dietary fructose
with triacylglycerols but did find a relation with the more
concerning lipid particle, LDL cholesterol. Another recent
report has proposed a hypothesis relating fructose intake to the
long-known relation between uric acid and heart disease (3).
The ADP formed from ATP after phosphorylation of fructose
on the 1-position can be further metabolized to uric acid. The
metabolism of fructose in the liver drives the production of
uric acid, which utilizes nitric oxide, a key modulator of
vascular function (3). The studies by Aeberli et al and Naka-
gawa et al suggest that the relation of fructose to health needs
reevaluation.

The author had no personal or financial conflict of interest.
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Folic acid fortification: is masking of vitamin B-12 deficiency what
we should really worry about?1,2

Ingeborg Brouwer and Petra Verhoef

Mandatory fortification of flour with folic acid has reduced the
number of neural tube defects in North America (1). The study by
Wyckoff and Ganji (2) in this issue of the Journal suggests that
fortification with folic acid may have led to correction of mac-
rocytosis [ie, increased mean corpuscular volume (MCV) of red
blood cells] caused by vitamin B-12 insufficiency. They wisely
concluded that MCV should not be used as a marker for vitamin
B-12 insufficiency.

In this retrospective cross-sectional study, the authors used
laboratory results from individuals aged �19 y who had their
serum vitamin B-12 concentrations and MCV measured in an
academic hospital between 1 January 1995 and 31 December
2004. Folic acid fortification began on 1 January 1998. Only
subjects with low serum vitamin B-12 concentrations (ie, �258
pmol/L) were included in the study (n � 633). The proportion of
these subjects without macrocytosis (ie, with normal MCV) was
higher in the postfortification period (�87%) and perifortifica-
tion period (�85%) than in the prefortification period (�70%).
However, the prefortification reference group consisted of only 86
subjects, which may mean that the prefortification estimate was less
reliable than theother2estimates.Furthermore, theystudiedagroup
of patients from an academic hospital, which may make it diffi-
cult to generalize the results to the general population.

Two other studies have performed similar analyses. In contrast
with the findings of Wyckoff and Ganji (2), Mills et al (3) found
no increase in the number of veterans with a combination of low
vitamin B-12 concentrations and no macrocytosis after the in-
troduction of folic acid fortification. However, a study by Ray et
al (4) in Canadian women aged �65 y supports the findings of
Wyckoff and Ganji. Ray et al did not measure MCV, but they did
show an increase in the number of women with high concentra-
tions of folate and low concentrations of vitamin B-12 in their
blood. Although the number of women with a combination of
high folate and low vitamin B-12 increased 7 times, the preva-
lence still remained quite low, 0.61% (4).

From case studies, we know that a delay in the diagnosis of
vitamin B-12 deficiency could lead to irreversible neuropathy.
But how great are the chances that a doctor would not recognize
a vitamin B-12 deficiency because an individual with suspected
anemia has a normal MCV? In practice, this is probably a minor
problem because, by now, every physician should know that
measuring MCV does not give any clue to whether the patient has
a vitamin B-12 deficiency. All doctors should be educated to not
just measure MCV to detect a vitamin B-12 deficiency, but rather

to measure concentrations of vitamin B-12 or methylmalonic
acid in serum. It is fair to say, though, that the issue of which
measurements and cutoff values should be used to determine a
vitamin B-12 deficiency has not been settled (5, 6).

But what if the correction of macrocytosis is not only a doc-
tor’s problem, but is also a patient’s problem? It is possible that
the correction of anemia by consuming extra folic acid intake
may not only correct the macrocytosis but may also lead to less
fatigue among patients. This may delay the time that it takes for
a person to visit the general practitioner to the point that neuro-
logic damage may already have occurred. However, as far as we
know, there are no data available to substantiate whether this is
a realistic scenario or not. Nevertheless, we should not exclude
the possibility of such a delay in patients with vitamin B-12
deficiency who live in a country with folic acid fortification.

Is a delayed diagnosis of vitamin B-12 deficiency by folic acid
really the only worry? In the January issue of the Journal (7), it is
reported that a combination of high serum folate concentrations
and low vitamin B-12 status was associated with a higher risk of
cognitive impairment in US subjects aged �60 y. In contrast,
high serum folate concentrations in combination with a normal
vitamin B-12 status were associated with a lower risk of cogni-
tive impairment. This finding suggests that treating, and prefer-
ably preventing, vitamin B-12 deficiency is crucial in the era of
folic acid fortification. How can we prevent vitamin B-12 defi-
ciency? One option might be to cofortify flour with folate and
vitamin B-12. In a group of 189 healthy volunteers aged 50–85
y, Tucker et al (8) showed that consumption of 1 cup (0.24 L) of
breakfast cereal fortified with 400 �g folic acid, 2 mg vitamin
B-6, and 6 �g vitamin B-12 significantly increased mean
(�SEM) vitamin B-12 concentrations in serum from 296 � 10 to
354 � 13 pmol/L after 12 wk. Furthermore, the percentage of
subjects with vitamin B-12 concentrations �185 pmol/L de-
creased from 9% to 3%. Although this does not prove that co-
fortification will prevent all vitamin B-12 deficiencies, it is likely
to improve the vitamin B-12 status in the general population and to
prevent some of the alleged side effects of folic acid fortification.

1 From the Institute of Health Sciences, Faculty of Earth and Life Sciences,
Vrije Universiteit, Amsterdam, Netherlands (IB), and the Unilever Food and
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But will cofortification with folate and vitamin B-12 solve all
the issues currently considered in the ongoing debates on whether
or not to fortify food with folic acid in other countries? Probably
not, because there are indications that high doses of folic acid
may promote the growth of existing tumors (9) or may interfere
with antifolate drug therapy (10).

In conclusion, it is uncertain to what extent the masking of
vitamin B-12 deficiency by folic acid is indeed a worry. Doctor’s
delay appears to be a nonissue if appropriate markers of vitamin
B-12 are measured, but patient’s delay should be considered.
Considering the ongoing discussion of what the best markers and
cutoff values for vitamin B-12 deficiency are, it is also hard to say
how many people would be at risk. Other possible negative
effects of folic acid fortification should be further investigated
and thoroughly evaluated. Cofortification with vitamin B-12
may solve some, but not all, of the possible adverse effects.

Both authors declared that they had no competing interests. PV is an
employee of Unilever. Unilever markets food products, some of which are
enriched with B vitamins.
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Review Article

Potential role of sugar (fructose) in the epidemic of hypertension,
obesity and the metabolic syndrome, diabetes, kidney disease, and
cardiovascular disease1�3

Richard J Johnson, Mark S Segal, Yuri Sautin, Takahiko Nakagawa, Daniel I Feig, Duk-Hee Kang, Michael S Gersch,
Steven Benner, and Laura G Sánchez-Lozada

ABSTRACT
Currently, we are experiencing an epidemic of cardiorenal disease
characterized by increasing rates of obesity, hypertension, the met-
abolic syndrome, type 2 diabetes, and kidney disease. Whereas ex-
cessive caloric intake and physical inactivity are likely important
factors driving the obesity epidemic, it is important to consider
additional mechanisms. We revisit an old hypothesis that sugar,
particularly excessive fructose intake, has a critical role in the epi-
demic of cardiorenal disease. We also present evidence that the
unique ability of fructose to induce an increase in uric acid may be a
major mechanism by which fructose can cause cardiorenal disease.
Finally, we suggest that high intakes of fructose in African Ameri-
cans may explain their greater predisposition to develop cardiorenal
disease, and we provide a list of testable predictions to evaluate this
hypothesis. Am J Clin Nutr 2007;86:899–906.

KEY WORDS Fructose, uric acid, sugar, arteriosclerosis, en-
dothelial dysfunction, hypertension, obesity, chronic kidney dis-
ease, metabolic syndrome

INTRODUCTION

Despite our best efforts, the epidemic of cardiorenal disease
continues to increase at an alarming rate. Obesity affects one-
third of adults and one-sixth of children in the United States and
continues to increase; although dietary interventions are often
initially successful, they often fail over time because of attrition
(1). Likewise, hypertension affects nearly one-third of the pop-
ulation, but despite the presence of effective antihypertensive
agents, nearly two-thirds of these patients remain either un-
treated or are treated ineffectively (2). Furthermore, even if the
hypertension is controlled, these subjects continue to have in-
creased cardiovascular mortality (3). Diabetes, a complication of
obesity, now affects 7% of our population, with approximately
one-third doomed to develop various complications such as ret-
inopathy or nephropathy (4). Kidney disease also continues to
increase at a deplorable rate, a consequence of the increasing
frequency of hypertension and diabetes (5). Today, nearly 20
million Americans have stage 1 kidney disease or greater (de-
fined as the presence of microalbuminuria or a glomerular fil-
tration rate �90 mL�min�1�1.73 m�2; 6), and, although treat-
ments such as angiotensin-converting enzyme inhibitors are
beneficial, they act primarily to delay the progression to renal
failure as opposed to halting the process (7).

It is our opinion that the potential mechanisms underlying the
epidemic should be carefully reappraised. On the basis of both
the experimental studies performed in our laboratories and an
extensive review of the literature, we revisit an old hypothesis
that a simple dietary substance may have a significant role in
driving the epidemic. Interestingly, reappraising the role of sugar
and its influence in the development of cardiorenal disease may
lead to a new understanding of why certain populations, such as
African Americans, Native Americans, Maori, and Australian
Aborigines, are at greater risk of developing the disease. Similar
to the relation between high intakes of salt or protein and the risk
of developing kidney disease or to the relation between a high-fat
diet and the atherosclerotic phenotype, we propose that sugars
containing fructose may play a major role in the development of
hypertension, obesity, and the metabolic syndrome and in the
subsequent development of kidney disease. Although physical
inactivity and overeating are major contributors to the obesity
epidemic, we present evidence that fructose may be the “caries”
at the epidemic’s root.

THE EPIDEMIC OF CARDIORENAL DISEASE

If the goal is to understand the causes of the epidemic, it is
important to first review the literature to understand the timing
and origins of the epidemic of cardiorenal disease. This type of
epidemiologic analysis may provide insights into the potential
etiologies that can then be tested in the experimental setting.

After the introduction of the inflatable cuff for blood pressure
measurement by Riva Rocci in the late 1800s, population-based
studies were performed throughout the world (reviewed in 8). A
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study performed between 1907 and 1919 in �140 000 healthy
adults applying for life insurance in the New York region sug-
gested that a blood pressure of 140 (systolic)/90 (diastolic) mm
Hg was abnormal because it reflected only 5-6% of the popula-
tion in the United States (9); however, by nature, these early
studies may not have been representative of the general popula-
tion because they usually did not include subjects of lower so-
cioeconomic status who could not afford insurance or patients
who had been previously diagnosed with a disease. Nevertheless,
on the basis of these early studies, a blood pressure of 140/90 mm
Hg was adopted as the definition of hypertension.

There has been a remarkable increase in the prevalence of
hypertension in the US population since the early 1900s. In a
study performed in 1939 of �11 000 residents in the Chicago
area, only 11-13% of the adult population had blood pressures in
the hypertensive range (10); this increased to 25% in 1975 (11),
to 28% in 1990 (12), and to 31% (61 million people) in 2004 (13).

Similar observations were noted in other countries. Hyperten-
sion was initially rare in all parts of the world except in Europe,
particularly in England, France, Germany, and the United States
(14–16). In studies conducted as late as 1940, hypertension ap-
pears to have been almost nonexistent in non-Western peoples,
including studies performed in Native Americans, Australian
Aborigines, Maori, Alaskan Eskimos, Asians, and African
blacks (reviewed in 8). However, with the introduction of a
Western culture and diet, there has been a significant change. The
prevalence of hypertension has been increasing throughout the
world, and the greatest relative increase has been observed in
groups with less socioeconomic support (8).

Not surprisingly, a rise in hypertension is paralleled by in-
creasing rates of obesity and diabetes. In a study of Civil War
veterans, obesity [defined as a body mass index (BMI; in kg/m2)
�30] was observed in only 3.4% of 50- to 59-y-old male veterans
in 1890, but this percentage rose slightly to 5.9% by 1900 (17).
Obesity rates continued to increase during the early 1900s, reach-
ing 14.5% in 1976–1980, 22.5% in 1988–1994, and 30.4% in
1999–2002 (4, 18). Similarly, Osler (19) estimated a prevalence
of 2–3 cases of diabetes per 100 000 persons in the population in
1893; however, today, type 2 diabetes affects �7% of our pop-
ulation and is estimated to double in prevalence by 2020. The
increases in the rates of obesity and diabetes are being observed
throughout the world (20). As with hypertension, these condi-
tions are greatest among the less privileged in societies such as
African Americans, Native Americans, and Hispanics in the
United States; the Maori in New Zealand; and Aborigines in
Australia (20).

There has also been a remarkable increase in chronic kidney
disease (4, 21). The incidence of end-stage renal disease in the
United States has increased 4-fold between 1980 and 2002 (21),
and similar increases are being observed throughout the world.
Most of the increase is due to diabetes and hypertension. The
incidence of end-stage renal disease in the United States has
increased 4-fold between 1980 and 2002 (21), and similar in-
creases are being observed throughout the world. Most of the
increase is due to diabetes and hypertension.

The increase in hypertension and diabetes translates into in-
creased rates of stroke, heart failure, and myocardial infarction.
Indeed, there has also been a remarkable increase in cardiovas-
cular disease throughout the world. Coronary artery disease was
once considered rare and was observed primarily in Europe and
in the United States (22). By 1929, Platt (23) noted that coronary

disease had increased in frequency such that it was commonly
observed by the family practitioner; by 1940, cardiology was
initiated as a discipline in the United States. By 1950, there were
only 500 cardiologists in the United States, and, by 1960, the
World Health Organization pronounced a world epidemic of
cardiovascular disease. Today, there are �25 000 cardiologists
in the United States performing �1 million coronary angiograms
yearly, and �720 000 cardiovascular surgeries are performed an-
nually (4). Cardiovascular disease is currently the major cause of
death in the United States, accounting for 37% of all deaths, and is
considered a contributing factor in an additional 21% of the popu-
lation (4). Similar increases in coronary artery disease and cardio-
vascular mortality have also been observed in other countries (20).

Some have argued that there is no cardiovascular epidemic,
because the absolute number of cardiovascular deaths in the
United States and the calculated rates per population are cur-
rently decreasing (4). It has also been stated that the increase in
hypertension simply reflects the increase in the aging population,
because the average life span has increased from 47 y in 1900 to
77 y today (24). Furthermore, the increasing longevity of the
population has been used as an argument that the increase in
obesity may not be a disadvantage. However, these arguments
are lacking. First, the observed decline in cardiovascular mor-
tality rates is probably not due to a decrease in cardiovascular
disease, but rather to the fact that we have developed better ways
to control cardiovascular disease after it has developed. Today,
we have antihypertensive agents, statins, antiplatelet drugs, and
a host of surgical and nonsurgical treatments for those with cor-
onary artery disease. Whereas it is true that an aging population
will likely mean higher rates of hypertension, we are now ob-
serving hypertension in adolescents that cannot be explained by
an aging population (13). Furthermore, in the 1939 study (10),
only 12–13% of 50- to 55-y-old men had hypertension (and only
1.6% had systolic blood pressures �140 mm Hg); today, age-
matched men have a hypertension frequency of 31%. Finally, the
comment that obesity is an advantage because people are living
longer negates the fact that, in the general population, longevity
is greater in persons with a normal BMI than in those with a high
BMI (25). It is more likely that increased longevity relates to
better hygiene, a reduction in malnutrition, the introduction of
antibiotics, and the increasing affluence of the world population.

THE PARALLEL EPIDEMIC OF SUGAR
CONSUMPTION

Whereas today the intake of foods containing table sugar (su-
crose) occurs with almost every meal, the introduction of sugar
into the diet is relatively recent. Before the introduction of sugar,
the primary sweetener had been honey, but because it was rela-
tively rare and not mass produced, the majority of people (espe-
cially the poorer classes) had no sweeteners at all in their normal
diet (26).

Sugar derived from sugar cane was first developed in New
Guinea and in the Indian subcontinent and was a rare and expen-
sive commodity that was introduced into Europe via Venice,
Italy, and other trading ports during the Middle Ages. During this
time, only royalty or the very wealthy could afford this luxury.
However, by the late 1400s, Spain and Portugal began growing
sugar cane in the Canary Islands, in Madeira, and in Silo Tome;
this led to such wealth that King Emmanuel I of Portugal, “the

900 JOHNSON ET AL



Fortunate” (1469–1521), sent life-sized sugar effigies of the
Cardinals and the Pope to the Vatican in 1513 as a gift (27).

The discovery of the New World provided a mechanism for
expanding sugar production. Christopher Columbus brought sugar
cane to Santo Domingo on the island of Hispaniola (which is now
Haiti and the Dominican Republic) on his second voyage in 1493;
shortly thereafter, sugar plantations were established in the Carib-
bean islands, in the Guiana coasts, in Brazil, and eventually in the
southern United States. Although initially an attempt was made to
use Native Americans to work the plantations, a Catholic priest,
Bartholomew de las Casas, requested King Ferdinand of Spain for
the protection of the local Taino Indians because of the large num-
bers who had been killed or who were dying from smallpox or other
diseases. So, in 1505, the first ship of African slaves departed for
America to work the plantations. The next three and a half centuries
witnessed the infamous “Triangle Trade,” in which ships would sail
to Africa, loaded with manufactured goods such as brass, copper,
lead, salt, and gunpowder, which would be used to purchase slaves
who were then shipped across the famed “Middle Passage” to the
sugarplantations in theCaribbeanandsouthernstates. It isestimated
that between 10 and 20 million Africans were brought to America
during this period.

Whereas initially Portugal and Spain were the major importers
of sugar, the capture of the Spanish settlement of Kingston,
Jamaica, by the English in 1655 resulted in much of the sugar
being exported to England. Sugar was such a desirable commod-
ity that England began to hoard the sugar for its own people.
Whereas in 1660, England exported 67% of its sugar to the rest
of Europe, by 1753, this dropped to 5.5% (28). The increase in
sugar production resulted in its increased availability to the pub-
lic. Before the introduction of sugar, the primary diet was car-
bohydrate based, but it was primarily starch, consisting of a diet
rich in barley, wheat, oats, and rye. Sugar had been used primarily
as a costly medicinal. However, with the increased availability of
sugar, it could also be used to sweeten chocolates, teas, and cakes.
The average per capita sugar intake in England was 4 lb (1.8 kg)
in 1700 and 18 lb (8.1 kg) in 1800, and it increased even more
after the prime minister, William Gladstone, removed the sugar
tax in 1874, which led to a mean consumption of 100 lb (45 kg)
in 1950 (29; Figure 1).

The blockade of sugar importation to Europe by the British
navy after 1700 caused a shortage of sugar to these countries. As

a consequence, techniques were developed to extract sugar from
beets, and by the beginning of the 18th century, a thriving sugar
beet industry was developing in Germany, France, and Austria.
The combined production of sugar from sugar cane and beets led
to a marked increase in world sugar production, from 250 000
tons in 1800 to 8 million tons in 1900 (33).

Sugar consumption continued to increase in the 1900s, with an
overall doubling in the United States and the United Kingdom
between 1900 and 1967 (34). By 1993, �110 million tons of
sugar were produced worldwide (33). Whereas sugar intake con-
tinues to be marked in the industrialized nations, it is in the
developing countries that the greatest increase in the rates of
sugar consumption has been observed (35 ). By the early 1970s,
an additional sweetener, high-fructose corn syrup (HFCS), was
introduced in the United States, which had certain advantages
over table sugar with relation to shelf life and cost. This sweet-
ener, the composition of which is similar to that of sucrose, is
used extensively to sweeten soft drinks, fruit punches, pastries,
and processed foods. The combination of table sugar and HFCS
has resulted in an additional 30% increase in overall sweetener
intake over the past 40 y, mostly in soft drinks. Currently, con-
sumption of these sweeteners is almost 150 lb (67.6 kg) per
person per year (36), which has resulted in the ingestion of �500
kcal/d (37; Figure 1).

ARE THESE EPIDEMICS RELATED?

Keys (38) is credited with the discovery of an association of
Western diets with the development of coronary artery disease.
Keys focused on the relative increase in fat intake with a decrease
in total carbohydrate intake, and this general finding (“nutrition
transition”) has been confirmed in numerous studies, which has
led to the widespread recognition of the importance of fat intake
in the development of heart disease. However, Yudkin (39)
showed in the early 1960s that the Western diets high in fat are
also high in sugar, and he proposed that sugar intake may also
play an underlying role in the cardiovascular epidemic. In addi-
tion, recent history in the United States has shown that, although
a low-fat intake has been promoted, rates of obesity have con-
tinued to increase as sugar consumption has continued. In addi-
tion, recent studies showing that a low-carbohydrate, high-fat
diet has no adverse cardiovascular effects (40, 41) suggest that it
is time to revisit the causes of the cardiorenal disease epidemic.
In 2002, Havel’s group (37) made the case that the fructose
content of sugar may be the critical component associated with
the risks of obesity and heart disease. Sucrose is a disaccharide
consisting of 50% fructose and 50% glucose, and HFCS is also a
mixture of free fructose and glucose of approximately the same
proportion (55:45).

There are some striking epidemiologic associations between
sugar intake and the epidemic of cardiorenal disease. For exam-
ple, obesity was initially seen primarily in the wealthy, who
would have been the only ones able to afford sugar. Also, the first
documentation of hypertension, diabetes, and obesity occurred
in the very countries (England, France, and Germany) where
sugar first became available to the public. The rise in sugar intake
in the United Kingdom and the United States (Figure 1) also
correlates with the rise in obesity rates observed in these coun-
tries. Furthermore, the later introduction of sugar to developing
countries also correlates with the later rise in their rates of obesity
and heart disease. A series of epidemiologic studies linked the

FIGURE 1. Sugar intake per capita in the United Kingdom from 1700 to
1978 (30, 31; E) and in the United States from 1975 to 2000 (32; �) is
compared with obesity rates in the United States in non-Hispanic white men
aged 60–69 y (17; F). Values for 1880-1910 are based on studies conducted
in male Civil War veterans aged 50–59 y (18).
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ingestion of soft drinks to obesity, hypertension, and diabetes
(42, 43) and the consumption of fruit juice and fruit punch to
obesity in children (44, 45). Although these epidemiologic as-
sociations suggest a potential causal role, are there any direct
experimental data to show that sucrose or fructose can induce
obesity or hypertension?

SUGAR (FRUCTOSE) STUDIES IN HUMANS AND
EXPERIMENTAL ANIMAL MODELS

Clinical studies have confirmed that sucrose (and particularly
fructose) can induce weight gain and features of the metabolic
syndrome. For example, serum triacylglycerols increased in
young men receiving a diet supplemented with 200 g sucrose/d,
whereas concentrations did not increase when starch was the
primary carbohydrate (46). Hyperinsulinemia developed in one-
third of these subjects (30). In another study, the administration
of sucrose supplements resulted in weight gain, a significant rise
in serum triacylglycerols, and a rise in systolic blood pressure
(47). An increase in blood pressure was also observed in healthy
adults fed a diet of 33% sucrose for 6 wk but not when diets of 5%
or 18% sucrose were fed (48). Others have also reported that diets
enriched in either sucrose (49) or fructose (50) cause impaired
glucose tolerance and insulin resistance. Notably, most of these
diets provided fructose in the range of 400–800 kcal/d, which is
within the upper range of what is currently being ingested in the
United States.

Rodents also develop features of the metabolic syndrome after
ingesting sucrose. As in humans, it was shown that the active
ingredient is fructose rather than glucose: feeding fructose to rats
resulted in the metabolic syndrome, whereas equivalent amounts
of glucose or starch did not induce these features (51). In addition
to the metabolic syndrome, the administration of fructose re-
sulted in the development of renal hypertrophy, afferent arterio-
lar thickening, glomerular hypertension, and cortical vasocon-
striction (52). Furthermore, feeding fructose to rats with chronic
renal disease (rats that have had five-sixths of their renal mass
removed) resulted in an increased progression of the disease, as
evidenced by worsening proteinuria, renal function, and glomer-
ulosclerosis (53). Worsening of renal function was not observed
in rat pairs fed dextrose (53).

It has been argued that the fructose studies in rodents should
not be compared with human studies because the doses of fruc-
tose administered to rodents are not physiologic, inasmuch as
they usually account for 60-70% of the diet. However, we re-
cently found that lower doses of fructose (10% given in the water,
resulting in one-half of the caloric intake, compared with the
classic 60% fructose diet) can also induce hypertension and renal
microvascular changes, although they are less severe (52).

MECHANISMS FOR FRUCTOSE-INDUCED
METABOLIC SYNDROME

Fructose may cause obesity via several different mechanisms.
First, Havel’s group (54) conducted a clinical study that found
that fructose may not cause the level of satiety equivalent to that
of a glucose-based meal. Specifically, the differences in the ef-
fect of fructose and glucose consumption (consumed as bever-
ages with 3 meals) on ad libitum food intake and hunger rating
were observed on the day after the exposure to the sweetened
beverages. The mechanism was related to the inability of fructose

to acutely stimulate insulin and leptin and to inhibit ghrelin, all
factors that are known to affect the satiety center in the central
nervous system. Yudkin (34) also argued that the sweetness of
fructose (or sucrose) often makes food more palatable, and, in-
deed, the food industry has capitalized on this by frequently
adding HFCS or sugar to normally nonsweetened foods (such as
crackers) to enhance the taste. This may stimulate more food
intake. Furthermore, mice fed fructose-sweetened water gain
more weight than do mice given the same calories as starch,
which suggests that fructose may also slow the basal metabolic
rate (55 ).

One unique aspect of fructose is that it is the only sugar that
raises uric acid concentrations, and this can be shown in both
humans (56) and rodents (57). Fructose enters hepatocytes and
other cells (including tubular cells, adipocytes, and intestinal
epithelial cells), where it is completely metabolized by fructoki-
nase with the consumption of ATP; unlike in glucose metabo-
lism, there is no negative regulatory mechanism to prevent the
depletion of ATP. As a consequence, lactic acid and uric acid
are generated in the process, and uric acid concentrations may
rise by 1–4 mg/dL after the ingestion of a large fructose-based
meal (58).

Although the rise in uric acid concentrations has historically
been viewed as simply a potential risk factor for inducing gout,
recent studies suggest that this may be a key mechanism to
explain how fructose causes cardiovascular disease. In addition,
it also provides a mechanism to explain why rodents are rela-
tively resistant to the effects of fructose (see below).

FRUCTOSE-INDUCED HYPERURICEMIA AS A
MECHANISM FOR CARDIORENAL DISEASE

Nakagawa et al (51) recently showed in experimental animals
that lowering uric acid concentrations could largely prevent fea-
tures of the metabolic syndrome induced by fructose, including
weight gain, hypertriacylglycerolemia, hyperinsulinemia and in-
sulin resistance, and hypertension. The protective effect of low-
ering uric acid concentrations on the development of the meta-
bolic syndrome was shown regardless of whether the uric acid
concentrations were lowered by using a xanthine oxidase inhib-
itor or a uricosuric agent (51).

These studies were surprising, because most authorities had
considered uric acid to be either biologically inert or an important
antioxidant in the plasma (59). However, uric acid was found to
have numerous deleterious biologic functions. For example, uric
acid stimulates both vascular smooth muscle cell proliferation
and the release of chemotactic and inflammatory substances
(60–62), induces monocyte chemotaxis (63), inhibits endothe-
lial cell proliferation and migration (64, 65), and causes oxidative
stress in adipocytes, which results in the impaired secretion of
adiponectin (66).

In animals, the effect of elevated uric acid concentrations is
even more pronounced. For example, mildly hyperuricemic rats
develop hypertension because of the inhibition of nitric oxide
synthase in the macula densa, the stimulation of intrarenal renin,
and a reduction in endothelial nitric oxide bioavailability (67). Over
time, hyperuricemic rats develop renal arteriosclerosis that then
causes the animals to develop a salt-sensitive form of hypertension
(62). Hyperuricemic rats also develop slowly progressive renal dis-
ease with renal vasoconstriction and glomerular hypertension (68).
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An increase in uric acid in animals with preexistent renal disease
accelerates the progression of the disease (69).

Whereas human diseases such as obesity, renal disease, and
cardiovascular diseases likely have complex and multifactorial
origins, recent studies have suggested that uric acid is an inde-
pendent risk factor for these diseases. Uric acid has now been
found to be an independent predictor of hypertension in 15 of 16
published studies, including a recent report by the Framingham
Heart Study group (70–85). Uric acid is also an independent
predictor of obesity (86), hyperinsulinemia (87), and renal dis-
ease (88). Furthermore, uric acid concentrations are elevated in
the vast majority (89%) of adolescents with new-onset hyper-
tension, and in pilot studies, the lowering of uric acid concentra-
tions was found to reduce blood pressure in these subjects (89,
90). A recent prospective, controlled trial also reported that the
lowering of uric acid concentrations in patients with hyperuri-
cemia and renal disease resulted in significantly slower renal
progression and a significant (13 mm Hg) fall in systolic blood
pressure that was not observed in the controls (91). Whereas
more clinical studies are clearly needed, these data suggest that
uric acid may contribute to the cardiorenal disease epidemic.

The mechanism by which uric acid causes these effects may
involve a reduction in the concentrations of endothelial nitric
oxide. Uric acid potently reduces the concentrations of endothe-
lial nitric oxide in vitro and in vivo in experimental animals (64,
65). Hyperuricemia in humans is also strongly associated with
endothelial dysfunction (92, 93), and lowering uric acid concen-
trations has consistently been shown to improve endothelial
function after several weeks (94–98). In turn, a reduction in
endothelial nitric oxide predisposes animals to develop features
of the metabolic syndrome. For example, genetically modified
mice that lack endothelial nitric oxide synthase develop many
features of metabolic syndrome, including hypertension, hyper-
triacylglycerolemia, and insulin resistance (99).

Several potential mechanisms may explain how an impaired
production of endothelial nitric oxide results in features of the
metabolic syndrome. For example, a reduction in nitric oxide
results in systemic and intrarenal vasoconstriction, renal micro-
vascular disease, and systemic hypertension (100). Endothelial
nitric oxide is also critical in mediating the increase in blood flow
to the skeletal muscle in response to insulin, and blocking nitric
oxide can result in higher blood insulin concentrations and pe-
ripheral insulin resistance (101). In turn, insulin stimulates the
secretion of hepatic triacylglycerol (102).

It should be noted that obesity itself can also induce insulin
resistance, in part by the intracellular accumulation of triacyl-
glycerols (102). Once renal arteriosclerosis develops, hyperten-
sion also becomes salt sensitive and renal dependent (103). Fi-
nally, the progressive loss of renal function and mass will result
in intrarenal hemodynamic changes that favor a continued de-
cline in renal function (104). Hence, fructose- and uric acid–
associated mechanisms are likely to be of more importance in the
initial development of the metabolic syndrome phenotype and
may become less important once obesity, hypertension, and renal
disease become established.

WHY ARE AFRICAN AMERICANS SUSCEPTIBLE TO
CARDIOVASCULAR DISEASE?

It is well known that African Americans have higher rates of
obesity, hypertension, diabetes, kidney disease, and heart disease

(105). This increased rate of cardiorenal disease contrasts with a
near absence of hypertension and obesity in studies performed in
the early 20th century in blacks living in Africa (106, 107). It is
interesting to speculate that African Americans may also have
been exposed quite early to sugar. Early workers cut and bundled
the sugar cane in the fields, pressed the cane in the local mills to
get the sugary extract, and boiled this extract in the sugar houses
to generate the sugar crystals and leftover molasses. Molasses
(which is sucrose) was a staple in the early African American
diet, and one wonders whether it may have played a role in the
increased frequency of hypertension that was noted in early ep-
idemiologic studies performed in the Caribbean and in Louisiana
(108, 109). Recent studies also have documented that the sugar
intake of African Americans is greater than that of whites (110,
111). Similar high sugar intakes were noted in studies of Aus-
tralian Aborigines and Samoans living in New Zealand (112,
113). Furthermore, it is known that African Americans have
higher concentrations of uric acid (114); in the African American
Study of Hypertension and Kidney Disease, the average uric acid
concentration was 8.3 mg/dL (115).

Other explanations are also possible, including the preferential
survival during the early years of slavery of subjects with higher
blood pressures, salt sensitivity, obesity and insulin resistance,
and better wound healing (116). Indeed, African Americans with
hypertension and renal disease have been found to have a higher
frequency of a polymorphism for transforming growth factor-�
(TGF-�) and elevated serum TGF-� concentrations (117).
TGF-� is a cytokine important in wound healing and was re-
cently shown to have a role in blood pressure (118). An increase
in TGF-� could also explain the rapid progression of microvas-
cular injury and renal disease characteristic of African Ameri-
cans (119) and, by inducing microvascular disease, could also
have a role in the induction of salt sensitivity (103).

A congenital mechanism has also been proposed. African
Americans have a higher frequency of low-birth-weight infants,
which has been linked to a low nephron number (120). In turn, a
low nephron number is associated with the later development of
hypertension, diabetes, and obesity (121). Interestingly, low-
birth-weight infants are known to develop early hyperuricemia
and endothelial dysfunction (122). Indeed, evidence that uric
acid may have a role in this condition is mounting (123).

Finally, an environmental mechanism also seems likely. Af-
rican Americans may be under more societal stress owing to
lower socioeconomic conditions (124). They also have diets
higher in sodium and lower in potassium (125).

CAVEATS

A key difficulty in proving that sugars play a participatory role
in the epidemic of cardiorenal disease is separating the effect of
fat intake and the effect of sugar intake. That is, survival for
thousands of years was based on our ability to store triacylglyc-
erol for survival during times when food was scarce. Since the
industrial revolution, food has been plentiful, and obesity has
increased because of the innate nature to store triacylglycerols in
the face of excessive caloric intake. However, whereas an in-
creased intake of calories as fat can cause obesity and obesity can
lead to insulin resistance, it is our hypothesis that only sugars can
directly lead to insulin resistance. In addition, for the past 20 y,
there has been a push to lower fat intake, and the result of these
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programs has been a marked increase in the prevalence of obe-
sity. Interestingly, during this period, the level of fructose intake
increased considerably.

Another difficulty in showing causation in human studies of
the effect of fructose on the incidence of cardiorenal disease,
independent of obesity, is that obesity and fructose intake track
together. Thus, whereas animal studies have shown a causal
effect of fructose on cardiorenal markers, independent of obesity,
causation cannot be shown in human studies.

CONCLUSION

In conclusion, we propose that sugar intake, and particularly
that of fructose, may have an important participatory role in the
current cardiorenal disease epidemic and may also explain why
certain subgroups, such as African Americans, are particularly
prone to disease. This pathway may well be mediated, in part, by
the unique ability of fructose to raise uric acid. This may also
explain why rodents are relatively resistant to fructose, because
these animals have lower uric acid concentrations owing to the
presence of an enzyme (uricase) that degrades uric acid to allan-
toin. Indeed, when uricase is inhibited in the rat, fructose will
cause a 5-fold greater increase in uric acid concentrations (57).

The observation that uric acid may play a key role in the
process suggests that other mechanisms that raise uric acid con-
centrations may also play a role in the epidemic. In this regard,
17th and 18th century England is also famous for the enormous
importation of fortified wines such as port and Madeira rich in
sugar and lead (126). Lead can also cause hyperuricemia and
hypertension. We have been able to block lead-induced hyper-
tension by lowering uric acid concentrations (126). This would
suggest that a low level of lead ingestion may act as an additional
synergistic factor, particularly during the early part of the epi-
demic. Uric acid concentrations have increased within the gen-
eral population in parallel with the epidemic of cardiorenal dis-
ease (8, 127).

If the hypothesis is correct that fructose has a role in the
epidemic of cardiovascular disease, then a number of predictions
should arise from future studies. First, fructose intake will be a
risk factor for hypertension, insulin resistance, hypertriacylglyc-
erolemia, obesity, type 2 diabetes, preeclampsia, chronic kidney
disease, stroke, cardiovascular disease, and mortality. Second,
reducing uric acid in patients with uric acid concentrations �6.0
mg/dL will improve endothelial dysfunction, decrease systemic
vascular resistance, lower blood pressure, lower triacylglycerol
concentrations, improve body weight, lower the risk of the pro-
gression of renal disease, and reduce cardiovascular disease risk.
Third, low-fructose diets coupled with mild purine restriction
will improve weight and reduce cardiovascular disease risk.
Fourth, fructokinase will be identified as a key enzyme mediating
the cardiorenal disease syndrome; genetic polymorphisms will
be associated with cardiovascular disease risk, and blocking the
enzyme will provide a novel way to prevent cardiorenal disease.
Clearly, much more work needs to be done to prove or disprove
this hypothesis.
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Birth weight; postnatal, infant, and childhood growth; and obesity
in young adulthood: evidence from the Barry Caerphilly
Growth Study1�3
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ABSTRACT
Background: Birth weight has been shown to be positively associ-
ated with adult obesity, but relatively few studies have examined the
associations with growth in specific periods of early childhood.
Objective: The objective was to assess the association of measures
of growth between birth and 5 y of age with adult measures of
adiposity.
Design: We conducted a longitudinal study of young adults from
Barry and Caerphilly, United Kingdom, who had previously taken
part between 1972 and 1974 in a randomized controlled trial of milk
supplementation. We reexamined 679 men and women (72% of the
target population) to measure body mass index (BMI; in kg/m2),
waist-to-hip ratio, sagittal abdominal diameter, and waist circum-
ference.
Results: An increase in weight velocity from 1 y and 9 mo to 5 y of
age was the most important predictor of BMI, waist circumference,
and sagittal abdominal diameter. A z-score increase in weight gain in
this period was associated with an increase in BMI of 1.13 (95% CI:
0.69, 1.57; P � 0.001). Infant weight gain from 5 mo to 1 y and 9 mo
was the strongest predictor of waist-to-hip ratio (0.51; 95% CI: 0.00,
1.02; P � 0.05).
Conclusions: Birth weight does not predict adiposity on the basis of
weight gain in childhood. The association between adult adiposity
and weight gain in different periods is variable and depends on the
measure of adiposity that is used. It remains unclear whether early
childhood is the optimum period in the life course for the primary
prevention of adult adiposity. Am J Clin Nutr 2007;86:907–13.

KEY WORDS Early life, adiposity, life course

INTRODUCTION

Obesity is a principal risk factor for many adult chronic dis-
eases (1). The prevalence of childhood obesity has increased
dramatically in many developed countries over the past 20 y (2).
This is of particular concern because longitudinal studies indi-
cate that overweight and obese children are likely to grow into
overweight and obese adults (3). Epidemiologic models in the
post–World War II era focused primarily on adult risk factors in
studying the causes of chronic diseases (4). However, over the
past decade, life course models have highlighted the potential
importance of risk factors in early life either in a critical or
sensitive period or through risk accumulation (5). Two sets of
findings are relevant to the present study: the first, a longitudinal

follow-up of children that showed how cardiovascular risk fac-
tors track from childhood into adulthood (6), and the second, a
study of the associations between small size at birth and a variety
of adult chronic diseases, such as ischemic heart disease, type 2
diabetes, insulin resistance syndrome, and obesity (7). The latter
research led to the hypothesis that influences on fetal develop-
ment could program adult disease (8).

The fetal or developmental origins hypothesis is based on the
concept that biological programming arises when the trajectory
of cellular or organ growth is altered to compensate for an explicit
insult occurring at vulnerable stages of embryonic development
(9). The consequential adjustment, which may be adaptive in the
short term, results in adverse metabolic or structural alterations
that lead to later disease (10). Several studies have determined
that individuals who go on to develop ischemic heart disease,
diabetes, or insulin resistance show different patterns of weight
gain from those of their peers (11). It has also been proposed that
accelerated growth after birth, especially in the first 2 wk of life,
may increase insulin resistance–related risk processes (12, 13).
Alternatively, genetic factors may determine both the rate of fetal
growth and the risk of chronic disease in later life (14). We
examined whether different patterns of weight gain in the first 5 y
of life predict a range of adult measures of adiposity and to what
degree, if any, these can be explained by parental characteristics.

SUBJECTS AND METHODS

The Barry Caerphilly Growth Study is a follow-up of a dietary
intervention randomized controlled trial. The original trial par-
ticipants were pregnant women and their offspring, who were
followed until the offspring were 5 y of age. In the late 1990s,
when the offspring were �25 y of age, they were contacted and
invited to participate in a follow-up study.
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Original study

The original study was undertaken from 1972 to 1974 in 2
small towns in southern Wales: Barry, a seaside town, and
Caerphilly, a largely industrial town. Pregnant women and their
offspring were recruited through primary care practices and were
randomly assigned to the “supplemented” or control group. Milk
tokens were provided to women in the supplemented group
throughout pregnancy and to each child (index case) until the age
of 5 y (15).

A total of 1288 women were eligible for the study; 37 (2.9%)
declined to participate, which left 1251 subjects. Of these, 88
women were subsequently excluded from the study if they had a
miscarriage, if they were not pregnant, or if they had moved away
from the research area. A total of 1163 pregnant women were
enrolled in the trial, and a total of 951 (88.8%) singleton children
completed the trial at 5 y (18.2% loss). An analysis of participants
who dropped out did not reveal evidence of any systematic bias
in terms of birth weight or maternal characteristics (15).

The women were visited at the time of first reporting the
pregnancy. At approximately the 20th and 36th weeks of preg-
nancy, data on anthropometric measures, adult health behaviors,
and socioeconomic characteristics were gathered by using a
health visitor–administered questionnaire. After birth, the in-
fants were visited at 10 d, at 6 wk, and at 3, 6, 9, and 12 mo, and
thereafter at 6-mo intervals, for a total of 14 home visits by their
fifth birthday. Birth weights were obtained from the hospital
records, and thereafter weight was measured with a portable
beam balance. Trained study nurses, who were monitored
throughout the study, made all measurements, other than birth
weight.

Follow-up study

From 1997 to 1999, we attempted to contact all of the partic-
ipants who had completed the original study. The participants
were traced through their parents, by obtaining information from
the National Health Service Central Register, or by checking the
local voter registration lists. The participants were invited to take
part in the follow-up study; if they agreed, they were sent a
self-completion questionnaire, which contained questions on
lifestyle variables. Female participants were asked about oral
contraceptive use and the date of the last menstrual period.

Each participant gave written informed consent. Ethical ap-
proval for the study was given by the Bro Taf Health Authority
Local Research Ethics Committee.

The participants were invited to a screening clinic in which
standard anthropometric measures were recorded. Standing
height was measured by using a stadiometer (Harpenden,
Crymych, United Kingdom). The participants were weighed
while wearing a light gown, and weights were recorded to the
nearest kilogram on a scale that was calibrated monthly. Waist
circumference was measured at the narrowest point between the
costal line and the iliac crest. Hip circumference was measured
around the bony markings of the greater trochanters. A plastic
tape measure attached to a spring balance maintained at a con-
stant tension of 600 g was used for both measures. These mea-
sures were used to derive the waist-to-hip ratio (WHR). Sagittal
abdominal diameter (SAD) was measured by using an abdominal
caliper (Holtain-Kahn, Crymych, United Kingdom) while the
participant was resting in the supine position and during expira-
tion. All measures were repeated twice. If there was difference of

�0.5 unit, then up to 2 additional measures were recorded to
reduce measurement error.

Statistical analysis

We used 2 different approaches to model the effects of prenatal
and postnatal growth on adult adiposity. The first approach,
which is the most commonly used, was simple linear regression
in which the effects of early growth on later adiposity were
examined by using z scores for the early growth variables as
exposures. We initially examined the z score from each time
point alone. Because of the multitude of measurements, we re-
duced the data by including only the measures at birth, 3 mo, 1 y,
and 5 y. These time points were chosen because we were specif-
ically interested in testing the accelerated early growth hypoth-
esis (13) and in comparing our findings with the original Hert-
fordshire cohort, who had data on birth weight and weight at 1 y
(16). We later altered the third time point to �1.5 y on the basis
of the spline regression models (see below). For birth weight, the
z scores were derived for all births that took place between 36 and
44 wk of gestation, and they were standardized by sex and the
gestational age (in weeks). For the other growth measures, the z
scores were standardized by sex and the age at the time of the
measurement.

The second approach was more complex, but it used all 14
childhood measurements in developing a linear spline random-
effects model with 2 knots (thus dividing the follow-up into 3
time periods, each with its own gradient). Spline models with
knots positioned at different time points were compared with a
third-order fractional polynomial model. The positioning of the
2 knots was chosen by selecting the spline model with the highest
percentage of predicted values within 5% of those of the frac-
tional polynomial model. With the use of the same procedure,
3-knot spline models were investigated. However, because the fit
of the 3-knot model was comparable with that of the 2-knot
model, the simpler 2-knot model was chosen. The spline model
was adjusted for sex, and the interaction terms between sex and
each of the 3 time periods were considered. The random-effects
model allowed the 4 coefficients, namely, the birth weight and
the slopes for each of the 3 time periods, to vary between subjects.
In addition, the model allowed variation in measurement be-
tween occasions and within subjects, thereby capturing the
change in the variance of measurements with age. The model was
estimated by using Markov Chain Monte Carlo methods with
diffuse priors, which can be used to approximate maximum like-
lihood estimation.

The 4 between-subject random effects from the spline model
were thus a summary of an individual’s growth curve from birth
to 5 y, denoting the deviance from the average predicted birth
weight and that from the average predicted growth rate (kg/y) in
each of the 3 time periods. These were defined as “immediate
weight velocity” (from birth to 5 mo), “infant weight velocity”
(from 5 mo to 1 y and 9 mo), and “childhood weight velocity”
(from 1 y and 9 mo to 5 y). Again, we converted these variables
into z scores so that the sizes of the coefficients were directly
comparable. The analyses of the adult outcome measures were
undertaken by using linear regression with the 4 random effects
(the deviance from the average predicted birth weight and that
from the average predicted growth rate in each of the 3 time
periods) as exposures.

The 4 exposures [the deviance from the average predicted birth
weight and the deviance from the average predicted growth rate
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(kg/y) in each of the 3 time periods] may have been estimated
more accurately in the subjects with a greater number of child-
hood weight measurements than in those with fewer childhood
weight measures. The accuracy of the estimates was examined by
carrying out weighted linear regression models of the adult out-
comes on all exposures (as described above), weighting each
subject by a measure of the precision with which the random
effects were estimated. The average of the 4 SDs of these random
effects was used as a measure of precision.

We examined the effects of early growth by using 5 different
models (Figure 1). Model 1 was adjusted for adult age, sex, and
gestational age. Model 2 was adjusted as was model 1, but with
the addition of maternal and paternal weight and height, because
these may determine prenatal and postnatal growth and later
adiposity. Model 3 was adjusted as was model 2, but with the
addition of parental socioeconomic status in childhood, because
this is a marker of the parental socioeconomic status and may
determine parental obesity, childhood growth, and later adipos-
ity. Model 4 was adjusted as was model 3, but with the addition
of maternal smoking in pregnancy, because this may be deter-
mined by parental socioeconomic status and will affect birth
weight and hence subsequent growth. Model 5 was adjusted as
was model 4, but with the addition of current adult smoking status
of the participant, because this may be related to both maternal
smoking and parental socioeconomic status.

RESULTS

Of the 951 subjects who completed the original study, 23 were
untraceable or had died or emigrated; of the remaining 928 sub-
jects, 679 (73%) agreed to attend a follow-up clinic. Male infants
were heavier (3.44 compared with 3.30 kg; difference in
means � 0.16; 95% CI: �0.08, �0.23; P value � 0.0001) than
were female infants (Table 1). In adulthood, the men had greater
central adiposity (as measured by larger waist circumferences,
WHR, and SAD; P � 0.0001 for all) than did the women.

Every weight measure except birth weight showed a statisti-
cally significant positive association with adult body mass index
(BMI; in kg/m2), which increased in magnitude with time
(Table 2). Similar patterns of association with BMI were seen for

SAD and waist circumference (Table 3) but not WHR (Table 2),
for which meaningful associations emerged only with childhood
measures from �1.5 y onward, and the strength of the association
was relatively consistent for measures from �2.5 y onward.

The results of the simple linear regression models with BMI as
the adult measure of adiposity are shown in Table 3. Weight at 5 y
was the only growth measure that was a strong and consistent
predictor of adult BMI in all the models. The same pattern of
results (data not shown) was seen with SAD and waist circum-
ference, although the initial inverse birth weight association was
stronger for SAD (�3.1 mm; 95% CI: �5.8, �0.4; P � 0.02).
Different patterns were seen for WHR. The simple model shows
an inverse association with birth weight and a positive associa-
tion with weight at 5 y. With the addition of parental height and
weight, the effect of weight at 5 y was greatly attenuated. In the
final model, weight at 5 y was no longer a predictor. In contrast,
weight at 1.5 y was not predictive in model 1, but after further
adjustment, its effects became stronger with some weak evidence
against the null hypothesis (P between 0.04 and 0.07).

The spline model in the present study found that, on average,
boys gained 1.0 kg/mo and girls gained 0.9 kg/mo in the imme-
diate postnatal period. Infant weight gain was similar in boys and
girls at 0.28 kg/mo, whereas childhood weight gain was more
modest at 0.17 kg/mo. Standardized (z score) immediate weight
gain (0.69; 95% CI: 0.31, 1.07), infant weight gain (0.79; 95% CI
0.41 to 1.16), and childhood weight gain (1.37; 95% CI 1.00 to
1.74) were univariably associated (P � 0.0001 for all) with adult
BMI. When we mutually adjusted for birth weight and immedi-
ate, infant, and childhood weight velocity, we found no evidence
of an association between adult BMI and birth weight or infant
weight velocity (Table 4). Immediate and childhood weight
velocity showed positive associations with adult BMI, although
the latter effect was stronger. Further adjustment did not change
the basic pattern, although the influence of infant growth was
strengthened. Increased childhood weight velocity remained the
strongest predictor. These results were similar for waist circum-
ference, although the effects of infant velocity were slightly but
significantly stronger (1.08; 95% CI: 0.19, 1.97; P � 0.02 in
model 5). For abdominal circumference, only childhood weight
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Intrauterine 
growth
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FIGURE 1. Potential pathways that may explain the associations between weight gain in early life and adult obesity.
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velocity was a meaningful predictor (4.22; 95% CI; 1.43, 7.01;
P � 0.003 in model 5), whereas WHR again showed a different
pattern, so that only infant weight velocity was a predictor (see

Table 4). The results were essentially unchanged after we under-
took a weighted regression analysis whereby we used the inverse
of the SD for the 4 random effects as the weighting factors.

TABLE 1
Basic descriptive data on anthropometric measures from the participants of the Barry Caerphilly Growth Study by sex1

Variable

Men (n � 361) Women (n � 318)

x� � SD 95% CI x� � SD 95% CI

Measures from the original study
Weight (kg)

At birth 3.44 � 0.49 1.99, 4.86 3.30 � 0.51 1.88, 4.69
6 wk 4.99 � 0.62 3.18, 6.82 4.57 � 0.58 2.84, 6.74
3 mo 6.42 � 0.73 4.10, 8.82 5.83 � 0.66 3.90, 7.64
6 mo 8.45 � 0.96 5.44, 12.2 7.84 � 0.89 5.06, 10.7
9 mo 9.74 � 1.1 6.92, 14.1 9.05 � 1.0 6.46, 11.8
1 y 10.7 � 1.2 7.72, 17.3 9.95 � 1.1 7.06, 14.2
1.5 y 12.1 � 1.3 8.64, 16.3 11.3 � 1.2 7.88, 14.9
2 y 13.2 � 1.4 10.0, 17.8 12.5 � 1.4 8.56, 16.3
2.5 y 14.2 � 1.6 10.2, 19.4 13.5 � 1.5 9.10, 18.0
3 y 15.1 � 1.7 10.5, 22.4 14.4 � 1.6 10.3, 20.3
3.5 y 16.2 � 1.8 12.4, 23.6 15.5 � 1.7 10.7, 21.7
4 y 17.2 � 1.9 13.2, 25.6 16.5 � 1.9 11.7, 23.4
4.5 y 18.8 � 2.2 13.3, 29.7 17.7 � 2.2 12.4, 26.3
5 y 19.1 � 2.3 13.5, 31.0 18.6 � 2.3 11.0, 26.4

Adult measures
Age (y) 25 � 0.7 23, 27 25 � 0.7 23, 26.8
Height (cm) 177 � 6.2 153, 196 164 � 6.1 147, 180
Weight (kg) 78.9 � 13.1 45, 127 67.5 � 14.5 42, 141
BMI (kg/m2) 25.1 � 3.89 15.8, 41.7 25.1 � 5.3 16.9, 47.8
Waist circumference (cm) 82.6 � 9.02 61.3, 119.7 73.3 � 11.2 51.5, 121.5
Waist-to-hip ratio 0.84 � 0.05 0.71, 1.02 0.72 � 0.06 0.60, 0.95
Sagittal abdominal diameter (mm) 202 � 25.9 148, 308 185 � 30.9 135, 299

1 All differences between men and women except adult BMI were statistically significant, P � 0.001.

TABLE 2
Associations of z-scored anthropometric measures between birth and age 5 y with adult BMI, waist circumference, sagittal abdominal diameter (SAD), and
waist-to-hip ratio (WHR)1

BMI Waist circumference SAD WHR

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

Age at weight
measure

Birth 0.17 �0.20, 0.54 0.36 0.42 �0.39, 1.23 0.31 �0.47 �2.72, 1.78 0.68 �0.31 �0.74, 0.12 0.16
6 wk 0.37 0.01, 0.72 0.04 0.78 0.00, 1.55 0.05 1.13 �1.04, 3.29 0.31 �0.19 �0.61, 0.23 0.37
3 mo 0.54 0.19, 0.89 0.002 1.28 0.51, 2.04 0.001 2.31 0.17, 4.45 0.03 0.05 �0.37, 0.47 0.82
6 mo 0.69 0.34, 1.04 �0.001 1.46 0.70, 2.23 �0.001 3.00 0.86, 5.14 0.006 0.13 �0.28, 0.55 0.53
9 mo 0.71 0.36, 1.06 �0.001 1.71 0.95, 2.47 �0.001 3.17 1.03, 5.30 0.004 0.29 �0.13, 0.71 0.18
1 y 0.71 0.36, 1.06 �0.001 1.85 1.09, 2.61 �0.001 2.89 0.76, 5.03 0.008 0.24 �0.18, 0.66 0.27
1.5 y 0.89 0.54, 1.24 �0.001 2.19 1.43, 2.96 �0.001 3.39 1.22, 5.55 0.002 0.39 �0.03, 0.82 0.07
2 y 0.84 0.47, 1.20 �0.001 2.25 1.46, 3.05 �0.001 3.48 1.23, 5.72 0.002 0.49 0.05, 0.92 0.03
2.5 y 1.09 0.75, 1.44 �0.001 2.75 1.98, 3.52 �0.001 4.58 2.40, 6.76 �0.001 0.56 0.13, 1.00 0.01
3 y 1.07 0.70, 1.43 �0.001 2.76 1.97, 3.55 �0.001 4.36 2.12, 6.60 �0.001 0.63 0.19, 1.07 0.01
3.5 y 1.06 0.70, 1.43 �0.001 2.68 1.89, 3.47 �0.001 4.25 2.00, 6.49 �0.001 0.45 0.01, 0.89 0.05
4 y 1.30 0.94, 1.65 �0.001 3.02 2.24, 3.80 �0.001 5.25 3.04, 7.46 �0.001 0.54 0.1, 0.97 0.02
4.5 y 1.22 0.86, 1.58 �0.001 3.00 2.22, 3.78 �0.001 5.08 2.85, 7.32 �0.001 0.57 0.13, 1.01 0.01
5 y 1.24 0.90, 1.57 �0.001 3.05 2.32, 3.79 �0.001 4.92 2.81, 7.02 �0.001 0.57 0.13, 1.01 0.01

1 All measures were from the original study. n � 602–675 observations for all models. Coefficients were derived from linear regression models. Variables
were adjusted for age and sex.
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DISCUSSION

We showed in this cohort that the most important predictor of
BMI, waist circumference, and SAD was either weight at 5 y or
increased weight velocity in childhood from 1 y and 9 mo to 5 y;
both were conditional and unconditional of earlier growth and
were not attenuated after adjustment for other confounders.
These 2 measures were not predictive of WHR, for which, if
anything, weight at 1.5 y and infant weight gain from 5 mo to 1 y
and 9 mo were the strongest predictors. We did not find any
association with immediate accelerated growth in the first few
months of life.

This discordant pattern between different patterns of early
growth and adult measures of adiposity was previously reported
in another study. The Delhi birth cohort was a high-quality cohort

study with detailed anthropometric data on men and women from
birth until 21 y of age and a reexamination of the subjects be-
tween the ages of 26 and 32 y (17). Despite the ethnic differences
between this cohort and the Barry Caerphilly Growth Study, both
cohorts found that, in the first 5 y of life, the strongest associa-
tions with adult BMI were between 0 and 6 mo and between 2 and
5 y. The Delhi birth cohort reported the adjusted coefficients for
BMI rather than for weight. Similarly, the strongest effect on
adult WHR in the Delhi cohort was the 1-2-y growth period (see
Figure 2 in Reference 17), which is analogous to the infant
growth period in the present study. WHR is a composite measure
that captures both central adiposity and pelvic skeletal develop-
ment. If the association of early weight gain with skeletal growth
differs from that with adiposity, then one would expect that the

TABLE 3
Associations of birth weight and weight in infancy and childhood with adult BMI and waist-to-hip ratio (WHR)1

Variable

Model 1 (n � 611) Model 2 (n � 521) Model 3 (n � 506) Model 4 (n � 502) Model 5 (n � 500)

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

BMI
Birth weight �0.35 �0.77, 0.08 0.11 �0.13 �0.55, 0.29 0.55 �0.14 �0.56, 0.28 0.50 �0.06 �0.48, 0.37 0.79 �0.04 �0.47, 0.38 0.84
Weight at 3

mo
0.12 �0.36, 0.60 0.61 0.07 �0.41, 0.54 0.78 0.07 �0.41, 0.55 0.78 0.02 �0.46, 0.50 0.93 0.02 �0.46, 0.50 0.94

Weight at
1.5 y

�0.07 �0.63, 0.48 0.80 0.27 �0.28, 0.81 0.34 0.38 �0.17, 0.92 0.18 0.41 �0.14, 0.96 0.14 0.38 �0.18, 0.93 0.18

Weight at 5
y

1.34 0.82, 1.86 �0.001 1.05 0.51, 1.59 �0.001 1.02 0.48, 1.55 �0.001 1.02 0.48, 1.55 �0.001 1.01 0.48, 1.55 �0.001

WHR
Birth weight �0.55 �1.07, �0.02 0.04 �0.39 �0.94, 0.16 0.17 �0.35 �0.91, 0.21 0.22 �0.28 �0.8, 0.29 0.34 �0.28 �0.84, 0.29 0.34
Weight at 3

mo
�0.01 �0.59, 0.57 0.97 �0.05 �0.67, 0.56 0.87 �0.13 �0.76, 0.50 0.69 �0.18 �0.8, 0.46 0.59 �0.13 �0.76, 0.50 0.69

Weight at
1.5 y

0.04 �0.63, 0.72 0.90 0.54 �0.16, 1.25 0.13 0.69 �0.03, 1.41 0.06 0.75 0.02, 1.47 0.04 0.66 �0.06, 1.39 0.07

Weight at 5
y

0.66 0.03, 1.29 0.04 0.15 �0.55, 0.85 0.68 0.09 �0.61, 0.80 0.79 0.08 �0.6, 0.79 0.82 0.14 �0.56, 0.85 0.69

1 Model 1 was adjusted for adult age, sex, and gestational age; model 2 was adjusted as was model 1, with the addition of maternal and paternal weight
and height; model 3 was adjusted as was model 2, with the addition of parental socioeconomic status in childhood; model 4 was adjusted as was model 3, with
the addition of maternal smoking in pregnancy; model 5 was adjusted as was model 4, with the addition of current adult smoking status. All measures were z
scored (SDs for birth weight and weight at 3 mo, 1.5 y, and 5 y were 0.5, 0.76, 1.33, and 2.35 kg, respectively). Coefficients were derived from linear regression
models.

TABLE 4
Associations of birth weight and immediate, infant, and childhood weight velocities with adult BMI and waist-to-hip ratio (WHR)1

Variables

Model 1 (n � 542) Model 2 (n � 542) Model 3 (n � 542) Model 4 (n � 542) Model 5 (n � 542)

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

�
Coefficient 95% CI P

BMI
Birth weight 0.25 �0.17, 0.68 0.25 0.23 �0.18, 0.64 0.27 0.23 �0.17, 0.64 0.26 0.31 �0.10, 0.72 0.14 0.30 �0.11, 0.71 0.15
Immediate (0–5 mo) 0.51 0.14, 0.88 0.01 0.51 0.16, 0.86 0.004 0.50 0.15, 0.85 0.005 0.43 0.08, 0.79 0.02 0.42 0.07, 0.77 0.02
Infant (5 mo to 1 y

and 9 mo)
0.21 �0.20, 0.62 0.32 0.36 �0.03, 0.76 0.07 0.35 �0.05, 0.75 0.08 0.36 �0.03, 0.75 0.07 0.38 �0.01, 0.77 0.06

Child (1 y and 9 mo
to 5 y)

1.13 0.69, 1.57 �0.001 0.94 0.51, 1.37 �0.001 0.96 0.54, 1.39 �0.001 0.99 0.56, 1.41 �0.001 0.95 0.53, 1.37 �0.001

WHR
Birth weight �0.21 �0.76, 0.33 0.44 �0.20 �0.74, 0.33 0.46 �0.20 �0.73, 0.34 0.47 �0.15 �0.69, 0.39 0.59 �0.15 �0.69, 0.39 0.59
Immediate (0–5 mo) 0.31 �0.16, 0.77 0.19 0.33 �0.13, 0.78 0.16 0.31 �0.14, 0.77 0.18 0.27 �0.19, 0.73 0.25 0.27 �0.20, 0.73 0.26
Infant (5 mo to 1 y

and 9 mo)
0.35 �0.17, 0.86 0.19 0.50 �0.01, 1.01 0.06 0.49 �0.03, 1.00 0.06 0.49 �0.02, 1.01 0.06 0.51 �0.00, 1.02 0.05

Child (1 y and 9 mo
to 5 y)

0.40 �0.15, 0.96 0.15 0.29 �0.27, 0.84 0.31 0.31 �0.25, 0.86 0.28 0.32 �0.23, 0.88 0.25 0.31 �0.24, 0.87 0.27

1 Model 1 was adjusted for adult age, sex, and gestational age. Model 2 was adjusted as was model 1, with the addition of maternal and paternal weight
and height. Model 3 was adjusted as was model 2, with the addition of parental socioeconomic status in childhood. Model 4 was adjusted as was model 3, with
the addition of maternal smoking in pregnancy. Model 5 was adjusted as was model 4, with the addition of current adult smoking status. All measures were z
scored. Coefficients were derived from linear regression models. The SD for birth weight velocity was 0.50. The SDs for immediate, infant, and childhood weight
velocities were 1.67, 0.67, and 0.40, respectively.
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association for this measure would differ from those associations
using a purer measure of central adiposity, such as waist circum-
ference or sagittal abdominal diameter. This is indeed what was
seen in the Delhi birth cohort, in which weight gain between 6 mo
and 5 y was inversely associated with adult height.

The present study has several important strengths. First, we
have 14 measures of growth between 0 and 5 y. This allowed us
to differentiate patterns of growth by using more complex spline
regression methods rather than using growth measures at arbi-
trary time points simply because those measures were all that
were available. This was a more sensible approach because it
may have also identified potential critical or sensitive periods for
intervention, which were based on biological growth patterns
defined before the examination of the association with adult
obesity. This approach was also better able to manage when 1 or
2 data points were missing and thereby maximized statistical
power.

We presented our results by using a more conventional ana-
lytic strategy to aid comparability with the existing literature.
The 2 methods in some cases produced similar answers, such the
importance of weight at 5 y and of childhood weight velocity for
BMI. In other cases, the effects were seen only with the more
complex method, such as the positive association between infant
weight velocity and adult BMI.

We also had a wide range of covariates, including both ma-
ternal and paternal measures of adiposity, which may have re-
flected shared genetic determinants, and perinatal factors such as
maternal smoking and socioeconomic conditions. In some cases,
the adjustment for covariates attenuated the initial associations,
eg, weight at 5 y and WHR, whereas we noted that the effects of
infant weight gain on BMI and WHR were strengthened after
adjustment.

We have no data on growth after 5 y of age or on the timing of
the pubertal growth spurt (18), both of which may determine later
adiposity. Growth during these periods may itself be determined
by earlier growth (19) or may have an independent effect on later
adiposity. Although we had some specific measures of central
adiposity, we did not undertake body scans of the subjects, so we
were limited in our ability to differentiate tissue composition (ie,
lean and fat tissue).

Two recent systematic reviews examined the association be-
tween anthropometric measures in early life and later obesity (3,
20). Those studies concluded that large infants or infants who
grew rapidly in infancy were more likely to be obese in later life.
However, in most of the articles that were reviewed, obesity was
measured in childhood or adolescence. In addition, few studies
had detailed repeat measures on growth at different time periods.
For example, Baird et al (3) identified only 10 such studies, of
which only 2 studies (21, 22) had measures for subjects �18 y of
age. The review by Baird et al did not include the Delhi birth
cohort (17). We did not find a strong association between birth
weight and any of the 4 measures of adiposity. In most studies,
the association was weakly positive. For example, in a 1958 birth
cohort, a 0.5-kg increase in birth weight, �1 SD, was positively
associated with a BMI increase of 0.4 (23), which is consistent
with the results of the present study.

The simple univariable analysis in the present study showed
that standardized weight at later time points had stronger asso-
ciations with all measures of later obesity except WHR. This
finding is consistent with the data from the Helsinki cohort,
which showed that children who became obese in adulthood had

greater weight z scores at all ages that became progressively
larger and more divergent with age (24). This association was
also seen in the Delhi birth cohort (17).

The most detailed study of infant growth comes from a cohort
of children with 7 measures of infant growth and adult obesity
measured by BMI at around age 25 y (22). That study noted that
weight gain in the first 8 d predicted later adiposity independent
of later weight gain in the first 4 mo. Although we could not
specifically examine the first week of life, the spline regression
did not suggest that this was a critical period of growth, but rather
that growth up to 5 mo showed a different pattern than did
subsequent growth. We also found that increased weight gain in
the first 5 mo predicts later BMI, which is consistent with a study
of 300 African Americans (21). However, unlike both of these
studies, we were able to adjust for growth in childhood and other
potential confounders, such as parental adiposity. These more
complex models attenuated the effects of increased weight gain
in the first 5 mo. The best determinant of adult obesity was weight
at 5 y or increased weight gain from 1 y and 9 mo to 5 y. This
finding is similar to a study from Brazil, which noted that rapid
weight gain between 0 and 20 mo and between 20 and 43 mo was
associated with obesity, although the mutually adjusted odds
ratios were not presented (25). In addition, a study from Guate-
mala found similar results, with the strongest associations being
seen in later childhood (3–7 y), followed by infancy (0–1 y), and
then birth weight (26). Similarly, the Delhi birth cohort (17)
noted that the largest coefficients for adult BMI were for the
periods between 0 and 6 mo and between 2 and 5 y. It is possible
that changes in weight in the initial postnatal period may have
greater importance for later obesity in populations in the devel-
oping world than in those in the developed world because of the
former’s greater adversity during the intrauterine period.

In conclusion, the data in the present study indicated that adult
obesity is more strongly related to weight gain from the age of
�1.5 to 5 y. We did not find that birth weight or rapid weight gain
in the immediate postnatal period was as important a predictor
once weight gain in childhood was taken into account. These
conclusions may be sensitive to different population settings.
Too few studies have detailed growth measures across the whole
life course to allow more complex patterns to be examined. The
results of the present study highlight the importance of prevent-
ing childhood obesity, although it remains unclear whether early
intervention, eg, in the preschool period, is more, less, or equally
cost-effective than is waiting and intervening at a later period.
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Price and maternal obesity influence purchasing of low- and
high-energy-dense foods1�3

Leonard H Epstein, Kelly K Dearing, Rocco A Paluch, James N Roemmich, and David Cho

ABSTRACT
Background: Price can influence food purchases, which can influ-
ence consumption. Limited laboratory research has assessed the
effect of price changes on food purchases, and no research on indi-
vidual differences that may interact with price to influence purchases
exists.
Objective: We aimed to assess the influence of price changes of
low-energy-density (LED) and high-energy-density (HED) foods on
mother’s food purchases in a laboratory food-purchasing analogue.
Design: Mothers were randomly assigned to price conditions in
which the price of either LED or HED foods was manipulated from
75% to 125% of the reference purchase price, whereas the price of
the alternative foods was kept at the reference value. Mothers com-
pleted purchases for 2 income levels ($15 or $30 per family member).
Results: Purchases were reduced when prices of LED (P � 0.01)
and HED (P � 0.001) foods were increased. Maternal BMI inter-
acted with price to influence purchases of HED foods when the price
of HED foods increased (P � 0.016) and interacted with price to
influence purchases of LED foods when the price of HED foods
increased (P � 0.008).
Conclusion: These results show the relevance of considering price
change as a way to influence food purchases of LED compared with
HED foods and the possibility that individual differences may in-
fluence the own-price elasticity of HED foods and substitution of
LED for HED foods. Am J Clin Nutr 2007;86:914–22.

KEY WORDS Price, purchases, energy density, behavioral
economics, obesity

INTRODUCTION

The energy density of the diet is an important determinant of
total energy intake. Research has shown lower energy intake with
a low-energy-density (LED) diet than with a high-energy-
density (HED) diet (1–3) and providing LED foods can be an
important complement to obesity treatment (4). One factor that
may influence the purchase, and thus consumption, of LED or
HED foods is price (5, 6). Several studies have shown that ma-
nipulating price in vending machines (7, 8), cafeterias (9–11),
and restaurants (12) influences purchases. Purchases of less
healthy HED foods is reduced as their price is increased, and
purchases of healthier LED foods is increased as their price is
reduced. These changes represent examples of own-price elas-
ticity, which refers to the percentage changes in price for given
percentage changes in demand for a food (13). Another possible
result of increases in the price of HED foods is a substitution or

increase in purchases of LED foods, which is an example of
cross-price elasticity. An ideal situation would be that as the price
of a class of HED foods increases, purchases of HED foods are
reduced and are substituted by purchases of healthy LED foods.

One variable that may influence sensitivity to price changes in
HED or LED foods is obesity. Obese persons find food more
reinforcing than do lean persons (14), which means that they are
more motivated to obtain food and may be less sensitive to price
increases for their preferred foods (14). A behavioral analogue in
behavioral economic theory to price is response effort (15), and
it may be that persons who work harder to gain access to specific
types of foods will also pay a greater price for those foods than do
persons who do not find food that reinforcing. Another variable
may be the amount of money allocated to food purchases. In
general, there is an inverse relation between the amount of money
that can be spent on food and demand elasticity, with those with
lower education and income being more sensitive to price in-
creases (16). Experimental research has shown that reducing
available resources will increase substitution of less preferred
alternatives when the price of preferred alternatives increases
(13, 17).

The present study tests the influence of price changes on moth-
er’s purchases of HED and LED foods for their families through
the use of a laboratory analogue method. Mothers are generally
responsible for the quality and quantity of the foods that are
brought into the household, which in turn affect the family’s
eating habits. Modifying the purchasing patterns of mothers can
affect the entire family and can aid in the treatment and preven-
tion of pediatric obesity. Laboratory paradigms are often used to
determine factors that influence consumer behavior (18, 19), and
we have used laboratory paradigms to assess the influence of
income and price on youth purchases of snack foods (13) and the
similarity of parent and child purchases of food (20). Laboratory
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analogues are particularly useful when doing exploratory re-
search on new paradigms and provide the opportunity to study
individual difference variables, which may be more challenging
when examining price effects on purchases in the natural envi-
ronment.

SUBJECTS AND METHODS

Participants

Participants were 47 mothers between the ages of 25 and 50 y.
Participants were recruited from an existing family database,
through flyers posted around the University of Buffalo cam-
puses, and through direct mailings. Interested participants were
screened by telephone to ensure that they met the following study
criteria: 1) had at least one child between the ages of 2 and 15 y
of age residing in the household and 2) were responsible for the
primary grocery shopping for the family. Participants were
scheduled for a single visit to the laboratory lasting �2 h and
were asked not to eat for �3 h before the appointment. Research
suggests that recent eating may influence food purchasing, with
more overweight persons purchasing more food after eating than
less overweight persons (21–23). Families were recruited over a
wide educational and income range. As noted in Table 1, 19.2%
of the sample had family incomes below $29,999, and 23.4% had
family incomes greater than $70,000. Similarly, 53.2% of the
families had a high school, vocational school, or associates de-
gree, whereas 46.8% had a college or graduate degree. The study
was approved by the University of Buffalo Social and Behavioral
Sciences Institutional Review Board, and participant families
received a $25 gift certificate to their choice of a local supermar-
ket chain for completing the study.

Procedures

On their arrival at the laboratory, the participants read and
signed consent forms and completed a demographic question-
naire and same-day food recall and hunger questionnaires. The
participants rated their liking of the foods used in the experiment
on 7-point Likert scales and the frequency at which they pur-
chased the experimental foods. The participants then engaged in
the food-purchasing tasks.

The design was a 3-factor design, with 1 between factor and 2
within factors. The between factor was price change condition.
The participants were randomly assigned to 2 price change con-
ditions. In one condition, the prices of LED foods varied from
�25% above and below the reference values while the prices of
HED foods remained constant at the reference values. In the other
condition, the prices of HED foods varied from �25% above and
below the reference values while the prices of LED foods re-
mained constant at the reference values.

The within-subject factors were study income and price ma-
nipulation. Mothers in each group completed 3 trials that varied
price (75%, 100%, and 125% of reference price) for each of 2
income conditions ($15/person and $30/person) in a counterbal-
anced order. This provided the opportunity to assess whether
price had a differential influence on purchases based on available
resources. The incomes studied were based on values that were
equally lower or higher than a reference value of approximately
$22.50, which was computed based on the minimum amount of
money that would be needed to eat a balanced diet for the LED
foods offered for purchase in this experiment.

Behavioral choice task

The experimental room was set up like a grocery store; cards
with pictures of 60 foods were arranged in sections according to
food category (eg, bread, produce, meat, etc). On the reverse side
of each picture card was nutritional information, and beside each
picture card was a set of price cards. Price cards were color coded
to indicate whether an item was reduced, at the reference price,
or higher than the reference price. Before the start of each trial,
the experimenter set the prices for each of the individual food
items. The order of the income manipulations was counterbal-
anced, and the price manipulations were randomized.

During the choice task, the participants were told to imagine
that they had no food in their house and the money that they were
given was to be used to purchase groceries for their family for the
week. During the trial, the participants indicated a purchase by
giving the experimenter a picture of the food (there were multiple
pictures of each food, so that participants could purchase more
than one of an item). The experimenter recorded the amount of
each item purchased and let the participant know how much they
had left to spend. If the participant had spent too much money,
she was asked to put back some of the food items until the total
was at or less than the money allotted for that trial. To encourage
the participants to spend all of the money, they were told that the
food did not have to be consumed in a week and that items could
be stored or frozen for later use. In addition, because of the
limited selection of brands, the participants were told to purchase
food products according to similarity to what they would nor-
mally buy.

The foods were sixty foods equally divided into 6 food groups
(fruit, vegetables, dairy, protein, grains, and other, which were
desserts). Five foods in each group were classified as having low

TABLE 1
Subject characteristics

Characteristic Value

Age (y) 39.9 � 5.51

BMI (kg/m2) 28.1 � 7.1
Amount spent per week on groceries ($) 108.0 � 43.3
Number of people in the family (n) 4.1 � 1.2
Hunger rating2 2.4 � 0.8
Liking of HED foods3 4.5 � 0.6
Liking of LED foods3 5.0 � 0.6
Socioeconomic status 44.9 � 14.3
Household income [n (%)]

� $29,999 9 (19.2)
$30,000–$69,999 27 (57.5)
� $70,000 11 (23.4)

Highest level of education completed
High school, vocational training, or associates degree 25 (53.2)
College degree or graduate degree 22 (46.8)

Race/ethnicity
White 34 (72.3)
Minority (Hispanic, African American) 10 (21.3)
Other or multirace 3 (6.4)

Obesity
Nonobese (BMI � 30) 30 (63.8)
Obese (BMI � 30) 17 (36.2)

1 x� � SD (all such values).
2 Assessed on a 5-point Likert-type scale.
3 Assessed on a 7-point Likert scale.
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or high energy density, respectively. LED foods had an energy
density �2.0 kcal/g, and HED foods had an energy density �2.0
kcal/g. Energy density is based on the package information, so if
the food is a processed food, the energy density is based on the
prepared food; if the food is raw, as in fruit, vegetables, chicken,
rice, noodles, etc, the energy density is based on the unprepared
food. The energy density may change according to the method of
food preparation.

The reference price of each food was determined by the averaged
current cost of that food at the 2 largest local supermarkets. Energy
density, reference prices, and cost to purchase 100 kcal of the aver-
age energy density, reference price, and price per 100 kcal of the
foods in that foodgroupare shown in Table2, and the specific foods
studied are shown in Table 3. The cost per 100 kcal of HED versus
LED foods was lower for each food group, with value differences
ranging from $0.18 compared with $0.28 for HED versus LED
breads (156% increase) to $0.28 compared with $2.70 (964% in-
crease) per 100 kcal of HED versus LED vegetables. After the
participants completed all trials, their height and weight were mea-
sured and they were given a debriefing form.

Measurement

Food liking

The participants’ liking of 60 experimental foods was assessed
by use of a 7-point Likert scale anchored by 1 (do not like) and 7
(like a lot).

Same-day food recall

The participants were interviewed by the experimenter to en-
sure that they had not eaten in the 3 h before the appointment.

Hunger

Hunger was assessed by using a 5-point Likert-type scale
anchored by “extremely hungry” and “extremely full.”

Demographics

The Hollingshead (24) demographics questionnaire was used
to assess socioeconomic status on the basis of education level,
occupation, and race. Additional information was asked regard-
ing household composition (number of adults and children re-
siding in the primary household) and the approximate amount
that was spent on groceries per week.

Height and weight

The participants’ weight and height were measured by using a
digital scale (TANITA Corporation of America Inc, Arlington
Heights, IL) and a digital stadiometer (Measurement Concepts &
Quick Medical, North Bend, WA). On the basis of the height and
weight data, body mass index (BMI) was calculated according to
the following formula: BMI � kg/m2. Parents were considered
obese if they had a BMI � 30 (25).

Analytic plan

Separate mixed-effect regression models (26) with random
intercept and fixed effects were used to assess own-price and
cross-price elasticity for purchases of HED or LED foods.
Mixed-effects regression models are used when the dependent
measure is repeated, and these models incorporate individual
level heterogeneity. Ordinary least-squares regression cannot be
used for these models because the dependent measure is a re-
peated measure that is collected over different experimental con-
ditions. Log values of the purchases and food prices were used in
the regression models, and purchases were adjusted for family
size by calculating the total number of LED and HED foods and
dividing this total by the number of family members. Because
one mother had 0 purchases for HED foods and there is no log of
0, 1 was added to the total adjusted purchases of HED and LED
items for all subjects before calculating log values (27). Other
models were tested by using smaller values to add to HED and

TABLE 2
Energy density, price, and cost per 100 kcal of low energy density (LED) and high energy density (HED) foods in the 6 food groups studied1

Food category

LED foods HED foods

Energy density Reference price Cost per 100 kcal Energy density Reference price Cost per 100 kcal

$ $ $ $

Fruit
Average 0.64 1.20 0.46 3.57 1.98 0.24
Range 0.49–0.89 0.44–1.64 0.11–0.58 2.5–5.25 1.65–2.49 0.08–0.50

Vegetables
Average 0.34 2.36 2.70 3.26 2.65 0.28
Range 0.14–0.70 1.49–2.99 0.93–7.43 2.00–6.43 2.00–3.49 0.12–0.51

Dairy
Average 0.90 2.32 0.52 3.03 3.13 0.29
Range 0.40–1.50 1.67–3.00 0.10–0.69 2.15–3.81 2.49–3.79 0.14–0.60

Protein
Average 1.23 1.88 0.68 2.81 2.60 0.28
Range 1.05–1.55 0.62–3.74 0.06–1.09 2.40–3.18 1.50–3.49 0.10–0.58

Snacks
Average 0.85 2.39 0.50 4.81 2.45 0.17
Range 0.59–1.27 1.66–3.42 0.32–0.95 3.14–5.71 2.00–2.99 0.12–0.25

Breads
Average 1.24 1.47 0.28 3.27 2.58 0.18
Range 1.12–1.33 0.79–1.89 0.12–0.38 2.58–3.75 1.99–3.49 0.13–0.21

1 Reference price is based on recent prices at local grocery stores.
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LED purchases; this did not change the significance of the own-
price or cross-price elasticity coefficients, but using smaller val-
ues increased the degree of elasticity. For example, adding 0.01
rather than 1 increased own-price elasticity from �1.586 to
�2.967. Additional factors of weekly amount spent on groceries,
number of persons in the family, socioeconomic status, BMI,
hunger, age, and minority status were added to the models. Sep-
arate regression models were run for own-price and cross-price
elasticity for purchases of LED and HED foods. An example of
the equation to predict own-price and cross-price elasticity for
LED foods is as follows

Ln purchases � � � �1 (ln LED price)

� �2 (ln HED price) � �3 (study income)

� �4 (BMI) � �5 (prehunger) � �6 (age)

� �7 (usual spending on groceries/wk)

� �8 (number of persons in the home)

� �9 (socioeconomic status)

� �10 [(ln HED price) � BMI]

� �11 [(ln LED price) � BMI] (1)

The regression coefficients of logged prices represent the price
elasticities of demand. Specifically, the coefficient of logged
LED price is the own-price elasticity of LED food and that of
logged HED price is the cross-price elasticity of LED foods with
respect to HED foods. For example, an own-price elasticity co-
efficient of �2.0 means that if its price increases by 10%, the
demand decreases by 20% (�2 � 10%). Positive cross-price
elasticity coefficients imply that the products are substitutes (eg,
as the price of a commodity increases, the purchases of an alter-
native commodity with a stable price increases), whereas nega-
tive cross-price elasticity coefficients imply that the products are
complements. Data were analyzed by using SYSTAT (28).

RESULTS

The regression models are summarized in Table 4 and are
presented in Figure 1. The estimates for own-price elasticity
were significant for purchases of LED (coefficient � �0.569,
P � 0.01, Figure 1A) and HED (coefficient � �1.586, P �
0.001, Figure 1B) foods. Cross-price elasticity was significant
for purchases of LED foods when the price of HED foods in-
creased (coefficient � 0.622, P � 0.001, Figure 1C), but was not
significant for HED foods with respect to LED prices. A cross-
price elasticity of 0.622 means that when HED prices are in-
creased by 10%, the demand for LED foods increases by 6.22%.
Own-price elasticity for HED foods differed on the basis of BMI
as evidenced by the significant interaction between the price of
HED foods and BMI (coefficient � 0.023, P � 0.016). Cross-
price elasticity for LED foods was also related to BMI, as evi-
denced by the significant interaction between the price of HED
foods and BMI (coefficient � �0.017, P � 0.008). Hunger was
a significant predictor of purchases of both LED (coefficient �
�0.041, P � 0.008) and HED (coefficient � 0.060, P � 0.005)
foods. Hungrier mothers purchased more HED and less LED
foods. The amount of money available for food purchases per
family member ($15/$30) was also a significant predictor of

TABLE 3
Energy density and reference price of the low energy density (LED) and
high energy density (HED) foods studied

Food (amount)
Energy
density Price1

LED foods $
Apple (453.6 g) 0.52 1.24
Grapes (453.6 g) 0.69 1.64
Bananas (453.6 g) 0.89 0.44
Pears (453.6 g) 0.58 1.39
Oranges (453.6 g) 0.49 1.29
Baby carrots (907.2 g) 0.35 2.99
Bag of lettuce (255.1 g) 0.14 2.60
White potatoes (2.27 kg) 0.70 2.49
Cherry tomatoes (0.473 L) 0.18 2.25
Broccoli (453.6 g) 0.34 1.49
Skim milk (3.79 L) 0.40 1.67
Nonfat yogurt (4/170.1 g containers) 0.47 2.20
Nonfat cottage cheese (453.6 g) 0.69 1.74
Nonfat American cheese (340.2 g sliced) 1.43 3.00
Nonfat Cheddar cheese (340.2 g sliced) 1.50 3.00
Eggs (dozen) 1.43 0.62
Lean chicken (453.6 g) 1.55 3.74
Turkey luncheon meat (170.1 g sliced) 1.05 1.95
Chicken breast luncheon meat (170.1 g sliced) 1.05 1.89
Tuna canned in water (170.1 g) 1.07 1.20
Mixed fruit cup (4/113.4 g containers) 0.62 1.66
Fat-free chocolate pudding (6/113.4 g containers) 0.88 2.00
Applesauce (6/113.4 g containers) 0.88 1.89
100%–Fruit juice bars (12 51g bars) 0.59 3.42
Fudgesicle (10 71 g bars) 1.27 3.00
Brown rice (396.9 g) 1.12 1.69
White rice (447.9 g) 1.29 1.69
Pasta (453.6 g) 1.24 0.79
Couscous (164.4 g) 1.24 1.89
Egg noodles (340.2 g) 1.33 1.29

HED foods
Vanilla yogurt raisins (226.8 g) 4.33 1.99
Dried apricots (198.4 g) 2.50 2.49
Dried prunes (340.2 g oz) 2.50 1.99
Banana chips (453.6 g) 5.25 1.79
Raisins (6 42.5 g packs) 3.25 1.65
French fries (567 g) 2.50 2.00
Sun-dried tomatoes (212.6 g) 3.21 2.49
Tater tots (850.5 g) 2.18 2.29
Fried onions (170.1 g) 6.43 2.99
Guacamole dip (340.2 g) 2.00 3.49
String cheese (12 28.4 g sticks) 2.86 2.99
Cream cheese (453.6 g) 3.33 2.49
Mozzarella cheese (453.6 g) 3.0 3.79
Processed cheese (340.2 g) 3.81 3.59
Vanilla ice cream (1036 g) 2.15 2.79
Chicken nuggets (340.2 g) 3.18 2.55
Hot dogs (453.6 g) 2.57 3.49
Bologna (453.6 g) 3.21 1.50
Sausage (453.6 g) 2.70 2.49
Fish sticks (215.5 g) 2.40 3.00
Potato chips (340.2 g) 5.36 2.25
Chocolate chip cookies (425.2 g) 4.85 2.50
Cheddar cheese popcorn (255.1 g) 5.71 2.99
Fruit snacks (10 25.5 g pouches) 3.14 2.00
Tortilla chips (368.5 g) 5.0 2.50
Pop tarts (396.9 g) 3.67 1.99
Froot Loops cereal (377 g)2 3.75 2.98
Wheat bread (453.6 g) 2.67 2.24
Plain bagels (6 81 g bagels) 2.58 2.19
Corn Chex cereal (442.3 g)3 3.67 3.49

1 Price is based on recent prices at local grocery stores.
2 Kellogg’s, Battle Creek, MI.
3 General Mills, Golden Valley, MN.
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TABLE 4
Summary of results of the regression analysis for purchases of low energy density (LED) and high energy density (HED) foods

Variable

LED foods HED foods

Estimate SE P Estimate SE P

Constant 1.030 1.349 0.445 8.273 1.945 � 0.001
Own-price elasticity �0.569 0.220 � 0.010 �1.586 0.275 � 0.001
Cross-price elasticity 0.622 0.191 0.001 �0.058 0.317 0.856
Study income 0.032 0.001 � 0.001 0.046 0.001 � 0.001
Age 0.004 0.003 0.121 �0.007 0.003 0.035
Hunger �0.041 0.016 0.008 0.060 0.021 0.005
BMI 0.119 0.046 0.011 �0.106 0.067 0.112
Amount spent on groceries/wk 0.001 0.0004 0.014 �0.003 0.001 � 0.001
No. of family members �0.069 0.013 � 0.001 0.120 0.018 � 0.001
Socioeconomic status 0.003 0.001 0.007 �0.004 0.001 0.011
Minority status 0.037 0.030 0.224 �0.003 0.041 0.944
Cross-price elasticity � BMI �0.017 0.007 0.008 �0.001 0.011 0.928
Own-price elasticity � BMI �0.008 0.008 0.316 0.023 0.009 0.016

D
em

an
d 

fo
r 

LE
D

 fo
od

s
D

em
an

d 
fo

r 
LE

D
 fo

od
s

D
em

an
d 

fo
r 

H
E

D
 fo

od
s

D
em

an
d 

fo
r 

H
E

D
 fo

od
s

(%)

(%) (%)

(%)

FIGURE 1. Mean (� SEM) number of items purchased by mothers of low energy dense (LED) and high energy dense (HED) foods in relation to price and
income ($30 or $15 per family member). Purchases of the types of foods for which prices are changed are shown in panels A and B, whereas purchases of the
alternative types of foods are shown in panels C and D. The estimates for own-price (estimate � �0.569, P � 0.01) and cross-price (estimate � 0.622, P �
0.001) elasticity for LED foods were significant, as was own-price elasticity for HED foods (estimate � �1.586, P � 0.001). There were no significant
interactions with income for own-price (estimate � �0.005, P � 0.05) or cross-price (estimate � �0.003, P � 0.05) elasticity for LED foods or own-price
(estimate � �0.001, P � 0.05) or cross-price (estimate � �0.003, P � 0.05) elasticity for HED foods, respectively.
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purchases of both LED (coefficient � 0.032, P � 0.001) and
HED (coefficient � 0.046, P � 0.001) foods: the greater the
amount of money, the more purchases that were made. No sig-
nificant interactions of age, hunger, amount spent on groceries,
number of family members, socioeconomic status, or minority
status with price were observed.

The interactions of BMI by own- and cross-price elasticity
were further explored in separate regression models to estimate
own-price elasticity for nonobese (BMI � 30) and obese (BMI �
30) mothers (Table 5). The own-price elasticity of HED foods
for the nonobese and obese mothers was �1.051 (P � 0.001) and
�0.767 (P � 0.001), respectively, with the nonobese mothers
being more sensitive to increases in the price of HED foods than
were the obese mothers. Furthermore, nonobese mothers were
more likely to substitute LED foods for HED foods when the
price of HED foods increased than were obese mothers. The
cross-price elasticity of LED foods with respect to HED foods
was 0.219 (P � 0.001) for nonobese and �0.025 (P � 0.777) for
obese mothers. The relation between obesity and the cross-price
elasticity of LED foods with respect to HED foods is also shown
in Figure 2. The purchases of LED foods increased as the price
of HED foods increased for the nonobese mothers, whereas the
purchases of LED foods did not reliably change with changes in
the price of HED foods for obese mothers.

Because the cost per 100 kcal is less for HED foods than for
LED foods, mothers purchased more energy from the HED foods
than from the LED foods at each price comparison. For example,
according to the average energy for foods purchased in the LED
and HED food groups, mothers in the $30.00 per family member
condition purchased 8309.9 kcal of HED foods but only 5116.7
kcal of LED foods when the price of these foods was reduced to

75% of the reference price, and 4701.1 kcal of HED foods com-
pared with 3222.6 kcal of LED foods when the price of these
foods was 125% of the reference price. When the price of HED
foods increased, there was an increase in purchases of
LED foods. For example, mothers in the $30.00 per family mem-
ber condition purchased 4028.0 kcal of LED foods when the price
of HED foods was 75% of the reference price, and 4350.3 kcal of
LED foods when the price of HED foods was 125% of the
reference price.

TABLE 5
Summary of results of the regression analysis for purchases of low energy density (LED) and high energy density (HED) foods for nonobese (n � 30) and
obese (n � 17) mothers

Variable

LED foods HED foods

Estimate SE P Estimate SE P

Nonobese mothers
Constant 3.929 0.427 � 0.001 5.532 0.640 � 0.001
Own-price elasticity �0.754 0.058 � 0.001 �1.051 0.098 � 0.001
Cross-price elasticity 0.219 0.064 � 0.001 �0.072 0.089 0.418
Study income 0.032 0.001 � 0.001 0.046 0.002 � 0.001
Age 0.003 0.003 0.269 �0.006 0.004 0.086
Hunger �0.027 0.021 0.188 0.046 0.026 0.081
Amount spent on groceries/wk 0.001 0.0006 0.080 �0.003 0.001 � 0.001
No. of family members �0.108 0.022 � 0.001 0.167 0.027 � 0.001
Socioeconomic status 0.003 0.001 0.010 �0.004 0.002 0.028
Minority status 0.032 0.041 0.433 �0.010 0.052 0.847

Obese mothers
Constant 5.272 0.577 � 0.001 4.615 0.774 � 0.001
Own-price elasticity �0.833 0.080 � 0.001 �0.767 0.112 � 0.001
Cross-price elasticity �0.025 0.087 0.777 �0.118 0.102 0.249
Study income 0.032 0.002 � 0.001 0.045 0.002 � 0.001
Age 0.003 0.004 0.386 �0.006 0.007 0.400
Hunger �0.071 0.019 � 0.001 0.099 0.034 0.003
Amount spent on groceries/wk 0.001 0.0005 0.020 �0.003 0.001 � 0.002
Number of family members �0.038 0.013 0.004 0.082 0.024 � 0.001
Socioeconomic status 0.003 0.001 0.021 �0.005 0.002 0.048
Minority status 0.051 0.039 0.182 �0.011 0.069 0.871
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FIGURE 2. Mean (� SEM) number of purchases of low energy dense
(LED) foods when the price of high energy dense (HED) foods was changed
in nonobese (BMI � 30; n � 30) and obese (BMI � 30; n � 17) women.
Cross-price elasticity for LED foods for obese mothers was significant (es-
timate � 0.219, P � 0.001).
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DISCUSSION

These results show the expected own-price elasticity for HED
and LED foods, ie, as the price goes up, purchases go down.
These data along with other laboratory (13, 29) and field research
(7–12) suggest that one way to increase the purchase of healthy
foods is to reduce the price of these foods. Conversely, purchases
of less healthy foods will decrease as their price increases.

Perhaps a more interesting observation is that there is an in-
crease in purchases of LED foods as the price of HED foods
increases for leaner mothers but not for obese mothers. In addi-
tion, leaner mothers are more sensitive to price changes in HED
foods. This represents an ideal situation for leaner mothers, in
that increasing the price of HED foods not only reduces their
purchases of HED foods, but also increases their purchase of
LED foods. The usual rationale for public health policy ap-
proaches that increase the price of less healthy foods is that these
policy changes can contribute to preventing or reducing obesity,
but such approaches are usually not targeted at leaner, perhaps
more health conscious mothers. To our knowledge, this is the
first observation that cross-price elasticity is related to body
weight, and this result suggests that leaner mothers may be
more likely to shift purchasing from HED to LED foods on the
basis of price changes of HED foods. Because food consump-
tion at home is based in part on foods stored at home, this
finding may have important implications for understanding
factors that may influence the development of obesity. How-
ever, the observation that obese mothers may be less likely to
either reduce purchases of HED foods when their price in-
creases or to purchase more LED foods when the price of HED
foods increase may reduce the utility of any economic ap-
proach that uses increases in prices of less healthy foods to
reduce their consumption.

The price was increased or decreased by 25%, which is con-
sistent with changes in prices for fresh foods (30). Although
significant changes in purchasing were observed, prices in other
experimental research have been greater, with changes in price of
up to 50% (13, 29, 31). The amount of change in price that is
needed to influence purchasing may differ for different types of
foods, and research is needed to establish the price elasticity for
different types of foods. The price elasticity of fruit and vegeta-
bles is higher than that for snack foods such as potato chips
(32–34), which suggests that at the same percentage price
change, there may be a bigger effect on health by reducing prices
of healthy foods by subsidies than by increasing prices of less
healthy foods. Kuchler et al (32) argue that the low price elas-
ticity of snack foods suggests that increasing their price would
have a minimal effect on intake, although the taxes would gen-
erate revenue for nutrition education.

One idea for using taxes to increase prices of less healthy foods
is that taxes may generate revenue that can be used to subsidize
lower prices for healthier foods, as well as generate funds for
nutrition education (5, 32). One potential limitation in the use of
taxes is that they will have different influences on obese and lean
persons, with the potential for less influence on obese or less
health conscious persons than on leaner and more health con-
scious persons (35, 36). Our study shows that increasing the price
of less healthy food may have benefits for the leaner, perhaps
more health conscious mothers on purchasing healthier substi-
tutes, but may not have the desired effect for the obese mothers.

Obese mothers were less price sensitive than the nonobese moth-
ers. This implies that price increases for less healthy food will not
produce as great a reduction in less healthy foods for obese than
for nonobese mothers or will not encourage consumption of
healthier food for the obese, which potentially limits the public
health utility of these approaches.

The present study provides an initial experimental test of the
influence of price changes on purchases of HED or LED foods.
In this study, the prices of all LED or HED foods were manipu-
lated as an energy density group at the same time, and we ob-
served that the elasticity of HED foods was greater than that for
LED foods, which may be a function of shifting the prices of all
LED foods rather than of specific LED foods. The utility of
public policy changes for shifting consumption on the basis of
taxes or subsidies may depend in part on how broadly the taxes
are implemented. This is an important factor, because one po-
tential limitation of changing prices on select foods within energy
density groupings is that persons will substitute other less healthy
foods for the ones that have an increased price. For example,
increasing the price of soft drinks may shift purchase to sweet-
ened fruit juice drinks.

One factor that may influence food purchasing and shed light
on the differences in substitution of LED for HED foods in obese
and nonobese mothers is the relative reinforcing value of food.
Obese women will work harder than nonobese women for food
(14), and this increase in motivation to obtain food may be related
to differences in purchasing food. We have shown that LED
foods can substitute for HED foods in nonoverweight college
students, as shown by increases in responding for LED foods
when the behavioral cost of obtaining HED foods is increased
(37). Behavioral economics assumes that price or behavioral cost
are similar ways to influence behavior, and experiments that
manipulate behavioral access may provide insight into public
policy involving price (38). It is thus possible that the reinforcing
value of food, which influences the motivation to work for food,
also influences purchases of food.

One reason for the lower sensitivity of obese mothers to price
changes is the possibility that they were attempting to purchase
more calories to maintain their greater body weight than were the
nonobese mothers. As noted by Drewnowski and Darmon (39),
people can save money by choosing higher-energy-dense foods,
which have a cheaper energy cost than do lower-energy-dense
foods. If the goal is for the obese mother to maintain her
weight, then she may be less sensitive to price increases in
higher-energy-dense foods. On the other hand, a public health
goal might be for obese persons to reduce their energy con-
sumption to reduce adiposity, and obese mothers who are
interested in losing weight may be more sensitive to price
changes than are obese persons who are not motivated to
reduce their body weight. Future studies should examine
whether obese persons differ in their price sensitivity as a
function of their motivation for weight loss.

This study used an experimental laboratory analogue to eval-
uate the effect of price on food purchases. Experimental labora-
tory research emphasizes internal validity, and experimental
methods can provide a strong test of theory. The strengths of
experimental methods are balanced by the concern about exter-
nal validity (40). Laboratory analogues and simulations are often
used to determine factors that influence consumer behavior (41).
Laboratory simulations are often preferred to large-scale studies
in the natural environment because of the high degree of control
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provided and the ability to collect large amounts of data inex-
pensively (42). In a study by Burke et al (43), actual supermarket
purchases over 7 mo were compared with purchases made in 2
laboratory simulation tasks. The first laboratory simulation
was a rudimentary laboratory with the experimenter providing
a verbal description of the available brands; the second lab-
oratory simulation involved a computer simulation, much like
an online grocery store. Results showed high correlations
between real purchasing and purchasing in the laboratory in
response to price specials. Similar studies have shown a re-
lation between purchases in the natural environment and pur-
chases in the laboratory (44), and laboratory experiments have
been used to calculate demand elasticities for various brand
name products (42).

The laboratory procedures used in the current study may have
limitations. The participants were encouraged to spend all their
money during each trial or trip to the grocery store. Outside of the
laboratory, people may want to save money when there are sales
on usual purchases and may allocate money to other types of
expenses. In the laboratory purchasing paradigm, trial length is
relatively constant across trials, whereas in usual shopping, the
duration of a shopping episode may be compressed because of
other demands or may be extended to socialize, have coffee, eat,
or sample new foods. The closer the simulation is to the usual
shopping experience, the greater the potential for external valid-
ity. Another factor that may be important is that in this laboratory
study, the subjects used money provided by the experimenter, so
there was no penalty to the participant for spending more than
they usually would shopping. One solution to this problem would
be to ask the participants to use their own money in the laboratory
environment (45).

In summary, the results of the present study suggest that
basic economic principles can be studied in the laboratory and
that important individual differences may exist in how LED
foods can substitute for HED foods when the cost of the HED
foods increases. Research is needed to assess whether indi-
vidual differences in response to price changes can be modi-
fied.
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Effects of dietary composition on postprandial endothelial function
and adiponectin concentrations in healthy humans: a crossover
controlled study1,2

Michio Shimabukuro, Ichiro Chinen, Namio Higa, Nobuyuki Takasu, Ken Yamakawa, and Shinichiro Ueda

ABSTRACT
Background: Abnormalities during the postprandial state contrib-
ute to the development of atherosclerosis. Reportedly, postprandial
hyperglycemia, hypertriglyceridemia, and hyperlipacidemia inde-
pendently cause postprandial cytokine activation. However, it is not
clear which dietary composition preferentially affects postprandial
endothelial function in healthy subjects.
Objective: We aimed to examine the associations of dietary com-
position and postprandial endothelial function in healthy subjects.
Design: The effects of a single ingestion of a high-carbohydrate
meal (300 kcal, 100% carbohydrate), a high-fat meal (30 g fat/m2,
35% fat), or a standard test meal (478 kcal; 16.4% protein, 32.7% fat,
50.4% carbohydrate) on postprandial plasma concentrations of adi-
ponectin and forearm blood flow (FBF) during reactive hyperemia
were studied in healthy subjects.
Results: The peak FBF response and the total reactive hyperemic
flow (flow debt repayment; FDR), indexes of resistance artery en-
dothelial function, were unchanged after ingestion of a high-
carbohydrate and standard test meal but decreased 120 and 240 min
after a high-fat meal. After a high-fat meal, decreases in peak FBF
and FDR were well correlated with an increase in plasma free fatty
acid (FFA) concentrations but not with the other biochemical vari-
ables, including triacylglycerol, insulin, glucose, total cholesterol,
HDL cholesterol, and adiponectin.
Conclusions: Postprandial endothelial function was impaired only
after the high-fat diet and not after the high-carbohydrate or standard
test meal in healthy subjects. Because such endothelial dysfunction
after a high-fat meal was closely correlated with FFA concentra-
tions, postprandial state could be hazardous, mostly through acute
hyperlipacidemia in healthy subjects. Am J Clin Nutr 2007;86:
923–8.

KEY WORDS Free fatty acids, endothelial function, adi-
ponectin, postprandial state, hyperlipidemia, hyperglycemia

INTRODUCTION

The abnormalities of the postprandial state are important con-
tributing factors to the development of atherosclerosis. There is
evidence that postprandial hypertriglyceridemia is a risk factor
for cardiovascular diseases (CVD) (1), whereas in diabetic sub-
jects, postprandial hyperglycemia has been proposed as an inde-
pendent risk factor for CVD (2).

The risk of coronary artery disease is increased by consump-
tion of a diet rich in saturated fatty acids (3). In both healthy

subjects and in diabetic patients, a single high-fat meal induces
endothelial activation, which is associated with increased in-
flammatory cytokine production (4). Meanwhile, postprandial
hypertriglyceridemia (4–6) and hyperglycemia (7) can elicit
endothelial dysfunction via an independent and a cumulative
increase in oxidative stress. Free fatty acids (FFAs) elevated by
intravenous lipid or heparin infusion directly impair the vasodi-
latory response to acetylcholine in healthy humans, which may
be pathophysiologically relevant to the development of post-
prandial endothelial dysfunction in patients with obesity and
insulin resistance (8–10).

Adiponectin is an adipocyte-derived plasma protein (adipo-
cytokine) that accumulates in injured arteries and has potential
antiatherogenic properties. Maintenance of adiponectin concen-
trations is closely associated with normal endothelial function in
humans (11, 12); therefore, postprandial changes in plasma adi-
ponectin concentrations (13–15) could be related to postprandial
endothelial dysfunction. However, such a relation has not been
evaluated. We investigated effects of diet composition on post-
prandial plasma concentrations of adiponectin and endothelial
function in healthy subjects.

SUBJECTS AND METHODS

Subjects

Twelve healthy subjects (6 men and 6 women) aged 30–42 y
(x� � SD: 36 � 1 y) participated in this study. The subjects had a
mean (�SD) body weight of 62 � 4 kg, body mass index (in
kg/m2) of 23.3 � 0.9, systolic blood pressure of 121 � 5 mm Hg,
diastolic blood pressure of 72 � 3 mm Hg, and heart rate of 63 �
2 beats/min. All subjects gave their written informed consent
before the study began. The study protocol was approved by the
Ethical Committee of the University of Ryukyus and was carried
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out in accordance with the principles of the Declaration of Hel-
sinki as revised in 2000. None of the subjects had an acute or
chronic illness, had experienced recent body weight changes, or
were taking medication regularly. All subjects abstained from
alcohol, tobacco, and strenuous physical activity for 24 h and
caffeine-containing drinks overnight.

Endothelial function

On 3 separate mornings �7 d apart, participants ingested a
high-carbohydrate meal (300 kcal, 100% carbohydrate) (16), a
high-fat meal (30 g fat/m2, 35% fat, 342 kcal/100 g), or a standard
test meal (478 kcal; 16.4% protein, 32.7%fat, 50.4% carbohy-
drate; proposed by a working group of the Japan Diabetes Soci-
ety) after fasting overnight (17). The order for meal ingestion was
randomized in a crossover design. Endothelial function was mea-
sured by using forearm blood flow (FBF) before and 120 and
240 min after the ingestion of each meal. Blood samples were
obtained at 0, 30, 60, 120, and 240 min. FBF was measured with
the use of a mercury-filled silastic strain-gauge plethysmograph
(EC-5R; DE Hokanson Inc, Issaquah, WA) as described (Figure
1) (11, 16).

The strain gauge was attached to the upper arm, held above the
right atrium, and connected to a plethysmographic device. At
baseline and during 180 s after release of 5-min occlusion of the
upper arm at 200 mm Hg (reactive hyperemia), FBF was mea-
sured as follows. First, the wrist cuff was inflated to a pressure of
200 mm Hg to exclude hand circulation, and then the upper arm
cuff was repetitively inflated to 40 mm Hg to occlude venous
outflow from the arm (7 s) and deflated (8 s) in each 15-s cycle
with a rapid cuff inflator (EC-20; DE Hokanson Inc). The FBF
output signal was transmitted to a recorder (U-228, Advance Co,
Nagoya, Japan). FBF was calculated from gradient of tracing
(�mV/s) with a mercury-filled strain-gauge plethysmograph at
baseline and after 5 min of upper arm cuff occlusion and was
expressed as milliliters per minute per 100 mL of forearm tissue.
A representative tracing of an FBF curve is shown in Figure 1.

Calculations of blood flow debt incurred during arterial oc-
clusion, reactive hyperemic flow, and blood flow debt repay-
ments (FDR) were made as described (11) below:

Blood flow debt (mL) � control flow rate (mL/s)

� duration of occlusion (s) (1)

Reactive hyperemic flow (mL)

� [total flow during reactive hyperemia (mL)]

� [control flow rate (mL/s)

� duration of reactive hyperemia (s)] (2)

Blood flow debt repayment (%)

� (reactive hyperemic flow/blood flow debt) � 100 (3)

Before and after release of a 5-min upper arm cuff occlusion at
200 mm Hg (reactive hyperemia) and after a single sublingual
administration of 0.3 mg nitroglycerin (Nihonkayaku Co, Tokyo,
Japan). In the preliminary study, we confirmed the reproducibil-
ity of reactive hyperemia and sublingual nitroglycerin-induced
vasodilatation on 2 separate occasions in healthy male subjects
(11).

Biochemical measurements

Before and after meal ingestion, venous blood was collected
from subjects by using a vacuum tube with serum separation
reagents or heparin sodium and then stored frozen until used.
Preliminary effects of blood sampling conditions, including se-
rum separation reagents, heparin sodium, and EDTA-Na2, on
adiponectin measurements were compared. There was a good
correlation between adiponectin concentration and serum and
heparin-treated plasma (r � 0.997; regression line y � 0.96x �
0.05) and also between serum and EDTA-treated plasma (r �
0.999; regression line y � 0.93x � 0.08).

Plasma glucose concentration was measured with a glucose
oxidase method, and insulin was measured by enzyme-linked
immunosorbent assay (ELISA). Serum concentrations of total
cholesterol, HDL cholesterol, and triacylglycerols were mea-
sured by routine enzymatic methods. Plasma and serum adi-
ponectin concentrations were determined with a latex-particle-
enhanced turbidimetric immunoassay (LTIA) (Human
Adiponectin Assay Kit; Mitsubishi Kagaku Iatron Inc, Chiba,
Japan) with an automated analyzer (Hitachi H7170) (18). The
LTIA results were well correlated with the commercially avail-
able ELISA assay (18).

Statistical analysis

Values are expressed as means � SEMs. Multigroup compar-
isons were made by one-factor repeated-measures analysis of
variance (ANOVA). Multigroup comparisons of time course
curves were first analyzed by two-factor repeated-measures
ANOVA. If the multigroup difference was significant, intra-
group comparisons were made by one-factor repeated-measures
ANOVA and followed by Tukey’s post hoc test. For compari-
sons between metabolic variables and endothelial function dur-
ing meal loading, the analysis was adjusted by analysis of co-
variance (ANCOVA). Probabilities were considered to be
significant if �0.05. The data were processed by using the
GRAPHPAD INSTAT 3 for Macintosh (GraphPad Software Inc,
San Diego, CA) software package.

Baseline
Reactive hyperemia
after 5 min upper arm 
cuff occlusion

release of upper arm cuff occlusion

15 s

100 mV

15 s

100 mV

FIGURE 1. Representative tracing of forearm blood flow (FBF). FBF
was calculated from gradient of tracing (�mV/s) with a mercury-filled strain-
gauge plethysmograph at baseline and after 5 min of upper arm cuff occlusion.
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RESULTS

The meals were well tolerated by all patients, and no adverse
events were observed during the study. Systemic hemodynamic
and metabolic variables before test meal ingestion were compa-
rable on the 3 study mornings.

The effects of the high-carbohydrate, high-fat, and standard test
meals on plasma glucose, plasma insulin, serum lipid, and serum
adiponectin concentrations are shown in Figure 2. After the high-
carbohydrate and standard test meals, plasma glucose concentra-
tions increased from baseline by �5 mmol/L to a peak of �7.2
mmol/L at 60 min and returned to baseline at 240 min (Figure 2).
Plasma glucose concentrations did not change after the high-fat
meal. After the high-carbohydrate and standard test meals, plasma
insulin concentrations increased from baseline by �50 pmol/L to a
peak of 540–590 pmol/L at 60 min. The plasma insulin concentra-
tion did not change after the high-fat meal. Serum FFA concentra-
tions decreased during the 120 min after the high-carbohydrate and
standard test meals and returned to baseline at 240 min. Serum FFA
concentrations increased to0.87 �0.06mmol/Lat240minafter the
high-fat meal. Serum triacylglycerol concentrations increased to
2.77 � 0.83 mmol/L at 240 min after the high-fat meal, but did not
change after the high-carbohydrate and standard test meals. Serum

concentrations of total and HDL cholesterol and adiponectin did not
change during 240 min after either test meal.

The effects of the high-carbohydrate, high-fat, and standard
testmealsonFBFareshowninFigure3,A,B,andC.ThepeakFBF
was unchanged before and after the high-carbohydrate and standard
test meals, but decreased significantly 120 and 240 min after the
high-fat meal (Figure 3, A and B). The total reactive hyperemic
flows (FDR), indexes of resistance artery endothelial function, also
decreased 240 min after the high-fat meal (Figure 3, C).

After the high-fat meal, changes from baseline in peak FBF
(�peak FBF) and FDR (�FDR) were inversely well correlated
with the change in plasma FFA concentration (�FFA) (Figure 4)
but not with the other biochemical variables, including triacyl-
glycerol, insulin, glucose, total cholesterol, HDL cholesterol,
and adiponectin (data not shown).

DISCUSSION

In this study, we investigated the effects of diet composition
on postprandial plasma concentrations of adiponectin and
endothelial function in healthy subjects. Effects of the
high-carbohydrate, high-fat, and standard test meals on plasma
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FIGURE 2. Mean (�SEM) blood concentrations of glucose, insulin, free fatty acid (FFA), triacylglycerols, total and HDL cholesterol, and adiponectin after
loading of a high-carbohydrate, high-fat, and standard test meal in 12 healthy subjects (6 men and 6 women). Multigroup comparisons of time course curves
were analyzed by 2-factor repeated-measures ANOVA. If the multigroup difference was significant, intragroup comparisons were made by one-factor
repeated-measures ANOVA followed by Tukey’s post hoc test. *Significantly different from 0 min, P � 0.01 (Tukey’s post hoc test).
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glucose, insulin, and serum lipid concentrations were different,
and postprandial forearm endothelial function was impaired after
high-fat diet but not after the high-carbohydrate and standard test
meals.

Postprandial hyperlipidemia (4) and postprandial hyperglyce-
mia independently produce endothelial dysfunction and both are
now largely recognized as potential underlying mechanisms of
macrovascular events in subjects with normal or impaired glu-
cose tolerance (1, 2). Postprandial state is a complex dynamic
phase. Hyperlipidemia, hyperglycemia, or changes in the blood-
stream of various humoral factors are simultaneously present in
the postprandial phase. Thus, the specific molecule mostly re-
sponsible for endothelial dysfunction has not been determined.

We therefore examined the effects of diet composition on post-
prandial biochemical variables and endothelial function. The
study was done on 3 separate mornings, and the order in which
the 3 types of meals were ingested was randomized in a crossover
design to minimize the other confounding factors.

Plasma glucose and insulin concentrations increased at 60 min
and returned to baseline at 240 min after the high-carbohydrate
and standard test meals but did not change after the high-fat meal.
Serum FFA and triacylglycerol concentrations increased only at
120 and 240 min after the high-fat meal. Plasma adiponectin
concentrations did not change during the 240 min after either test
meal. Some (13, 14), but not all (15), studies reported that adi-
ponectin concentrations changed postprandially. Esposito et al
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FIGURE 3. Effects of dietary composition (high-carbohydrate, high-fat, or standard test meal) on forearm blood flow (FBF) and total reactive hyperemic
flow (flow debt repayment; FDR) in 12 healthy subjects (6 men and 6 women). A: Measurements were taken at baseline and during reactive hyperemia 120
and 240 min after the meals. B: Peak FBF was measured during reactive hyperemia before (0 min) and 120 and 240 min after the meals. C: Total reactive
hyperemic flow (FDR) was measured during reactive hyperemia. FDR (%) � (reactive hyperemic flow/blood flow debt) � 100. Data are presented as means
� SEMs. One-factor ANOVA with Tukey’s post hoc test was used to compare intragroup means. *Significantly different from 0 min, P � 0.01.
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(13) reported that adiponectin concentrations decreased from
baseline after the high-fat meal, but not after the high-
carbohydrate meal. Although the reason for the discrepancy be-
tween their study and ours is unknown, the difference in the
percentage of energy as fat of the diets could be one reason (60%
compared with 32.9%).

We reported that the high-carbohydrate and standard test
meals did not produce endothelial dysfunction in healthy sub-
jects with normal glucose tolerance (16, 17). However, it has
been reported that the high-fat meal could impair endothelial
function, even in healthy subjects (4–7). Our results confirm the
previous findings that endothelial function is impaired after in-
gestion of a high-fat meal but not after ingestion of a high-
carbohydrate or standard test meal.

As shown in Figure 4, decreases in peak FBF and FDR after a
high-fat meal were well correlated with increases in serum FFA
concentrations, but not with the other biochemical variables,
including triacylglycerol, insulin, glucose, total cholesterol,
HDL cholesterol, or adiponectin. Because adiponectin concen-
trations did not change after the meals, adiponectin oscillation is
unrelated to postprandial changes in acute vascular reactivity.
Our previous study showed that plasma adiponectin concentra-
tions were well correlated with baseline (fasting) endothelial
function in nondiabetic subjects (11). We postulated that there
are 2 possible mechanisms by which hypoadiponectinemia de-
creases endothelial function: 1) hypoadiponectinemia can cause
endothelial dysfunction by decreasing insulin sensitivity, and 2)
hypoadiponectinemia may be directly linked to early atheroscle-
rotic vascular damage and subsequent endothelial dysfunction.

In the present study, we showed that the FFA concentration,
rather than the plasma adiponectin concentration, is mainly as-
sociated with postprandial endothelial dysfunction in healthy
subjects. Taken together, hypoadiponectinemia could be linked
to chronic vascular injury but not to acute postprandial vascular
injury. It has been shown that the FBF response to the intraarterial
infusion of acetylcholine was impaired acutely after systemic

infusion of lipid and heparin in healthy subjects (9, 10). Previous
findings support the notion that acute hyperlipacidemia directly
impairs endothelial function, which was observed in this study.

The mechanism for such FFA-related endothelial dysfunction
could not be drawn from this study. One can assume that hyper-
triglyceridemia, a cumulative effect of endothelial activation, or
both may be associated with increased serum concentrations of
inflammatory cytokines such as tumor necrosis factor-�,
interleukin-6, intercellular adhesion molecule-1, and vascular
cell adhesion molecule-1 (13).

Another possible explanation is the production of reactive
oxygen species (ROS) by FFAs. Ceriello (7) reported that in-
creased production of ROS, determined by nitrotyrosine, was
closely associated with endothelial dysfunction after consump-
tion of a high-fat meal. We confirmed that FFA-induced endo-
thelial dysfunction could be protected by co-infusion of antiox-
idant, vitamin C, in healthy humans (10). Experimentally, we
observed that FFA directly inhibited vascular response to ace-
tylcholine in stripped aorta isolated form normal animal models
(19). Also, we found that FFA directly enhanced the production
of vascular ROS via up-regulation of NADPH oxidase subunit
mRNA, and the inhibition of ROS production by N-acetyl-
cysteine (a general antioxidant), diphenyleneiodonium, and apo-
cynin (NADPH oxidase inhibitors) can prevent FFA-induced
endothelial dysfunction (19).

In summary, we investigated the effects of diet composition on
postprandial plasma concentrations of adiponectin and endothe-
lial function in healthy subjects. Postprandial endothelial func-
tion was impaired only after ingestion of the high-fat diet and not
after consumption of the high-carbohydrate and standard test
meals. Because such endothelial dysfunction after a high-fat
meal was closely correlated with FFA concentrations, the post-
prandial state could be hazardous, mostly through acute hyper-
lipacidemia in healthy subjects.

None of the authors had a conflict of interest.
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Plasma and erythrocyte biomarkers of dairy fat intake and risk of
ischemic heart disease1�3

Qi Sun, Jing Ma, Hannia Campos, and Frank B Hu

ABSTRACT
Background: The relation between dairy product intake and the risk
of ischemic heart disease (IHD) remains controversial.
Objective: We aimed to explore biomarkers of dairy fat intake in
plasma and erythrocytes and to assess the hypothesis that higher
concentrations of these biomarkers are associated with a greater risk
of IHD in US women.
Design: Among 32 826 participants in the Nurses’ Health Study
who provided blood samples in 1989–1990, 166 incident cases of
IHD were ascertained between baseline and 1996. These cases were
matched with 327 controls for age, smoking, fasting status, and date
of blood drawing.
Results: Among controls, correlation coefficients between average
dairy fat intake in 1986–1990 and 15:0 and trans 16:1n�7 content
were 0.36 and 0.30 for plasma and 0.30 and 0.32 for erythrocytes,
respectively. In multivariate analyses, with control for age, smoking,
and other risk factors of IHD, women with higher plasma concen-
trations of 15:0 had a significantly higher risk of IHD. The
multivariate-adjusted relative risks (95% CI) from the lowest to
highest tertile of 15:0 concentrations in plasma were 1.0 (reference),
2.18 (1.20, 3.98), and 2.36 (1.16, 4.78) (P for trend � 0.03). Asso-
ciations for other biomarkers were not significant.
Conclusions: Plasma and erythrocyte contents of 15:0 and trans
16:1n�7 can be used as biomarkers of dairy fat intake. These data
suggest that a high intake of dairy fat is associated with a greater risk
of IHD. Am J Clin Nutr 2007;86:929–37.

KEY WORDS Dairy fat, plasma, blood cells, coronary dis-
ease, women

INTRODUCTION

Consumption of whole milk and other high-fat dairy products,
such as cheese and butter, has been postulated to be associated
with the risk of ischemic heart disease (IHD) because of the high
saturated fat content (1). Although strong positive associations
between the intake of dairy products with high fat content and
IHD mortality have been indicated in ecologic studies (2–4),
prospective cohort studies showed mixed results for these asso-
ciations (5). Dairy products are complex with respect to their
nutrient composition. Besides fat, dairy products also contain
many nutrients, such as calcium, that may play different roles in
the development of IHD (1). Dairy fat intake could be a more
specific risk factor for IHD, because it is the fat content of dairy
products that is suggested to be detrimental to coronary health.
Few epidemiologic studies of the association between dairy fat

intake and the risk of IHD have been published (6, 7). Measuring
dairy fat intake can be challenging to epidemiologic studies that
use food-frequency questionnaires (FFQs) and similar methods
to estimate nutrient intake, because dairy fat exists in many
foods, and fat content varies within these foods (8).

Biological markers are believed to be more objective than
FFQs, because biomarkers do not rely on the precision of food
composition databases and self-reports or the appropriateness of
FFQ items (9, 10). So far, only a few studies have been conducted
to determine valid biomarkers of dairy fat intake. The prelimi-
nary results showed that fatty acids (FAs) with odd-number car-
bon chains—ie, 15:0 and 17:0—in human adipose tissue may be
used as biomarkers of dairy fat intake (11, 12). The possibility
that other FAs exclusively existing in ruminant fats, such as
certain trans isomers, could be used as valid biomarkers has not
been assessed. Even fewer studies have been conducted to ex-
plore the associations between these biomarkers and the risk of
IHD. In the current study, we evaluated the validity of odd-
numbered FAs and explored other FAs in plasma and erythro-
cytes as biomarkers of dairy fat intake. We further examined the
associations between these biomarkers and the risk of IHD in a
prospective case-control study nested in the Nurses’ Health
Study cohort.

SUBJECTS AND METHODS

Study population and blood collection

In 1976, �120 000 female registered nurses aged 30–55 y
were enrolled in the Nurses’ Health Study. In 1989–1990, blood
samples were provided by 32 826 participants. Ninety-seven per-
cent of the samples arrived within 24 h after blood drawing.
Immediately on arrival, the samples were centrifuged (1200 � g,
15 min, room temperature) and divided into aliquots of plasma,
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erythrocytes, and buffy coat fractions, which were then stored in
liquid nitrogen freezers at �130 °C or colder until analysis.

Participants who provided a blood sample and who were free
of diagnosed cancer and cardiovascular disease at the time of
blood drawing were eligible for the current study. Among these
participants, 167 cases of nonfatal myocardial infarction (MI) or
IHD death were newly diagnosed between the time of blood
drawing and June 1996. For each IHD case, 2 control subjects
were randomly selected from the participants who were free of
IHD at the time of the case’s IHD diagnosis. Cases and controls
were matched for age (�1 y), smoking status (never, past, or
current), fasting status at blood drawing (fasting for 10 h or not
fasting), and the date of the blood drawing. One case and 7
controls had missing data on FA concentrations were missing for
1 case and 7 controls because of contamination, dilution, or loss
of blood samples. After exclusion of these participants, 166 cases
and 327 controls were available for analysis.

The study protocol was approved by the Institutional Review
Board of the Brigham and Women’s Hospital and the Human
Subjects Committee Review Board of Harvard School of Public
Health.

Assessment of ischemic heart disease

Nurses who reported a nonfatal MI in the biennial follow-up
questionnaires were asked to provide their medical records,
which were then reviewed by study physicians who were blinded
as to the exposure status of participants. Telephone interviews
were conducted if medical records were not provided by the
nurses. Nonfatal MI was confirmed if the World Health Organi-
zation criteria, which require typical symptoms plus either diag-
nostic electrocardiographic findings or elevated cardiac enzyme
concentrations, were met (13). We identified deaths among the
Nurses’ Health Study participants through reports from the next
of kin or postal authorities or by searching the National Death
Index. At least 98% of deaths were identified (14). IHD deaths
were identified if IHD was listed as the cause of death in hospital
records, in autopsy reports, or on death certificates. IHD deaths
were then confirmed by a previous report of IHD and by a de-
termination that another, more apparent or plausible cause of
death was not stated. We included only confirmed IHD cases in
the current analysis. Total IHD was defined as nonfatal MI plus
fatal IHD.

Assessment of diet

Food and nutrient consumption assessed by semiquantitative
FFQs in 1986 and 1990 was primarily used in the present study
to represent the usual intake. A detailed description of the validity
of the FFQs used in the Nurses’ Health Study and a discussion of
the FFQs’ validity were published elsewhere (10, 15). Briefly,
these FFQs inquired about the consumption of major dairy foods
and other foods in the previous year. For each food item, the
frequency of the consumption of that food in a standard portion
size was asked. There were 9 possible coding responses, ranging
from “never or �1 time/mo” to “�6 times/d.” The major dairy
foods inquired about in these FFQs included skim milk, whole
milk, cream, sour cream, sherbet, yogurt, ice cream, cheese, and
butter. Dairy fat intake was calculated by multiplying the fre-
quency of consumption of dairy foods by the fat content in the
specified amount. Then, the contributions across all foods were
summed to represent total dairy fat intake, taking into account the

dairy fat intake from other foods in which milk was an ingredient,
such as milk chocolate, white bread, home-made bakery prod-
ucts, and other foods. The food composition database was pri-
marily based on US Department of Agriculture publications (16),
which were supplemented by data from other publications and
individual laboratories (17–19). The intakes of other FAs were
also derived by using the same method. Fourteen participants had
missing dietary intake. Therefore, when we evaluated biomark-
ers in relation to dietary intake, we excluded these participants.

Plasma and erythrocyte fatty acid analysis

FA concentrations in plasma and erythrocytes were analyzed
by gas-liquid chromatography in 2000 and 2002. A detailed
description of the laboratory process has been published else-
where (12). The concentration of each FA was expressed as a
percentage of the total FA content in plasma or erythrocytes.
Technicians and laboratory personnel were blinded as to the
disease status of the participants. Blood samples from each case-
control triplet was shipped in the same batch and analyzed in the
same run. Each triplet’s samples were assayed by the same tech-
nicians in a random sequence and under identical conditions.
Laboratory control samples were tested along with the case-
control samples.

We quantified 37 FAs in plasma and erythrocytes that had
meaningful (ie, �0.01% of total) concentrations. In the current
study, we reported FAs that are derived exclusively from rumi-
nant sources and that cannot be synthesized by human body (ie,
15:0, 17:0, and trans 16:1n�7) (20, 21) and other FAs that exist
in substantial amounts in dairy fat (ie, 14:0, 16:0, and 18:0) (6).
The major trans isomer existing in dairy fat is trans 18:1n�7
(vaccenic acid), and it therefore was also included in the analysis.
The intraassay CV was 11.1% (plasma) or 19.3% (erythrocytes)
for 14:0 (myristic acid); 4.3% (plasma) or 8.8% (erythrocytes)
for 15:0; 1.4% (plasma) or 3.3% (erythrocytes) for 16:0 (palmitic
acid); 2.3% (plasma) or 7.2% (erythrocytes) for 17:0; 2.1%
(plasma) or 3.4% (erythrocytes) for 18:0 (stearic acid); 3.3%
(plasma) or 6.8% (erythrocytes) for trans 16:1n�7; and
10.5% (plasma) or 7.0% (erythrocytes) for trans 18:1n�7. Al-
though 12:0 (lauric acid) also mainly comes from dairy foods (6),
we did not report this FA because of the high incidence of lab-
oratory measurement errors in relation to it.

Stability of fatty acid contents in plasma and
erythrocytes

One study has shown that FAs in serum stored at a low tem-
perature (�80 °C) for 7–12 y showed minimal degradation over
time (22). Among the controls of the current study, the pro-
portions of monounsaturated and polyunsaturated FAs were
18.63% (plasma) and 13.25% (erythrocytes) for oleic acid,
30.52% (plasma) and 13.64% (erythrocytes) for linoleic acid,
0.50% (plasma) and 0.18% (erythrocytes) for �-linolenic
acid, 7.80% (plasma) and 14.61% (erythrocytes) for arachidonic
acid, 0.49% (plasma) and 1.15% for eicosapentaenoic acid, and
1.57% (plasma) and 3.72% (erythrocytes) for docosahexaenoic
acid. The contents of these FAs were similar to those observed in
previous studies with shorter durations of storage (23, 24), which
indicates that the FA contents were stable after long-term storage
at a very low temperature (�130 °C).
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Assessment of covariates

Information on the occurrence of disease, medical history, and
major lifestyle IHD risk factors of the participants was collected at
baseline and updated biennially thereafter with the use of follow-up
questionnaires. We primarily used covariates assessed by the 1990
follow-up questionnaire in the current study. To minimize missing
data, we carried forward the values obtained in previous ques-
tionnaires for values missing in the 1990 questionnaires.

Plasma total and HDL-cholesterol concentrations were mea-
sured enzymatically. LDL cholesterol was measured by using a
homogenous direct method. A detailed description of the labo-
ratory methods and procedures was published elsewhere (25).

Statistical analysis

For continuous variables with normal distribution, means
(�SDs) were calculated and Student’s t tests were used to eval-
uate the significance of difference between cases and controls.
Medians and interquartile ranges and Wilcoxon’s rank-sum tests
were used for variables with nonnormal distribution. For cate-
gorical variables, proportions were calculated, and chi-square
tests of significance were used.

Dairy fat intake measured by the FFQs was expressed as a
percentage of total fat intake. We determined the biomarkers of
dairy fat intake by using data on the controls only, because controls
were representative of the source population from which the cases
were drawn. Spearman partial correlation coefficients (r) were cal-
culated to determine relations between FA concentrations and dairy
fat intake after adjustment for age at blood collection (y), smoking
status (never smoker, past smoker, currently smoke 1–14 ciga-
rettes/d, currently smoke 15–24 cigarettes/d, or currently smoke
�25cigarettes/d), bodymass index (BMI; inkg/m2), currentweight
(kg), fasting status (yes or no), postmenopausal status (yes or no),
postmenopausal hormone use (never, past, or current), and the pe-
riods during which the blood samples were assayed. We used both
dairy fat intake measured by the 1990 FFQ and the average intake
estimated by averaging the 1986 and 1990 FFQ measurements to
represent long-term dairy fat intake.

We used multivariate linear regression to detect linear trends
of the biomarker concentrations across deciles of average dairy
fat intake of controls in 1986–1990. Least-squares means of FA
concentrations were calculated for each decile of dairy fat intake
after adjustment for total energy intake, age, smoking status,
BMI, and other covariates. To allow for deviance from the as-
sumption of normal distribution of dependent variables, we cal-
culated robust estimators of variance for these means (26). Me-
dian values of each decile of intake were entered into the models
as a continuous variable to calculate P values for linear trend.

We used conditional logistic regressions to estimate the rela-
tive risks (RRs) of IHD associated with the biomarkers of dairy
fat intake. In nested case-control studies, odds ratios derived
from conditional logistic regressions are unbiased estimates of
hazard ratios or RRs (27). The distribution among control par-
ticipants was used to determine the cutoffs for tertiles of these
biomarkers. Multivariate RRs were adjusted for established risk
factors for IHD: ie, BMI (�25, 25–29, or �30), physical activity
(�8.1, 8.2–18.5, or �18.6 metabolic equivalent tasks), alcohol
intake (0, 1–4, 5–14, or �15 g/d), use of aspirin (tablets/wk),
parental history of MI before age 65 y (yes or no), history of
hypertension (presence or absence), history of hypercholester-
olemia (presence or absence), history of diabetes (presence or

absence), postmenopausal status (yes or no), and postmeno-
pausal hormone use (never, past, or current). Matching factors
were taken into account as well. We included 18:2n�6 (linoleic
acid) and total trans FAs in the multivariate models because their
inclusion in plasma changed the RR of �1 category of 15:0
tertiles in plasma by �15%.

P values for linear trend were calculated by entering a contin-
uous score based on the median value in each tertile of FA into the
models. All P values were 2-sided; 95% CIs were calculated for
RRs and least-squares means. Data were analyzed with the use of
SAS software (version 9.1; SAS Institute Inc, Cary, NC).

RESULTS

We evaluated the validity of plasma and erythrocyte FAs as
biomarkers of dairy fat intake in controls only. The comparison
between controls and the overall Nurses’ Health Study cohort
with respect to baseline characteristic distribution is shown in
Table 1. As expected, the controls in the present study did not
differ significantly from the overall cohort except in age, which
was used to match controls with IHD cases. The FA concentra-
tions in plasma and erythrocytes are described in Table 2.

The Spearman partial correlation coefficients between FA
concentrations in plasma and erythrocytes and dairy fat and prod-
uct intake are shown in Table 3. Uniformly, each FA in both
blood fractions had a stronger correlation with average dairy fat
intake in 1986–1990 than with 1990 intake alone, probably be-
cause of the reduction of random measurement errors by aver-
aging multiple assessments. In plasma, 15:0 had the strongest
correlation with dairy fat intake; the Spearman correlation coef-
ficient between this FA and average dairy fat intake was 0.36.
The second-strongest marker of dairy fat intake in plasma was
trans 16:1n�7. In erythrocytes, correlations with dairy fat intake
did not differ significantly for 15:0 and trans 16:1n�7; both
correlation coefficients were 	0.30. Other FAs in plasma or
erythrocytes were weakly associated with dairy fat intake.

TABLE 1
Comparison between controls and the entire cohort, the Nurses’ Health
Study, 1990

Characteristics

Study
participants
(n � 313)

Total cohort
(n � 78 284)1 P2

Age (y) 60 � 63 56 � 7 �0.01
BMI (kg/m2) 25.4 � 4.5 25.7 � 4.9 NS
Height (cm) 164 � 6 164 � 6 NS
Weight (kg) 68 � 13 69 � 14 NS
Total energy (MJ/d) 7.5 � 2.3 7.3 � 2.2 NS
Carbohydrates (% of energy) 50.2 � 8.7 50.1 � 8.2 NS
Protein (% of energy) 18.6 � 3.1 18.9 � 3.5 NS
Total fat (% of energy) 31.8 � 6.4 31.4 � 6.0 NS
Total saturated fat (% of total fat) 33.7 � 4.5 33.8 � 4.2 NS
Animal fat (% of total fat) 53.5 � 11.6 54.5 � 11.3 NS
Vegetable fat (% of total fat) 46.5 � 11.6 45.5 � 11.3 NS
Dairy fat

(g/d) 12.5 � 9.1 11.9 � 7.2 NS
(% of total fat) 19.6 � 9.8 19.4 � 8.8 NS

1 n � the number of participants who returned the 1990 questionnaire
and had no missing values for variables listed in the table.

2 P value estimates were based on Student’s t test for variables expressed
as x� � SD.

3 x� � SD (all such values).
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Because we observed reasonable correlations for 15:0 and trans
16:1n�7 in both plasma and erythrocytes, we focused on these
FAs thereafter. In previous studies (11, 28–31), 17:0 in blood or
human tissues was also suggested as a potential biomarker of
dairy fat intake. To be comparable to these studies, we also
included 17:0 in further analyses. Plasma 15:0 concentrations
were correlated with total dairy product intake less than with
dairy fat intake; the Spearman correlation coefficient was 0.29
between this FA in plasma and average dairy product intake in
1986–1990. Results are similar for other FAs. Correlations of
these FAs with skim milk intake were close to 0 (data not shown).
These FAs were not correlated with beef or lamb intake (data not
shown). The dose-response relations between these FAs and
dairy fat intake are shown in Figure 1. As was shown in Table 3,
we observed clear dose-response curves for 15:0 and trans 16:

1n�7, although these curves were flattened or even dropped at
the 2 highest deciles of dairy fat intake.

The baseline characteristics of cases and controls are shown in
Table 4. Women diagnosed with IHD events had a significantly
(P � 0.01) higher BMI, drank significantly (P � 0.01) less alcohol,
were significantly (P � 0.001) more likely to have a parental history
of MI, and had significantly (P � 0.001) less favorable plasma
lipoprotein values than did controls. For the FAs of interest in both
blood fractions, the concentrations among IHD cases and controls
did not differ significantly except that 17:0 content in erythrocytes
was significantly lower in cases than in controls (P � 0.01).

RRs of IHD associated with 15:0, 17:0, and trans 16:1n�7 in
plasma and erythrocytes are shown in Table 5. In crude models
(model 1), trans 16:1n�7 in plasma and 17:0 in erythrocytes
were associated with lower risks of IHD. These inverse associ-
ations were attenuated toward the null after further adjustment of
established dietary and lifestyle risk factors for IHD and of other
FAs in plasma or erythrocytes, whereas the positive associations
for 15:0 in plasma were strengthened after such adjustments.
These results indicated the presence of negative confounding on
these associations caused by the covariates. The RR of IHD
between the highest tertile and the lowest tertile of 15:0 in plasma
was 2.36 (95% CI: 1.16, 4.78; P for trend � 0.03). Adjustment for
other nutrients in which dairy foods are rich—ie, calcium and
vitamin D—did not significantly change the associations. Fur-
ther adjustment for fiber, folate, and fruit and vegetables did not
alter these associations. To examine whether these findings may
be due to changes in diet subsequent to the diagnosis of diabetes,
we excluded participants who were diagnosed with diabetes at
baseline. The results did not differ significantly (data not shown).

In a secondary analysis, we found positive but nonsignificant
correlations between the biomarker concentrations and the ratio
of LDL to HDL cholesterol (LDL:HDL) (data not shown). We
observed a correlation coefficient of 0.09 (P � 0.13) between
LDL:HDL and 15:0 in plasma. After further adjustment of LDL:
HDL in the multivariate models, the associations for 15:0 in
plasma were partly attenuated. The RRs across each tertile of
15:0 in plasma were 1.0 (reference), 1.93 (95% CI: 1.0, 3.72), and
2.25 (95% CI: 0.99, 5.15) (P for trend � 0.07). Associations for
other biomarkers were attenuated to a similar extent after such
adjustment (data not shown).

DISCUSSION
In this prospective, nested, case-control study, we explored po-

tential biomarkers of dairy fat intake in plasma and erythrocytes

TABLE 2
Fatty acids composition of plasma and erythrocytes and dietary intake of fatty acids measured by a food-frequency questionnaire among controls, the
Nurses’ Health Study, 19901

Fatty acids Plasma Erythrocytes Diet

% of total fatty acids g/d % of total fat
14:0 0.58 � 0.28 0.19 � 0.10 2.56 � 0.34 3.98 � 1.37
15:0 0.16 � 0.04 0.10 � 0.03 NA NA
16:0 19.31 � 2.41 18.66 � 1.85 13.81 � 1.54 21.60 � 2.58
17:0 0.30 � 0.05 0.34 � 0.05 NA NA
18:0 7.29 � 0.78 13.13 � 1.01 5.12 � 6.13 7.88 � 1.56
t-16:1n�7 0.15 � 0.04 0.14 � 0.03 0.16 � 2.66 0.26 � 0.06
t-18:1n�7 0.23 � 0.10 0.38 � 0.11 NA NA

1 All values are expressed as x� � SD. n � 313 unless indicated otherwise. NA, not available in the food composition databases; t, trans configuration.

TABLE 3
Spearman partial correlation coefficients between plasma and erythrocyte
fatty acid composition and dairy fat and dairy product intake measured by
food-frequency questionnaires during various periods among controls, the
Nurses’ Health Study, 19901

Fatty acid

Dairy fat intake
(% of total fat)

Dairy product intake
(servings/wk)

1990 1986–1990 1990 1986–1990

Plasma
14:0 0.19 0.21 0.18 0.17
15:0 0.33 0.36 0.28 0.29
16:0 0.10 0.10 0.08 0.05
17:0 0.17 0.21 0.13 0.13
18:0 0.09 0.13 0.13 0.18
t-16:1n�7 0.27 0.30 0.19 0.20
t-18:1n�7 0.07 0.06 0.03 0.03

Erythrocytes
14:0 0.14 0.16 0.12 0.11
15:0 0.28 0.30 0.22 0.23
16:0 0.06 0.07 0.06 0.04
17:0 0.12 0.16 0.11 0.14
18:0 0.02 0.04 0.09 0.07
t-16:1n�7 0.28 0.32 0.18 0.18
t-18:1n�7 �0.01 �0.01 �0.02 �0.02

1 t � trans configuration. Spearman correlation coefficients are ad-
justed for age at blood draw, BMI, current weight, smoking status, postmeno-
pausal status, postmenopausal hormone use, period of blood assay, and
fasting status at blood drawing. n � 313. P values of correlation coefficients
are based on t tests. P � 0.05 for r � 0.09, P � 0.01 for r � 0.10.
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and examined their associations with the risk of IHD. We found that
15:0 and trans 16:1n�7 in plasma and erythrocytes could be used as
biomarkers of dairy fat intake. We observed significant associations
between plasma 15:0 concentrations and the risks of IHD after

adjustment for established dietary and lifestyle IHD risk factors and
other FAs in plasma. In comparison with women in the lowest tertile
of 15:0 in plasma, women in the highest tertile had IHD risks more
than twice as great.
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FIGURE 1. Relation between cumulative average intake of dairy fat in 1986–1990 and biomarker concentrations in plasma and erythrocytes, the Nurses’
Health Study, 1990. t, trans configuration. n � 306. Least-squares means of fatty acids in plasma (�) and erythrocytes (f) are shown as plotted against median
values by decile of intake (% of total fat) after adjustment for total energy intake, age, smoking, BMI, current weight, postmenopausal hormone use, fasting
status, and period of blood assay. Bars are 95% CIs (x� � SEM: 1.96 � SEM). The range on the y axis in the middle panel differs from that in the top and bottom
panels. Median values of each decile of intake were entered into the models as a continuous variable to estimate the P values for linear trend. All P values for
trend are based on t tests, and P � 0.001.
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Consumption of whole milk and other high-fat dairy products,
such as butter, has been postulated to be associated with the risk
of IHD because of the high saturated fat content of those prod-
ucts (1). Although data from ecological studies suggested a
strong, positive correlation between dairy food consumption and
IHD mortality (2–4), most prospective cohort studies showed
mixed results regarding dairy product consumption and the risk
of IHD (7, 32–34). These studies varied according to population
characteristics, dietary assessment methods, categorization of
intake, and assessment and control for confounders, which may
explain the inconsistency. Moreover, in addition to the fat con-
tent, milk and dairy products contain many nutrients that may
play different roles in the development of IHD. For example,
intake of calcium, for which dairy products are the main food
source, has been associated in some epidemiologic studies with
lower risks of IHD (7, 35).

Dairy fat, from which the health concerns arose, has been only
indirectly evaluated in a few epidemiologic studies (6, 7). Mea-
suring dairy fat intake can be challenging in epidemiologic stud-
ies that use FFQs to quantify it. Apart from the inaccuracies of
self-reports or food composition databases (9, 10), measurement
errors may also result from the facts that dairy fat exists in many
food items and that the content of dairy fat may vary in the same
foods, depending on whether whole milk or low-fat milk is used
to produce dairy products (8). Biomarkers of dairy fat intake are
not subject to these measurement errors and thus are believed to
be more precise than self-reports. Adipose tissue or plasma con-
tents of 15:0 and 17:0 have been found to be valid biomarkers of
dairy fat intake (11, 12, 28–31). These 2 odd-numbered FAs are
exclusively produced by the bacterial flora in the rumen of ru-
minants (20). In a Swedish population, Wolk et al (11) docu-
mented a correlation coefficient of 0.36 between adipose tissue
15:0 content and FFQ dairy fat measurement, which was similar
to our results. In 3 other Swedish studies, the validity of serum
15:0 content as a biomarker of dairy fat intake was examined in
relation to diet record measurements, and the authors found
somewhat higher correlation coefficients (r � 0.40), which may
be due to the fact that fewer measurement errors were associated
with the diet records (28, 29, 31). In these studies, 17:0 in human
tissues or serum fractions was a weaker marker than 15:0 (11, 28,
29, 31). In a study conducted in Norway, a negative association
was documented between dairy fat intake and 17:0 in serum or
adipose tissue (30). These findings may be due to different met-
abolic procedures of these 2 FAs in humans.

To our knowledge, this is the first report that trans 16:1n�7
could be used as a biomarker for dairy fat intake. This FA exists
exclusively in ruminant fats, especially dairy fat (21). Because
trans FAs cannot be synthesized by humans, this FA possesses
the characteristics of a potential biomarker. More studies are
needed to confirm this novel finding. Although trans 18:1n�7 is
the major trans isomer in dairy fat, the fact that this trans isomer
also exists in partially hydrogenated oils may explain its weak
correlation with dairy fat intake (21).

In the current study, we found that these FAs in plasma or
erythrocytes were correlated with dairy product intake less than
with dairy fat intake. This finding is consistent with previous
observations (28). As expected, these biomarkers were not cor-
related with low-fat milk intake in our study. Approximately
80% of the participants in the present study reported drinking
low-fat milk rather than whole milk. Although 15:0, 17:0, and
trans 16:1n�7 also exist in ruminant meats (eg, beef or lamb),

TABLE 4
Baseline characteristics of study participants, the Nurses’ Health Study,
19901

Characteristics
Cases

(n � 166)
Controls

(n � 327) P2

Age (y)3 60.6 � 6.04 60.4 � 6.1 NS
BMI (kg/m2) 26.9 � 5.9 25.4 � 4.5 �0.01
Physical activity (MET-h)

Median 10.6 13.4 NS
Interquartile range 4.4–22.4 6.3–22.4

Diet
Dairy fat intake (g � kcal�1 � d�1) 6.7 � 3.5 6.9 � 4.0 NS
Dietary fiber intake

(g � kcal�1 � d�1)
11.2 � 3.2 11.4 � 3.7 NS

Alcohol intake (g/d)
Median 0.9 1.8 0.01
Interquartile range 0.0–3.5 0.0–6.7

Folate intake (�g � kcal�1 � d�1)
Median 213.0 223.1 NS
Interquartile range 164.3–352.9 160.8–353.8

Fruit and vegetable intake
(servings/d)

Median 5 6 NS
Interquartile range 4–8 4–8

Aspirin use (tablets/wk)
Median 1 1 NS
Interquartile range 0–6 0–4

Smoking status (%)3 NS
Current smoker 32.5 31.9
Former smoker 33.1 33.4
Never smoker 34.3 34.7

Medical history
Diabetes (%) 21.1 6.7 �0.001
Hypertension (%) 59.0 29.4 �0.001
Hypercholesterolemia (%) 56.0 37.0 �0.001
Parental MI before age 65 y (%) 33.7 18.7 �0.001
Fasting status (%)3 60.2 55.4 NS
Postmenopausal (%) 92.8 90.2 NS
Postmenopausal hormone use (%)5 57.8 58.6 NS

Cholesterol (mmol/L)6

HDL 1.34 � 0.39 1.60 � 0.48 �0.001
LDL 3.80 � 0.87 3.34 � 0.89 �0.001
Total 6.25 � 1.06 5.78 � 1.02 �0.001
LDL:HDL 3.1 � 1.1 2.3 � 1.0 �0.001

Fatty acids in plasma
15:0 0.16 � 0.05 0.16 � 0.04 NS
17:0 0.30 � 0.05 0.31 � 0.05 NS
t-16:1n�7 0.14 � 0.04 0.15 � 0.04 NS

Fatty acids in erythrocytes
15:0 0.10 � 0.03 0.10 � 0.03 NS
17:0 0.33 � 0.05 0.35 � 0.05 0.01
t-16:1n�7 0.13 � 0.03 0.14 � 0.03 NS

1
t, trans configuration. Percentages are based on nonmissing data.

MET-h, metabolic equivalent hours; MI, myocardial infarction.
2 P value estimates are based on Student’s t test for variables expressed

as x� � SD, Wilcoxon rank-sum test for variables expressed medians, and
Pearson chi-square test for variables expressed as percentages.

3 Matching factors.
4 x� � SD (all such values).
5 Proportions are based on the number of postmenopausal women.
6 Data on HDL cholesterol were missing for 7 women; data on LDL

cholesterol were missing for 26 women. To convert values from mmol/L to
mg/dL, multiply by 38.6698.
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they were not valid biomarkers of ruminant meat intake because
these foods are not the major food sources of these FAs (21, 36).

Few epidemiologic studies have examined the coronary ef-
fects of dairy fat intake, and the results indicated that high dairy
fat intake may increase the risk of heart disease (6, 7). It is
interesting that, in 2 small case-control studies that used biomar-
kers to represent dairy fat intake, adipose tissue or serum 15:0 and
17:0 concentrations were associated with nonsignificantly lower
risks of CHD after adjustment for covariates (36, 37). Residual
confounding cannot be excluded, because only a few lifestyle
risk factors were controlled for in these 2 studies. In the current
study, after we adjusted for established IHD risk factors and
other FAs in plasma, 15:0 in plasma, the strongest biomarker
identified in our study, was associated with a higher risk of IHD,
whereas associations for other weaker biomarkers were not sig-
nificant.

Clinical feeding trials have provided solid evidence regarding
the effects of butter fat intake in increasing atherogenic plasma
LDL-cholesterol concentrations. At the same time, butter fat
intake modestly increases HDL-cholesterol concentrations (38–
40). As a result, butter fat intake causes a small increase in ratio

of total to HDL cholesterol (41), which is a stronger risk factor
than either LDL or HDL cholesterol alone (25). In the present
study, the 15:0 in plasma was correlated with a slightly increased
LDL:HDL. However, adjustment of this lipid variable did not
entirely abolish the association between 15:0 concentration in
plasma and IHD risk. These results suggested that other path-
ways linking dairy fat intake with a higher risk of IHD also may
exist. Dairy fat consists of 	60% saturated FAs, 30% mono-
unsaturated FAs, and 5% trans FAs (8, 21, 42). Saturated fat
intake has effects on promoting platelet aggregation (43),
activating factor VII (44), and increasing lipoprotein(a) pro-
duction (45). trans FAs may increase systemic inflammation
(46), cause endothelial dysfunction, and impair insulin sen-
sitivity (47).

The present study has two noteworthy strengths. First, we
measured a full spectrum of FAs in plasma and erythrocytes, and
we thus had the opportunity to identify a greater number of
potential biomarkers than did the previous studies. Second, be-
cause of the study’s prospective design, the occurrence of disease
could not influence biomarker concentrations in erythrocytes
and plasma.

TABLE 5
Relative risks (and 95% CIs) of ischemic heart disease by tertile (T) of fatty acid content of plasma and erythrocytes, the Nurses’ Health Study, 19901

Fatty acid

Fatty acid content (%)

P for trend2T1 T2 T3

Plasma
15:0

Mean (range) 0.11 (0.06, 0.13) 0.15 (0.14, 0.16) 0.21 (0.17, 0.30)
Model 1 (matching factors) 1.0 1.36 (0.85, 2.18) 1.39 (0.85, 2.26) NS
Model 2 (multivariate) 1.0 2.18 (1.20, 3.98) 2.36 (1.16, 4.78) 0.03

17:0
Mean (range) 0.25 (0.14, 0.28) 0.30 (0.29, 0.32) 0.36 (0.33, 0.51)
Model 1 (matching factors) 1.0 1.0 (0.63, 1.59) 0.94 (0.59, 1.48) NS
Model 2 (multivariate) 1.0 1.23 (0.70, 2.17) 1.25 (0.68, 2.30) NS

t-16:1n�7
Mean (range) 0.11 (0.05, 0.13) 0.15 (0.14, 0.17) 0.20 (0.17, 0.31)
Model 1 (matching factors) 1.0 0.77 (0.49, 1.20) 0.61 (0.39, 0.97) 0.04
Model 2 (multivariate) 1.0 0.79 (0.46, 1.36) 0.79 (0.44, 1.42) NS

Erythrocytes
15:0

Mean (range) 0.07 (0.03, 0.08) 0.10 (0.09, 0.11) 0.14 (0.12, 0.31)
Model 1 (matching factors) 1.0 0.90 (0.55, 1.45) 0.70 (0.39, 1.27) NS
Model 2 (multivariate) 1.0 1.01 (0.55, 1.83) 0.93 (0.42, 2.05) NS

17:0
Mean (range) 0.29 (0.19, 0.32) 0.35 (0.33, 0.36) 0.40 (0.37, 0.51)
Model 1 (matching factors) 1.0 0.59 (0.37, 0.94) 0.52 (0.32, 0.85) 0.01
Model 2 (multivariate) 1.0 0.78 (0.44, 1.40) 0.72 (0.38, 1.38) NS

t-16:1n�7
Mean (range) 0.10 (0.04, 0.12) 0.14 (0.13–0.15) 0.17 (0.16–0.23)
Model 1 (matching factors) 1.0 0.97 (0.61, 1.55) 0.92 (0.58, 1.46) NS
Model 2 (multivariate) 1.0 0.79 (0.44, 1.43) 0.98 (0.53, 1.83) NS

1 t, trans configuration. n � 166 cases and 327 controls included for analyses. The lowest tertile is the reference group. The mean and range of each tertile
and interquartile range are based on the distributions among controls. Model 1 is conditioned on the matching factors: age at blood draw, smoking status (never,
past, or current), fasting status (yes or no), and time of blood drawing. Multivariate model 2 is as model 1 and further controlled for BMI (in kg/m2; �25, 25–29,
or �30), postmenopausal status (yes or no), postmenopausal hormone use (never, past, or current), physical activity (�8.1, 8.2–18.5, or �18.6 metabolic
equivalent hours), alcohol intake (0, 1–4, 5–14, or �15 g/d), aspirin intake (tablets/wk), parental history of MI before age 65 y (yes or no), history of hypertension
(presence or absence), history of hypercholesterolemia (presence or absence), history of diabetes (presence or absence), and linoleic acid and total trans fatty
acids in plasma or erythrocytes.

2 Linear scores derived from the medians of tertiles of fatty acid concentration among controls were used to estimate P values for trend. Estimates of P
value for linear trend are all based on t tests.
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The present study was also subject to several limitations. First,
because we did not have complete data on 15:0 and 17:0 content
in foods, we cannot assess whether these FAs reflect their own
intakes more than dairy fat intake. Second, single baseline mea-
surements of plasma and erythrocyte FA concentrations will not
perfectly reflect long-term dietary intake, which is the variable of
interest. Third, we observed higher laboratory measurement er-
rors for erythrocyte FAs than for plasma FAs. This may partly
explain why plasma 15:0 content was a better marker and a better
predictor than the erythrocyte one. Fourth, in observational stud-
ies, residual confounding cannot be entirely ruled out.

In conclusion, 15:0 and trans 16:1n�7 content in plasma and
erythrocyte can be used as biomarkers of dairy fat intake as
assessed by FFQs. These biomarker data suggest that a high
intake of dairy fat may be associated with a moderately greater
risk of IHD.
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Isoflavone intake in persons at high risk of cardiovascular events:
implications for vascular endothelial function and the carotid
atherosclerotic burden1�3

Yap-Hang Chan, Kui-Kai Lau, Kai-Hang Yiu, Sheung-Wai Li, Hiu-Ting Chan, Sidney Tam, Xiao-Ou Shu, Chu-Pak Lau,
and Hung-Fat Tse

ABSTRACT
Background: Epidemiologic studies have suggested that a high
phytoestrogen intake is inversely associated with cardiovascular
disease risk factors and the incidence of cardiovascular events. How-
ever, the relation between the intake of isoflavone, a major compo-
nent of phytoestrogen, and vascular endothelial function and the
atherosclerotic burden remains unclear.
Objective: We aimed to investigate the effects of various dietary soy
isoflavone intakes on brachial artery flow-mediated dilation and
mean maximum carotid intima–media thickness.
Design: We studied 126 consecutive patients (x� � SD age: 66.5 �
11.1 y; 69% male) at high risk of cardiovascular events (94% had
documented coronary artery disease or stroke; 44% had diabetes). A
validated food-frequency questionnaire was used to estimate their
dietary intake after they achieved stable dietary patterns for 3 mo.
Results: The median intakes of isoflavone and soy protein were 5.5
(range: 2.2–13.3) mg/d and 1.2 (range: 0.4–2.8) g/d, respectively.
Persons in the 4th quartile of daily isoflavone intake had signifi-
cantly (P � 0.05) greater flow-mediated dilation—but not mean
maximum carotid intima–media thickness—than did those in the
lower quartiles. After adjustment for potential confounders, a higher
isoflavone intake in the 4th than in the 1st quartile (�13.3 mg/d), but
not a higher intake of soy protein, predicted an absolute 2.71%
increase in flow-mediated dilation (relative increase: 103%; P �
0.02) and a 0.17-mm decrease in mean maximum carotid
intima–media thickness (relative decrease: 14.5%; P � 0.04).
Conclusion: In persons at high risk of cardiovascular events, a
greater isoflavone intake is associated with better vascular endothe-
lial function and lower carotid atherosclerotic burden. Am J
Clin Nutr 2007;86:938–45.

KEY WORDS Isoflavone, flow-mediated dilation, carotid
intima–media thickness

INTRODUCTION

In the past few years, there has been increasing interest in the
potential role of phytoestrogens in the prevention of cardiovas-
cular disease (CVD) (1–4). In epidemiologic studies, popula-
tions with higher intakes of soy proteins have a lower incidence
of cardiovascular events (5). The mechanisms of benefit of phy-
toestrogen and its major component—isoflavone—may be mul-
tiple (1, 2). Although isoflavone may exert no major direct in-
fluence on the lipid profile (6–8), it has potential antioxidant

effects (9, 10), and it improves vascular endothelial function (11,
12). However, data on the intake of isoflavone in persons at high
risk of cardiovascular events are limited. Furthermore, the rela-
tions between the dietary intake of isoflavone and vascular en-
dothelial function and the severity of atherosclerosis have not
been investigated. Therefore, the objectives of this study were to
determine the dietary isoflavone intake in persons at high risk of
cardiovascular events and to investigate the relations between the
dietary intake of isoflavone and brachial flow-mediated dilation
(FMD) and carotid intima–media thickness (IMT).

SUBJECTS AND METHODS

Subjects

Consecutive patients with documented coronary artery dis-
ease, ischemic stroke, or diabetes mellitus who are at high risk of
future cardiovascular events were recruited from the Queen
Mary Hospital medical outpatient clinic. Patients with dilated
cardiomyopathy, significant valvular heart disease, chronic atrial
fibrillation, New York Heart Association class III or IV heart
failure, significant renal impairment (creatinine � 220 mmol/L),
recent myocardial infarction, unstable angina, coronary revas-
cularization, and stroke or acute heart failure within the past 6 mo
and patients who declined to participate were excluded. As a
result, a total of 126 persons were eligible for this study. All
participants had a stable diet pattern and cardiovascular medica-
tions for �3 mo before the day of recruitment.
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Written informed consent was obtained from each subject.
The institutional review board of the University of Hong Kong
approved the research protocol.

Demographic, dietary, and laboratory evaluations

Baselinedemographicdata,CVDriskfactors,andcardiovascular
medicationsweredocumented.CVDrisk factors, including tobacco
smoking, diabetes, hypercholesterolemia, hypertension, and body
mass index (BMI; in kg/m2) were assessed. Fasting blood samples
were obtained to measure serum concentrations of creatinine, glu-
cose, total cholesterol, triacylglycerol, LDL, and HDL. Hyperten-
sion was defined as either resting systolic or diastolic blood pressure
� 140 or 90 mm Hg, respectively, at 2 different clinical visits or the
use of antihypertensive medication. Diabetes mellitus was defined
as serum fasting glucose � 7.0 mmol/L or the use of medication.
Hypercholesterolemia was defined as fasting total plasma choles-
terol of �4.9 mmol/L or the use of medications. BMI was calcu-
lated. Smoking status was recorded as smoker (past or current) or
nonsmoker. Education level was divided into 5 categories—ie,
uneducated, primary, secondary, postsecondary, and university
graduate—and was graded on a scale of 0 to 4. A family history of
coronary artery disease in first-degree relatives whose disease was
diagnosed before age 55 y was considered positive.

The dietary intakes of study subjects were estimated by using a
food-frequency questionnaire (FFQ) designed for Chinese popula-
tions (13–16). This questionnaire was validated in the Shanghai
Women’s Health Study (14) and was specially structured to capture
isoflavone contents in the diet; food models were used to help sub-
jects in the quantification of their diet. The FFQ was conducted as
described previously (13–16). In brief, all subjects were asked how
often they ate a specific type or group of soy food, and how many
liangs (1 liang � 37.8 g) they ate of the particular food(s) per unit of
time (day, week, month, or year) in the 5 y before the reference date.
Nutritional conversion into estimated intakes of isoflavone and soy
proteins was done by using a custom-made computer software from
the Shanghai Women’s Health Study (14).

Vascular ultrasound examination

Vascular ultrasound was performed with a high-resolution ultra-
sound system (Agilent Sonos 5500; Philips, Andover, MA) with the
use of a 7.5-MHz linear array transducer by 2 experienced operators
without knowledge of the subjects. All of the scanned images were
stored digitally and analyzed offline by the same operators, who
were blinded to the identity of studied subjects.

Brachial flow-mediated dilatation

Participants were studied in the fasting state, and all vasoactive
medications were withheld for �12 h before the study. As pre-
viously described (17, 18), longitudinal scans of the brachial
artery were obtained at rest, and then FMD was induced by
inflation of a pneumatic tourniquet placed on the forearm to a
pressure of 250 mm Hg for 5 min. The cuff was then released, and
serial imaging of the brachial artery was recorded for 5 min. The
brachial artery was allowed to return to baseline. Finally, the
brachial artery was measured again 5 min after the administrtion
of 400 �g sublingual nitroglycerin spray. FMD was defined as
the percentage change in brachial artery diameter from the base-
line scan to 1 min after cuff deflation. Interobserver variability
testing for FMD measurement found a correlation coefficient of
0.89 (P � 0.012).

Carotid intima–media thickness

All subjects were examined in a supine position, and the IMTs
of the carotid arteries were measured as described previously (19,
20). Briefly, carotid IMT was determined by measuring the dis-
tance between the lumen-intima and media-adventitia border of
the vascular wall with the use of electronic calipers. Each ultra-
sonic scan was performed in the anterior, lateral, and posterior

TABLE 1
Clinical characteristics of study population1

Male [n (%)] 87 (69%)
Age (y) 66.5 � 11.12

BMI (kg/m3) 24.9 � 3.6
Waist-hip ratio 0.96 � 0.05
Ischemic stroke [n (%)] 70 (56%)
Coronary artery disease [n (%)] 58 (46%)
Diabetes mellitus [n (%)] 56 (44%)
Hypertension [n (%)] 92 (73%)
Hypercholesterlemia [n (%)] 82 (65%)
Current or past smoker [n (%)] 56 (45%)
Systolic blood pressure (mm Hg) 137 � 21
Diastolic blood pressure (mm Hg) 75 � 11
Serum LDL (mmol/L) 2.45 � 0.73
Serum HDL (mmol/L) 1.33 � 0.37
Serum triacylglycerol (mmol/L) 1.43 � 0.91
Medications

Antihypertensive [n (%)] 101 (80%)
Aspirin [n (%)] 98 (78%)
Statin [n (%)] 56 (44%)

Maximum carotid intima–media thickness (mm) 1.08 � 0.34
Flow-mediated dilation (%) 3.4 � 2.8

1 n � 126.
2 x� � SD (all such values).

TABLE 2
Dietary profile of the study population1

Energy (kcal/d) 2158 (1791–2662)2

Isoflavone (mg/d)
Overall mean 13.7 � 21.23

Overall median 5.5 (2.2–13.3)
Median of 1st quartile (n � 31) 0.9 (0.3–1.6)
Median of 2nd quartile (n � 32) 4.4 (2.8–5.2)
Median of 3rd quartile (n � 32) 9.7 (7.8–11.3)
Median of 4th quartile (n � 31) 26.1 (20.0–58.5)

Soy protein (g/d)
Overall mean 2.6 � 4.1
Overall median 1.2 (0.4–2.8)
Median of 1st quartile (n � 31) 0.17 (0.07–0.24)
Median of 2nd quartile (n � 32) 0.8 (0.6–1.0)
Median of 3rd quartile (n � 32) 1.8 (1.5–2.3)
Median of 4th quartile (n � 31) 5.4 (3.8–9.3)

Carbohydrate (g/d) 416.9 � 163.2
Protein (g/d) 85.4 � 34.3
Fat (g/d) 30.8 � 17.9
Vitamin A (mg/d) 736.0 � 657.1
Vitamin C (mg/d) 118.0 � 82.5
Vitamin E (mg/d) 11.5 � 6.6
Dietary fiber (mg/d) 12.1 � 6.4

1 n � 126.
2 Median; range in parentheses (all such values).
3 x� � SD (all such values).
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projections of the right and left carotid arteries. Three IMT mea-
surements were made on the near and far walls of the left and right
common carotid arteries, carotid bifurcation, and internal carotid
arteries. The mean maximum IMT (mmIMT) was calculated by
averaging the values of maximum IMT measured from 12 pre-
viously selected segments in the carotid arteries. Plaque thick-
ness was incorporated in IMT measurement. The intraobserver
variability study for IMT measurement showed a correlation
coefficient of 0.97 (P � 0.001).

Statistical analysis

Continuous variables were expressed as means � SDs, and
those variables with skewed distribution were presented as me-
dians and 25%–75% ranges. Isoflavone and soy protein intakes

were categorized by the quartile distribution of the study popu-
lation in analysis. Statistical comparisons were performed by
using Student’s t test or Fisher’s exact test, as appropriate. Com-
parisons of variables between different quartiles of isoflavone
and soy protein intakes were performed with one-way analysis of
variance (ANOVA) with post hoc Bonferroni’s correction for
multiple comparisons and test for linear trend. Absolute changes
and 95% CIs of FMD and IMT were calculated by using univar-
iate and multivariate linear regression analysis. Multivariate
analyses were performed with a backward stepwise regression
model in which each variable with P � 0.05 (according to the
univariate analysis) was entered into the model. The crude model
included only quartiles of isoflavone and soy protein intakes. All
statistical analyses were performed with SPSS software (version

TABLE 3
Effects of isoflavone and soy protein intake on blood pressure and serum lipid profile1

Value B (95% CI) P for linear trend2

Isoflavone intake
Systolic blood pressure (mm Hg)

2nd quartile 137.0 � 3.73 �0.51 (�9.33, 8.32) 0.70
3rd quartile 137.0 � 3.3 �0.58 (�9.03, 7.87]
4th quartile 136.7 � 4.0 2.19 (�7.02, 11.40)

Diastolic blood pressure (mm Hg)
2nd quartile 72.0 � 1.9 �3.90 (�8.57, 0.77) 0.094
3rd quartile 77.3 � 1.7 2.24 (�2.26, 6.75)
4th quartile 77.9 � 1.9 3.03 (�1.88, 7.93)

LDL cholesterol (mmol/L)
2nd quartile 2.2 � 0.2 �0.20 (�0.50, 0.10) 0.53
3rd quartile 2.5 � 0.1 0.06 (�0.24, 0.35)
4th quartile 2.6 � 0.1 �0.05 (�0.36, 0.26)

Triacylglycerol (mmol/L)
2nd quartile 1.5 � 0.2 0.05 (�0.36, 0.45) 0.31
3rd quartile 1.7 � 0.2 0.29 (�0.09, 0.68)
4th quartile 1.4 � 0.1 �0.07 (�0.49, 0.35)

Total cholesterol (mmol/L)
2nd quartile 4.2 � 0.2 �0.19 (�0.51, 0.13) 0.92
3rd quartile 4.4 � 0.1 �0.02 (�0.33, 0.29)
4th quartile 4.5 � 0.1 �0.05 (�0.38, 0.28)

Soy protein intake
Systolic blood pressure (mm Hg)

2nd quartile 137.6 � 3.8 �2.20 (�10.98, 6.57) 0.72
3rd quartile 137.8 � 3.4 2.04 (�6.48, 10.57)
4th quartile 137.6 � 4.0 1.72 (�7.54, 10.98)

Diastolic blood pressure (mm Hg)
2nd quartile 71.6 � 1.8 �5.24 (�9.84, �0.65) 0.14
3rd quartile 76.9 � 1.8 2.34 (�2.21, 6.89)
4th quartile 78.0 � 1.9 3.31 (�1.62, 8.23)

LDL cholesterol (mmol/L)
2nd quartile 2.3 � 0.1 �0.12 (�0.42, 0.19) 0.52
3rd quartile 2.4 � 0.1 �0.07 (�0.36, 0.22)
4th quartile 2.6 � 0.1 �0.03 (�0.29, 0.34)

Triacylglycerol (mmol/L)
2nd quartile 1.5 � 0.2 0.01 (�0.40, 0.42) 0.40
3rd quartile 1.7 � 0.2 0.31 (�0.07, 0.70)
4th quartile 1.4 � 0.1 �0.10 (�0.52, 0.32)

Total cholesterol (mmol/L)
2nd quartile 4.3 � 0.2 �0.12 (�0.44, 0.20) 0.99
3rd quartile 4.3 � 0.2 �0.10 (�0.41, 0.20)
4th quartile 4.5 � 0.1 �0.03 (�0.36, 0.31)

1 Effects of different quartiles of isoflavone or soy protein intake on blood pressure and lipid profile were examined by using linear regression after
adjustment for age and sex.

2 One-way ANOVA with post hoc test for linear trend.
3 x� � SEM (all such values).
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13.0; SPSS Inc, Chicago, IL). P � 0.05 was considered statisti-
cally significant.

RESULTS

Baseline characteristics

The baseline characteristics of the study population are shown
in Table 1. Their mean age was 66.5 � 11.1 y; 69% of the
subjects were men. All participants were at high risk of cardio-
vascular events: 94% had documented coronary artery diseases
or ischemic stroke (or both), and 44% had diabetes. Significant
proportions of subjects had impaired FMD [ie, � 3.5% (53%)]
and increased IMT [ie, �1 mm (48%)].

The daily dietary profiles of the study population as measured
by FFQ were presented in Table 2. The mean and median daily
isoflavone intakes were 13.7 � 21.2 mg and 5.5 (range: 2.2–13.3)
mg, respectively. The mean and median daily soy protein intakes
were 2.6 � 4.1 g and 1.2 (range: 0.4–2.8) g, respectively.

Effects of dietary intakes of isoflavone and soy protein

After adjustment for age and sex, there were no significant
linear trends in systolic and diastolic blood pressure or in serum
lipid concentrations with increasing quartiles of isoflavone or
soy protein intake (P � 0.05 for all; Table 3). As shown in
Figure 1, participants in the 4th quartile of daily isoflavone
intake had a significantly higher FMD than did those in the 1st,
2nd, and 3rd quartiles (P � 0.05 for all). Furthermore, partici-
pants in the 4th quartile of daily soy protein intake had a signif-
icantly higher FMD than did those had the 1st quartile (P � 0.05;
Figure 2). There was a significant linear trend of FMD in par-
ticipants in different quartiles of isoflavone intake (P � 0.002)
but not in those in different quartiles of soy protein intake (P �
0.095) (Table 4).

Similarly, there was a significant linear trend of carotid IMT in
participants in different quartiles of isoflavone intake (P �
0.010) and of soy protein intake (P � 0.05) (Table 5). Never-
theless, there were no significant differences in carotid IMT
among participants in different quartiles of daily isoflavone in-
take (Figure 3) and of daily soy protein intake (Figure 4).

Predictors for flow-mediated dilation and intima-media
thickness

Univariate regression analysis found that the use of aspirin, the
4th quartile of isoflavone and soy protein intake, and dietary
intakes of calorie, carbohydrate, protein, dietary fiber, and vita-
mins A, C, and E predicted changes in FMD (P � 0.05; Table 4).
However, multivariate regression analysis showed that only the
4th quartile of isoflavone intake was an independent predictor for
changes in FMD (Table 4). As compared with the 1st quartile of
isoflavone intake, the 4th quartile of intake was associated with
an absolute 2.71% increase in FMD (95% CI: 0.44, 4.99; P �
0.020), which accounted for a relative increase of 103%.

As shown in Table 5, univariate regression analysis found that
age and a history of hypertension and smoking predicted changes
in mmIMT (P � 0.05). The effect of isoflavone intake in the 4th
quartile on mmIMT was marginally significant (P � 0.076).
Multivariate regression analysis showed that age, history of hy-
pertension and smoking, and the 4th quartile of isoflavone intake
were independent predictors of changes in mmIMT (Table 5). As
compared with the 1st quartile of isoflavone intake, the 4th quar-
tile was associated with an absolute 0.17-mm decrease in
mmIMT (95% CI: �0.34, �0.01; P � 0.043), which accounted
for a relative decrease of 14.5%. Similarly, multivariate analysis
did not find any significant effects of the different soy protein
intakes on FMD and mmIMT (P � 0.05; Tables 4 and 5).

DISCUSSION

Endothelial dysfunction, as reflected by the impairment of
endothelium-dependent FMD, has been shown to be associated
with adverse clinical outcomes in persons with CVD (21–24).
Furthermore, previous studies have shown that an increased ca-
rotid IMT was also an independent predictor for cardiovascular
events after adjustment for traditional risk factors (23, 25). The
results of this study showed that a higher daily intake of isofla-
vone was associated with a larger FMD and a lower mmIMT in
a population with documented CVD or diabetes or both. These
findings suggest that isoflavone may exert a vascular-protective
effect in those high-risk populations.

Prior experimental studies showed that isoflavone had a stim-
ulatory effect on endothelial function both in vitro (12) and in
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FIGURE 1. Mean (�SEM) values of brachial flow-mediated dilation
(FMD) in participants in the 1st (2.57 � 0.43%; n � 31), 2nd (3.06 � 0.49%;
n � 32), 3rd (2.97 � 0.35%; n � 32), and 4th (5.06 � 0.70%; n � 31) quartiles
of daily intake of isoflavone. *Significantly different from the 4th quartile,
P � 0.05 (one-way ANOVA with Bonferroni’s post hoc correction for
multiple comparisons).
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FIGURE 2. Mean (�SEM) values of brachial flow-mediated dilation
(FMD) in participants in the 1st (2.64 � 0.43%; n � 31), 2nd (3.07 � 0.48%;
n � 32), 3rd (3.32 � 0.50%; n � 32), and 4th (4.70 � 0.62%; n � 31) quartiles
of daily intake of soy protein. *Significantly different from the 4th quartile,
P � 0.05 (one-way ANOVA with Bonferroni’s post hoc correction for
multiple comparisons).
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vivo (11, 26) and that it retarded the progression of atheroscle-
rosis in nonhuman primates (27, 28). However, clinical data on
the effects of isoflavone intake on vascular endothelial function
and progression of atherosclerosis are quite limited. In subjects
with hypercholesterolemia, an increase in soy protein intake
improved endothelial function, independent of the change in
total and LDL cholesterol (29, 30). In contrast, increased dietary
intake of soy protein in normocholesterolemic men and post-
menopausal women failed to improve endothelial function (31,
32). In the present study, a high intake of isoflavones in persons
at high risk of cardiovascular events was associated with better
endothelial function and less carotid atherosclerosis. Further-
more, the intake of isoflavones rather than of soy protein was
predictive of brachial FMD and carotid IMT. It is possible that
the beneficial effect of soy food on vascular function may be
mediated by isoflavone. In fact, the administration of isoflavones

has been shown to induce nitric oxide–dependent relaxation in
human forearm microcirculation (11) and to improve brachial
FMD in healthy postmenopausal women (33, 34).

The exact mechanisms for the vascular-protective effects of
isoflavone are unknown. Soy protein with isoflavone has been
shown to be associated with significant decreases in serum total
and LDL cholesterol and significant increases in serum HDL
cholesterol. The therapeutic effect on serum lipids appears to be
directly related to the initial serum cholesterol concentration (6,
7, 35, 36). However, whether such a hypocholesterolemic effect
could be attributed to isoflavone (37, 38) or to soy protein (7, 35)
remains controversial (8). Studies have also suggested that
isoflavone may reduce blood pressure (26, 31), but results have
not been consistent (32, 39). In the present study, we did not
observe any relations between dietary isoflavone intake and the
serum lipid profile or systolic or diastolic blood pressure.

TABLE 4
Univariate and multivariate predictors of brachial flow-mediated dilation1

Univariate Multivariate

B (95% CI) P B (95% CI) P

Age �0.02 (�0.07, 0.03) 0.35 — —
Male �0.73 (�1.85, 0.39) 0.20 — —
Coronary artery disease 0.34 (�0.72, 1.40) 0.52 — —
Stroke �0.92 (�1.98, 0.13) 0.08 — —
Hypertension �1.03 (�2.28, 0.22) 0.10 — —
Diabetes mellitus �0.64 (�1.71, 0.44) 0.24 — —
Hyperlipidemia 0.24 (�0.92, 1.40) 0.68 — —
Past or current smoker 0.01 (�1.06, 1.07) 0.99 — —
Serum LDL 0.62 (�0.14, 1.39) 0.11 — —
Serum HDL 0.42 (�1.10, 1.94) 0.58 — —
Serum triacyglycerol 0.37 (�0.23, 0.96) 0.23 — —
Educational level 0.24 (�0.19, 0.67) 0.27 — —
Financial income 0.00 (0.00, 0.00) 0.73 — —
Medications

Antihypertensive 1.19 (�0.44, 2.82) 0.15 — —
Aspirin 1.60 (0.15, 3.05) 0.03 0.84 (�0.68, 2.35) 0.28
Statin �0.18 (�1.31, 0.94) 0.75 — —

Duration of statin use �0.03 (�0.08, 0.03) 0.36 — —
BMI �0.07 (�0.21, 0.08) 0.35 — —
Energy intake 0.001 (0.00, 0.001) 0.02 0.00 (�0.007, 0.006) 0.92
Carbohydrate 0.003 (0.00, 0.006) 0.04 0.004 (�0.02, 0.02) 0.87
Protein 0.02 (0.00, 0.03) 0.01 �0.002 (�0.07, 0.06) 0.96
Fat 0.03 (0.00, 0.06) 0.05 — —
Vitamin A 0.001 (0.001, 0.002) �0.001 0.001 (0.00, 0.003) 0.12
Vitamin C 0.011 (0.005, 0.017) �0.001 0.001 (�0.01, 0.02) 0.84
Vitamin E 0.11 (0.03, 0.19) 0.05 �0.15 (�0.40, 0.09) 0.22
Dietary fiber 0.14 (0.07, 0.22) �0.01 0.07 (�0.18, 0.32) 0.59
Isoflavone intake2

2nd quartile �0.57 (�1.76, 0.62) 0.35 0.51 (�1.10, 2.11) 0.53
3rd quartile �0.61 (�1.78, 0.55) 0.30 0.15 (�1.42, 1.72) 0.85
4th quartile 2.18 (1.03, 3.33) �0.001 2.71 (0.44, 4.99) 0.023

Soy protein intake4

2nd quartile �0.74 (�1.91, 0.43) — 0.12 (�1.51, 1.75) —
3rd quartile �0.14 (�1.31, 1.03) — 0.40 (�1.22, 2.02) —
4th quartile 1.70 (0.52, 2.88) — 1.70 (�0.65, 4.04) —

1 Absolute changes and 95% CIs of brachial flow-mediated dilatation were calculated by using univariate and multiple linear regression analysis.
Multivariate analyses were performed by using a backward stepwise regression model in which each variable with a P value � 0.05 (based on the univariate
analysis) was entered into the model.

2 P � 0.002 for linear trend (one-way ANOVA) of brachial flow-mediated dilatation at different quartiles of isoflavone intake.
3 Significant independent predictor of brachial flow-mediated dilatation.
4 P � 0.075 for linear trend (one-way ANOVA) of brachial flow-mediated dilatation at different quartiles of soy protein intake.
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Although the reasons for these discrepancies remain unclear,
they may have to do with the fact that all subjects with hyper-
tension or hyperlipidemia (or both) in the present study had
already received antihypertensive agents, statin, or both. As a
result, soy protein or isoflavone may have less apparent effects on
blood pressure and serum lipids. On the other hand, these find-
ings suggested that the effects of isoflavone on endothelial func-
tion and progression of atherosclerosis could be independent of
its lipid- or blood pressure–lowering effects.

Several potential mechanisms may account for the cardiovas-
cular benefits of isoflavone. First, isoflavone has an affinity for
the estrogen receptor–� in blood vessels similar to that of estro-
gen, and isoflavone has been shown to achieve vasodilatation to
an extent similar to that of �-estradiol in human subjects (11).
Second, studies have shown that isoflavone prevents LDL oxi-
dation and vascular damage in vitro (26, 40, 41) and reduces lipid

peroxidation and increases LDL resistance to oxidation in vivo
(9, 10). Third, besides its effects on oxidative stress and insulin
resistance, isoflavone has been shown to reduce serum-soluble
vascular cell adhesion molecule-1 in animals (42) and to be
associated with lower circulating concentrations of tumor necro-
sis factor-� (43) and C-reactive protein (44) in humans. Thus, it
may play a favorable role in modulating immune function (45).
Finally, isoflavone may affect platelet function by decreasing
thromboxane A2 receptor density, thus potentially reducing the
risk of platelet aggregation and vascular thrombosis (46). All of
these beneficial effects in concert may contribute to the cardio-
vascular protectiveness of isoflavone.

It is worth noting that the isoflavone intakes in our study
population were much higher than those reported from healthy
Western populations (47, 48) but lower than those in a healthy
Chinese population (13, 16). In the present study, the beneficial

TABLE 5
Univariate and multivariate predictors for carotid intima–media thickness1

Univariate Multivariate

B (95% CI) P B (95% CI) P

Age 0.009 (0.004, 0.015) 0.001 0.006 (0.00, 0.012) 0.0342

Male �0.03 (�0.17, 0.10) 0.615 — —
Coronary artery disease �0.01 (�0.13, 0.12) 0.921 — —
Stroke 0.08 (�0.05, 0.20) 0.222 — —
Hypertension 0.20 (0.06, 0.34) 0.005 0.19 (0.05, 0.33) 0.0092

Diabetes mellitus 0.018 (�0.11, 0.14) 0.77 — —
Hyperlipidemia 0.06 (�0.08, 0.19) 0.40 — —
Past or current smoker 0.24 (0.12, 0.35) �0.001 0.25 (0.13, 0.37) �0.0012

Serum LDL �0.005 (�0.089, 0.08) 0.909 — —
Serum HDL 0.051 (�0.12, 0.22) 0.554 — —
Serum triacyglycerol �0.036 (�0.10, 0.033) 0.303 — —
Educational level �0.009 (�0.06, 0.04) 0.72 — —
Financial Income 0.00 (0.00, 0.00) 0.59 — —
Medications

Antihypertensive 0.13 (�0.05, 0.32) 0.15 — —
Aspirin 0.05 (�0.12, 0.22) 0.54 — —
Statin 0.07 (�0.05, 0.20) 0.24 — —

Duration of statin use 0.00 (�0.006, 0.005) 0.90 — —
BMI �0.014 (�0.03, 0.003) 0.10 — —
Calorie intake 0.00 (0.00, 0.00) 0.50 — —
Carbohydrate 0.00 (0.00, 0.00) 0.66 — —
Protein 0.00 (�0.002, 0.001) 0.74 — —
Fat �0.00 (�0.006, 0.001) 0.19 — —
Vitamin A 0.00 (0.00, 0.00) 0.28 — —
Vitamin C 0.00 (�0.001, 0.00) 0.48 — —
Vitamin E �0.005 (�0.01, 0.004) 0.29 — —
Dietary fiber �0.004 (�0.01, 0.005) 0.37 — —
Isoflavone intake3

2nd quartile �0.051 (�0.19, 0.09) 0.48 �0.15 (�0.31, 0.01) 0.07
3rd quartile �0.053 (�0.09, 0.19) 0.46 �0.05 (�0.21, 0.10) 0.50
4th quartile �0.128 (�0.27, 0.01) 0.076 �0.17 (�0.34, �0.01) 0.042

Soy protein intake4

2nd quartile 0.047 (�0.10, 0.19) 0.51 �0.08 (�0.25, 0.08) 0.33
3rd quartile �0.037 (�0.18, 0.10) 0.60 �0.14 (�0.30, 0.02) 0.09
4th quartile �0.109 (�0.25, 0.03) 0.13 �0.14 (�0.31, 0.03) 0.10

1 Absolute changes and 95% CIs of carotid intima–media thickness were calculated by using univariate and multiple linear regression analysis. Multivariate
analyses were performed with a backward stepwise regression model in which each variable with a P value � 0.05 (based on the univariate analysis) was entered
into the model.

2 Significant independent predictor for carotid intima–media thickness.
3 P � 0.01 for linear trend (one-way ANOVA) of carotid intima–media thickness at different quartiles of isoflavone intake.
4 P � 0.05 for linear trend (one-way ANOVA) of carotid intima–media thickness at different quartiles of soy protein intake.
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effects of isoflavone on FMD and mmIMT trended similarly and
were observed only in those participants in the highest quartile of
intake, which suggests a possible threshold of isoflavone intake
for its vascular-protective effects. Because endothelial dysfunc-
tion and the atherosclerosis burden are independent predictors of
future cardiovascular events, a higher intake of isoflavone in
these high-risk populations may have a beneficial effect in re-
ducing cardiovascular morbidity and mortality. However, in this
cross-sectional study, a direct causality of the daily isoflavone
intake and vascular assessments cannot be established. There-
fore, future randomized controlled studies will be needed to
confirm these potential beneficial effects of isoflavone intake on
endothelial function and progression of atherosclerosis in per-
sons at high risk of cardiovascular events.
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Effects of moderate variations in the macronutrient content of the
diet on cardiovascular disease risk factors in obese patients with the
metabolic syndrome1�3

Fulvio Muzio, Luca Mondazzi, William S Harris, Domenico Sommariva, and Adriana Branchi

ABSTRACT
Background: The metabolic syndrome is a cluster of abnormalities
that is accompanied by a 2-fold increase in the risk of cardiovascular
disease. Even if there is full agreement that lifestyle changes to
induce weight loss are the first-line approach, the ideal diet for the
treatment of the metabolic syndrome remains uncertain.
Objective: The objective was to compare the effects of 2 diets on
cardiovascular disease risk factors in obese patients with the meta-
bolic syndrome.
Design: The study was carried out in 100 patients randomly assigned
to either a diet relatively rich in carbohydrate [65% of energy as
carbohydrate, 13% as protein, and 22% as fat (17% as unsaturated
fat)] or a diet that was low in carbohydrate and high in protein and in
monounsaturated fat [48% of energy as carbohydrate, 19% as pro-
tein, and 33% as fat (24% as unsaturated fat)].
Results: All 100 patients completed the 5-mo study. At the end of the
study, all the components of the metabolic syndrome (except HDL,
which did not change) decreased significantly in both groups. With
the high-carbohydrate diet, a significant decrease in LDL-
cholesterol concentrations was also observed. Although the extent of
the resolution of the metabolic syndrome was not different between
groups, the low-carbohydrate diet was associated with a greater
decrease in the prevalence of hypertension (P � 0.05) and of hyper-
triacylglycerolemia (P � 0.001).
Conclusion: Tailoring diet interventions to the specific presentation
of the metabolic syndrome may be the best way of reducing the risk
factors for cardiovascular disease. Am J Clin Nutr 2007;86:
946–51.

KEY WORDS Metabolic syndrome, diet treatment, cardio-
vascular disease risk factors, high-protein diets, low-carbohydrate
diets, high-lipid diets, insulin resistance, blood pressure

INTRODUCTION

The prevalence of obesity is rapidly increasing in Western
populations, causing a parallel rise in the prevalence of the met-
abolic syndrome (1), a cluster of lipid and nonlipid risk factors of
metabolic origin possibly linked to insulin resistance (2). There
is full agreement that lifestyle changes focused primarily on
weight reduction are the first-line approach to patients with the
metabolic syndrome (2, 3). Nevertheless, the optimal diet for
the treatment of the metabolic syndrome remains uncertain. The
current recommendations support a diet containing 25–35% of
energy as fat, 50–60% as carbohydrate, and �15% as protein

(3). It is possible that the patients with the metabolic syndrome
who have one set of qualifying risk factors may respond better to
a particular dietary approach than will those patients with a dif-
ferent set of risk factors. Furthermore, tailoring the dietary treat-
ment not on the basis of the presence of the metabolic syndrome
per se but on the specific elements of the syndrome in each patient
may be the more successful approach to the resolution of the risk
factors.

Decreasing the dietary intake of carbohydrate has been repeat-
edly confirmed to lower fasting plasma triacylglycerol concen-
trations in patients with or without type 2 diabetes (4, 5). Low-
carbohydrate diets high in protein (6) or in monounsaturated fat
(7) or both (8) have been reported to increase insulin sensitivity,
although not consistently (9–11). Epidemiologic evidence (12–
14) and intervention studies (11, 15–17) suggest that the partial
substitution of carbohydrate with protein (increasing the latter to
�25% of energy) lowers blood pressure, although this may not
be the case in obese hyperinsulinemic patients (9, 10). The sub-
stitution of carbohydrate with a monounsaturated fat has also
been effective in lowering blood pressure (15, 18). Because life-
style therapies in the metabolic syndrome focus primarily on
weight reduction, a high-protein diet may be of value in preserv-
ing lean mass during calorie restriction (19). Notwithstanding the
potential benefits of the partial substitution of carbohydrate with
protein or monounsaturated fat, concerns regarding these diets
have been raised. High-protein diets may exacerbate kidney
damage in patients with a compromised renal function, and in-
creased phosphorus loads can cause acidosis and worsen insulin
resistance (20). Furthermore, protein foods from animal sources
(with the exception of fish and low-fat dairy products) are often
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higher in saturated fat and in cholesterol, and animal protein is the
most expensive source of calories in the food budget. High-fat
diets tend to be higher in saturated fat, which may increase LDL
cholesterol. In addition, such diets are commonly deficient in
fruit, vegetables, and whole grains (2, 21). The present study was
conducted to explore the hypothesis that hypocaloric diets of
differing macronutrient composition have differential effects on
specific risk factors, depending on the particular presentation of
the metabolic syndrome.

SUBJECTS AND METHODS

Participants

The present study was carried out in 100 obese patients with
the metabolic syndrome as diagnosed according to the criteria of
the National Cholesterol Education Program Adult Treatment
Panel III (2). Between July 2005 and September 2006, 112 pa-
tients were invited to participate in the present study. Twelve
refused (typically because they felt that the study would be too
time consuming), which left 100 patients in the study. The in-
clusion criteria were as follows: age of �18 y, a body mass index
(BMI; in kg/m2) �30, and a willingness to adhere to the pre-
scribed diet. The exclusion criteria were as follows: a history of
thyroid disease or diabetes mellitus, current pregnancy, an un-
stable medical condition, or the current use of medications
known to affect weight, appetite, or blood lipids. The local ethics
committee reviewed and approved the study. Each eligible par-
ticipant gave written informed consent.

Study design

This single-center study was conducted at the G Salvini Hos-
pital (Garbagnate Milanese, Milan, Italy) on an outpatient basis
for 5 mo. The eligible patients were randomly allocated to con-
sume either a diet consisting of 65% of energy as carbohydrate,
13% as protein, and 22% as fat (high-carbohydrate diet) or a diet
consisting of 48% of energy as carbohydrate, 19% as protein, and
33% as fat (low-carbohydrate diet). Both diets provided a deficit
of �500 kcal/d on the basis of each patient’s estimated daily
energy expenditure according to the current dietary recommen-
dations for the treatment of the metabolic syndrome (2, 3). The

mean composition of the prescribed diets is reported in Table 1.
In addition, the patients were encouraged to increase their phys-
ical activity, preferably by aerobic activities (22). After the initial
visit, the patients met in monthly group sessions lasting 2 h with
the staff of the nutrition unit, for 5 mo. Each group session
included only those patients receiving the same diet. The adher-
ence to the diet was assessed at the last visit by administering to
each patient a 20-item questionnaire designed to measure a par-
ticipant’s food intake during the study. At that time, the patients
were asked additional questions related to the items of the ques-
tionnaire to better categorize their knowledge of the prescribed
diet and their adherence to the diet. Concordance between the
weight-loss goal of �5% of initial body weight and the observed
weight loss was assessed to further evaluate adherence to the diet.
During the visit, the patients were also asked about their physical
activity.

Measurements

Body weight was measured while the subjects were wearing
light clothing and no shoes. Height without shoes was measured
by using a stadiometer, and BMI was calculated. Waist girth was
measured as the narrowest circumference between the bottom of
the rib cage and the iliac crest by using an unstretched tape
measure. Blood pressure was measured twice at each visit with
the use of a standard mercury sphygmomanometer after the pa-
tients had been sitting for 15 min. The mean of the 2 measure-
ments was recorded. The patients receiving antihypertensive
therapy (n � 28, high-carbohydrate diet; n � 21, low-
carbohydrate diet) were maintained on a stable medical regimen,
and the timing of the antihypertensive medication in relation to
the measurement of blood pressure was kept unchanged through-
out the study. The staff involved in the measurement of blood
pressure were unaware of the group assignments.

Serum chemistry values were determined in the hospital lab-
oratory. Blood samples were collected and immediately centri-
fuged (at 2000 � g for 10 min at 5 °C) in the morning after the
patients had fasted 12 h. Total cholesterol was measured by using
the CHOD-PAP method (Roche Diagnostics, Mannheim, Ger-
many), serum triacylglycerol concentrations were measured by

TABLE 1
Mean composition of the planned diets1

High-carbohydrate
diet (n � 50)

Low-carbohydrate
diet (n � 50) P2

Energy (kcal) 1456 � 2013 1490 � 185 NS
Carbohydrate (% of energy) 65.2 � 0.4 48.0 � 2.8 �0.001
Total protein (% of energy) 12.9 � 0.4 19.0 � 0.6 �0.001
Plant protein (% of energy) 7.7 � 0.3 5.9 � 0.1 �0.001
Animal protein (% of energy) 5.3 � 0.4 13.1 � 0.5 �0.001
Total fat (% of energy) 22.1 � 0.4 33.0 � 3.3 �0.001
Saturated fat (% of energy) 4.9 � 0.3 8.7 � 0.8 �0.001
Monounsaturated fat (% of energy) 14.1 � 0.7 20.7 � 2.3 �0.001
Polyunsaturated fat (% of energy) 3.1 � 0.2 3.7 � 0.3 �0.001
Cholesterol (mg/1000 kcal) 35.5 � 2.2 127.5 � 7.8 �0.001
Fiber (g) 32.7 � 3.9 20.8 � 1.0 �0.001

1 Patients were randomly allocated to consume a high-carbohydrate diet or a low-carbohydrate diet. The dietary prescriptions were prepared for persons
whose maintenance energy intake would have been 2000 kcal/d.

2 Student’s t test for unpaired data.
3 x� � SD (all such values).
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using the GPO-PAP method (Roche Diagnostics), and HDL-
cholesterol concentrations were measured with the use of the
HCL-C Olympus System (Olympus Diagnostica, O’Callaghan’s
Mills, Ireland). Serum lipid and HDL-cholesterol concentrations
were measured with the use of an Olympus AU 560 autoanalyzer
(Olympus Optical Co, Sizuoka, Japan). The accuracy of the lipid
measurements was assessed according to the intra- and interlabo-
ratory quality control program UNITY (version 1.3; Bio-Rad
Laboratories, Segrate, Italy). LDL cholesterol was calculated
according to Friedewald et al (23). Insulin was determined by
using a radioimmunoassay kit (Insulin RIA; Adaltis, Casalecchio
sul Reno, Italy). Homeostasis model assessment was used as a
surrogate measure of insulin sensitivity and was calculated ac-
cording to Matthews et al (24).

Statistical analysis

Data are presented as means � SDs. Potential within-group
treatment effects on body weight, blood pressure, and metabolic
markers were analyzed by using Student’s t test for paired data.
The comparisons between groups were analyzed by using Stu-
dent’s t test for unpaired data. The group-by-time interactions
were evaluated by a split-plot analysis of variance. A chi-square
test was used to compare discrete variables. The relation between
basal body weight and its change was evaluated by calculating
Pearson’s correlation coefficients. Multiple backward stepwise
regression analysis was used to study the independent variables
able to predict blood pressure and lipid changes during the study.
The results of the latter are shown as � coefficients. The 2-tailed
significance threshold was set at P � 0.05. All statistics were
calculated with the use of the STATISTICAL PACKAGE FOR
SOCIAL SCIENCES (SPSS for Windows, version 11.0; SPSS,
Chicago, IL).

RESULTS

All 100 patients (27 males and 73 females) attended the group
sessions and completed the study. Fifteen subjects missed at least
one session. The 2 dietary groups were well matched for physical
characteristics and metabolic profile (Table 2 and Table 3), and
no differences were observed in the mean values or in the prev-
alence of the diagnostic criteria of the metabolic syndrome.

At the end of the present study, the patients showed a satis-
factory knowledge of the prescribed diet. The mean of the correct
answers to the 20-item questionnaire on the diet was 68% in the
high-carbohydrate group and 66% in the low-carbohydrate
group. Ninety-two percent of the patients in the high-
carbohydrate group and 84% in the low-carbohydrate group
reached a weight loss of �5%. Encouragement to increase phys-
ical activity gave disappointing results. Only 5 patients (3 in the
low-carbohydrate group and 2 in the high-carbohydrate group)
reported an increase in physical activity, which consisted mainly
of walking 	30 min/d. The other patients did not change their
habitual physical activity. At the end of the study period, body
weight, BMI, waist girth, systolic and diastolic blood pressures,
total cholesterol, serum triacylglycerol, blood glucose, insulin,
and the homeostasis model assessment of insulin resistance de-
creased significantly in both dietary groups, whereas HDL cho-
lesterol did not change significantly from baseline (Figure 1).
The mean percentage changes from baseline of body weight,
BMI, waist girth, diastolic blood pressure, total cholesterol,
blood glucose, insulin, and the homeostasis model assessment of

insulin resistance were similar in both dietary groups (Figure 1).
No relation was found between the baseline body weight and the
change in body weight at the end of the study (low-carbohydrate
group: r � 0.12, NS; high-carbohydrate group: r � 0.11, NS).

TABLE 2
Baseline physical characteristics and metabolic profiles of the subjects
included in the study1

Variable
High-carbohydrate

diet
Low-carbohydrate

diet P2

Sex (n)
Male 13 14 NS
Female 37 36 NS

Age (y) 52.1 � 16.73 52.7 � 16.3 NS
Body weight (kg) 93.2 � 13.2 95.7 � 16.1 NS
BMI (kg/m2) 37.1 � 5.1 37.3 � 6.7 NS
Waist girth (cm) 110.8 � 8.9 111.1 � 12.4 NS
Systolic blood pressure

(mm Hg)
140.9 � 16.6 142.2 � 14.6 NS

Diastolic blood pressure
(mm Hg)

82.0 � 11.5 84.9 � 8.8 NS

Heart rate (beats/min) 75.9 � 12.3 77.7 � 12.6 NS
Total cholesterol

(mg/dL)
212.6 � 35.8 210.8 � 36.2 NS

LDL cholesterol
(mg/dL)

132.0 � 31.6 126.8 � 31.9 NS

HDL cholesterol
(mg/dL)

47.7 � 11.0 49.6 � 12.9 NS

Serum triacylglycerols
(mg/dL)

164.0 � 65.6 171.7 � 60.3 NS

Glucose (mg/dL) 107.9 � 24.9 105.1 � 19.9 NS
Insulin (�U/mL) 24.2 � 21.4 17.9 � 8.1 NS
HOMA-IR 6.9 � 7.4 4.5 � 2.5 NS

1 Patients were randomly allocated to consume a high-carbohydrate diet
(n � 50) or a low-carbohydrate diet (n � 50). HOMA-IR, homeostasis model
assessment of insulin resistance.

2 Student’s t test for unpaired data.
3 x� � SD (all such values).

TABLE 3
Prevalence of the metabolic syndrome risk components at entry1

High-carbohydrate
diet (n � 50)

Low-carbohydrate
diet (n � 50) P2

Low HDL cholesterol (%)3 54 56 NS
Hypertriacylglycerolemia (%)4 56 64 NS
Hyperglycemia (%)5 64 56 NS
Hypertension (%)6 96 88 NS
Central obesity (%)7 100 100 NS

3 Components 46 48 NS
4 Components 36 40 NS
5 Components 18 12 NS

1 Patients were randomly allocated to consume a high-carbohydrate diet
or a low-carbohydrate diet.

2 Chi-square test.
3 Defined as HDL-cholesterol concentration �40 mg/dL in men and

�50 mg/dL in women.
4 Defined as serum triacylglycerol concentration �150 mg/dL.
5 Defined as fasting blood sugar concentration �100 mg/dL.
6 Defined as systolic blood pressure �130 mm Hg and diastolic blood

pressure �85 mm Hg or as the use of hypotensive therapy.
7 Defined as waist girth �82 cm in women and �102 cm in men.
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The low-carbohydrate diet was associated with a greater de-
crease in systolic blood pressure and in serum triacylglycerol
concentrations than was the high-carbohydrate diet. Heart rate
decreased only with the former, and LDL cholesterol decreased
only with the latter (Figure 1).

An analysis of variance failed to show group-by-time interac-
tions. Multiple backward stepwise regression analyses showed
that the protein content of the diet was the only variable signif-
icantly associated with the percentage changes in systolic blood
pressure (� � �0.0018, P � 0.05) and that the carbohydrate
content of the diet (� � �0.049, P � 0.05) and weight loss (� �
1.860, P � 0.01) were independently predictive of the percentage
changes in serum triacylglycerol concentrations. The prevalence
of central obesity significantly decreased in both dietary groups,
and that of hypertension and hypertriacylglycerolemia signifi-
cantly decreased in the patients in the low-carbohydrate group.
At the end of the present study, 40% of the patients receiving the
high-carbohydrate diet and 54% of those receiving the low-
carbohydrate diet no longer fulfilled the diagnostic criteria of the
metabolic syndrome. The extent of recovery from the metabolic
syndrome was not significantly different between the 2 dietary
groups (Table 4).

DISCUSSION

The present study was designed to compare 2 dietary ap-
proaches to treating the metabolic syndrome, both of which fell
within the relatively broad macronutrient ranges recommended
by the National Cholesterol Education Program Adult Treatment
Panel III (3). The 2 diets were different in several aspects: the
high-carbohydrate diet was low in fat, relatively poor in protein,
and rich in carbohydrate, whereas the low-carbohydrate diet was
relatively rich in protein and in monounsaturated fat and poor in

carbohydrate. Evidence of the benefits of both of these dietary
patterns was published (4–8, 11, 15–18).

In the present study’s series of nondiabetic obese patients with
the metabolic syndrome, both diets produced a similar decrease
in body weight (10%). Recent meta-analyses showed that low-
carbohydrate diets were associated with a greater loss of body
mass than were low-fat diets; however, in those studies (19, 25),
the carbohydrate content was much lower than that in the present
study’s low-carbohydrate diet. As expected, in both groups, body
weight loss was associated with favorable effects on blood pres-
sure and metabolic abnormalities and with reductions of total
cholesterol, serum triacylglycerol, blood glucose, plasma insu-
lin, and insulin resistance.

The low-carbohydrate diet was more effective than was the
high-carbohydrate diet in reducing systolic blood pressure and
heart rate. The latter was more effective at lowering LDL cho-
lesterol. Therefore, the macronutrient composition of the diet had
specific effects on lipid and nonlipid abnormalities of the meta-
bolic syndrome in addition to those effects determined by weight
loss alone.

The greater decrease in serum triacylglycerol concentrations
with the low-carbohydrate diet was not unexpected on the basis
of previous studies that reported the same effect (4, 5, 25). In-
deed, multiple backward regression analysis confirmed that the
carbohydrate content of the diet was independently predictive of
triacylglycerol concentrations. Likewise, a decrease in LDL cho-
lesterol was expected only with the high-carbohydrate diet be-
cause it is well-known that diets low in saturated fat and choles-
terol are associated with a decrease of LDL cholesterol (25, 26).
Importantly, these changes in the lipid profile were obtained with
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FIGURE 1. Mean (�SEM) percentage changes from baseline in the
variables related to the metabolic syndrome in patients consuming a high-
carbohydrate diet (f; n � 50) or a low-carbohydrate diet (�; n � 50). SBP,
systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol;
TG, triacylglycerols; HOMA-IR, homeostasis model assessment of insulin
resistance. Body weight, waist girth, diastolic blood pressure, total choles-
terol, blood glucose, insulin, and HOMA-IR decreased similarly in both
dietary groups. Systolic blood pressure and serum TG decreased more in the
low-carbohydrate group than in the high-carbohydrate group. Heart rate
decreased only with the low-carbohydrate diet, and LDL cholesterol de-
creased only with the high-carbohydrate diet. HDL cholesterol did not
change significantly. ‡#Significantly different from baseline: ‡P � 0.01, #P �
0.001 (Student’s t test for paired data). *,**,***Significantly different between
groups: *P � 0.05, **P � 0.01, ***P � 0.001 (Student’s t test for unpaired
data).

TABLE 4
Percentage reduction of positive diagnostic criteria of the metabolic
syndrome in comparison with baseline: all patients1

High-carbohydrate
diet (n � 50)

Low-carbohydrate
diet (n � 50) P2

Central obesity (%)3 264 284 NS
Hyperglycemia (%)5 44 36 NS
Hypertension (%)6 12 277 �0.05
Hypertriacylglycerolemia

(%)8
36 814 �0.001

Low HDL cholesterol
(%)9

15 29 NS

Metabolic syndrome (%) 404 544 NS

1 Patients were randomly allocated to consume a high-carbohydrate diet
or a low-carbohydrate diet. The prevalence of central obesity decreased in
both dietary groups, and that of hypertension and hypertriacylglycerolemia
decreased in patients with the low-carbohydrate diet. The extent of recovery
from the metabolic syndrome was not significantly different between the 2
dietary groups.

2 Chi-square test.
3 Defined as waist girth �82 cm in women and �102 cm in men.
4,7 Significantly different from baseline (chi-square test): 4 P � 0.001,

7 P � 0.05.
5 Defined as fasting blood sugar concentration �100 mg/dL.
6 Defined as systolic blood pressure �130 mm Hg and diastolic blood

pressure �85 mm Hg or as the use of hypotensive therapy.
8 Defined as serum triacylglycerol concentration �150 mg/dL.
9 Defined as HDL-cholesterol concentration �40 mg/dL in men and

�50 mg/dL in women.
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minor differences in the macronutrient balance, within the limits
of a healthy diet (2, 3, 27).

In the present study, the low-carbohydrate diet lowered sys-
tolic blood pressure by �6% more than did the high-
carbohydrate diet. As suggested by multiple backward regres-
sion analysis, the greater reduction in blood pressure during the
low-carbohydrate diet was mainly due to its higher protein, not
higher fat, content. Previous interventional studies that evaluated
the effects of the substitution of protein for carbohydrate on
blood pressure showed that this substitution was effective in
reducing blood pressure in most situations (11,15–17, 28, 29),
but not in obese hyperinsulinemic patients (9, 10). However, in
most of the studies in which the results were positive, the protein
content of the diet was rather high (�25% of energy). In the
present study, we obtained an effect on blood pressure with lower
protein amounts (ie, 19% of energy), mainly of animal origin.
This result is in agreement with a recently published interven-
tional study specifically designed to test the efficacy of animal
protein in reducing blood pressure (17) and with the results of
another study in which �50% of the protein intake in a high-
protein diet was of animal origin (15). Nevertheless, plant protein
is also effective in lowering blood pressure (16, 29), and the
relative efficacy of the 2 kinds of protein remains to be estab-
lished. Epidemiologic studies that evaluated this topic gave con-
flicting results (14, 30–33).

The 8-mm Hg difference in the mean reduction of systolic
blood pressure between the 2 dietary groups in the present study
was greater than that observed in previous trials with different
study populations (15–17) or with shorter intervention periods
(11). Also, the patients did not lose weight in those studies. The
data in the present study show that even a moderate and long-term
sustainable increase in the protein content of the diet (from 13%
to 19% of energy) can improve hypertension in patients with the
metabolic syndrome, at least when such diets are accompanied
by an increase in fat intake and a decrease in carbohydrate intake.

Several possible explanations have been proposed for the ef-
fects of the substitution of protein for carbohydrate on blood
pressure, including improvements in endothelial function with
vasodilation (34, 35) and in diuresis (36), but the underlying
mechanisms remain unclear (17, 37). A further possibility is the
decrease in sympathetic tone that may be suggested by the sig-
nificant reduction in the heart rate in the patients on the low-
carbohydrate diet in the present study. The effects on heart rate
resulting from the replacement of carbohydrate with protein was
previously evaluated in only 2 studies, 1 of which found an effect
(29) and 1 that did not (17). The substitution of monounsaturated
fat for carbohydrate also reduces heart rate (18), which raises the
possibility that the underlying mechanism relates to carbohy-
drate rather than to protein or fat.

In conclusion, the present study showed that a moderate and
generally sustainable low-calorie diet relatively rich in protein
and in monounsaturated fat and poor in carbohydrate can im-
prove blood pressure and fasting triacylglycerol concentrations,
which gives an additional benefit to the expected reduction of
cardiovascular disease risk factors determined by weight loss.
This evidence suggests that tailoring the diet to the specific met-
abolic and physical profiles of each metabolic syndrome patient
may be a fruitful approach. Carbohydrate could substitute for fat
in those patients with high LDL-cholesterol concentrations, but
a diet lower in carbohydrate, higher in protein, and higher in fat
may be optimal for patients with high blood pressure or high

triacylglycerol concentrations or both. Future studies should pro-
spectively test the hypotheses generated in the present study by
specifically matching each dysmetabolic profile with a dietary
pattern most likely to resolve the metabolic syndrome.
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Estimation of thigh muscle cross-sectional area by dual-energy
X-ray absorptiometry in frail elderly patients1�4

Ross D Hansen, Dominique A Williamson, Terence P Finnegan, Brad D Lloyd, Jodie N Grady, Terrence H Diamond,
Emma UR Smith, Theodora M Stavrinos, Martin W Thompson, Tom H Gwinn, Barry J Allen, Peter I Smerdely,
Ashish D Diwan, Nalin A Singh, and Maria A Fiatarone Singh

ABSTRACT
Background: Thigh muscle mass and cross-sectional area (CSA)
are useful indexes of sarcopenia and the response to treatment in
older patients. Current criterion methods are computed tomography
(CT) and magnetic resonance imaging.
Objective: The objective was to compare thigh muscle mass esti-
mated by dual-energy X-ray absorptiometry (DXA), a less expen-
sive and more accessible method, with thigh muscle CSA deter-
mined by CT in a group of elderly patients recovering from hip
fracture.
Design: Midthigh muscle CSA (in cm2) was assessed from a 1-mm
CT slice and midthigh muscle mass (g) from a 1.3-cm DXA slice in
30 patients (24 women) aged 81 � 8 y during 12 mo of follow-up.
Fat-to-lean soft tissue ratios were calculated with each technique to
permit direct comparison of a variable in the same units.
Results: Baseline midthigh muscle CSA was highly correlated with
midthigh muscle mass (r � 0.86, P � 0.001) such that DXA pre-
dicted CT-determined CSA with an SEE of 10 cm2 (an error of
�12% of the mean CSA value). CT- and DXA-determined ratios of
midthigh fat to lean mass were similarly related (intraclass correla-
tion coefficient � 0.87, P � 0.001). When data were expressed as the
changes from baseline to follow-up, CT and DXA changes were
weakly correlated (intraclass correlation coefficient � 0.51, P �
0.019).
Conclusions: Assessment of sarcopenia by DXA midthigh slice is
a potential low-radiation, accessible alternative to CT scanning of
older patients. The errors inherent in this technique indicate, how-
ever, that it should be applied to groups of patients rather than to
individuals or to evaluate the response to interventions. Am J
Clin Nutr 2007;86:952–8.

KEY WORDS Sarcopenia, midthigh muscle mass, dual-
energy X-ray absorptiometry, hip fracture, frail elders

INTRODUCTION

Sarcopenia, the age-related loss of skeletal muscle mass
(SMM), is associated with physiologic, metabolic, and func-
tional impairment (1, 2). Decreased muscle mass and quality may
be related to osteoporotic fractures (3), and sarcopenia is under-
stood to be an important factor in the development of frailty and
loss of independence in the elderly (4).

Because poor function of the large upper leg muscle groups
can be especially significant to the loss of mobility (5, 6), assess-
ment of thigh muscle mass and composition has emerged as an
important clinical and research measurement for elderly groups.
The criterion method for monitoring thigh muscle mass is a
midthigh computed tomography (CT) slice, which permits esti-
mation of muscle cross-sectional area (CSA) (7). However, this
technique requires considerable expertise to perform, involves
radiation exposure, and is relatively costly, as is magnetic reso-
nance imaging (8).

Dual-energy X-ray absorptiometry (DXA) offers a relatively
low-cost alternative method of body-composition assessment
that involves minimal radiation exposure and is becoming in-
creasingly common in clinical and research applications. Be-
cause a whole-body DXA scan is able to divide the body into
bone, fat, and lean compartments, the lean or fat-free soft tissue
in the limbs calculated by the DXA software closely approxi-
mates limb SMM (9, 10). This DXA technique has been validated
for application in elderly subjects (11). Furthermore, because the
DXA software permits specific regional analyses, it is possible to
estimate midthigh SMM, and this approach has been reported to
be of acceptable accuracy in several studies (12–14). There is
scarce information, however, on the application of DXA in the
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assessment of thigh muscle mass in frail elderly patients, in
whom it assumes arguably the greatest clinical relevance.

The aim of this study was, therefore, to compare midthigh
muscle mass estimated by DXA with CT-determined midthigh
muscle CSA in a group of elderly patients recovering from hip
fracture. We hypothesized that there would be strong agreement
between the DXA and CT techniques, as indicated by an intra-
class correlation coefficient (ICC) of �0.8.

SUBJECTS AND METHODS

Subjects

The eligible participants of this 12-mo prospective study were
community-dwelling elderly persons aged �60 y who were hos-
pitalized for surgical repair of fractured neck of femur due to
minimal trauma. The overall aim of the study was to investigate
the role of sarcopenia and undernutrition in recovery from hip
fracture in this population.

A tracking system was established to capture admissions to
the casualty departments of Sydney’s Royal North Shore Hos-
pital (RNSH), Royal Prince Alfred Hospital, and St George Hos-
pital because of fractures of femur, hip or pelvic pain, or falls.
Patients residing in a nursing home at the time of fracture, ter-
minally ill, or severely demented, unable to consent to partici-
pation in the research protocol, or non-English speaking were
excluded. Eligible patients were contacted �1 wk after their
admission and were invited to give informed consent to partici-
pate in the study.

Enrolled subjects were assessed within 2 wk of consent and at
4 and 12 mo after fracture in the domains of body composition
(total body muscle, fat, and water), nutritional status, muscle
function, gait and balance, neuropsychological function, social
situation, burden of disease, and extent of disability.

All participants had field measures in each of these domains.
In addition, a subset of participants at the RNSH underwent
measures of regional muscle mass, CSA, and bone mineral den-
sity (Figure 1). These RNSH participants formed the sample for
the present study, which compared DXA and CT measures of
thigh muscle composition. The protocols were administered in
accordance with the guidelines of the Ethics Committees of the
Area Health Services for the 3 hospital sites involved and The
University of Sydney.

Body-composition measurements

DXA

Hip (femoral neck, trochanter, and Ward’s triangle) bone min-
eral content and bone mineral density, total body and regional
bone mineral content, fat mass, and fat-free soft tissue mass
(FFST) were measured with a Norland XR36 DXA (Norland
Corporation, Fort Atkinson, WI), as described previously (11,
15). The whole-body scans used a scan speed of 130 mm/s, and
all scans were analyzed with version 3.9.4 software. The instru-
ment was calibrated daily with the manufacturer’s spine and soft
tissue phantoms. The fat and lean phantoms use 77 combinations
of acrylic and aluminum, and the software assumes a weighted
linear fat distribution model that permits extrapolation of the fat
content of bone-containing pixels (16, 17).

A 1.3-cm thick midthigh slice through the nonfractured leg
was manually inserted on the DXA scan at the midpoint of the
lower margin of the femoral condyles and the upper margin of the
greater trochanter (Figure 2A). DXA-derived midthigh SMM
(in g) was estimated as the FFST value calculated for the
midthigh region with the DXA software, which also provided the
fat content (in g) for this region. The same researcher analyzed all
scans. The precision of the midthigh FFST and fat measurements,
based on 5 separate scans of each of 2 subjects and expressed as
a CV, was 3.5% and 4.7%, respectively. The error attributable to
manual positioning of the midthigh region, assessed from repeat
analyses of the scans of 10 subjects, was 1.7% for FFST and 2.0%
for fat. A ratio of midthigh fat to lean tissue (15) was calculated
by dividing the fat mass by the muscle (FFST) mass.

CT

CT scans of the thigh for soft tissue measurements were per-
formed with a GE High Speed CTI Scanner (General Electric,
Milwaukee, WI) (4). A 1-mm slice scan of the nonfractured leg
was taken at the midthigh, measured as the midpoint from the
inguinal crease to the proximal pole of the patella, with settings
as follows: kV � 100, mA � 170, and scanning time � 1 s; the
displayed field of view varied depending on subject size (Figure
2B). For repeat scans, the scanner was set to take a cross-section
at the exact distances, angles, and displayed field of views noted
in the initial scan. All CT images were analyzed according to
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FIGURE 1. Subject recruitment and assessment schedule. Of the total
cohort of 193 patients, a subset of patients underwent additional body-
composition assessment including computed tomography (CT) and dual-
energy X-ray absorptiometry (DXA).

FIGURE 2. A: Dual-energy X-ray absorptiometry scan showing manual
positioning of a 1.3-cm midthigh slice (arrow) on the nonfractured leg of a
patient. B: Midthigh 1-mm computed tomography slice on the nonfractured
leg of a patient, from which tissue cross-sectional areas were calculated.
Muscle tissue is light gray, adipose tissue is dark gray, and bone is white.
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absorption on a computer (Macintosh G4; Apple, Sunnyvale,
CA) by a blind assessor using Image software (version 1.62;
National Institutes of Health, Bethesda, MD) modified for quan-
tification of cross-sectional areas of muscle, bone, and fat to the
nearest 0.01 cm2. Editing of some scans was required to remove
scan bed pixels and contralateral thigh pixels touching the scan of
interest. Some images required editing of artifacts arising from
the hip prosthesis in situ on the opposite side to the scan. These
artifacts caused some parts of the muscle perimeter to extend into
the subcutaneous fat and other parts to run too deeply. Editing
therefore involved smoothing out the muscle perimeter. Thigh
muscle attenuation was calculated using a template set up in
Excel (Microsoft) based on the average density for thigh pixels in
a specific absorption range (range: 10–113) chosen to best dis-
criminate muscle from fat and bone.

Muscle volume was calculated as muscle CSA multiplied by
scan thickness (0.1 cm). This volume was then multiplied by
1.055, the density (in g/cc) of skeletal muscle tissue determined
in cadaveric human leg muscle samples (18), to estimate muscle
mass in grams. Similarly, fat volume was calculated as fat CSA
multiplied by scan thickness and then multiplied by 0.923, the
density (in g/cc) of adipose tissue (7, 12). The fat-to-lean tissue
ratio was then calculated by dividing the fat mass by the muscle
mass.

Anthropometric measures

Body weight was recorded on a digital scale (TBF-521 Body
Fat Monitor/Scale; Tanita, Arlington Heights, IL) while the sub-
jects were wearing light indoor clothing. Standing and knee
height were measured with a portable stadiometer, calibrated
with a steel calibration measuring stick of known length. Knee
height was used to predict height in subjects who could not stand,
calculated in cm as h eight � 36.272 � 2.373 � knee height (19).
Body mass index (BMI) was calculated by dividing the subject’s
body weight in kilograms by the square of their height in meters.

Bioelectrical impedance analysis

Whole-body SMM (20), fat-free mass (FFM) (21), and fat
mass were estimated by bioelectrical impedance analysis (BIA)
with an RJL Systems BIA-Quantum Machine (RJL Systems Inc,
Clinton, MI).

Strength and other measures

Maximum right and left isometric knee extension strength was
measured as peak force (in kg) on a digital force gauge fixed to
a stand (Chatillon Dynamometer CSD200; Ametek TCI Divi-
sion, Largo, FL). Habitual gait velocity (22) was recorded over
2 m with an Ultra-timer (Raymar, Henley on Thames, Oxford-
shire, United Kingdom).

Part C (Activities of Daily Living; ADL) of the first National
Health and Nutrition Examination Survey (NHANES I) (23) was
used to assess both basic and instrumental ADL as well as mo-
bility and activity just before fracture. The Mini-nutritional As-
sessment (MNA) (24) was used to provide a global index of risk
of malnutrition with the use of a combination of health status,
anthropometric, psychological, and dietary intake questions and
measurements at the time of assessment.

Standard venipuncture technique was used to obtain serum
samples. The bromcresol green method (Thermo Trace, Noble
Park, Victoria, Australia) was used for albumin analysis (25),

which had a CV of 1.65% for day-to-day variability. The 25-
hydroxyvitamin D assay (26, 27) was performed by using a
chemiluminescence system on the Nichols Advantage Analyzer
(Nichols Institute Diagnostics, San Clemente, CA), with a
between-run CV of 7.1% and a within-run CV of 4.8%.

Statistical analysis

Data were visually and statistically inspected for normality
and are presented as means � SDs or medians and ranges as
applicable. The ICC (one-factor, random effect) was used to
evaluate the extent of agreement between DXA and CT mea-
sures. Because the ICC is essentially the ratio of between-subject
variance to total variance, the concordance between measures
increases as this correlation coefficient approaches 1.0. Power
analysis indicated that a sample size of 22 subjects would provide
80% power, at a level of P � 0.05, to reject the null hypothesis
of an ICC � 0.5 (ie, weak concordance) when the actual ICC is
0.8 (ie, strong concordance) (28). Pearson’s correlation and re-
gression analysis, Student’s paired t tests, and the method of
Bland and Altman (29) were used to further compare the 2 meth-
ods of midthigh SMM estimation. Differences between patient
groups were determined by Student’s t tests, Mann-Whitney U
tests, and chi-square tests, as appropriate. Statistical analyses
were carried out with SPSS for WINDOWS release 14.0 (SPSS
Inc, Chicago, IL) and Microsoft EXCEL (version 9.0; Microsoft
Inc, Redmond, WA) with the level of significance set at P � 0.05.

RESULTS

Characteristics of patient groups

Thirty patients (24 female) aged 81 � 8 y underwent both
DXA and CT scans at one of the initial measurement points
(baseline or 4 mo) in the study. Of these 30 patients, 25 completed
both DXA and CT measurements at baseline and an additional 5
patients completed both measurements at the 4-mo time point.
The characteristics of these 30 patients are compared with the
remainder of the study cohort (n � 163) in Table 1. No signif-
icant differences were found between the 30 patients and the
remainder of the study cohort in age, sex distribution, muscle
mass and strength, nutritional status, and performance measures.
Notably, they were mildly to moderately disabled on the basis of
the NHANES questionnaire, and the majority had indexes of
global (MNA) or biochemical (albumin and vitamin D) defi-
ciency. Most (85%) of the patients were sarcopenic (2), and only
�50% of their midthigh soft tissue was muscle, compared with
values of 65–70% observed in healthy younger subjects aged
25–50 y (13).

CT muscle area compared with DXA muscle mass

The initial values (at baseline or 4 mo) of these 30 patients
were pooled to evaluate the ability of the DXA method to predict
CT midthigh muscle CSA. The relation between CT-determined
midthigh muscle CSA and DXA-derived midthigh SMM is
shown in Figure 3. The 2 measures were significantly and pos-
itively correlated, such that the DXA technique predicted CT-
derived CSA with an SEE of 10.0 cm2. This SEE represents an
error of �12% of the mean CT-derived CSA value.

CT compared with the DXA fat-to-lean ratio

The relation between CT- and DXA-derived midthigh fat-to-
lean ratio for the 30 patients is shown in Figure 4. Because the
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2 methods were expressed in the same units, the ICC was calcu-
lated: the value of 0.87 (P � 0.001; 95% CI: 0.75, 0.94) indicates
that 87% of the variance is explained by between-subject differ-
ences, and only 13% is attributable to between-method differ-
ences. This, therefore, indicates strong agreement between the 2
techniques (28). Regression analysis showed that the DXA value
predicted the CT-derived ratio with an SEE of 0.24 (�25% of the
mean CT ratio value). The 95% confidence limits for the slope
and intercept of the regression line depicted in Figure 4 margin-
ally exclude the line of identity. A paired t test showed that the
mean DXA value (0.95 � 0.66) did not differ from the CT value
(0.95 � 0.50) for this variable. Bland-Altman analysis (29)
showed that the difference between the 2 methods did not change
as the mean value increased (Figure 5).

Changes from baseline as detected by CT and DXA

Fifteen patients had initial and follow-up CT and DXA scans
completed, so that the ability of each technique to detect change
in thigh muscle composition could be compared. These changes
(expressed as the percentage change from the initial value) were
significantly but not highly correlated, such that the DXA change
predicted the CT change with an SEE of 13.8 percentage change
units (	50% of the mean CT percentage change), as shown in

Figure 6. The ICC decreased to 0.51 (P � 0.019; 95% CI: 0.03,
0.80) for this analysis, which indicated that 51% of the variance
was explained by between-subject differences and 49% was at-
tributable to between-method differences. Hence, there was rel-
atively weak agreement between the 2 techniques (28) in assess-
ing change in muscle mass.

DISCUSSION

Assessment of muscle mass and strength is of considerable
clinical importance in the context of an aging population and an
increasing awareness of the far-reaching consequences of sar-
copenia. Although DXA has been used extensively to estimate
total-body SMM in adults and has been validated for this appli-
cation in older subjects (11), few studies have reported the use of
this technology in the assessment of thigh muscle mass (30).

To our knowledge, this is the first validation study of the
application of DXA in the assessment of midthigh muscle mass
in frail elderly patients. Because the characteristics of the subset
of patients in this validation study did not differ markedly from
those of the remainder of the study cohort, the findings should be
applicable to frail elderly patients of similar age and functional
status.

TABLE 1
Comparison of baseline characteristics of the group of patients who underwent dual-energy X-ray absorptiometry (DXA) and computed tomography (CT)
scans (DXA group) and the remainder of the patients (non-DXA group)1

Variables
DXA group

(n � 30)
Non-DXA group

(n � 163) P2

Sex (% females) 80.0 69.9 0.26
Age (y) 81.1 � 7.93 80.5 � 8.5 0.72
BMI (kg/m2) 23.1 (16.0–40.9)4 22.8 (14.5–40.5) 0.90
Habitual gait velocity (m/s) 0.35 � 0.18 0.29 � 0.15 0.09
Maximum isometric knee extension strength on nonfractured side (kg) 6.6 (2.2–21.2) 8.6 (1.4–21.0) 0.09
NHANES Functional Status Survey Disability Score (0–3) 0.90 � 0.82 0.97 � 0.76 0.67
Total number of chronic diseases 2 � 1 3 � 2 0.06
Albumin (g/L) 40.3 � 3.4 39.2 � 3.4 0.12
Vitamin D status (%) 0.89

Normal, 	 50 nmol/L 41.4 45.8
Mild deficiency, 	25–50 nmol/L 41.4 39.8
Moderate deficiency, 12.5–25 nmol/L 17.2 14.4

MNA status (%) 0.37
Well nourished, �24.0 30.0 43.6
At risk of malnutrition, 17.0–23.5 60.0 46.4
Undernutrition, �17 10.0 10.0

Percentage body fat by BIA (%)5 35.5 � 8.6 30.7 � 10.1 0.02
Fat-free mass by BIA (kg)6 37.1 � 8.2 40.2 � 10.7 0.16
Skeletal muscle mass by BIA (kg)7 16.1 � 4.8 18.1 � 6.3 0.11
Sarcopenia (%)8 85.2 72.7 0.18
CT fat-to-lean ratio9 0.95 � 0.50 NA NA

1 MNA, Mini-nutritional Assessment; NHANES, National Health and Nutrition Examination Survey; BIA, bioelectrical impedance analysis; NA, not
applicable.

2 P value for the difference between groups (t test for continuous normally distributed data, Mann-Whitney U test for continuous nonnormally distributed
data, and chi-square test for categorical data).

3 x� � SD (all such values).
4 Median; range in parentheses (all such values).
5 Fat mass � body weight in kg 
 fat-free mass (FFM).
6 FFM � 
4.03 � 0.734 (height in cm2/resistance in ohms) � 0.116 (body weight in kg) � 0.096 (reactance in ohms) � 0.984 (sex: male � 1; female � 0).
7 SMM � 0.401 (height in cm2/resistance in ohms) � 3.825 (sex: male � 1; female � 0) � age in years (
0.071) � 5.102.
8 Defined as a relative skeletal muscle index (RSMI) of � 5.45 kg/m2 for females and � 7.26 kg/m2 for males (see reference 2), where RSMI � 0.75(BIA-

determined SMM)/(height2), with height in meters.
9 CT fat-to-lean ratio � midthigh fat mass/midthigh muscle mass.
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The baseline data from this sample of 30 elderly men and
women recovering from hip fracture demonstrate that DXA can
predict CT-derived midthigh muscle CSA with reasonable ac-
curacy in such patients. Others have reported similar accuracy
when comparing DXA- with CT-derived data in healthy sub-
jects. Visser et al (12), using fan-beam DXA (Hologic QDR) and
a 10-mm CT slice, reported data indicating that DXA could
predict CT-derived midthigh SMM with an SE of 5–6% in
healthy men and women aged 70–79 y. Because the patients in
the current study were relatively frail elders recovering from
recent major surgery, it is likely that perturbations in their met-
abolic and hydration status affected the accuracy of the DXA
measurement (31). Under these circumstances, the SE of 12% for
predicting midthigh muscle CSA indicates that the DXA
midthigh slice technique should be a useful tool in assessing
sarcopenia in the frail elderly.

Fat-to-lean ratios were calculated to allow direct comparison
of CT and DXA measures of thigh soft tissue composition. The

strong level of agreement in fat-to-lean ratio values between the
2 methods that we obtained (Figures 4 and 5) may have been
affected by use of the muscle density value of 1.055 g/cc for
calculating CT-derived muscle mass. Although this density
value was determined in cadaveric samples from older people
(age 79 � 9 y at time of death) (18), the CT muscle attenuation
data for our subjects (data not shown) indicate that a lower mus-
cle density value, consistent with lipid infiltration of muscle
fibers (32), is likely to be more appropriate for this frail cohort.
Application of a lower value would decrease the CT-derived
muscle mass values and correspondingly increase the CT-
derived fat-to-lean ratio values. In addition, DXA is likely to
overestimate muscle tissue when compared with CT, due in part to
the inclusion of skin and other nonmuscle tissue in the FFST mea-
surement by DXA, whereas skin and fat between muscle groups is
specifically excluded in the CT analysis technique we used (12, 33).
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FIGURE 3. Computed tomography (CT)–determined midthigh muscle
cross-sectional area (CSA) compared with dual-energy X-ray (DXA)–de-
rived midthigh muscle mass: data from 30 patients obtained at baseline or 4
mo. Correlation and regression analysis showed a significant positive cor-
relation between the 2 variables, such that the DXA measure predicted the
CT-derived midthigh CSA with an SEE of 10 cm2.
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FIGURE 4. Midthigh fat-to-lean tissue ratios (F:L) obtained from com-
puted tomography (CT) and dual-energy X-ray absorptiometry (DXA) mea-
surements in 30 patients. Note that this ratio is dimensionless. The intraclass
correlation coefficient (ICC) indicates a strong concordance between the CT
and DXA techniques. Regression analysis showed that the DXA measure
predicted the CT midthigh ratio with an SEE of 0.24. The solid line represents
the regression line, and the dotted line represents identity.
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FIGURE 5. Bland-Altman analysis of midthigh fat-to-lean ratios (F:L):
the difference between the computed tomography (CT) and dual-energy
X-ray absorptiometry (DXA) values is plotted against the mean of these
values. The solid line represents the average difference between the methods
(the bias); the dotted lines represent the 95% CIs (limits of agreement) for the
bias. There was no significant correlation between the differences and the
mean values.
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FIGURE 6. Percentage change over 8–12 mo (change from initial value
expressed as a percentage of the initial value) in computed tomography
(CT)–derived midthigh muscle cross-sectional area compared with dual-
energy X-ray absorptiometry–derived midthigh muscle mass in 15 patients.
The intraclass correlation coefficient (ICC) value indicates weak concor-
dance between the CT and DXA techniques. Regression analysis showed that
the change derived by DXA predicted the change derived by CT with an SEE
of 13.8%.
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Despite these limitations, the level of agreement between the 2
techniques for this fat-to-lean variable, as shown by the ICC and
Bland-Altman analyses, provides further evidence of reasonable
accuracy of the DXA midthigh measurement.

Analysis of the longitudinal changes in thigh muscle compo-
sition throughout the 12 mo of recovery from hip fracture indi-
cates, however, that the DXA technique lacks acceptable accu-
racy in assessing longitudinal changes in thigh muscle mass in
individuals. It is interesting to note that Tylavsky et al (33) noted
similar correlations between CT- and DXA-derived midthigh
SMM changes (r � 0.55–0.6) during weight change over �12
wk in 37 adults. Compounded errors inherent in combining serial
measurements to calculate change (33), together with alterations
in nutritional (34) and hydration (31) status, as discussed above,
can be expected to contribute to a substantially weaker correla-
tion in change data compared with cross-sectional data.

It should be noted that the utilization of the now available
multislice CT technique may have improved the accuracy of the
CT method because this has been reported to more adequately
represent thigh muscle mass than the single-slice approach (35).
In addition, the utilization of a higher scan resolution may im-
prove DXA accuracy, and this warrants further investigation.

In conclusion, the assessment of muscle mass and composition
by DXA-derived midthigh slice has been shown to be reasonably
accurate in comparison with a single-slice CT technique in this
sample of frail elderly patients. Given the relatively high cost of
CT and magnetic resonance imaging, the higher radiation expo-
sure of CT relative to DXA, and the increasing availability and
ease of use of DXA instrumentation, the DXA method should be
considered for the assessment of sarcopenia in frail elders. The
errors inherent in this technique indicate, however, that it should
currently be applied to studying groups of patients rather than
individuals and that it should be used cautiously in longitudinal
studies.
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The effects of seasonal variation of 25-hydroxyvitamin D and fat
mass on a diagnosis of vitamin D sufficiency1�3

Mark J Bolland, Andrew B Grey, Ruth W Ames, Barbara H Mason, Anne M Horne, Greg D Gamble, and Ian R Reid

ABSTRACT
Background: The effect of season on vitamin D status is often
overlooked in studies of optimal vitamin D concentrations and in
clinical practice.
Objectives: We aimed to determine the effects of seasonal variation
of 25-hydroxyvitamin D [25(OH)D] on a previously selected min-
imum concentration for vitamin D sufficiency (50 nmol/L) and to
determine whether fat mass modifies these effects.
Design: A cross-sectional study evaluated 1606 healthy postmeno-
pausal women and 378 older men from Auckland, New Zealand,
who were undergoing single measurements of 25(OH)D.
Results: Concentrations of �50 nmol 25(OH)D/L were seen in 49%
(range: 23%–74%) of women and 9% (range: 0%–26%) of men
when measured, but 73% of women and 39% of men were predicted
to have trough 25(OH)D concentrations � 50 nmol/L, according to
the demonstrated seasonal variation. The predicted duration of
25(OH)D concentrations � 50 nmol/L was 250 d/y in women and
165 d/y in men.
Conclusion: Seasonal variation significantly affects the diagnosis
of vitamin D sufficiency, which requires seasonally adjusted thresh-
olds individualized for different locations. Clinicians should con-
sider the month of sampling and the amount of body fat when inter-
preting 25(OH)D measurements. Am J Clin Nutr 2007;86:
959–64.

KEY WORDS Vitamin D, vitamin D deficiency, insuffi-
ciency, seasonal variation, fat mass

INTRODUCTION

Vitamin D insufficiency in adults causes myopathy, osteope-
nia, secondary hyperparathyroidism, and osteomalacia (1). The
serum concentration of 25-hydroxyvitamin D [25(OH)D] is con-
sidered to be the best estimate of body stores of vitamin D (1).
Estimates of the serum concentration of 25(OH)D above which
vitamin D stores are considered adequate vary widely, from 25
nmol/L to 100 nmol/L (2). The 2 major biological determinants
of 25(OH)D concentrations are ultraviolet (UV) B exposure and
fat mass (3). In countries distant from the equator, there is sea-
sonal variation in UV-B exposure because of the lower angle of
the sun and the greater cloud cover in the winter months. In
addition, more clothes are worn in winter, which reduces skin
exposure to UV-B. As a result of this seasonal variation in UV-B
radiation, there also is seasonal variation in 25(OH)D concen-
trations, such that concentrations are highest in late summer and
early autumn and lowest in late winter and early spring. The

concentrations of 25(OH)D are inversely associated with fat
mass. This association has been attributed to the sequestration
into adipocytes of fat-soluble vitamin D generated in the skin or
orally ingested, before it can be transported to the liver and
converted to 25(OH)D (4). Previously, we showed seasonal vari-
ations in 25(OH)D concentrations in healthy, independent-
living, middle-aged and older men and postmenopausal women
living in Auckland, New Zealand (37°S) (3, 5). Such seasonal
variations in 25(OH)D concentrations mean that a person could
have adequate 25(OH)D concentrations in the summer and au-
tumn months but suboptimal concentrations in the winter and
spring. We set out to determine the effects of seasonal variations
in 25(OH)D on a previously selected minimum threshold for
diagnosis of vitamin D sufficiency (50 nmol/L) and to establish
whether fat mass or body weight modifies these effects.

PARTICIPANTS AND METHODS

Participants

Healthy, independent-living, postmenopausal women (n �
1606) and healthy, independent-living, middle-aged and older
men (n � 378) volunteered for 2 separate studies of calcium
supplementation. The protocols and methods for these studies
were reported previously (3, 5). In brief, men aged �40 y and
women aged �55 y who were � 5 y past menopause were
eligible to participate. Potential participants were ineligible if
they had significant renal, hepatic, or thyroid dysfunction or any
other major ongoing disease, including malignancy, undiag-
nosed diabetes mellitus, and metabolic bone disease. Further
exclusion criteria included the use of medication known to affect
calcium metabolism, the use of cholecalciferol supplements in
doses of �1000 IU/d (cholecalciferol is the only vitamin D sup-
plement available in New Zealand), the current use of glucocor-
ticoids, or the use of testosterone, hormone replacement therapy,
anabolic steroids, fluoride, or bisphosphonates in the previous
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year. In addition, men were ineligible if they had coronary heart
disease or an estimated 5-y cardiovascular risk of �15% (6), or
if they were undergoing therapy for hyperlipidemia.

Written informed consent was obtained from all participants.
Both studies received ethics approval from the Auckland Ethics
Committee.

Measurements

Height was measured at baseline by using a Harpenden stadi-
ometer (Holtain Ltd, Crosswell, United Kingdom), weight was
recorded by using electronic scales (Champ II; Ohaus, Pine
Brook, NJ), and all participants supplied a fasting blood sample.
Body composition was measured by using a Lunar Prodigy dual-
energy X-ray absorptiometer (GE Lunar, Madison, WI) in the
men and a Lunar Expert dual-energy X-ray absorptiometer (GE
Lunar) with proprietary LUNAR EXPERT software (version
1.7; GE Lunar) in the women. Serum 25(OH)D was measured by
radioimmunoassay (DiaSorin, Stillwater, MN) in all the women
and the first 252 men; a chemiluminescent assay (Nichols, San
Juan Capistrano, CA) was used in the last 126 men. All 25(OH)D
samples from both studies were measured in one laboratory
which takes part in, and meets the performance targets for, the
Vitamin D External Quality Assessment Scheme (7). Because
there was a change in assay during the studies, we developed
equations to allow the conversion of results obtained from the 2
assays, as previously described (3). All 25(OH)D measurements
obtained with the Nichols assay were converted to predicted
Diasorin values by using the following equation:

Diasorin � Nichols � 0.75 � 5.6 (1)

Statistical analysis

The concentrations of 25(OH)D were plotted against the day
of the year on which the blood sample was taken in each of the
cohorts, and a sine curve was fitted. It was assumed that each
participant’s 25(OH)D concentrations throughout the year
would follow a sine curve similar to that of the overall popula-
tion. Therefore, the sine curve for any participant would be the
sine curve for the population translated along the y axis until it
intersected with the known 25(OH)D concentration on the
known day of the year for that person. By solving the equation for
the sine curve for each participant, we were able to predict the
peak 25(OH)D concentration, the trough 25(OH)D concentra-
tion, and the number of days on which the 25(OH)D concentra-
tion was �50 nmol/L. We used the following equation for each
sine curve:

25�OH�D � baseline � amplitude � sine

�angular frequency � day of year � phase shift� (2)

The amplitude of the sine curve is the maximal deviation from the
baseline [ie, (peak value � trough value)/2]; the angular fre-
quency is 2 � �/period (ie, 2 � �/365); and the phase shift is the
amount of translation along the x axis.

To determine the effect of fat mass, we divided the cohorts into
quartiles of fat mass and fitted a separate sine curve for each
quartile of fat mass. We used analysis of variance to compare the
baseline, amplitude, and phase shift coefficients of the sine
curves between men and women and between fat mass quartiles.
We also used analysis of variance to compare the amplitude,
peak, and trough of the sine curves between men and women and

between fat mass quartiles. We then repeated these analyses by
using body weight quartiles instead of fat mass quartiles. Finally,
to explore whether the differences in the amount of seasonal
variations in 25(OH)D concentrations between the sexes were
due to differences in fat mass between men and women, we used
path analysis with F statistics on analysis of variance models of
peak 25(OH)D or trough 25(OH)D or amplitude versus sex or
versus sex and fat mass quartile.

All sine curve fitting was performed by using GRAPHPAD
PRISM for WINDOWS software (version 4.00; GraphPad Soft-
ware, San Diego, CA). All other statistical calculations were
carried out with SAS software (version 9.1; SAS Institute, Cary,
NC). All tests were 2-tailed, and statistical significance was set at
P � 0.05.

RESULTS

The baseline characteristics of each cohort were published
previously and are shown in Table 1. The sine curve fitted for the
cohort of women is shown in Figure 1. For the fitted sine curve,
we used the following equation:

y � 50.99 � 10.67 � sine�frequency � x � 0.41� (3)

where r2 � 0.15. The sine curve fitted for the cohort of men is

TABLE 1
Baseline characteristics of the study population1

Men (n � 378) Women (n � 1606)

Age (y) 57 � 11 74 � 4
Height (cm) 176 � 7 159 � 6
Weight (kg) 82 � 13 67 � 11
BMI (kg/m2) 26.4 � 3.4 26.4 � 4.3
Lean mass (kg) 59 � 7 36 � 4
Fat mass (kg) 19 � 8 27 � 10
Percentage fat (%) 24 � 7 41 � 8
25-hydroxyvitamin D (nmol/L) 85 � 31 51 � 19

1 All values are x� � SD. Data from both cohorts were published previ-
ously (3, 5). All of the differences between the men and women were sig-
nificant (P � 0.001) except the differences in BMI (P � 0.9) (Student’s t test).

FIGURE 1. Sine curve of best fit for 25-hydroxyvitamin D (—) in the
cohort of women (n � 1606) with measured mean monthly 25-
hydroxyvitamin D (– –) for comparison. 95% CIs are shown by the thin lines
and standard deviations by the error bars.
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shown in Figure 2. For the fitted sine curve, we used the fol-
lowing equation:

y � 77.89 � 19.67 � sine�frequency � x � 0.57� (4)

where r2 � 0.19. There was excellent agreement between the
fitted sine curve and the mean monthly 25(OH)D concentrations
in both cohorts (Figures 1 and 2).

The predicted sine curves indicated that 73% of the women
had a trough 25(OH)D concentration of �50 nmol/L. In com-
parison, the observed prevalence of 25(OH)D concentrations
� 50 nmol/L was 49%, and it ranged from 23% to 74%, depend-
ing on the month of blood sampling (5). Thirty-nine percent of
the men had a predicted trough 25(OH)D concentration of �50
nmol/L, whereas the observed prevalence of 25(OH)D concen-
trations � 50 nmol/L was 9% (range: 0%–26%) (3). Of the
women predicted to have trough 25(OH)D concentrations of
�50 nmol/L (73% of the total), 28% were predicted to have
25(OH)D concentrations � 50 nmol/L for the entire year, and the
mean � SD number of days with predicted 25(OH)D concen-
trations � 50 nmol/L was 250 � 108. Of the men predicted to
have nadir 25(OH)D concentrations of �50 nmol/L (39% of the
total), 3% were predicted to have 25(OH)D concentrations � 50
nmol/L for the whole year, and the mean number of days with
25(OH)D concentration � 50 nmol/L was 165 � 89. From the
sine curves, we determined the minimum 25(OH)D concentra-
tion for each month required to ensure that the 25(OH)D con-
centration was maintained at �50 nmol/L throughout the year
(Table 2). During summer (December–March in New Zealand),
this value approached 90 nmol/L in men and 70 nmol/L in
women.

To determine the effect of fat mass on seasonal variations in
25(OH)D, we divided the cohorts into quartiles of fat mass and
fitted a sine curve to each quartile. Baseline and amplitude co-
efficients for these sine curves differed significantly between
men and women (P � 0.01) and across fat mass quartiles (P �
0.01), but there were no significant sex � quartile interactions
(P � 0.14). Phase shift coefficients did not differ significantly
between men and women or between fat mass quartiles (P �
0.35). The peak 25(OH)D concentration and amplitude of the
sine curves decreased with increasing fat mass, whereas the

trough 25(OH)D concentrations did not differ significantly
(Table 3). Thus, subjects in the highest quartile of fat mass had
smaller seasonal variations in 25(OH)D concentrations and
lower peak 25(OH)D concentrations than did subjects in the
lowest quartile of fat mass (Figure 3). In women, each 1-kg
difference in fat mass was associated with changes of �0.52
nmol/L, �0.05 nmol/L, and �0.23 nmol/L in peak and trough
25(OH)D concentrations and in amplitude, respectively. In men,
each 1-kg difference in fat mass was associated with changes of
�1.3 nmol/L, �0.27 nmol/L, and �0.51 nmol/L in peak and
trough 25(OH)D and in amplitude, respectively. When we re-
peated these analyses by using weight quartiles instead of fat
mass quartiles, we obtained similar trends. Each 1-kg difference
in body weight was associated with changes of �0.34 nmol/L,
�0.09 nmol/L, and �0.13 nmol/L in peak and trough 25(OH)D
concentrations and in amplitude, respectively, in women and
changes of �0.25 nmol/L, 0.13 nmol/L, and �0.19 nmol/L in
peak and trough 25(OH)D concentrations and in amplitude, re-
spectively, in men. There was no association between fat mass
quartile and the number of days per year of predicted 25(OH)D
concentrations � 50 nmol/L in men or women.

Finally, to determine whether the differences between the
amplitudes and the peak and trough values of the sine curves in
men and women were due to differences in fat mass between the
sexes, we restricted our analyses to men (n � 162) and women
(n � 725) in the same fat mass range (15–25 kg). We found that
the amplitudes and the peak and trough values of the sine curves
for these subgroups did not differ significantly from the values
for the entire cohorts. Thus, the sine curve for the subgroup of
men had larger amplitude (19 nmol/L), peak value (96 nmol/L),
and trough value (58 nmol/L) than did the curve for the subgroup
of women (amplitude 11 nmol/L, peak 64 nmol/L, trough 42
nmol/L). In a complimentary path analysis of all participants,
including fat mass quartiles in models of peak 25(OH)D, trough
25(OH)D, and amplitude versus sex did not attenuate the relation
between sex and these variables. Taken together, these findings
suggest that fat mass differences between the sexes could not
fully explain the sex differences in the amount of seasonal vari-
ations in 25(OH)D.

FIGURE 2. Sine curve of best fit for 25-hydroxyvitamin D (—) in the
cohort of men (n � 378) with measured mean monthly 25-hydroxyvitamin D
(– –) for comparison. 95% CIs are shown by the thin lines and standard
deviations by the error bars.

TABLE 2
The minimum 25-hydroxyvitamin D concentration required to have a
predicted 25-hydroxyvitamin D trough of �50 nmol/L, by month of
measurement1

Month Men (n � 378) Women (n � 1606)

nmol/L

January 81 (76, 86) 65 (63, 67)
February 87 (82, 92) 69 (67, 71)
March 87 (82, 92) 71 (69, 73)
April 79 (74, 84) 67 (65, 69)
May 69 (64, 74) 62 (60, 64)
June 59 (53, 65) 57 (55, 59)
July 52 (46, 58) 52 (50, 54)
August 50 (44, 56) 50 (48, 52)
September 50 (44, 56) 50 (48, 52)
October 53 (47, 59) 51 (49, 53)
November 61 (55, 67) 54 (52, 56)
December 71 (66, 76) 60 (58, 62)

1 All values are estimates; 95% CIs in parentheses.

SEASONAL VARIATION AND VITAMIN D SUFFICIENCY 961



We repeated all these analyses in the men, restricting the
analyses to the 252 men who had 25(OH)D measured by using
the Diasorin assay. In all cases, the results were similar to those
we obtained for the entire cohort.

DISCUSSION

Seasonal variations in 25(OH)D concentrations have a sub-
stantial effect on a diagnosis of vitamin D insufficiency. We
found that 49% (range: 23–74%) of postmenopausal women and
9% (range: 0–26%) of middle-aged and older men had 25(OH)D
concentrations � 50 nmol/L in the month of measurement. How-
ever, the current analysis predicts much higher prevalences of
25(OH)D concentrations � 50 nmol/L (73% in women and 39%
in men) in late winter and early spring. In those persons predicted
to have 25(OH)D concentrations � 50 nmol/L, the mean pre-
dicted duration was 250 days/y in women and 165 days/y in men.
Thus, many people are predicted to have suboptimal 25(OH)D
concentrations for a substantial proportion of the year, despite
having apparently adequate concentrations at the time of testing.
We found that summer and fall 25(OH)D concentrations of
�70–90 nmol/L in men and �60–70 nmol/L in women are
required to ensure 25(OH)D concentrations � 50 nmol/L
throughout the year. Currently, there is no universally accepted
definition of vitamin D sufficiency, and estimates of 25(OH)D
concentrations considered to be adequate range from as low as 25
nmol/L to as high as 100 nmol/L; the most commonly recom-
mended thresholds are between 50 and 80 nmol/L (2). The need
to consider seasonal variations when interpreting these thresh-
olds has not been widely discussed. Although not stated explic-
itly, it can be inferred that the definition of vitamin D sufficiency
refers to the lowest 25(OH)D concentration during the year.
Vitamin D insufficiency is associated with adverse effects such
as secondary hyperparathyroidism, increased bone turnover, de-
cline in bone density, and increased risk of fractures (1, 2).
Population studies have reported higher rates of bone remodel-
ling (8, 9) and fragility fracture (9–11) during the winter, which

TABLE 3
The effect of fat mass on seasonal variations in 25-hydroxyvitamin D concentrations1

Quartile P2

1 2 3 4 Sex Quartile Sex � quartile

Fat mass (kg)
Men 10.4 � 3.03 16.3 � 1.1 20.7 � 1.6 29.3 � 5.5
Women 16.0 � 3.3 23.2 � 1.6 29.1 � 1.8 39.6 � 7.0

Peak 25(OH)D (nmol/L)
Men 111 (102, 120)4 101 (91, 110) 100 (91, 110) 86 (78, 93) �0.01 �0.01 0.13
Women 67 (64, 70) 63 (60, 66) 61 (59, 64) 55 (52, 58)

Trough 25(OH)D (nmol/L)
Men 62 (46, 78) 61 (44, 78) 56 (42, 70) 58 (47, 69) �0.01 0.72 0.75
Women 41 (37, 44) 42 (39, 45) 42 (39, 45) 40 (37, 43)

Amplitude (nmol/L)
Men 24 (14, 35) 20 (9, 31) 22 (13, 32) 14 (6, 22) �0.01 �0.01 0.10
Women 13 (11, 16) 10 (8, 13) 10 (8, 12) 7 (5, 10)

1 25(OH)D, 25-hydroxyvitamin D. n � 77 men and 374 women in each quartile.
2 The main effects in the models of peak 25(OH)D, trough 25(OH)D, or amplitude compared with sex or fat mass quartile and sex � quartile interaction

(ANOVA).
3 x� � SD (all such values).
4 x�; 95% CI in parentheses (all such values).

FIGURE 3. The effect of fat mass on seasonal variation in 25-
hydroxyvitamin D concentrations in men and women. n � 88 men and 374
women in the lowest and the highest quartiles of fat mass. Data are shown
from the lowest (—) and highest (– –) quartiles for clarity only. 95% CIs are
shown by the thin dashed and continuous curves.
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suggests that any period of vitamin D insufficiency is undesir-
able. Thus, in locations where seasonal variations in 25(OH)D
occur, thresholds for diagnosis of vitamin D sufficiency also will
vary by season.

Seasonal variations in 25(OH)D concentrations have been
widely reported (12), even in subtropical locations with sunny
weather year-round (13). In our cohorts, who reside in a subtrop-
ical location at latitude 37°S, there were seasonal variations in
25(OH)D [peak 25(OH)D � trough 25(OH)D] of 21 nmol/L in
women and 39 nmol/L in men. The amount of seasonal variation
of 25(OH)D is likely to be determined by the latitude and the
climate. In countries at higher latitudes, lower angles of inci-
dence of incoming solar radiation during winter mean that UV
rays travel a greater distance through the atmosphere, which
results in greater atmospheric absorption of UV radiation. Sea-
sonal changes in cloud cover also may contribute to the greater
atmospheric absorption of UV radiation. In addition, exposure of
the skin to UV-B is generally decreased during the colder months
because more clothes are worn. Thus, adjustment for the effects
of seasonal variation on thresholds for diagnosis of vitamin D
sufficiency should be individualized to the latitude and climate of
a location.

The effect of fat mass on seasonal variations in 25(OH)D
concentrations has not been reported previously. Fat mass is a
small but important determinant of 25(OH)D concentrations in
cross-sectional analyses, in which fat mass and 25(OH)D con-
centrations are inversely associated even after adjustment for
potential confounding factors such as exercise levels (3–5, 14–
21), which are a surrogate measure of sunlight exposure. This
relation may occur because vitamin D and its metabolites are fat
soluble, which leads to greater sequestration in the adipose tissue
of obese persons (4, 15). Other possible explanations would be
that overweight persons have less exposure to sunlight because of
their choice of clothing or because of lower exercise levels and
less mobility. Low 25(OH)D concentrations promote secondary
hyperparathyroidism (1), which may in turn increase hepatic
catabolism of 25(OH)D, thereby further lowering 25(OH)D con-
centrations (22). Our findings that greater fat mass was associ-
ated with lower peak 25(OH)D concentrations and smaller sea-
sonal variations in 25(OH)D—but no change in trough 25(OH)D
concentrations—are consistent with an effect of both reduced
sunlight exposure in heavier individuals and the role of adipose
tissue as a reservoir of vitamin D and its metabolites. Regardless
of fat mass, reduced exposure to sunlight will lead to lower peak
25(OH)D concentrations. If adipocytes act as a reservoir of vi-
tamin D and its metabolites and as a buffer against both higher
25(OH)D concentrations in the summer and lower concentra-
tions in the winter, then greater adiposity would be associated
with lower peak 25(OH)D concentrations, less seasonal varia-
tion, and higher-than-expected trough 25(OH)D concentrations.
A combination of these 2 hypotheses—less sunlight exposure
and a greater reservoir of vitamin D and its metabolites—would
therefore explain our findings. These findings are congruent with
analyses of 25(OH)D concentrations after controlled inputs (23).

Fat mass modifies the effect of seasonal variation on thresh-
olds for diagnosis of vitamin D sufficiency. Persons in the highest
quartile of fat mass have lower peak 25(OH)D concentrations
and smaller amounts of seasonal variation in 25(OH)D concen-
trations than do persons in the lowest quartile of fat mass,
whereas trough 25(OH)D concentrations are similar across fat

mass quartiles. Thus, seasonally adjusted thresholds for a diag-
nosis of vitamin D sufficiency decrease with increasing fat mass
and increase with decreasing fat mass. However, this effect is
small and may be clinically relevant only in persons whose body
weight or fat mass is �1 SD from the mean and who have
25(OH)D measurements taken in summer. The differences in
25(OH)D concentrations and seasonally adjusted thresholds for
a diagnosis of vitamin D sufficiency between men and women
are not fully explained by the differences in fat mass between the
sexes (3). It is likely that sex-related differences in behavioral and
cultural factors associated with any or all of sunlight exposure,
physical activity, skin-protective practices (3), and sex-related
differences in vitamin D metabolism (16, 17) underpin the dif-
ferences between men and women in 25(OH)D concentrations
and seasonally adjusted thresholds for a diagnosis of vitamin D
sufficiency.

The present study has some limitations. Participants were
healthy independent volunteers and were predominantly of Eu-
ropean descent. The findings therefore may not be applicable to
persons with pigmented skin, to different population groups such
as the frail elderly, or to persons living in different latitudes or
different climates. We have assumed that persons would have
seasonal variations in 25(OH)D the same as the population av-
erage. Therefore, the findings may not be applicable to persons
whose seasonal variations in 25(OH)D are markedly different
from the average, such as persons who have very limited sunlight
exposure or who use artificial tanning devices during the winter.
Finally, as previously discussed, there is no consensus on the
optimal circulating 25(OH)D concentration. Whereas we se-
lected a concentration of 50 nmol/L, other authors have recom-
mended a concentration of 75–80 nmol/L (2). Our findings can
be readily applied to such thresholds by adding the difference
between any selected concentration for vitamin D sufficiency
and 50 nmol/L to the values in Table 2. For example, to maintain
25(OH)D concentrations � 80 nmol/L year-round, men would
need concentrations � 100–120 nmol/L and women 90–100
nmol/L in the summer months.

In summary, we found that seasonal variations in 25(OH)D
concentrations have a significant effect on thresholds for a diag-
nosis of vitamin D sufficiency. Levels of fat mass affect peak
25(OH)D concentrations and the amount of seasonal variation in
25(OH)D [peak � trough 25(OH)D concentrations], but not
trough 25(OH)D concentrations, and they potentially affect the
thresholds for a diagnosis of vitamin D sufficiency. Because
seasonal variations in 25(OH)D are primarily dependent on lat-
itude and climate, seasonally adjusted thresholds for a diagnosis
of vitamin D sufficiency will have to be individualized for dif-
ferent locations. Clinicians should take into account the season of
sampling when determining whether a patient is at risk of vitamin
D insufficiency at any time during the year.
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Effects of overfeeding on the neuronal response to visual food
cues1�3

Marc-Andre Cornier, Sandra S Von Kaenel, Daniel H Bessesen, and Jason R Tregellas

ABSTRACT
Background: The regulation of energy intake is a complex process
involving the integration of homeostatic signals and both internal
and external sensory inputs. Environmental visual cues are one of the
first and primary inputs signaling the potential availability of food.
Objective: We examined the effects of short-term overfeeding on
the neuronal responses to food-related visual stimuli in thin individ-
uals.
Design: Twenty-five thin individuals (13 women, 12 men) were
studied. Functional magnetic resonance imaging (fMRI) was per-
formed after 2 days of eucaloric energy intake and after 2 days of
30% overfeeding in a counterbalanced design. fMRI was performed
while the subjects were presented with visual stimuli in 3 different
categories: neutral control objects, foods of neutral hedonic value,
and foods of high hedonic value. Measures of appetite were obtained
by using visual analogue scales before and after meals.
Results: In the eucaloric state, pictures of foods of high hedonic
value elicited greater activation of neuronal regions than did neu-
trally rated foods, which is consistent with visual processing and
attention (inferior temporal visual cortex, posterior parietal cortex,
premotor cortex, and hippocampus) and with activation of the hy-
pothalamus. Two days of overfeeding led to significant attenuation
of these responses. Overfeeding also resulted in reduced hunger
ratings and increased satiety ratings.
Conclusion: These findings emphasize the important role of exter-
nal food-related visual cues and suggest that there are interactions
between external visual sensory inputs, energy balance status, and
brain regions important in the homeostatic regulation of energy
intake. Am J Clin Nutr 2007;86:965–71.

KEY WORDS Functional magnetic resonance imaging,
fMRI, neuroimaging, hunger, satiety, thin persons, hypothalamus

INTRODUCTION

The pathophysiologic processes that underlie the increasing
prevalence of obesity have not been clearly defined but likely
involve faulty interactions between environmental factors,
which favor positive energy balance, and weight regulatory sys-
tems in genetically susceptible persons. Persons who are genet-
ically predisposed to thinness in the current environment may be
able to sense and respond to excess energy intake more rapidly
and accurately than do persons predisposed to obesity (1). Where
and how does this “sensing” of energy balance occur? The reg-
ulation of energy intake is a complex process requiring the inte-
gration of multiple internal and external signals. A great deal has

been learned about the homeostatic regulation of energy balance
and the interactions with adiposity and gut signals (2, 3). Ulti-
mately, however, the decisions of when to initiate food intake, of
how much to consume, and of when to terminate a meal are
affected by not only these homeostatic mechanisms but also by
learned behaviors, cognitive factors, habits, social context, avail-
ability of food, and external sensory cues, such as visual, smell,
and taste inputs (4).

A key signal to the initiation of a meal is the visual stimulus of
the food. By seeing the food, we are aware of its availability and
potential palatability, both of which affect the motivation to
initiate food intake (5). The sight and visual characteristics of
food have been shown to have a significant effect on the incentive
to eat in primates and have been shown to be associated with the
activation of specific brain regions (6, 7). In humans, however,
published data are limited on the neuronal responses to visual
food cues (8, 9).

In addition, reward systems are powerful modulators of feed-
ing behaviors. Most mammals will eat beyond their needs when
presented with foods that are highly palatable, and the rewarding
effects of food in humans cannot be argued. There is likely an
interaction between the homeostatic mechanisms of feeding and
the reward or hedonic effects of food. For example, a food stim-
ulus that may be pleasurable while hungry may lose its desirabil-
ity when satiated (10). This relates to the concept of incentive or
the reinforcing value of food. The hedonic preference for a food
relates to the palatability or pleasantness of that food and is
associated with the liking of food (11). The incentive or rein-
forcing value of a food corresponds with the motivational value
of that food and the wanting of food (11). The liking and wanting
of food work together to effect the reinforcing value of food and
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ultimately the behavior, eating. Neuroimaging studies have sug-
gested that specific brain regions are activated in association with
the pleasantness or repetitiveness of a stimulus (12-14).

We thus hypothesized that thin individuals, ie, individuals
who adapt effectively to periods of positive energy balance,
would be sensitive to food-related visual stimuli and that the
response to these stimuli would be attenuated in the overfed state
when the internal milieu should promote reduced food intake.
The present study was designed to examine these hypotheses.

SUBJECTS AND METHODS

Subjects

Twenty-five thin [body mass index (BMI; in kg/m2) � 24],
right-handed, healthy individuals (13 women and 12 men) aged
25–45 y were recruited and screened (Table 1). Eligible subjects
were free of metabolic, psychiatric, and eating disorders. The
study was approved by the Colorado Multiple Institutional Re-
view Board, and all subjects gave informed consent.

Study design and measurements

Subjects first underwent baseline assessments, including a 3-d
diet diary, completion of the Three-Factor Eating Inventory (15),
measurements of resting metabolic rate by hood indirect calo-
rimetry (2900 metabolic cart; Sensormedics, Yorba Linda, CA),
and body-composition measurement by dual-energy X-ray ab-
sorptiometry (DPX whole-body scanner; Lunar Radiation Corp,
Madison, WI).

Subjects were then studied on 2 occasions (eucaloric and over-
feeding) in a randomized crossover manner. In women, the study

periods were performed during the follicular phase of their men-
strual cycle. Each study period included a 3-d run-in diet phase,
a 2-d controlled diet phase, and a study day. The run-in diet phase
was done to ensure energy and macronutrient balance. Estimates
of daily energy intake were made by using usual intake via a 3-d
food diary, the Harris-Benedict equation, baseline resting meta-
bolic rate plus an activity factor, and lean body mass. On one
occasion (eucaloric), the subjects were maintained on the euca-
loric diet for 2 more days. On another occasion, the subjects were
overfed by 30% above eucaloric needs (overfeeding) for 2 d. The
macronutrient compositions of the diets were kept stable at 50%
carbohydrate, 30% fat, and 20% protein. The ratio of saturated to
polyunsaturated fat and the fiber and cholesterol contents of the
diets were identical. All food was prepared and provided by the
General Clinical Research Center kitchen. Subjects arrived at the
center every morning, where they were weighed, ate breakfast,
and picked up the remainder of their daily meals in coolers. They
were asked to return any uneaten food, which was then measured
and incorporated into their next day of food. The subjects were
asked to maintain their usual pattern of physical activity and were
regularly questioned regarding activity and compliance. They
were asked to not consume any alcoholic or calorie-containing
beverages during the study period.

Functional magnetic resonance imaging

The subjects arrived at the Brain Imaging Center at the Uni-
versity of Colorado at Denver Health Sciences Center the morn-
ing after each controlled diet phase in an overnight fasted state.
Imaging studies were performed with a GE 3.0-T magnetic res-
onance scanner equipped with high-speed gradients (300-�s rise
time and maximum gradient strength of 24 mT/m) and echopla-
nar (EPI) capability. Anatomical imaging was performed first.
fMRI data were then acquired by using an EPI T2* BOLD (blood
oxygen level dependent) contrast technique (repetition time �
2000, echo time � 30, 642 matrix, 240 mm2 field of view, 28 axial
slices angled parallel to the planum sphenoidale, 4-mm thick,
0-mm gap). Functional imaging was performed while the sub-
jects were presented visual stimuli by using a projector and
screen system. The visual stimuli were from 3 different catego-
ries: neutral nonfood objects (O), foods of high hedonic value
(H), and foods of neutral hedonic or utilitarian value (U). Exam-
ples of O included images of animals, trees, books, furniture, and
buildings. Examples of H included images of waffles with
whipped cream and syrup, chocolate cake, cookies, plate of eggs

TABLE 2
Region of interest analyses showing areas of increased neuronal activation in response to neutral or utilitarian food images (U) as compared with neutral
nonfood objects (O) in the eucaloric state (EU) and hedonic (H) compared with utilitarian (U) food images in the EU compared with overfed (OF)
conditions

Local maxima coordinates1

t Px y z

EU, U � O
Insula, left �39 �3 �3 1.74 0.047
Dorsolateral prefrontal cortex, left �45 39 9 2.43 0.011

EU � OF, H � U
Inferior visual cortex, right 39 �51 �12 2.40 0.012
Hypothalamus 6 0 �15 1.78 0.044

1 Stereotactic coordinates in Montreal Neurological Institute space.

TABLE 1
Subject characteristics1

Women
(n � 13)

Men
(n � 12)

Age (y) 35.6 � 6.2 33.8 � 4.7
BMI (kg/m2) 21.0 � 1.3 22.0 � 1.9
Body fat (%) 28.8 � 3.42 16.4 � 4.0
Fat mass (kg) 17.0 � 3.4 12.1 � 4.0
Restraint 6.2 � 4.02 2.7 � 2.0
Disinhibition 3.8 � 2.9 4.6 � 3.3
Hunger 4.5 � 4.0 5.5 � 3.3

1 All values are x� � SD.
2 Significantly different from men, P � 0.05.
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and bacon, and pastries. Examples of U included images of ba-
gels, fruit, bread, and cereal. Two runs each lasting 8 min were
performed with each run consisting of a block design with 5
blocks of pictures of H, 5 blocks of U, and 5 blocks of O.

Behavioral measurements

Measures of appetite were made during each controlled diet
period. Before and after each meal, the subjects rated their hun-
ger, fullness, and prospective consumption on visual analogue
scales (VASs) as described by Rolls and Bell (16, 17). Hunger
was rated on a 100-mm line preceded by the question, “How
hungry do you feel right now? ” and anchored by “not at all
hungry” and “extremely hungry” on the right. Fullness was rated
by the question, “How full do you feel right now? ” with the
anchors “not at all” and “extremely.” Prospective consumption
was rated by using the question, “How much food do you think
you could eat right now? ” anchored by “nothing at all” and “a
large amount.”

Calculations and statistical analyses

Functional images were analyzed with SPM2 (Wellcome De-
partment of Imaging Neruoscience, London, United Kingdom).
After discarding the first 4 scans from each run for saturation
effects, images were motion-corrected, normalized to standard
space, spatially smoothed with an 8 full-width-half maximum
kernel, and evaluated by using the general linear model in a
random effects analysis. To generate the random effects model in
SPM2, statistical parametric maps were first generated for each

subject by using the general linear model to describe the vari-
ability of the data on a voxel-by-voxel basis. Hypotheses ex-
pressed in terms of model parameters are assessed at each voxel
with univariate statistics, yielding an image whose voxel values
comprise a statistical parametric map. The model consisted of a
hemodynamic response function-convolved boxcar function.
Additionally, a high-pass filter was applied to remove low-
frequency fluctuation in the BOLD signal. A second-level anal-
ysis was performed to incorporate both within-subject and
between-subject variance, thus allowing inference to the popu-
lation. Accordingly, each individual subject’s data for each con-
dition of interest, both within and across feeding conditions, were
summarized with one parametric map (accounting for within-
subject variance) and were then assessed across subjects (ac-
counting for between-subject variance), thereby implementing a
random effects model. Second-level contrasts of interest
(t tests) were used to evaluate specific hypotheses. Data were
corrected for multiple comparisons with the false discovery rate
technique, thresholding at P � 0.05.

In addition to the whole-brain analyses used to evaluate the
main effects of stimulus type, region-of-interest analyses were
used to evaluate responses in less-powered comparisons
(namely, the effect of eating conditions) in the hypothalamus,
insula, dorsolateral prefrontal cortex (DLPFC), and inferior vi-
sual cortex. Regions of interest for the insula, DLPFC, and infe-
rior visual cortex consisted of 20-mm diameter spheres centered
on the local maxima for the conditions of interest. Because of its
smaller size, a 10-mm sphere was used for the hypothalamus. The

FIGURE 1. Neuronal activation in response to visual stimuli of foods of high hedonic value compared with foods of neutral hedonic value in the eucaloric
state. Robust activation is noted in the inferior temporal visual and premotor cortices as well as in the hypothalamus. Mean (�SEM) BOLD (blood oxygen level
dependent) responses are shown for the hypothalamus and inferior visual cortex.
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mean response for all voxels in each region of interest was de-
termined by using the Marsbar toolbox (18) in SPM2. For Figures
1 and 2, functional results were overlaid onto the group average
T1-weighted anatomical images. Mean BOLD responses shown
are % signal change, relative to the global mean. Coordinates
shown in the tables and figures are in standard stereotactic space
as defined by the Montreal Neurological Institute standard brain
(Internet: http://mni.mcgill.ca/); x is the distance in mm to the
right (�) or left (�) of the midline; y is the distance in mm
anterior (�) or posterior (�) to the anterior commissure; and z is
the distance in mm superior (�) or inferior (�) to a horizontal
plane through the anterior and posterior commissures.

RESULTS

Study participants

The subjects’ characteristics are summarized in Table 1. The
subjects were lean by definition with a mean BMI of 21.5 � 1.6.
Although the men had a higher mean body weight and lower
percentage of body fat than did the women, BMI and total fat
mass did not differ significantly between the sexes. Although
overall, the participants were considered to be unrestrained eat-
ers, the women had greater restraint scores than did the men.

Eucaloric state

First we describe the neuronal responses to visual stimuli
while the subjects were in energy balance (EU). Images of foods
of neutral hedonic value or utilitarian foods compared with neu-
tral nonfood objects (EU, U � O) resulted in modest activation
of the left insula and left dorsolateral prefrontal cortex (Table 2).
When visual stimuli of foods of high hedonic value were com-
pared with utilitarian foods (EU, H � U), however, dramatic
differences in neuronal activation were seen, as shown in Figure
1 and Table 3. Robust activation of bilateral inferior temporal
visual cortices, right posterior parietal cortex, and premotor cor-
tex was observed, as well as activation of the hippocampus. In
addition, there was significant activation of the hypothalamus in
response to these hedonic food visual cues.

Overfed state

Overfeeding (OF) resulted in significant reductions in premeal
hunger and prospective consumption ratings and significant in-
creases in postmeal satiety ratings as measured by visual ana-
logue scales (Figure 2). As measured by fMRI, 2 days of over-
feeding attenuated the activation described in the eucaloric

conditions. Specifically, Figure 3 and Table 2 show that over-
feeding was associated with reduced hypothalamic activity
(EU � OF, H � U). In addition, the robust visual-attention
response to the visual stimuli of hedonic foods was also dimin-
ished with overfeeding (EU � OF, H � U). No effect of eating
condition was observed in the comparison of utilitarian foods
with neutral nonfood objects (EU � OF, U � O).

DISCUSSION

The present study was performed to examine the central re-
sponse to food-related visual cues during states of energy balance
and short-term positive energy balance in individuals screened to
be resistant to weight gain and obesity. The data show that thin
individuals have a robust response to food-related visual cues,
and the greater the salience of the stimuli, the greater the attention
is placed toward these cues. In addition, there appears to be
communication between these external visual cues and the ho-
meostatic regulation of food intake as seen by hypothalamic
activation in response to visual food stimuli. Furthermore, these
thin individuals quickly and appropriately sense the positive
energy balance associated with overfeeding, which is associated

TABLE 3
Regions of increased neuronal activation in response to hedonic (H) compared with neutral or utilitarian (U) food images, from whole-brain analyses in the
eucaloric (EU) state

EU, H � U

Local maxima coordinates1

t Px y z

Premotor cortex (BA6), right 30 �3 48 5.71 0.018
Inferior visual cortex, left �36 �63 �27 5.44 0.018
Inferior visual cortex, right 36 �63 �18 5.53 0.018
Hypothalamus 6 0 �12 4.58 0.018
Parietal cortex, right 21 �66 54 4.28 0.018
Hippocampus, left �27 �27 �9 3.86 0.023
Hippocampus, right 24 �33 �6 3.57 0.029

1 Stereotactic coordinates in Montreal Neurological Institute space.
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FIGURE 2. Mean (�SEM) premeal hunger and prospective consumption
ratings and mean postmeal satiety ratings during eucaloric and overfeeding
diet periods. Overfeeding resulted in significant reductions in mean premeal
hunger (79 � 2 to 68 � 4 mm; *P � 0.0001) and premeal prospective
consumption (80 � 2 to 71 � 3 mm; *P � 0.05) and significant increases in
postmeal satiety (68 � 4 to 82 � 4 mm; *P � 0.05).
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with significant attenuation in the neuronal responses to external
food cues, including a reduction in hypothalamic activity.

How then can these data be interpreted? First, we see that basic
food-related visual cues activate the insular cortex. Although
usually considered the primary taste cortex, the insula has also
been shown to be a brain region important in the regulation of
feeding behaviors (12, 14, 19). The insula has been shown to be
activated by visual food-related stimuli and the mere thought of
food (8, 9, 20, 21) and may relate to the memory of the rewarding
effects of food (21, 22). As in the present study, the insula has
been shown to be activated with hunger but not with satiation
or overfeeding (23). In addition, we see that food-related
visual cues activate the DLPFC. The DLPFC has been impli-
cated as a brain region important in working memory, atten-
tional control, and goal-directed behavior with the left hemi-
sphere associated with approach as opposed to withdrawal on
the right (24). Interestingly, acute satiation has been found by
others to be associated with activation of the left DLPFC (25).
It appears, therefore, that after a period of energy balance and
an overnight fast, visual food cues may be associated with
activation of the memory of the rewarding effects of food and
goal-directed behavior potentially preparing the individual
for ingestion.

Second, when the visual food cues are made more salient
through the use of images of foods of high hedonic value, robust
activation of visual processing and attention-related cortical re-
gions is observed (26). It may be that when food is available and
appears to be highly palatable and calorically dense, attention

and motivation to eat is heightened. In addition, we see signifi-
cant hypothalamic activation in response to these visual food
cues, which suggests an interaction between external sensory
inputs and homeostatic mechanisms. This could be interpreted as
when desirable food is seen, ie, when food is available and of high
incentive value, the gain on the homeostatic or autonomic drive
to eat is changed, promoting increased hunger and food intake.
Although a great deal of evidence supports hypothalamic regu-
lation by nutrients, these data are the first to demonstrate direct
regulation of hypothalamic activity by visual food stimuli in
humans. Animal data suggest that after visual cortical activation,
visual pathways include activation of the amygdala and orbito-
frontal cortex before reaching the hypothalamus (4, 27). Al-
though we did not see activation of these specific intermediate
sites, we did see bilateral hippocampus activation as a potential
route of signaling between the visual cortex and hypothalamus.

Third, 2 d of positive energy balance as produced by 30%
overfeeding has a dramatic effect on the neuronal response to
visual food cues in thin individuals. Overfeeding results in di-
minished activation in cortical regions associated with visual
processing and attention, which suggests that the salience of the
food cues is reduced after overfeeding. In addition, reduced hy-
pothalamus activation in response to overfeeding may reflect
interactions between visual cues and the homeostatic status of the
individual. In a state of positive energy balance, the “gain” on the
homeostatic regulation of energy balance is changed, promoting
a return to energy balance. Neuronal activation in response to
other food-related stimuli, for example, taste and smell, has also

FIGURE 3. The effects of overfeeding on neuronal response to visual stimuli of foods of high hedonic value compared with foods of neutral hedonic value.
Reduced activation of the visual cortex and hypothalamus is noted. Mean (�SEM) BOLD (blood oxygen level dependent) responses are shown for the
hypothalamus in the eucaloric and overfed conditions.
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been shown to be affected by acute satiation supporting the con-
cept that the metabolic state affects the response and processing
of external food-related stimuli (4, 14, 28, 29). Although we are
not aware of any studies reporting the effects of short-term pos-
itive energy balance on the hypothalamic response to food-
related stimuli in humans, studies have shown that acute satiation
results in reduced hypothalamic activation (23, 25). It may be that
the changes in corticolimbic activation with alterations in ho-
meostatic state drive the hypothalamic response. On the other
hand, the hypothalamus may integrate homeostatic and nonho-
meostatic signals directly (4, 30).

As previously discussed, the regulation of energy intake is a
complex process ultimately processed by the integration of in-
ternal and external sensory inputs. It has been hypothesized that
the regulation of food intake follows the structure of motivated
behavior (31). First, visceral and external sensory inputs are
processed and integrated with reward and memory systems lead-
ing to an “incentive value” of the goal. Behavior is then initiated
following the interaction of the internal state, such as state of
energy balance or hormonal changes, and the incentive value of
the goal, ie, food. This motivated ingestive behavior is the out-
come of the integration of stimulatory and inhibitory neural cir-
cuits. Once food intake has been initiated, functions of reward
and aversion, as well as learning and memory, are critical in this
integrative process. As food intake continues, several feedback
signals are at work leading to potential continuation versus ter-
mination of feeding (31). Our data are consistent with this con-
cept. The metabolic state of the organism (eucaloric or overfeed-
ing) affects the incentive value of the available food. In a state of
energy balance and after an overnight fast when individuals are
hungry, greater attention is placed toward food items of higher
potential reward, ie, a state of increased wanting for food. This is
then associated with increased hypothalamic activation or acti-
vation of the homeostatic mechanisms associated with food in-
take. This could be interpreted as when we see food we turn on the
signals that drive us to eat. In turn, when there is no food around,
these signals are attenuated, or when the organism does not need
more food (overfeeding), these signals are attenuated or
inhibited.

In conclusion, our data show that thin individuals who have
been screened to be resistant to weight gain and obesity have
a robust response to food-related visual cues, and that the
greater the salience of the stimuli, the greater is the attention
placed toward these cues. In addition, communication appears
to exists between external visual cues and the homeostatic
regulation of food intake as was seen by hypothalamic acti-
vation in response to visual food stimuli. Overfeeding results
in attenuation of the response to foods of high hedonic value,
including reduced activation of the hypothalamus. These find-
ings emphasize the important role of external visual cues in
the regulation of energy intake and suggest that there is an
interaction between external visual sensory inputs, energy
balance status, and brain regions important in the homeostatic
regulation of energy intake.
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Insoluble cereal fiber reduces appetite and short-term food intake and
glycemic response to food consumed 75 min later by healthy men1�3

Rania Abou Samra and G Harvey Anderson

ABSTRACT
Background: Insoluble fiber consumption is associated with re-
duced risk of obesity and diabetes, but its mechanisms of action are
unknown.
Objective: The objective was to describe the effect of insoluble fiber
on appetite, short-term food intake, and blood glucose (BG) before
and after a meal 75 min later in healthy men.
Design: In a crossover design, high-fiber (HF; 33 g insoluble fiber)
cereal, low-fiber (LF) cereal, white bread (WB), and water control
were administered to young men after an overnight fast. Caloric
treatments had similar energy, macronutrient content, volume, and
weight. In the first experiment, subjective appetite and BG were
measured at 15-min intervals before and after an ad libitum meal at
75 min. In the second experiment, a preset pizza meal (850 kcal) was
consumed at 75 min. Appetite and blood glucose were measured for
150 min at fasting and at 15-min intervals before and after the fixed
meal.
Results: In experiment 1, ad libitum food intake was lower after
the HF cereal and WB than after the LF cereal and water (937 �
86, 970 � 65, 1109 � 90, 1224 � 89 kcal, respectively; P � 0.001).
Appetite was lower (P � 0.05) after the HF cereal than after the WB
but not different from the LF cereal. The BG area under the curve
(AUC) did not differ among the HF cereal, WB, and LF cereal from
0 to 75 min, but the postmeal BG increased after the WB and LF
cereal but not after the HF cereal. In experiment 2, the HF cereal, but
not the LF cereal or WB, increased fullness before and prevented an
increase in the BG AUC after the preset meal (P � 0.05).
Conclusion: A serving of 33 g insoluble fiber reduced appetite,
lowered food intake, and reduced glycemic response to a meal con-
sumed 75 min later. Am J Clin Nutr 2007;86:972–9.

KEY WORDS Insoluble fiber, satiety, glycemic response,
food intake, second meal

INTRODUCTION

Cereal fiber consumption associates with protection from obe-
sity and type 2 diabetes, but it is unclear whether this is a direct
effect of the fiber component (1–4). Reviews have concluded
that fiber consumption is associated with increased satiety and
decreased energy intake (5, 6). However, most studies of this
relation have focused on soluble fiber or on mixtures of fiber
types and not on insoluble fiber (7–11). The beneficial effect of
fiber is presumed to be due to its reduction of the glycemic
response by forming gels and delaying gastric emptying, but this
is an attribute of soluble, not insoluble fibers (12). Insoluble

fibers are nonviscous, with negligible effects on gastric emptying
and postprandial glucose response (13). A few studies have in-
vestigated the role of insoluble fiber in modulating satiety, but
primarily indirectly as a component of fruit, vegetables, and
unrefined whole grains, which are highly complex substances,
containing both soluble and insoluble dietary fibers as well as
other biologically active substances (14–17). The possibility,
however, that insoluble fiber suppresses appetite is supported by
observations of reduced hunger after supplements of predomi-
nantly insoluble fiber (�90%) (18–20).

Insoluble cereal fibers are associated with a reduction in the
risk of type 2 diabetes attributed to a decreased insulin demand
and a lower glycemic response (1, 2). However, insoluble fibers
have a minimal effect on postprandial glucose response (13);
therefore, mechanisms responsible for the protective effect of
insoluble cereal fiber on type 2 diabetes remain unclear. The aim
of this study was to determine the effect of insoluble fiber in a
high-fiber breakfast cereal on short-term satiety and food intake
and on glycemic response after a later meal.

MATERIALS AND METHODS

Subjects

Healthy men aged 20–35 y with a body mass index (in kg/m2)
of 20–27 were recruited to participate in 2 experiments through
advertisements posted across the University of Toronto campus.
Subjects were excluded if they had diabetes, did not eat breakfast,
were on a diet, or were taking medication. Those who scored �11
on a questionnaire on eating habits were identified as restrained
eaters and were excluded (21).

Sixteen subjects were recruited for experiment 1 and another
15 different subjects participated in experiment 2. Sample size
was based on a power analysis for a within-subject design from
the results of previous studies that had investigated the effect of
carbohydrate and cereal fiber on subjective appetite and food
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intake (14, 22). In a repeated-measures crossover design the
treatments were randomly assigned to each subject. All proce-
dures were reviewed and approved by the Human Subjects Re-
view Committee, Ethics Review Office of the University of To-
ronto, and all subjects gave informed consent.

Study design

The objective of experiment 1 was to describe the effect of a
breakfast high in insoluble fiber on appetite, food intake at an ad
libitum meal consumed 75 min later, and postprandial plasma
glucose. Four treatments were tested, including high-fiber (HF)
cereal (71g, 33 g insoluble fiber; Fiber One; General Mills Inc,
Minneapolis, MN), low-fiber (LF) cereal (30 g, 1 g fiber; Country
Cornflakes; General Mills Inc), white bread (WB), and 500 mL
water as control. Caloric treatments were given with 250 mL milk
and had equal calories (�300 kcal), macronutrient content (�50
g available carbohydrate, 15 g protein), volume, and weight
(Table 1). The HF and LF cereals were served in milk, whereas
the WB treatment was served with milk on the side.

The objective of experiment 2 was to describe the effect of the
high insoluble fiber cereal on blood glucose response to a preset
pizza meal of fixed quantity (850 kcal) consumed 75 min later.
The 3 treatments were similar to those of experiment 1 and
included HF cereal (33 g insoluble fiber; Fiber One; General
Mills Inc), LF cereal (1 g fiber; Country Cornflakes; General
Mills Inc), and WB but excluded the water control treatment. All
treatments were given with 250 mL milk and had equal calories
(�300 kcal), macronutrient content (�50 g available carbohy-
drate, 15 g protein), volume, and weight (Table 1). In this exper-
iment, the WB treatment was served cut into 2-cm3 pieces and
dipped in the milk to be eaten with a spoon in manner similar to
the cereals.

Protocol

The present study protocol is similar to protocols previously
reported in other studies (22–24). Subjects chose a time between

0700 and 1000 to participate in the sessions and arrived at the
same time at weekly intervals for each of the sessions. Subjects
arrived at the study room in the Department of Nutritional Sci-
encesat theUniversityofTorontoforeachsessionafteranovernight
fast (10–14 h). Water was allowed up to 1 h before the start of each
session.Onarrival, thosesubjectswhoseanswersonaquestionnaire
on sleep habits and stress factors indicated feelings of illness, atyp-
ical fatigue, or stress were asked to reschedule.

In experiment 1, the ad libitum meal experiment, a baseline
blood sample was taken, and subjects completed baseline visual
analog scale (VAS) questionnaires that measured their motiva-
tion to eat. Then they proceeded to the taste panel room where
they consumed 1 of the 4 treatments within 15 min. At that time,
they returned to a study room where they completed VAS ques-
tions assessing the palatability of the treatment and measuring
their motivation to eat and their physical comfort and provided a
blood sample. Measurements continued at 30, 45, 60, and 75 min
after the start of the session and immediately after termination of
the test meal (�90 min). Finger-prick blood samples were ob-
tained with the use of a Monojector Lancet Device (Sherwood
Medical, St Louis, MO). One drop of blood was placed on an
Accu-Chek test strip for immediate reading of glucose concen-
tration with the Accu-Chek monitor (Accu-Chek Compact and
Compact-Plus; Roche Diagnostics Canada, Laval, QC). Accu-
racy and variance of the monitors and test strips were monitored
before and after each experimental session for each subject by
comparison against a commercial human serum standard (6.3
mmol/L; Assayed Human Multi-Sera; Randox Laboratories
Canada Ltd, Mississauga, ON). Physical comfort VAS question-
naires were also administered at 75 min, immediately before the
test meal. Each page of the questionnaire was folded out of view
after each rating. The subjects remained seated throughout the
experimental session.

At 75 min after the start of the session and 60 min after fin-
ishing consumption of the preloads, subjects returned to the taste
panel room and were given bottled spring water (1.5 L; Crystal
Springs; Aquaterre Corp, St-Laurent, Canada) and an ad libitum
pizza meal and were instructed to eat until comfortably full.
Before the sessions, the subjects ranked the pizza according to
their preference. The participants were served 2 pizzas of their
first choice and 1 each of their second and third choices per tray,
consistent at each session. Each pizza was cut into quarters. The
subjects were told that additional identical hot tray replacements
would be presented in 6–7-min intervals. Three varieties of small
round (5-inch diameter, �200 kcal each) pizzas (deluxe, pep-
peroni, and 3 cheese; McCain Foods Ltd, Florenceville, Canada)
purchased from local retailers were available. An advantage of
using these pizzas was the lack of an outer crust, which results in
a pizza with uniform energy content and eliminates the possibil-
ity that the subject will eat the energy-denser filling and leave the
outside crust of the pizza.

Each variety of pizza was weighed separately, and the energy
consumed was calculated by converting the net weight to kilo-
calories with information provided by the manufacturer
(McCain). Water consumption was determined before and after
the test meal by weighing the water bottle. At the end of the test
meal, the subjects rated the palatability of the test meal and
completed the postmeal motivation-to-eat questionnaire.

Procedures for experiment 2 were identical to experiment 1
until the 75-min meal. At 75 min the subjects were given a preset
pizza meal of a fixed quantity and 250 mL water (850 kcal). The

TABLE 1
Composition of treatments1

Treatments

HF LF WB Water

Ingredients
Fiber One cereal (g) 71 — — —
Corn flakes cereal (g) — 30 — —
White bread (g) — — 76 —
Glucose (g) 13.1 13.1 — —
Butter (g) — — 1.25 —
Water (mL) 140 200 160 500
Whey (g) — 4.5 — —
1% Milk (mL) 250 250 250 —

Nutrients
Energy (kcal) 298 283 287 —
Dietary fiber (g) 33 1 0 —
Available

carbohydrate (g)
49 49 50 —

Protein (g) 15.5 14.5 13.5 —
Fat (g) 3.8 3.1 3.6 —
Weight (g) 474.1 497.6 487.2 500
Volume (mL) 500 500 500 500

1 HF, high-fiber cereal; LF, low-fiber cereal; WB, white bread.
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pizza meal consisted of 2 deluxe pizzas, 1 pepperoni pizza, and
1 three-cheese pizza. The subjects consumed the meal within 15
min. The subjects then returned to the study room where they
completed VAS questions assessing the palatability of the meal
and measuring their motivation to eat and physical comfort. At
meal completion (90 min) and at 15, 30, 45, and 60 min later,
blood samples were obtained and the motivation-to-eat VAS
questions were administered. Physical comfort VAS question-
naires were administered at 90 and 150 min after the start of the
session.

The motivation-to-eat VAS questionnaire, used to assess ap-
petite (22, 23, 25), was composed of 4 standardized question-
naires or scales: 1) How strong is your desire to eat? (“very weak”
to “very strong”), 2) How hungry do you feel? (“not hungry at all”
to “as hungry as I’ve ever felt”), 3) How full do you feel? (“not
full at all” to “very full”), and 4) How much food do you think you
could eat? (“nothing at all” to “a large amount”). Each VAS
consisted of a 100-mm line anchored at the beginning and end by
opposing statements. The subjects marked an “X” on the line to
indicate their feelings at that given moment. Scores were deter-
mined by measuring the distance (in mm) from the left starting
point of the line to the intersection of the “X.” The palatability of
the test meal was measured with a VAS. The question “how
pleasant have you found the food? ” could be answered by mark-
ing on a 100-mm line anchored at the beginning and end by the
statements “not at all pleasant” and “very pleasant.” (22, 23).
Similarly, physical comfort was assessed by answers to the fol-
lowing questions: 1) Do you feel nauseous? 2) Does your stom-
ach hurt? 3) How well do you feel? 4) Do you feel like you have
gas? and 5) Do you feel like you have diarrhea? The answers
ranged from “not at all” to “very much” (22, 23). The subjects
remained seated throughout the experimental session.

Statistical analysis

Statistical analyses were conducted with SAS, version 8.1
(SAS Institute Inc. Cary, NC). One-factor repeated measures
analysis of variance (ANOVA) was performed to test for the
effect of the treatment on outcome variables, including area un-
der the curve (AUC) (26) for blood glucose, and appetite, energy
intake, water intake, palatability, and physical comfort.

PROC MIXED ANOVA was used to test for the effect of
treatment and time on the mean blood concentrations for glucose
and on the absolute scores and change from baseline scores for
average appetite and the motivation-to-eat and physical comfort
questions (27, 28). Fasting concentrations of blood glucose were
included in the model as a covariate to control for between-
subjects differences at baseline. Tukey’s post hoc test was per-
formed when the interaction between treatment and time was
statistically significant. Student’s paired t test was used to com-
pare changes in blood glucose concentrations after consumption
of the pizza meal.

An average appetite score was calculated at each time of mea-
surement for each treatment as appetite score � [desire to eat �
hunger � (100 – fullness) � prospective consumption]/4. The
formula reflected the 4 questions on the motivation-to-eat ques-
tionnaire (22, 29). Average appetite was therefore used as a
summary measure of subjective appetite for statistical analyses.

A composite physical comfort score, based on the 5 questions
in the questionnaire, was calculated at each time of measurement
for each treatment as [(100 – nausea) � (100 – stomach) � well
� (100 – gas) � (100 – diarrhea)]/5 (22, 29). The composite

score was used as a summary of physical comfort for statistical
analyses. The percentage of caloric compensation for the test
treatment was calculated as compensation (%) � [control treat-
ment (kcal) – test treatment (kcal)]/preload (kcal) � 100.

All values are presented as means � SEMs. A P value � 0.05
was considered to indicate statistical significance.

RESULTS

Experiment 1: ad libitum meal

Food intake

Treatment affected the amount of energy consumed at the test
meal 75 min after the preloads were provided to the subjects (P �
0.001). Food intake was lower after the HF cereal and WB treat-
ments than after the LF cereal and water treatments (Figure 1).
Energy intake was not different between the HF cereal and WB
treatments and between the LF cereal and water treatments.

A significant treatment effect was observed on the percentage
compensation for the energy in the preloads (P � 0.05). Com-
pensation at the test meal for calories consumed in the HF cereal
treatment (99 � 19%) was significantly greater than after the LF
cereal treatment (42 � 23%) but not different from the WB treat-
ment (85�22%).Theamountofwaterconsumedwith the testmeal
was not affected by treatment (P � 0.3) (data not shown).

Average appetite

All treatments except water decreased average appetite at 15
min (P � 0.0001). Average appetite was lowest after the HF
cereal treatment followed by the LF cereal treatment, then the
WB, and finally water (Figure 2). Average appetite increased
with time (P � 0.0001), but no time-by-treatment interaction was
observed (P � 0.9).

The average appetite AUC, calculated as the change from
baseline, was affected by treatment (P � 0.0001). The HF cereal
treatment resulted in the lowest AUC (�1792 � 438.7 mm�min),
followed by the LF cereal (�1224. � 334.6 mm�min), WB
(�766 � 342.8 mm�min), and water (310 � 141.3 mm�min)
treatments.

Blood glucose

Blood glucose concentrations were affected by both treatment
(P � 0.0001) and time (P � 0.01) with a time-by-treatment
interaction (P � 0.01). At 15, 30, 45, and 60 min, blood glucose
concentrations after the LF cereal, HF cereal, and WB treatments
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FIGURE 1. Energy intake at an ad libitum meal 75 min after white bread
(WB), high-fiber cereal (HF), low-fiber cereal (LF), and water treatments in
16 healthy men. Data are presented as mean � SEM. Treatment affected
energy intake (P � 0.001, 1-factor ANOVA). Bars with different superscript
letters are significantly different, P � 0.05 (Tukey’s test).
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did not differ. At 75 min, blood glucose after the LF cereal and
water control was lower than after the HF cereal and WB treat-
ments (Figure 3). Blood glucose AUC to 75 min did not differ
among the HF cereal, WB, and LF cereal treatments but was
higher than after the water (P � 0.0001).

Blood glucose concentration after, compared with before, the ad
libitum pizza meal was increased after the LF cereal (0.4 � 0.2
mmol/L), WB (0.5 � 0.3 mmol/L), and water (1 � 0.3 mmol/L)
treatments (P � 0.05) but was unchanged after the HF cereal treat-
ment (�0.2 � 0.2mmol/L)whenanalyzedbyStudent’spaired t test
analysis. On the basis of a 1-factor ANOVA the increase in blood
glucose after the LF cereal, WB, and water treatments was greater
than after the HF cereal treatment (P � 0.001).

Physical comfort

No effect of treatment (P � 0.8) or time (P � 0.1) or time-
by-treatment (P � 0.5) interaction was observed on ratings of

physical comfort taken during 1 h after the consumption of each
treatment and after the ad libitum meal (data not shown).

Palatability

Subjective ratings of palatability for the pizza test meal were
not different (P � 0.6). However, subjective ratings of palatabil-
ity differed among treatments (P � 0.0001). The LF cereal treat-
ment (78.9 � 2.6 mm) was rated as more palatable than the HF
cereal (65.4 � 5.1 mm) and WB (53.9 � 5.5 mm) treatments.

Experiment 2: preset meal

Blood glucose

Between 0 and 75 min (before consumption of the preset
meal), blood glucose concentrations were not affected by treat-
ment (P � 0.4). However, blood glucose increased with time
(P � 0.0001), and a time-by-treatment interaction occurred (P �

FIGURE 2. Average appetite score, change from baseline, measured by visual analog scales after consumption of white bread (WB), high-fiber cereal (HF),
low-fiber cereal (LF), and water treatments before and after consumption of the ad libitum meal and net incremental area under the curve (AUC) in 16 healthy
men. Data are presented as mean � SEM. A 2-factor ANOVA identified a significant effect (P � 0.0001) of both treatment and time with no interaction on
average appetite score. Treatment affected average appetite AUC (P � 0.0001). Bars with different superscript letters are significantly different, P � 0.05
(Tukey’s test).

FIGURE 3. Blood glucose concentrations after consumption of white bread (WB), high-fiber cereal (HF), low-fiber cereal (LF), and water treatments and
after consumption of the ad libitum meal and the net incremental area under the curves (AUCs) in 16 healthy men. Data are presented as mean � SEM. A 2-factor
ANOVA showed a treatment effect on blood glucose concentrations (P � 0.0001). A significant effect of time (P � 0.01) and a time-by-treatment interaction
(P � 0.01) were observed. Treatment affected blood glucose AUC (P � 0.0001). Bars with different superscript letters are significantly different, P � 0.05
(Tukey’s test).
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0.05). At 15 min, the LF cereal treatment resulted in a larger
increase in blood glucose than did the HF cereal treatment; WB
was intermediate (Figure 4). Blood glucose AUC between 0 and
75 min did not differ among treatments (P � 0.7).

After the preset meal (75–150 min), blood glucose concentra-
tions were affected by treatment (P � 0.05) and time (P �
0.0001) with a time-by-treatment interaction (P � 0.0001). At 90
min, blood glucose after the LF cereal treatment was signifi-
cantly lower than after the WB treatment, but both were not
different from the HF cereal treatment. At 105 min, blood glu-
cose after the WB treatment was higher than after both the HF and
LF cereal treatments (Figure 4).

Paired t test analysis showed that blood glucose after com-
pared with immediately before the preset meal was higher at 105,
120, 135, and 150 min after the LF cereal and WB treatments.
However, it was unchanged after the HF cereal treatment (P �
0.05).

A treatment effect was observed on postmeal glucose AUC
from 90 to 150 min (P � 0.05). AUC after the HF cereal treatment
(3.6 � 14.2 mmol�min) was lower than after the LF cereal treat-
ment (42 � 12.5 mmol�min), but both were not different from the
WB treatment (26.9 � 12.4 mmol�min), which was intermediate.

Average appetite

Between 0 and 15 min, average appetite decreased and then
increased from 15 to 75 min after all treatments (P � 0.0001), but
average appetite did not differ among treatments (P � 0.4), and
no time-by-treatment interaction was observed (P � 0.3)
(Figure 5). Appetite AUC between 0 and 75 min was not affected
by treatment (P � 0.1). Individual appetite scales, including
ratings for hunger, fullness, desire to eat, and prospective con-
sumption, did not differ among treatments, and no time-by-
treatment interaction was observed (data not shown). Between 0
and 15 min, hunger, desire to eat, and prospective consumption
decreased and then increased from 15 to 75 min after all treat-
ments, whereas ratings for fullness increased between 0 and 15
min and then decreased from 15 to 74 min after all treatments
(P � 0.0001). AUC for fullness was significantly higher after the

HF cereal treatment (2536.0 � 412.3 mm�min) than after the WB
(1736.0 � 486.5 mm�min) and LF cereal (1582.0 � 364.7
mm�min) treatments (P � 0.05). AUCs for hunger, desire to eat,
and prospective consumption were not affected by treatment.

Between 90 and 150 min, after consumption of the preset meal,
treatment did not affect the overall appetite scores (P � 0.8).
Average appetite increased with time (P � 0.0001) without a
time-by-treatment interaction (P � 0.4) (Figure 5). Average ap-
petite response to the preset meal was unchanged after all treat-
ments from 90 to 150 min. Appetite AUC between 90 and 150
min was not affected by treatment (P � 0.3). Individual appetite
scales, including hunger, fullness, desire to eat, and prospective
consumption, changed with time (P � 0.0001) but were not
different among treatments, and no time-by-treatment interac-
tion was observed (data not shown). AUCs for fullness, hunger,
desire to eat, and prospective consumption were not affected by
treatment.

Physical comfort

No effect of treatment (P � 0.2) or time (P � 0.5) or time-
by-treatment (P � 0.7) interaction was observed on ratings of
physical comfort taken during the 2 h after the consumption of
each treatment and after the preset meal.

Palatability

No differences in subjective ratings of palatability for the pizza
meal were found (P � 0.8) (data not shown). However, the
subjective ratings of palatability differed among treatments. The
LF cereal treatment (82 � 3 mm) was rated as more palatable
than the HF cereal treatment (66 � 5 mm), which was more
palatable than the WB treatment (47 � 8 mm) (P � 0.0001).

DISCUSSION

This study shows that the insoluble fiber content of a HF cereal
reduces subjective appetite and food intake and improves post-
prandial glucose response after a meal consumed a short time
later by healthy men. These effects are independent of its effect
on blood glucose concentration before the meal.

Insoluble fiber in the HF breakfast cereal, when given in high
amounts (33 g), reduced ad libitum food intake more than a LF

FIGURE 4. Blood glucose concentration after consumption of white
bread (WB), high-fiber cereal (HF), and low-fiber cereal (LF) treatments at
0–75 min and after the preset meal at 75 min in 15 healthy men. Data are
presented as mean � SEM. Between 0 and 75 min, blood glucose concen-
trations were not affected by treatment (P � 0.4) but increased with time (P �
0.0001) with a time-by-treatment interaction (P � 0.05). After the preset
meal (75–150min), blood glucose concentrations were affected by treatment
(P � 0.05) and time (P � 0.0001) with a time-by-treatment interaction (P �
0.0001). Means with different superscript letters are significantly different,
P � 0.05 (Tukey’s t test).
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FIGURE 5. Average appetite score, change from baseline, measured by
visual analog scales from 0–75 min after consumption of white bread (WB),
high-fiber cereal (HF), and low-fiber cereal (LF) and after the preset meal
(90–150 min) in 15 healthy men. Data are presented as mean � SEM. No
significant effect of treatment was observed, but average appetite increased
with time (P � 0.0001) with no significant interaction.
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cereal and water (Figure 1), resulting in the highest caloric com-
pensation among treatments. Other studies have reported lower
short-term food intake after consumption of the same cereal
(Fiber One) (14) or another high insoluble fiber cereal (All Bran)
(30) when compared with LF cereals. Although the effect of the
insoluble fiber has been attributed to its effect on blood glucose
response to the cereals (30), those prior studies did not equalize
the amount of available carbohydrate among treatments. As a
result, their HF cereals were also lowest in available carbohy-
drate, and a lower glycemic response would be expected. In
contrast, except for fiber, we equalized macronutrient content,
volume, weight, and calories among the treatments (Table 1).
Consequently, the observed effect of the HF cereal might be more
directly attributed to its insoluble fiber content.

The insoluble fiber in this breakfast cereal appears to have
direct action on mechanisms of satiety and food intake. Although
it was assumed that lower food intake results from the low-
glycemic response to HF cereals (15), differences in the glycemic
effect of the treatments before the test meal provide an unlikely
explanation for the present results. All our treatments, in both
experiments, led to similar increases in blood glucose before the
meal. Furthermore, in many short-term studies of sugar and car-
bohydrates, an inverse relation between blood glucose and food
intake is found (22, 23).

The HF cereal led to a greater suppression in appetite scores
and increased fullness scores than did the WB or LF cereal
treatments, and the scores were associated with decreased food
intake. This immediate effect of the high insoluble fiber cereal on
satiety and food intake suggests that its effects were primarily in
the small intestine. Insoluble fiber increases the rate of small
intestine transit (12), which has the effect of reducing starch
absorption (31). In humans, carbohydrate carried into the distal
small intestine can elevate and prolong for 2–4 h the secretion of
glucagon-like peptide 1 (32, 33), a hormone known to contribute
to satiety and food intake suppression (34) and glucoregulation
(35) in humans. Furthermore, high insoluble fiber cereal was
shown to increase plasma concentrations of the satiety hormone
cholecystokinin more than LF cereals (15). Although increased
short-chain fatty acids occur from colonic fermentation of fiber
and undigested starch entering the colon, it is unlikely to be the
mechanism explaining the effects seen on satiety and food intake.
Increased production of breath histamine 2, a product of bacterial
fermentation reactions, was not found until 1 h after ingestion of
a high insoluble fiber cereal (Fiber One, 57g) (14). Measurement
of gut hormones after consumption of insoluble fiber may con-
tribute to an explanation of its short-term effects on food intake
(36).

An effect of HF cereal on the glycemic response to the test
meal was evident in both experiments. In the first experiment,
blood glucose response to the ad libitum meal 75 min later was
suppressed after the HF cereal treatment but increased after the
WB and LF cereal treatments. This occurred despite a similar
blood glucose response after consumption of the treatments,
suggesting that insoluble fiber did not have a regulatory effect on
blood glucose concentrations before the meal but affected the
postmeal response independently. However, the reduced post-
meal glucose response after the HF cereal compared with the
other treatments was somewhat uncertain because different
amounts of calories were consumed at the in ad libitum meal, and
glucose was measured only once after the meal. Therefore, in the
second experiment, we investigated the effect of insoluble fiber

on blood glucose concentrations after a preset meal of fixed
energy and macronutrient content.

The results of experiment 2 also showed that the HF cereal
prevented a postmeal rise in blood glucose and support the sug-
gestion that the glycemic response after the test meals was un-
related to its effects on blood glucose concentrations before the
meal. Previous research has concluded that a reduced glycemic
response after a “second meal” is due to fiber slowing absorption
and lowering glycemic response before the meal as well as con-
tinuing to exert this effect for some duration even after carbohy-
drate is later consumed (37–39). However, a lower glycemic
response at the second meal has been observed after soluble but
not after insoluble fiber. Lower glucose responses after a meal
were observed when lentils and barley, both low-glycemic index
foods rich in soluble and fermentable fiber, were consumed as the
first meal, but not after whole-meal bread, a high-glycemic index
food rich in insoluble fiber (37, 40). Similarly, the addition of
guar gum, a soluble fiber, to a glucose load resulted in a lower
glucose response before and after a second meal (41, 42).

Bacterial fermentation may have been a factor in the postmeal
glucose response. Short-chain fatty acids increase proglucagon
mRNA in rats (43) and secretion of incretin hormones, including
glucagon-like peptide 1 (44), reduce postprandial glycemic re-
sponses (45), as well as reduce gastric tone (46–48), resulting in
better glucose tolerance. When lactic acid and lactulose, both
boosting colonic fermentation, were added to a high-glycemic
index treatment, glucose response was suppressed at the second
meal 4 h later (46, 49). It remains to be seen whether the postmeal
effect of insoluble fiber on blood glucose occurs in response to
meals consumed 	75 min later and whether smaller doses of
insoluble fiber will give similar benefits.

In the first experiment, the WB treatment also reduced energy
intake at the test meal compared with cornflakes. Although both
had a LF content, the difference in consistencies among the
treatments may have been a factor. The WB treatment was con-
sumed as a whole slice with milk on the side, whereas the LF
cereal treatment was consumed in the milk, a semisolid consis-
tency consumed with a spoon. In the second experiment, we
corrected for the consistency differences by slicing and dipping
the WB in milk. Consequently, the appetite response after the
WB treatment was decreased similarly to the LF and HF cereal
treatments unlike the first experiment. This decrease might be
due to the lower reported palatability of the WB treatment, but
more likely the more solid consistency resulted in greater satiety
(50, 51). Several mechanisms may account for this phenomenon.
Furthermore, both early and pancreatic exocrine and endocrine
responses to oral stimulation with solid stimuli are greater than
those to fluids (52–54). A cephalic phase release of the satiety-
promoting peptide, cholecystokinin, was also shown with a solid
meal (55). In contrast, fluids are emptied at a more rapid rate from
the stomach (56–58), resulting in a more rapid time course of
activation and shorter duration of effect on satiety signals arising
from the gut or proximal duodenum (59, 60).

The composition of the starch and protein in the treatments
does not explain their effects on food intake. The digestible
carbohydrate in the WB and HF cereal treatments is composed of
primarily wheat flour, whereas cornflakes are composed of corn-
starch. However, both wheat flour and cornstarch have a similar
ratio of amylose to amylopectin (25:75). The composition of
starches, more specifically the ratio of amylose to amylopectin,
is a determinant of satiety because it influences the metabolic
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responses after ingestion (61). Unlike the LF cereal treatment,
both the HF cereal and WB treatments had a similar protein
source, wheat gluten, but the amounts of protein consumed are
likely too small to be of significance. Studies showing that pro-
tein source plays a role in the way proteins suppress food intake
and appetite have used much larger doses of proteins (62).

The observed suppression in appetite and short-term food in-
take after insoluble fiber supports a role for insoluble fiber in
weight loss or weight maintenance on the long term. Consump-
tion of insoluble fiber for 1 mo was shown to result in weight loss
in both healthy (63) and obese persons (64). Furthermore, studies
have reported that overweight subjects given insoluble fiber sup-
plements after weight reduction were able to sustain their weight
loss compared with subjects given a placebo (19).

In conclusion, the insoluble fiber found in a high-fiber ready-
to-eat breakfast cereal suppresses appetite, lowers food intake,
and improves glucose response to a meal consumed 75 min later.
The potential of insoluble fibers in the management of obesity
and related metabolic disorders warrants further study.
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Breakfast glycemic index affects subsequent daily energy intake in
free-living healthy children1�3

Anette E Buyken, Karin Trauner, Anke LB Günther, Anja Kroke, and Thomas Remer

ABSTRACT
Background: Experimental studies have reported that the effect of
a meal’s glycemic index (GI) on subsequent energy intake depends
on the timing of the subsequent meal.
Objective: We examined whether the timing of the next meal after
breakfast modifies the effect of the breakfast GI (GIbr) on subsequent
daytime energy intake of healthy free-living children.
Design: Analyses included 381 participants of the DOrtmund Nutri-
tional and Anthropometrical Longitudinally Designed (DONALD)
Studywhohadprovidedweigheddietary recordsatages2,4–5,and7y.
Results: At all ages, among children who consumed their next meal
in the early postprandial phase (after 3–4 h), children with a lower
GIbr consumed more calories throughout the remainder of the day
than did children with a higher GIbr, independent of major dietary
confounders. For the age groups 2, 4–5, and 7 y, energy intakes in
tertiles 1 and 3 were 785 kcal (95% CI: 743–830 kcal) and 717 kcal
(678–758 kcal), P for trend � 0.2; 993 kcal (941–1047 kcal) and 949
kcal (900–1000 kcal), P for trend � 0.05; 1255 (1171–1344) and
1166 (1090–1247 kcal), P for trend � 0.03, respectively. Con-
versely, among children consuming their next meal in the late post-
prandial phase (�3–4 h), subsequent daytime energy intake was not
associated with GIbr.
Conclusion: This study confirms differential early and late post-
prandial effects of the GIbr on subsequent daytime energy intake for
free-living children at different ages. Interestingly, the apparent
short-term satiating effect of a higher GIbr, in particular, persisted
throughout the day, if a second breakfast was consumed
midmorning. Am J Clin Nutr 2007;86:980–7.

KEY WORDS Glycemic index, glycemic load, children, sati-
ety, energy intake, breakfast

INTRODUCTION

The regular consumption of carbohydrates that elicits higher
relative postprandial blood glucose and insulin concentrations,
ie, high–glycemic index (GI) foods, was proposed to contribute
to the development of overweight, impaired insulin sensitivity,
and other components of the metabolic syndrome (1, 2). This
notion builds on the assumption that the downstream effects of
early postprandial peaks in insulin and glucose concentrations
persist into the middle postprandial phase, ie 2–4 h after nutrient
absorption has declined, subsequently provoking reactive hypo-
glycemia in the late postprandial phase, which may in turn induce
hunger and higher voluntary energy intakes (2).

For adolescents, 3 experimental studies lend support to this
hypothesis, reporting remarkably higher subsequent voluntary

energy intakes or shorter periods of satiety after the consumption
of high-GI meals when compared with isocaloric low-GI meals
(3–5). However, the satiating effects of lower GI foods may
require �3 h to emerge (6). In fact, studies in healthy adults
assessing the impact of the dietary GI on voluntary energy intake
in the early postprandial phase suggest that high-GI foods may
suppress short-term voluntary energy intake more effectively
than do low-GI foods (7–11). Such opposing effects of a high-GI
meal in the early and late postprandial phase can potentially be
ascribed to a satiating effect of blood glucose spikes in the early
postprandial phase (6), which ceases once glycemia drops to
concentrations below baseline in the later postprandial phase (2).
However, it remains to be clarified whether such opposing early
and late postprandial effects of a high-GI meal on subsequent
energy intake can also be observed in healthy children under
“real life conditions” and, if so, whether such influences extend
to the entire subsequent daily energy intake. These insights
would also be of interest for early childhood and the time of the
adiposity rebound, because these periods are proposed as being
critical for the development of later overweight (12, 13).

Detailed dietary assessment conducted as part of the
DOrtmund Nutritional and Anthropometrical Longitudinally
Designed (DONALD) Study allowed us to determine the dietary
GI and the carbohydrate content of meals, as well as the time
between meals. From these repeatedly assessed data we first
analyzed the association between the dietary GI at breakfast and
the timing of the subsequent meal and second examined whether
the timing of the next meal after breakfast modifies the effect of
the breakfast GI (GIbr) on the subsequent daytime energy intake
of 381 healthy free-living children at ages 2, 4–5, and 7 y.

SUBJECTS AND METHODS

DONALD Study

The DONALD Study is a longitudinal (open cohort) study
collecting detailed data on diet, growth, development, and
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metabolism between infancy and adulthood. Details on the sub-
ject selection procedure and the study protocol are described
elsewhere (14). Briefly, the study was initiated in 1985 with
children and adolescents of different ages participating in ongo-
ing anthropometric studies at the Research Institute of Child
Nutrition in Dortmund, Germany. Since then, each year �40–50
healthy infants were recruited from the city of Dortmund and
surrounding communities by personal contacts, maternity wards,
or pediatric practices. The study, which is exclusively observa-
tional and noninvasive until age 18 y, was approved by the Ethics
Committee of the University of Bonn, and all examinations were
performed with parental consent.

Annual visits include a medical examination, anthropometric
measurements, and the completion of a weighed 3-d dietary
record. Standing height was measured to the nearest 0.1 cm with
the use of a digital stadiometer. Weight was measured to the
nearest 0.1 kg with the use of an electronic scale. Skinfold thick-
ness measurements were taken on the right side of the body at the
biceps, triceps, subscapular, and suprailiac sites to the nearest 0.1
mm with the use of a Holtain caliper (Holtain Ltd, Crymych,
United Kingdom). Parents were interviewed, and their anthro-
pometric measurements were obtained by the study nurses on
their child’s admission to the study.

Nutrition assessment

Food consumption in the DONALD Study was assessed with
the use of weighed 3-d dietary records as described previously
(15). Parents of the children weighed and recorded all foods and
beverages consumed, as well as leftovers, with the use of elec-
tronic food scales (��1 g) on 3 consecutive days. Recipes for
meals prepared at home were recorded. The packaging of com-
mercial food products was kept. Semiquantitative recording (eg,
number of spoons, scoops) was allowed if weighing was not
possible. At the end of the 3-d record period, a dietitian visited the
family and checked the record for completeness and accuracy.

Energy and nutrient intakes were calculated with the use of the
in-house nutrient database LEBTAB (16), which is continuously
updated to include all recorded food items. LEBTAB is based on
the German standard food tables (17) with complementary data
from other national food tables (18–20) and data obtained from
commercial food products. Because the labels of commercial
products do not usually provide information on all the nutrients
included in LEBTAB, the composition of these products was
simulated. This simulation procedure included all ingredients
declared on the label. The respective amount of each ingredient
was then estimated to match the simulated nutrient data with the
available declared nutrient data (16). From this simulation, data
for all nutrients in LEBTAB could then be calculated. For all
complex foods not included in the food tables, food composition
was calculated with the use of the recipes provided by the study
participants or with local recipes.

Glycemic index and glycemic load

Dietary GI is defined as the incremental area under the glucose
response curve after the intake of 50 g carbohydrate from a test
food compared with the area under the glucose curve induced by
the same amount of carbohydrates from ingested glucose (21).
The glycemic load (GL) has been proposed as an indicator of the
absolute glucose response induced by a serving of a food (22) and
corresponds to the amount of each carbohydrate multiplied by its
respective GI.

For the present analysis each carbohydrate-containing food
recorded in the dietary record was assigned a dietary GI accord-
ing to a standardized procedure (23). In brief, foods were either
assigned 1) a published GI (24–26) or 2) the GI of a close match,
or 3) the GI was calculated from the GI values of the food’s
ingredients with the recipes available from the in-house data-
base. The carbohydrate content of the food was the principal
consideration when matching a particular food with one listed in
the tables. Foods providing mainly fat or protein with a carbo-
hydrate content �5 g/100 g were assigned a GI of 0 (eg, cold
meats). The mean GI and GL of each subject’s breakfast (GIbr

and GLbr) was determined by multiplying the carbohydrate con-
tent (in g) of each food consumed by the food’s GI and dividing
the sum of these products (which corresponds to the GLbr) by the
total carbohydrates consumed at breakfast.

Study population

In the DONALD population a total of 395 children had pro-
vided 3-d dietary records at each of the following ages: 2, 4–5,
and 7 y. To be eligible for the present analysis, children had to
have at least 1 recording day, fulfilling the following criteria: 1)
an 8-h overnight fasting period before breakfast (ie, only dietary
records kept on the second and third day were eligible because
information on fasting during the preceding night was not avail-
able for the first recording day), and 2) a minimum carbohydrate
intake of 3, 4, or 5 g at breakfast at ages 2, 4–5, and 7 y, respec-
tively, corresponding to �1% of total recommended energy at
the respective age.

Meals that were consumed �30 min apart were considered as
1 meal. Overall, 381 children had at least one 1-d record, meeting
these criteria at each of the following ages: 2, 4–5, and 7 y
(number of eligible records: 721, 1451, and 748, respectively).
Among these, one 1-d record was randomly selected for each
child at each age.

Statistical analysis

Values of GIbr and GLbr were energy-adjusted with the use of
the residual method (27) and then grouped into tertiles. Differ-
ences in general characteristics, nutritional intake, or carbohy-
drate intake from food groups between tertiles were analyzed
with the Kruskal-Wallis tests for continuous data and the chi-
square tests for categorical data. All data were presented sepa-
rately for ages 2, 4–5, and 7 y because the relations of carbohy-
drate (percent of energy), fat (percent of energy), protein (percent
of energy), and fiber (g/1000 kcal) intakes with tertiles of GIbr

were found to differ between the age groups (P � 0.0001 to P �
0.0004, test for interaction in a full model).

Separate sets of multiple regression models were run to ex-
amine the association of the energy-adjusted residuals of GIbr or
GLbr with both time to second meal and subsequent energy intake
as outcome variables. Subsequent energy intakes (daily energy
intake minus energy intake at breakfast) were log-transformed to
improve homoscedasticity. Analyses, including energy-adjusted
residuals of GIbr or GLbr as continuous variables, were performed
to test for a continuous trend, whereas analyses with energy-
adjusted tertiles of GIbr or GLbr yielded mean times to second
meal and mean subsequent daily energy intakes for each tertile
adjusted for potential confounders. The adjusted means were the
values predicted by the model when the other variables were held
at their mean value. Potential confounders considered in multiple
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regression analyses were energy-adjusted residuals of carbohy-
drate, fiber, protein, fat, and sugar at breakfast, as well as the
quantity of caloric beverages (milk, cocoa, fruit juices, and soft
drinks) at breakfast. Initial analyses also considered nondietary
factors (sex, maternal overweight, maternal education, smoking
in the household, current body mass index, body fat, and body
weight), which did not, however, affect any estimate. All models
for age 4–5 y included age as a covariate.

To test the assumption that the association between GIbr or
GLbr and the subsequent energy intake may be modified by the
time to second meal, we performed tests for interactions in non-
adjusted models, categorizing time to the second meal as �1,
�1–2, �2–3, �3–4, or �4 h. In case of a significant interaction,
separate sets of linear regression models were run for each time
category to distinguish time categories with a negative estimate
from those with a positive estimate for GIbr or GLbr. Subse-
quently, multiple linear regression analyses stratified for the 2
resulting time strata (early compared with late consumption of a
second meal) were performed with strata-specific energy-
adjusted tertiles. Finally, a concluding test for interaction with
age groups was conducted with the data from all age groups. In
the full models testing for a 3-factor interaction (eg, age group �
GIbr� time to second meal), all lower order 2-factor interactions
and main effects were kept in the full model.

Because analyses indicated no interactions between sex and
the relations of the GIbr or GLbr to time to the second meal or to
subsequent energy intake, data from girls and boys were pooled
for analyses. All statistical analyses were performed with the
SAS program, version 8.2 (SAS Institute, Cary, NC). A P value
� 0.05 was considered to indicate statistical significance.

Power considerations

The data from 381 children were sufficient to detect a differ-
ence of 0.5 h in the time to second meal between the lowest and
the highest tertiles of GIbr at the 0.05 level, with 80% power. For
the effect on subsequent daytime energy intake we estimated the
power for age 7 y as an example, assuming that two-thirds of the
children will, as in a pilot analysis (28), report a second meal in
the early postprandial phase. Should this assumption hold, the
numbers of children consuming their meal either in the early

postprandial phase (n � 250) or in the later postprandial phase
(n � 130) would be sufficient to detect differences of 75 kcal and
105 kcal, respectively, in subsequent energy intake between the
lowest and the highest tertiles of GIbr at the 0.05 level, with 80%
power.

RESULTS

The general characteristics (Table 1), nutritional intakes
(Table 2), and carbohydrate intakes (Table 3) from different
food groups of the 381 children at ages 2, 4–5, and 7 y are shown
by the lowest and highest tertiles of energy-adjusted GIbr. For the
general characteristics, few differences were observed between
the tertiles (Table 1). When compared with their respective coun-
terparts reporting the highest tertile of GIbr, at age 2 y children in
tertile 1 had a slightly higher body mass index, at age 4–5 y
frequency of maternal overweight was higher in children report-
ing the lowest tertile of GIbr, and at age 7 y smoking in the
household was more frequent among children in tertile 1.

As expected, at all 3 ages, nutritional intakes of children re-
porting the highest tertiles of GIbr were characterized by a sig-
nificantly higher GL (Table 2), resulting from both significantly
higher GIbr values and higher carbohydrate intakes in children in
tertile 3 than children in tertile 1. Furthermore, at all ages, a
higher GIbr was associated with a higher relative intake of car-
bohydrates and sugar and a lower relative intake of fat and pro-
tein. At age 2 y, a lower GIbr reflected a high-fat, high-protein
breakfast providing no fiber. By age 7 y, a lower GIbr reflected a
breakfast with a relatively high-carbohydrate content accompa-
nied by a higher fiber intake and a lower sugar intake. Overall,
compared with age 2 y, GIbr values were higher at ages 4–5 and
7 y, with the difference between tertile 1 and tertile 3 becoming
smaller.

At age 2, milk and dairy products constituted most of the
carbohydrates consumed at breakfast by children reporting the
lowest tertile of GIbr, whereas bread or rolls with sweet spread
provided most of the carbohydrates among children reporting the
highest tertile of GIbr (Table 3). By age 7 y, the difference in GIbr

was mostly attributable to a difference in the consumption of
milk and dairy products. Other foods such as fruit, fruit juices, or

TABLE 1
General characteristics of the sample by tertile (T) of glycemic index at breakfast (GIbr) (total n � 381)1

Age 2 y Age 4–5 y Age 7 y

T1 (n � 127) T3 (n � 127) T1 (n � 127) T3 (n � 127) T1 (n � 127) T3 (n � 127)

Girls (%) 43 47 43 47 46 49
Weight (kg) 13.0 (12.0–14.0)2 12.6 (11.7–13.8) 18.1 (16.7–20.2) 18.2 (16.3–20.0) 25.2 (22.8–27.9) 24.5 (22.5–28.2)
BMI (kg/m2) 16.5 (15.4–17.1) 16.1 (15.3–16.9)3 15.5 (14.7–16.4) 15.5 (14.7–16.5) 15.8 (14.9–17.1) 15.6 (14.8–17.2)
Body fatness (%)4 18.9 (17.0–21.5) 18.6 (16.6–20.6) 16.8 (15.3–19.2) 17.5 (15.7–20.3) 16.7 (14.0–20.4) 16.5 (14.4–20.5)
Overweight (%)5 9.5 7.9 7.9 5.5 11.0 10.2
Maternal school education 	 12 y (%) 65.4 62.2 59.8 62.2 60.6 70.1
Maternal overweight (%)6 24.4 25.2 29.9 18.93 25.2 25.2
Smoking in household (%) 26.8 29.9 21.3 28.4 34 19.73

1 Tertiles of GIbr were based on GIbr values adjusted for energy consumed at breakfast with the use of the residual method (27).
2 Median; 25th–75th percentile in parentheses (all such values).
3 Significant difference between tertiles, P � 0.05 (Kruskal-Wallis test for continuous variables and Mantel-Haenszel chi-square test for categorical

variables including data from all 3 tertiles).
4 Determined according to Deurenberg et al (29).
5 Defined as exceeding the 90th percentile of German reference data (30).
6 Defined as BMI 	 25.
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breakfast cereals made only minor or no contributions to carbo-
hydrate intake at breakfast at all ages.

At all ages, lower values of GIbr were independently associ-
ated with a shorter time to the second meal (P for continuous
trends � 0.01–0.05, adjusted for intake of carbohydrate, protein,
energy, and caloric beverages at breakfast) (Figure 1); however,
the strength of this association differed between the age groups
(P � 0.03 for interaction of age group � GIbr tertiles in the full
model). Further adjustment for intakes of fiber, sugar, or fat at
breakfast did not affect the results (data not shown).

In nonadjusted models higher values of GIbr were related to
lower subsequent energy intake (P � 0.02, P � 0.01, and P �
0.06 at ages 2, 4–5, and 7 y, respectively). As hypothesized, at all
ages, categories of time to second meal showed a significant
interaction with GIbr in its association with subsequent energy
intake (P for interaction � 0.004, P � 0.0001, and P � 0.0001 at
ages 2, 4–5, and 7 y, respectively). Time categories with a neg-
ative estimate for the association between GIbr and subsequent
energy intakes were distinguished from those with a positive
estimate, yielding 2 strata of consumption of the next meal in the
early and late postprandial phase, ie, �4 h compared with �4 h
at ages 2 and 4–5 y and �3 h compared with �3 h at age 7 y.

At all ages, among children consuming their next meal earlier
(after 3 or 4 h), children reporting the lowest GIbr tertile con-
sumed more calories throughout the remainder of the day than
did their counterparts in the higher GIbr tertiles; however,

the continuous trend was only significant at ages 4–5 and 7 y
(Figure 2). Conversely, among children consuming their next
meal �3 or 4 h after breakfast, subsequent daily energy intake
was not associated with GIbr, despite a nonsignificant suggestion
of a higher energy intake among children in the highest GIbr

tertile at age 2 y. In the full model with data from all ages, the
absence of a 3-factor interaction (P � 0.8 for age group � GIbr

tertiles � time to second meal strata) and the presence of a
2-factor interaction for GIbr tertiles � time to second meal strata
(P � 0.02) underpin that the time to second meal influences the
association between GIbr and subsequent energy intake in a sim-
ilar way at all 3 ages. Our analysis adjusts for potential differ-
ences between the GIbr tertiles in carbohydrate, fiber, energy, and
caloric beverages at breakfast. Further adjustments for intakes of
protein, sugar, or fat at breakfast did not affect the results (data
not shown).

When analyses were repeated with GLbr in place of GIbr, GLbr

was neither related to the time to the second meal (P � 0.3, P �
0.5, and P � 0.2 at ages 2, 4–5, and 7 y, respectively, adjusted for
fat, energy, and caloric beverages at breakfast) nor to subsequent
daytime energy intake (P � 1.0, P � 0.7, and P � 0.3, respec-
tively, adjusted for fat, energy, and caloric beverages at break-
fast). In addition, no interaction between GLbr and time to next
meal was observed (P � 0.9, P � 0.2, and P � 0.7 at ages 2, 4–5,
and 7 y, respectively, unadjusted) in its association with subse-
quent daytime energy intake.

TABLE 2
Nutritional intake at breakfast by tertiles (T) of glycemic index at breakfast (GIbr) (total n � 381)1

Age 2 y Age 4–5 y Age 7 y

T1 (n � 127) T3 (n � 127) T1 (n � 127) T3 (n � 127) T1 (n � 127) T3 (n � 127)

GI 30 (27–34) 56 (53–61)2 44 (35–47) 60 (58–63)2 47 (44–49) 62 (60–65)2

GL (g) 3.4 (2.6–5.3) 12.8 (8.6–16.7)2 10.7 (5.1–17.0) 18.9 (13.1–26.6)2 14.8 (10.0–22.2) 23.2 (16.2–30.3)2

Carbohydrate 11.8 (9.0–15.4) 22.1 (14.8–29.5)2 24.7 (15.1–37.2) 32.1 (21.2–43.6)2 32.2 (22.1–46.5) 35.6 (25.7–48.1)2

Carbohydrate (% of
energy)

31.1 (29.4–41.3) 55.3 (46.9–64.9)2 43.5 (36.7–51.5) 57.0 (48.0–67.0)2 48.2 (40.8–58.6) 58.9 (47.7–66.1)2

Sugar (% of energy) 0 (0–12.1) 9.1 (1.5–17.4)2 8.6 (0–14.9) 11.6 (3.3–17.7)2 10.4 (3.5–18.1) 13.4 (47.7–66.1)
Fiber (g/1000 kcal) 0 (0–2.4) 9.9 (5.7–15.8)2 5.6 (2.2–9.0) 9.7 (6.6–14.7)2 7.8 (4.7–12.2) 7.4 (5.9–10.8)2

Fat (% of energy) 50.2 (40.5–50.2) 32.3 (25.7–40.5)2 41.3 (30.8–46.9) 30.7 (22.9–39.6)2 35.9 (27.1–43.3) 29.5 (21.5–38.8)2

Protein (% of energy) 20.5 (17.0–20.5) 11.5 (8.0–14.5)2 15.7 (12.7–19.5) 11.6 (8.2–14.7)2 14.1 (11.1–17.7) 11.6 (9.3–13.9)2

Energy (kcal) 146 (106–179) 178 (118–224)2 243 (158–319) 234 (153–319)2 283 (197–354) 253 (167–351)2

1 Values are medians; 25th–75th percentiles in parentheses. Tertiles of GIbr were based on GIbr values adjusted for energy consumed at breakfast with the
use of the residual method (27). GL, glycemic load.

2 Significant difference between tertiles, P � 0.05 (Kruskal-Wallis test, including data from all 3 tertiles).

TABLE 3
Carbohydrate intake from different food groups at breakfast by tertile (T) of glycemic index at breakfast (GIbr) (total n � 381)1

Age 2 y Age 4–5 y Age 7 y

T1 (n � 127) T3 (n � 127) T1 (n � 127) T3 (n � 127) T1 (n � 127) T3 (n � 127)

Milk and dairy products (g) 10.0 (7.1–13.0) 2.2 (0–5.9)2 11.3 (7.6–15.9) 2.0 (0–5.9)2 10.4 (5.4–16.7) 3.8 (0–7.2)2

Breakfast cereals (g) 0 (0–0) 0 (0–0)2 0 (0–0) 0 (0–6.6)2 0 (0–0)2 0 (0–22.5)2

Bread and rolls (g) 0 (0–0) 8.9 (0–13.2)2 5.2 (0–13.0) 12.5 (0–22.0)2 9.6 (0–15.9) 11.7 (0–25.9)2

Fruit and fruit juices (g) 0 (0–0) 0 (0–3.3)2 0 (0–3.6) 0 (0–3.9) 0 (0–7.7) 0 (0–0)2

Sugary foods (g)3 0 (0–0) 2.5 (0–6.1)2 0 (0–5.0) 4.9 (0–10.4)2 0 (0–7.5) 0 (0–9.6)2

1 Values are medians; 25th–75th percentiles in parentheses. Tertiles of GIbr were based on GIbr values adjusted for energy consumed at breakfast with the
use of the residual method (27).

2 Significant difference between tertiles, P � 0.05 (Kruskal-Wallis test, including data from all 3 tertiles).
3 Soft drinks, cakes, cookies, and sweet spreads.
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DISCUSSION

This study also confirms differential early and late postpran-
dial effects of the GIbr on subsequent daytime caloric intake for
free-living children. Among free-living children who consumed
a second meal at midmorning, a higher dietary GI at breakfast
yielded significantly lower subsequent daily caloric intakes.
Conversely, GIbr was not related to subsequent daytime energy
intake among children who consumed a second meal in the late
postprandial phase. These differential associations were consis-
tently observed at ages 2, 4–5, and 7 y, despite different carbo-
hydrate sources being responsible for a lower or higher GIbr, and
were independent of major dietary factors known to influence
satiety, ie, consumption of protein, fat, sugar, fiber, or caloric
beverages at breakfast (31, 32).

Suppressed energy intakes 1–2 h after the consumption of
high-GI carbohydrates were also reported by most (7–11) but not
all (33, 34) short-term experimental studies in adults. Interest-
ingly, in our study the potential short-term satiating effect of a
high-GI meal appears to persist throughout the remainder of the
day, an aspect not analyzed in the short-term experimental stud-
ies. Elevated blood glucose concentrations after consumption of
a high-GI meal are generally accompanied by peaks in insulin
concentrations (2), which could be involved in daytime satiety
signaling (35). Appropriate insulin signaling is, in addition to
peripheral and hypothalamic neuropeptides, required for effec-
tive anorectic action of the satiety signal leptin. Because high-GI
meals may elicit both postprandial insulin peaks (36) and in-
creases in leptin concentrations (37, 38), it could thus be specu-
lated that it is the combination of these effects after the ingestion
of a high-GI breakfast that results in a persistent reduction of
energy intake throughout the remainder of the day, if a second
meal is consumed midmorning. It remains to be further explained
whether a habitual increase in insulin secretion on a morning-to-
morning basis could contribute to the established involvement of
insulin in the long-term regulation of energy balance (35).

The GI of a meal is only one characteristic of carbohydrates
that influences satiety signaling. Carbohydrates also affect the
stimulation of several hormones involved in food regulation
(35). Our finding that subsequent energy intake was clearly re-
lated to GIbr (ie, the potential relative increase in glycemia) but
not to GLbr (ie, the potential absolute increase in glycemia) is
nonetheless in accordance with a review concluding that absolute
glucose concentrations have no straightforward relation to ap-
petite, whereas short-term dynamic changes in blood glucose
concentration are strongly related to satiety (35), as originally
proposed in the glucostatic theory (39).

In the present observational study, children who consumed
their next meal in the later postprandial phase did not report
higher energy intakes after a breakfast with a higher GI, as sug-
gested by experimental studies in normal weight and obese ad-
olescents (3, 4). This discrepancy may lie in the nature of our
observational study in that the GI in the highest GI tertiles [GI
ranging from 56 to 62, values considered a medium GI (24)] may
not have been high enough for the described hunger-inducing
drop in glycemia to values below baseline to occur. In addition,
at least at age 2 y, the nonsignificance of the suggested direct
association between GIbr and subsequent energy intake among
children who consumed their next meal �4 h after breakfast may
be due to lack of power in this group of children (n � 33).
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FIGURE 1. Time to second meal after breakfast by tertile (T) of glycemic
index (GI) at breakfast in 381 children at age 2 y, age 4–5 y, and age 7 y. Data
are presented as mean and 95% CI, adjusted for energy, energy-adjusted
residuals of carbohydrate and protein, and consumption of caloric beverages
(in g) at breakfast. Models at age 4–5 y also consider the age of the partici-
pants. P for continuous trend refers to the P values obtained in linear regres-
sion models with the GI at breakfast as a continuous variable.
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FIGURE 2. Subsequent daily energy intake by tertile (T) of glycemic index (GI) at breakfast in 381 children at age 2 y, age 4–5 y, and age 7 y by strata
of time to the second meal. Data are presented as mean and 95% CI, adjusted for energy, energy-adjusted residuals of carbohydrate and fiber, and consumption
of caloric beverages (in g) at breakfast. Models at age 4–5 y also consider the age of the participants. P for continuous trend refers to the P values obtained in
linear regression models with the GI at breakfast as a continuous variable.
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Whether this effect exists, is, however, of little practical rele-
vance, because only a few 2-y-old children appear to consume
their next meal �4 h after breakfast. At age 7 y, we would have
been sufficiently powered to detect a difference well below the
20–80% caloric difference suggested by experimental studies
that compared subsequent voluntary energy intakes after the
consumption of high-GI meals and isocaloric low-GI meals (3,
4). Alternatively, the experimental studies may have been con-
founded by concomitant differences in protein content between
the low- and high-GI diets (3, 4) because protein is known to have
notable satiating properties (31). In addition, the hunger-
inducing drop in glycemia several hours after consumption of a
high-GI breakfast may, if present, have affected only the caloric
intake at the subsequent meal but not the overall subsequent
daytime energy intake.

In the present study, children who consumed a breakfast with
a lower GI consumed their second meal earlier than children who
consumed a breakfast with higher GI. Although this finding
contradicts results reported from experimental studies in chil-
dren and adolescents (3, 4), it is in accordance with the previously
discussed short-term satiating properties of a high-GI meal,
which were more relevant in this cohort, because most children
consumed their second meal within 3–4 h after breakfast.

The main advantages of this observational study include its
relatively large sample size with dietary data assessed at ages 2,
4–5, and 7 y with a prospective weighed 3-d dietary record,
which allows the determination of the dietary GI of meals, as well
as our ability to control for major nutritional factors known to
influence satiety (31, 32). In addition, because the same children
were analyzed at the 3 ages, potential bias otherwise introduced
by differences in socioeconomic variables was controlled for.
However, 2 limitations require specific attention when interpret-
ing our findings. First, we had to calculate GI values from their
ingredients for a large percentage of the carbohydrate-containing
foods, a procedure which was controversially discussed (40–
44). However, several investigative groups have shown that the
GI of a whole diet or mixed meal can be accurately estimated
from the GI value of the individual foods it contains (40, 42, 45).
In the absence of GI values for all foods and meals recorded in
observational studies, GI calculation thus appears the only valid
and feasible approach for epidemiologic studies. Second, we
were not able to adjust for physical activity. If a lower GI at
breakfast would reflect a healthier lifestyle, a lack of adjustment
for physical activity could have confounded our results in that
children in the lowest GIbr tertile may have had higher energy
intakes as a result of higher levels of physical activity.

Our findings may have implications for strategies to prevent
overweight in children: among children consuming a second
meal within 3 h after the first, a high GI of the first meal may
result in a lower subsequent daily energy intake. We can, how-
ever, not preclude adverse influences of a high-GI breakfast
among persons who do not ingest a second breakfast or consume
breakfasts with much higher GI values than in our study, which
may be more frequently the case among adolescents (46). As a
corollary, the differential effects of a meals’ GI on subsequent
energy intake, depending on the timing of the subsequent meal,
among healthy children may explain why strong associations
between the dietary GI and body composition are rarely reported
for children and adolescents (47–49). Clearly, our observational
data in healthy children cannot be interpreted as a general argu-
ment against the usefulness of diets low in GI, GL, or both in the

management of overweight in childhood or adolescence. Our
data would at most suggest that children who habitually consume
a second breakfast at midmorning are unlikely to benefit from a
low-GI breakfast with respect to their satiety.

In conclusion, this study confirms differential early and late
postprandial effects of the GIbr on subsequent daytime energy
intake for free-living children at different ages. Interestingly, the
apparent short-term satiating effect of a higher GIbr, in particular,
persisted throughout the day, if a second breakfast was consumed
midmorning.
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Dietary glycemic index and glycemic load are associated with high-
density-lipoprotein cholesterol at baseline but not with increased
risk of diabetes in the Whitehall II study1�3

Annhild Mosdøl, Daniel R Witte, Gary Frost, Michael G Marmot, and Eric J Brunner

ABSTRACT
Background: Findings of the effect of dietary glycemic index (GI)
and glycemic load (GL) on the risk of incident diabetes are incon-
sistent.
Objective: We examined the associations of dietary GI and GL with
clinical variables at baseline and the incidence of diabetes.
Design: The 7321 white Whitehall II participants (71% men) at-
tending screening in 1991–1993, free of diabetes at baseline, and
with food-frequency questionnaire data were followed for 13 y.
Results: At baseline, dietary GI and GL were associated inversely
with HDL cholesterol, and GI was associated directly with triacyl-
glycerols. Dietary GI and GL were related inversely to fasting glu-
cose and directly to 2-h postload glucose, but only the association
between GI and 2-h postload glucose was robust to statistical ad-
justments for employment grade, physical activity, smoking status,
and intakes of alcohol, fiber, and carbohydrates. High-dietary GI
was not associated with increased risk of incident diabetes. Hazard
ratios (HRs) across sex-specific tertiles of dietary GI were 1.00, 0.95
(95% CI: 0.73, 1.24), and 0.94 (95% CI: 0.72, 1.22) (adjusted for sex,
age, and energy misreporting; P for trend � 0.64). Corresponding
HRs across tertiles of dietary GL were 1.00, 0.92 (95% CI: 0.71,
1.19), and 0.70 (95% CI: 0.54, 0.92) (P for trend � 0.01). The
protective effect on diabetes risk remained significant after adjust-
ment for employment grade, smoking, and alcohol intake but not
after further adjustment for carbohydrate and fiber intakes.
Conclusion: The proposed protective effect of low-dietary GI
and GL diets on diabetes risk could not be confirmed in this
study. Am J Clin Nutr 2007;86:988–94.

KEY WORDS Glycemic index, carbohydrate, diabetes, gly-
cemia, lipids

INTRODUCTION

The prevalence of type 2 diabetes mellitus is increasing rapidly
in many parts of the world, and prevention of the disease has
become one of the main challenges facing public health (1–3).
Healthy eating patterns were associated with lower risk of dia-
betes in cohort studies (4–6), and there is considerable interest in
the extent to which the reduced risk is attributable to the quality
and quantity of carbohydrates eaten.

Variations in the blood glucose-raising effect of foods are
extensively documented (7). The glycemic index (GI) was first
introduced by Jenkins et al (8) as a dietary management tool for

diabetic patients. It measures the glycemic response to ingestion
of a fixed amount of available carbohydrate in a test food com-
pared with the same amount of available carbohydrate in a ref-
erence food (glucose or white bread) by the same subject. The
glycemic load (GL) takes into account the differences in carbo-
hydrate content of foods and is the product of the GI and the
proportion of carbohydrate in a food. GI and GL are also used to
assess the glycemic response of meals or habitual dietary intakes.
In these instances, the dietary GI is calculated as the average of
the GI values of all foods consumed weighted for their relative
proportion of available carbohydrate, whereas the dietary GL is
the sum of GL values for all foods eaten (9, 10).

Meals with a large amount of high-GI carbohydrates give
higher insulin secretion than do equicaloric diets with low-GI
carbohydrates. It is thought that frequent episodes of hyperinsu-
linemia may contribute to development of insulin resistance (11).
The carbohydrate-insulin-disease hypothesis is supported by 4
cohort studies that relate high-dietary GI or GL or both with
increased risk of incident diabetes (9, 10, 12, 13) but not by 2
other studies (14, 15).

In our study population, a healthy eating pattern was associ-
ated with a 30% reduction in the incidence of type 2 diabetes after
controlling for socioeconomic position, smoking history, and
physical activity levels (PALs) (EJ Brunner et al, unpublished
observations, 1991–2006). The aim of this paper was to examine
whether dietary GI and GL are associated with clinical risk fac-
tors at baseline and with incident type 2 diabetes mellitus in a
healthy cohort of middle-aged men and women.
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SUBJECTS AND METHODS

Study population

Participants were recruited to the Whitehall II study in 1985–
1988 (phase 1) from 20 civil service departments in London.
After the initial clinical examination, the 10 308 participants
(69% men) were followed up with postal questionnaires at 2.5-y
intervals (phases 2–7) and further clinical examinations in 1991–
1994 (phase 3), 1997–1999 (phase 5), and 2003–2004 (phase 7)
(16). Detailed dietary information was first collected during
phase 3 (baseline in the present analyses). At phase 3, 86% of the
cohort (n � 8826) completed a questionnaire, attended the re-
search clinic, or both (17). The 7321 white participants (71%
men) with complete food-frequency questionnaire (FFQ) data
were included if they had no history or diagnosis of diabetes at the
phase 3 screening. Ethnic minority participants were excluded
because the FFQ was designed for Western diets.

The study was approved by the University College London Med-
ical School Committee on the Ethics of Human Research. Informed
consent was obtained at baseline and renewed at each contact.

Dietary assessment

The relative validity of the 127-item FFQ used was determined
against a 7-d diary and biomarkers (18). For each FFQ item, partic-
ipants were asked to report their frequency of eating a common unit
or portion during the previous year. Energy and nutrient intakes
were calculated with the use of the 4th and 5th editions of McCance
and Widdowson’s The Composition of Foods and supplementary
tables (19, 20). Supplementary tables included in these publications
are as follows: Cereals and Cereal Products, 1988; Milk Products
and Eggs, 1989; Vegetables, Herbs, and Spices, 1991; Fruits and
Nuts, 1992; Vegetable Dishes, 1992; Fish and Fish Products, 1993;
MiscellaneousFoods,1994;Meat,Poultry,andGame,1995.TheGI
values for each food item in the questionnaire were taken from the
2002 international table of GI values of foods (7). Average dietary
GI was calculated by adding the product of the carbohydrate content
of each food item multiplied by the assigned portion size, the fre-
quency of use, and the GI value of the food item and then dividing
this sum by the total carbohydrate intake. The GL was calculated
as the total carbohydrate intake multiplied by dietary GI divided
by 100.

Evaluation of energy intake

The reported energy intake (EI) was evaluated against esti-
mated energy expenditure (EE) to account for energy misreport-
ing (21). For a weight stable person the ratio of EI to EE (EI:EE)
is 1 if there is no energy misreporting, �1 if there is underre-
porting, and �1 if intake is overreported. EE was based on
estimated basal metabolic rate (BMR) (22) and a minimum as-
sumed PAL of 1.55 � BMR (sedentary) in this cohort of office
workers, plus the estimated energy cost of self-reported weekly
hours of moderate and vigorous leisure-time activity. The energy
cost was estimated with the use of metabolic equivalent (MET)
values. One MET is the metabolic EE of lying quietly and is
equivalent to 1 kcal � kg body weight�1 � h�1 (23). A MET score
of 3 was used for hours of moderate activity and 5 MET/h was
used for vigorous activity. Weight was missing for 261 men and
149 women, who were assigned either the average of the weights
recorded at phases 1 and 5 (n � 133) or weight at phase 1 (n �
244), depending on availability of data. Mean calculated PAL

based on EE/BMR was 1.63 (range: 1.55–2.99) and mean EI:EE
was 0.79 (range: 0.14–3.40). Participants with a log EI:EE value
outside 3 SDs of the log mean were excluded (n � 80). Partici-
pants were not excluded based on intakes below fixed energy
values, because heavy or physically active persons have a lower
likelihood of being identified as energy underreporters (21).

Blood collection and analysis

Blood samples were collected after either an 8-h fast (participants
presenting to the clinic in the morning) or at least 4 h after a light
fat-free breakfast (participants presenting in the afternoon). After
the initial blood sample, participants drank 389 mL Lucozade
(equivalent to 75 g anhydrous glucose; GlaxoSmithKline UK,
Brentford, United Kingdom) over 5 min. A second blood sample
was taken 2 h later. Venepuncture of the left antecubital vein was
performed with tourniquet. Blood was collected into plain and flu-
oride Sarstedt (Neumbrecht, Germany) monovettes. Centrifugation
differed somewhat in each phase: in phase 3, the blood was left for
15–30 min and then spun for 10 min at 3000 RPM at room temper-
ature; in phase 5, the blood was left for 15 min and then spun for 15
minat thesamespeedandtemperature;andinphase7, thebloodwas
left for 30 min and then spun for 10 min at the same speed and
temperature (CL3 ThermoIEC centrifuge; Thermo Life Sciences,
Waltham, MA used for all procedures). After centrifugation, sam-
ples were immediately frozen at �80 °C, and serum for lipids was
refrigerated at �4 °C for analysis on the following working day.
Glucose was measured in fluoride plasma by an electrochemical
glucose oxidase method. Serum insulin was measured by radioim-
munoassay with the use of a polyclonal guinea pig antiserum. Cho-
lesterol and triacylglycerols were measured with the use of a Cobas
Fara centrifugal analyzer (Roche Diagnostics System, Nutley, NJ).
HDL cholesterol was measured by precipitating non-HDL choles-
terol with dextran sulfate-magnesium chloride with the use of a
centrifuge and measuring cholesterol in the supernatant fluid.

Employment grade and other covariates

Employment grade within the civil service was used as the
measure of adult socioeconomic position (6 levels). Annual sal-
ary range at 1 August 1992 was from £6483 to £87 620. Weight
was measured to the nearest 0.1 kg with the use of an electronic
scale with participants dressed in a gown. Height was measured
to the nearest centimeter, and waist (narrowest point between
lower rib and upper trochanter) and hip circumferences (most
lateral point on the greater trochanter) were measured to the
nearest 0.1 cm. Smoking habits (never, exsmoker, current) and
leisure-time physical activity (hours of moderate and vigorous
activity per week) were self-reported.

Outcome ascertainment

Incident cases of diabetes were identified by self-report of
doctor’s diagnosis and diabetic medication at phase 1 and sub-
sequent study phases and by 2-h oral glucose tolerance test (2-h
postload glucose) at phases 3, 5, and 7. Incident diabetes was
dated at the day of study visit for participants first identified
through the 2-h postload glucose. For participants identified by
self-report, the midpoint between the first instance of self-
reported diabetes and the previous phase was used. Person-time
of exposure was censored at the midpoint between the last known
visit and the first missing visit for participants lost to follow-up.
Participants with an intermediate missing phase were assumed to
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have continuous follow-up time. For participants who had not
developed diabetes up to phase 7, follow-up was censored on 30
September 2004 (phase 7 closing date).

Statistical methods

All nutrient intakes, dietary GI, and GL were adjusted for
energy with the use of the residuals method (24), and values are
presented in Table 1 as the sum of the residual and the sex-
specific mean. Participants were ranked and divided into sex-
specific tertiles of dietary GI and GL, respectively. The distri-
butions of HDL, triacylglycerols, fasting glucose and insulin,
and 2-h postload glucose were all positively skewed, and their lns
were used in analyses. In Table 2, the mean values of the clinical
measures were age-adjusted with age groups as a covariate (5-y

bands), and the resulting mean logarithmic terms of the clinical
measures were exponentiated.

Linear trends were analyzed with the use of univariate analy-
ses of variance (Tables 1 and 2) for continuous variables and
chi-square linear-by-linear association for trends in proportions
(administrative grade, smokers, physically active). The univar-
iate analyses of variance were repeated with interaction terms
(sex � tertiles of GI or sex � tertiles of GL, respectively). If the
interaction term was significant (P � 0.05), P values for trend
were presented for each sex separately, otherwise trends were
analyzed for the whole sample with sex as a covariate in Table 1
and sex and age as covariates in Table 2.

Linear regression models were used to examine associations
between dietary GI and GL, respectively, and the clinical

TABLE 1
Baseline characteristics according to tertiles of energy-adjusted average glycemic index (GI) and glycemic load (GL) among Whitehall II participants aged
39–63 y (n � 5175 men, n � 2146 women)1

GI tertile
P for
trend2

GL tertile
P for
trend2Low Medium High Low Medium High

Age (y)
Men 48.9 � 6.03 49.2 � 6.1 49.3 � 5.9 0.003 48.6 � 5.8 49.1 � 6.0 49.6 � 6.1 �0.001
Women 50.1 � 6.1 50.1 � 6.2 50.9 � 6.3 50.0 � 6.1 50.3 � 6.2 50.8 � 6.3

Administrative grade (%)
Men 54.4 54.9 45.4 �0.001 54.0 53.0 47.7 �0.001
Women 22.6 20.1 11.4 22.8 18.8 12.6

Current smokers (%)
Men 10.1 10.9 15.6 0.002 14.9 11.9 9.8 �0.001
Women 16.4 14.9 25.3 22.0 17.7 17.0

Physically active (%)4

Men 58.8 60.0 53.4 �0.001 57.4 57.5 57.3 0.84
Women 38.0 36.6 32.4 35.9 35.0 36.1

BMI (kg/m2)
Men 25.5 � 3.2 25.0 � 3.1 24.8 � 3.1 �0.001 25.6 � 3.2 25.1 � 3.1 24.5 � 3.1 �0.0015

Women 25.7 � 4.5 25.2 � 4.5 25.2 � 4.5 25.7 � 4.7 25.2 � 4.3 25.1 � 4.6 0.0125

WHR
Men 0.91 � 0.06 0.90 � 0.06 0.90 � 0.06 0.02 0.91 � 0.06 0.90 � 0.06 0.89 � 0.06 �0.0015

Women 0.77 � 0.07 0.76 � 0.07 0.77 � 0.07 0.77 � 0.07 0.77 � 0.06 0.77 � 0.07 0.165

Carbohydrate intake (g/d)6

Men 265 � 37 272 � 35 276 � 34 �0.0015 236 � 25 272 � 15 305 � 22 �0.0015

Women 234 � 34 237 � 32 240 � 32 �0.0015 206 � 24 238 � 14 267 � 23 �0.0015

Fiber intake (g/d)6

Men 26.6 � 7.4 26.4 � 7.4 25.0 � 7.0 �0.0015 22.9 � 6.3 26.1 � 6.4 29.0 � 7.8 �0.001
Women 26.2 � 9.0 25.0 � 7.5 23.5 � 6.7 �0.0015 21.7 � 7.3 25.2 � 6.9 27.8 � 8.2

Alcohol intake (g/d)6

Men 19.1 � 17.9 14.6 � 15.2 11.3 � 13.0 �0.0015 25.3 � 19.5 12.9 � 11.6 6.8 � 7.7 �0.0015

Women 9.1 � 11.2 8.1 � 10.5 6.2 � 9.5 �0.0015 12.9 � 14.0 6.8 � 8.0 3.6 � 5.1 �0.0015

Total fat intake (g/d)6

Men 80.7 � 13.5 82.4 � 12.8 83.7 � 12.7 �0.001 87.8 � 13.9 83.4 � 10.5 75.6 � 11.5 �0.0015

Women 69.6 � 13.6 70.9 � 12.0 72.5 � 12.3 77.9 � 13.2 71.2 � 9.3 63.9 � 11.0 �0.0015

EI:EE
Men 0.75 � 0.22 0.79 � 0.22 0.76 � 0.20 0.09 0.78 � 0.22 0.74 � 0.21 0.79 � 0.21 0.075

Women 0.84 � 0.27 0.88 � 0.26 0.85 � 0.26 0.89 � 0.27 0.80 � 0.24 0.87 � 0.26 0.175

1 Mean (range) GI tertiles for men were 52.3 (42.5–54.6), 56.0 (54.6–57.3), and 59.5 (57.3–68.4) and for women were 50.3 (38.4–52.9), 54.5 (53.0–56.0),
and 58.8 (56.0–72.5); GL tertiles for men were 127 (45–143), 152 (143–161), and 176 (161–259) and for women were 108 (19–121), 129 (121–137), and 152
(137–281). Data were incomplete for administrative grade (54 men, 20 women), smoking status (145 men, 85 women), physical activity (52 men, 21 women),
BMI (244 men, 140 women), and WHR (313 men, 152 women). WHR, waist-to-hip ratio; EI:EE, ratio of reported energy intake to estimated energy expenditure.

2 Analyzed for sexes combined with sex as covariate. The effect of sex was significant in all models, P � 0.05.
3 x� � SD (all such values).
4 Moderate and vigorous activity � 2.5 h/wk.
5 Significant sex interaction (sex � tertiles of GI or sex � tertiles of GL, respectively), P � 0.05. P for trend presented separately by sex.
6 Energy-adjusted values obtained by using the residuals method.
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measures with the base model were adjusted for sex, age (4 age
bands), and energy misreporting (EI:EE values). In 3 further
models, the associations were adjusted for employment grade (6
levels); physical activity (3 levels); smoking status (current,
exsmoker, or never); alcohol, carbohydrate, and fiber intakes; body
mass index (BMI; in kg/m2); and waist-to-hip ratio (WHR). A main
effectof sexwasobserved inallmodels (P�0.01).Allmodelswere
repeated to test for sex interactions (data not shown).

STATA software (version 9.0; Stata Corporation, College Sta-
tion, TX) was used to fit Cox proportional hazards regression
models with follow-up time as the underlying time variable. The
base models adjusted for age and energy misreporting. Further
adjustments were made by fitting models with the same factors as
in the linear regression models. In Table 4, both sexes were
analyzed in the same model, using sex-specific tertiles of the
exposure variables. This was justified by fitting logistic regres-
sion models with disease outcome as the dependent variable and
with sex, the glycemic measures, and an interaction term as
independent variables. The log-likelihood test comparing mod-
els with and without the interaction term indicated no sex inter-
action. Similar hazard ratios were obtained in analyses for each
sex separately. In tables involving serial adjustments (Tables 3
and 4), observations with incomplete covariates were excluded
from the analyses.

RESULTS

Descriptive characteristics of the study participants across
sex-specific tertiles of energy-adjusted dietary GI and GL are
presented in Table 1. Energy misreporting, based on EI:EE, did

not vary systematically across tertiles of dietary GI and GL.
Dietary GI was weakly associated with total carbohydrate and fat
intakes and negatively with fiber and alcohol intakes. GL was
strongly associated with total carbohydrate and fiber intakes and
inversely with total fat intake. Participants with a high-dietary GI
were more likely to be current smokers and less likely to be
physically active and have an administrative grade (high grade).
High GL was associated with a lower proportion of smokers and
a lower proportion with an administrative grade. BMI was in-
versely related to dietary GI and GL. Slight inverse trends in
WHR were observed across tertiles of dietary GI and GL.

Table 2 shows age-adjusted mean fasting HDL, triacylglyc-
erols, glucose, and insulin and 2-h postload glucose in partici-
pants with low-, medium-, and high-dietary GI and GL, respec-
tively. Significant inverse trends were observed for HDL with
higher values of dietary GI and GL. A significant increasing trend
in triacylglycerols with higher GI was observed, whereas no
association was present across tertiles of GL. Lower fasting glu-
cose concentrations and higher 2-h postload glucose values were
observed with increasing dietary GI and GL, apart from dietary
GI and fasting glucose among women. Fasting insulin was in-
versely related to dietary GL only.

In linear regression models (Table 3), the significant inverse as-
sociation between both GI and GL with HDL remained after adjust-
ment for employment grade, physical activity, smoking status, and
alcohol intake but were notably attenuated after adjustments for
fiber and carbohydrate intakes (model 3). Further adjustment for fat
intake and fat fractions barely attenuated the estimates (data not
shown). In models that examined triacylglycerols, the direct

TABLE 2
Age-adjusted geometric mean of HDL cholesterol, triacylglycerols, fasting glucose, fasting insulin, and 2-h postload glucose across tertiles of energy-
adjusted dietary glycemic index (GI) and glycemic load (GL) at baseline1

Subjects

GI GL

Low Medium High
P for
trend2 Low Medium High

P for
trend2

n
HDL (mmol/L)

Men 4888 1.31 � 0.363 1.27 � 0.34 1.26 � 0.34 �0.001 1.34 � 0.38 1.26 � 0.33 1.24 � 0.33 �0.001
Women 1985 1.68 � 0.43 1.65 � 0.42 1.61 � 0.43 1.70 � 0.44 1.65 � 0.42 1.59 � 0.41

Triacylglycerols (mmol/L)
Men 4907 1.31 � 1.18 1.33 � 1.18 1.36 � 1.24 0.011 1.33 � 1.20 1.36 � 1.19 1.30 � 1.21 0.214

Women 1986 1.03 � 0.71 1.01 � 0.64 1.10 � 0.83 1.01 � 0.67 1.05 � 0.74 1.08 � 0.78 0.124

Fasting glucose (mmol/L)
Men 4632 5.27 � 0.47 5.24 � 0.44 5.21 � 0.44 �0.0014 5.28 � 0.45 5.25 � 0.46 5.19 � 0.44 �0.001
Women 1874 5.01 � 0.48 5.04 � 0.47 5.03 � 0.46 0.714 5.05 � 0.49 5.03 � 0.46 5.00 � 0.45

Fasting insulin (IU)
Men 4359 5.41 � 6.25 5.27 � 5.07 5.38 � 4.91 0.43 5.54 � 6.13 5.40 � 5.27 5.13 � 4.83 0.002
Women 1706 4.83 � 5.23 4.73 � 4.50 5.25 � 6.14 4.98 � 5.36 4.93 � 5.58 4.87 � 5.04

2-H glucose (mmol/L)
Men 4723 5.10 � 1.53 5.11 � 1.53 5.22 � 1.59 0.005 5.02 � 1.54 5.19 � 1.59 5.22 � 1.52 0.006
Women 1902 5.30 � 1.56 5.45 � 1.54 5.46 � 1.54 5.37 � 1.54 5.47 � 1.53 5.38 � 1.58

1 Mean (range) GI tertiles for men were 52.3 (42.5–54.6), 56.0 (54.6–57.3), and 59.5 (57.3–68.4) and for women were 50.3 (38.4–52.9), 54.5 (53.0–56.0),
and 58.8 (56.0–72.5); GL tertiles for men were 127 (45–143), 152 (143–161), and 176 (161–259) and for women were 108 (19–121), 129 (121–137), and 152
(137–281). The geometric mean was analyzed with the ln of the clinical variables with age groups as a covariate (5-y bands) and exponentiating the resulting
mean logarithmic term. The SD was of the untransformed variable with age groups as a covariate.

2 Analyzed for sexes combined with age groups and sex as covariates. The effect of sex was significant in all models, P � 0.05.
3 x� � SD (all such values).
4 Significant sex interaction (sex � tertiles of GI or sex � tertiles of GL, respectively), P � 0.05. P for trend presented separately by sex, with age groups

as a covariate.
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associationwithdietaryGIremainedsignificantalsoinmodel3with
adjustments for fiber and carbohydrate intakes. Further adjustment
for BMI and WHR strengthened the associations between the di-
etary GI and GL with both HDL and triacylglycerols.

Few of the associations between dietary GI or GL, respec-
tively, and measures of glycemia were robust to statistical ad-
justments. Only the relation between dietary GI and 2-h postload
glucose remained significantly in all the models tested. The weak
inverse associations between fasting glucose and both GI and GL

and between fasting insulin and GL were not significant in mul-
tiple adjusted models.

After 65 774 person-years of follow-up, 329 incident cases of
diabetes were identified among participants with dietary assess-
ment (Table 4). Dietary GI was not associated with the risk of
incident diabetes. Further adjustment for employment grade;
physical activity; smoking status; intake of alcohol, fiber, and
carbohydrates; WHR; and BMI did not alter the findings (models
2–4). Hazard ratios across tertiles of GL showed an inverse

TABLE 3
Linear regression models with clinical measures as outcome variables according to 10-unit increments in energy-adjusted dietary glycemic index (GI) and
glycemic load (GL) among Whitehall II participants1

HDL cholesterol
(n � 6581)

Triacylglycerols
(n � 6600)

Fasting glucose
(n � 6262)

Fasting insulin
(n � 5832)

Postload glucose
(n � 6371)

� SE � SE � SE � SE � SE

mmol/L mmol/L mmol/L IU mmol/L
GI

Model 12 �0.0683 0.009 0.0813 0.018 �0.0104 0.003 0.014 0.024 0.0284 0.010
Model 25 �0.0274 0.009 0.0633 0.019 �0.004 0.003 0.0004 0.025 0.0236 0.010
Model 37 �0.018 0.009 0.0396 0.019 �0.004 0.003 �0.012 0.026 0.0226 0.011
Model 48 �0.0353 0.008 0.0743 0.017 �0.001 0.003 0.0546 0.023 0.0284 0.010

GL
Model 12 �0.0163 0.001 �0.002 0.003 �0.0033 0.001 �0.0143 0.004 0.0063 0.002
Model 25 �0.0054 0.002 0.005 0.003 �0.001 0.001 �0.0183 0.005 0.002 0.002
Model 37 �0.003 0.004 0.012 0.007 �0.002 0.001 �0.010 0.010 0.007 0.004
Model 48 �0.0094 0.003 0.0263 0.007 0.0004 0.001 0.016 0.009 0.0096 0.004

1 Linear regression models were analyzed with the ln of the clinical variables. Interaction terms (sex � GI or sex � GL, respectively) were significant (P �
0.05) when included in base models (model 1) that examined dietary GI and fasting glucose, dietary GL and triacylglycerols, and dietary GL and fasting glucose
(P � 0.05). The interaction terms were not significant in the adjusted models (models 2–4).

2 Adjusted for sex, age group, and ratio of reported energy intake to estimated energy expenditure (EI:EE).
3 P � 0.001.
4 P � 0.01.
5 Adjusted for sex, age group, EI:EE, employment grade, physical activity, smoking, and alcohol intake.
6 P � 0.05.
7 Adjusted for sex, age group, EI:EE, employment grade, physical activity, smoking, and intakes of alcohol, fiber, and carbohydrates.
8 Adjusted for sex; age group; EI:EE; employment grade; physical activity; smoking; intakes of alcohol, fiber, and carbohydrates; baseline BMI; and

waist-to-hip ratio.

TABLE 4
Hazard ratios (and 95% CIs) of incident diabetes across sex-specific tertiles of dietary glycemic index (GI) and glycemic load (GL) in 5598 Whitehall II
participants1

GI tertile
P for
trend

GL tertile
P for
trendLow Medium High Low Medium High

n 1872 1897 1829 1840 1872 1886
Cases 113 110 106 119 117 93
Person-years 21 885 22 447 21 443 21 340 22 075 22 359
Model 12 1 0.95 (0.73, 1.24)3 0.94 (0.72, 1.22) 0.64 1 0.92 (0.71, 1.19) 0.70 (0.54, 0.92) 0.011
Model 24 1 0.94 (0.72, 1.23) 0.86 (0.65, 1.22) 0.26 1 0.88 (0.67, 1.15) 0.65 (0.48, 0.88) 0.005
Model 35 1 0.95 (0.73, 1.24) 0.87 (0.66, 1.14) 0.30 1 0.92 (0.67, 1.25) 0.70 (0.45, 1.10) 0.13
Model 46 1 1.00 (0.77, 1.31) 0.94 (0.71, 1.23) 0.65 1 1.05 (0.76, 1.44) 0.80 (0.51, 1.26) 0.34

1 Men were 70.9% of the participants. Mean GI tertiles for men were 52.3, 56.0, and 59.5 and for women were 50.3, 54.5, and 58.8; GL tertiles for men
were 127, 152, and 176 and for women were 108, 129, and 152.

2 Adjusted for sex, age group, and ratio of reported energy intake to estimated energy expenditure (EI:EE).
3 Hazard ratios; 95% CI in parentheses (all such values).
4 Adjusted for sex, age group, EI:EE, employment grade, physical activity, smoking, and alcohol intake.
5 Adjusted for sex, age group, EI:EE, employment grade, physical activity, smoking, and intakes of alcohol, fiber, and carbohydrates.
6 Adjusted for sex; age group; EI:EE; employment grade; physical activity; smoking; intakes of alcohol, fiber, and carbohydrates; baseline BMI; and

waist-to-hip ratio.
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association with diabetes risk in the base model (P for trend �
0.011). The weak protective effect of high GL remained after
adjustment for employment grade, physical activity, smoking
status, and alcohol intake, but it was not significant after further
adjustment for carbohydrate and fiber intakes (model 3) and in a
model additionally adjusted for BMI and WHR (model 4).

DISCUSSION

Higher dietary GI and GL were not associated with an in-
creased risk of incident diabetes in this population after 13 y of
follow-up. On the contrary, high-dietary GL was associated with
decreased risk of diabetes. This protective effect remained after
adjustments for employment grade, smoking, and alcohol intake
and the attenuation by adjustment for total carbohydrate and fiber
intakes was moderate. These findings are consistent with a pos-
sible protective role of dietary factors on disease risk, but they do
not support the hypothesis that high-dietary GI and GL may be a
risk factor for type 2 diabetes. In this population, participants
with high-dietary GI and GL had slightly lower BMIs, but this did
not appear to mask a possible increased risk of diabetes associ-
ated with such diets.

Assessment of incident diabetes in our cohort was based on both
2-hpostloadglucose testsat5-y intervalsandself-reportsofdoctors’
diagnosis and medication. Diabetes assessment with the use of self-
reported diagnosis only may be selective for severe cases. We were
able to exclude both known and previously undiagnosed diabetes at
baseline, producing results based entirely on incident disease. The
participants are well characterized for socioeconomic position and
healthbehaviors.Aparticularstrengthof theWhitehall IIstudyis the
full ascertainment of clinical risk factors at baseline which con-
firmed that the dietary GI and GL scores based on FFQ data were
related to HDL and triacylglycerols. Dietary GI was associated with
2-h postload glucose, but dietary GI and GL were not associated
with fasting glucose and insulin in a coherent way. The FFQ method
is prone to measurement error, but we found that our questionnaire
performed relatively well in our cohort, in comparison with bio-
markers of intake and a 7-d food diary (18). We excluded few
participants with extreme energy misreporting (using EI:EE). The
useofalternative less-extremecutoffsexcludingahigherproportion
of participants did not change the findings (data not shown).

The studies published so far provide conflicting evidence on
the possible role of dietary GI and GL on diabetes risk (9, 10,
12–15). The 3 studies showing the strongest association between
dietary GI or GL and diabetes risk are based on large cohorts,
considerable follow-up time, and similar dietary assessment
tools (9, 10, 13), but they differ about the effects of GI or GL. One
showed an increase in disease risk for both dietary GI and GL (9),
whereas the others showed increased risk associated with dietary
GL only (10, 13). In the first 2 analyses (9, 10) the association
between dietary GL and diabetes risk appeared when it was
coupled with cereal fiber. Those studies also include complex
statistical models with adjustments for several other dietary fac-
tors, including total carbohydrate intake. Singling out the effect
of specific nutrients is generally difficult because dietary factors
are often strongly correlated. In our sample, the correlation be-
tween energy-adjusted dietary GL and total carbohydrate intake
was 0.93, making separation of these 2 effects impossible with
the use of statistical modeling.

Dietary GI was associated with 2-h postload glucose but not
with fasting glucose and insulin concentrations. If a high-GI or

high-GL diet increases the risk of diabetes, it might be expected
that these measures would be associated with poorer glucose
tolerance at baseline. A lack of coherent associations between
dietary GI and GL with measures of glycemia was observed in
other population studies (25, 26). Evidence from randomized
controlled trials has, however, shown that low-GI diets can im-
prove insulin sensitivity (27–29).

Mayer-Davis et al (26) suggest that divergent findings be-
tween trials and observational studies could be due to dietary GI
and GL scores being unable to capture the metabolic effect of
foods consumed as part of a habitual diet. This explanation is
plausible, but it is contradicted by the associations between di-
etary GI and GL with HDL cholesterol and triacylglycerols,
respectively, as seen in several studies (30–33). Dietary GL is
closely related to total carbohydrate intake, and, consequently, it
is inversely related to total fat intake. A low-fat and high-
carbohydrate diet is known to decrease HDL cholesterol and to
increase triacylglycerols (34, 35). In this study, the relation of
dietary GI and GL with HDL cholesterol and triacylglycerols was
attenuated by adjustments for carbohydrate and fiber intakes.
Still, some of the associations remained in the fully adjusted
models. These associations indicate that dietary GI and GL cap-
ture some physiologically relevant qualities of the diet.

Although randomized controlled trials of low-GI diets offer
good control of the changes made, such dietary manipulations
may be confounded by other nutrients or bioactive substances.
Low-GI trial diets are often based on foods thought to be pro-
tective of diabetes in their own right, particularly whole-grain
cereals (36). The concordance with conventionally healthy eat-
ing patterns is likely to be high, whereas this may not be so in
cohort studies observing self-selected diets. Schultz et al (37)
described that dietary GI is associated with intake of white bread,
beer, meats, and fries or fried potatoes and is inversely associated
with fruit and low-fat dairy products in a multiethnic American
population. In addition, their study showed that dietary GI, less
so than the GL, is associated with a number of other foods with
low-carbohydrate content and with noncarbohydrate nutrients. It
could be that there is more variation in the underlying food base
at any given value of dietary GI or GL in data from observational
studies than there is in dietary trials. If this were the case, differ-
ent dietary patterns with the same overall dietary GI and GL
values might explain the divergent health effects of carbohydrate
quality observed in trials as opposed to cohort studies.

Dietary GI and GL are global measures of a physiologic re-
sponse that are determined both by the rate of glucose uptake as
well as the removal of glucose from the bloodstream. Important
factors contributing to the GI of foods are 1) intact structures
slowing down digestion, 2) the fructose content, 3) viscous poly-
saccharides slowing down gastric emptying and enzymatic hy-
drolysis, 4) concomitant fat intake slowing down gastric empty-
ing, and 5) high-protein content stimulating insulin secretion
(38). Those factors may differ in their effects on disease path-
ways. Intake of some fiber fractions and resistant starch appears
to improve insulin sensitivity, increase satiety, and reduce fat
storage (39, 40). Fructose intake, however, triggers endocrine
mechanisms that may favor positive energy balance and hyper-
lipidemia (41).

Our study could not confirm that high-dietary GI or GL diets
are associated with increased risk of type 2 diabetes mellitus,
despite the expected link with a higher risk lipoprotein profile.
The ascertainment of incident diabetes mellitus is exceptionally
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good in this screened population. The growing number of studies
with null findings casts further doubt on whether dietary GI and
GL contribute to our understanding of the diabetes epidemic.
There are good reasons to believe that dietary modifications can
alter diabetes risk, but whether the multifactorial concept of GI is
useful in studies of carbohydrate metabolism and its significance
for disease remain uncertain.
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Reevaluation of the protein requirement in young men with the
indicator amino acid oxidation technique1�3

Mohammad A Humayun, Rajavel Elango, Ronald O Ball, and Paul B Pencharz

ABSTRACT
Background: The current estimated protein requirements are based
on the nitrogen balance method, which has many limitations. An
alternate approach is needed to permit a reevaluation of protein
requirements.
Objective: The objective was to determine protein requirements in
men by using the indicator amino acid oxidation technique.
Design: Eight healthy men randomly received graded protein in-
takes (0.10, 0.30, 0.60, 0.90, 1.2, 1.5 and 1.8 g � kg�1 � d�1) as a
crystalline amino acid mixture along with L-[1-13C]phenylalanine.
The mean protein requirement was determined by applying a biphase
linear regression crossover analysis on F13CO2 data, which identi-
fied a breakpoint at the minimal rate of appearance of 13CO2 to
graded protein intakes.
Results: The mean and population-safe (recommended dietary
allowance; RDA) protein requirements were found to be 0.93 and
1.2 g � kg�1 � d�1, respectively. These requirements are comparable
with those estimated by the application of a biphase linear regression
model to the data from nitrogen balance studies (0.91 and
1.0 g � kg�1 � d�1, respectively). These requirements are 41% and
50% higher than the current recommendations for the estimated
average requirement (EAR) of 0.66 g � kg�1 � d�1 and the RDA of
0.80 g � kg�1 � d�1, as determined by applying a linear regression
model where it intersects the zero balance line.
Conclusion: The indicator amino acid oxidation technique defined
a protein requirement that is comparable with that estimated by the
application of a biphase linear regression model to nitrogen balance
data in the literature. Our data and the reanalysis of the preexisting
nitrogen balance data suggest that the current recommended protein
requirements are too low and require reassessment. Am J Clin
Nutr 2007;86:995–1002.

KEY WORDS Protein requirement, indicator amino acid ox-
idation, nitrogen balance, men

INTRODUCTION

In 2002, the Food and Nutrition Board (1) proposed average
and “safe” intakes of 0.66 and 0.80 g � kg�1 � d�1 of good quality
protein, respectively. These recommendations were based on a
meta-analysis of nitrogen balance studies (2), in which protein
requirements were estimated by fitting a linear regression anal-
ysis model to the data and determining where it intersected the
zero balance line. However, the physiologic response relation
between nitrogen intake and balance is not linear because of a
decreased efficiency of protein utilization as zero balance is

approached (3, 4). Because the physiologic response relation is
curvilinear, the 2-phase linear regression model (5) or a smooth
nonlinear model (4, 6) was proposed to be a more realistic bio-
logical analysis to determine protein requirements (1). However,
these models were not adopted in the current report on Dietary
Reference Intakes (DRI) (1) because it was perceived that more
data points on each individual were needed than were available
in published studies. Furthermore, a high intake of protein in
adults does not result in further protein accretion. Therefore, at
some point the slope of nitrogen balance versus protein intake
must equal zero, which further supports the idea that simple
linear regression is not appropriate.

Although nitrogen balance is a gold standard, it has many
limitations (7). Nitrogen balance is a relatively small value,
which is obtained by subtracting the large value of all nitrogen
losses from a (similarly) large value of all nitrogen intakes. This
results in considerable error in the prediction of balance (8, 9)
because the nitrogen intake tends to be overestimated and nitro-
gen excretion tends to be underestimated. Overestimation of
nitrogen intake and underestimation of nitrogen excretion falsely
results in positive nitrogen balance (10); in adults this is biolog-
ically implausible.

Considering the inherent problems associated with the nitro-
gen balance technique and the application of a single linear re-
gression model on nitrogen balance data, we believe that the
current protein requirements are underestimated. To test our
hypothesis, we applied an alternative and more direct approach,
the indicator amino acid oxidation (IAAO) technique, and de-
termined the protein requirements by feeding graded protein
intakes and measuring changes in oxidation of orally adminis-
tered L-[1-13C]phenylalanine. The IAAO is a robust technique
that has been successfully used previously by our group to
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determine protein requirements in pigs (11) and by our group
(12–18) and others (19–21) to determine amino acid require-
ments in adults and children.

SUBJECTS AND METHODS

Subjects

Eight healthy adult men were studied (on an outpatient basis)
in the Clinical Investigation Unit at the Hospital for Sick Chil-
dren (HSC), Toronto, Canada. The subjects reflected the ethnic
diversity of Toronto: 2 were South Asian, 3 were East Asian, 1
was African, and 2 were white. Subject characteristics, body
composition, and energy intakes are described in Table 1. None
of the subjects had a history of recent weight loss or illness, and
none was using any medication at the time of entry into the study.
The Research Ethics Board of the HSC approved all procedures.
Informed written consent was obtained from the participating
subjects. The subjects received financial compensation for their
inconvenience.

Experimental design and tracer protocol

The study design was based on the minimally invasive IAAO
model (22) used in healthy adults (16, 18) and children (17, 23).
Two days before the study day, subjects consumed a mainte-
nance diet supplying 1.0 g protein � kg�1 � d�1 and 1.7 � resting
energy expenditure (REE). On the study day, after the subjects
had fasted for 12 h, they randomly received 1 of 7 dietary protein
intakes (0.10, 0.30, 0.60, 0.90, 1.2, 1.5, and 1.8 g � kg�1 � d�1) as
a crystalline amino acid mixture and an energy intake of 1.5 �
REE. The study day diet was consumed as 8 isocaloric hourly
meals, each meal representing one-twelfth of the subject’s total
daily energy requirement. Subjects were not allowed to eat or
drink anything else except for water. The study days were sep-
arated by �1 wk; all subjects completed all 7 studies within 3 mo.

The tracer protocol was started with the fifth meal to measure
phenylalanine kinetics with the use of L-[1-13C]phenylalanine
[99 atom% excess (APE); Cambridge Isotope laboratories,
Woburn, MA]. Oral priming doses of 0.176 mg/kg NaH13CO3

(99 APE; Cambridge Isotope laboratories) and 0.66 mg/kg
L-[1-13C]phenylalanine were given with the fifth hourly meal.
An hourly oral dosing protocol of L-[1-13C]phenylalanine
(1.2 mg � kg�1 � d�1) was commenced simultaneously (with the
fifth meal) and continued for the remaining 3 h of the study. The
amount of L-[1-13C]phenylalanine given during the study day
was subtracted from the dietary provision of phenylalanine such

that the total intake of phenylalanine was 30.5 mg � kg�1 � d�1

with a tyrosine intake of 40 mg � kg�1 � d�1 (to ensure an excess
of tyrosine).

Study diets

The maintenance diet (energy: REE � 1.7 and protein:
1.0 g � kg�1 � d�1) for the 2 d before the study day for all the 7
studies was provided in the form of milk shakes (Scandishakes;
Scandipharm, Birmingham, AL), which were weighed in daily
portions for each subject and supplemented with additional pro-
tein (Promod; Ross laboratories, Columbus, OH) and energy
(Caloreen; Nestle Clinical Nutrition, North York, Canada),
depending on each subject’s requirement (1.7 � individual’s
resting metabolic rate). Subjects were instructed to add a prede-
termined volume of homogenized milk (measuring cup pro-
vided) containing 3.25% fat to their daily portion of milk shakes
and to drink the milk shakes at regular times throughout the day.
REE was measured by open-circuit indirect calorimetry (2900
Computerized Energy measurement System; Sensormedics,
Yorba Linda, CA).

The study day diet consisted of a protein-free liquid formula
containing protein-free powder (Product 80056; Mead Johnson,
Evansville, IN), flavoring crystals (Tang and Koolaid; Kraft,
Don Mills, Canada), corn oil, the crystalline amino acid mixture
(representing various protein intake levels) (Table 2), and
protein-free cookies. The carbohydrate content of the meal was
adjusted according to the level of protein intake to give isocaloric
diets. The study diet provided energy at1.5 � REE with 33% of
energy from fat and variable energy from carbohydrate (48–
66%) and protein (1–19%). Feeding graded protein intakes in the
form of an amino acid mixture provides graded levels of both
indispensable amino acids and nitrogen to determine protein
requirements.

Sample collection and analysis

Breath and urine samples were collected as described previ-
ously (16). Breath samples were stored at room temperature until
analyzed. Urine samples were stored at �20 °C. During each
study day, open-circuit indirect calorimetry (2900 Computerized
Energy measurement System) was performed for 20 min to mea-
sure the rate of carbon dioxide production (V̇CO2).

Enrichment of 13C in breath was analyzed by continuous-flow
isotope ratio mass spectrometry (20/20 isotope analyzer; PDZ
Europa Ltd, Cheshire, United Kingdom). All analyses were per-
formed in triplicate. Enrichments were expressed as APE com-
pared with a reference standard of compressed carbon dioxide
gas. L-[1-13C]Phenylalanine enrichment in urine samples was
analyzed with a triple quadrupole mass analyzer (API 4000;
Applied Biosystems/MDS SCIEX, Concord, Canada) coupled to
an HPLC system (Agilent 1100; Agilent, Mississauga, Canada)
as described previously (17). Isotopic enrichment was expressed
as molecule % excess and was calculated from peak area ratios at
isotopic steady state at plateau and baseline.

Tracer kinetics

Kinetics were calculated according to the stochastic model of
Matthews et al (24), as previously used by Zello et al (12).
Isotopic steady state in the tracer enrichment at baseline and
plateau was represented by unchanging values of
[1-13C]phenylalanine in urine and 13CO2 in breath. At plateau,

TABLE 1
Subject characteristics of young healthy men1

Characteristics Value

Age (y) 26.8 � 2.0
Weight (kg) 69.6 � 3.7
Height (cm) 172.9 � 2.6
BMI (kg/m2) 23.3 � 1.0
LBM (kg)2 56.4 � 1.9
RMR (kcal)3 1665 � 37

1 All values are x� � SE; n � 8.
2 Lean body mass, determined by bioelectrical impedance analysis.
3 Resting metabolic rate, determined by open-circuit indirect

calorimetry.
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the APE was calculated by subtracting the mean breath 13CO2

enrichments of the 3 baseline samples from the 4 plateau
samples.

Phenylalanine flux (�mol � kg�1 � h�1) was calculated from
the dilution of orally administered L-[1-13C]phenylalanine into
the metabolic pool (at steady state) by using enrichments of
L-[1-13C]phenylalanine in urine (12, 24). The rate of appearance
of 13CO2 in breath (F13CO2 �mol � kg�1 � h�1) after the oxida-
tion of ingested L-[1-13C]phenylalanine was calculated accord-
ing to the model of Matthews et al (24) by using a factor of 0.82
to account for the retention of 13CO2 in the bicarbonate pool of
the body in the fed state (25). The rate of phenylalanine oxidation
(�mol � kg�1 � h�1) was calculated from F13CO2 and urinary
L-[1-13C]phenylalanine enrichment (12, 24).

Meta-analysis of nitrogen balance studies

The current EAR and RDA for protein are based on the ap-
proach in which single linear regression was applied to the data
from a meta-analysis of 19 nitrogen balance studies (6) and the
estimated requirement was where the regression line intersects
zero balance. Applying single linear regression on the nitrogen
balance data underestimated the protein requirements because
1) the physiologic response relation between nitrogen intake and
balance is curvilinear because the efficiency of protein utilization
decreases as zero balance is approached, and 2) the nitrogen
balance values are overestimated because of inherent method-
ologic problems (1–4). As suggested by the current DRI report
(5), we agree that the better way for determining protein require-
ment is the application of the biphase linear model on the nitrogen
balance data. On the basis of the above argument, we applied
biphase linear regression analysis to 28 nitrogen balance studies

(26–53), including the 19 studies used previously (6), to estimate
the current EAR and RDA using linear regression analysis
(Table 3). The selection criteria for the studies included the 1)
use of repeated measures within the same subject (minimum
number of 3 intakes per subject), 2) adaptation of subjects to each
level of intake for �6 d, and 3) use of standard nitrogen balance
techniques (�3 d of balance and inclusion of urine and feces in
excretion measurements). Data for nitrogen intakes, nitrogen
balances, number of subjects, and the type of protein source used
were collected from these studies (Table 3). Data were uniformly
converted into units of mg N � kg�1 � d�1 and corrected for mis-
cellaneous nitrogen losses (2). Biphase linear regression analysis
on the nitrogen balance data was done as described below.

Statistical analysis

Data were analyzed by using PROC MIXED (SAS version
8.2; SAS Institute Inc, Cary, NC). Repeated-measures analysis of
variance (ANOVA) was performed on primary and derived vari-
ables to assess the effects of protein intake, subject, and interac-
tions. Tukey’s test was used for post hoc analysis of the ANOVA
results. Results are expressed as means � SEs. Statistical signif-
icance was assumed at the 5% level of significance (P � 0.05).

The protein requirement (breakpoint) was determined by ap-
plying a biphase linear regression crossover model on F13CO2

data for the current study and nitrogen balance data for the meta-
analysis (12). This model selects for the minimum residual SE in
a stepwise partitioning of data points between 2 regression lines.
The first regression line has a slope and the second line is hori-
zontal with minimal or no slope. The safe intake (upper 95% CI,
equivalent to the RDA) was calculated by using Fieller’s theorem
(54).

TABLE 2
Amino acid composition of reference protein and various test protein intakes as amino acid mixture

Reference
protein1

0.1 g/kg
protein

0.3 g/kg
protein

0.6 g/kg
protein

0.9 g/kg
protein

1.2 g/kg
protein

1.5 g/kg
protein

1.8 g/kg
protein

mg/g mg/0.1 g mg/0.3 g mg/0.6 g mg/0.9 g mg/1.2 g mg/1.5 g mg/1.8 g

L-Alanine 61.4 6.2 18.4 36.9 55.3 73.8 92.2 110.6
L-Arginine � HCL2 75.1 7.5 22.5 45.1 67.6 90.1 112.7 135.2
L-Aspargine 33.3 3.3 10.0 20.0 30.0 39.9 49.9 59.9
L-Aspartic acid 33.3 3.3 10.0 20.0 30.0 39.9 49.9 59.9
L-Cysteine 22.1 2.2 6.6 13.3 19.9 26.5 33.2 39.8
L-Glutamine 56.6 5.7 17.0 34.0 51.0 68.0 85.0 101.9
L-Glutamic acid 56.6 5.7 17.0 34.0 51.0 68.0 85.0 101.9
L-Glycine 33.3 3.3 10.0 20.0 30.0 39.9 49.9 59.9
L-Histidine 22.7 2.3 6.8 13.6 20.4 27.2 34.1 40.9
L-Isoleucine 62.8 6.3 18.9 37.7 56.6 75.4 94.3 113.1
L-Leucine 83.3 8.3 25.0 50.0 75.0 99.9 124.9 149.9
L-Lysine � HCl2 75.7 7.6 22.7 45.4 68.1 90.8 113.5 136.2
L-Methionine 29.6 3.0 8.9 17.8 26.7 35.6 44.5 53.4
L-Phenylalanine3 54.7 30.5 30.5 30.5 30.5 30.5 30.5 30.5
L-Proline 41.9 4.2 12.6 25.2 37.7 50.3 62.9 75.5
L-serine 83.9 8.4 25.2 50.3 75.5 100.7 125.8 151.0
L-Threonine 47.1 4.7 14.1 28.3 42.4 56.5 70.6 84.8
L-Tryptophan 15.6 1.6 4.7 9.4 14.0 18.7 23.4 28.1
L-Tyrosine4 40.7 40.7 40.7 40.7 40.7 40.7 40.7 40.7
L-Valine 70.3 7.2 21.1 42.2 63.2 84.3 105.4 126.5

1 Represents egg protein composition.
2 Actual concentration of amino acids in HCl form in amino acid mixture: arginine, 62.1 mg/g; and lysine, 60.6 mg/g.
3 L-Phenylalanine intake was kept constant at 30.5 mg � kg�1 � d�1 at all protein intakes.
4 L-Tyrosine intake was kept constant at 40.7 mg � kg�1 � d�1 at all protein intakes.
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The study design for the current study included repeated tests
within a subject (7 protein intakes per subject). The 8 subjects,
providing a total of 56 data points, were predicted to be adequate to
estimate the mean and population safe requirements of protein in
adults by applying a 2-phase linear regression crossover analysis on
the data, as determined previously in children and adults (17, 16).

RESULTS

Phenylalanine flux and oxidation

Phenylalanine flux was not affected by protein intake
(Table 4), which provides evidence that the precursor pool for
indicator oxidation did not change in size in response to the test

protein intake. Phenylalanine oxidation (�mol�kg�1�h�1) declined
in response to increases in protein intake. The phenylalanine oxida-
tion values were significantly different only at the protein intake of
0.1 g � kg�1 � d�1 compared with 0.6–1.8 g � kg�1 � d�1 (P � 0.05),
0.3 g � kg�1 � d�1 compared with 0.9–1.8 g � kg�1 � d�1 (P � 0.05),
and 0.6 g � kg�1 � d�1 compared with 1.2–1.8 g � kg�1 � d�1 (P �
0.05). Protein intakes between 0.9 and 1.8 g � kg�1 � d�1 were not
significantly different (P � 0.05) for phenylalanine oxidation.

L[1-13C]Phenylalanine label oxidation

Dietary protein intake reduced the oxidation of
L-[1-13C]phenylalanine measured as the rate of label appearance

TABLE 3
Nitrogen balance studies used to estimate the protein requirements of healthy adults by applying biphase linear regression model

Reference Sex
No. of

subjects Age Protein source Protein amounts

y

Agarwal et al, 1984 (26) F 6 25–39 Mixed 0.40; 0.50; 0.60; 0.70
M 6 25–39 Mixed 0.40; 0.50; 0.60; 0.70

Atinmo et al, 1988 (27) M 15 19–21 Mixed 0.35; 0.49; 0.63; 0.81
Bourges and Lopez-Castro, 1982 (28) M 3 21–30 Milk 0.30; 0.40; 0.50; 0.60

M 8 18–30 Beans and corn 0.40; 0.50; 0.60; 0.70
Cheng et al, 1978 (29) M 15 23–73 Mixed 0.40; 0.80; 1.60
Clark et al, 1972 (30) M 6 22–26 Mixed 0.50; 0.60; 0.70; 0.80
Egana et al, 1992 (31) M 8 18–31 Sweet lupin 0.40; 0.60; 0.80

M 5 18–31 Egg 0.30; 0.45; 0.60
Egun et al, 1993 (32) F 12 21–32 Mixed 0.40; 0.50; 0.60
Fajardo et al, 1981 (33) M and F 8 and 3 21–26 Mixed 0.53; 0.64; 0.74; 0.84

M 8 22–25 Mixed vegetable 0.45; 0.55; 0.67; 0.77; 0.86
Huang and Lin, 1982 (34) M 15 20–29 Rice and beans 0.45; 0.55; 0.65; 0.75

M 15 20–29 Egg 0.35; 0.45; 0.55
Hussain, 1984 (35) F 8 18–27 Mixed 0.40; 0.50; 0.60; 0.70
Inoue et al, 1981 (36) M 8 19–24 Fish 0.35; 0.45; 0.55; 0.65

M 5 21–28 Soy 0.35; 0.45; 0.55; 0.65
M 8 21–25 Soy and fish 0.35; 0.45; 0.55; 0.65

Istfan et al, 1983 (37) M 8 18–21 Soy 0.35; 0.45; 0.55; 0.65
Kaneko and Koike, 1985 (38) F 18 19–21 Egg 0.20; 0.32; 0.46; 0.63
Kaneko et al, 1988 (39) F 12 18–24 Mixed 0.31; 0.44; 0.56
Komatsu et al, 1983 (40) M 10 21–24 Amino acids 0.387; 0.47; 0.63; 0.81
Oliveria and Vannuechi (41) M 9 20–28 Rice and beans 0.40; 0.60; 0.80
Ozalp et al, 1984 (42) M 11 19–26 Mixed 0.36; 0.51; 0.66; 1.00
Price et al, 1994 (43) F and M 1 and 10 22–54 Mixed 0.36; 0.77; 1.59; 2.31
Scrimshaw et al, 1983 (44) M 16 18–23 Soy 0.35; 0.45; 0.55; 0.65

M 7 18–23 Milk 0.35; 0.45; 0.55; 0.65
Thomas et al, 1979 (45) M 7 18–23 Cotton seed 0.60; 0.73; 0.84; 1.0; 1.25
Tontisirin et al, 1981 (46) F 13 19–25 Egg 0.23; 0.35; 0.51; 0.57;

0.69; 0.74; 0.87
Uauy et al, 1978 (47) M 7 68–74 Egg 0.57; 0.70; 0.85

F 7 70–84 Egg 0.52; 0.65; 0.80
Wayler et al, 1983 (48) M 7 19–22 Beef 0.35; 0.45; 0.55; 0.65

M 18 18–25 Beef and soy 0.35; 0.45; 0.55; 0.65
M 6 19–26 Milk 0.35; 0.45; 0.55; 0.65

Xecun et al, 1984 (49) M 10 24–44 Mixed 0.42; 0.60; 0.73; 0.90; 1.05
Yanez et al, 1982 (50) M 8 20–31 Egg 0.30; 0.45; 0.60

M Mixed 0.40; 0.55; 0.70
Young et al, 1973 (3) M 39 18–28 Egg 0.10; 0.20; 0.30; 0.40; 0.50
Young et al, 1975 (51) M 8 19–24 Wheat 0.30; 0.40; 0.50; 0.65

M 8 18–20 Beef 0.20; 0.30; 0.40; 0.50
Young et al, 1984 (52) M 8 18–21 Soy 0.30; 0.40; 0.50; 0.60

M 5 18–21 Egg 0.20; 0.30; 0.40; 0.50
Zello et al, 1992 (53) M 8 21–33 Egg yolk powder

Skim milk
0.60; 0.80; 1.00
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in breath (F13CO2) in response to graded intakes of protein
(Figure 1). As the protein intake increased, F13CO2 decreased
steadily (representing increased incorporation of label into pro-
tein) until a breakpoint was reached (between an intake of 0.9 and
1.2 g protein/kg); there was no further decrease in F13CO2 with
the increase in protein intake (representing no further change in
the incorporation of label into protein). Application of a biphase
linear regression crossover analysis on the F13CO2 data resulted
in the identification of a breakpoint (estimate of mean protein
requirement equivalent to the EAR) at 0.93 g � kg�1 � d�1 and
safe level of intake (the upper 95% CI, equivalent to the RDA) at
1.2 g � kg�1 � d�1.

Meta-analysis of nitrogen balance studies

Application of the biphase linear regression model to the ni-
trogen balance data from 28 studies (Table 3) resulted in the
estimation of a breakpoint of 0.91 g � kg�1 � d�1 protein and a
safe level of intake (the upper 95% CI, equivalent to RDA) of
0.99 g � kg�1 � d�1 (Figure 2).

DISCUSSION

This is first study that used the IAAO technique to determine
protein requirements in healthy adults. Previously, Ball and
Bayley (11) used the IAAO technique and estimated protein
requirements for growing piglets (240 g � kg�1 � d�1) by feeding
graded levels of protein (120, 160, 200, 240, 260, 280, and
300 g � kg�1 � d�1 as amino acid mixture) and measuring the
oxidation of [14C]phenylalanine. The protein estimates deter-
mined by Ball and Bayley (11) were comparable with the esti-
mates obtained from growth studies in piglets fed milk-based
diets [240 g � kg�1 � d�1 (55, 56); 250 g � kg�1 � d�1 (57)]. Fur-
thermore, the IAAO technique indicates amino acid catabolism
over periods as short as several minutes (58, 59) and does not
need longer periods of adaptation to protein or amino acid intakes
(60–64). Hence, in the current study we adapted this IAAO
method to humans to determine protein requirements.

In the current IAAO study, the mean and population-safe
protein requirements were estimated to be 0.93 and
1.2 g � kg�1 � d�1, respectively. These results are indirectly sup-
ported by Tarnopolsky et al (65) who used L-[1-13C]leucine and
determined the protein requirements of young sedentary men
and strength athletes by feeding 0.86, 1.40, and 2.40 g
protein � kg�1 � d�1. The results of that study showed that whole-
body protein synthesis remained similar (�140 mg � kg�1 � h�1)

TABLE 4
Phenylalanine flux and oxidation at 7 protein intakes in healthy men1

Protein intake
(g � kg�1 � d�1)

Phenylalanine
flux2,3 Phenylalanine oxidation2

�mol � kg�1 � h�1 �mol � kg�1 � h�1

0.1 67.6 � 4.4 13.0 � 0.8a

0.3 62.0 � 3.0 10.5 � 0.5a,b

0.6 60.6 � 5.9 8.3 � 0.6b

0.9 52.7 � 6.6 7.2 � 0.7b,c

1.2 53.3 � 6.8 4.9 � 0.6c

1.5 56.1 � 2.7 5.2 � 0.4c

1.8 56.9 � 5.5 4.8 � 0.3c

1 n � 8 per mean. Repeated-measures ANOVA was performed to assess
the effects of protein intake on phenylalanine flux and oxidation with Tukey’s
test for post hoc analysis. Means in a column with different superscript letters
are significantly different, P � 0.05.

2 All values are x� � SE.
3 Protein had no statistically significant effect on phenylalanine flux,

P � 0.05.

FIGURE 1. Relation between various protein intakes and the rate of ap-
pearance of orally administered L-[1-13C]phenylalanine as breath 13CO2 in 8
healthy men. Values are x� � SD (n � 8 per mean). The breakpoint estimates
the mean protein requirement. The breakpoint was determined by using
biphase linear regression crossover analysis to minimize the total sum of
squares in error for the combined line. The mean protein requirement was
estimated to be 0.93 g � kd�1 � d�1. The upper 95% CI estimates the
population-safe protein intakes and was estimated to be 1.24 g � kg�1 � d�1.

FIGURE 2. Relation between various nitrogen intakes and the mean nitro-
gen balances from 28 nitrogen balance studies (data from references quoted
in Table 3). Values are x� � SE. The breakpoint estimates the mean nitrogen
requirement. The breakpoint was determined by using biphase linear regres-
sion crossover analysis to minimize the total sum of squares in error for the
combined line. The mean nitrogen (or protein) requirement was estimated to
be 145.9 mg � kg�1 � d�1 (or 0.91 g protein � kg�1 � d�1).The upper 95% CI
estimates the population-safe nitrogen (or protein) intakes and was estimated
to be 158.3 mg � kg�1 � d�1(or 0.99 g protein � kg�1 � d�1). Two very positive
nitrogen balances on the nonsloping line were removed, and a second break-
point analysis was done. The new values were not significantly different from
those from the initial analysis. The mean nitrogen (or protein) requirement
was estimated to be 143.6 mg � kg�1 � d�1 (or 0.9 g protein � kg�1 � d�1).The
upper 95% CI was estimated to be 155.6 mg � kg�1 � d�1 (or 0.97 g
protein � kg�1 � d�1). Line 1: y � 0.307x � 41.6; n � 201; R2 � 0.619.
Nitrogen intake � 135.6 at zero nitrogen balance.
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when the protein intake was increased from 0.86 to 1.40 and
2.40 g � kg�1 � d�1 in sedentary men. The authors of that study
concluded that a diet containing 0.90 g � kg�1 � d�1 was at or
above physiologic protein requirements for sedentary men. Sim-
ilarly, Zello et al (53) and Motil et al (66) used the direct amino
acid oxidation (DAAO) technique and studied the effect of 3
protein intakes (0.6, 0.8, and 1.0 g � kg�1 � d�1; 0.1, 0.6, and
1.5 g � kg�1 � d�1, respectively) on L-[1-13C]leucine metabolism.
The results of Zello et al (53) showed that as the protein and
leucine intakes increased, the production of 13CO2 increased
from 0.6 to 1.0 g protein � kg�1 � d�1; however, the differences
were only statistically significant between protein intakes of 0.6
and 0.8. Similarly, the results of Motil et al (66) showed that the
rates of leucine incorporation into protein synthesis (113.3 � 6.7
compared with 102.4 � 7.6 �mol � kg�1 � h�1) and leucine ox-
idation (46.3 � 3.8 compared with 21.6 � 1.1 �mol � kg�1 � h�1)
were significantly higher at a protein intake of 1.5 g � kg�1 � d�1

than at a protein intake of 0.6 g � kg�1 � d�1. Because there were
too few levels of protein tested below and above requirements
(53, 66), the results of these studies (53, 66) are inconclusive in
terms of indicating a breakpoint (hence requirement) at the pro-
tein intake at which the change in 13CO2 production occurred
from constant to increasing pattern. The minimum level of points
to satisfactorily define a line is 3.

The current EAR recommendation and RDA for protein are
0.66 and 0.80 g � kg�1 � d�1, respectively. We believe that these
recommendations are tentative because no long-term studies
have suggested that these values would maintain nitrogen bal-
ance along with lean body mass, muscle mass, serum protein
concentrations, immunity, functional capacity etc. Previously, a
series of long-term balance studies (67–69) showed that intake of
the proposed safe allowance of 0.57 g (70) egg protein resulted in
negative nitrogen balance, loss of lean body mass, and deterio-
rating serum protein and transferase values unless additional
energy or nonessential nitrogen was supplied. Jackson et al (71)
determined the effect of a proposed safe protein intake
(0.75 g � kg�1 � d�1) on erythrocyte glutathione synthesis rate in
young men. The results of that study showed that the erythrocyte
glutathione synthesis rate was significantly lower (P � 0.05) on
days 3 and 10 of the diet at the proposed safe protein intake
(0.75 g � kg�1 � d�1) than at baseline at the habitual protein intake
(1.13 g � kg�1 � d�1). The authors of that study suggested that a
reduced antioxidant capacity and possibly an increased suscep-
tibility to oxidation stress occurred at a protein intake of
0.75 g � kg�1 � d�1. This raises concern that the safe protein in-
take of 0.75 g � kg�1 � d�1 may not be either adequate or safe.

The results of the present study suggest that the current
EAR recommendations (0.66 g � kg�1 � d�1) and RDA
(0.80 g � kg�1 � d�1) for protein are underestimated at 29% and
33%, respectively. As outlined in detail in Subjects and Methods
(meta-analysis of nitrogen balance studies), we propose that
these underestimations are the result of applying single linear
regression on the nitrogen balance data. We argue that the break-
point (protein requirement) determined by the biphase linear
regression is more reliable because it remains the same for both
true and apparent (overestimated) nitrogen balance values. This
argument is illustrated in Figure 3, in which the effect on the
estimate of protein requirements using both statistical methods
on hypothetical data representing either a 10% overestimation of

nitrogen balance values (apparent nitrogen balance) or true ni-
trogen balance is shown. As shown in the figure, a 10% overes-
timation of nitrogen balance resulted in a 20% underestimation of
the protein requirement when linear regression analysis was ap-
plied to determine the zero balance value. On the other hand,
similar protein requirement values were obtained when biphase
linear regression analysis was applied to both the apparent and
true nitrogen balance values. Furthermore, the application of
both linear and biphase regression analysis on true nitrogen val-
ues yields the same estimates of protein requirements. However,
because the true nitrogen balance values are very difficult to
obtain and are seldom measured, it is prudent to apply biphase
linear regression analysis on nitrogen balance data.

On the basis of the above argument, we applied biphase linear
regression analysis to 28 nitrogen balance studies (Table 3) and
estimated a breakpoint of 0.91 g protein � kg�1 � d�1 (Figure 2).
This new protein requirement, derived from nitrogen balance
studies, supports the protein requirement determined in the
present study by IAAO (0.93 g � kg�1 � d�1) and suggests that the
previous application of linear regression analysis of nitrogen
balance data resulted in underestimation of protein requirements.

The RDA of 1.2 g protein � kg�1 � d�1 corresponds to 17% of
energy intake from protein for a 70-kg person consuming a diet
providing 2856 kcal/d [1 kcal � kg�1 � h�1 � 24 h � 1.7 (activity
factor)]. This value is well within the recommended range for
protein intake of 10–35% of total energy intake as recommended
by the new DRI report (1) and does not exceed the value of 2.0 g
protein � kg�1 � d�1, the upper limit of protein currently con-
sumed safely by well-nourished populations (72). On the other
hand, the current RDA (5) for protein for a 70-kg person is
56 g � kg�1 � d�1, which corresponds to 8% of energy intake for
a diet providing 2856 kcal/d. This value of 8% is about one-half
(15.5%) that found in Western diets in general (73) and that
suggested by the current study (17%) and does not appear to be
adequate for meeting the requirement of the entire population.

In summary, the mean and population-safe protein require-
ments of 0.93 and 1.2 g � kg�1 � d�1, respectively, as determined

FIGURE 3. Hypothetical example of the relation between various protein
intakes and nitrogen balances (true and 10% overestimated). Application of
linear regression analysis on both overestimated and true nitrogen balance
values resulted in nitrogen requirements of 100 and 120 mg � kg�1 � d�1,
respectively (0.63 and 0.75 g � kg�1 � d�1 protein, respectively). Application
of biphase linear regression analysis on both overestimated and true nitrogen
balance values resulted in a nitrogen requirement of 120 mg � kg�1 � d�1.
Application of linear regression analysis underestimated nitrogen require-
ments by 20% when the nitrogen balance values were overestimated by 10%.
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in the current study suggest that the EAR and RDA for protein
requirements estimated by zero balance were underestimated by
29% and 33%, respectively. The results of the present study are
comparable with those produced by the application of biphase
linear regression to data from nitrogen balance studies and pre-
vious stable-isotope studies. In conclusion, our data and the re-
analysis of the preexisting nitrogen balance data suggest that the
current recommendations for protein requirement are too low
and require reassessment. The IAAO technique has advantages
over the classic nitrogen balance technique because it 1) does not
determine balance, the determination of which is technically
demanding; 2) allows study of the same individual over an entire
range of protein intakes, thus decreasing between-individual
variability; and 3) is noninvasive and can be used to determine
accurate protein requirements in healthy individuals and in pa-
tients with different diseases and conditions.
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Albumin synthesis in premature neonates is stimulated by
parenterally administered amino acids during the first days of life1�3

Chris HP van den Akker, Frans WJ te Braake, Henk Schierbeek, Trinet Rietveld, Darcos JL Wattimena,
Jan Erik H Bunt, and Johannes B van Goudoever

ABSTRACT
Background: We recently showed that parenteral administration of
amino acids to premature infants immediately after birth is safe and
results in a positive nitrogen balance and increased whole-body
protein synthesis. However, we did not determine organ-specific
effects; albumin, produced by the liver, is an important protein, but
its concentration is often low in premature neonates during the first
few days after birth.
Objective: The objective of the study was to test the hypothesis that
the fractional and absolute albumin synthesis rates would increase
with the administration of amino acids after birth, even at low non-
protein energy intake.
Design: Premature infants (�1500 g birth weight), who were on
ventilation, received from birth onward either glucose only (control
group, n � 7) or glucose and 2.4 g amino acid � kg�1 � d�1 (inter-
vention group, n � 8). On postnatal day 2, all infants received a
primed continuous infusion of [1-13C]leucine, and mass spectrom-
etry techniques were used to determine the incorporation of the
leucine into albumin. Results are expressed as medians and 25th and
75th percentiles.
Results: Albumin fractional synthesis rates in the intervention group
were significantly higher than those in the control group [22.9%
(17.6–28.0%)/d and 12.6% (11.0–19.4%)/d, respectively; P �
0.029]. Likewise, the albumin absolute synthesis rates in the
intervention group were significantly higher than those in the
control group [228 (187–289) mg � kg�1 � d�1 and 168 (118 –
203) mg � kg�1 � d�1, respectively; P � 0.030].
Conclusion: Amino acid administration increases albumin synthe-
sis rates in premature neonates even at a low energy intake. Am
J Clin Nutr 2007;86:1003–8.

KEY WORDS Albumin, stable isotopes, synthesis rates,
amino acids, parenteral nutrition, metabolism, premature infants,
intensive care units, neonates

INTRODUCTION

The plasma albumin concentration is a routinely measured
variable in the neonatal intensive care unit (NICU) and is often
found to be low in ill premature infants (1, 2). Albumin, produced
by the liver, has several important roles in neonatal physiology
(3, 4): it is the main preserver of the colloid osmotic pressure in
plasma (�75%), it functions as an anticoagulant, and it is an
important binding transporter of certain metabolites, eg, biliru-
bin, free fatty acids, and drugs. Moreover, albumin is an impor-
tant antioxidant because it has specific binding sites for copper

ions and a free sulfhydryl group, which can scavenge harmful
reactive oxygen species (5). The free sulfhydryl group can also
bind nitric oxide (NO) to form a reservoir for this regulator of
vascular tonus (6). Furthermore, albumin synthesis probably
provides for temporary storage of amino acids (AAs), which
spares them from oxidation (7–9). Albumin consists of 585 AAs,
and it is the most abundant plasma protein (2), although �60% of
the total albumin pool is in the interstitial space (10).

Albumin metabolism has been studied mainly in healthy
adults and in adults during various stages of renal or liver disease.
Most studies in neonates are limited to static properties such as
concentrations. Measurement of albumin synthesis rates would
no doubt provide more insight into the dynamics of albumin
metabolism and its response to nutrition.

Several reports have described relations between a low albu-
min concentration and morbidity and mortality rates in prema-
ture neonates (11, 12). In the fasting state, albumin concentra-
tions drop 2–3 g/L in the first 24 h after birth (2). Because there
is discussion about the benefits and safety of exogenous albumin
infusions in premature infants (13–15), stimulation of endoge-
nous synthesis via adequate nutritional support may be an attrac-
tive alternative.

The latter strategy requires good knowledge of the protein
metabolism of premature infants. Studies using stable isotopes
have provided insights into anabolism and catabolism in general
(16–18). For one, the administration of AAs directly after birth
stimulates whole-body protein synthesis rather than depressing
protein breakdown (16). The study of whole-body metabolism is
limited, however, in that it provides information on the average
of all metabolic processes in the body rather than on organ-
specific changes.

It is not known whether the exogenous administration of AAs
also stimulates organ-specific protein synthesis, eg, that of albu-
min, in premature infants. Albumin synthesis can be quantified
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by measuring the incorporation rate of a stable isotope–labeled
AA into plasma albumin.

We report a study in preterm infants aimed at determining the
effect of AA administration starting immediately after birth on
subsequent albumin synthesis. We hypothesized that AAs added
to glucose would increase albumin synthesis rates.

SUBJECTS AND METHODS

Subjects

Patients were eligible for the study if they were born in the
Sophia Children’s Hospital, had a birth weight of �1500 g, and
required an arterial line for clinical purposes. Exclusion criteria
were known congenital abnormalities, chromosome defects, and
metabolic, endocrine, renal, or hepatic disorders. The cohort
described here was also used in an earlier study on whole-body
leucine metabolism (16). It comprises a subset of infants partic-
ipating in a large trial on AA administration in the immediate
postnatal phase (19); these infants were selected if they were born
within a defined time span during that study and if they met
current inclusion criteria. The study was designed as a random-
ized open trial and was performed in the NICU of the Erasmus
MC–Sophia Children’s Hospital (Rotterdam, Netherlands). The
study was investigator initiated and received no funding from
industry.

Written informed consent was obtained from the parents of
each infant. The protocol was approved by the Erasmus Medical
Center Medical Ethics Review Board.

Experimental design

Within 2 h after birth, infants were randomly assigned to
receive during the first 2 postnatal days either glucose only (con-
trol group, n � 7) or glucose and 2.4 g protein � kg�1 � d�1 as AA
(Primene 10%; Baxter, Clintec Benelux NV, Brussels, Belgium)
(intervention group, n � 8).

The administration of glucose solution or the AA and glucose
solution was accomplished by continuous infusion. Lipids or
(minimal) enteral feedings (or both) were withheld during the
study period. None of the infants received exogenous albumin
infusions during the study. The hospital’s pharmacy dissolved
L-[1-13C]leucine (99% enriched; Cambridge Isotope Laborato-
ries, Andover, MA) in normal saline and tested it for sterility and
pyrogenicity. We infused it (prime: 15 �mol/kg; continuous: 15
�mol � kg�1 � h�1) with the use of an infusion pump (Perfusor
fm; B Braun Medical BV, Oss, Netherlands).

Arterial blood samples (0.4 mL) were drawn before the isotope
infusion (baseline) and after 4 and 5 h of infusion. The blood
samples were immediately put on melting ice and centrifuged
(2500 � g, 10 min, 4 °C), after which the plasma was stored at
�80 °C until it was analyzed.

Analytic methods

To isolate plasma albumin (20), 50-�L plasma samples were
deproteinized and washed with 10% trichloroacetic acid. Water
and 1% trichloroacetic acid in 96% ethanol were added to the
protein pellet, and the sample was centrifuged (2500 � g, 10 min,
4 °C). The supernatant was mixed with 26.8% ammonium sulfate
to precipitate albumin overnight. The pellet was then dissolved in
0.3 mol NaOH/L, which was precipitated with 2 mol perchloric
acid/L. After washing, the new pellet was dissolved in 6 mol

HCl/L, which was hydrolyzed for 24 h, after which the acid was
dried under nitrogen and dissolved in water. AAs were isolated
with the use of a cation-exchange column and then derivatized
with ethylchloroformate, and enrichment was measured on a gas
chromatograph–combustion–isotope ratio mass spectrometer
(Delta XP; Thermo Electron, Bremen, Germany) as previously
described (21).

As albumin precursor. we used plasma [1-13C]�-
ketoisocaproate (�-KIC, the keto acid of leucine) enrichment at
a plateau that had already been measured, as described in our
earlier report (16). Liver amino acyl-tRNA enrichment forms the
true precursor, but its use requires tissue biopsies and technically
demanding assays. Nevertheless, �-KIC enrichment adequately
represents leucyl-tRNA enrichment and is valuable in this type of
research (22, 23). Plasma albumin concentrations were routinely
measured on a Hitachi 912 autoanalyzer (Roche Diagnostics,
Basel, Switzerland).

Calculations

The fractional albumin synthesis rate (FSR) reflects the frac-
tion of the intravascular albumin pool that is renewed per unit of
time (%/d) and can be calculated by using the following equation:

FSR �
��Eleu-alb,t2 � Eleu-alb,t1�

EKIC
�

24

�t2 � t1�
� 100% (1)

where Eleu-alb is the enrichment in mole percent excess (MPE) of
incorporated leucine in albumin at t2 and t1 (at 5 and 4 h after the
start of infusion, respectively) and EKIC is the mean enrichment
in MPE of the precursor, ie, plasma �-KIC, at both time points.

The absolute albumin synthesis rate (ASR) represents the ab-
solute amount of albumin that is produced per unit of time
(mg � kg�1 � d�1), and it can be calculated by using the following
equation:

ASR � FSR � Calb � volbl � �1 � Ht� � weight�1

(2)

where Calb is the plasma albumin concentration in g/L, volbl is the
infant’s total blood volume in mL [assumed to be 75 mL/kg body
wt (24, 25)], (1 – Ht) is the fraction of blood that is plasma, and
weight is birth weight in kg.

We also calculated the contribution (%) of albumin ASR in
relation to whole-body protein synthesis in percentage on the
basis of previously measured leucine turnover data according to
the following equation:

Contribution � ��ASR � 0.104�/�NOLD � 131.2 � 24

� 0.001�� � 100% (3)

where NOLD is the nonoxidative leucine disposal representing
whole-body protein synthesis (in �mol � kg�1 � h�1), which was
calculated in an earlier study by our group (16). In addition, 0.104
represents the fraction of leucine residues in albumin on a weight
basis, 131.2 is the mole mass of leucine, and 24 and 0.001 convert
to day and milligram, respectively.

Statistical analysis

Calculations were made with MICROSOFT OFFICE EXCEL
software (version 2000; Microsoft Corp, Redmond, WA), and all
statistical tests were conducted with the use of GRAPHPAD
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PRISM software (version 4.0; GraphPad, San Diego, CA). Dif-
ferences between control and intervention groups were tested by
using Mann-Whitney tests unless stated otherwise. Values are
expressed as medians and 25th and 75th percentiles or as means
� SDs, and significance was set at P � 0.05.

RESULTS

Fifteen premature infants were studied—7 in the control group
and 8 in the intervention group. All infants were treated with
mechanical ventilation. Birth weight, gestational age, SD score
for weight (26), sex, disease scores [Apgar and Clinical Risk
Index for Babies (27)], and antenatal steroid use to improve lung
maturation did not differ significantly between the groups
(Table 1). The birth weights of 1 infant in the control group and
of 2 infants in the intervention group were �2 SD when related
to gestational age. Blood gas variables, whole-blood glucose
concentrations, and nonprotein energy intakes (only glucose) on
the second day of life did not differ significantly between groups
(Table 2). Because the intervention group received AAs, the
blood urea nitrogen concentrations and nitrogen balance were
higher in these infants than in the control group.

The mean leucine enrichments in albumin in the control group
were 0.243 � 0.12 and 0.289 � 0.13 MPE after 4 and 5 h of
infusion, respectively. In the intervention group, enrichments
were 0.201 � 0.050 and 0.249 � 0.050 MPE, respectively. The
mean �-KIC enrichments at plateau were 7.16 � 0.56 MPE in the
control group and 5.18 � 0.46 MPE in the intervention group.

Albumin FSR was significantly higher in the intervention
group than in the control group (Figure 1). The plasma albumin
concentration was measured in 5 of 7 infants in the control group
and in 6 of 8 infants in the intervention group; it was significantly
higher in the intervention group (Figure 2). The calculated ASR
was also higher in the intervention group than in the control group
(Figure 3).

Because we had also obtained leucine turnover data (16), we
were able to compare the albumin ASR with the whole-body
protein synthesis rate. The median NOLD (a measure of protein
synthesis) increased from 130 (122–172) to 185 (169–203) �mol
leucine � kg�1 � h�1 after administration of AAs (P � 0.030). The
proportion of leucine used for albumin synthesis relative to
whole-body NOLD was �4% in both subject groups (Figure 4),
which implies that AA administration stimulates albumin syn-
thesis and whole-body protein synthesis at a similar rate.

DISCUSSION

Our data are consistent with the assumption that parenteral AA
administration in premature neonates stimulates albumin syn-
thesis. On the second day of life, albumin FSR and ASR and
plasma albumin concentrations were significantly higher in pre-
mature infants who had received parenteral AAs from birth on-
ward than in those who had not received parenteral AAs. The
plasma albumin concentration is governed by 4 processes (or
changes): changes in synthesis, degradation, intravascular space,
and transcapillary escape. In the present study, we were not able
to measure the latter 3 processes, but we speculate that greater
synthesis is the primary cause for the higher plasma concentra-
tion noted.

Alternatively, a rise in albumin synthesis does not automati-
cally coincide with a parallel rise in concentration. Albumin is a
negative acute-phase protein, which means that its concentration
will decrease during an inflammatory event. Such decreases have
been described during cholecystitis (28), hemodialysis (29), and
cancer (30) and in head trauma patients (31), despite a coinciding
rise in albumin FSR. Cytokines might be responsible for this
paradoxical increase (29, 32). The lowered concentrations prob-
ably result from concomitant increases in catabolic rate and
transcapillary escape.

The albumin FSR in healthy adults is �6–8%/d (8, 9, 32–36),
and it seems unresponsive to intravenous nutrients (37). Meals,
however, will increase albumin synthesis (7, 8, 38). A recent
study showed that the protein portion of meals is the component
responsible for this increase (9). Adults undergoing chronic he-
modialysis also were found to be sensitive to nutrition, because
albumin FSR improved after intradialytically administered nu-
trition (20). Overall, it seems that albumin synthesis in adults is
more responsive to gastrointestinal nutritional uptake than to
intravenous nutrition, as was also shown after surgery (39) and in
rats (40). Our findings in human neonates and the findings of
others in young piglets (41, 42) suggest that other metabolic
mechanisms may be regulating albumin synthesis in younger

TABLE 1
Clinical characteristics1

Control group Intervention group

n (male/female) 7 (2/5) 8 (4/4)
Weight (kg) 0.960 (0.780–1.080)2 0.940 (0.770–1.070)
Gestational age (wk) 26.7 (26.4–28.9) 26.9 (26.6–29.9)
SD score for weight3 �0.53 (�0.75 to �0.11) �1.14 (�2.22–0.19)
CRIB score4 5 (2–8) 3 (1.3–5)
5-min Apgar score 9 (7–9) 9 (8–10)
Antenatal corticosteroids,

no/yes (n)
(2/5) (1/7)

1 No statistical differences between groups were found (Mann-Whitney
test).

2 Median; 25th–75th percentile (all such values).
3 Reference 26.
4 Reference 27.

TABLE 2
Study variables on the second day of life1

Control group
(n � 7)

Intervention group
(n � 8)

Nonprotein energy intake
(kcal � kg�1 � d�1)

33.3 (30.7–36.9) 31.2 (26.0–32.9)

AA intake (g � kg�1 � d�1) 0 2.3 (2.3–2.4)2

Nitrogen balance
(mg N � kg�1 � d�1)

�110 (�133 to �56) 156 (116–226)2

Blood urea nitrogen
(mmol/L)

6.2 (5.8–6.9) 9.7 (7.6–11.8)2

Glucose concentration
(mmol/L)

4.9 (3.1–6.2) 3.9 (3.0–4.8)

pH 7.31 (7.25–7.33) 7.31 (7.28–7.38)
Base excess (mmol/L) �5 (�6 to �4) �6 (�6 to �3)

1 All values are median; 25th–75th percentile in parentheses. AA, amino
acid.

2 Significantly different from control group, P � 0.05 (Mann-Whitney
test).

ALBUMIN SYNTHESIS RATES IN PREMATURE NEONATES 1005



persons, in whom albumin synthesis is also responsive to paren-
teral nutrition.

Consistent with the general finding that younger persons have
higher metabolic rates than do adults, a higher albumin FSR,
ranging from 15%/d to 20%/d, has been found in 12-mo-old
infants (43, 44). Bunt et al (21) found values of 14%/d on the first
postnatal day in fasted premature infants with a gestational age of
28 wk. Yudkoff et al (45) calculated a mean albumin FSR of
12%/d in parenterally fed, premature neonates with appropriate-
size-for-gestational-age (which was 28 wk), after �1 wk of life.
These figures correspond well with the synthesis rates we ob-
served in the present study. Yet, unlike Bunt et al (21), we did not
find clear correlations between the FSR and SD scores for weight
related to gestational age. This may have been the result of
reduced power in our study or of interference by our nutritional
intervention.

We calculated that albumin constitutes �4% of all proteins
synthesized in the body. In addition, it was estimated that, of all
proteins synthesized in the liver of healthy humans and rats,
including those not excreted but produced for intrahepatic main-
tenance, 15% was albumin (34, 38). The combination of these
figures shows that the liver would contribute �25% to whole-
body protein synthesis. Normal hepatic functioning would,
therefore, seem to be of vital importance.

Apart from all of the important roles of albumin mentioned
earlier, the possibility of increasing the albumin FSR is interest-
ing from a nutritional point of view. A higher albumin ASR

makes premature infants less vulnerable to catabolic insults
through the temporary storage of AAs in albumin, which pre-
vents excess AAs from being oxidized. Later, during low protein
intake or increased protein demands, body protein stores can be
spared—albeit at the cost of albumin breakdown—thereby re-
leasing free AAs.

Especially in the first 24 h after premature birth, nonprotein
energy intake is usually very low (�30–35 kcal � kg�1 � d�1) and
less than desirable. Recently, energy expenditure was measured
in premature infants during the first few days of life, in which
they had comparable energy intakes (46). Energy expenditure
was estimated at 29–35 kcal � kg�1 � d�1, which, at an intake of
�30 kcal � kg�1 � d�1, would leave no calories for net energy
storage or growth. As a consequence, AA efficacy in terms of
anabolism is usually moderate, in that a large fraction will be
irreversibly oxidized (16).

Carbohydrate intake is limited because of potential hypergly-
cemia and fluid restrictions. Moreover, parenteral lipids are often
withheld in the first 24 h after premature birth, because neona-
tologists fear pulmonary disease, hypertriacylglycerolemia, and
high free fatty acid concentrations that could lead to competition
with bilirubin for binding on albumin (47).

Albumin is the main transport vehicle for fatty acids to and
from the tissues, according to metabolic demands. Notwithstand-
ing the fact that lipids in blood are largely in the form of triacyl-
glycerols, the turnover and utilization of fatty acids bound to

FIGURE 1. Medians and interquartile ranges of fractional albumin syn-
thesis rates (FSR; in %/d) in the control (n � 7) and intervention (n � 8)
groups. Albumin FSR was significantly higher in the intervention group than
in the control group (P � 0.029, Mann-Whitney test).

FIGURE 2. Medians and interquartile ranges of albumin plasma concen-
trations (in g/L) in the control (n � 5) and intervention (n � 6) groups. The
plasma albumin concentration was significantly higher in the intervention
group than in the control group (P � 0.030, Mann-Whitney test).

FIGURE 3. Medians and interquartile ranges of absolute albumin syn-
thesis rates (ASR; in mg � kg�1 � d�1) in the control (n � 5) and intervention
(n � 6) groups. The albumin ASR was significantly higher in the intervention
group than in the control group (P � 0.030, Mann-Whitney test).

FIGURE 4. Medians and interquartile ranges of the contribution (in %)
of absolute albumin synthesis rate (ASR) to whole-body protein synthesis
[represented by nonoxidative leucine disposal (NOLD)] in the control (n �
5) and intervention (n � 8) groups. There was no significant difference
between groups (Mann-Whitney).
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albumin are high, which makes fatty acids an important contrib-
utor to lipid metabolism (48). Providing AAs immediately after
birth increases albumin synthesis and subsequent binding capac-
ities, and those changes theoretically improve the infant’s toler-
ance of intravenous lipids. Apart from the advantage of deliver-
ing essential fatty acids, the high energy content makes
immediate commencement of lipids after birth beneficial by im-
proving the energy balance, which, in turn, may stimulate protein
synthesis even more.

A recent study with high-dose AAs and lipids initiated imme-
diately after birth showed high anabolic use of AAs, probably
because of a greater energy availability (49). We speculate that an
increased albumin synthesis rate was at least partially responsi-
ble for the increased tolerance of lipids. More clinical trials are
required to determine the efficacy and safety of parenteral ad-
ministration to premature infants of lipids together with high-
dose AAs that begins immediately after birth.

A potential limitation of this study is that the hydrolyzed
protein pellet may not have contained pure albumin. Jacobs et al
(50) reported earlier that, after simple ethanol extraction, �8% of
proteins were contaminants. By adding ammonium sulfate, we
aimed to eliminate some of the contaminating proteins (20).
However, even if purification of the protein pellet was still in-
complete, nearly all of the proteins must have been albumin.

In conclusion, we have shown that introducing AAs immedi-
ately after birth to premature neonates stimulates not only whole-
body protein synthesis but also albumin synthesis. This finding
may have important implications in view of the vital roles of
albumin, such as serving as an antioxidant and binding bilirubin
and free fatty acids. Improving albumin synthesis may, therefore,
have a major effect on later outcome.
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Short-term overfeeding increases resting energy expenditure in
patients with HIV lipodystrophy1�3

Lisa A Kosmiski, Daniel H Bessesen, Sarah A Stotz, John R Koeppe, and Tracy J Horton

ABSTRACT
Background: HIV lipodystrophy and other lipodystrophy syn-
dromes are characterized by extensive loss of subcutaneous adipose
tissue. Lipodystrophy syndromes are also associated with increased
resting energy expenditure (REE). This hypermetabolism may be an
adaptive response to an inability to store triacylglycerol fuel in a
normal manner.
Objective: This study was done to determine whether REE in-
creases significantly after short-term overfeeding in patients with
HIV lipodystrophy.
Design: REE was measured in HIV-infected patients with lipodys-
trophy (n � 9) and in HIV-infected (n � 10) and healthy (n � 9)
controls after 3 d on a eucaloric diet and again after 3 d on a diet of
similar composition but increased in calories by 50%.
Results: After 3 d of eucaloric feeding, REE was significantly
higher in patients with HIV lipodystrophy [33.2 � 0.27 kcal/kg lean
body mass (LBM)] than for both HIV-infected and healthy controls
(29.9 � 0.26 and 29.6 � 0.27 kcal/kg LBM, respectively; P � 0.01).
Furthermore, after 3 d of overfeeding, REE increased significantly in
patients with HIV lipodystrophy but not in the control groups
(33.2 � 0.27 vs 34.7 � 0.27 kcal/kg LBM; P � 0.01). Finally,
postprandial thermogenesis did not differ among the groups after a
“normal” test meal but tended to be higher in patients with HIV
lipodystrophy than in healthy controls after a large test meal.
Conclusions: Adaptive thermogenesis in the resting component of
total daily energy expenditure and in the postprandial period may be
a feature of the HIV lipodystrophy syndrome and may be due to an
inability to store triacylglycerol fuel in a normal manner. Am J
Clin Nutr 2007;86:1009–15.

KEY WORDS HIV lipodystrophy, resting energy expendi-
ture, overfeeding, metabolic rate, caloric intake, thermic effect of
food

INTRODUCTION

Lipodystrophy syndromes are by definition characterized by
loss of adipose tissue (1). HIV lipodystrophy, first reported in
1998, is an acquired lipodystrophy characterized by loss of sub-
cutaneous adipose tissue in the face, trunk, extremities, and but-
tocks (2). It is also associated with insulin resistance, diabetes
mellitus, and elevated triacylglycerol concentrations, the same
metabolic disturbances present in congenital and other acquired
forms of lipodystrophy (1).

Lipodystrophy syndromes share another feature, namely an
increased resting metabolic rate (3–6). It also appears that both

resting energy expenditure (REE) and the metabolic distur-
bances discussed above are greater the more extensive the fat
loss. For example, REE 20–73% above normal was described in
persons with congenital generalized lipodystrophy, which is
characterized by almost complete absence of adipose tissue (3,
7). In familial forms of partial lipodystrophy, there are reduced
amounts of adipose tissue in the extremities but normal to in-
creased amounts of fat in the trunk and face. In this disorder,
REEs 15–35% above normal were found (4, 8). In patients with
HIV lipodystrophy, we have found REE, corrected for lean body
mass (LBM), to be �17 higher than in HIV-infected controls and
25% higher than in healthy controls (6). Recently, other inves-
tigators have also found that REE per kilogram of fat-free mass
is higher in patients with HIV lipodystrophy than in HIV-infected
controls (9).

Importantly, we have previously shown that short-term caloric
restriction (72 h) results in a significant fall in REE in patients
with HIV lipodystrophy but not in HIV-infected or healthy con-
trols (10). Normally, such short-term caloric restriction does not
lead to significant reductions in REE because LBM, which ac-
counts for �80–85% of the variation in REE, does not decrease
significantly during this period of time (11, 12). Therefore, the
reduction in REE in the patients with lipodystrophy on short-
term caloric restriction suggests that their elevated metabolic
rates may be a form of adaptive thermogenesis invoked to dis-
sipate calories that cannot be stored in a normal manner. Signif-
icant reductions in REE in response to short-term caloric restric-
tion were also described in persons with congenital generalized
lipodystrophy (7, 13).

In the current study, we overfed a “mixed” diet to 3 groups of
subjects. HIV-infected patients with lipodystrophy and HIV-
infected and healthy controls were overfed for 72 h during which
time they consumed 50% more calories than in the eucaloric
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period. We hypothesized that a short-term increase in caloric
intake would lead to a significant increase in REE in patients with
HIV lipodystrophy but not in HIV-infected and healthy controls.
We also hypothesized that postprandial thermogenesis (PPT)
would increase more in subjects with lipodystrophy after a single
large meal than in both HIV-infected and healthy controls.

SUBJECTS AND METHODS

Subjects

HIV-infected subjects were recruited from local HIV primary
care practices. Healthy controls were recruited through adver-
tisement. Subjects gave written informed consent under a proto-
col approved by the institutional review board at the University
of Colorado at Denver and Health Sciences Center. HIV lipo-
dystrophy remains a clinical diagnosis; therefore, HIV-infected
subjects were classified as having lipodystrophy if the subject,
the subject’s primary care provider, and the primary investigator
agreed that the subcutaneous fat of both the extremities and the
face was significantly reduced. Specifically, lipoatrophy was
judged to be present in the extremities if they were characterized
by venous prominence and a pseudomuscular appearance. Li-
poatrophy of the face was judged to be present if the cheeks had
a sunken appearance and the nasolabial folds were prominent.
Fat accumulation was not used as criteria for the diagnosis of HIV
lipodystrophy. To be included in the HIV-infected control group,
the subject, the primary care provider, and the primary investi-
gator had to agree that the subject showed no signs of fat atrophy
in any depot and that there had been no significant changes in
body habitus since starting antiretroviral therapy.

All HIV-infected patients were on potent antiretroviral ther-
apy (for details, see “Study design”). Subjects were excluded if
they had HIV-1 RNA concentrations � 1000 copies/mL, an
active opportunistic infection or malignancy, hepatitis C, abnor-
mal thyroid-stimulating hormone (TSH), or a history of conges-
tive heart failure or pulmonary disease because all these condi-
tions are associated with altered energy expenditure (EE). All
subjects were studied on the General Clinical Research Center.

Body composition and body fat distribution

Body weight was measured on a calibrated scale with subjects
wearing only a hospital gown. Total fat and lean mass were
measured by dual-energy X-ray absorptiometry with the use of
model Delphi W, version 11.2 (Hologic, Bedford, MA). Esti-
mates were made of the amount of fat in the trunk and extremities.
The trunk was defined as the region extending from an upper
horizontal border at the lower edge of the chin, lateral borders by
vertical lines that bisected the axilla oriented obliquely to include
the waist, hip, buttock, and thigh tissue to a lower border formed
by the intersection of oblique lines extending from the level of the
superior aspect of the iliac crest and passing through the hip joint.
The arm included the entire shoulder, arm, and forearm, and the
leg included the entire hip, thigh, and lower leg.

Study design

Nine subjects with HIV lipodystrophy, 10 HIV-infected sub-
jects without lipodystrophy, and 9 healthy control subjects took
part in the study. Antiretroviral agents were recorded as non-
nucleoside reverse transcriptase inhibitors (NNRTIs), nucleo-
side or nucleotide reverse transcriptase inhibitors (NRTIs), or

protease inhibitors (PIs). Among the 9 patients with HIV lipo-
dystrophy, 5 were on NNRTIs plus NRTIs, and the other 4 were
on NNRTIs plus PIs plus NRTIs. Among the 10 HIV-infected
controls, 5 were on NNRTIs plus NRTIs, 3 were on PIs plus
NRTI, and 2 were on PIs only.

Subjects were studied under 2 dietary conditions: 3 d of eu-
caloric feeding followed by 3 d of overfeeding. Caloric require-
ments for the eucaloric dietary period for each subject were based
on measured REE, multiplied by an activity factor of 1.3 because
subjects were in general sedentary and were also required to
abstain from significant physical activity during the study. Dur-
ing the overfeeding period, subjects consumed 50% more calo-
ries than during the eucaloric period. Dietary composition during
both periods was 55% carbohydrate, 30% fat, and 15% protein,
and all food for the dietary conditions was provided by the Gen-
eral Clinical Research Center kitchen.

On the morning after the third day of both the eucaloric and
overfeeding periods, respiratory gas exchange was measured by
indirect calorimetry (Sensormedics 2900; Sensormedics, Yorba
Linda, CA). At least 20 min of testing was done in the overnight
(12 h) fasted state after subjects rested quietly for 30 min. The
oxygen and carbon dioxide concentrations in the expired air were
used to calculate whole-body EE (14). Criterion for a valid met-
abolic rate was a minimum of 15 min of steady state, defined as
�10% fluctuation in minute ventilation and oxygen consump-
tion and �5% fluctuation in respiratory quotient (RQ). Blood
samples were taken after these REE measurements were com-
pleted.

In addition, PPT was measured after subjects consumed break-
fast on the last day of the eucaloric feeding period and after
breakfast on the first day of the overfeeding period. The latter
breakfast was 50% larger than the former, and each breakfast
represented �33% of food intake for that particular day. For the
measurement of PPT, REE was measured after an overnight fast,
then subjects consumed their breakfast meal within a 30-min
period after which EE was measured for 15–20 min every hour
during the next 5 h. PPT was calculated from the postmeal in-
crement in metabolic rate, ie, the incremental area under the
curve (postprandial metabolic rate � REE) with the use of the
trapezoidal rule.

Blood sample analysis

Blood samples for analysis of serum triacylglycerols, insulin,
glucose, thyroid function tests, free fatty acids (FFAs), and adi-
ponectin were collected in the fasting state at the end of the
eucaloric and overfeeding periods. TSH was measured by a sand-
wich assay, and free thyroxine and total triiodothyronine were
measured by competitive assays (Beckman, Irvine, CA). Triac-
ylglycerol and FFA concentrations were measured by enzymatic
assay. Glucose was measured by a glucose hexokinase assay, and
insulin was measured by competitive radioimmunoassay (Phar-
macia, Piscataway, NJ). Insulin sensitivity was estimated by the
homeostasis model assessment (15). The formula for insulin
resistance is [fasting insulin (�U/mL) � fasting glucose (mmol/
L)/22.5]. Adiponectin was measured by radioimmunoassay
(Linco Research, Inc, St Charles, MO), and the interassay and
intraassay CVs were both �7%.

Statistical analysis

One-factor analysis of variance (ANOVA) was used to com-
pare group characteristics. Two-factor repeated-measures
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ANOVA was used to determine the effect of group and diet on
both EE and metabolic indicators. Tukey’s test was used for post
hoc analysis of the repeated-measures ANOVA when the latter
showed that the interaction between groups and diet were sig-
nificant. All statistical analyses were performed with SIGMA-
STAT (version 2.03; SPSS, Chicago, IL).

RESULTS

Baseline characteristics

Subject characteristics and REE values at the baseline visit are
shown in Table 1. Most subjects were men, and subjects with
HIV lipodystrophy were significantly older than both the HIV-
infected subjects without lipodystrophy and the healthy controls
(P � 0.05 and P � 0.001, respectively). Body mass index (in
kg/m2) was not significantly different among the groups. Mean
CD4 cell count was significantly higher in the patients with

lipodystrophy than in the HIV-infected controls (P � 0.05), but
HIV-1 RNA concentrations did not differ significantly between
the 2 HIV-infected groups. Unadjusted REE did not differ among
the groups at the baseline visit. However, REE expressed per
kilogram of LBM was significantly greater in the patients with
HIV lipodystrophy than in both the HIV-infected and healthy
controls (P � 0.01). At baseline, RQ did not differ significantly
among the groups.

Body composition

No significant differences were observed in the LBM mea-
sured by dual-energy X-ray absorptiometry, percentage of body
fat, or total body fat mass among the 3 groups (Table 2). The
patients with HIV lipodystrophy had a significantly greater
percentage of total body fat in the trunk (P � 0.001) and a
significantly lower percentage located in the extremities (P �

TABLE 1
Patient characteristics at screening1

Patients with HIV LD
(n � 9)

HIV-infected controls
(n � 10)

Healthy controls
(n � 9)

Age (y) 48.0 � 5.12 38.4 � 9.33 30.1 � 9.54

Sex (n)
Male 6 9 8
Female 3 1 1

Ethnicity (n)
African American 0 3 0
Hispanic 1 2 1
White 8 5 8

BMI (kg/m2) 22.7 � 3.7 24.0 � 2.8 24.9 � 2.3
CD4 cell count (� 106/L) 883 � 281 530 � 2013 Not done
HIV-1 RNA (copies/mL) �50 �50 Not done
Antiretroviral regimen (n)

NNRTI � NRTI 5 5 NA
NNRTI � NRTI � PI 4 0 NA
PI � NRTI 0 3 NA
PI only 0 2 NA

REE (kcal/d) 1683 � 157 1649 � 285 1672 � 221
REE (kcal/kg LBM) 33.7 � 3.2 29.5 � 2.45 29.0 � 1.95

RQ 0.81 � 0.02 0.83 � 0.06 0.81 � 0.05

1 LD, lipodystrophy; NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside or nucleotide reverse transcriptase inhibitor; PI, protease
inhibitor; REE, resting energy expenditure; LBM, lean body mass; RQ, respiratory quotient; NA, not applicable. There were no significant differences between
the HIV-infected controls and the healthy controls.

2 x� � SD (all such values).
3–5 Significantly different from patients with HIV LD (one-factor ANOVA): 3 P � 0.05, 4 P � 0.001, 5 P � 0.01.

TABLE 2
Body composition1

Patients HIV LD
(n � 9)

HIV-infected controls
(n � 10)

Healthy controls
(n � 9)

Lean body mass (kg) 50.5 � 8.4 57.3 � 8.7 57.9 � 9.6
Body fat (%) 17.7 � 5.9 17.7 � 6.9 22.8 � 9.2
Total body fat (kg) 11.6 � 4.9 13.1 � 5.7 18.0 � 7.4
Body fat in trunk (%) 68.4 � 2.8 54.8 � 11.92 47.6 � 4.32

Body fat in extremities (%) 23.5 � 4.1 37.5 � 10.82 46.3 � 5.22,3

Extremity body fat (kg) 2.8 � 1.7 4.6 � 2.5 8.5 � 3.92,3

1 All values are x� � SD. LD, lipodystrophy.
2 Significantly different from patients with HIV LD, P 	 0.001 (one-factor ANOVA).
3 Significantly different from HIV-infected controls P � 0.05 (one-factor ANOVA).
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0.001) than did both HIV-infected and healthy controls. HIV-
infected subjects without lipodystrophy also had a significantly
smaller percentage of fat in the extremities than did the healthy
controls (P � 0.05). Finally, the total fat mass of the upper and
lower extremities together was significantly lower in the lipo-
dystrophy group than in the healthy control group (P � 0.001)
but not compared with the HIV-infected control group. HIV-
infected controls without clinical evidence of lipodystrophy also
had significantly less extremity fat than did the healthy controls
(P � 0.05).

Effect of diet on REE and RQ

Unadjusted REE did not differ significantly among the groups
after 3 d of eucaloric feeding or after 3 d of overfeeding (Table
3). In contrast, REE per kilogram of LBM was significantly
greater in the HIV lipodystrophy group than in both the HIV-
infected and the healthy control groups on both the eucaloric diet
(P � 0.01) and after 3 d of overfeeding (P � 0.001). A significant
interaction was observed between group and diet for REE: after
3 d of overfeeding, both unadjusted REE and REE per kilogram
of LBM increased significantly in the HIV lipodystrophy group
(P � 0.01) but did not change significantly in the control groups.

RQ was not significantly different among groups after each
feeding period, and 3 d of overfeeding resulted in a significant
increase in RQ across all groups (P � 0.01). The amount of
weight gained from the end of the eucaloric period to the end of
the overfeeding period did not differ significantly among the
groups with a mean weight gain of 1.0 � 0.8 kg in the HIV
lipodystrophy group and a mean weight gain of 0.8 � 1.2 and
0.3 � 0.6 kg in the HIV-infected and healthy control groups,
respectively.

Postprandial thermogenesis

Data on PPT are presented in Table 4. The amount of energy
consumed during the 2 test meals did not differ significantly

among the groups. No significant difference was observed
among groups in PPT after the normal breakfast meal, no matter
how the data were expressed. After the single large meal, incor-
porating 50% excess calories, patients with HIV lipodystrophy
expended more calories in the postprandial period than did
healthy controls when PPT was expressed as kcal�kg LBM�1�5
h�1 (P � 0.05). In addition, when expressed as absolute kcal/5 h
or as a percentage increase above REE, subjects with HIV lipo-
dystrophy tended to have higher PPT than did healthy controls.
(P � 0.10 and P � 0.08, respectively). No difference was ob-
served in PPT in the HIV lipodystrophy group compared with the
HIV-infected control group.

A significant interaction was observed between group and diet
for PPT: both the subjects with HIV lipodystrophy and the HIV-
infected controls had a significant increase in PPT expressed as
absolute increase in energy after the large meal compared with
the normal meal (P � 0.01), but this was not the case for the
healthy controls. Likewise, when PPT was expressed as kcal�kg
LBM�1�5 h�1 or as the percentage rise above REE, patients with
HIV lipodystrophy and HIV-infected controls experienced a sig-
nificant increase in PPT after consumption of the larger meal (P
� 0.01) compared with the normal meal.

Metabolic indicators

Metabolic indicators after 3 d of eucaloric feeding and after 3 d
of overfeeding are shown in Table 5. No significant interaction
was observed between group and diet for any of the metabolic
indicators listed in the table, except for FFAs that were signifi-
cantly lower after the overfeeding period than after the eucaloric
period in both the patients with HIV lipodystrophy and the
healthy controls (P � 0.05). Glucose, insulin, and triacylglycerol
concentrations did not change significantly with overfeeding in
any group. On the eucaloric diet, fasting FFA concentrations

TABLE 3
Resting energy expenditure (REE) and respiratory quotient (RQ) after
eucaloric and overfeeding periods by study group1

Eucaloric
period

Overfeeding
period

REE (kcal/d)
Patients with HIV LD (n � 9) 1658 � 16.5 1729 � 16.52

HIV-infected controls (n � 10) 1733 � 15.7 1744 � 15.7
Healthy controls (n � 9) 1711 � 16.5 1690 � 16.5

REE (kcal/kg LBM)
Patients with HIV LD 33.2 � 0.27 34.7 � 0.272

HIV-infected controls 29.9 � 0.263 30.1 � 0.264

Healthy controls 29.6 � 0.273 29.3 � 0.274

RQ5

Patients with HIV LD 0.83 � 0.01 0.87 � 0.01
HIV-infected controls 0.78 � 0.01 0.80 � 0.01
Healthy controls 0.80 � 0.01 0.85 � 0.01

1 All values are x� � SEM. LD, lipodystrophy; LBM, lean body mass.
2 Significant interaction between group and diet for REE (kcal/d) and

for REE (kcal/ kg LBM), P � 0.01 (two-factor repeated-measures ANOVA).
3 Significantly different from patients with HIV LD, P � 0.01 (one-

factor ANOVA).
4 Significantly different from patients with HIV LD, P 	 0.001 (one-

factor ANOVA).
5 P � 0.01 for change in RQ across all groups on overfeeding.

TABLE 4
Postprandial thermogenesis (PPT) after a eucaloric meal and a single large
mixed meal by study group1

Eucaloric
meal

Single
large meal

Test meal energy (kcal)
Patients with HIV LD (n � 9) 697 � 21 1053 � 35
HIV-infected controls (n � 10) 717 � 40 1068 � 62
Healthy controls (n � 9) 760 � 39 1121 � 61

Net PPT (kcal/5 h)
Patients with HIV LD 56.7 � 4.5 80.9 � 4.42

HIV-infected controls 56.2 � 4.2 77.3 � 4.22

Healthy controls 59.4 � 4.5 60.3 � 4.5
Net PPT (kcal � kg LBM�1 � 5 h�1)

Patients with HIV LD 1.2 � 0.07 1.6 � 0.072,3

HIV-infected controls 0.9 � 0.07 1.3 � 0.072

Healthy controls 1.0 � 0.08 1.0 � 0.08
PPT (% above REE)

Patients with HIV LD 16.4 � 1.3 23.3 � 1.32

HIV-infected controls 15.9 � 1.2 21.0 � 1.22

Healthy controls 17.1 � 1.3 17.2 � 1.3

1 All values are x� � SEM. LD, lipodystrophy; LBM, lean body mass;
REE, resting energy expenditure.

2 Significant diet-by-group interaction, P � 0.01 (two-factor repeated-
measures ANOVA).

3 Significantly different from healthy controls, P � 0.05 (one-factor
ANOVA).
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were significantly higher in patients with HIV lipodystrophy
than in HIV-infected controls (P � 0.01) but not compared with
healthy controls. FFA concentrations did not differ significantly
among the groups on the overfeeding diet.

As a group, patients with lipodystrophy were significantly
more insulin resistant as judged by fasting insulin concentrations
and homeostasis model assessment than were healthy controls
(P 	 0.01), and they tended to be more insulin resistant than were
the HIV-infected controls (P � 0.10 and P � 0.08, respectively).
Independent of diet, adiponectin concentrations were signifi-
cantly lower in the patients with HIV lipodystrophy than in both
control groups (P � 0.01), and no change in adiponectin after
overfeeding was observed in any group.

Independent of diet, triacylglycerol concentrations were sig-
nificantly higher in the patients with HIV lipodystrophy than in
the healthy controls (P � 0.01) but not in the HIV-infected
subjects without lipodystrophy. HIV-infected subjects without
lipodystrophy also had significantly higher triacylglycerol con-
centrations than did the healthy controls (P � 0.05). Finally,
TSH, total triiodothyronine, and free thyroxine did not differ
among the groups or change significantly in any group on over-
feeding (data not shown).

DISCUSSION

In summary, we found that short-term overfeeding of a mixed
diet was associated with a significant rise in REE in patients with
HIV lipodystrophy but not in HIV-infected or healthy controls.
This is especially impressive, given that the lipodystrophy group
already had significantly higher REE before overfeeding. Nev-
ertheless, in patients with lipodystrophy, increased caloric intake
was associated with even greater REE. In addition, PPT after
consumption of a single large meal tended to be greater in pa-
tients with HIV lipodystrophy than in healthy controls.

Body composition analysis and metabolic indicators again
confirmed our clinical categorization of HIV-infected subjects
into groups with and without lipodystrophy, with the subjects
with lipodystrophy having a significantly greater percentage of
fat in the trunk and a significantly smaller percentage of fat in the
extremities than did both control groups. HIV-infected controls
without clinical evidence of lipodystrophy also differed signifi-
cantly from healthy controls in some indexes of body fat distri-
bution. These results again suggest that there is a continuum of
body fat changes in the HIV-infected population on antiretroviral
therapy as opposed to a condition that is either present or absent
(16, 17).

In previous work, we showed that short-term caloric restric-
tion (72 h) leads to a significant fall in REE in patients with HIV
lipodystrophy but not in HIV-infected or healthy controls (10). In
the general population, such short-term changes in caloric intake
and even short-term fasting do not lead to reductions in REE in
either lean or obese subjects because LBM does not decrease
significantly during this period of time.

Both this study and another recent study have found that short-
term overfeeding leads to a significant increase in REE in sub-
jects with lipodystrophy. In the latter study, subjects with con-
genital forms of lipodystrophy and healthy controls were studied
during two 40-h dietary periods in a whole-room calorimeter
(18). Each received an energy-balanced diet followed by a diet
incorporating 30% excess energy as fat. Unlike the healthy con-
trols, lipodystrophic subjects responded to this short-term over-
feeding with significant increases in REE and total EE. The
increased EE in the lipodystrophy group was accompanied by a
29% increase in fat oxidation. In the current study, subjects were
overfed a mixed diet rather than a high-fat diet. Nevertheless, the
increased fat intake that accompanied this diet may have been
responsible for the rise in REE observed in the subjects with
lipodystrophy. In future studies, we plan to compare the effects
of high-carbohydrate with high-fat overfeeding on energetic in-
dicators and macronutrient oxidation rates in patients with HIV
lipodystrophy.

Persons with lipodystrophy accumulate triacylglycerol in
nonadipose tissues, such as skeletal muscle and the liver (19–
23). This ectopic fat accumulation is most severe in persons with
generalized lipodystrophy. Patients with this form of lipodystro-
phy can develop fatty livers so massive that the livers extend into
the pelvis, something not seen in even the most obese of patients.
This nonadipose tissue steatosis has important consequences,
including severe insulin resistance. Persons with generalized
lipodystrophy develop diabetes mellitus in their teenage years
and can require thousands of units of insulin per day (24). Trans-
genic mouse models of generalized lipodystrophy are also char-
acterized by severe triacylglycerol accumulation in skeletal mus-
cle and liver and by severe insulin resistance with diabetes (25,

TABLE 5
Metabolic indicators after eucaloric and overfeeding periods by study
group1

Eucaloric
period

Overfeeding
period

Glucose (mg/dL)
Patients with HIV LD (n � 9) 100 � 3.0 94 � 3.0
HIV-infected controls (n � 10) 95 � 2.0 92 � 2.0
Healthy controls (n � 9) 89 � 3.0 87 � 3.0

Insulin (�U/mL)
Patients with HIV LD2 14.0 � 1.8 19.8 � 1.8
HIV-infected controls 12.5 � 1.8 10.9 � 1.8
Healthy controls 6.7 � 1.9 7.7 � 1.9

HOMA
Patients with HIV LD2 3.4 � 0.5 4.5 � 0.5
HIV-infected controls 3.1 � 0.5 2.5 � 0.5
Healthy controls 1.5 � 0.5 1.4 � 0.5

Triacylglycerol (mg/dL)
Patients with HIV LD2 266 � 10 286 � 10
HIV-infected controls3 215 � 9 232 � 9
Healthy controls 90 � 10 83 � 10

FFA (meq/L)
Patients with HIV LD 517 � 40 398 � 404

HIV-infected controls 306 � 435 376 � 43
Healthy controls 439 � 38 312 � 384

Adiponectin (�g/mL)
Patients with HIV LD6 3.3 � 0.5 3.0 � 0.4
HIV-infected controls 8.0 � 1.2 7.8 � 0.9
Healthy controls 7.9 � 1.1 7.4 � 0.8

1 All values are x� � SEM. LD, lipodystrophy; HOMA, homeostasis
model assessment; FFA, free fatty acid.

2,3 Significantly different from healthy controls independent of diet
(one-factor ANOVA): 2 P � 0.01, 3 P � 0.05.

4 Significant diet-by-group interaction, P � 0.05 (two-factor repeated-
measures ANOVA).

5 Significantly different from patients with HIV LD, P � 0.01 (one-
factor ANOVA).

6 Significantly different from both control groups independent of diet,
P � 0.01 (one-factor ANOVA).
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26). Interestingly, these mouse models also display increased
EE.

Lipodystrophy is associated with 2 abnormalities that lead to
ectopic fat accumulation, namely loss of a significant portion of
the adipose organ and low concentrations of adipocytokines that
normally act to limit ectopic fat accumulation. In lipodystrophy
syndromes, leptin and adiponectin concentrations are typically
low (27–29). Obese mice and humans, however, also have nona-
dipose steatosis, but this appears to be relatively limited by both
a large capacity to store triacylglycerol in the adipose organ and
high leptin concentrations. With defects in both lipid storage and
adipocytokine protection from nonadipose steatosis, patients
with lipodystrophy may invoke a higher REE to dissipate fuel
that cannot be stored in a normal manner. This idea is supported
by this study and others that show short-term changes in caloric
intake are accompanied by significant changes in REE in lipo-
dystrophy syndromes. This energetic adaptation to short-term
changes in caloric intake is, to our knowledge, unique to lipo-
dystrophy.

To our knowledge, this is the first study to measure PPT in a
lipodystrophy syndrome. On a eucaloric mixed diet, PPT did not
differ among the groups. With overfeeding of a single large meal,
both subjects with HIV lipodystrophy and HIV-infected controls
had a significant increase in PPT. This is the expected finding
because multiple studies have shown that the magnitude of PPT
is related to the energy load of the test meal (30). However, we
cannot explain why the healthy controls did not have a significant
increase in PPT after consuming the larger meal.

After the single large meal, patients with HIV lipodystrophy
tended to expend more energy in the postprandial period than did
the healthy controls despite similar caloric intake. This suggests
that there could also be adaptive thermogenesis in this compo-
nent of total daily EE. This issue is complex because it is difficult
to compare PPT in groups that differ significantly in baseline
REE.

There are limitations to this study. Subjects with lipodystrophy
were significantly older than controls. However, increasing age is
associated with a decline in REE. This is mostly due to the decline
in LBM that occurs with aging, and only in advanced age is there a
reduction in REE when adjusted for LBM (31). Therefore, the age
differences in our study would tend to bias against our findings of
increased REE in the lipodystrophy group. The effect of aging on
PPT is less clear, with some studies showing that PPT correlates
negatively with age in male subjects (32), whereas others report that
age does not affect absolute PPT but may be associated with a delay
to peak postmeal thermogenesis (33).

In conclusion, it appears that subjects with lipodystrophy
uniquely respond to short-term caloric excess with significant in-
creases in REE. Lipodystrophy may also be associated with a more
robust thermogenic response to caloric intake in the postprandial
period. The apparent flexibility of REE in lipodystrophy syndromes
may ultimately represent a defense mechanism to protect nonadi-
pose tissues from further lipid accumulation. The mechanisms re-
sponsible for both the increased resting metabolic rate and its re-
sponsiveness to short-term changes in caloric intake in
lipodystrophy syndromes should be the subject of further study.

The author’s responsibilities were as follows—LAK, TJH, and DHB:
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tion; JRK: played a major role in subject recruitment and in determining
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Diurnal variation in glutathione and cysteine redox states in human
plasma1�3

Roberto A Blanco, Thomas R Ziegler, Bryce A Carlson, Po-Yung Cheng, Youngja Park, George A Cotsonis,
Carolyn Jonas Accardi, and Dean P Jones

ABSTRACT
Background: Plasma glutathione/glutathione disulfide (GSH/
GSSG) and cysteine/cystine (Cys/CySS) couples are oxidized in
humans in association with oxidative stress and cardiovascular dis-
ease risk. Animal studies show that both pools undergo diurnal
variations associated with dietary intake of sulfur amino acids.
Objective: The objective of this study was to determine whether the
redox state of GSH, Cys, GSH/GSSG, or Cys/CySS undergoes di-
urnal variation in healthy adults.
Design: Plasma samples were collected every hour for 24 h from 63
persons aged 18–86 y who were consuming normal food (protein,
0.8 g � kg�1 � d�1; sulfur amino acids, 20 mg�kg�1�d�1) at standard-
ized mealtimes. Measurements of Cys, CySS, GSH, and GSSG were
used with the Nernst equation to calculate the redox states.
Results: Plasma Cys and GSH concentrations varied with the time
of day. The highest values for plasma Cys occurred �3 h after meals.
Glutathione was maximal 6 h after peak plasma Cys. The calculated
redox states of the GSH/GSSG and Cys/CySS couples varied in
association with the concentrations of the thiol forms. Maximal
reduction and oxidation of the Cys/CySS couple occurred at 2130 and
0630, whereas the respective values for the GSH/GSSG couple oc-
curred at 0330 and 1330. The mean diurnal variation for Cys/CySS
redox in persons aged �60 y was 1.8-fold that in persons aged �40 y.
Conclusions: Cys/CySS and GSH/GSSG redox states in human
plasma undergo diurnal variation with an increased magnitude of
variation in Cys/CySS redox state in older persons. This variation
could alter sensitivity to oxidative stress over a course of
hours. Am J Clin Nutr 2007;86:1016–23.

KEY WORDS Amino acids, oxidative stress, aging, sex-
dependent differences, thiol

INTRODUCTION

The sulfur-containing amino acids, methionine and cysteine
(Cys), are the only amino acids that undergo reversible
oxidation-reduction (redox) changes under physiologic condi-
tions. Such oxidative changes provide mechanistic switches to
control protein conformation, catalytic activity, protein-protein
interactions, protein-DNA interactions, and protein trafficking,
and increased concentrations of oxidized forms of Cys and me-
thionine provide indicators of oxidative stress (1, 2). The redox
states of glutathione/glutathione disulfide (GSH/GSSG) and
Cys/cystine (Cys/CySS) are oxidized in association with risk
factors for cardiovascular disease (CVD), including age (3), cig-
arette smoking (4), type 2 diabetes (5), and carotid intima–media

thickness (6). It is important that recent studies using a model to
study early events of atherogenesis showed that an oxidized
extracellular Cys/CySS redox state is sufficient to stimulate
monocyte binding to endothelial cells (7). Thus, if there is a
causal relation of redox state and CVD development, a transient
oxidation of Cys/CySS or GSH/GSSG could define the period of
greatest risk.

Diurnal variation of hepatic GSH in rodents is linked to sulfur
amino acid intake (8, 9), and plasma GSH varies in association
with hepatic GSH (10, 11). Cys, a precursor for GSH, also un-
dergoes a diurnal variation in mouse liver and pancreas, and the
maximum and minimum values precede the respective values for
GSH (12). Thus, thiol concentrations in rodents vary as a func-
tion of time of day linked to the dietary intake of sulfur amino
acids. In humans, nonprotein thiols and GSH vary in bone mar-
row samples taken at 12-h intervals (13, 14), but no diurnal
change in GSH was detected in skeletal muscle obtained by
biopsy (15). Plasma Cys/CySS redox became more reduced after
an oral load of Cys (16), but such data do not show the magnitude
of oxidation and reduction with the intake of normal food.

The current study was designed to determine whether diurnal
or meal-associated variations in Cys/CySS and GSH/GSSG re-
dox states occur in the plasma of healthy adults consuming
normal food (protein: 0.8 g � kg�1 � d�1; sulfur amino acids:
20 mg � kg�1 � d�1) at standardized mealtimes. We previously
found that persons �61 y old had significantly more oxidation
than did persons �43 y old (5) and that GSH/GSSG redox state
had a biphasic curve in relation to age with a transition in the
region of 45–50 y (3). Because nonlinear models are difficult to
interpret with small sample size, we designed the study with age
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as a categorical factor and using 3 groups—�40, 40–59,
and � 60 y old—and approximately equal numbers of men and
women to allow an analysis of time effects by sex. Subjects were
asked to abstain from dietary supplements for 2 wk to avoid
short-term effects of antioxidants (eg, vitamin C) on the GSH
system. Differences in diet, exercise, and environment were min-
imized during the 24-h study period by conducting the study in
the Emory General Clinical Research Center (GCRC).

SUBJECTS, MATERIALS, AND METHODS

Materials

Sodium heparin, bathophenanthroline disulfonate sodium salt
(BPDS), sodium iodoacetate, dansyl chloride, L-serine, GSH,
GSSG, Cys, CySS, and sodium acetate trihydrate were obtained
from Sigma Chemical Corp (St Louis, MO). �-Glutamyl-
glutamate was obtained from MP Biomedicals Corp (Irvine,
CA). The mixed disulfide of Cys and GSH (CySSG) was ob-
tained from Toronto Research Chemicals (Toronto, Canada).
Boric acid, sodium tetraborate, potassium tetraborate, perchloric
acid, and acetic acid were reagent grade and were purchased
locally. Methanol, acetone, and chloroform were HPLC grade.

Human subjects

This study was reviewed and approved by the Emory Inves-
tigational Review Board. A total of 63 volunteers, self-described
as healthy, were recruited by posting fliers in public locations in
the Atlanta/Emory University community. After providing writ-
ten informed consent, subjects were admitted to the outpatient
unit of the GCRC, given a brief questionnaire for demographic
information, and screened via medical history, physical exami-
nation, urinalysis, standard chemistry profile, and complete
blood count. Eligibility was established by the absence of evi-
dence of acute or chronic illness (other than a history of well-
controlled hypertension), no current smoking, a body mass index
(BMI; in kg/m2) � 30, and willingness to withdraw from nutri-
tional supplements, if consumed, for 2 wk before entry. Subjects
were then scheduled for a 24-h inpatient visit within 2 wk of
screening in the GCRC. Premenopausal females were scheduled
for study between days 2 and 14 of the follicular phase of the
menstrual cycle; no females in the study were taking oral con-
traceptives. Although an attempt was made to obtain equal dis-
tribution among the age groups—18–39, 40–59, and 60–89 y
old—a change in sample collection procedure (see Sample col-
lection and analysis, below) and the inclusion of a nonrepresen-
tative number of self-described vegans in the younger group
resulted in excess numbers in the younger group.

For the evening before GCRC admission, subjects were in-
structed not to eat after 2200 to standardize baseline fasting
levels. Subjects were admitted to the GCRC at 0700 on day 1, and
a heparin-lock catheter was placed in a forearm vein for blood
sampling at 0800. After a 30-min supine resting period, 3- mL
blood samples were drawn hourly for 24 consecutive hours (from
0830 to 0830). Subjects were given breakfast at 0930, lunch at
1330, dinner at 1730, and an evening snack at 2130, just after the
timed blood draw for that hour. The composition of the 3 meals
and the snack was standardized for all subjects. The diet con-
sisted of nutritionally balanced foods providing total daily en-
ergy intake of 30% over basal energy expenditure (calculated by
the Harris-Benedict formula). Total energy intake was provided

as 15% protein (based on 0.8 g protein/kg/d), 30% fat, and 55%
carbohydrate, and the distribution was 30%, 30%, 30%, and 10%
at breakfast, lunch, dinner, and snack, respectively. Water was
provided ad libitum throughout the admission. A few vegan
subjects (n � 8) were included in the study. They received the
same proportions of macronutrient and energy intake but were
fed a diet that lacked animal-derived foods: eg, protein-fortified
whole-grain cereal, soy milk, fruit juice, vegetable sandwich,
hummus, tabouli, lasagna, salad and dressing, and beverage.
Subjects were allotted 45 min to complete their meals and 15 min
to complete the snack. Activity was confined to walking at lim-
ited intervals. Otherwise, subjects remained in their rooms, either
lying in bed or sitting in a chair.

Sample collection and analysis

Blood samples were collected via a heparinized 5-mL syringe
with the use of a needleless system. Samples were collected from
the first 15 subjects, mostly in the younger age group, with 0.5
mL preservative solution and 0.5 mL blood, as previously de-
scribed (17). Because of variability in GSSG measurements, the
collection procedure was modified to use 0.15 mL of a more
concentrated preservative solution and 1.35 mL blood. This pro-
cedure improved the accuracy and reproducibility of GSSG mea-
surements but had no detectable effect on the average GSH/
GSSG redox value. Consequently, for the overall analyses of
time-of-day variation, these data were included; because of
the unequal distribution by age, however, data from the first
15 subjects were excluded from comparisons based on age.

For the modified collection procedure, 1.35 mL blood was
immediately transferred to a microcentrifuge tube containing
0.15 mL of a preservative solution consisting of 0.5 mol
L-serine/L, 9.3 mmol BPDS/L, 0.165 mol �-glutamylgluta-
mate/L, 0.4 mol boric acid/L, 0.1 mol sodium borate/L, 0.144
mol sodium iodoacetate/L, and 2.5 mg sodium heparin/mL. Sam-
ples were treated with dansyl chloride and analyzed by HPLC with
fluorescence detection (17, 18). Plasma GSH/GSSG and Cys/CySS
redox states were calculated from the respective concentrations
by using the Nernst equation with Eo values at pH 7.4 for GSH/
GSSG of �264 mV and for Cys/CySS of �250 mV (17).

Statistical analysis

We use SAS software (version 8; SAS Institute Inc, Cary, NC)
for all analyses. A small number of outliers (principally GSH and
GSSG) were identified as values �3 SDs from the mean at the
respective time point, and they were replaced by the mean of the
values from the preceding and following time points for that
person. Analyses on effects of time were performed via PROC
MIXED, using repeated-measures 1-, 2-, and 3-factor analyses of
variance (ANOVAs). In each of the models, time was the
repeated-measures factor, and age, sex, or both were fixed ef-
fects. Within the 3-factor ANOVA setting, various time effect
slices were calculated, with stratification by age, sex, and age by
sex. Analysis of covariance was used to investigate how BMI
confounds the effects of age, sex, or both. Results were consid-
ered significant at P � 0.05.

RESULTS

Subject characteristics

Demographic characteristics of the 63 subjects are summa-
rized in Table 1. The overall population was 54% female, and the
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mean � SD age was 43 � 20 y for women and 45 � 19 y for men.
Most of the subjects (n � 42) were European white, 15 were
African American, 3 were Asian, 2 were Hispanic, and 1 was
Middle Eastern. African Americans were evenly distributed
among the age groups, whereas the Asian, Hispanic, and Middle
Eastern subjects were only in the younger group (aged 18–39 y).
No one currently smoked, but 8 were former smokers; all but 1 of
these 8 were in the older group (�60 y old). Most subjects (39/63)
consumed �1 alcoholic beverage per week, and only 2 reported
usual consumption of �1 alcoholic drink/d. Most subjects re-
ported good-to-excellent sleep habits; 4 subjects in the younger
group reported poor sleep, and 1 subject in the middle-aged group
and 2 subjects in the older group reported having intermittent
symptoms compatible with sleep apnea. Attempts were made to
avoid sleep disruption in the GCRC, and nursing reports indi-
cated only transient arousal during the night of study in all sub-
jects. Most subjects (50/63) reported regular use of multivita-
mins, other nutritional supplements, or both. Approximately
one-half of the subjects in the younger and middle-aged groups
reported taking no regular exercise, whereas 12 of the 14 subjects
in the older group reported regular exercise �3 times/wk. Of the
subjects in the younger and middle-aged groups, �50% indi-
cated moderate-to-strenuous exercise. Regular exercise in the
older group was almost exclusively walking or other low-impact
activity.

A subset of 38 subjects (Table 1) was used for comparisons for
age and sex. This subset was created because the distribution of
subjects studied with the original preservative solution (n � 15)
and vegans (n � 8) was unequal among the age groups. Although
we had no reason to believe that the original preservative solution
provided data that were not equivalent to those obtained with the
modified solution, this exclusion eliminated the change in ana-
lytic procedures as a possible contributing factor to observed
age-dependent changes. In contrast, preliminary analyses
showed that plasma Cys for vegans differed from that for non-
vegans, and thus the exclusion of vegans was necessary. There

were too few vegans to include them in a 4-way repeated-
measures ANOVA and obtain any reliable information. We
made the decision to delete them from the age and sex analysis.
One subject who took acetaminophen during the study period
and 1 subject whose hypertension was poorly controlled during
the inpatient study period also were excluded from those analy-
ses.

Diurnal variations in plasma Cys, CySS, and plasma Cys/
CySS redox

The average Cys values for the total group of 63 human
subjects over a 24-h period showed a significant time-dependent
variation (P � 0.0001; Figure 1) During the day, plasma Cys in-
creased with time, reaching a mean maximum value (12 �mol/L)
at 2030. After this time point, the plasma Cys decreased to a
minimum value (9 �mol/L) at 0430–0630. Increases in plasma
Cys were closely related to mealtimes (0930, 1330, and 1730),
occurring �2–3 h after meals.

The pattern of plasma CySS also showed a diurnal variation
(Figure 1); the mean concentrations ranged from 59 �mol/L (at
1730) to 67 �mol/L (at 0130). The absolute magnitude of change
in CySS (7.5 �mol/L) above the minimum value was consider-
ably greater than that for Cys (3 �mol/L), but in a relative sense,
the change in CySS was only 12%, whereas the variation in the

TABLE 1
Characteristics of the total study population (n � 63) and a controlled
subsample (n � 38) for analysis according to sex, age, race, and BMI1

Subjects Age
Percentage European

white BMI

n (%) y % kg/m2

Total 63 (100) 44 � 192 67 24.6 � 3.6
Total males 29 (46) 45 � 19 55 26.4 � 3.3

Male 21 46.9 � 18.7 57 26.3 � 3.3
�40 y old 8 27.8 � 6.1 38 25.9 � 3.4
40–59 y old 7 48.6 � 4.6 71 26.0 � 3.3
�60 y old 6 70.3 � 8.8 67 27.1 � 3.6

Total females 34 (54) 43 � 20 76 23.1 � 3.1
Female 17 51.5 � 20.7 76 23.3 � 3.9

�40 y old 5 25.2 � 3.9 60 21.7 � 1.0
40–59 y old 6 51.5 � 7.7 67 25.7 � 5.3
�60 y old 6 73.5 � 5.7 100 22.2 � 3.0

1 Using Fisher’s exact test in a comparison of race versus age and sex
and of BMI versus race and sex, race was not significant for race versus age,
race versus sex, race versus age stratified by sex, or race versus sex stratified
by age. Using 2-way ANOVA, there was no age or age 	 sex interaction; only
males � females (P � 0.0001).

2 x� � SD (all such values).

FIGURE 1. Diurnal variations in plasma cysteine (Cys; A), cystine
(CySS; B), and the redox state of Cys/CySS [Eh(Cys/CySS); C] in 63 healthy
persons aged 18–86 y. B, breakfast; L, lunch; D, dinner; S, snack. Subjects
were studied in an inpatient metabolic unit and received ordinary food, as
outlined in Subjects, Materials, and Methods. The scale for Eh(Cys/CySS) is
oriented with the most reduced (most negative) values on top and the most
oxidized (most positive) values on bottom. Values expressed are means for
all subjects at each respective time point; SDs were omitted for clarity. The
time-of-day effect on the biomarkers of oxidative stress [Cys, CySS, and
Eh(Cys/CySS)] in the total population (n � 63) was significant, P � 0.0001
for all.
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Cys concentration was 33%. Visual inspection of the pattern of
plasma CySS suggested a 12-h cycle rather than a 24-h cycle,
with each cycle reaching the zenith around midday or midnight.
The 0830 time point immediately after admission was greater
than the 0830 time point at the end of the study (Figure 1B),
which may have been due to differences in activity level or in
other dietary or behavioral variables between the period imme-
diately before the study and that in the research center.

Plasma Cys/CySS redox [Eh(Cys/CySS)] showed a significant
time-of-day effect with a range from �72 mV (most oxidized at
0630) to �79 mV (most reduced at 2130) (Figure 1C). Thus, the
general pattern of Eh(Cys/CySS) was to become reduced during
the day and to become oxidized during the evening. As indicated
by the mealtimes shown in Figure 1C, the pattern of Eh(Cys/
CySS) was closely associated with the meals.

Variation in plasma GSH and GSSG

Plasma GSH variation with time had borderline significance
(P � 0.05) and was shifted to the right compared with the Cys
curve (Figure 2). The maximal plasma GSH concentration oc-
curred 6 h after the maximal plasma Cys concentration. The

minimal plasma GSH value occurred in the middle of the day
(1130–1530, centered at 1330)—ie, �7 h after the minimum for
plasma Cys. The plasma GSSG showed no significant time-
dependent variation (P � 0.33; Figure 2B). The plasma GSH/
GSSG redox [Eh(GSH/GSSG)] showed a diurnal variation of 6
mV (P � 0.05; Figure 2C); the greatest oxidation of Eh(GSH/
GSSG) occurred when the plasma GSH was at a minimum. In
contrast, the most reduced Eh(GSH/GSSG) values were found in
the early waking hours (0730–0830) and in the evening (1730–
2130). The pattern of the Eh(GSH/GSSG) also had an appearance
of a 12-h periodicity, which may be noteworthy because that
pattern mirrors the 12-h periodicity seen with CySS (Figure 1B)
and because it is consistent with a previously observed correla-
tion of CySS with Eh(GSH/GSSG) (19).

Sex-dependent effects on diurnal variations in the plasma
Cys/CySS and GSH/GSSG redox states

Results for the sex 	 age 	 time interaction, P values for BMI
interactions, and estimates of the within-subject SD from the
3-factor ANOVA are presented in Table 2. No values were
significant at P � 0.05, but several variables showed a trend,
which indicated that an investigation of subgroup responses may
be appropriate. Because an a priori purpose of this study was to
determine the effect over time in men and women separately,
specific effects for age and sex versus time were determined.
BMI was never a significant covariate. The time-of-day varia-
tions of Cys concentration, CySS concentration, and Eh(Cys/
CySS) in men and women are shown in Figure 3. A significant
time effect 	 sex interaction was observed for Cys concentration
and Eh(Cys/CySS) in men and women (Table 3); however, the
time-of-day effect for CySS was significant only in women (Ta-
ble 3). The shapes of the curves for the plasma Cys showed that
men had significantly higher values for most time points than did
women (Figure 3A). CySS concentrations were lower in men
than in women (Figure 3B). The resulting Eh(Cys/CySS) was
significantly more reduced in men than in women (Figure 3C;
P � 0.001).

FIGURE 2. Diurnal variations in plasma glutathione (GSH; �; A) glu-
tathione disulfide (GSSG; B), and the GSH/GSSG redox state (C) in 63
healthy persons aged 18–86 y. B, breakfast; L, lunch; D, dinner; S, snack.
Studies were conducted and analyzed as described in Figure 1 and in Sub-
jects, Materials, and Methods. A) E, the corresponding variations in cysteine
(Cys) concentrations from Figure 1A for comparison. Diagonal arrows in-
dicate corresponding but delayed increases in GSH that follow meal-
associated increases in Cys.Values expressed are means; SDs were omitted
for clarity. The time-of-day effect on the biomarkers of oxidative stress was
P � 0.05, 0.33, and 0.02 for GSH, GSSG, and Eh(GSH/GSSG), respectively.

TABLE 2
Values for a 3-way interaction and BMI and an estimate of the SDs for
plasma cysteine (Cys) and glutathione (GSH) variables in the controlled
subsample1

Biomarker

P

SD3Three-way interaction2 BMI

Cys 0.0944 0.1193 1.83
CySS 0.9099 0.2849 8.73
Eh(Cys/CySS) 0.0748 0.0731 4.27
GSH 0.3514 0.6666 0.52
GSSG 0.9882 0.1487 0.05
Eh(GSH/GSSG) 0.8250 0.3559 8.96

1 CySS, cystine; Eh(Cys/CySS), redox state for plasma Cys/CySS cou-
ple; glutathione disulfide, GSSG; Eh(GSH/GSSG), redox state for plasma
GSH/GSSG couple.

2 Sex 	 age 	 time interaction analyzed in a controlled subsample (n �
38) with characteristics given in Table 1. There were no 2-way interactions
in the 3-way ANOVA.

3 Estimates of the pooled within-subject SD from the 3-way ANOVA.
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For GSH, GSSG, and Eh(GSH/GSSG), there were no signif-
icant time-dependent effects as a function of sex (Table 3). How-
ever, women showed a trend (P � 0.088) for time-of-day effect
on GSH concentration.

Age-dependent effects on diurnal variations in the plasma
Cys/CySS and GSH/GSSG redox states

Time-dependent effects were seen for Cys in all 3 age groups
(Figure 4 and Table 3). To estimate the magnitude of diurnal
variation, values for 2030, 2130, and 2230 were averaged to
obtain a mean maximal value for each subject, and those for
0430, 0530, and 0630 were averaged to obtain a mean minimal
value. The difference between the maximal and minimal values
in the younger group (4.5 � 3.5 mV) was significantly (P �
0.001) less than that in the older group (8.3 � 6.1 mV). For CySS,
only the older age group showed a significant time-of-day vari-
ation in concentrations (P � 0.001; Table 3). The plasma CySS
concentration in the older age group was significantly higher than
that in the younger and middle-aged groups at all time points

(P � 0.0001; Figure 4B). The pattern of variation in Eh(Cys/
CySS) over the 24-h period did not differ among the age groups
except that the older group had significantly more oxidization at
most time points (Figure 4C).

No significant time-of-day effects were observed for GSH,
GSSG, or GSH/GSSG redox when data were analyzed by age
group. However, a trend was observed for GSH among women
(Table 3), and P values for GSH and Eh (GSH/GSSG) were
relatively small only in the younger group.

DISCUSSION

Previous studies established that GSH concentration under-
goes a diurnal variation in rodent liver that is linked to the dietary
intake of sulfur amino acids (8, 9). Rodent studies also show that
GSH is continuously released from hepatic and other tissues, and
biochemical studies show that GSH undergoes thiol-disulfide
exchange with plasma CySS to form CySSG, the disulfide of Cys
and GSH. In circulation in vivo, GSH, CySSG, and GSSG are
hydrolyzed in kidney to release Cys and CySS, thereby main-
taining total Cys supply in postabsorptive periods (1). The
present study shows that human plasma Cys concentrations vary
in a diurnal fashion: peak values occur 3 h after the beginning of
mealtime, and maximal values occur in the evening, between
2030 and 2230. The plasma Cys/CySS redox closely mirrored the
changes in Cys concentration: CySS concentrations were much
higher under all conditions, had less percentage change, and did
not change in association with Cys concentration.

GSH concentration showed a time-of-day variation with an
oscillatory pattern resembling that for Cys, but with a phase delay
of 6 to 7 h. Maximal values occurred in the middle of the night
(0230–0330). No significant diurnal variations in GSSG con-
centrations were detected, and, as did plasma Cys/CySS redox,
plasma GSH/GSSG redox mirrored the change in GSH concen-
tration.

The mean differences between maximal and minimal redox
state values for Cys/CySS and GSH/GSSG were 6 and 4.5 mV,
respectively. In the context of redox-sensitive proteins, a 6-mV
difference is equivalent to a 1.6-fold increase in the ratio of

FIGURE 3. Diurnal variations in plasma cysteine (Cys; A), cystine
(CySS; B), and the Cys/CySS redox state (C) in women (E; n � 17) and men
(�; n � 21). Values expressed are means; SDs were omitted for clarity. An
estimate of the pooled within-subject SD for each variable is provided in
Table 2. The time-of-day effect on the biomarkers of oxidative stress in the
controlled subsample (n � 38) was P � 0.0001 for Cys, CySS, and Eh(Cys/
CySS) and P � 0.12, 0.78, and 0.61 for GSH, GSSG, and Eh(GSH/GSSG),
respectively. Because an a priori purpose of the present study was to deter-
mine the effect over time, and because the male and female subjects differed
in the 2-way ANOVA for the entire study population (Table 1), specific
effects for age and sex versus time were examined. Significant time-of-day
effects were seen for Cys and Eh(Cys/CySS) in both sexes. For men (n � 21),
the time effect by sex was P � 0.0001 for Cys and Eh(Cys/CySS) and P �
0.31 for CySS. For women (n � 17), the time effect by sex was P � 0.0001
for Cys, CySS, and Eh(Cys/CySS).

TABLE 3
Time-of-day effect on the plasma cysteine (Cys)/Cystine (CySS) redox
pool in the controlled subsample stratified by sex and age1

Time effect by sex
Males (n � 21) Cys CySS Eh(Cys/CySS)

P �0.0001 0.31 �0.0001
Females (n � 17)

P �0.0001 �0.001 �0.0001
Time effect by age group

�40 y old (n � 13) Cys CySS Eh(Cys/CySS)
P �0.0001 0.66 �0.0001

40–59 y old (n � 13)
P �0.0001 0.26 �0.0001

�60 y old (n � 12)
P �0.0001 �0.001 �0.0001

1 Eh(Cys/CySS), redox state for plasma Cys/CySS couple. P values are
from various slices of 3-way ANOVA; note that these analyses were based
upon the experimental design to study age as a categorical factor; results for
the sex 	 age 	 time interaction are presented in Table 2. There were no
significant 2-way interactions. For 3-way analysis, no values showed signif-
icance at P � 0.05, but several variables showed a trend (P � 0.10), which
indicates that subgroup analyses may be appropriate.

1020 BLANCO ET AL



dithiol to disulfide forms (dithiol:disulfide). Thus, even a 6-mV
difference could be functionally important in redox-dependent
processes such as monocyte adhesion to endothelial cells. In the
older group, the mean difference for Cys/CySS was 8 mV, which
is equal to nearly a 2-fold increase in dithiol:disulfide. This
change could contribute to age-dependent redox-sensitive patho-
physiologic processes. Superimposed on oxidation associated
with cigarette smoking [9 mV for both Cys/CySS and GSH/
GSSG redox states (4)] and type 2 diabetes [15 mV for GSH/
GSSG (5)], the time-of-day variations could increase the risk of
events that contribute to disease. Although no causal link has
been established, oxidation of plasma Cys/CySS redox (odds
ratio, 13.6) and GSH/GSSG redox (odds ratio 6.1) has recently
been associated with persistent atrial fibrillation in a cross-
sectional, case-control study of males matched for other known
risk factors (20).

The mechanisms underlying cell responses to extracellular
Cys/CySS and GSH/GSSG redox are only beginning to be elu-
cidated. Monocyte adhesion to endothelial cells in response to
oxidized Cys/CySS is signaled through nuclear factor-�B–
dependent activation of cell adhesion molecule expression, me-
diated by a sensing mechanism that is sensitive to nonpermeant
alkylating agents (7). Human retinal pigment epithelial cells
under more oxidized Cys/CySS are more sensitive to oxidant-
induced apoptosis, which is mediated by a mitochondrial mech-
anism (21). Proliferation of colon carcinoma CaCo-2 cells is
doubled by a reducing Cys/CySS redox (22, 23); this process is
mediated by the activation of a metalloproteinase that releases an
epidermal growth factor receptor ligand and activates the
mitogen-activating protein kinase (24). Thus, the accumulating
data indicate that multiple mechanisms are involved in control-
ling processes that are sensitive to the extracellular redox state.

The transport and enzymatic systems functioning in the con-
trol of Cys and GSH homeostasis have been extensively studied,
but the key determinants of plasma Cys/CySS and GSH/GSSG
redox states are not well established. Studies of Cys turnover
measured with stable-isotope tracer methods showed that Cys
flux is 0.63–1.3 �mol � kg�1 � min�1 (38–80 �mol � kg�1 � h�1)
(25–27). The intake of Cys during the present study was 0.17
mmol � kg�1 � d�1, so that, if one assumes uniform absorption for
18 h, the rate of Cys absorption is �0.16 �mol � kg�1 � min�1, or
12%–25% of the total flux. This magnitude of effect on flux is
similar to that found for tracer analyses comparing fed with
fasted conditions (25). Kinetic analysis of the hourly Cys con-
centrations (Figure 1A) can be compared only roughly with the
tracer studies because there is no way to evaluate effects on
individual rate components affecting the steady-state plasma
concentrations. However, the summed increase in the area under
the curve for Cys (29 �mol/L) was small compared with the oral
intake, as expected from extensive clearance from plasma at rates
comparable to absorption. Consistent with this, the average rate
of increase in plasma Cys between 0930 and 2030 was 0.0038
�mol � L�1 � min�1, a value indicating that the stimulated clear-
ance of Cys from circulation (or the altered rate of tissue release
of Cys plus GSH, or both) very closely matched the rate of Cys
absorption. The whole-body rate of clearance of Cys, estimated
from the apparent first-order elimination rate constant (slope of
a semilog plot of Cys concentration versus time over the period
from 2330 to 0530; Figure 1A) was 1.3 �mol � kg�1 � min�1.
This value does not differ signficantly from the Cys turnover
measured by tracer methods (25–27). One must be aware, how-
ever, that the rate estimates from the changes in plasma Cys
concentration do not take into account the rates of conversion of
Met to Cys or the oxidative catabolism of Cys.

It is of considerable interest that the plasma component present
at highest concentration, CySS, did not have any apparent asso-
ciation with meals. CySS transport occurs by xc

�, an Na
-
independent cystine-glutamate exchange transport system with
expression controlled by the antioxidant response element (28)
and responsive to amino acid deprivation (29). Variation in CySS
concentration contributed little to diurnal changes in redox state,
but differences in CySS concentrations between males and fe-
males and between the age groups appeared to largely account for
sex and age differences in Cys/CySS redox. The expression of
xc

� is regulated by the transcriptional regulator nuclear factor
erythroid 2–related factor 2 (NrF2), which declines with age (30)
and which could contribute to the age-dependent increases in

FIGURE 4. Diurnal variations in cysteine (Cys; A), cystine (CySS; B),
and the Cys/CySS redox state (C) in the study population stratified according
to age. E, subjects aged 18–39 y (n � 13); �, subjects aged 40–59 y (n � 13);
and ‚, subjects aged �60 y (n � 12). Values expressed are means; SDs were
omitted for clarity. An estimate of the pooled within-subject SD for each
variable is provided in Table 2. Because an a priori purpose of this study was
to determine the effect over time in different age groups, specific effects for
age versus time were examined. Significant time effects were observed for
Cys and Eh(Cys/CySS) in all age groups. In the group aged �40 y (n � 13),
the time effect by age group was P � 0.0001, P � 0.66, and P � 0.0001 for
Cys,Cyss, and Eh(Cys/CySS), respectively. In the group aged 40–59 y (n �
13), the time effect by age group was P � 0.0001, P � 0.26, and P � 0.0001
for Cys, CySS, and Eh(Cys/CySS), respectively. In the group aged �60 y
(n � 12), the time effect by age group was P � 0.0001, P � 0.001, and P �
0.001 for Cys, CySS, and Eh(Cys/CySS), respectively.
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CySS. Consistent with a function of xc
� in the control of plasma

Cys/CySS redox, xc
� knockout mice have a more oxidized

plasma redox state (31), Thus, the CySS transport and reduction
systems (separately or together) may be important in determining
age and sex differences, but they are not primary determinants of
diurnal variations in Cys/CySS redox states. Oxidative degrada-
tion of Cys by cysteine dioxygenase is highly inducible (32) and
likely to change during the time of day, but the contribution of
this system to homeostatic regulation of the redox state cannot
easily be inferred from the present data.

The plasma GSH/GSSG redox state is likely to be affected by
multiple processes, including synthesis of GSH from its constitutive
amino acids, cyclic oxidation and reduction involving GSH peroxi-
dases and GSSG reductase, transport of GSH and GSSG into the
plasma, reaction of GSH with CySS, and degradation of GSH and
GSSG by �-glutamyltranspeptidase. Glutamate-cysteine ligase,
also known as �-glutamylcysteine synthetase, is the most important
enzyme for GSH synthesis. Glutamate-cysteine ligase is induced by
various oxidants, electrophiles, hormones, and heavy metals (33),
and glutamate-cysteine ligase activity has been shown to decline
with age (34), at least in part because of the decline in nuclear factor
erythroid 2–related factor 2 (30). Enzymes needed for the conver-
sion of methionine to Cys also decline with age (35). Additional
studies will be needed to understand the relative contributions of
these processes to the time-of-day– and age-dependent differences
in GSH/GSSG redox control observed in the present study.

In summary, the data show that GSH/GSSG and Cys/CySS
redox states exhibit diurnal variations in healthy adults in a pat-
tern indicating that meal intake acutely influences these major
antioxidant systems. Furthermore, the data show that homeo-
static regulation of Cys and GSH pools declines with age and that
this change appears at a younger age in men than in women. Thus,
the data indicate that variations in sensitivity to oxidative stress
could occur within the time frame of a day as a function of the
timing and the quantity and quality of food intake.

The authors’ responsibilities were as follows—RAB: participated in the
design of the study, subject recruitment, and coordination of the study’s
clinical aspects under the direction of TRZ; TRZ: participated in clinical
design, supervision, data interpretation, and manuscript preparation; BAC:
participated in initial data analysis; YP: performed pharmacokinetic analyses
of data for discussion of results in the context of previous tracer studies; PYC
and GAC: performed statistical analyses; CJA: participated in data interpre-
tation and project supervision; and DPJ: participated in study design, super-
vision of the analyses, data interpretation, and manuscript preparation. None
of the authors had a personal or financial conflict of interest.

REFERENCES
1. Moriarty-Craige SE, Jones DP. Extracellular thiols and thiol/disulfide

redox in metabolism. Annu Rev Nutr 2004;24:481–509.
2. Forman HJ, Fukuto JM, Torres M. Redox signaling: thiol chemistry

defines which reactive oxygen and nitrogen species can act as second
messengers. Am J Physiol Cell Physiol 2004;287:C246–56.

3. Jones DP, Mody VC Jr, Carlson JL, Lynn MJ, Sternberg P Jr. Redox
analysis of human plasma allows separation of pro-oxidant events of
aging from decline in antioxidant defenses. Free Radic Biol Med 2002;
33:1290–300.

4. Moriarty SE, Shah JH, Lynn M, et al. Oxidation of glutathione and
cysteine in human plasma associated with smoking. Free Radic Biol Med
2003;35:1582–8.

5. Samiec PS, Drews-Botsch C, Flagg EW, et al. Glutathione in human
plasma: decline in association with aging, age-related macular degen-
eration, and diabetes. Free Radic Biol Med 1998;24:699–704.

6. Ashfaq S, Abramson JL, Jones DP, et al. The relationship between

plasma levels of oxidized and reduced thiols and early atherosclerosis in
healthy adults. J Am Coll Cardiol 2006;47:1005–11.

7. Go YM, Jones DP. Intracellular proatherogenic events and cell adhesion
modulated by extracellular thiol/disulfide redox state. Circulation 2005;
111:2973–80.

8. Isaacs J, Binkley F. Glutathione dependent control of protein disulfide-
sulfhydryl content by subcellular fractions of hepatic tissue. Biochim
Biophys Acta 1977;497:192–204.

9. Jaeschke H, Wendel A. Diurnal fluctuation and pharmacological alter-
ation of mouse organ glutathione content. Biochem Pharmacol 1985;34:
1029–33.

10. Purucker E, Winograd R, Roeb E, Matern S. Glutathione status in liver
and plasma during development of biliary cirrhosis after bile duct liga-
tion. Res Exp Med (Berl) 1998;198:167–74.

11. Adams JD Jr, Lauterburg BH, Mitchell JR. Plasma glutathione and
glutathione disulfide in the rat: regulation and response to oxidative
stress. J Pharmacol Exp Ther 1983;227:749–54.

12. Neuschwander-Tetri BA, Rozin T. Diurnal variability of cysteine and
glutathione content in the pancreas and liver of the mouse. Comp Bio-
chem Physiol B Biochem Mol Biol 1996;114:91–5.

13. Smaaland R, Sothern RB, Laerum OD, Abrahamsen JF. Rhythms in
human bone marrow and blood cells. Chronobiol Int 2002;19:101–27.

14. Bellamy WT, Alberts DS, Dorr RT. Daily variation in non-protein sulf-
hydryl levels of human bone marrow. Eur J Cancer Clin Oncol 1988;
24:1759–62.

15. Luo JL, Hammarqvist F, Cotgreave IA, Lind C, Andersson K, Werner-
man J. Determination of intracellular glutathione in human skeletal
muscle by reversed-phase high-performance liquid chromatography.
J Chromatogr B Biomed Appl 1995;670:29–36.

16. Tribble DL, Jones DP, Ardehali A, Feeley RM, Rudman D. Hypercys-
teinemia and delayed sulfur excretion in cirrhotics after oral cysteine
loads. Am J Clin Nutr 1989;50:1401–6.

17. Jones DP. Redox potential of GSH/GSSG couple: assay and biological
significance. Methods Enzymol 2002;348:93–112.

18. Jones DP, Carlson JL, Samiec PS, et al. Glutathione measurement in
human plasma. Evaluation of sample collection, storage and derivatiza-
tion conditions for analysis of dansyl derivatives by HPLC. Clin Chim
Acta 1998;275:175–84.

19. Jones DP, Carlson JL, Mody VC, Cai J, Lynn MJ, Sternberg P. Redox
state of glutathione in human plasma. Free Radic Biol Med 2000;28:
625–35.

20. Neuman RB, Bloom HL, Shukrullah I, et al. Oxidative stress markers are
associated with persistent atrial fibrillation. Clin Chem 2007 Jun 28
(Epub ahead of print).

21. Jiang S, Moriarty-Craige SE, Orr M, Cai J, Sternberg P Jr, Jones DP.
Oxidant-induced apoptosis in human retinal pigment epithelial cells:
dependence on extracellular redox state. Invest Ophthalmol Vis Sci
2005;46:1054–61.

22. Jonas CR, Ziegler TR, Gu LH, Jones DP. Extracellular thiol/disulfide
redox state affects proliferation rate in a human colon carcinoma (Caco2)
cell line. Free Radic Biol Med 2002;33:1499–506.

23. Jonas CR, Gu LH, Nkabyo YS, et al. Glutamine and KGF each regulate
extracellular thiol/disulfide redox and enhance proliferation in Caco-2
cells. Am J Physiol Regul Integr Comp Physiol 2003;285:R1421–9.

24. Nkabyo YS, Go YM, Ziegler TR, Jones DP. Extracellular cysteine/
cystine redox regulates the p44/p42 MAPK pathway by
metalloproteinase-dependent epidermal growth factor receptor signal-
ing. Am J Physiol Gastrointest Liver Physiol 2005;289:G70–8.

25. Raguso CA, Regan MM, Young VR. Cysteine kinetics and oxidation at
different intakes of methionine and cystine in young adults. Am J Clin
Nutr 2000;71:491–9.

26. Lyons J, Rauh-Pfeiffer A, Yu YM, et al. Blood glutathione synthesis
rates in healthy adults receiving a sulfur amino acid-free diet. Proc Natl
Acad Sci U S A 2000;97:5071–6.

27. Fukagawa NK, Ajami AM, Young VR. Plasma methionine and cysteine
kinetics in response to an intravenous glutathione infusion in adult hu-
mans. Am J Physiol 1996;270:E209–14.

28. Sasaki H, Sato H, Kuriyama-Matsumura K, et al. Electrophile response
element-mediated induction of the cystine/glutamate exchange trans-
porter gene expression. J Biol Chem 2002;277:44765–71.

29. Sato H, Nomura S, Maebara K, Sato K, Tamba M, Bannai S. Transcrip-
tional control of cystine/glutamate transporter gene by amino acid de-
privation. Biochem Biophys Res Commun 2004;325:109–16.

30. Suh JH, Shenvi SV, Dixon BM, et al. Decline in transcriptional activity

1022 BLANCO ET AL



of Nrf2 causes age-related loss of glutathione synthesis, which is revers-
ible with lipoic acid. Proc Natl Acad Sci U S A 2004;101:3381–6.

31. Sato H, Shiiya A, Kimata M, et al. Redox imbalance in cystine/glutamate
transporter-deficient mice. J Biol Chem 2005;280:37423–9.

32. Stipanuk MH. Sulfur amino acid metabolism: pathways for production and
removal of homocysteine and cysteine. Annu Rev Nutr 2004;24:539–77.

33. Dickinson DA, Levonen AL, Moellering DR, et al. Human glutamate

cysteine ligase gene regulation through the electrophile response ele-
ment. Free Radic Biol Med 2004;37:1152–9.

34. Liu R, Choi J. Age-associated decline in gamma-glutamylcysteine syn-
thetase gene expression in rats. Free Radic Biol Med 2000;28:566–74.

35. Fukagawa NK, Galbraith RA. Advancing age and other factors influ-
encing the balance between amino acid requirements and toxicity. J Nutr
2004;134(suppl):1569S–74S.

DIURNAL VARIATION IN CYSTEINE AND GLUTATHIONE 1023



Arginine flux and intravascular nitric oxide synthesis in severe
childhood undernutrition1�3

Farook Jahoor, Asha Badaloo, Salvador Villalpando, Marvin Reid, and Terrence Forrester

ABSTRACT
Background: Although nutritionally dispensable amino acids are
not essential in the diet, adequate synthesis is necessary for mainte-
nance of good health. Whereas children with edematous severe
childhood undernutrition (SCU) can maintain production rates of
glycine and serine despite a slower body protein breakdown rate, it
is unknown whether the same is true for the semidispensable amino
acid arginine.
Objective: We aimed to measure arginine flux and intravascular
nitric oxide synthesis in children with SCU.
Design: Arginine flux and the fractional and absolute synthesis rates
of plasma nitrite plus nitrate were measured postabsorptively by
using a 6-h infusion of [15N2]-arginine in 2 groups of children with
edematous (n � 14) or nonedematous (n � 7) SCU when they were
infected and malnourished (postadmission day �3; clinical phase 1),
when they were no longer infected (postadmission day �15; clinical
phase 2), and when they were recovered (postadmission day �55;
clinical phase 3).
Results: Arginine flux was slower (P � 0.01) and plasma arginine
concentrations were lower in the edematous group than in the non-
edematous group at clinical phase 1. At clinical phase 2, flux doubled
to a value that was not significantly different from the value at
clinical phase 3. There were no significant differences in the plasma
concentration or fractional or absolute synthesis rate of plasma ni-
trite plus nitrate between the groups at any clinical phase and among
clinical phases within each group.
Conclusion: Whereas children with nonedematous SCU can main-
tain arginine flux at the same rate as when recovered, children with
edematous SCU cannot. The slower arginine flux was not, however,
associated with slower nitric oxide synthesis. Am J Clin Nutr
2007;86:1024–31.

KEY WORDS Arginine kinetics, nitric oxide, edematous se-
vere childhood undernutrition, nonedematous severe childhood un-
dernutrition, marasmus, kwashiorkor

INTRODUCTION

In severe childhood undernutrition (SCU), less amino acids of
dietary origin are available for metabolic purposes because of the
reduced protein intake associated with chronic food deprivation.
Because breakdown of body proteins is the major contributor to
the overall flux of amino acids (1), our finding that the whole-
body protein breakdown rate is slower in children with the edem-
atous form of SCU than in children with the nonedematous form
of SCU (2) suggests that a more severe shortage in the availability

of dietary essential amino acids will exist in children with edem-
atous SCU. In the case of the dietary nonessential amino acids, it
is possible for de novo synthesis to fill the gap created by any
reduction in the amount released from protein breakdown.
Whereas we found this to be true for glycine and serine (3, 4), this
was not the case for cysteine, which requires sulfur from the
essential amino acid methionine for its synthesis (5). These find-
ings suggest that in children with edematous SCU, the availabil-
ity of a particular nonessential amino acid may depend on
whether it is derived from an essential amino acid or not.

An amino acid that occupies a unique position is arginine, a
semi-essential amino acid, because it is produced in adequate
quantities to meet the requirements of healthy adults but not of
growing children or persons stressed by severe trauma or sepsis
(6). Because the production of arginine depends on the availabil-
ity of citrulline, a nonprotein amino acid synthesized mostly in
the gut from glutamine and proline, it is highly likely that argi-
nine will be in short supply in children with SCU, especially
those with edematous SCU because of decreased release from a
slower protein breakdown (2).

In addition to its role as a substrate for protein synthesis,
arginine serves several important physiologic functions related
to ammonia detoxification to urea, wound healing, and immune
function. As a precursor for the synthesis of creatine and nitric
oxide (NO), arginine serves important roles in energy metabo-
lism and regulation of blood pressure plus the numerous other
regulatory roles attributed to NO (6). Low plasma arginine has
been shown to be correlated with a worse prognosis in septic
patients (6), which suggests that there may be an overall increase
in the requirement for arginine that is not met by endogenous
production in stressed states. The situation will be worse in se-
verely malnourished children stressed by concurrent infections.
In a recent study, we reported a marked reduction in plasma
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arginine concentrations in children with edematous SCU com-
pared with the value of their nonedematous counterparts and the
value at recovery (3), which suggests that its availability as a
precursor molecule in anabolic reactions may be limiting. This
does not seem to be the case with respect to NO synthesis, how-
ever, because Fechner et al (7) reported that children with edem-
atous SCU have plasma nitrite plus nitrate (NOx) concentrations,
products of NO metabolism, that are twice those of children with
nonedematous SCU. Together, these observations suggest an
increased conversion of arginine to NO in the face of decreased
arginine availability in children with edematous SCU. Hence, we
propose to test the hypothesis that at the time they are admitted to
the hospital for treatment, children with edematous SCU will
have a slower arginine flux but faster NO synthesis than do
children with nonedematous SCU. We also hypothesized that
arginine flux would be slower in the malnourished state than in
the recovered state in the edematous group but not in the non-
edematous group.

SUBJECTS AND METHODS

Subjects

Twenty-one children who were admitted to the Tropical
Metabolism Research Unit (TMRU), University of the West
Indies, for treatment of SCU participated in the study. During
their hospitalization, the children were managed according to
a standard treatment protocol as previously described by us
(2–5). As shown in Table 1, each subject had a deficit in body
weight–for-age of �20%, which indicated severe undernutri-
tion. Seven of the children had nonedematous and 14 had
edematous SCU; 7 had kwashiorkor and 7 had marasmic
kwashiorkor (Table 1 and Table 2). The diagnosis of type of
SCU, ie, marasmus, kwashiorkor, or marasmic kwashiorkor,
was based on the Wellcome Classification (8). All except one

of the children had evidence of one or more infections at
admission.

This study was approved by the Medical Ethics Committee of
the University Hospital of the West Indies and the Baylor Affil-
iates Review Board for Human Subject Research of Baylor Col-
lege of Medicine. Written informed consent was obtained from at
least one parent of each child before enrollment.

Study design

Arginine and NO kinetics were measured 3 times during the
children’s hospitalization by using a constant intravenous infu-
sion of [15N2]-guanidino arginine at �3 d after admission when

TABLE 1
Age and physical characteristics of the subjects1

Age2,3 Weight2,3 Length2 Weight-for-age2,4 Weight-for-length2,4

mo kg cm % %
Clinical phase 1

Marasmus (n � 7) 11.9 � 1.55 5.4 � 0.35,6 65.6 � 0.2 57.1 � 1.65,6 76.5 � 3.05

Kwashiorkor (n � 7) 12.9 � 1.65 7.0 � 0.55 70.1 � 2.4 70.5 � 2.45 84.2 � 2.85

Marasmic Kwashiorkor (n � 7) 9 � 1.35,7 4.0 � 0.35,6 58.6 � 2.4 46.0 � 3.25,6 77.1 � 4.35

Clinical phase 2
Marasmus (n � 7) 12.9 � 1.65 6.6 � 0.35 67.8 � 1.8 67.5 � 2.35 85.4 � 1.85

Kwashiorkor (n � 7) 13.7 � 1.65 7.0 � 0.55 70.0 � 2.4 70.6 � 2.75 84.6 � 2.9
Marasmic Kwashiorkor (n � 7) 9.9 � 1.35,7 4.9 � 0.45,6 59.9 � 2 53.5 � 35,6 87.0 � 3.5

Clinical phase 3
Marasmus (n � 7) 14.3 � 1.5 8.0 � 0.5 70.0 � 1.8 78.5 � 4.5 95.6 � 3.6
Kwashiorkor (n � 7) 14.5 � 1.5 9.1 � 0.6 72.1 � 1.8 87.4 � 3.9 101.3 � 3
Marasmic Kwashiorkor (n � 7) 10.8 � 1.37 6.7 � 0.66 61.9 � 1.6 69.9 � 3.46 106.8 � 2.8

1 All values are x� � SEM. Cell means were compared by repeated-measures ANOVA. Clinical phase 1,� 3 d after admission when the subjects were
infected and malnourished; clinical phase 2, �15 d after admission when the subjects were still severely malnourished but no longer infected and edematous;
clinical phase 3, �55 d after admission when the subjects were recovered.

2 Main effect of clinical phase, P � 0.001.
3 Diagnosis � clinical phase interaction, P � 0.05.
4 Main effect of diagnosis, P � 0.05.
5 Significantly different from corresponding clinical phase 3 value, P � 0.001 (post hoc comparison by Bonferroni method).
6 Significantly different from kwashiorkor within clinical phase, P � 0.01 (post hoc comparison by Bonferroni method).
7 Significantly different from kwashiorkor and marasmus within clinical phase, P � 0.05 (post hoc comparison by Bonferroni method).

TABLE 2
Clinical characteristics of the subjects at admission1

Parameter
Edematous

subjects Nonedematous subjects

No. of subjects (n) 14 7
Sex (M/F) 9/5 3/4
Diagnosis 7 K, 7 MK 7 M
Type of infection 3 B, 9 C, 3 D,

2 LRTI, 1
OM, 1 P, 6
URTI, 2 UTI

2 C, 2 D, 1 LRTI, 1 OM,
1 S, 4 URTI, 1 UTI

Infections/subject (n) 3/2, 2/10, 1/2 3/2, 2/2, 1/2, 0/1
Hemoglobin (g/L) 82 � 3.72 99 � 73

WBC (1 � 109 cells/L) 11.2 � 0.88 15.1 � 1.83

Temperature (°C) 37.19 � 0.14 37.4 � 0.38

1 K, kwashiorkor; MK, marasmic kwashiorkor; M, marasmus; WBC,
white blood cells; B, bacteremia; C, Candidiasis; D, infective diarrhea; LRTI,
lower respiratory tract infection; OM, otitis media; P, pneumonia; S, scabies;
URTI; upper respiratory tract infection; UTI, urinary tract infection.

2 x� � SEM (all such values).
3 Significantly different from edematous group, P � 0.05 (unpaired t

test).
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the subjects were both infected and undernourished but clinically
stable as indicated by blood pressure, pulse, and respiration rates
(clinical phase 1); at �15 d after admission when the subjects
were still severely undernourished (anthropometrically) but no
longer infected (ie, all clinical features of the infective episode
had resolved), they had lost edema, and had improved affect and
appetite (clinical phase 2); and at �55 d after admission when the
rate of catch-up growth had reached a plateau and weight-for-
length was �90% of expected (clinical phase 3).

Treatment and diets

During their hospitalization, the children were managed ac-
cording to a standard protocol that divided their treatment into
phases. The acute resuscitation and maintenance phases of treat-
ment extended from admission until the child’s appetite returned,
infection was cleared, and edema was lost in those children with
the edematous forms of severe undernutrition. The mean dura-
tion of this phase was 15.4 d. During this period, fluid and elec-
trolyte imbalances were first corrected, and infections were
treated with broad-spectrum antibiotics, usually parenteral pen-
icillin and gentamicin, plus oral metronidazole. The children
were fed a resuscitative diet made by using a commercial milk
powder (61 g Nan; Nestlé SA, Vevey, Switzerland), 81 g glucose,
and 858 g water. The energy content of the feed was 2633 kJ/kg
with a macronutrient composition per kg feed of 7.6 g protein,
14.6 g lipid, and 116.7 g carbohydrate. The energy distribution of
the feed was 74% from carbohydrate, 21% from fat, and 5% from
protein. The amount offered aimed to provide �418
kJ � kg�1 � d�1 and �1.2 g protein � kg�1 � d�1. The feed was
given as boluses every 3 h throughout the day or as smaller
2-hourly boluses when the child was having problems tolerating
the feed.

The next phase in the clinical care of the children was the rapid
catch-up growth phase. In this phase of treatment, the children
were fed an energy-dense, milk-based formula until their growth
rate plateaued and weight-for-length was �90% of expected.
The high-energy feed given during rapid catch-up growth was
made from the same commercial milk powder (NAN; Nestlé SA)
plus additional carbohydrate. The energy content was 6071
kJ/kg, and the macronutrient composition per kg feed was 64.8 g
lipid, 183 g carbohydrate, and 33.75 g protein. The energy dis-
tribution of the feed was 40.2% from fat, 50.5% from carbohy-
drate, and 9.3% from protein. The children were fed every 4 h ad
libitum. During this phase, energy intake may have been as high
as 626–750 kJ � kg�1 � d�1 and protein as high as 3.5�
4 g � kg�1 � d�1.

In addition, both diets were supplemented with vitamins
(Tropivite; Federated Pharmaceuticals, Kingston, Jamaica) and a
mineral mix prepared in the TMRU metabolic kitchen. Each
child received 2 mL/d of the vitamin solution, which contained
6000 IU vitamin A (palmitate), 1600 IU vitamin D (calciferol), 2
mg thiamine HCL, 3.2 mg riboflavin, 120 mg vitamin C (ascorbic
acid), 4 mg vitamin B-6 (B-6 HCL), and 28 mg nicotinamide.
They also received 5 mg folic acid/d and 2 mL of the mineral
mix � kg�1 � d�1. The mineral mix consisted of 37.28 g KCl 	
50.84 mg MgCl2O.6H2O 	 3.36 g (CH3COO)2Zn.2H2O/L H2O
(BDH Chemicals, Poole, United Kingdom). During the rapid
catch-up growth phase but not in the maintenance phase, the
children also received 60 mg FeSO4. Weight and length were
monitored throughout the hospitalization, the former daily with

an electronic balance (model F150S; Sartorius, Göttingen, Ger-
many) and the latter weekly with a horizontally mounted stadi-
ometer (Holtain Ltd, Crymych, United Kingdom).

Experimental protocol

The subjects were studied in the postabsorptive state. The
isotope infusion started 3 h after the subject’s last bolus of feed,
and the first blood sample used to measure arginine and NO
kinetics was taken 4 h after the infusion started. Hence, arginine
kinetics were calculated by using isotopic data obtained from
blood samples taken during the 7–9-h postabsorptive period. To
avoid possible hypoglycemia during the experimental period, a
0.278-mol/L glucose solution was infused intravenously at 3
mg � kg�1 � min�1 starting 1 h after the last bolus feed, that is, 2 h
before the isotope infusion started.

The rate of synthesis of NO from arginine in the plasma com-
partment was estimated by determining the fractional rate of
synthesis of plasma NOx from arginine and the concentration of
NOx in plasma. This approach is feasible on the basis of the fact
that 15N -labeled nitric oxide is a product of the reaction in which
[15N2]-guanidino arginine is converted to [15N-ureido]citrulline
(9). Hence, [15N2]-guanidino arginine is the only possible pre-
cursor of 15N-labeled NO. Also, 15N-labeled NOx can only be
made from 15N-labeled NO. Therefore, 15NOx is an excellent
surrogate measurement of 15NO. By administering [15N2]-
guanidino arginine and measuring the isotopic enrichment of
plasma arginine at steady state (precursor pool) and the plasma
isotopic enrichment of NOx (product), one can calculate the
fractional rate of synthesis of nitrite and nitrate, and hence NO,
by using the standard precursor-product equation.

Infusion protocol

Sterile solutions of [15N2]-guanidino arginine (98%; Cam-
bridge Isotope Laboratories, Woburn, MA) were prepared in 9 g
NaCl/L. Two intravenous access sites were established in oppo-
site arms by the insertion of 24 G catheters after preparation of the
access sites with a topical anesthetic (EMLA cream; Astra Phar-
maceuticals Ltd, Langley, United Kingdom). One intravenous
catheter was used for infusion of the labeled arginine and the
other for blood sampling.

After 2 h of continuous glucose infusion, a 3-mL blood sample
was drawn for baseline measurements, and a bolus injection of
100 mg of 2H2O/kg (99.9%; Cambridge Isotope Laboratories,
Woburn, MA) was given intravenously. This was immediately
followed by administration of a priming dose of 5 �mol/kg of
[15N2]-guanidino arginine, which was followed immediately by
a continuous infusion at 5 �mol � kg�1 � h�1 for 6 h. One-
milliliter blood samples were drawn hourly for the first 3 h, and
3-mL blood samples were drawn hourly from hours 3 to 6 of the
infusion. The infusion and blood sampling protocols were the
same for the 2 subsequent experiments performed at clinical
phases 2 and 3.

Sample analyses

The blood samples were centrifuged immediately at 1000 � g
for 15 min at 4 °C, and the plasma was removed and stored
immediately at �70 °C for later analyses. The isotopic enrich-
ment of plasma arginine was measured by negative chemical
ionization gas chromatography–mass spectrometry (NCI
GC-MS) with a Hewlett-Packard HP 5989B quadrupole mass
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spectrometer (Palo Alto, CA). Plasma arginine was extracted by
cation-exchange chromatography, and the trifluoroacetyl ester
derivative was prepared by adding 0.4 mL of a 4:1 mixture of
dichloroethane:trifluoroacetic anhydride to the dried eluant con-
taining arginine and heating at 100 °C for 2 h. Isotope ratios were
measured by selectively monitoring ions at mass-to-charge (m/z)
ratios of 444 to 446.

The isotopic enrichment of plasma NOx was also determined
by NCI GC-MS with the method described by Tsikas (10).
Briefly, the nitrate in 0.2 mL of plasma was reduced to nitrite by
adding 25 mg cadmium. The mixture was acidified with 0.1 mL
of 20% acetic acid and shaken at room temperature for 15 min to
reduce nitrate to nitrite. After centrifugation at 1000 � g for 5
min, the supernatant fluid was removed, further extracted with
acetone, and the nitrite converted to its pentafluorobenzyl deriv-
ative by adding 25 �L of 2,3,4,5,6-pentafluorobenzyl bromide
and heating at 50 °C for 1 h. The isotope ratio was measured by
selectively monitoring ions at m/z ratios 46 to 47. The 2H2 content
of plasma water was determined by reducing water extracted
from 10 �L of plasma with zinc in quartz vessels and determining
the 2H2 abundance of the resulting hydrogen gas by gas isotope-
ratio mass spectrometry (�-E; Finnigan MAT, San Jose, CA).

Plasma arginine concentrations were measured by standard
ion-exchange chromatography. Plasma NOx concentrations
were measured by in vitro isotope dilution as described by Tsikas
(10). Briefly, 0.2 mL of the baseline plasma sample was spiked
with a known quantity of Na15NO3, the internal standard, the
nitrate was reduced to nitrite, and the isotopic enrichment of the
nitrite was measured as described above.

Calculations

As shown in Figure 1, the isotopic enrichment of arginine
reached a plateau in plasma in all 3 groups of subjects during the

final 3 h of the infusion, which permitted use of the steady state
equation described below to calculate flux.

Arginine flux was calculated from the equation

Flux � ��IEInf /IEpl� � 1� � i (1)

where IEInf and IEpl are the isotope enrichments of the tracer in
the infusate and in plasma at isotopic steady state, i is the rate of
infusion of [15N2]arginine in �mol � kg�1 � h�1 (or �mol � kg
fat-free mass�1 � h�1), and the units of flux are
�mol � kg�1 � h�1.

Total body water (TBW) was calculated as follows:

TBW �mL� � �ED2O � dose�/�EpD2O � 1.04� (2)

where ED2O is the enrichment of the deuterium oxide dose, EpD2O

is the plasma water plateau enrichment, and 1.04 is the factor that
converts the deuterium dilution space to total water (11).

Fat-free mass (FFM) was calculated as follows:

FFM �kg� � TBW/K (3)

where K is the age- and sex-specific hydration constant for FFM
as reported by Fomon et al (12). In the children with edematous
SCU, total body water measured in the malnourished edematous
state (ie, clinical phase 1 measurement) was corrected by sub-
tracting the contribution from edema fluid. Edema fluid was
estimated as the difference between body weight on the day of the
clinical phase 1 experiment, �3 d after admission, and the lowest
postexperiment weight observed before the clinical phase 2 mea-
surement, �15 d after admission.

The fractional synthesis rate (FSR) of nitric oxide was calcu-
lated according to the precursor-product equation as previously
described by us (13). Essentially, when a labeled amino acid is
given by constant infusion, the precursor pool enrichment (argi-
nine) reaches a constant value with time; thus, by measuring the
rate of incorporation of label into a product (NOx) after a plateau
is reached in the precursor pool, the FSR can be calculated. As
shown in Figure 1, the isotopic enrichment of arginine reached a
plateau after 3 h of infusion and NOx enrichment increased
linearly during this time. Hence, FSR was calculated from

FSR �%pool/h� � ��IE NOxt6 � IE NOxt3�/IEargpl�

� �24 � 100�/t6 � t3 (4)

where IE NOxt6 � I.E NOxt3 is the increase in isotopic enrich-
ment of NOx over the period from 3 to 6 h (t6 � t3) of the infusion
and IE argpl is the plateau isotopic enrichment of plasma arginine.
In this calculation, the plateau enrichment of arginine in plasma
is assumed to represent the isotopic enrichment of all the arginine
pools from which nitric oxide and hence nitrite and nitrate are
synthesized. The absolute synthesis rate (ASR) of plasma NOx in
the intravascular compartment was calculated as the product of
plasma NOx concentration and the FSR. The units of intravas-
cular ASR are expressed as �mol � L plasma�1 � h�1. Plasma
volumes were based on historical values previously reported by
us (14)

Statistics

Data are expressed as means � SEMs. Differences between
the nonedematous and edematous groups at clinical phase 1 were
determined by use of unpaired 2-tailed t tests to test our primary
hypothesis that at the time they are admitted to the hospital for

FIGURE 1. Mean (�SEM) isotopic enrichment (IE) of plasma arginine
and nitrite plus nitrate (NOx) during a primed-constant intravenous infusion
of [15N2]-guanidino arginine in 7 children with marasmus (F), 7 with ma-
rasmic kwashiorkor (f), and 7 with kwashiorkor (E) at clinical phase 1, �2
d after admission when the subjects were infected and malnourished.
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treatment, children with edematous SCU have a slower arginine
production rate but faster NO synthesis than do children with
nonedematous SCU. To determine the response to treatment by
each group and whether differences due to effects of treatment
depend on diagnosis, 2-factor repeated-measures analysis of
variance (RMANOVA) was used with diagnosis as the between
factor and clinical phase as the repeated factor. If the interaction
terms from the repeated-measures ANOVA were significant,
pair-wise comparisons were made by the Bonferroni method. For
the clinical characteristic variables, an unpaired t test was used to
compare values between the edematous and the nonedematous
subjects in the undernourished state. Inferential tests were con-
sidered statistically significant if P � 0.05. Data analysis was
performed with GRAPHPAD PRISM version 4 software
(GraphPad Software, San Diego, CA).

RESULTS

There were significant differences in the subjects’ mean ages
at the time they participated in the clinical phase 1 experiment,
with the mean age of the marasmic kwashiorkor group being the
lowest. The children had a mean weight-for-age between �46%
of expected in the marasmic kwashiorkor subjects to �71% in
the kwashiorkor subjects (Table 1). As expected in the under-
nourished state, there were significant differences in weight-for-
age and weight-for-length by diagnosis. At clinical phase 1, the

marasmic and marasmic kwashiorkor children were lighter than
the children with kwashiorkor. This difference persisted at clin-
ical phase 2 between the marasmic kwashiorkor and kwashiorkor
groups. When the children had recovered at clinical phase 3, all
anthropometric measurements except for length increased sig-
nificantly compared with the values at clinical phase 1.

The clinical characteristics of the subjects at admission are
shown in Table 2. All subjects but one were anemic. Twenty of
the 21 subjects had one or more infections, but white blood cells
were elevated in only 14 subjects. Mean hemoglobin and white
blood cell concentrations were significantly higher (P � 0.05) in
the nonedematous group than in the edematous group.

There was a significant interaction between clinical phase
(nutritional status) and diagnosis. Thus, the mean arginine flux of
all subjects was significantly slower (P � 0.001) at clinical phase
1 than at clinical phases 2 and 3 (Table 3). This slower arginine
flux at clinical phase 1 was associated with a markedly lower
plasma arginine concentration (P � 0.001) compared with the
values at clinical phases 2 and 3. At clinical phase 2, arginine flux
increased by 62% to a value that was almost identical to the value
at clinical phase 3. Concurrently, plasma concentrations in-
creased by 77% but remained significantly lower (P � 0.05) than
the clinical phase 3 value. When the subjects were separated into
different groups according to diagnosis, arginine flux remained
significantly slower (P � 0.001) at clinical phase 1 than at clin-
ical phases 2 and 3 in the marasmic kwashiorkor and kwashiorkor

TABLE 3
Endogenous arginine production and plasma concentration in children with edematous and nonedematous severe undernutrition1

Clinical phase 1 Clinical phase 2 Clinical phase 3

Endogenous arginine flux
All subjects (n � 21)

(�mol � kg�1 � h�1) 47 � 42 77 � 4 74 � 5
(�mol � kg FFM�1 � h�1) 52 � 42 84 � 4 85 � 4

Nonedematous (n � 7)3,4

(�mol � kg�1 � h�1) 65 � 8 71 � 6 68 � 6
(�mol � kg FFM�1 � h�1) 71 � 7 78 � 6 78 � 6

All edematous (n � 14)3,4

(�mol � kg�1 � h�1) 38 � 32,5 79 � 5 80 � 6
(�mol � kg FFM�1 � h�1) 42 � 32 87 � 6 91 � 6

Marasmic Kwashiorkor (n � 7)3,4

(�mol � kg�1 � h�1) 42 � 52 83 � 9 89 � 9
(�mol � kg FFM�1 � h�1) 46 � 42 92 � 8 103 � 9

Kwashiorkor (n � 7)3,4

(�mol � kg�1 � h�1) 35 � 42 75 � 7 70 � 5
(�mol � kg FFM�1 � h�1) 38 � 42 83 � 7 80 � 5

Plasma arginine concentration (�mol/L)
All subjects (n � 21) 69 � 6.42 122 � 6.66 143 � 6.7
Nonedematous (n � 7)3,4 91 � 132 141 � 13.5 160 � 10
Marasmic Kwashiorkor (n � 7)3,4 54 � 82,5 128 � 3.7 147 � 11
Kwashiorkor (n � 7)3,4 55 � 7.52,5 99 � 9.72,5 120 � 11.65

All edematous (n � 14)3,4 58 � 52,5 113 � 6.22,5 135 � 8

1 All values are x� � SEM. FFM, fat-free mass; clinical phase 1, �3 d after admission when the subjects were infected and malnourished; clinical phase
2, �15 d after admission when the subjects were still severely malnourished but no longer infectedand edematous; clinical phase 3, �55 d after admission when
the subjects were recovered. Within clinical phase 1 (baseline), values were compared by unpaired t test; to determine the effect of clinical phase (nutritional
status) and diagnosis on outcome, a 2-factor repeated-measures ANOVA was performed with clinical phase as the repeat factor and diagnosis as the between
factor.

2 Significantly different from corresponding clinical phase 2 and 3 values, P � 0.001.
3 Main effect of clinical state, P � 0.0002.
4 Diagnosis � clinical state interaction, P � 0.0001.
5 Significantly different from nonedematous group in the same clinical state, P � 0.001.
6 Significantly different from clinical phase 3 value, P � 0.001.

1028 JAHOOR ET AL



groups but not in the nonedematous group. Between groups, at
clinical phase 1, flux was significantly slower (P � 0.001) in the
marasmic kwashiorkor and kwashiorkor groups than in the non-
edematous group. These slower fluxes in the marasmic kwash-
iorkor and kwashiorkor groups at clinical phase 1 were associ-
ated with lower plasma arginine concentrations than at clinical
phases 2 and 3. In the nonedematous group, although there was
no significant difference in arginine flux among clinical phases,
the plasma concentration was lower (P � 0.01) at clinical phase
1 than at clinical phases 2 and 3. When the marasmic kwashiorkor
and kwashiorkor subjects were grouped together, arginine flux
was significantly slower (P � 0.001) in the edematous group at
clinical phase 1 than at clinical phases 2 and 3 and slower than at
the corresponding clinical phase 1 value of the nonedematous
group. In both groups, arginine flux did not change significantly
from clinical phase 2 to 3.

There was no statistically significant effect of clinical phase or
diagnosis on nitric oxide outcome measures. When all subjects
were grouped together, there was no significant difference in
plasma NOx concentration or fractional or absolute synthesis
rates among clinical phases (Table 4). Similarly, when the sub-
jects were separated into different groups according to diagnosis,
there were no significant differences in plasma NOx concentra-
tions or fractional or absolute synthesis rates between the differ-
ent groups. None of these parameters changed significantly in
response to treatment.

DISCUSSION

In this study, we aimed to test the hypothesis that at the time
they are admitted to the hospital for treatment, children with
edematous SCU will have a slower arginine flux but faster NO
synthesis rate than do children with nonedematous SCU, and that

arginine flux will be slower in the malnourished state than in the
recovered state in the edematous group but not in the nonedema-
tous group. Our results show that arginine flux was slower in
children with edematous SCU than in children with nonedema-
tous SCU at clinical phase 1, when the children were both se-
verely undernourished and infected. At clinical phase 1, arginine
flux was slower in the children with edematous SCU than at
clinical phase 2, when the children were still anthropometrically
undernourished but their infections were cured, and at clinical
phase 3, when they were recovered. This difference in arginine
flux was not present, however, in children with nonedematous
SCU. In both the edematous and the nonedematous SCU groups,
there were no significant differences in plasma NOx concentra-
tion or fractional or absolute synthesis rates among clinical
phases. These results suggest that children with edematous SCU
cannot maintain arginine production in the undernourished and
infected state but those with nonedematous SCU can. Finally, all
children with SCU can maintain NO synthesis rates despite the
slower arginine production of those with edematous SCU when
they are infected and undernourished.

In humans, arginine is regarded as a semi-essential amino acid,
meaning that it is produced in adequate quantities to meet the
requirements of healthy adults but not of growing children or
persons stressed by severe trauma or sepsis (6). Because its total
flux depends on dietary intake, release from protein breakdown,
and de novo synthesis, it is highly likely that arginine will be in
short supply in children with SCU. Our data, however, show that
this is only true for children with edematous SCU. In children
with nonedematous SCU, arginine flux was not slower in the
undernourished state than in the recovered state. However, de-
spite maintaining arginine flux at a rate not significantly different
from the rate at recovery, the plasma arginine concentration was
lower than the value at recovery, which suggests that arginine

TABLE 4
Plasma nitrate plus nitrite (NOx) concentration and fractional and absolute synthesis rates in children with edematous and nonedematous severe
undernutrition1

Clinical phase 1 Clinical phase 2 Clinical phase 3

NOx concentration (�mol/L)
All subjects (n � 21) 78 � 13.5 70 � 12.1 77 � 16
Nonedematous (n � 7) 100 � 28 84 � 29 95 � 37
All edematous (n � 14) 64 � 13 64 � 13 66 � 14
Marasmic Kwashiorkor (n � 7) 82 � 22 75 � 16 68 � 23
Kwashiorkor (n � 7) 48 � 6 50 � 5 64 � 12

NOx fractional synthesis rate (% plasma pool/h)
All subjects (n � 21) 1.51 � 0.25 1.87 � 0.29 1.75 � 0.28
Nonedematous (n � 7) 1.72 � 0.36 1.64 � 0.41 1.29 � 0.35
All edematous (n � 14) 1.50 � 0.3 1.96 � 0.4 1.88 � 0.4
Marasmic Kwashiorkor (n � 7) 1.12 � 0.31 2.09 � 0.51 1.99 � 0.53
Kwashiorkor (n � 7) 1.83 � 0.45 1.69 � 0.44 1.78 � 0.44

NOx absolute synthesis rate (�mol � L plasma�1 � h�1)
All subjects (n � 21) 1.29 � 0.40 1.59 � 0.47 1.71 � 0.52
Nonedematous (n � 7) 2.29 � 1.0 2.06 � 1.18 1.99 � 1.23
All edematous (n � 14) 0.81 � 0.17 1.26 � 0.25 1.45 � 0.42
Marasmic Kwashiorkor (n � 7) 0.78 � 0.21 1.65 � 0.36 1.38 � 0.47
Kwashiorkor (n � 7) 0.84 � 0.21 0.92 � 0.23 1.52 � 0.618

1 All values are x� � SEM. Clinical phase 1, �3 d after admission when the subjects were infected and malnourished; clinical phase 2, �15 d after admission
when the subjects were still severely malnourished but no longer infected and edematous; clinical phase 3, �55 d after admission when the subjects were
recovered. Within clinical phase 1 (baseline), values were compared by unpaired t test; to determine the effect of clinical phase (nutritional status) and diagnosis
on outcome, a 2-factor repeated-measures ANOVA was performed with clinical phase as the repeat factor and diagnosis as the between factor. There were no
between-group or within-group significant differences.
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utilization was greater than production in the infected undernour-
ished state. In past studies, we reported that whole-body protein
breakdown, the major contributor to overall amino acid flux, was
not diminished in children with marasmus (2, 5), which indicates
that they may still be able to maintain arginine flux in the infected
and undernourished state. There is evidence, however, that argi-
nine utilization and catabolism are increased in patients with
systemic infections and that this is associated with lower plasma
concentrations, which suggests that flux cannot keep up with
utilization in this condition (6, 13). Because 6 of the 7 marasmic
children had clinical evidence of infections at clinical phase 1,
our finding of a lower plasma arginine concentration suggests
that these children could not increase de novo arginine synthesis
to compensate for inadequate dietary intake and also to meet any
increased demands due to their infections.

Whereas the children with marasmus did not have a slower
arginine flux when undernourished and infected, those with
edematous SCU did. In the latter group, arginine flux was �50%
slower than at clinical phases 2 and 3. On the basis of our finding
that the whole-body protein breakdown rate was markedly
slower in children with edematous SCU when they were under-
nourished than when they were recovered (2, 5), it is expected
that these children will have slower fluxes of most amino acids at
clinical phase 1. In the case of the dietary nonessential amino
acids, however, it is possible for de novo synthesis to fill the gap
created by any reduction in the amount released from protein
breakdown. We have found this to be true for glycine and serine,
but not for cysteine, a nonessential amino acid that depends on
the availability of the essential amino acid methionine for de
novo synthesis (3–5). Our present findings indicate that in the
case of the semi-essential amino acid arginine, de novo synthesis
was not sufficient to fill the shortage created by inadequate di-
etary intake plus decreased release from protein breakdown
when the children with edematous SCU were severely under-
nourished and infected. Furthermore, the lower plasma arginine
concentration at clinical phase 1 suggests that flux of arginine
was not sufficient to meet requirements in the infected under-
nourished state. Similarly, at clinical phase 2, although arginine
flux doubled to a rate almost identical to the rate at recovery, the
plasma pool was still not fully replenished. That is, despite a
concurrent increase of 107% in the plasma arginine concentra-
tion from clinical phase 1 to 2, it was still lower than the value at
recovery. Hence, flux was still not enough to meet requirements
and to replenish the plasma pool. In the case of subjects with
kwashiorkor, at recovery, plasma concentrations were still lower
than the corresponding values of the subjects with marasmus,
which suggests that the plasma pool was still not fully replen-
ished or that a systemic difference exists between the 2 types of
SCU. Finally, it is very likely that increased de novo synthesis
contributed to the increased arginine flux at clinical phase 2,
because in a previous study we reported that the protein break-
down rate is still slower at clinical phase 2 than at recovery in
children with edematous SCU. If true, this would suggest that in
the children with edematous SCU, de novo arginine synthesis
was impaired in the infected undernourished state.

Besides its importance for protein synthesis, ammonia detox-
ification, wound healing, and immune function, arginine as a
precursor for NO synthesis serves important roles in the regula-
tion of blood pressure plus the numerous other regulatory roles
attributed to NO (6). Low plasma arginine and increased NO

production have been reported in septic patients (6), which sug-
gests an increased conversion of arginine to NO despite reduced
arginine availability. The findings of Fechner et al (7) of a 100%
higher plasma NOx concentration in children with kwashiorkor
than in healthy controls suggest that the same phenomenon may
exist in children with edematous SCU and infections. The find-
ings of the present study do not corroborate those of Fechner et
al (7), because we found no differences in plasma NOx concen-
tration or fractional or absolute synthesis rates from the severely
undernourished and infected state to the recovered state in the
children with edematous SCU. The same was true for the children
with nonedematous SCU. Similarly, although arginine flux was
�50% slower in the children with edematous SCU than in the
children with nonedematous SCU in the severely undernour-
ished and infected state, there were no significant differences in
plasma NOx concentration or fractional or absolute synthesis
rates, which suggests that there was still sufficient arginine to
support NO synthesis in the children with edematous SCU. For
example, NOx synthesis in the kwashiorkor group at clinical
phase 1 was 0.84 �mol � L plasma�1 � h�1, which, assuming 70
mL plasma/kg at this stage, translates to 0.059 �mol � kg�1 � h�1.
This amount of NO will require the metabolism of just 0.16% of
the 35 �mol � kg�1 � h�1of arginine being produced by these
subjects. If anything, these results in the kwashiorkor group are
opposite those reported by Fechner et al (7), which suggests that
increased NO production may not be contributing to the oxida-
tive stress of children with kwashiorkor.
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Effect of vitamin A supplementation with BCG vaccine at birth on
vitamin A status at 6 wk and 4 mo of age1�3

Ane B Fisker, Ida M Lisse, Peter Aaby, Juergen G Erhardt, Amabelia Rodrigues, Bo M Bibby, and Christine S Benn

ABSTRACT
Background: The effect of vitamin A supplementation (VAS) at
birth on subsequent vitamin A status has not been studied.
Objective: The objective was to study the effect of 50 000 IU vita-
min A administered with BCG vaccine at birth on vitamin A status
in both sexes.
Design: Within a randomized placebo-controlled trial of VAS, we
obtained blood from 614 children at 6 wk of age and from 369
mother-infant pairs at 4 mo of age. We assessed vitamin A status on
the basis of serum retinol-binding protein (RBP) and measured se-
rum C-reactive protein to monitor for concurrent infections.
Results: RBP concentrations indicated vitamin A deficiency in 32%
of the children at age 6 wk and in 16% at age 4 mo. VAS was not
associated with higher RBP concentrations overall or in either sex.
However, the effect of VAS varied with maternal education (P for
interaction � 0.004): At age 6 wk, VAS was associated with higher
(9%; 95% CI: 2, 17%) RBP concentrations in children of nonedu-
cated mothers but not in children of educated mothers. Overall, RBP
concentrations increased between 6 wk and 4 mo of age. The increase
correlated inversely with the number of diphtheria-tetanus-pertussis
(DTP) vaccines received in the interval (P � 0.009), particularly in
girls (P for interaction � 0.01) and in vitamin A recipients (P �
0.01).
Conclusions: Overall, VAS at birth had no effect on vitamin A
status. However VAS may temporarily improve vitamin A status in
the subgroup of children of noneducated mothers. In vitamin A
recipients, subsequent DTP vaccines affected vitamin A status neg-
atively. The main trial was registered at clinicaltrials.gov as
NCT00168597. Am J Clin Nutr 2007;86:1032–9.

KEY WORDS Vitamin A supplementation, BCG vaccine,
retinol-binding-protein, acute phase reaction, sex differences,
diphtheria-tetanus-pertussis vaccine

INTRODUCTION

Vitamin A supplementation (VAS) at birth may reduce child
mortality, particularly in boys (1, 2; CS Benn, BR Diness, A Roth
et al, unpublished observations). No previous trials have studied
the effect of VAS at birth on subsequent vitamin A status.

Within a randomized placebo-controlled study of the effect on
mortality of 50 000 IU vitamin A administered with BCG at birth
(CS Benn, BR Diness, A Roth et al, unpublished observations),
we aimed to examine the effect on vitamin A status at 6 wk and
4 mo of age in both sexes. Vitamin A status was assessed on the
basis of serum retinol-binding protein (RBP) concentrations.

The present trial (CS Benn, BR Diness, A Roth et al, unpub-
lished observations) as well as a similar trial of VAS at birth from
Zimbabwe (3) did not find the expected beneficial effect on
mortality that was observed in Indonesia (2) and India (4). We
previously hypothesized that VAS and diphtheria-tetanus-
pertussis (DTP) vaccines may interact negatively (5). In the
present study, therefore, we examined whether VAS adminis-
tered with BCG at birth interacted with subsequent DTP vaccines
to affect the vitamin A status of the child.

SUBJECTS AND METHODS

Study population

The Bandim Health Project (BHP) has a demographic surveil-
lance system in 6 suburban districts of the capital of Guinea-
Bissau, Bissau. The present study was carried out within a ran-
domized, double-blind, placebo-controlled trial of the effect on
mortality of VAS plus BCG at birth (CS Benn, BR Diness, A
Roth et al, unpublished observations).

In brief, women living in the study area were invited to par-
ticipate if they had a child that was due to be BCG-vaccinated,
either before discharge from the maternity ward of the national
hospital or when coming for the first time to 2 of the 3 health
centers in the study area. Inclusion criteria were weight �2500 g
and no overt illness or malformation. After deciding to partici-
pate in the study, the mothers drew a lot determining whether
their children should receive VAS (50 000 IU retinyl palmitate in
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vegetable oil with 20 IU vitamin E as antioxidant) or placebo (the
same amount of vegetable oil and vitamin E) plus BCG. The
BCG vaccine (0.05 mL; Statens Serum Institut, Copenhagen,
Denmark) was given as an intradermal injection in the left deltoid
area by a trained study nurse. Vitamin A and placebo were pre-
pared by a Danish pharmacy, which held the code until all chil-
dren had been followed for 1 y. At enrollment, information on
baseline anthropometric measures and socioeconomic back-
ground factors was collected.

Guinea-Bissau was classified as an area with subclinical vita-
min A deficiency (VAD) by UNICEF (6), but no surveys of
vitamin A status have been conducted (7). The prevalence of
HIV-1 was �3–5% among women of fertile age in the study area
in the period of the study (unpublished sentinel surveillance
data). A large proportion of pregnant women in this area are
screened for HIV to prevent vertical transmission. Uncontrolled
vertical transmission would be �25% (8). Because of the ongo-
ing vertical-transmission control program, we expect �1% of the
children to be infected with HIV-1. The protocol was presented
to the Ministry of Health in Guinea-Bissau and the Danish Cen-
tral Ethical Committee for approval.

Blood sampling

We collected blood samples in a subgroup of children enrolled
in the study between 2004 April 13 and May 19 (dry season,
defined as December-May) and between 2004 August 1 and
November 28 (rainy season, defined as June-November). Chil-
dren were visited and blood samples were collected at 6 wk of age
if found at home. Of the children enrolled in the rainy season,
those included within the first 10 d of life were visited again at 4
mo of age, and blood samples were collected from the infants and
the mothers. The restriction to within 10 d of birth was chosen to
reduce variability in time-since-supplementation because of dif-
ferent ages at enrollment. Blood was collected from the mother
only if the child was breastfed. We aimed to include 400 children.
At the visits, we interviewed the mothers about their infant’s
feeding, recent medications, and vaccinations. Blood samples
were obtained by finger prick.

Handling and processing of blood samples

Blood was sampled into a dry tube and placed in a plastic box
protected from sunlight at ambient temperature (28–32 °C). The
blood was separated within 4 h, and the serum was frozen at
�20 °C until analyzed for RBP and C-reactive protein (CRP)
concentrations. RBP and CRP were measured with a sandwich
enzyme-linked immunosorbent assay technique at the
SEAMEO, Regional Center for Community Nutrition, Univer-
sity of Indonesia, Jakarta, Indonesia (9). In brief, wells were
coated with RBP antibodies (DAKO) and CRP antibodies
(DAKO), diluted serum was added to the wells, H2O2-coupled
RBP and CRP antibodies were added after incubation and wash-
ing. After another round of incubation and washing, the color
substrate was added. After development of sufficient color, the
reaction was stopped by adding phosphoric acid. The concentra-
tion was assessed by spectrophotometry (9). All concentrations
were measured twice, and the average determined. If the 2 mea-
surements differed by �20%, a second set of double measure-
ments was carried out.

The blood concentration of retinol is under homeostatic con-
trol over a large range of vitamin A storage concentrations (10).

However, the circulating concentration of retinol decreases with
marginal vitamin A reserves. Serum retinol concentrations of
�0.70 and 1.05 �mol have been used to define subclinical VAD
and marginal vitamin A stores, respectively. Retinol is trans-
ported in the bloodstream bound to RBP in a 1:1 complex, but the
saturation of RBP tends to be higher with high retinol concen-
trations (11, 12). Hence, higher cutoffs for RBP than for retinol
may be used when assessing the vitamin A status. To correct for
�100% saturation of RBP with retinol, we measured retinol by
HPLC in 26 of the samples. With retinol determined by HPLC as
the standard, the corresponding values of RBP were plotted and
the linear relation was as follows: RBP � 0.7901 � retinol by
HLPC � 0.2808 �mol/L (R2 � 0.79). We therefore used the
cutoffs 0.83 and 1.11 �mol RBP/L to define the groups with
subclinical VAD and marginal vitamin A stores, respectively.
CRP was measured to monitor for ongoing infection at the time
of the blood sampling (13).

Statistical analysis

We used multiple linear regression models to evaluate the
effect of VAS on RBP concentrations at 6 wk and 4 mo of age.
Log transformation of RBP concentrations yielded a better nor-
mal distribution assessed by inspection of inverse normal plots;
results are therefore given as geometric means and relative
changes in RBP. Logistic regression was used to evaluate the
effect of VAS on the proportion of subjects with low RBP (equiv-
alent to 0.70 �mol retinol/L).

All analyses were stratified by sex, and interactions between
sex and VAS were tested in the models. We attempted to control
for ongoing infection using 2 different methods: 1) the widely
used approach of excluding samples with a CRP concentration
�5 mg/L and 2) including log-transformed CRP concentrations
in the model. Hence, we were able to examine the effects of VAS
on RBP concentrations and proportions with low RBP concen-
trations controlled for CRP without excluding any sample from
the analysis. Samples with a CRP concentration below the de-
tection level (0.1 mg/L) (10 samples) were assigned half this
value.

We tested all background variables (Table 1) and reports of
recent medication for association with vitamin A status and the
effect of VAS on vitamin A status by including them in univariate
regression models and in multivariable regression models in-
cluding the interaction terms. We controlled for maternal vitamin
A status for breastfed children sampled at 4 mo by including the
logarithm of maternal RBP concentration in the model. Finally,
we examined the association between change in RBP and number
of DTP vaccines according to treatment group and sex. All linear
models were evaluated visually to ensure that the residuals were
normally distributed and that they showed no variation with the
covariates.

RESULTS

At 6 wk of age, 960 children were eligible for sampling. We
visited the households of 753 (78%) of the children and sampled
614 (82%) of the children (vitamin A: 79%; placebo: 84%).
Proportions of children visited, not visited, and sampled did not
differ between the vitamin A and placebo groups (Figure 1).
There were no significant differences between the vitamin A and
placebo groups with regard to baseline characteristics (Table 1).
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Also, there were no differences between visited and nonvisited
children with regard to baseline characteristics (data not shown).

Of the 506 infants included in the study after 1 August 2004
and sampled at 6 wk of age, 441 (87%) were eligible for sampling
at 4 mo of age. The remaining children had been included in the
study after 10 d of age. We visited 440 of the children at least once
within 10 d of 4 mo of age and obtained sufficient serum from 369
(84%).

RBP concentrations 6 wk after supplementation

We found no overall effect of VAS on vitamin A concentra-
tions 6 wk after supplementation (Table 2). We found no sex
difference in the RBP concentrations or the proportion of low
RBP, nor did we find any overall difference in the effect of
supplementation between boys and girls. As expected, an acute
phase reaction was associated with a lower RBP: a 2-fold in-
crease in CRP was associated with an odds ratio (OR) of 1.26
(95% CI: 1.17,1.37) for low RBP (P � 0.001). Adjustment for
CRP did not change the effect of VAS (Table 2). Exclusion of
samples with CRP concentrations �5 mg/L excluded more boys
than girls from the analysis (135 samples; 22%): 76 from boys
(26%) and 59 from girls (19%) (P � 0.04, chi-square test) but

gave similar results (Table 2). Limiting the analysis to the sam-
ples from children included in the study within the first 10 d of life
(87%) did not affect the results.

We examined the effect of different background variables
thought to be associated with vitamin A status. In a regression
analysis, children enrolled in the dry season had 7% (11; CS
Benn, BR Diness, A Roth et al, unpublished observations)
higher RBP concentrations than did children enrolled in the
rainy season (P � 0.005). Anthropometric measures or ma-
ternal midupper arm circumference was not associated with
RBP at 6 wk of age, nor were any of the other background
factors in Table 1. The proportion of children who had re-
ceived medication (mainly chloroquine, penicillin, paraceta-
mol, or a combination thereof) on the day before sampling
(vitamin A: 14%; placebo: 16%) did not differ between groups
(P � 0.20, chi-square test). These children had a higher CRP
concentration (P � 0.001), but medication use did not affect
RBP concentrations (P � 0.68) or the effect of VAS on vita-
min A status (P � 0.91).

Maternal education interacted significantly with treatment
group (P � 0.004); VAS was associated with an increased con-
centration of RBP in children of noneducated mothers, whereas
there was no effect of supplementation in children of educated
mothers. Similarly, the proportion of children with a low RBP
concentration was reduced in supplemented children of nonedu-
cated mothers, but not in supplemented children of educated
mothers (Table 3). There were no other interactions between
background factors and VAS (data not shown).

Twenty-two percent of the children sampled at 6 wk had a DTP
vaccine before sampling: vitamin A: 25% (n � 72); placebo:
19% (n � 60) (P � 0.08, chi-square test). DTP-vaccinated chil-
dren were more likely (42%) to have elevated CRP concentra-
tions than were children not vaccinated with DTP (16%) (P �
0.0001). VAS did not affect RBP concentrations among DTP-
vaccinated (relative difference: �1%; 95% CI: �9%, 8%) or
DTP-unvaccinated (relative difference: 1%; 95% CI: �3%, 6%)
children.

RBP concentrations 4 mo after supplementation

At 4 mo of age, there was no overall difference between the
vitamin A and placebo groups in RBP concentrations, nor did the
effect of VAS differ between boys and girls. However, adjusted
for CRP, boys had 4% (95% CI: 0%, 9%) higher RBP concen-
trations than girls. The proportion of children with low RBP did
not differ between the VAS and placebo groups (Table 4). As
observed at 6 wk of age, exclusion of samples with elevated CRP
concentrations excluded more boys than girls from the analysis:
105 samples (28%); 58 from boys (34%) and 47 from girls (24%)
(P � 0.03, chi-square test).

Maternal RBP concentrations were available for 357 of the
360 breastfed children (355 mothers). Three samples had insuf-
ficient serum for analysis. The mean maternal RBP concentra-
tion was 1.66 �mol/L (95% CI: 1.62, 1.70). Only one of the
mothers had an RBP concentration indicating VAD; 18 (5%) had
an RBP concentration indicating marginal vitamin A stores. Ed-
ucated mothers had 6% (95% CI: 1, 11) higher RBP concentra-
tions than did noneducated mothers. The RBP concentration in
children varied with maternal RBP concentration: an increase in

TABLE 1
Baseline characteristics of the participating children1

Vitamin A
(n � 482)

Placebo
(n � 478)

Sex [n (%)]
Male 229 48 230 48
Female 253 52 248 52

Electricity in the household [n (%)]
No 307 64 308 64
Yes 156 32 165 35
Unknown 19 4 5 1

Bathroom [n (%)]
Inside the house 66 14 64 13
Outside the house 396 82 408 85
Unknown 20 4 6 1

Maternal education [n (%)]
Any 301 62 283 59
None 151 31 170 36
Unknown 30 6 25 5

Birth order [n (%)]
Primipara 121 25 132 28
2nd–3rd 188 39 172 36
�4th 155 32 170 36
Unknown 18 4 4 1

Inclusion weight (kg)2 3.2 	 0.63 3.3 	 0.7
Length at inclusion (cm)4 50.3 	 2.8 50.4 	 3.0
Maternal age (y)5 25 	 6 25 	 6
Maternal arm circumference (mm)6 255 	 31 254 	 30

1 There were no significant differences between groups.
2 Unknown for 3 children in the vitamin A group and for 3 children in

the placebo group.
3 x� 	 SD (all such values).
4 Unknown for one child in the placebo group.
5 Unknown for 25 children in the vitamin A group and for 17 children in

the placebo group.
6 Unknown for 29 children in the placebo group and for 32 children in

the placebo group.
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maternal RBP by 30% was associated with a 3% (95% CI: 1, 6)
increase in RBP of the child (P � 0.007).

Change in RBP between 6 wk and 4 mo

RBP concentrations were available for 367 children at 6 wk
and 4 mo of age; during this interval, 70% had experienced a rise
in the RBP concentration (mean rise in RBP � 0.13 �mol/L; 95%
CI: 0.10, 0.16). The proportion of children who had an increase
in RBP and the magnitude of the rise did not differ between the
vitamin A and the placebo groups, nor did it differ between boys
and girls. However, the magnitude of the rise in RBP depended
in a linear manner on the number of DTP vaccines that the child
had received between the 2 blood samples (Table 5).

Between 6 wk and 4 mo of age, 51% of the sampled children
had received 3 doses of DTP vaccines, 42% received 2 doses, 7%
received 1 dose, and 1% received no doses. The proportions did
not differ between the VAS and placebo groups (P � 0.73) but
did differ with maternal education; children of educated mothers
had received more doses (P � 0.001). Overall, the rise in RBP

was reduced by 0.06 �mol/L (95% CI: 0.01, 0.10) for each dose
of DTP (P � 0.009). This effect was only seen in girls (0.12
�mol/L; 95% CI: 0.05, 0.19) per dose of DTP and not in boys
(0.00 �mol/L; 95% CI: �0.06, 0.06) (P for interaction � 0.01).
Also, controlled for the effect of sex, VAS recipients had a 0.12
�mol/L (95% CI: 0.03, 0.21) larger decrease per dose of DTP
than did the placebo recipients (P for interaction � 0.01) (Table
5). Exclusion of the 47 children who had received a DTP vaccine
before the 6-wk sample or exclusion of the 169 children who had
received a DTP vaccine within 2 wk before the 4-mo sample did
not change the estimates. Control for time since the last DTP
vaccination, time between the samples, or maternal RBP con-
centration did not change the estimates either. Control for
CRP concentrations or RBP concentration at 6 wk of age
reduced the magnitude of the fall, but the conclusions were
unaffected. Grouping children with 0 –2 DTP vaccines in a
single group did not change the interactions between sex and
DTP and between VAS and DTP (P � 0.001 and P � 0.05,
respectively).

Eligible for sampling at 6 wk 
Included in the study between April 13 and 
May 19 or after August 1, 2004 (n=960)

Vitamin A (n=482) Placebo (n = 478)

Sampled at 6 wk (n=294)
Analyzed: 292
(2 with insufficient serum) 

Moved (n=21)
Dead (n=6) 
Traveling/absent (n=37)
Refused participation (n=3) 
Unknown/wrong address (n=13)
Not visited because of time 
constraints (n=108)

Sampled at 6 wk (n=320)
Analyzed: 320

Moved (n=20)
Dead (n=7)
Traveling/absent (n=27)
Refused participation (n=0) 
Unknown/wrong address (n=5)
Not visited because of time 
constraints (n=99)

Eligible for sampling at
4 mo of age 

(n=212)

Eligible for sampling at
4 mo of age 

(n=229)

Not followed further: 
Included in April/May (n=57) 
Included after 10 d of age 
(n=34)

Not followed further: 
Included in April/May (n=51) 
Included after 10 d of age 
(n=31)

Moved (n=7)
Dead (n=0) 
Traveling/absent (n=34)
Refused participation (n=0) 
Not visited (n=1)

Moved (n=5)
Dead (n=2) 
Traveling/absent (n=13)
Refused participation (n=2) 
Not visited (n=0) 

Sampled at 4 mo (n=190)
Analyzed: 186
(4 samples insufficient serum) 

Sampled at 4 mo (n=187)
Analyzed: 183
(4 samples insufficient serum) 

FIGURE 1. Flow chart of children in the study.
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DISCUSSION

Six weeks after VAS, the effect on vitamin A status was
limited to the children of noneducated mothers. There was no
measurable effect of VAS on RBP concentrations at 4 mo of age.
When planning the present study of vitamin A status, we hypoth-
esized that the effect might differ between boys and girls and with
subsequent vaccines. There was no sex-differential effect of
VAS on vitamin A status. However, the effect did seem to depend
on the number of DTP vaccines received after VAS in a manner
that differed between boys and girls.

The reported duration of the effect of single high-dose VAS
varies. In observational studies, supplementation with 200 000
IU in children �12 mo of age has been reported to affect vitamin
A status at 1–2 mo but the effect is not sustained to 4–6 mo after

supplementation (14, 15). Others have reported an effect of
200 000 IU but not of 100 000 IU (given in a randomized trial) for
up to 6 mo (16).

It has been customary to adjust measurements of RBP and
retinol concentrations for ongoing infections by excluding chil-
dren with CRP concentrations for �5 mg/L. We attempted to
correct for a lowered RBP due to a subclinical infection by
including CRP concentrations in the regression models, thereby
not excluding any observations. We believe that this method has
advantages over the method of excluding children with CRP
concentrations �5 mg/L. First, as pointed out by others (17),
inflammation may affect circulating vitamin A concentrations
even when CRP concentrations are �5 mg/L, at least in young
children. Second, in populations with a high prevalence of

TABLE 2
Effect of vitamin A status at birth on retinol-binding protein (RBP) concentrations at 6 wk of age1

Boys

Vitamin A Placebo

Girls

Vitamin A Placebo

Comparison of vitamin A and
placebo groups

Relative
difference2 OR for low RBP3

Crude
n 142 155 150 165
Geometric mean RBP (�mol/L) 0.92 (0.89, 0.96) 0.94 (0.90, 0.98) 0.93 (0.90, 0.97) 0.93 (0.89, 0.96) 0% (�4, 4)
Proportion with low RBP (%) 0.31 (0.24, 0.39) 0.32 (0.25, 0.39) 0.31 (0.24, 0.39) 0.35 (0.28, 0.42) 0.91 (0.65, 1.28)

Adjusted for acute phase reaction by
control for CRP concentration4

n 142 155 150 165
Geometric mean RBP (�mol/L) 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 0.94 (0.91, 0.98) 1% (�3, 5)
Proportion with low RBP (%) 0.24 (0.18, 0.32) 0.26 (0.20, 0.34) 0.26 (0.19, 0.33) 0.30 (0.24, 0.38) 0.85 (0.60, 1.21)

Adjusted for acute phase reaction by
exclusion of samples with CRP
� 5 mg/L

n 103 118 122 134
Geometric mean RBP (�mol/L) 0.98 (0.93, 1.03) 0.96 (0.91, 1.00) 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 1% (�3, 6)
Proportion with low RBP (%) 0.20 (0.14, 0.29) 0.29 (0.21, 0.38) 0.28 (0.21, 0.36) 0.28 (0.21, 0.37) 0.81 (0.54, 1.22)

1 Values in parentheses are 95% CIs. OR, odds ratio; CRP, C-reactive protein.
2 Tested by linear regression adjusted for sex.
3 Tested by logistic regression adjusted for sex.
4 Values were predicted by setting the CRP concentration � median concentration in 6-wk-old children with CRP concentrations �5 mg/L.

TABLE 3
Effect of vitamin A supplementation (VAS) at birth on retinol-binding protein (RBP) concentrations at 6 wk of age by maternal education1

Vitamin A Placebo

Comparison of vitamin A and placebo groups

Relative difference2 OR for low RBP3

Noneducated mothers
n 84 116
Geometric mean RBP (�mol/L) 1.02 (0.97, 1.08) 0.93 (0.89, 0.97) 10% (2, 17)
Proportion with low RBP (%) 0.24 (0.14, 0.40) 0.48 (0.32, 0.72) 0.49 (0.26, 0.93)

Educated mothers4

n 199 190
Geometric mean RBP (�mol/L) 0.93 (0.90, 0.96) 0.96 (0.93, 0.99) �3% (�8, 2)
Proportion with low RBP (%) 0.39 (0.28, 0.54) 0.38 (0.27, 0.52) 1.03 (0.66, 1.59)

1 Values in parentheses are 95% CIs. Values were adjusted for C-reactive protein concentration (CRP) and sex and were predicted by setting the CRP
concentration � median concentration in 6-wk-old children with CRP concentrations �5 mg/L. OR, odds ratio. The effect of VAS interacted with maternal
education (P � 0.004).

2 Tested by linear regression adjusted for sex.
3 Tested by logistic regression adjusted for sex.
4 Information on maternal education was missing for 9 and 14 children in the vitamin A and placebo groups, respectively.
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infections, exclusion of samples with CRP concentrations �5
mg/L may lead to the exclusion of a large group of infected
children who also have low vitamin A status; thus, the actual
prevalence of VAD would be underestimated (18, 19). Third,
comparisons of vitamin A status between groups may be under-
estimated or confounded if differences in vitamin A status affect
the prevalence of infections.

We noted that the exclusion of samples with CRP concentra-
tions �5 mg/L resulted in the exclusion of more boys than girls
at 6 wk and 4 mo of age. Control for CRP was also associated with
a larger rise in RBP concentrations in boys than in girls. Hence,

the association between sex and RBP concentration may be con-
founded by CRP. To our knowledge, a differential relation be-
tween CRP and RBP in boys and girls has not been described
previously. It could be speculated that differential associations
between CRP and RBP in boys and girls may be due to differ-
ences in the severity or duration of the phases of infections. If the
effect of elevated CRP on RBP concentration is indeed different
for boys and girls, correction for elevated CRP concentrations
may either give rise to or mask sex differences in RBP concen-
trations and thus further complicate the assessment of vitamin A
status by circulating RBP or retinol concentrations.

TABLE 4
Effect of vitamin A supplementation at birth on retinol-binding protein (RBP) concentrations at 4 mo of age1

Boys

Vitamin A Placebo

Girls

Vitamin A Placebo

Comparison of vitamin A and
placebo groups

Relative
difference2

OR for low
RBP3

Crude
n 92 79 94 104
Geometric mean RBP (�mol/L) 1.06 (1.01, 1.11) 1.07 (1.02, 1.13) 1.06 (1.01, 1.11) 1.03 (0.99, 1.08) 1% (�4, 6)
Proportion with low RBP (%) 0.18 (0.12, 0.28) 0.15 (0.09, 0.25) 0.14 (0.08, 0.22) 0.16 (0.10, 0.25) 1.01 (0.58, 1.77)

Adjusted for acute phase reaction by
control for CRP concentration4

n 92 79 94 104
Geometric mean RBP (�mol/L) 1.10 (1.05, 1.15) 1.13 (1.07, 1.18) 1.08 (1.03, 1.13) 1.06 (1.01, 1.10) 0% (�4, 5)
Proportion with low RBP (%) 0.10 (0.05, 0.18) 0.08 (0.04, 0.15) 0.08 (0.04, 0.15) 0.11 (0.06, 0.18) 1.01 (0.56, 1.81)

Adjusted for acute phase reaction by
exclusion of samples with CRP
� 5 mg/L

n 61 52 70 81
Geometric mean RBP (�mol/L) 1.12 (1.07, 1.18) 1.17 (1.10, 1.24) 1.09 (1.04, 1.15) 1.05 (1.00, 1.10) 0% (�5, 6)
Proportion with low RBP (%) 0.10 (0.04, 0.20) 0.02 (0.00, 0.12) 0.09 (0.04, 0.18) 0.15 (0.09, 0.24) 0.98 (0.24, 2.24)

1 Values in parentheses are 95% CIs. OR, odds ratio.
2 Tested by linear regression adjusted for sex.
3 Tested by logistic regression adjusted for sex.
4 Values were predicted by setting the CRP concentration � median concentration in 4-mo-old children with C-reactive protein concentrations �5 mg/L.

TABLE 5
Effect of vitamin A supplementation (VAS) at birth, sex, and number of diptheria-tetanus-pertussis (DTP) vaccines on change in retinol-binding protein
(RBP) concentrations between 6 wk and 4 mo of age1

Boys Girls

Vitamin A Placebo Vitamin A Placebo

0–1 doses of DTP
n 8 5 3 10
Observed mean (�mol/L) 0.20 (0.09, 0.31) 0.14 (�0.17, 0.45) 0.33 (�0.20, 0.87) 0.14 (0.05, 0.24)

2 Doses of DTP
n 36 34 40 43
Observed mean (�mol/L) 0.20 (0.12, 0.29) 0.08 (�0.02, 0.17) 0.21 (0.12, 0.30) 0.20 (0.11, 0.28)

3 Doses of DTP
n 47 40 50 51
Observed mean (�mol/L) 0.14 (0.06, 0.22) 0.19 (0.09, 0.29) 0.01 (�0.08, 0.09) 0.05 (�0.02, 0.12)

Change in RBP per dose of DTP2

Estimate (�mol/L) �0.05 (�0.12, 0.03) 0.07 (�0.01, 0.16) �0.19 (�0.11, �0.28) �0.07 (0.00, �0.15)

1 The effect of the number of DTP vaccines on RBP concentrations was modified by sex (P for interaction � 0.01) and VAS (P for interaction � 0.01).
2 Tested by linear regression adjusted for sex.
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Applying the often used cutoff of 0.70 �mol/L retinol for
VAD, we found 32% and 16% of the children to be vitamin A
deficient at 6 wk and 4 mo of age, respectively. It should be
noted, however, that this cutoff is based on measurements of
children older than 6 mo of age (20). Overall, the mothers in
this population seemed less deficient than expected: the vita-
min A status was equivalent to that of American women (21)
despite the fact that WHO-recommended postpartum supple-
mentation (22) has not been implemented in Guinea-Bissau.
Although the observed prevalences below this cutoff seem
high, they are still less than the 60% seen for 6-wk-old Gha-
naian children (23) and the 83% in Nepali infants at 3 mo of
age (24). Hence, Guinea-Bissau does probably not have a
VAD problem of the same magnitude and we cannot exclude
that VAS would have affected vitamin A status more in more
deficient populations. It should be noted, though, that we only
included children with a weight �2500 g. Low-birth-weight
children are more likely to be vitamin A deficient (25). Thus,
our values will tend to underestimate the prevalence of VAD
in our population.

It is not unexpected that the effect of supplementation was
most marked among noneducated mothers because they have a
lower RBP concentration and therefore have a lower vitamin A
concentration in their milk (26). Furthermore, these children may
have been born with a lower vitamin A status (27). This finding
corroborates previous studies in which vitamin A–deficient chil-
dren were more likely to have an improved vitamin A status after
VAS (14–16).

In the main study, we found no overall effect of VAS on
mortality (CS Benn, BR Diness, A Roth et al, unpublished ob-
servations). This is in contrast with the findings of 2 previous
studies from Asia (2, 4) but is similar to the findings of a recent
study conducted in HIV-negative women from Zimbabwe (3). It
could be speculated that this lack of effect on mortality in our
study and in the Zimbabwean study was due to a low prevalence
of VAD. However, there are several indications that this may not
be the case. In the Indonesian study, vitamin A status among
mothers was comparable with that of American women (2). In
our main study, boys and children enrolled and supplemented in
the dry season benefited from VAS (CS Benn, BR Diness, A Roth
et al, unpublished observations). Because we found that boys had
a better vitamin A status than did girls at 4 mo and vitamin A
status was better among children enrolled in the dry season, the
data does not support that a beneficial mortality effect of VAS
depends on a high level of VAD. This notion is also supported by
the observation of Beaton et al (28) that there was no relation
between the baseline prevalence of xerophthalmia and the rela-
tive effect of vitamin A. Hence, the effect of VAS on mortality
does not seem to be due exclusively to correction of VAD, but
may also depend on immunomodulatory effects.

A child following the recommended vaccination schedule
would have received all 3 doses of DTP before the 4-mo sample,
whereas children not adhering to the schedule might have re-
ceived fewer doses. We found that children of educated mothers
had more doses. Because educated mothers had higher RBP
concentrations, it is surprising that the rise in RBP concentration
depended inversely on the number of DTP vaccinations. The
association cannot be explained by an acute phase reaction lead-
ing to a lowered RBP because of a recent vaccine, because the
exclusion of samples with recent DTP vaccines or correction for
CRP made no difference. It may be important that DTP vaccines

affected RBP concentrations negatively in girls and in VAS
recipients, which resulted in a significant decrease in vitamin A
status in girls who received VAS. We found no previous reports
of the effect of DTP vaccination on vitamin A concentrations, but
a small study of vitamin A concentrations before and after mea-
sles vaccine also found a larger decrease in girls than in boys (29).

If VAS and DTP vaccines interact to reduce RBP concentra-
tions, particularly in girls, it may explain why we found higher
mortality rates in girls than in boys after VAS at birth when the
children reached the age of DTP vaccination (1; CS Benn, BR
Diness, A Roth et al, unpublished observations). In the study of
VAS at birth from India (4), the authors examined mortality after
subsequent vaccinations (30). It was not possible to separate
children who received BCG first and then DTP as in our study.
However, for girls who received no BCG but received the DTP
vaccine after enrollment, mortality was reduced to a larger extent
in the placebo group than in the VAS group, whereas the opposite
was the case for boys.

In conclusion, at 6 wk of age the effect of VAS on circulating
RBP concentrations was limited to children of noneducated
mothers. At 4 mo of age there was no overall difference between
the vitamin A and placebo groups. DTP vaccinations appeared to
affect the rise in RBP concentrations negatively, particularly in
girls who received VAS.
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Vitamin A supplementation in iodine-deficient African children
decreases thyrotropin stimulation of the thyroid and reduces the
goiter rate1�3

Michael B Zimmermann, Pieter L Jooste, Ngoako Solomon Mabapa, Serena Schoeman, Ralf Biebinger,
Linda F Mushaphi, and Xikombiso Mbhenyane

ABSTRACT
Background: Vitamin A (VA) deficiency (VAD) and iodine defi-
ciency (ID) often coexist in children in Africa. VAD may affect
thyroid function and the response to iodine prophylaxis.
Objective: The aim was to investigate the effects of supplementa-
tion with iodine or VA alone, and in combination, in children with
concurrent VAD and ID.
Design: A 6-mo randomized, double-blind, 2 � 2 intervention trial
was conducted in 5–14 y-old South African children (n � 404), who,
on average, had mild-to-moderate VAD and ID. At baseline and after
3 mo, children received 1) iodine (191 mg I as oral iodized oil) �
placebo (IS group), 2) VA (200 000 IU VA as retinyl palmitate) �
placebo (VAS group), 3) both iodine and VA (IS�VAS group),
or 4) placebo. At baseline, 3 mo, and 6 mo, urinary iodine (UI),
thyroid volume, thyrotropin (thyroid-stimulating hormone; TSH),
total thyroxine (TT4), thyroglobulin, serum retinol (SR), and
retinol-binding protein (RBP) were measured.
Results: SR and RBP increased significantly with VA supplemen-
tation (P � 0.05). For UI, SR, and RBP, there were no significant
treatment interactions between iodine and vitamin A. The 3-factor
and all three 2-factor interactions were significant for thyroid vol-
ume, TSH, and thyroglobulin (P � 0.001), whereas none of these
interactions were significant for TT4. There was a clear effect of
VAS without IS on TSH, thyroglobulin, and thyroid volume; all 3
variables decreased significantly (P � 0.05).
Conclusions: Iodine prophylaxis is effective in controlling ID in
areas of poor vitamin A status. VA supplements are effective in
treating VAD in areas of mild ID and have an additional benefit—
through suppression of the pituitary TSH� gene, VAS can decrease
excess TSH stimulation of the thyroid and thereby reduce the risk of
goiter and its sequelae. Am J Clin Nutr 2007;86:1040–4.

KEY WORDS Vitamin A, iodine, supplementation, defi-
ciency, Africa, children

INTRODUCTION

More than one-third of the global population is affected by
either vitamin A (VA) deficiency (VAD) or iodine deficiency
(ID) (1–4). These deficiencies often coexist, and 32–50% of
school-age children in rural West and North Africa have both
VAD and goiter (5–7). High-dose oral VA supplementation
(VAS) is a recommended strategy to control VAD in affected

populations (2), many of whom are also iodine deficient. Con-
versely, many VA-deficient children in the developing world are
consuming iodized salt.

Thyroid metabolism and the response to iodine prophylaxis in
areas of ID are influenced by multiple nutritional factors (8–13),
including VA status (14, 15). VAD has multiple effects on thy-
roid function in animals (14): 1) in the thyroid, VAD decreases
thyroidal iodine uptake and iodine incorporation into thyroglob-
ulin and increases thyroid size (16–20); 2) in the periphery, VAD
increases circulating thyroid hormone concentrations (21); and
3) in the pituitary, VA status modulates thyrotropin (thyroid-
stimulating hormone; TSH) production by retinoid X receptor
(RXR)–mediated expression of pituitary TSH� mRNA (22–27),
and VAD in rats increases pituitary TSH� mRNA, TSH, and
circulating thyroid hormone (21). In a recent study (28), rats with
concurrent ID and VAD were supplemented with iodine and VA,
alone and in combination. Primary hypothyroidism in animals
with concurrent VAD and ID did not reduce the efficacy of VAS,
nor did VAD reduce the efficacy of iodine to correct thyroid
dysfunction due to ID. Moreover, VAS given alone without
iodine supplementation reduced pituitary TSH� mRNA expres-
sion, circulating TSH, and thyroid weight (28).

In a cross-sectional study of African children, VAD in children
with severe ID was associated with an increase in TSH stimula-
tion and thyroid size and a reduced risk of hypothyroidism (15).
In the same population, an intervention trial compared the effi-
cacy of iodized salt alone to iodized salt given with VAS and
found greater decreases in TSH and thyroid volume in the
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IS�VAS group (15). However, in that study, there was no con-
trol group and VAS was given only with iodized salt. Therefore,
the aim of the present study was to investigate the safety and
efficacy of repletion with iodine or VA alone, and in combina-
tion, in school-age children with concurrent VAD and ID.

SUBJECTS AND METHODS

The study was conducted in Limpopo Province in South Af-
rica. The subjects were 5–14-y-old children from rural primary
schools. Power calculations indicated that a sample size of 85
children per group was required to yield �80% power at 5%
significance to detect a 20 nmol/L difference in mean total serum
thyroxine concentration, which allowed for 10% loss to follow-
up. Ethical approval for the study was obtained from ETH Zü-
rich, the University of Venda, and the Provincial Department of
Education in South Africa. Informed written consent was ob-
tained from the parents, and oral assent was obtained from the
participating children. All children in the schools were invited to
participate; the only exclusion criteria were major chronic med-
ical illnesses and recent consumption of iodine, VA supplements,
or both. None of the consenting children were excluded on the
basis of these criteria. At baseline, weight was measured with a
TANITA Digital Scale 1631 (Itin Scale, Brooklyn, NY) and
height with a rigid stadiometer. A spot urine sample was col-
lected for measurement of urinary iodine concentration (UI).
Whole blood was collected by venipuncture for the measurement
of total thyroxine (TT4), thyrotropin (TSH), thyroglobulin, se-
rum retinol (SR), retinol-binding protein (RBP), and C-reactive
protein (CRP) concentrations. Thyroid volume was measured
with a portable Aloka SSD-500 Echocamera (Aloka, Mure, Ja-
pan) or a Toshiba Justvision 200 (Toshiba, Tokyo, Japan) with
high-resolution 7.5-MHz linear transducers (29).

The 6-mo study was a double-blind trial that used a 2 � 2
factorial design. Children from the screening were randomly
assigned to receive, at baseline and at 3 mo, one of the following:
1) iodine (191 mg I as oral iodized oil; Lipiodol, Guerbet, Paris)
� placebo (sunflower oil) (IS group), 2) vitamin A (200 000 IU
as retinyl palmitate; RpScherer, Aprilia, Italy) � placebo (VA
group), 3) both iodine and VA (IS�VAS group), or 4) placebo.
The capsules were swallowed with water under direct supervi-
sion by the investigators. Baseline measurements were repeated
at 3 and 6 mo. At completion, all study children who had not
received supplementation were given VAS, IS, or both.

Laboratory analyses

Serum and urine samples were portioned and frozen at �20 °C
until analyzed. UI was measured by using the Pino modification
of the Sandell-Kolthoff reaction (30). At UI concentrations of 47
and 79 �g/L, the CVs of this assay in our laboratory are 10.3%
and 12.7%, respectively. Whole-blood TSH and serum TT4 were
measured by using immunoassays (31); normal reference values
are �3.7 mU/L for TSH and 65–165 nmol/L for TT4. Whole
blood was spotted onto filter paper, and thyroglobulin was mea-
sured by using an immunoassay; the normal reference value is
4–40 �g/L thyroglobulin (32). SR was measured by HPLC (33)
and RBP by an immunoassay (Immundiagnostik AG, Bensheim,
Germany). VAD was defined as an SR concentration �0.70
�mol/L (2), and an SR concentration �1.05 �mol/L indicated
low VA status (4). CRP was measured by nephelometry

(TURBOX; Orion Diagnostica, Espoo, Finland); the normal
reference value is a CRP concentration �10 mg/L.

Data and statistical analyses

Data processing and statistical analyses were done by using
SPLUS (2000; Insightful Corporation, Seattle, WA), and PRISM
(version 3; GraphPad, San Diego, CA). References for thyroid
volume in school-age children according to sex and body surface
area were used to define goiter (29). EPINFO (version 3.3.2;
Centers for Disease Control and Prevention, Boston, MA) was
used to calculate height-for-age z scores and weight-for-age z
scores using World Health Organization (WHO) references. If
data were not normally distributed, statistical analyses were done
after log transformation. We studied the effects of the 2 treat-
ments and of their interactions by analysis of covariance. If the
interaction was significant, the differences were given for both
groups, those also receiving the other treatment and those not
receiving it. Because of the potential confounding effects of
inflammation on SR and RBP, SR and RBP values from children
with an elevated CRP (�10 mg/L) were not included in the data
analyses. Significance was set at P � 0.05.

RESULTS

The results of the baseline screening are shown in Table 1.
Overall, the children were reasonably well-nourished, as re-
flected by median height-for-age and weight-for-age z scores of
�0.56 and �0.59, respectively. However, 12% of the children
had an SR concentration �0.7 �mol/L, which indicated that
VAD in this region is a moderate public health problem accord-
ing to the WHO (34). The median UI was 74 �g/L, which indi-
cated mild ID; 31% of the children had a UI �50 �g/L, and 27%
of the children were goitrous. Thyroid hormone concentrations
were generally in the normal range; only 4.5% of the children
were hypothyroxinemic. At baseline, 3 mo, and 6 mo, 3–6% of
children had an elevated CRP value, but no differences in the

TABLE 1
Baseline characteristics of children from primary schools in Limpopo
Province, South Africa

Variable
Value

(n � 404)

Age (y) 9.0 � 2.31

Sex ratio (F/M) 1.6
Height-for-age z score �0.56 (�3.18–3.96)2

Weight-for-age z score �0.59 (�2.54–2.53)
Serum retinol (�mol/L) 0.93 � 0.22
Vitamin A deficiency [n (%)]3 49 (12)
Low vitamin A status [n (%)]4 256 (63)
Retinol-binding protein (mg/L) 20.7 � 11.1
Urinary iodine (�g/L) 74 (4–838)
Thyrotropin (mU/L) 1.6 (0.5–14.1)
Thyroid volume (mL) 3.21 (1.04–13.43)
Goiter [n (%)] 110 (27)
Thyroglobulin (�g/L) 17.2 (5.6–79.7)
Total thyroxine (nmol/L) 98 � 21
Hypothyroxinemia [n (%)] 18 (4.5)

1 x� � SD (all such values).
2 Median; range in parentheses (all such values).
3 Defined as a serum retinol concentration �0.70 �mol/L.
4 Defined as a serum retinol concentration �1.05 �mol/L.
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prevalence of elevated CRP values between the 4 groups was
found at any time point (data not shown). At 6 mo, because
subjects moved away from the study area or were absent on the
days of data collection, the dropout rates in the placebo, IS, VAS,
and IS�VAS groups were 7%, 8%, 5%, and 7%, respectively.

There were no significant differences in any of the baseline
variables in Table 2, Table 3, or Table 4 between the 4 groups
after randomization. As shown in Table 3, both iodine and VA
supplementation were effective: the iodine-by-time interaction
was significant for UI, with an effect size of 117.9 �g/L (P �
0.0001); the vitamin A–by-time interaction was significant for
SR and RBP, with effect sizes of 0.029 �mol/L and 9.47 mg/L,
respectively (P � 0.001). However, for UI, SR, and RBP, there
were no significant treatment interactions between iodine and
vitamin A. Changes in the thyroid variables are shown in Table
4. The 3-factor and all three 2-factor interactions were significant
for thyroid volume, TSH, and thyroglobulin (P � 0.001),
whereas none of these interactions were significant for TT4.

DISCUSSION

Our findings showed that mild ID does not impair the SR and
RBP response to VAS in children with concurrent ID and VAD.
Conversely, the data also indicate that mild VAD does not reduce
the efficacy of IS to correct thyroid dysfunction in children with
concurrent ID and VAD. These latter findings differ somewhat
from those of several animal studies in which severe VAD im-
paired the pituitary-thyroid axis, even when the iodine supply
was adequate. The adverse effects in these studies included re-
duced thyroidal iodine uptake (19), impaired synthesis of thyro-
globulin and coupling of iodotyrosine residues to form thyroid
hormone, and reduced hepatic conversion of T4 to triiodothyro-
nine (T3) (20). However, a recent study in rats with only mild-
to-moderate VAD and ID (28) reported findings similar to those
in the present study; that is, provision of an iodine-sufficient diet
entirely reversed the abnormalities of the pituitary-thyroid axis
produced by VA and iodine depletion, regardless of VA status.

Our data indicate that VAS in children receiving IS had minimal
effects on the thyroid axis compared with the effects of IS alone
(Table 4). These findings contrast with those of several previous
studies in iodine-sufficient animals, in which pharmacologic doses
of VA did affect the pituitary-thyroid axis and decreased thyroid
size, pituitary TSH content, and circulating TT3 and TT4 (16, 35). A
similar effect was reported in lymphoma patients who developed
hypothyroidism after treatment with a synthetic retinoid that spe-
cifically binds to the RXR (36). In contrast, a recent study in iodine-
sufficient rats with mild-to-moderate VAD given high-dose VAS
(	 50 mg/kg body wt), reported that VA treatment had no discern-
ible effects on the pituitary-thyroid axis (28). Together with the
findings of the present study, these data suggest that high-dose VAS
in iodine-sufficient areas is unlikely to affect thyroid function.

The major new finding of this study was that VAS alone in
iodine-deficient children with mild VAD reduces circulating

TABLE 2
Age, sex ratio, weight, and height in children who received, at baseline
and at 3 mo, 1 of 4 treatments1

Measure

Group

Placebo
(n � 88)

IS
(n � 100)

VAS
(n � 115)

IS�VAS
(n � 101)

Age (y) 9.2 � 2.52 9.1 � 2.3 9.0 � 2.4 8.9 � 2.3
Sex ratio (F/M) 1.6 1.5 1.6 1.6
Weight (kg) 29.0 � 8.9 27.6 � 8.3 28.5 � 7.4 29.3 � 8.6
Height (m) 1.32 � 0.14 1.30 � 0.14 1.31 � 0.13 1.33 � 0.13

1 IS, 191 mg I � placebo; VAS, 200 000 IU retinylpalmitate � placebo.
There were no significant differences between groups.

2 x� � SD (all such values).

TABLE 3
Urinary iodine (UI), serum retinol (SR), and retinol-binding protein (RBP) concentrations in children who received, at baseline and at 3 mo, 1 of 4
treatments1

Measure

Group Iodine Vitamin A

Placebo
(n � 88)

IS
(n � 100)

VAS
(n � 115)

IS�VAS
(n � 101)

Effect
size SE P

Effect
size SE P

UI (�g/L)
Baseline 78 (21–299)2 70 (17–609) 73 (7–742) 78 (4–838)
3 mo 93 (4–265)a 727 (140–12288)b,3 94 (2–427)a 610 (83–9616)b,3

6 mo 88 (13–455)a 149 (1–1044)b,4) 97 (15–470)a 175 (4–1567)b,4 117.9 17.4 �0.0001 33.2 17.5 0.059
SR (�mol/L)

Baseline 0.931 � 0.215 0.91 � 0.24 0.93 � 0.23 0.89 � 0.25
3 mo 0.92 � 0.24 0.88 � 0.24 1.01 � 0.22 1.11 � 0.24
6 mo 0.91 � 0.21a 0.91 � 0.24a 1.22 � 0.21b,4 1.19 � 0.22b,4 �0.02 0.02 NS 0.29 0.022 �0.0001

RBP (mg/L)
Baseline 19.5 � 10.1 21.8 � 14.2 20.3 � 11.3 20.1 � 13.8
3 mo 21.6 � 10.1 22.8 � 11.7 26.6 � 11.4 28.1 � 13.7
6 mo 20.5 � 10.1a 21.3 � 13.1a 30.3 � 11.8b,4 29.6 � 14.3b,4 �0.89 0.49 NS 9.47 0.498 �0.0001

1 IS, 191 mg I � placebo; VAS, 200 000 IU retinyl palmitate � placebo. ANCOVA with the baseline values as covariates, with the effects of iodine and
vitamin A presented as estimated average differences between the subjects receiving a treatment (IS or VAS) and those not receiving it. The iodine-by-time
interaction was significant for UI, and the vitamin A–by-time interaction was significant for SR and RBP. There were no significant treatment interactions
between iodine and vitamin A. Values in a row with different superscript letters are significantly different, P � 0.05.

2 Median; range in parentheses (all such values).
3, 4 Significantly different from baseline: 3P � 0.0001, 4P � 0.05.
5 x� � SD (all such values).
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TSH, serum thyroglobulin, and thyroid size without significantly
affecting thyroid hormone concentrations (Table 4). This finding
is consistent with that of a previous report in hypothyroid rats, in
which pharmacologic doses of VA reduced basal TSH secretion
and the TSH response to thyroid-releasing hormones (27). This
finding is also consistent with that of a recent study in iodine- and
vitamin A–deficient rats (28), in which VAS reduced TSH�
mRNA expression, serum TSH concentrations, and thyroid
weights. Control of TSH production by the pituitary depends on
2 main factors: the binding of the thyroid hormone receptor, which
is activated by T3 and T4, and the binding of the RXR, which is
activated by retinoic acid (23). Both receptors suppress the tran-
scription of the pituitary TSH� gene by occupying half-sites on the
promoter DNA of the gene; thus, VA status modulates TSH pro-
duction (23–25). In the present study, reduced TSH stimulation
might have been expected to reduce thyroid hormone production,
but circulating concentrations of TT4 did not decrease. This implies
that either the sensitivity of the thyroid to TSH improved with VA
repletion or that the metabolism of circulating thyroid hormone was
altered to maintain their concentrations. The findings of previous
animal studies support both of these mechanisms. For example,
Ingenbleek (20) reported that a combination of VAD and ID in rats
impaired thyroid hormone synthesis by reducing iodine incorpora-
tion into thyroglobulin; these adverse effects were reversed by VA
treatment. On the other hand, Morley et al (35) found that high-dose
VAS in iodine-sufficient rats altered peripheral thyroid hormone
metabolism and increased hepatic conversion of T4 to T3.

These results are important in the context of the findings from
a previous cross-sectional study in African children (15), in
which increasing VAD severity was a predictor of greater thyroid
volume and higher concentrations of TSH, thyroglobulin, and

TT4; in children with VAD, the odds ratio for goiter was 6.51,
whereas the odds ratio for hypothyroidism in VAD was 0.06. A
concern raised by that study (15) was that VAS given alone in
areas of ID might reduce pituitary TSH secretion and thereby
impair thyroid hormone production in the face of marginal iodine
status. The findings of the present study do not support that
contention; there was no significant decrease in thyroid hormone
concentrations in the children receiving VAS, despite the reduc-
tion in circulating TSH.

In a previous study (15), the efficacy of iodized salt alone was
compared with that of iodized salt given with VAS (200 000 IU
at 0 and 5 mo) in a 10-mo trial. In contrast with the results in the
present study, in which IS�VAS had no measurable effect on
thyroid status compared with IS alone, in the study by
Zimmermann et al (15), mean thyroglobulin, median TSH, and
the goiter rate significantly decreased in the IS�VAS group
compared with iodized salt alone. The varying results of these 2
studies may have been due to differences in the severity of ID,
study length, the route of iodine repletion (iodized oil compared
with salt), or a combination thereof.

It is possible that only in the case of severe ID, when TSH
stimulation of the thyroid is very high, does the additive effect of
concurrent VA repletion become apparent. Thus, the results in
this population with moderate VAD and mild ID may not be
generalizable to populations with more severe deficiencies.

The findings of the present study may at least partially explain
the inverse correlation between VA status and goiter reported in
previous cross-sectional studies in developing countries. In
Senegalese adults, there was a strong negative correlation
between increasing severity of goiter and SR and RBP concen-
trations (37, 38). In Ethiopian children, those with visible goiters

TABLE 4
Thyroid volume (Tvol), whole-blood thyrotropin (TSH) and thyroglobulin (Tg), and serum total thyroxine (TT4) in children who received, at baseline and
after 3 mo, 1 of 4 treatments1

Measure

Group

Placebo
(n � 88)

IS
(n � 100)

VAS
(n � 115)

IS�VAS
(n � 101)

Tvol (mL)
Baseline 3.19 (1.10–9.03)2 3.23 (1.12–13.43) 3.25 (1.04–10.28) 3.18 (1.22–8.33)
3 mo 3.26 (0.97–9.69) 3.09 (0.98–12.25) 2.97 (1.01–10.39) 3.10 (0.96–7.74)
6 mo 3.29 (1.08–10.08)a 2.34 (0.87–9.97)b,3 2.91 (0.88–8.96)c,4 2.50 (1.01–8.18)b,3

TSH (mU/L)
Baseline 1.4 (0.9–4.3) 1.6 (0.6–14.1) 1.5 (0.5–5.0) 1.7 (0.6–8.8)
3 mo 1.6 (0.6–4.8)a 0.9 (0.4–4.7)b,4 1.0 (0.4–2.6)b,4 0.7 (0.4–3.8)b,3

6 mo 1.7 (0.7–4.1)a 0.6 (0.3–4.6)b,3 1.1 (0.5–2.9)c,4 0.5 (0.4–2.9)b,3

Tg (�g/L)
Baseline 16.7 (7.7–79.7) 17.8 (6.1–73.4) 17.4 (5.8–60.9) 16.6 (5.6–50.6)
3 mo 17.6 (7.9–74.1)a 6.9 (1.4–31.7)b,3 12.9 (7.7–79.7)c,4 5.7 (0.7–28.9)b,3

6 mo 18.3 (6.3–69.2)a 4.3 (1.1–18.8)b,5 13.1 (7.7–79.7)c,4 4.0 (0.8–20.3)b,5

TT4 (nmol/L)
Baseline 96 � 196 105 � 23 97 � 15 97 � 18
3 mo 101 � 15 105 � 19 99 � 17 102 � 18
6 mo 99 � 19 100 � 17 97 � 16 102 � 18

1 IS, 191 mg I � placebo; VAS, 200 000 IU retinyl palmitate � placebo. ANCOVA with the baseline values as covariates. The 3-factor and all three 2-factor
interactions were significant for Tvol, TSH, and Tg, whereas none of these interactions were significant for TT4. Values in a row with different superscript letters
are significantly different, P � 0.05.

2 Median; range in parentheses (all such values).
3–5 Significantly different from baseline: 3P � 0.01, 4P � 0.05, 5P � 0.001.
6 x� � SD (all such values).
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had significantly lower SR and RBP concentrations than did
children without goiters or with smaller goiters (39). However, in
these studies it was not possible to distinguish the effects of VAD
from protein malnutrition, which also can reduce SR and RBP
concentrations. Among adequately nourished 7–14-y-old Phil-
ippino children, the prevalence of goiter was 1.8% in children
without VAD and 5.3% in those with VAD (40).

In summary, our data indicate that iodine prophylaxis will be
effective in controlling ID, even in areas of poor VA status, and
high-dose VAS is likely safe and effective in areas of mild ID.
The findings suggest that high-dose VAS in a population can
modify indicators of ID, such as thyroglobulin and goiter, inde-
pendent of a change in iodine nutrition. In areas of endemic
goiter, through suppression of transcription of the pituitary TSH�
gene, VAS may decrease excess TSH stimulation of the thyroid
and thereby reduce the risk of goiter and its sequelae.
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One-time graded doses of vitamin A to weanling piglets enhance
hepatic retinol but do not always prevent vitamin A deficiency1�4

Rebecca L Surles, Jordan P Mills, Ashley R Valentine, and Sherry A Tanumihardjo

ABSTRACT
Background: Vitamin A supplements are administered to infants in
developing countries at immunization contacts; doses of 50 000 IU
vitamin A are recommended. Doses of 100 000 IU are given to
children aged 0.5–1 y. The efficacy of these doses has not been
adequately determined.
Objective: We aimed to quantify liver vitamin A after the admin-
istration of vitamin A doses to piglets. Piglets are a good model for
infants because of their similar size, gastrointestinal anatomy, and
vitamin A requirements.
Design: Castrated male piglets born to sows fed a vitamin A–de-
pleted diet throughout 1 (parity A) or 3 (parity B) pregnancy and
lactation cycles were randomly assigned to receive 1 of 4 oral vita-
min A doses (ie, 0, 25 000, 50 000, or 100 000 IU) at weaning (days
9–14). A vitamin A–depleted diet was fed until the piglets were
killed on day 10. Serum retinol was measured on days 1, 2, 4, 7, and
10. The modified relative dose response was measured before sup-
plementation and at the time of killing, and liver vitamin A concen-
tration was measured.
Results: In both parities, 25 000 IU did not result in a mean liver
retinol reserve � 0.07 �mol/g liver (the deficiency cutoff). The
50 000-IU dose increased mean reserves above 0.07 �mol/g only in
parity A. Liver vitamin A reserves with the 100 000-IU treatment
were only 5% above those with the 50 000-IU treatment. The mod-
ified relative dose-response test reflected differences in liver vitamin
A stores in parity B, and the 0-IU group differed significantly from
the 100 000-IU group (P � 0.011).
Conclusion: This piglet model suggests that, for supplementation to
infants �6 mo old, a 50 000-IU dose is likely to be more efficacious
in mitigating deficiency than is a 25 000-IU dose. Am J Clin
Nutr 2007;86:1045–53.

KEY WORDS Vitamin A status, infant nutrition, supplemen-
tation

INTRODUCTION

Children with vitamin A deficiency have a greater risk of irre-
versible blindness and dying of infectious diseases than do children
who are vitamin A replete. Globally, �250 million children under
the age of 5 y have vitamin A deficiency (1), and supplementation
programsarecommonlyused toaddress this issue(2).Studies found
little or no improvement in infant vitamin A status after supplemen-
tation with either low-dose �-carotene (3) or 25 000 IU vitamin A in
the form of retinyl palmitate (4, 5). At about the same time, the
recommendation was made to increase the dose to 50 000 IU (2, 6).

The World Health Organization currently recommends that infants
receive 50 000 IU vitamin A at immunization contacts at age 6, 10,
and14wk, that children6–11moold receive 100 000 IUvitaminA,
and that those 12–59 mo old receive 200 000 IU vitamin A every
4–6 mo (1).

Multicentered (4) and randomized (4, 5) trials of infant sup-
plementation programs have been inconsistent, and the value of
infant supplementation itself has been debated because of the
greater occurrence of bulging fontanelle in vitamin A–dosed
infants than in those not receiving vitamin A (7). In Zimbabwe,
a large combined maternal and infant vitamin A supplementation
trial showed similar infant mortality rates up to age 12 mo in the
treated and placebo group infants born to HIV-negative mothers
(8). In Nepal, infants �5 mo old who were given 50 000 or
100 000 IU vitamin A, depending on their age, had 4-mo mor-
tality rates that did not differ significantly from those of infants
receiving a placebo (9). In Ghana, India, and Peru, infants re-
ceiving three 25 000-IU doses within 14 wk at immunization
contacts had mortality rates at 9 mo of age that did not differ
significantly from those of infants receiving a placebo (10). In
contrast, a study in India showed a 22% reduction in mortality up
to age 3 mo in infants treated with two 24 000-IU capsules within
48 h of birth (11), and Indonesian infants had a 63% reduction in
mortality up to age 12 mo if they had received a 50 000-IU
capsule at birth (12).

The efficacy of these supplements in changing the vitamin A
status and improving the liver vitamin A reserves of young in-
fants has not been ascertained, because of a lack of appropriate
methods. The gold standard for determining vitamin A status is
a liver sample. Retinol concentrations � 0.07 �mol retinol
equivalents (RE)/g liver are considered deficient. Because liver
biopsy is not a feasible method for determining the vitamin A
status of humans—except in special circumstances (13)—

1 From the Interdepartmental Graduate Program in Nutritional Sciences,
University of Wisconsin–Madison, Madison, WI.

2 Presented in part at the Experimental Biology 2006 meeting, San Diego,
CA, and at the 2007 Micronutrient Forum, Istanbul, Turkey.

3 Supported by NIH NIDDK 61973, USDA NRI 2003-35200-13754, and
a University of Wisconsin–Madison College of Agriculture and Life Sci-
ences scholarship (to JPM); this study was part of the doctoral dissertation of
RLS.

4 Reprints not available. Address correspondence to SA Tanumihardjo,
Department of Nutritional Sciences, 1415 Linden Drive, Madison, WI
53706. E-mail: sherry@nutrisci.wisc.edu.

Received November 29, 2006.
Accepted for publication June 7, 2007.

1045Am J Clin Nutr 2007;86:1045–53. Printed in USA. © 2007 American Society for Nutrition



indirect measures such as the serum retinol concentration and the
modified relative dose-response (MRDR) test (14) are used. The
serum retinol concentration is maintained under homeostatic
control and does not indicate vitamin A deficiency until liver
reserves are below the deficiency cutoff. The MRDR test is an
indicator that offers more information on vitamin A status than
do serum retinol concentrations alone (15), but, as currently
applied in the field, the MRDR test cannot provide a quantitative
estimate of changes in liver vitamin A reserves in response to an
intervention.

The objective of the present study was to determine the effi-
cacy of graded vitamin A doses in quantitatively improving liver
vitamin A reserves in a piglet model. The swine model has been
applied to evaluate vitamin A supplementation programs in lac-
tating women (16–18) and to validate and refine vitamin A status
assessment methods (19, 20). Swine are a good model because of
the similarity of their anatomy and physiology to those of hu-
mans. Weanling piglets are similar in size to infants who are �6
mo old, which allows the use of vitamin A doses identical to those
used in vitamin A supplementation programs aimed specifically
at infants.

MATERIALS AND METHODS

Sows and milk collection

Approval for the use of the animals was obtained from the
University of Wisconsin (UW)–Madison Animal Care and Use
Committee. Sows (n � 15; crossbreeds of Large White and
Landrace) were housed at the Swine Research and Teaching
Center (Arlington, WI) during vitamin A depletion. The sows
had a mean (�SD) of 2.4 � 0.5 parities when assigned to this
study. The sows were crossbred with Duroc boars, and, when
pregnancy was confirmed, the sows’ diet was changed from a
standardized fortified diet (16) to a diet that did not contain added
preformed vitamin A. They were maintained on this diet for 3
consecutive gestation and lactation cycles. The diet for the first
2 cycles (296 d) was corn- and barley-based, and that for the third
cycle (126 d) was wheat-based. This strategy resulted in a gradual
vitamin A depletion in the sows. Because litter size is variable,
more sows than necessary were put on the vitamin A–depleted
diets to ensure enough male piglets for these studies.

The experimental timeline is depicted in Figure 1. Milk was

collected on postpartum days 1, 3, and 6 for measurement of
vitamin A concentrations during transition. To collect milk, pig-
lets were isolated from the sows for 1 h. Sows were injected
intramuscularly with 40 IU oxytocin, and one teat was milked by
hand (�30 mL) (20). The milk was gently mixed to ensure
homogeneity, and 500-�L aliquots were put into analysis tubes,
which were stored on dry ice until they were transferred to a
�80 °C freezer.

Piglets, dosing, and blood and liver collection

Castrated male piglets were selected from 6 sows in the first
parity (parity A) and from 7 sows in the third parity (parity B)
(n � 28 and 36 piglets for parity A and B, respectively). Because
of differences in parturition, 4 of the 15 sows on the depletion diet
were the same for parities A and B. The piglets were brought to
the UW-Madison Livestock Laboratory when they were 9–14 d
old (11.4 � 1.1 d); they were weaned to a diet with no added
vitamin A (Table 1) for 1 wk, and then the MRDR test was
conducted (19). The MRDR test involves giving a standard 5.3-
�mol dose of 3,4-didehydroretinyl acetate and taking a single
blood sample 4–7 h after the dose. The ratio of 3,4-
didehydroretinol to retinol (MRDR value) is determined by
HPLC. An MRDR value � 0.060 is considered abnormal for
both infants and piglets.

Piglets were assigned to 4 treatment groups within each parity
(n � 7 and 9/treatment group for parities A and B, respectively),
dosed orally with 0, 25 000, 50 000, or 100 000 IU vitamin A (0,
26.2, 52.4, or 105 �mol retinyl acetate), and observed for adverse
events periodically during the subsequent 24 h. Piglets were fed
the depletion diet for the next 10 d. Blood samples (5 mL) were
collected on days 1, 2, 4, 7, and 10. On day 10, the MRDR test was

FIGURE 1. Experimental timeline. After the birth of the piglets, sow milk
was collected on days 1, 3, and 6 (O). Piglets were weaned on �day 11 and
assigned to a vitamin A–depleted diet. On day 18, baseline modified relative
dose-response (MRDR) tests were done and piglets were treated with 0,
25 000, 50 000, or 100 000 IU vitamin A as retinyl acetate. Serum retinol
concentrations were determined at baseline and on days 1, 2, 4, 7, and 10 (X).
Repeat MRDR tests were done on day 28, and then the piglets were killed.

TABLE 1
Ingredient composition of piglet diet

Ingredients Amount

g/kg

Corn 178.2
Soybean meal (48% crude protein) 184.8
Lactose 200.0
Oat groats 300.0
1-lysine mHCL 3.0
Threonine 1.5
Casein 50
Methionine 1.5
Dicalcium phosphate 19.35
Limestone (ground) 5.9
Corn oil 30.0
Iodized sodium chloride 5.0
Antibiotics1 5.75
Formulated vitamin and mineral mix2 15

1 Provides the following antibiotics as mg/kg diet: tiamulin hydrogen
fumarate, 38.5; and chlorotetracycline, 440.

2 Composition: 50% corn, 20% vitamin concentrate (Vitamin Mix;
Teklad, Madison, WI) [vitamin preparation: vitamin D (as cholecalciferol),
0.26 g/kg; vitamin E (as dl-�-tocopheryl acetate), 72.0 g/kg; menadione
sodium bisulfite complex, 5.40 g/kg; biotin, 7.50 g/kg; folic acid, 0.50 g/kg;
niacin, 5.53 g/kg; pantothenic acid, 12.87 g/kg; riboflavin, 7.84 g/kg; [vita-
min B-12, 13.64 g/kg; and corn, 874.5 g/kg], and 30% University of Wis-
consin mineral mix (final feed concentration: iron, 57 mg/kg; selenium, 0.3
mg/kg; zinc, 135 mg/kg; iodine 0.45 mg/kg; and copper, 2.3 mg/kg).
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repeated; then the piglets were killed, and their livers were col-
lected. Serum and livers were stored on dry ice until they were
transferred to a �80 °C freezer until they were analyzed.

Milk, serum, and liver HPLC analysis

Milk (500 �mol) was analyzed for retinol by using a slight
modification of a previously described method (16, 20). After
saponification and extraction, the residue was reconstituted with
200 �L 50:50 (by vol) methanol:dichloroethane; 25 �L was
injected onto a Resolve C18, 5-�m, 3.9 � 150–mm reversed-
phase column (Waters, Milford, MA) equipped with a guard
column. The HPLC system consisted of a binary pump, an au-
tosampler, and a photodiode array detector (model nos. 1525,
717, and 996, respectively; Waters). Serum (200 �L) and liver (1
g) were analyzed for retinol and retinyl esters, respectively, ac-
cording to published procedures (18, 20).

Statistical analysis

A repeated-measures analysis of variance (ANOVA) with
fixed effects was applied by using SAS PROC MIXED software
(version 8.2, SAS Institute, Cary, NC) to determine the main
effects of parity and of the time since birth on sow milk retinol
concentration and the effects of vitamin A treatment, parity, and
the time since dosing on piglet serum retinol and 3,4-
didehydroretinol concentrations. PROC MIXED allows unequal
variances among groups. To account for potential differences by
parity group, sow was a random effect in the model. The influ-
ence of parity was evaluated by using 3-factor and 2-factor
ANOVAs when appropriate. The least-squares means (LSMs)
were calculated, and the overall significance at specific time
points was determined by LSM differences when the interaction
terms were significant. When the treatment � day interactions
were significant, a Bonferroni-corrected test of effect slices (SAS
OnlineDoc 9.1.3) was used to determine which days were sig-
nificant. When the parity � treatment interaction term was sig-
nificant, 1-factor ANOVA was used to evaluate differences in
response to treatment, and Tukey’s test was applied for multiple
comparisons. Retention of the vitamin A supplemental doses and
the 3,4-didehydroretinol dose was calculated. The vitamin A
liver reserves of the treatment groups were corrected for the
placebo group and divided by the vitamin A dose amount. The
3,4-didehydroretinol retention was estimated by calculating the

total amount in the liver and dividing by the standard amount of
3,4-didehydroretinyl acetate given to all piglets (5.3 �mol). A
2-factor ANOVA was used to determine the differences in the
percentage retention of the doses administered by parity and by
treatment. Values are presented as means � SDs. Main treatment
effects and interaction terms that included time were considered
significant at P � 0.05; interactions that did not include time and
3-factor interactions at P � 0.1 were considered significant.

RESULTS

Sow milk vitamin A concentrations

Milk vitamin A concentrations did not differ significantly
between the 2 lactation cycles (P � 0.55). A repeated-measures
ANOVA showed that the sow milk vitamin A concentration
decreased significantly (P � 0.0001) with time, as the milk
transitioned from colostrum on day 1 (4.4 � 1.7 �mol retinol/L)
to more mature milk on day 3 (2.3 � 0.85 �mol/L) and day 6
(1.2 � 0.40 �mol/L). The day 6 concentration in milk was similar
to that in mature milk found in previous studies (16, 20). A parity
� days since birth interaction was not significant (P � 0.71).

Piglet body and liver weight

At weaning (experimental day 11), piglet body weights did not
differ by treatment or parity, nor was there a significant treatment
� parity interaction (P � 0.62) (Table 2). At the time of the
killing of the piglets (experimental day 28), piglet body weight
was significantly (P � 0.0001) different by parity but not by
treatment (P � 0.51), and the treatment � parity interaction was
not significant (P � 0.57). Piglet body weight differed signifi-
cantly by sow in both parity A (P � 0.02) and parity B (P �
0.0003). On day 28, the difference in piglet body weight by sow
was marginal in parity A (P � 0.088) and significant in parity B
(P � 0.003). On day 28, mean body weight for the piglets from
parities A and B was 7.1 � 1.4 and 5.8 � 1.4 kg, respectively
(P � 0.0006). On the day the piglets were killed, piglet liver
weights were significantly (P � 0.0001) greater in animals from
parity A (265.7 � 51.7 g) than in those from parity B (191.1 �
57.4 g), but they did not differ significantly by treatment in either
parity (P � 0.74). One piglet from parity B (0-IU treatment
group) died before the experiment was over, but no adverse

TABLE 2
Characteristics of piglets from 2 parities of sows fed a vitamin A–depleted diet at the time of treatment allocation1

0 IU 25 000 IU 50 000 IU 100 000 IU

Parity A piglets
n 7 7 7 7
Age (d) 18.6 � 0.5 18.6 � 0.5 18.6 � 0.5 18.6 � 0.5
Body weight (kg) 3.7 � 1.0 3.6 � 0.7 3.7 � 0.7 3.7 � 0.8
Serum retinol (�mol/L) 1.0 � 0.2 1.1 � 0.3 1.1 � 0.1 1.1 � 0.1
Prior parities of sows (n) 2.3 � 0.5 2.3 � 0.5 2.3 � 0.5 2.1 � 0.4

Parity B piglets
n 9 9 9 9
Age (d) 18.2 � 1.4 18.6 � 1.1 18.3 � 1.4 18.4 � 1.4
Body weight (kg) 3.5 � 1.0 3.5 � 0.9 3.7 � 0.9 3.7 � 0.9
Serum retinol (�mol/L) 0.9 � 0.3 0.9 � 0.2 1.0 � 0.2 0.9 � 0.8
Prior parities of sows (n) 4.4 � 0.5 4.3 � 0.5 4.4 � 0.5 4.3 � 0.5

1 All values are x� � SD. The piglets were given 0-, 25 000-, 50 000-, or 100 000-IU (0, 26.2, 52.4, or 105 �mol) supplements of retinyl acetate. No significant
differences were noted among the treatment groups.
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events, such as vomiting or diarrhea, were observed after vitamin
A treatment.

Liver vitamin A reserves

The RE/g liver concentration in each treatment group was
determined at the time of killing (Figure 2). Significant main
effects of parity (P � 0.038) and treatment (P � 0.0001) existed,
but the parity � treatment interaction was not significant (P �
0.56). In the piglets from parity A, the 50 000- and 100 000-IU
doses increased mean liver vitamin A concentrations above 0.07
�mol RE/g liver (the current deficiency cutoff). The 25 000- IU
dose did not increase mean liver reserves above 0.07 �mol RE/g
liver. The piglets from parity B (Figure 2) had notably lower
hepatic vitamin A concentrations than did those from parity A
after treatment, even though the liver size of the parity B piglets
was smaller. In parity B, only the 100 000-IU vitamin A treat-
ment was able to increase the mean liver reserves above 0.07
�mol RE/g liver.

Total liver reserves (RE/liver) were also determined for piglets
from both parities (Figure 3). Significant main effects of parity
and treatment existed (P � 0.0001 for both), but the parity �
treatment interaction was not significant (P � 0.12). The piglets
from parity A retained more of the treatment dose than did the
more vitamin A–depleted piglets from parity B. Total liver re-
serves increased only 5% more between the 50 000- and
100 000-IU dose groups.

Modified relative dose-response test and serum 3,4-
didehydroretinol concentrations

Significant main effects of parity (P � 0.0001) and treatment
(P � 0.0066) existed, and the parity � treatment interaction was
significant (P � 0.061). In the piglets from parity A, the baseline
(P � 0.85) and final (P � 0.39) MRDR tests were not affected
overall by treatment (Table 3). In piglets from parity B, whose
mothers had greater vitamin A depletion, baseline MRDR test
values did not differ significantly (P � 0.33), but the post-
vitamin A treatment values did differ significantly (P � 0.013)
among the treatments. With the use of LSM differences with a
Tukey adjustment, the control group (0-IU dose) had a response
marginally higher than that of the 50 000-IU dose group (P �
0.072) and significantly higher than that of the 100 000-IU dose
group (P � 0.011). The increases in MRDR values were consis-
tent with reduced liver vitamin A reserves in the groups from
parity B.

The repeated blood drawing allowed the 3,4-didehydroretinol
concentration to be followed from the first MRDR test (at 4 h) to
7 d after dosing (Table 4). A review solely of the change in
3,4-didehydroretinol concentration with time can show its use as
a vitamin A tracer, independent of the influence of serum retinol.
A 3-factor ANOVA showed no significant difference by parity

FIGURE 2. Hepatic retinol concentrations (�mol/g liver) in piglets dosed
with either 0, 25 000, 50 000, or 100 000 IU vitamin A. Significant main
effects of parity (P � 0.038) and treatment (P � 0.0001) existed, but the
parity � treatment interaction was not significant (P � 0.56). Of the piglets
from parity A, liver vitamin A concentrations in those receiving the 50 000-
and 100 000-IU treatments increased above 0.07 �mol/g liver, the current
deficiency cutoff. Of the piglets from parity B, only the 100 000-IU
treatment group had mean reserves that increased above 0.07 �mol retinol
equivalents/g.

FIGURE 3. Total hepatic retinol of piglets dosed with 0, 25 000, 50 000,
or 100 000 IU vitamin A. Significant main effects of parity and treatment
existed (P � 0.0001 for both), but the parity � treatment interaction was not
significant (P � 0.12).
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(P � 0.73), but significant differences were seen in the 3,4-
didehydroretinol concentration by treatment group and by time
after dosing (P � 0.0001 for both). The parity � day (P �
0.0001), the parity � treatment (P � 0.078), and parity � treat-
ment � day (P � 0.098) interactions were significant, but the
treatment � day interaction was not significant (P � 0.16). After
treatment, the 3,4-didehydroretinol concentration was consis-
tently higher in the control group from both parities than in the
groups treated with vitamin A, and it decreased in all of the
treatment groups with time.

Serum retinol concentrations

A 3-factor ANOVA found significant differences by parity
(P � 0.012), treatment (P � 0.0023), and day (P � 0.0001). The
parity � treatment interaction was not significant (P � 0.76), but
the parity � day (P � 0.0001), treatment � day (P � 0.0001),

and parity � treatment � day (P � 0.073) interactions were
significant. Because of these significant interactions, the data
were analyzed separately. Serum retinol concentrations for pig-
lets from parity A (Figure 4) were marginally affected by treat-
ment (P � 0.064), and there was a significant difference by time
(P � 0.0001) and a significant treatment � day interaction (P �
0.005). With the use of a Bonferroni-corrected test of effect slices
by day, the only treatment � day effect that was significant was
that for day 1 (P � 0.044). This effect represents a slight increase
in the serum retinol concentration during the time that the vitamin
A doses were equilibrating with body vitamin A. No other treat-
ment � day effects were noted.

The main effects of treatment and time on serum retinol con-
centrations for piglets from parity B (Figure 4) were significant
(P � 0.033 and � 0.0001, respectively). A significant (P �
0.0002) treatment � day interaction also existed. With the use of

TABLE 3
Baseline and final modified relative dose-response (MRDR) values in piglets from 2 parities of sows fed a vitamin A–depleted diet including 0-,
25 000-, 50 000-, or 100 000-IU (0, 26.2, 52.4, or 105 �mol) supplements of retinyl acetate1

Treatment

Parity A piglets2 Parity B piglets3

Baseline MRDR4 Final MRDR5 Baseline MRDR4 Final MRDR5

0 IU 0.042 � 0.040 0.053 � 0.030 0.038 � 0.032 0.18 � 0.088a

25 000 IU 0.044 � 0.030 0.037 � 0.020 0.024 � 0.028 0.14 � 0.050a,b

50 000 IU 0.044 � 0.030 0.049 � 0.027 0.015 � 0.010 0.10 � 0.055a,b

100 000 IU 0.032 � 0.039 0.033 � 0.017 0.026 � 0.036 0.077 � 0.026b

1 All values are x� � SD.
2 n � 7/group.
3 n � 9/group except for Final MRDR, in which n � 8 for the 0-IU group.
4 The baseline MRDR values did not differ significantly by parity (P � 0.065) or treatment group (P � 0.73), nor was there a significant parity � treatment

interaction (P � 0.67).
5 A main effect of parity (P � 0.0001) and treatment (P � 0.0066) existed, and the parity � treatment interaction was significant (P � 0.061). Because

of this significant interaction term, the parities were analyzed separately. The effect of treatment using a one-way ANOVA on MRDR values among parity A
piglets was not significant, but that for parity B piglets was significant (P � 0.013). Values in this column with different superscript letters are significantly
different, P � 0.05 (Tukey’s test).

TABLE 4
3, 4-Didehydroretinol concentrations in the serum of piglets followed for 7 d after an oral dose of 3, 4-didehydroretinyl acetate (5.3 �mol)1

Treatment

Day

0 1 2 4 7

nmol/L

Parity A2

0 IU 41 � 40 18 � 6.1 11 � 8.1 10 � 6.6 5.2 � 5.2
25 000 IU 45 � 30 7.6 � 4.4 1.8 � 3.1 3.9 � 3.8 1.1 � 2.9
50 000 IU 48 � 31 3.5 � 4.4 1.1 � 2.9 2.6 � 6.9 1.6 � 4.2
100 000 IU 17 � 20 3.3 � 4.2 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

Parity B3

0 IU 28 � 18 38 � 27 28 � 20 14 � 12 20 � 13
25 000 IU 26 � 27 6.6 � 5.4 3.5 � 3.2 1.1 � 2.9 5.5 � 5.7
50 000 IU 15 � 9.9 8.2 � 4.6 2.2 � 3.7 0.90 � 2.7 5.2 � 5.6
100 000 IU 25 � 34 7.4 � 9.1 2.2 � 1.4 0.50 � 1.4 1.9 � 3.0

1 All values are x� � SD. A 3-way ANOVA showed no significant difference by parity (P � 0.73) but a significant difference by treatment group (P �
0.0001) and day (P � 0.0001). The parity � day (P � 0.0001), parity � treatment (P � 0.078), and parity � treatment � day (P � 0.098) interactions were
significant. The treatment � day interaction was not significant (P � 0.16). The 3, 4-didehydroretinol concentration in the 0-IU group was consistently higher
than that in the vitamin A–treated groups (P � 0.05). The 3, 4-didehydroretinol concentrations were the highest on day 0, when they differed significantly from
all other times (P � 0.05). Values on days 1 and 2 and on days 2, 4, and 7 did not differ significantly (P � 0.05).

2 n � 7/group.
3 n � 9/group, except for the 0-IU group in which n � 8.
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a Bonferroni-corrected test of effect slices by day, the only treat-
ment � day effect that was significant was that for day 1 (P �
0.0006). This effect represents an increase after vitamin A dosing
(also seen in parity A) and on day 7 (P � 0.022). The only
significant difference between treatments with the use of LSM
differences occurred on day 1 when the mean serum retinol
concentration in the 50 000-IU dose group was higher than that

in the 0-IU dose group (P � 0.05). The serum retinol concentra-
tions in the different treatment groups did not differ significantly
at day 10 (Figure 4). Thus, both treatment response and time after
treatment are important in interpreting changes in serum retinol
concentration.

Retention of administered doses

The percentage retention of both the graded vitamin A doses
and the 3,4-didehydroretinyl acetate doses was analyzed by par-
ity and group (Table 5). Significantly (P � 0.0002) more of the
vitamin A dose was stored in the livers of the piglets from parity
A than in the livers of piglets from parity B, as evidenced by the
lower percentage retention in the parity B piglets. There also was
a significant (P � 0.002) effect of treatment group, but no sig-
nificant parity � treatment interaction occurred (P � 0.76).

Storage of the standard 3,4-didehydroretinol dose for the MRDR
test consistentlywassignificantly (P�0.0001)greater in thepiglets
from parity A than in those from parity B, and a significant (P �
0.0001) difference by treatment group existed, but the parity �
treatment interaction was not significant (P � 0.14). The percentage
range of the 3,4-didehydroretinol dose stored was 23 � 14%–51 �
15% for piglets from parity A and 16 � 7.1%–29 � 11% for piglets
from parity B. The lowest amount of 3,4-didehydroretinol dose
stored for both parities was that for the control groups. This finding
concurs with the observation that more 3,4-didehydroretinol was
circulating in the serum of the control groups that generated higher
MRDR values (Table 3).

DISCUSSION

In areas where vitamin A deficiency is prevalent, high doses of
vitamin A are currently given to postpartum mothers in hopes of
increasing the vitamin A status of the mothers and their nursing
infants (1). Subsequent to maternal supplementation, infants are
given multiple vitamin A doses throughout the first 2 y of life.
These practices continue, even without adequate evidence of
their efficacy, which results from the difficulty of assessing total-
body vitamin A reserves in infants. This study used piglets,
which are born with low hepatic vitamin A reserves (18, 21–23)
and which weigh approximately the same as 3–5-mo-old infants
at the 50th percentile of weight-for-age (24), to determine quan-
titative improvements in liver vitamin A reserves after a single

FIGURE 4. Serum retinol concentrations in piglets dosed with 0 (�),
25 000 (�), 50 000 (‚), or 100 000 (E) IU vitamin A in the form of retinyl
acetate. A 3-factor ANOVA showed a significant difference for parity (P �
0.012), treatment (P � 0.0023), and day (P � 0.0001). The parity � day
(P � 0.0001), treatment � day (P � 0.0001), and parity � treatment � day
(P � 0.073) interactions were significant. In piglets from parity A, the main
effect of treatment on serum retinol concentrations was marginal (P � 0.064),
but the effect of time after dosing (P � 0.0001) and the treatment � day
interaction (P � 0.005) were significant. *Significant treatment � day effect
(day 1), P � 0.044 (Bonferroni-corrected test of effect slices by day). No
significant differences between treatments existed. In piglets from parity B,
the main effects of treatment and time on serum retinol concentrations were
significant (P � 0.033 and � 0.0001, respectively). The treatment � day
interaction also was significant (P � 0.0002). *Significant treatment � day
effect, P � 0.0006 (day 1) and P � 0.022 (day 7). The only difference
between treatments using LSM differences occurred on d 1 when the mean
serum retinol concentration was significantly higher in the 50 000-IU group
than in the 0-IU group (P � 0.05).

TABLE 5
Retention of administered doses of retinyl acetate and 3,4-didehydroretinyl acetate expressed as alcohol equivalents in liver1

Treatment

Retention of retinol2 Retention of didehydroretinol3

Parity A piglets4 Parity B piglets5 Parity A piglets4 Parity B piglets5

0 IU — — 23 � 14 16 � 7.1
25 000 IU 38 � 20 11 � 11 41 � 14 22 � 5.2
50 000 IU 35 � 16 17 � 15 51 � 15 29 � 11
100 000 IU 21 � 14 11 � 4.9 34 � 10 27 � 8.8

1 All values are x� � SD. The retinol values are compared against the 0-IU group, and the didehydroretinol is calculated from that recovered from the
5.3-�mol standard dose.

2 Using a 2-way ANOVA, the percentage retention of retinol in parity A was significantly higher than that in parity B (P � 0.0002), and there was a
significant effect of treatment group (P � 0.002), but the parity � treatment interaction was not significant (P � 0.76).

3 Using a 2-way ANOVA, the percentage retention of 3,4-dehydroretinol differed significantly by parity (P � 0.0001) and by treatment group (P � 0.0001),
but the parity � treatment interaction was not significant (P � 0.14).

4 n � 7/group. Supplemented groups were compared with the 0-IU group.
5 n � 9/group except in the 0-IU group, in which n � 8.
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dose of vitamin A. These results suggest that few infants would
be vitamin A adequate after receiving a single large dose, espe-
cially if the mother is vitamin A depleted. In addition, the
100 000-IU vitamin A dose may be too large to be effectively
handled in the gastrointestinal system of young infants, as sug-
gested by the fact that total liver vitamin A reserves increased
only 5% more with the 100 000-IU dose than with the 50 000-IU
dose. These findings explain the conflicting results from human
trials (8–12) and provide a reason for the fact that some inves-
tigators have found smaller doses to be more effective in reduc-
ing infant morbidity and mortality (25, 26).

In utero, vitamin A pathways are tightly regulated to ensure
normal fetal development. Studies have found a reduction in
maternal nightblindness (27) and improvements in infant serum
retinol concentrations (28, 29) after vitamin A supplementation
during pregnancy. Because of the risk of teratogenicity during
pregnancy, low-dose supplementation has been used (30–32).
Groups given daily vitamin A supplementation during preg-
nancy tended to have a lower incidence of depleted vitamin A
liver stores, as assessed by the MRDR test (31, 32). Analysis of
fetal livers from nonhuman primates found an amplification of
early vitamin A hepatic reserves when mothers were fed exces-
sive amounts of vitamin A in laboratory diets (33), which indi-
cates continuous transfer to the fetus. The piglets from parity A
of vitamin A–adequate sows were able to store more of the
supplemented vitamin A than were piglets from parity B of vi-
tamin A–depleted sows. This difference suggests that the vita-
min A dose was utilized by vitamin A–deprived tissues in the
piglets from parity B through chylomicron delivery (34), and,
thus, less vitamin A was available for long-term storage in the
liver. Because of this finding, more emphasis on increasing vi-
tamin A stores during pregnancy may be warranted. In addition,
a greater proportion of the 3,4-didehydroretinol dose was found
in the livers of the treatment groups than in those of the control
groups from both parities. Along with chylomicron delivery, this
could indicate a “priming” of the vitamin A regulatory pathways
by the vitamin A supplements (35) that were received 10 d be-
fore, which meant that the vitamin A–treated piglets were able to
retain more of the subsequent 3,4-didehydroretinol dose.

In some communities, prenatal care is sparse or nonexistent,
and many programs have tried high-dose postpartum supplemen-
tation (36) and direct supplementation to infants (8–11). Liver
vitamin A reserves of piglets from sows dosed with single high-
vitamin A doses that were equivalent to 200 000 or 400 000 IU
(according to differences from women in body weight) were
elevated over a placebo dose (18) but did not differ from each
other. Because the percentage retention of the vitamin A doses
decreased in both parities in the present study and because liver
reserves increased only 5% between the 50 000- and 100 000-IU
dose groups, it can be concluded that more is not necessarily
better in the defining of dose sizes. Combined programs for
mothers and infants may ensure adequate liver vitamin A re-
serves, but a single intervention strategy could result in a failure
of many infants to attain an adequate vitamin A status.

In piglets from parity A, no treatment effect for serum retinol
concentration was observed; however, there was a significant
treatment � day interaction on the day after the doses were
administered. In contrast were the piglets from parity B, in whom
a treatment effect was observed but not evident on the final day
of the experiment. The drop in serum retinol concentration 10 d
after treatment may be due to the body’s attempt to conserve

hepatic retinol by decreasing the utilization rate of retinol and
thereby setting a new lower homeostatic setpoint in the serum
(37). A similar finding was seen in an earlier study in piglets that
were fed a vitamin A–depleted diet after being weaned (18).
Serum retinol concentrations decreased after 2 wk regardless of
vitamin A status. A lack of dietary vitamin A will trigger a
response to slow the utilization rate to retain vitamin A. Previous
studies in piglets (18), rats (37), and gerbils (38) have shown this
phenomenon, which sometimes results in a slight increase in
serum retinol concentrations before the lower setpoint is ob-
tained, as was seen for the 7- and 10-d data of the piglets from
parity B.

MRDR values were affected by treatment but did not differ
among parity A piglets because of the lack of power due to the
small group size, although a trend was noted. The more vitamin
A–depleted parity B piglets showed increasing MRDR values as
liver vitamin A reserves decreased. Furthermore, the MRDR
values and liver reserves in these piglets showed that infants may
still be deficient after supplementation. Even in the piglets given
the higher doses, stores were barely over the deficiency cutoff of
0.07 �mol/g liver. This finding concurs with recent data in Tan-
zanian infants: 43% and 47% of those infants were considered
vitamin A–deficient according to the MRDR test after the high-
and low-dose supplements, respectively (39). The fact that the
test was conducted 3 h after dosing and not at 4 h after dosing—
the time recommended for infants—strengthens the conclusion
that some infants are still vitamin A deficient after supplemen-
tation. A 3-h MRDR test would be more sensitive to very low
liver reserves of vitamin A at the individual level than would a
later test (19). Measurements only of serum retinol concentra-
tions or of differences in childhood morbidity and mortality (4,
12, 25) would mean that the ability of vitamin A supplementation
to increase liver vitamin A reserves cannot be assessed. The
MRDR values obtained in the vitamin A–deficient piglets from
parity B in the present study are similar to those obtained in
infants who were recipients of repeated 25 000-IU supplements
(4), which confirms that not all infants are vitamin A replete after
supplementation. The liver vitamin A concentration data in the
present study showed that 71% of the piglets were still vitamin A
deficient after a 25 000-IU dose, and 24% remained deficient
after a 50 000- or 100 000-IU dose. This evaluation of the effi-
cacy of vitamin A doses currently used in infants may explain
negative effect trials. Because of these low liver reserves, a single
illness could easily deplete the liver vitamin A stores by decreas-
ing intake and absorption and increasing losses in the urine (40).

Side effects of supplementation are rare in infants, and many
studies show improvement in morbidity or mortality with dosing
(11, 12). The most common acute side effect in infants given
vitamin A doses is bulging of the anterior fontanelle (7). How-
ever, one study found the incidence of bulging fontanelle to be
similar to that in a placebo group (41). Comparison of long-term
effects in infants reported to have had a vitamin A–induced
bulging fontanelle and effects in infants with normal fontanelles
after supplementation found no adverse effects on growth and
development (42). However, maternal and infant supplementa-
tion programs in HIV-endemic areas need further evaluation.
Among HIV-exposed infants who were not infected with HIV
during pregnancy and delivery, both postpartum maternal and
neonatal vitamin A supplementation were associated with a dou-
bling of the mortality rate by age 2 y (43).
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Because the liver vitamin A reserves of most piglets in this
study did not reach adequacy, the current recommendation to
repeat vitamin A administration at the immunization contacts at
6, 10, and 14 wk seems appropriate (6), but it still may not
prevent deficiency (4, 39). Promoting the use of provitamin A–
containing foods and providing them to women could be effec-
tive in improving the vitamin A status of the women and, perhaps,
of their nursing infants. Provitamin A–containing foods were as
effective as retinyl palmitate in treating nightblindness in preg-
nant women (27). A recent study in Mongolian gerbils showed
that dark-orange maize can contribute as much vitamin A to the
liver as �-carotene supplements contribute during vitamin A
depletion (44). As developing countries search for sustainable
strategies to improve community vitamin A status, biofortifica-
tion of staple crops (44, 45) and promotion of the consumption of
vegetables (46) are viable options that can be safely introduced
alongside vitamin A supplementation programs.
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Calcium requirements: new estimations for men and women by
cross-sectional statistical analyses of calcium balance data from
metabolic studies1�4

Curtiss D Hunt and LuAnn K Johnson

ABSTRACT
Background: Low intakes of calcium are associated with an in-
creased risk of both osteoporosis and cardiovascular disease.
Objective: To provide new estimates of the average calcium re-
quirement for men and women, we determined the dietary calcium
intake required to maintain neutral calcium balance.
Design: Calcium balance data [calcium intake – (fecal calcium �
urinary calcium)] were collected from 155 subjects [women: n � 73;
weight: 77.1 � 18.5 kg; age: 47.0 � 18.5 y (range: 20–75 y); men:
n � 82; weight: 76.6 � 12.5 kg; age: 28.2 � 7.7 y (range: 19–64 y)]
who participated in 19 feeding studies conducted in a metabolic unit.
Balance data from the final 6–12 d of each dietary period (minimum
length:18 d) of each study (1–9 observations per subject) were an-
alyzed. Data were excluded if individual intakes of magnesium,
copper, iron, phosphorus, or zinc fell below the estimated average
requirements or exceeded the 99th percentile of usual intakes from
the 1994 Continuing Survey of Food Intakes by Individuals (for iron,
above the upper limit). Daily intakes of calcium ranged between 415
and 1740 mg. The relation between intake and output was examined
by fitting random coefficient models. Coefficients were included to
test for sex and age differences.
Results: The models predicted a neutral calcium balance [defined as
calcium output (Y) equal to calcium intake (C)] at intakes of 741
mg/d [95% prediction interval (PI): 507, 1035; Y � 148.29 � 0.80C],
9.4 mg � kg body wt�1 � d�1 [95% PI: 6.4, 12.9; Y � 1.44 � 0.85C],
or 0.28 mg � kcal�1 � d�1 [95% PI: 0.19, 0.38; Y � 0.051 � 0.816C].
Neither age nor sex affected the estimates when calcium intakes were
expressed as mg/d or as mg � kg body wt�1 � d�1.
Conclusion: The findings suggest that the calcium requirement for
men and women is lower than previously estimated. Am J Clin
Nutr 2007;86:1054–63.

KEY WORDS Calcium intake, calcium excretion, calcium
balance, calcium requirement

INTRODUCTION

Calcium has chemical properties indispensable for skeletal
function such that adequate dietary calcium intake is required to
achieve full accretion of bone mass prescribed by genetic poten-
tial. On the other hand, it is well recognized that calcium has a
limited role in maintaining bone health because calcium ade-
quacy alone does not fully protect against bone loss (1), espe-
cially that associated with age and menopause (2). It has not been

firmly established that increasing calcium intake to current rec-
ommendations affords a significant reduction in fracture inci-
dence (3), the only sequela of importance in osteoporosis.

Adequate Intakes (AIs), rather than estimated average require-
ments (EARs), were set for calcium on the basis of several con-
cerns, including uncertainties in the precision and significance of
the balance studies needed to determine a desirable retention
model and the lack of concordance between mean calcium in-
takes and experimentally derived values predicted to achieve a
desirable level of calcium retention (4). Within this context of
uncertainty of the calcium requirement, only 1 in 4 Americans
meets their AI for calcium. Women are even less likely than are
men to have calcium intakes above their AI (5). For example,
only 5% of women aged 51–70 y exceed the AI for calcium for
that sex-age group (1200 mg/d); 4). Instead, their estimated mean
calcium intake during the 2001–2002 National Health and Nu-
trition Examination Survey was 701 mg/d.

Constraints on calcium in maintaining skeletal function be-
comes problematic when functional outcomes related to bone
health are used to establish dietary calcium intake guidelines.
Because insufficient data exist to establish an EAR for calcium
and because the calcium intakes of American men and women
(from adolescence to old age) have failed to meet the AI (5),
further research is warranted to set an EAR for the mineral.
Current AIs for calcium rely solely or heavily on data from
calcium balance studies (4). In particular, calcium intakes around
predicted zero balance are needed to model the precise relation
between mineral intake and loss and retention near zero balance
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(6). A larger base of quantitative data for calcium would enhance
the ability to estimate the average calcium requirement and sub-
sequently augment the development of sound recommendations
for calcium intakes, particularly for older age groups.

A series of tightly controlled metabolic in-house feeding stud-
ies conducted between 1976 and 1995 at the US Department of
Agriculture, Agricultural Research Service Grand Forks Human
Nutrition Research Center (Grand Forks, ND) provided a broad
range of calcium intake and output data from healthy individuals.
These data were used to estimate the amount of dietary calcium
needed to maintain zero calcium balance, information that is
useful in establishing an EAR for calcium.

SUBJECTS AND METHODS

Forty-two tightly controlled metabolic in-house feeding stud-
ies were conducted between 1976 and 1995 at the US Department
of Agriculture, Agricultural Research Service Grand Forks Hu-
man Nutrition Research Center to determine specific outcomes
of nutritional challenges (eg, marginal zinc deficiency) on phys-
iologic function. Nineteen of those studies (Table 1; 7–22) mea-
sured calcium balance and incorporated design components,
such as a control (nutritionally replete) dietary period, which is
relevant for estimating the calcium requirement by cross-
sectional statistical analysis. Foods were the only source of cal-
cium in these studies; no calcium supplements were given. Com-
mon design characteristics of the 19 individual original
metabolic studies used in the present study are summarized be-
low. Details about each study are available in the references cited
in Table 1.

Subjects

Each of the original metabolic studies (Table 1) was reviewed
and approved separately by the University of North Dakota Pro-
tection of Human Subjects Committee (studies 1-4) or by the
University of North Dakota Institutional Review Board (studies
5–19 and the current study). Subjects were informed verbally and
in writing about the purpose and design for each original meta-
bolic study, and they provided written informed consent to par-
ticipate in protocols that followed the guidelines of the Declara-
tion of Helsinki regarding the use of human subjects.

Recruitment

In all the studies, healthy women and men were recruited by
public advertisement. They were selected to enter each study
after being informed in detail of the nature of the research, in-
cluding the risks and benefits.

Inclusion criteria

Healthy subjects were screened on site and were selected on
the basis of medical data (no evidence of alcoholism; normal
bone, kidney, thyroid, and liver function; normal blood pressure
and fasting glucose; no chronic medication use; and negative
tuberculosis result on a lung scan), psychological history [free
of psychopathology as determined by the Minnesota Multipha-
sic Personality Inventory (NCS Assessment, Minneapolis, MN)
and by an extensive in-house psychological history question-
naire and clinical interview], and diet history (no pertinent food

allergies or refusal to eat required foods). Postmenopausal
women agreed to discontinue hormone replacement therapy be-
fore joining a specific study.

Living environment

Accepted female subjects [n � 73; weight (x� � SD): 77.1 �
18.5 kg; age: 47.0 � 18.5 y (range: 20–75 y)] and male subjects
[n � 82; weight: 76.6 � 12.5 kg; age: 28.2 � 7.7 y (range: 19–64
y)] resided for the entire length (typically 6 mo) of the individual
studies in the metabolic ward at the Grand Forks Human Nutri-
tion Research Center. Subject ethnicity was predominantly white
(n � 144), with additional participation by blacks (n � 3), Amer-
ican Indians or Alaskan natives (n � 3), Asians (n � 2), and
Hispanics (n � 2); 1 person was of undeclared ethnicity. The
ward provided an environment for strict control of food con-
sumption, physical activity, and data collection. Each subject
was provided a private bedroom with cable television, a radio
with a wake-up alarm, an intercom to a 24-h central nurse station,
a telephone, and a semiprivate bathroom. The activity areas and
nurse station were adjacent to the private bedrooms. The subjects
were allowed to leave the immediate living or dining areas, or
facility, only when accompanied by a chaperone to ensure com-
pliance with the study protocols. Meal consumption was ob-
served by specially trained dietary staff, and irregularities were
recorded. The subjects agreed to use only personal care products
in the amounts approved by the principal investigators to limit
and standardize extraneous chemical exposure. Subjects were
not allowed to use tobacco, medicinal marijuana, or illegal drugs
or to consume alcohol (except for specified ethanol tolerance
tests). For most studies, individually prescribed physical activity
was performed multiple times per week to maintain initial body
composition and physical work capacity.

Diet

Composition

Basal diets were composed of ordinary Western foods, which
were sometimes supplemented with experimental foods (eg,
fructose cornbread, egg white drinks, and casein biscuits), and
were fed as a 6-d (study 1) or 3-d (studies 2–19) menu rotation to
provide variety but in a manner that ensured that the variations in
nutrient intake were not consequential. Standard temperatures
and cooking times were adhered to for each recipe in the menu
cycles. Salt, pepper, coffee, and tea were served in constant
amounts, selected by each subject, throughout the individual
studies. The limited menus were supplemented as needed with
some nutrients in constant amounts to maintain nutritional ade-
quacy. Dietary iron (as ferrous gluconate) was provided in excess
of the recommended dietary allowance to mitigate the decline in
iron status as a result of phlebotomy during the studies.

Preparation and use

The subjects consumed only and all foods, beverages (includ-
ing water), and vitamin, mineral, or other supplements provided
by the center. The minimum length of any dietary period for any
study was 18 d. Whenever possible, the food was purchased in
single lots sufficient to last for several months to ensure minimal
variation in food types. All the food was weighed with a 1%
rounding error during preparation in the metabolic kitchen and
was consumed completely by the subjects with the aid of spatulas
and rinse bottles. Deionized water was consumed ad libitum. The
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TABLE 1
Characteristics of the metabolic studies available for cross-sectional statistical analysis1

Study no., study design, and reference2 Study period Sex All subjects Qualified subjects3

1. Plant fiber: bioavailability of
minerals in food (7)

May 1976–Feb 1982 M

Age (y) 25.6 � 8.8 (18.0–52.0)4 26.5 � 9.1 (19.0–52.0)
Weight (kg) 78.5 � 15.2 (58.9–135.8) 78.0 � 12.5 (58.9–107.9)
Height (cm) 177.1 � 7.6 (152.8–193.4) 175.5 � 5.2 (166.3–182.0)
n 29 13

2. Dietary fiber: stool output (8) May 1977–Dec 1980 M
Age (y) 29.6 � 11.1 (19.0–64.0) 33.9 � 14.6 (19.0–64.0)
Weight (kg) 77.4 � 12.3 (60.3–107.9) 79.2 � 15.2 (62.7–107.9)
Height (cm) 176.4 � 9.3 (152.9–194.7) 173.2 � 10.8 (152.9–194.0)
n 28 9

3. Physical performance and
carbohydrate and lipid metabolism

(9)

Sep 1980–Dec 1980 M

Age (y) 23.7 � 6.4 (20.0–31.0) 25.5 � 7.8 (20.0–31.0)
Weight (kg) 70.6 � 5.1 (67.3–76.4) 67.7 � 0.5 (67.3–68.0)
Height (cm) —5 —5

n 3 2
4. Browned and unbrowned corn

products: bioavailability of zinc (10)
Jan 1981–Apr 1981 M

Age (y) 35.3 � 20.1 (22.0–65.0) 35.3 � 20.1 (22.0–65.0)
Weight (kg) 73.9 � 6.9 (68.0–83.7) 73.9 � 6.9 (68.0–83.7)
Height (cm) 176.4 � 9.4 (165.0–186.4) 176.4 � 9.4 (165.0–186.4)
n 4 4

5. Intrinsically and extrinsically labeled
meals: 65Cu absorption (11)

Oct 1982–Dec 1984 M

Age (y) 27.2 � 9.1 (19.0–49.0) 28.1 � 9.7 (19.0–49.0)
Weight (kg) 67.9 � 6.4 (57.5–80.1) 67.0 � 6.6 (57.5–80.1)
Height (cm) 174.7 � 4.6 (167.7–184.0) 173.6 � 3.8 (167.7–179.3)
n 11 9

6. Fat, vitamin E, and zinc intakes:
copper and iron absorption and
retention6

July 1982–June 1983 M

Age (y) 28.3 � 5.7 (22.0–37.0) 28.0 � 6.1 (22.0–37.0)
Weight (kg) 76.2 � 14.5 (48.3–91.0) 77.3 � 15.6 (48.3–91.0)
Height (cm) 177.4 � 7.3 (165.4–189.2) 177.3 � 8.0 (165.4–189.2)
n 7 6

7. Dietary Maillard products: iron and
zinc absorption and retention6

Aug 1983–May 1984 M

Age (y) 26.1 � 6.1 (20.0–39.0) 26.1 � 6.1 (20.0–39.0)
Weight (kg) 73.4 � 13.5 (51.4–91.4) 73.4 � 13.5 (51.4–91.4)
Height (cm) 175.4 � 5.6 (165.2–186.6) 175.4 � 5.6 (165.2–186.6)
n 9 9

8. Folic acid supplements: zinc and iron
absorption (12)

Jan 1984–July 1984 M

Age (y) 29.1 � 5.3 (19.0–36.0) 29.1 � 5.3 (19.0–36.0)
Weight (kg) 85.9 � 22.1 (64.8–134.7) 85.9 � 22.1 (64.8–134.7)
Height (cm) 180.6 � 10.3 (161.7–193.6) 180.6 � 10.3 (161.7–193.6)
n 8 8

9. Copper and sucrose interactions6 May 1984–Dec 1984 M
Age (y) 26.6 � 4.5 (21.0–32.0) 26.6 � 4.5 (21.0–32.0)
Weight (kg) 70.8 � 3.4 (67.3–75.8) 70.8 � 3.4 (67.3–75.8)
Height (cm) 180.8 � 7.1 (170.1–189.9) 180.8 � 7.1 (170.1–189.9)
n 7 7

10. Intrinsically and extrinsically labeled
meat, liver, and peanut and

sunflower butter:65Cu absorption
(13)

Jan 1985–July 1985 F

Age (y) 57.6 � 5.3 (49.0–66.0) 57.6 � 5.3 (49.0–66.0)
Weight (kg) 75.1 � 12.4 (57.4–90.8) 75.1 � 12.4 (57.4–90.8)
Height (cm) 165.3 � 6.4 (155.4–172.5) 165.3 � 6.4 (155.4–172.5)
n 7 7

11. Ascorbic acid and copper intakes:
indicators of copper nutriture (14)

July 1985–June 1986 F

Age (y) 26.8 � 4.8 (20.0–37.0) 25.1 � 3.5 (20.0–29.0)
Weight (kg) 61.3 � 10.0 (46.0–76.0) 65.5 � 9.9 (48.2–76.0)
Height (cm) 163.0 � 4.0 (154.6–168.5) 163.0 � 5.2 (154.6–168.5)
n 13 7

(Continued)
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initial energy requirement for each subject was determined by using
the Harris and Benedict equation (23) and by adding a uniform
amount (between 50% and 70%) of basal energy expenditure for

normal physical activity. Except for the weight-loss studies (studies
13 and 17), energy intake was adjusted in standardized increments
[typically 0.84 MJ (200 kcal)] during the course of each experiment

TABLE 1 (Continued)

Study no., study design, and reference2 Study period Sex All subjects Qualified subjects3

12. Short-term and long-term variability
of nutritional status indexes (15)

July 1985–Dec 1985 F

Age (y) 30.6 � 8.0 (23.0–44.0) 30.6 � 8.0 (23.0–44.0)
Weight (kg) 86.9 � 7.5 (76.8–92.7) 86.9 � 7.5 (76.8–92.7)
Height (cm) 170.2 � 2.2 (168.1–172.9) 170.2 � 2.2 (168.1–172.9)
n 5 5

13. Weight loss: menstrual
symptomatology (16)7

July 1990–Dec 1990 F

Age (y) 26.8 � 4.4 (21.0–38.0) 26.8 � 4.4 (21.0–38.0)
Weight (kg) 93.1 � 13.8 (75.2–115.9) 93.1 � 13.8 (75.2–115.9)
Height (cm) 162.9 � 6.3 (155.0–176.5) 162.9 � 6.3 (155.0–176.5)
n 14 14

14. Oxidant stress by dietary factors:
copper status indicators (17)

Jan 1991–Aug 1991 M

Age (y) 31.0 � 4.8 (24.0–37.0) 31.0 � 4.8 (24.0–37.0)
Weight (kg) 82.8 � 7.5 (73.0–97.7) 82.8 � 7.5 (73.0–97.7)
Height (cm) 181.4 � 7.2 (177.0–197.1) 181.4 � 7.2 (177.0–197.1)
n 7 7

15. Meat consumption: zinc absorption
and iron status (18)

July 1992–Dec 1992 F

Age (y) 62.5 � 6.2 (51.0–70.0) 62.5 � 6.2 (51.0–70.0)
Weight (kg) 68.3 � 10.8 (52.7–88.5) 68.3 � 10.8 (52.7–88.5)
Height (cm) 159.7 � 6.2 (145.1–172.7) 159.7 � 6.2 (145.1–172.7)
n 14 14

16. Copper intakes: copper status
indicators (19)

Jan 1993–July 1993 F

Age (y) 62.5 � 7.4 (49.0–75.0) 63.3 � 7.2 (49.0–75.0)
Weight (kg) 67.2 � 10.4 (45.6–83.1) 68.1 � 10.3 (45.6–83.1)
Height (cm) 158.2 � 6.1 (148.5–166.9) 158.9 � 5.8 (148.5–166.9)
n 13 12

17. Weight loss: regional body
composition (20)7

Jan 1994–June 1994 F

Age (y) 29.6 � 4.2 (25.0–38.0) 28.3 � 3.4 (25.0–33.0)
Weight (kg) 100.3 � 16.9 (78.0–132.5) 102.8 � 21.9 (78.4–132.5)
Height (cm) 167.8 � 6.4 (159.3–182.5) 170.5 � 8.0 (160.2–182.5)
n 12 6

18. Fructose and magnesium intakes:
macromineral homeostasis (21)

July 1994–Dec 1994 M

Age (y) 30.4 � 5.5 (22.0–40.0) 30.4 � 5.5 (22.0–40.0)
Weight (kg) 78.9 � 13.1 (53.4–94.8) 78.9 � 13.1 (53.4–94.8)
Height (cm) 178.2 � 9.0 (164.0–199.0) 178.2 � 9.0 (164.0–199.0)
n 14 14

19. Magnesium and copper intakes:
magnesium status indicators (22)

Jan 1995–Dec 1995 F

Age (y) 63.8 � 8.6 (47.0–78.0) 65.0 � 7.2 (50.0–74.0)
Weight (kg) 67.4 � 11.5 (50.1–89.9) 63.0 � 11.2 (50.4–82.1)
Height (cm) 160.1 � 6.0 (149.2–176.0) 161.0 � 7.8 (149.9–176.0)
n 25 8

1 Metabolic studies done at the US Department of Agriculture, Agricultural Research Service, Grand Forks Human Nutrition Research Center, Grand
Forks, ND, between 1976 and 1995 measured individual dietary calcium intake and fecal and urinary calcium output.

2 For the study design, the experimental variable or variables are given, and the primary outcome measure or measures follow the colon. The reference
number is in parentheses.

3 Data from a specific dietary period for a person were excluded when the intake of copper, iron, magnesium, phosphorus, or zinc fell below the respective
Estimated Average Requirements or exceeded the respective 99th percentiles of usual intake from the 1994 Continuing Survey of Food Intakes by Individuals
(for Fe, above the upper limit; 4, 25) to avoid confounding the results with concurrent nutritional stress. To maximize consistency in data across persons, balance
periods �6 or �12 d in length were eliminated. To meet the design criteria suggested by the Food and Nutrition Board (4), the minimum acceptable dietary
adaptation period was 12 d.

4 x� � SD; range in parentheses (all such values).
5 Height data were not available.
6 Unpublished data obtained during the spans listed under the column entitled “Study period” (study 6: Harold H Sandstead; study 7: Phyllis E Johnson;

study 9: Leslie M Klevay).
7 Study used data from maintenance diets only.
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to maintain body weight (measured daily) within 2% of admission
weight. The present study used balance data collected only during
the initial equilibration dietary periods of the weight-loss exper-
iments.

Dietary calcium

To ensure that the estimate of the calcium requirement was
based on the forms of dietary calcium typically consumed, only
studies that used diets not supplemented with calcium were se-
lected for statistical analysis.

Calcium balance method

Dietary analysis

Balance data from the final 6–12 d of each dietary period of
each study were analyzed. A duplicate diet for each subject in
studies 1-10 and one representative duplicate diet supplying 8.4
MJ (2000 kcal) for all subjects in studies 11–19 were prepared
daily for analysis. For all the studies, the daily duplicate diets
were blended, and aliquots (6% of total weight) of the daily meals
were mixed well and made into 6- or 7-d composites before being
frozen. Aliquots of all individualized foods (eg, standardized
amounts of additional salt), prescribed dietary supplements, and
transient medications were analyzed for mineral content, and the
mineral contributions were included as part of dietary calcium
intakes.

Urinary and fecal analyses

Total urine was collected with the use of polypropylene funnels
into 4-L polypropylene containers (6 mL of 6N HCl as “Baker
Technical” grade was added to prevent bacterial growth; JT Baker
Inc, Phillipsburg, NJ). Fecal output, excluding remains left on toilet
paper, was collected directly in plastic bags throughout each study
with precaution to avoid trace mineral contamination. All excreta
were cooled immediately after collection in a double-doored refrig-
erator that provided discreet sample transfer to technical staff. The
final 6- or 7-d urine composites of each dietary period for each
subject were prepared by combining proportional aliquots of daily
urine collections and freezing them until analyzed. Weighed fecal
specimens were frozen, then lyophilized, and finally combined in
toto in a plastic bag to prepare 6- or 7-d composites for each subject
and were subsequently pulverized by use of a rolling pin and mixed
by being shaken by hand.

Exercise

In all the studies, each subject was required to exercise �15
min at 50% maximum work capacity on an ergocycle 3 times/wk.
Additional exercise was prescribed as needed to maintain body
weight within 2% of initial weight. Voluntary walking regimens
did not affect mandatory exercise prescriptions.

Calcium balance determination

Dietary and fecal sample digestion and analyses

Aliquots of the diet and fecal composites were digested with
perchloric and nitric acids in glass beakers. The calcium contents
of the dietary, urinary, and fecal digestates were determined by
flame atomic absorption spectrophotometry (studies 1–4) or by
inductively coupled plasma emission spectroscopy (studies
5–19) with aqueous calibration standards. Urine samples were
diluted in 0.5% lanthanum chloride before calcium measurement

by flame atomic absorption spectrophotometry to mask interfer-
ences. The methodologic precision and accuracy of the digestion
and analytic procedures were evaluated by concurrent analysis of
the National Institute of Standards and Technology bovine liver
standards (standard reference materials no. 1577), pool samples,
and replicate samples containing added calcium.

Calculation of calcium balance

Whole-body surface losses of calcium were determined (un-
published data) for young men (1989) (24) and young overweight
women (1990) (16) in 2 of the metabolic studies. Each subject
showered, then put on a cotton suit of long underwear and a
protective covering over briefs and socks, all provided by the
metabolic unit. After 48 h, the suits were removed, and the
subjects stood in a plastic tub and showered with warmed deion-
ized water. Shaving or application of any skin care product other
than the wash soap provided by the staff was not allowed for 4 d
before or during the sweat test.

The last balance periods (�2) were selected from each avail-
able dietary period to provide 1–9 observations per subject. Cal-
cium output was calculated as the sum of fecal and urinary losses.
Calcium balance was calculated by differences between dietary
intake and fecal and urinary losses. Calcium balance and output
calculations did not include various negligible excretory calcium
losses based on analytic determinations (unpublished data):
whole-body surface [3.0 mg Ca/d for young men (data collected in
1989); 16.7 mg Ca/d for young overweight women (data collected
in 1990)]; semen (0.8 � 0.4 mg Ca/d; data collected in 1989);
menses (0.005 � 0.004 mg Ca/menstrual day; data collected in
1987, 1990, and 1994); and phlebotomy (5.3 � 0.8 mg Ca/blood
drawing; data collected in 1992, 1995, 1996, and 1999).

Data management and statistical analysis

Confidentiality considerations

For each original study, a password-secure, confidential com-
puter file maintained the linkage between subject name and iden-
tification number, with access limited to select center staff mem-
bers. This linkage was separate from research data files and was
kept for several reasons: to provide subjects with individual study
results and to provide governmental and institutional auditors
with access as required by law. For the present statistical analy-
sis, the linkage between preexisting data files and subjects was
broken by the following method. The database for the original
studies consisted of multiple data files, each of which was keyed
by using a unique individual identification number. A separate
file was created that consisted only of records with current iden-
tification numbers along with new, randomly generated identi-
fication numbers. Subsequently, the relevant data files in the
preexisting database were copied into a new database; as the file
was copied, the original identification number was replaced by
the randomly generated identification number. Subject names
and birth dates were not copied to the new database. After the new
database was created, the file containing the existing identifica-
tion numbers and the randomly generated identification numbers
was deleted permanently. No hard copy of this file was ever
generated. In summary, all linkage was broken between the pre-
existing data and the original identification numbers with no
possibility to associate any original data with a specific subject.
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Sample exclusion criteria

Data from a specific dietary period for an individual were
excluded when intakes of magnesium, copper, iron, phosphorus,
or zinc fell below the respective EAR or exceeded the respective
99th percentiles of usual intakes from the 1994 Continuing Sur-
vey of Food Intakes by Individuals (for iron, above the upper
limit; 4, 25) to avoid confounding the results with concurrent
nutritional stress. To maximize the consistency in the data across
individuals, balance periods �6 or �12 d in length were elimi-
nated. To meet the design criteria suggested by the Food and
Nutrition Board (4), the minimum dietary adaptation period was
12 d (median: 31 d; maximum: 109 d).

Model

For calcium, the respective relations between mineral intake
[in mg/d (model A), in mg � kg body wt�1 � d�1 (model B), or in
mg � kcal�1 � d�1 (model C)] and mineral output (fecal � urinary
excretion) were investigated by using the following linear
mixed-effect model (26):

Yij � � � �Xij � a*i � b*i Xij � eij (1)

where Yij is the jth calcium output measurement on the ith subject,
Xij is the jth calcium intake measurement on the ith subject, i �
1,�, 154 subjects, j � 1,�, ni values, � and � are fixed effects, ai

*

and bi
* are random variables that are assumed to follow a multi-

variate normal distribution with mean zero and variance-
covariance matrix

� � � �a
2 �ab

�ab �b
2 � (2)

and eij are the error effects that are assumed to be normally
distributed random variables with mean zero and variance �e

2.
Thus, the fixed effects part of the model is � � �Xij, whereas the
random-effects part of the model is a*i � b*iXij � eij. This model
is appropriate when there are multiple observations from inde-
pendent subjects and the regression model for each subject can be
assumed to be a random deviation from some overall population
regression model. PROC MIXED in SAS (version 9.1; SAS
Institute, Cary, NC) was used to fit all models. An unstructured
variance-covariance matrix, �, was specified for the slopes and
intercepts. As specified in Equations 1, both intercepts and slopes
are considered random effects. To test whether random intercepts
and slopes were necessary, additional models were fitted to allow
for only random intercepts and only random slopes. Akaike’s
Information Criterion was used to compare models. Some mod-
els did not converge when both slopes and intercepts were con-
sidered random effects. For those models that did converge,
Akaike’s Information Criterion indicated that the models that
treated the slopes as random effects and treated the intercept as a
fixed effect provided the best fit; thus, this reduced parameter-
ization was used for all models.

Fixed coefficients were added to the models to allow for sep-
arate intercepts and slopes for men and women to determine
whether sex differences existed in the requirement estimates.
The model used was the following:

Yij � � � �1Xij � �2Gi � �3XijGii � b*i Xij � eij (3)

where Gi � 1 if subject i was male or Gi � 0 if subject i was

female. To test whether there was an age effect on calcium
requirements, age was added to the model as follows:

Yij � � � �1Xij � �2Ai � �3XijAi � b*i Xij � eij (4)

where Ai � 1 if subject i was �50 y of age; and Ai � 0 if subject
i was aged �50 y. Age was dichotomized rather than included as
a continuous variable because the distribution of ages was bi-
modal in this sample.

To assist in the assessment of the fit of the models, several
influence diagnostics within PROC MIXED were calculated and
plotted. One subject was identified by all methods as an outlier
having an unacceptably large influence on the parameter esti-
mates and the covariance estimates. That subject was subse-
quently removed from all statistical analyses.

The 95% CIs (27) and 95% prediction intervals (28, 29) were
calculated and graphed for the final models. The calcium require-
ments were defined as the point at which calcium intake equaled
calcium output. The 95% prediction interval around this point
was obtained by considering the estimation to be a calibration
problem (ie, the inverse prediction of calcium intake given cal-
cium output) and calculating the prediction intervals by using
methods for random coefficient models (29).

RESULTS

A total of 373 observations from 155 subjects were available for
statisticalanalysis.Daily intakesofcalciumrangedbetween415and
1740 mg. To facilitate the application of the findings to the general
population, the data were examined by 3 statistical models: model A
(expressedasmg/d),modelB(expressedasmg � kgbodywt–1 � d–1),
and model C (expressed as mg � kcal–1 � d–1).

Calcium intake compared with output: statistical
model A

Calcium output (Y) increased linearly with increases in cal-
cium intake (C) when intake was expressed as mg/d (P � 0.0001;
Figure 1). Calcium intake equaled calcium output (crossed line
of unity; neutral balance) at intakes of 741 mg/d (Y � 148.3 �
0.80C; 95% PI: 507, 1035 mg/d). The relation between calcium
output and intake, expressed as mg/d, was not sex dependent
(P � 0.5). After adjustment for calcium intake, age did not affect
calcium output within the age range tested (P � 0.31).

Calcium intake compared with output: statistical
model B

Calcium output increased linearly with increases in calcium
intake expressed as mg � kg body wt�1 � d�1 (P � 0.0001; Figure
2). Accordingly, calcium intake equaled calcium output at 9.39
mg � kg body wt�1 � d�1 (Y � 1.44 � 0.85C; 95% PI: 6.36, 12.94
mg � kg body wt�1�d�1). Sex did not affect the relation between
calcium intake and output (P � 0.14) when the relation was
expressed as mg � kg body wt�1 � d�1. Also, after adjustment for
calcium intake, the effect of age was not statistically significant
within the age range tested (P � 0.1).

Calcium intake compared with output: statistical
model C

Calcium output increased linearly with increases in calcium
intake (P � 0.0001) when both were expressed as mg�kcal�1�d�1

(Figure 3). Across all subjects, calcium intake equaled calcium
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output at 0.279 mg � kcal�1 � d�1 (Y � 0.051 � 0.816C; 95% PI:
0.194, 0.382 mg � kcal�1 � d�1). Age was a significant predictor
of output within the age range tested (P � 0.03) after adjustment
for calcium intake. Calcium intake equaled calcium output for
persons aged �50 y at 0.25 mg � kcal�1 � d�1 (Y � 0.034 �
0.861C) and at 0.33 mg � kcal�1 � d�1 (Y � 0.089 � 0.729C) for

persons aged �50 y. Sex did not affect the relation between
calcium intake and output (P � 0.89) when the relation was
expressed as mg � kcal�1 � d�1.

Indicators of calcium homeostasis

Mean apparent calcium absorption, expressed as a percentage
of calcium intake, was 24.9 � 12.4% and increased linearly with
calcium intake (P � 0.006). Apparent calcium absorption was
not significantly different (P � 0.07) between women �50 y of
age (29.5 � 17.0%) and women �50 y of age (23.3 � 11.2%).
Mean calcium intake for women aged �50 or �50 y was 821 �
108 and 847 � 232 mg/d, respectively. Mean calcium intake for
men aged �50 or �50 y was 992 � 207 and 836 � 40 mg/d,
respectively. The percentage of calcium intake lost in the urine
and feces was 21.8 � 7.7% and 75.1 � 1.4%, respectively. Serum
calcium concentrations (median: 2.35 mmol/L; 229 observa-
tions; 108 subjects) were not significantly affected by time of
year (P � 0.09).

Subjects ranged between 19 and 75 y of age (Figure 4). To
explore further the possible effects of age, calcium balance was
modeled by using age as the predictor. No significant relation
between calcium balance (expressed as mg/d) and age was indi-
cated (P � 0.4).

DISCUSSION

The present study expands the calcium balance data needed to
generate better estimates of the adult calcium requirement. As
defined by the Food and Nutrition Board (4), useful balance
studies for estimating the calcium requirement include subjects
who consume a wide range of calcium intakes, include a mini-
mum equilibration period of 7 d with the experimental diet before
calcium balance is assessed, and, when possible, include only

FIGURE 1. Relation between calcium output (fecal calcium � urinary
calcium excretion) and calcium intake, both expressed as mg/d, for women
[F; n � 73; weight: 77.1 � 18.5 kg; age: 47.0 � 18.5 y (range: 20–75 y)] and
men [E; n � 81; weight: 76.6 � 12.6 kg; age: 28.2 � 7.7 y (range: 19–64 y)]
who participated in tightly controlled feeding studies conducted in a meta-
bolic unit (373 observations). Data were modeled by using a linear mixed-
effect model. Calcium output (urinary � fecal) increased linearly with in-
creases in calcium intake (P � 0.0001). Across all subjects, neutral calcium
balance (defined as calcium output Y equal to calcium intake C) was main-
tained at calcium intakes of 741 mg/d (Y � 148.29 � 0.80C). Solid thin lines
indicate 95% CIs around the regression line. Dotted lines indicate the 95%
prediction interval.

FIGURE 2. Relation between calcium output (fecal calcium � urinary
calcium excretion) and calcium intake, both expressed as mg � kg body
wt�1 � d�1, for women [F; n � 73; weight: 77.1 � 18.5 kg; age: 47.0 � 18.5 y
(range: 20–75 y)] and men [E; n � 81; weight: 76.6 � 12.6 kg; age: 28.2 �
7.7 y (range: 19–64 y)] who participated in tightly controlled feeding studies
conducted in a metabolic unit (373 observations). Data were modeled by
using a linear mixed-effect model. Calcium output (urinary � fecal) in-
creased linearly with increases in calcium intake (P � 0.0001). Across all
subjects, neutral calcium balance (defined as calcium output Y equal to
calcium intake C) was maintained at calcium intakes of 9.39 mg � kg body
wt�1 � d�1 (Y � 1.44 � 0.85C). Solid thin lines indicate 95% CIs around the
regression line. Dotted lines indicate the 95% prediction interval.

FIGURE 3. Relation between calcium output (fecal calcium � urinary
calcium excretion) and calcium intake, both expressed as mg � kcal�1 � d�1,
for women [F; n � 73; weight: 77.1 � 18.5 kg; age: 47.0 � 18.5 y (range:
20–75 y)] and men [E; n � 81; weight: 76.6 � 12.6 kg; age: 28.2 � 7.7 y
(range: 19–64 y)] who participated in tightly controlled feeding studies
conducted in a metabolic unit (373 observations). Data were modeled by
using a linear mixed-effect model. Calcium output (urinary � fecal) in-
creased linearly with increases in calcium intake (P � 0.0001). Across all
subjects, neutral calcium balance (defined as calcium output Y equal to
calcium intake C) was maintained at calcium intakes of 0.279
mg � kcal�1 � d�1 (Y � 0.051 � 0.816 C). Solid thin lines indicate 95% CIs
around the regression line. Dotted lines indicate the 95% prediction interval.
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subjects who were consuming their usual calcium intakes. The
present study exploited the extensive metabolic data collected
from a series of studies in which only healthy subjects partici-
pated, calcium intakes below and near the presumed required
amounts were included, adequate dietary adaptation was ensured
by examining only dietary periods �18 d, the mineral content of
the drinking water was analyzed, food and beverages were pre-
pared by professional staff for delivery within 1% weighing
error, duplicate diets were prepared by professional staff, food
consumption was quantitative and was carried out under visual
supervision, fecal and urine collections were continuous to en-
sure familiarity with the procedure, and samples were analyzed
by use of state-of-the-art technology.

The diets and environments used by the metabolic studies were
a reasonable approximation of the free-living environment. The
amount and type of exercise (swimming, walking, and stationary
biking) were prescribed per individual and therefore varied con-
siderably between individuals. All diets were constructed in a
manner that resulted in a high degree of compositional hetero-
geneity across meals and studies. Mean (�SEM) calculated in-
takes of phosphorus (1100 � 43 mg/2000 kcal) and fiber (11.2 �
0.8 g/2000 kcal) were similar to respective national mean
(�SEM) intakes of phosphorus (1222 � 12.9 mg/d; 4) and fiber
(15.2 � 0.1 g/d) for all individuals (including pregnant and
lactating women). Because calcium supplementation may dif-
ferentially affect calcium metabolism and bias the results in favor
of the experimental hypothesis that calcium balance is lower than
are current estimates, data from the studies that used calcium
supplementation (as calcium gluconate, calcium carbonate, cal-
cium lactate, calcium citrate, or dicalcium phosphate) were ex-
cluded. The estimate of the amount of calcium intake needed to
maintain neutral calcium balance was higher when calculated
with data from studies that did not use calcium supplementation
than when calculated with data from calcium supplementation
studies (752 compared with 533 mg Ca/d; P � 0.0001).

Calcium homeostasis

The data indicate tight control of calcium homeostasis in the
range of typical calcium intakes and far above the point at which
calcium balance is neutral (741 mg/d; Figures 1-3). These char-
acteristics of the statistical models indicate that calcium balance
was highly resistant to a change in calcium intake across a broad
range of typical dietary calcium intakes (415-1740 mg/d; be-
tween the 	25th and �99th percentiles of typical calcium intake
for all female children and adults aged �9 y). In other words,
homeostatic mechanisms for calcium metabolism seem to be
functional across a broad range of typical dietary calcium intakes
to minimize calcium losses and accumulations. These mecha-
nisms seem particularly active as indicated by the especially
acute angle between the line of unity and the regression line. The
experimental data do not support the hypothesis that phylogenic
calcium conservation mechanisms failed to evolve because of an
assumed early dietary calcium surplus with no selective advan-
tage for calcium conservation (30).

Estimations of the average calcium requirement

The statistical model used in the present study predicted neu-
tral calcium balance at calcium intakes of 741 mg/d for healthy
individuals regardless of age or sex. This new presumptive value
for an EAR for calcium is considerably lower than that of the
existing AI. The AIs for calcium (sometimes considered equiv-
alent to EARs for calcium; 31) are 1000 and 1200 mg/d for adults
aged 19–50 and �51 y, respectively; the latter are 	20% higher
than are the mean calcium intakes of American males aged �9 y
(925 mg/d). However, the mean calcium intake of American
females aged �9 y (657 mg/d) falls below this value by 11% (4).
In the general population, calcium intake decreases with age for
both men and women (4). In the current study, the absence of an
effect of age on calcium balance probably reflects higher mean
calcium intakes than those of similar age-sex groups in the Amer-
ican population. Factors other than insufficient calcium intake
also operate in the body during bone involution and lead to
diminution in bone mass (31, 32).

There is no current recommended dietary allowance for cal-
cium. Our data suggest a recommended dietary allowance of
1035 mg/d (the upper limit of the 95% prediction interval around
the new estimation of the calcium requirement) for all adults.
This level of calcium intake is not attained by �75% of the
American population on average (4).

ThecurrentAI forcalciumwassetbymodelingcalciumretention
compared with calcium intake by using the nonlinear Jackman
model (33). We chose to model output rather than retention to elim-
inate possible confounding and reduction in the relative precision of
parameter estimates caused by including intake as a component of
the dependent variable (calcium retention). In the present analyses,
the data did not show nonlinearity and therefore did not justify the
use of a more complex nonlinear model. The coefficients of the AI
model appear to be greatly influenced by data points above the 99th
percentile of daily calcium intake. Data used in the model in the
present study reflect typical calcium intake between the 5th and
	95th percentiles for all male children and adults aged �9 y and
between the 	25th and �99th percentiles for all female children
and adults aged �9 y.

This new estimate of the calcium requirement may resolve
several discrepancies between current theory and observation.

FIGURE 4. Relation between calcium balance (expressed as mg/d) and
age for women [F; n � 73; weight: 77.1 � 18.5 kg; age: 47.0 � 18.5 y (range:
20–75 y)] and men [E; n � 81; weight: 76.6 � 12.6 kg; age: 28.2 � 7.7 y
(range: 19–64 y)] who participated in tightly controlled feeding studies
conducted in a metabolic unit (373 observations). Data were modeled by
using a linear mixed-effect model. There was no significant relation between
balance and age (P � 0.4). Solid thin lines indicate 95% CIs around the
regression line.
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For example, the new balance data also concur with the recog-
nition that saturation of the active transport component of cal-
cium absorption occurs at an intake of 	500 mg/d (34). It seems
unlikely that a physiologic mechanism that drives active calcium
absorption in a dynamic range is concurrently unable to maintain
normal calcium homeostasis. Also, most (35–39), but not all
(40), studies with adults that indicate a positive influence of high
dietary calcium in reducing the rate of bone remodeling were
confounded by the presence of vitamin D as an experimental
covariable. In the present study, only 2 of the metabolic diets
(studies 18 and 19) were supplemented with vitamin D (200
�g/d) because of their exceptionally low calculated vitamin D
content (0.5 �g/2000 kcal). The average (�SEM) calculated
vitamin D content of all the metabolic diets was 2.9 � 0.24 �g
vitamin D/2000 kcal, which is very similar to the estimated
median intake of vitamin D by free-living young women in a
separate study (2.9 �g/d; 41). The new estimation is in line
with the previous consideration that individuals with low, but
nutritionally adequate, intakes of sodium and protein may
have calcium requirements as low as 500 mg/d (30). The
metabolic diets provided (mean � SEM) 71.8 � 3.0 g protein/
2000 kcal and 2770 � 135 mg sodium/2000 kcal [with addi-
tional individualized, standardized sodium consumption of up
to 3100 mg/d (studies 1–10) or 0.775 mg/d (studies 11–19)].
The mean intakes of protein and sodium were similar to re-
spective national mean (�SEM) intakes of protein (75.3 � 0.4
g/d; 42) and sodium (3418 � 31 mg/d; 43) for all individuals
(including pregnant and lactating women). Thus, neutral cal-
cium balance was achievable at calcium intakes of 741 mg/d
for individuals consuming typical amounts of sodium and
protein.

In conclusion, the calcium balance data reported in the present
study represent the most extensive known pool of calcium bal-
ance data collected under tightly controlled experimental proce-
dures. The new data may be useful in establishing an EAR for
calcium that may be lower than previously considered.
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Methylation of estrogen receptor � and mutL homolog 1 in normal
colonic mucosa: association with folate and vitamin B-12 status in
subjects with and without colorectal neoplasia1,2

Reyad Al-Ghnaniem, Jennifer Peters, Roberta Foresti, Nigel Heaton, and Maria Pufulete

ABSTRACT
Background: Greater promoter methylation in some tumor-
suppressor genes underlies most sporadic colorectal cancers and
increases with age in the colon.
Objective: We tested the hypothesis that biomarkers of folate and
vitamin B-12 status are associated with estrogen receptor � (ER�)
and mutL homolog 1 (MLH1) promoter methylation in subjects with
and without neoplasia.
Design: Biopsies of normal-appearing colorectal mucosa from 156
subjects with and without colorectal neoplasia (disease free, n � 76;
cancer, n � 28; adenoma, n � 35; hyperplastic polyps, n � 17) were
obtained at colonoscopy and used to evaluate methylation in 7 CpG
sites in the ER� promoter and 13 CpG sites in the MLH1 promoter.
Blood samples were obtained for the measurement of serum and red
cell folate, serum vitamin B-12, and plasma homocysteine concen-
trations. Methylation indexes were generated to reflect an average
methylation value across all CpG dinucleotides in both ER� and
MLH1.
Results: The methylation indexes for ER� and MLH1 generally
were significantly (P � 0.05) higher in subjects with neoplasia than
in disease-free subjects. The ER� methylation index correlated neg-
atively with serum vitamin B-12 (r � �0.239, P � 0.003) and
positively with plasma homocysteine (r � 0.188, P � 0.021). Dis-
ease status (P � 0.005), age (P � 0.001), and serum vitamin B-12
concentrations (P � 0.006) were independent determinants of ER�
promoter methylation. Serum and red cell folate concentrations had
no influence on ER� promoter methylation.
Conclusion: Serum vitamin B-12 but not folate status may be as-
sociated with ER� promoter methylation in normal-appearing colo-
rectal mucosa. Am J Clin Nutr 2007;86:1064–72.

KEY WORDS Folate, vitamin B-12, homocysteine, DNA
methylation, estrogen receptor �, ER�, mutL homolog 1, MLH1,
colorectal cancer, colorectal adenoma, hyperplastic polyps

INTRODUCTION

Low dietary folate intake (1) and low blood folate concentra-
tions (2) may increase the risk of colorectal cancer. Folate is a
methyl donor in the remethylation of homocysteine to methio-
nine, a reaction catalyzed by the vitamin B-12–dependent en-
zyme methionine synthase, which generates methyl groups for
DNA methylation. It has been proposed that folate or vitamin
B-12 deficiency may increase the risk of cancer by altering DNA
methylation (3, 4).

Aberrant methylation in DNA—global hypomethylation ac-
companied by an increase in methylation in CpG islands in the
promoter regions of tumor-suppressor genes—is a common epi-
genetic phenomenon that occurs early in colorectal cancer (5, 6).
In normal mucosa, both global hypomethylation (7) and an in-
crease in CpG island methylation in genes such as estrogen re-
ceptor � (ER�), insulin- like growth factor 2 (IGF-2) (8–10),
human N33 gene, myoblast determination protein 1 (10, 11), and
mutL homolog 1 (MLH1) (10, 12) occur as a function of age in
persons with or without neoplasia.

Age-related methylation with possible inactivation of tumor
suppressor genes has been suggested as a mechanism for the
strong relation between colorectal cancer and age (13). Age-
related changes in the metabolism of folate and vitamin B-12
may explain the link between age and colorectal cancer risk.
Older persons have both lower dietary intakes of folate and vi-
tamin B-12 (14) and a greater prevalence of vitamin B-12 defi-
ciency that is due to lower absorption of food-bound vitamin
B-12. The hyperhomocysteinemia that occurs with aging can be
partly explained by suboptimal folate and vitamin B-12 status
(15). Lower folate and vitamin B-12 intakes may have a more
pronounced effect on aging colonic mucosa; a folate-deplete diet
reduced colonic folate concentrations in older but not younger
rats (16), and a vitamin B-12–deficient diet caused DNA hy-
pomethylation in rat colon (17). Aging has also been shown to
decrease the activity of methionine synthase in the liver (18).

Some human studies suggest associations between global
DNA methylation in the colon and folate or vitamin B-12 status
in subjects with or without neoplasia (19, 20). Colorectal cancer
subjects with low folate and high alcohol intakes had a greater
prevalence of CpG island methylation in their tumor tissue in
several genes than did those with high folate and low alcohol
intakes (21), although the use of diseased tissue makes it difficult
to separate this relation from confounding effects of the disease.
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The main aim of the present study was to determine the relation
between folate and vitamin B-12 status and CpG island methyl-
ation in normal colonic mucosa. A secondary aim was to deter-
mine whether the degree of methylation differs between subjects
with and subjects without neoplasia. We chose to investigate
ER� and MLH1 because an increase in methylation in their
promoters leads to diminished or absent protein product in colo-
rectal tumors (8, 22) and because both genes display age-
dependent increases in methylation in normal-appearing mucosa
of patients with and patients without neoplasia (8, 10, 12). ER�
mediates the function of the steroid hormone 17�-estradiol, a
critical regulator of growth and differentiation. MLH1 is in-
volved in the mismatch repair pathway, which recognizes and
binds errors that occur during DNA replication.

SUBJECTS AND METHODS

Subjects

Subjects were patients referred for colonoscopy at the Depart-
ment of Colorectal Surgery, King’s College Hospital (London,
United Kingdom), between 2000 and 2001. Exclusion criteria
included a strong family history of colorectal cancer or adeno-
matous polyposis coli, inflammatory bowel disease, current or
past gluten-sensitive enteropathy, and clinical or laboratory (or
both) evidence of intestinal malabsorption, pregnancy, alcohol-
ism, and the use of medication known to antagonize the metab-
olism of folate.

Subjects with colorectal neoplasms were characterized as fol-
lows: cancer (tumor but no distant metastases); adenoma (�1
adenoma, that was tubular, tubulovillous, villous and serrated at
current colonoscopy); hyperplastic (�1 hyperplastic polyp at
current colonoscopy but no history of adenoma). All tumor tis-
sues were histologically confirmed. Subjects without tumors met
the inclusion criteria if they showed no abnormality on full
colonoscopy.

Weight and height were recorded, and information on smok-
ing habits, physical activity levels, and current medication and
supplement use was gathered before colonoscopy. One week
after the colonoscopy, subjects completed a short, previously
validated food-frequency questionnaire (23) to assess habitual
intakes of alcohol and folate.

Written informed consent was obtained from all subjects. The
protocol for the study was approved by the Research Ethics Com-
mittees at King’s College Hospital and King’s College London.

Collection and handling of blood and tissue samples

Fasting venous blood samples were obtained before colonos-
copy for the determination of full blood count; the measurement
of serum and red cell folate, serum vitamin B-12, and plasma
homocysteine concentrations; the performance of liver function
tests, and the identification of genetic polymorphisms in methyl
pathway enzymes. Blood samples for a full blood count and
measurement of red cell folate concentrations were collected in
evacuated tubes containing EDTA (Vacutainer; Becton Dickin-
son, Rutherford, NJ); full blood counts were measured within
24 h of collection. Blood samples for serum and vitamin B-12
measurements were collected in plain evacuated tubes. Blood
samples for the measurement of the plasma homocysteine con-
centration were collected in EDTA Vacutainers, which were
chilled on ice and spun within 2 h of collection.

All assays were performed within 2 mo of collection of blood
samples. During colonoscopy, 3 tissue samples of normal-
appearing mucosa were removed from the rectum (�12 cm from
the anal verge), immediately snap-frozen in liquid nitrogen, and
stored at �70 °C.

Laboratory methods

Serum folate and vitamin B-12 concentrations were measured
by competitive protein-binding enzyme immunoassays on an
Immuno 1 analyzer (Bayer Diagnostics, Newbury, United King-
dom). Samples in EDTA for measurement of red blood cell folate
were treated with a lysing reagent, and whole blood folate was
measured as for serum folate. Plasma homocysteine was mea-
sured by using an Imx homocysteine assay (Abbott Laboratories,
Abbott Park, IL). The between-run CV for both serum folate and
vitamin B-12 was 4.6%, that for erythrocyte folate was 6.7%, and
that for plasma homocysteine was 5.2%.

Global DNA methylation was measured by the in vitro methyl
acceptance method with the use of [3H-methyl] S-adenosyl-
methionineasamethyldonor in thepresenceof theSss Iprokaryotic
methylase enzyme (24). In this assay, the number of radiolabeled
methyl groups incorporated into DNA is inversely proportional
to DNA methylation status. DNA from pooled whole blood was
used as a quality control. Nonmethylated � phage DNA was used
as a positive control, and DNA from the pooled blood sample
above was methylated in vitro and used as a negative control. All
data were within the range spanned by the positive and negative
controls. The within-run and between-run CVs for this assay
were 5.3% and 8.9%, respectively.

The laboratory assays used to identify genetic polymorphisms
in methyl pathway enzymes [methylenetetrahydrofolate reduc-
tase (MTHFR C677T and A1298C), methionine synthase (MS
A2756G), and cystathionine �-synthase (CBS 844ins68)] were
described in detail elsewhere (19). All of the above analyses were
performed at the time the original study (19) was conducted
(2000–2001).

DNA was extracted from tissue samples in 2001, and aliquots
were stored at �70 °C; these were used for the measurement of
ER� and MLH1 promoter methylation in the present study. Aga-
rose gel electrophoresis was used to determine DNA size (�20
kb in all cases) and degradation (one sample was degraded, but
that had no effect on subsequent measurements). DNA concen-
tration was measured in all samples by using an ultraviolet spec-
trophotometer (ND-1000; Nano Drop Technologies, Wilming-
ton, DC). All samples had ratios of A260 to A280 of �1.7.

Bisulfite modification of DNA (500 ng/sample) was carried out
by using the EZ DNA Methylation-Gold Kit (Zymo Research, Or-
ange, CA) according to the manufacturer’s protocol. This converts
unmethylated cytosines, by a process of deamination, to uracil,
which leaves the methylated cytosines unchanged. The converted
DNA was stored at �70 °C until use. Normal human blood donor
DNA was used as a negative control. The same DNA was methyl-
ated in vitro by using Sss1 (CpG) methylase (New England Biolabs,
Beverly, MA), and it served as a positive control.

Regions of interest

The polymerase chain reaction (PCR) assays were designed to
amplify a part of the gene promoter containing 7 CpG sites in the
ER� promoter (Figure 1) and 13 CpG sites in the MLH1 pro-
moter (Figure 2). Because of the large number of sites that were
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analyzed, 2 sequencing primers were necessary for the MLH1
assay. PCR primer sequences and sequencing primer sequences
for ER� and MLH1 were designed and validated by Biotage AB
(Uppsala, Sweden). Primers targeted CpG-free regions to ensure
that the PCR product would proportionally represent the meth-
ylation characteristics of the template DNA. Sequencing primers
were designed to cover as few CpG sites as possible. The targeted
CpG sites were chosen to correlate with those assessed by
methylation-specific PCR in earlier studies (8, 12). Cytosine and
thymine are incorporated during pyrosequencing if the template
CpG is methylated or unmethylated, respectively. Therefore the
proportion of cytosine to thymine (C:T) is stoichiometrically
proportional to the degree of methylation at that CpG site in the
template DNA (Figure 1B and Figure 2B, 2C). A non-CpG cy-
tosine was used as an internal control for the completion of the
bisulfite treatment (Figure 2C).

Methylation analysis with pyrosequencing

PCR and sequencing primers are shown in Figures 1A and 2A.
For each gene, 10 pmol of forward and reverse primer and 50 ng of
bisulfite-converted DNA template were used. The reaction was car-
ried out in a 5-�L final volume and included 5 �L of 10� PCR

buffer (containing 15 mmol MgCl2/L, 1.5 mmol MgCl2/L (25
mmol/L), 200 �mol of each dNTP/L, 1.25U HotStarTaq DNA
polymerase (Qiagen, Valencia, CA). and nuclease-free water. The
final MgCl2 concentration was 3 mmol/L. The same cycling con-
ditions were used for the MLH1 and ER� assays: denaturing at
95 °C for 15 min; 45 cycles at 95 °C for 20 s, at 54 °C for 20 s, and
at 72 °C for 20 s; extension at 72 °C for 5 min, and 4 °C hold. The
amplification cycle was repeated 45 times to ensure complete con-
sumption of biotinylated primers, which can cause background sig-
nals during pyrosequencing. Gel electrophoresis was carried out on
all PCR products by using 10 �L of PCR product, which was loaded
onto a 1.5% (wt:vol) agarose gel. The gels were then visualized by
usinganultraviolet transilluminator (Alpha Imager;Alpha Innotech
Corp, San Leandro, CA).

Pyrosequencing was carried out by using the PSQ HS System
(Biotage AB). Sample preparation was carried out by using the
Vacuum Prep Tool (Biotage AB) according to the manufactur-
er’s protocol. Briefly, 10 �L of PCR product (biotinyated strand
only) was immobilized to 2 �L Streptavidin Sepharose HP beads
[GE Healthcare (formerly Amersham Biosciences), Piscataway,
NJ] by using the Vacuum Prep Tool. The beads were then
released onto a PSQ HS 96 plate containing 10 pmol sequencing

FIGURE 1. A) Bisulfite-converted sequence for the estrogen receptor � (ER�) gene promoter (ENST00000206249 Ensembl ID). Polymerase chain reaction
(PCR) primers are shown in bold, the sequencing primer is shown in italics and underlined, and the CpG sites analyzed are shown in bold and with gray shading.
The position t shaded in gray can be used as control for the completion of bisulfite treatment. A control for the completion of bisulfite treatment was not included
in the ER� assay; this enabled the analysis of more CpG sites. However, the assay was repeated on a subset of samples excluding the last 2 CpG sites by changing
the sequence to analyze (to aygtygyggtygtygttaat) and nucleotide dispensation order. This confirmed completion of bisulfite treatment (data not shown). B)
Representative pyrogram for the ER� gene promoter.
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primer. Annealing was carried out for 2 min at 80 °C. The PSQ
HS system was used with the nucleotide dispensation order as-
signed for the assays. All equipment was handled according to
standard procedures, and the analysis criteria were specified by
factory settings. Within- and between-run CVs for both assays
were 1.6% and 5%, respectively.

Statistical analysis

Data were analyzed by using SPSS software (version 13.0;
SPSS Inc, Chicago, IL). Between-group differences in categor-
ical variables (ie, sex, smoking status, supplement use, and ge-
notypes) were compared by using chi-square tests or Fisher’s

A 

Forward PCR primer        Sequencing primer 2 

agttttttttttaggagtgaaggaggttaygggtaagtygttttga ygtagaygttttattagggtygygygtty 

      Sequencing primer 1 

gtygttygttatatatygttygtagtattygtgtttagttt ygtagtggygttygaygtygygttygygggtagttayga

tgaggyggygatagattaggtatagggttttat 

             Biotin-labeled reverse PCR primer 

S
ig

na
l i

nt
en

si
ty

 
S

ig
na

l i
nt

en
si

ty
 

Nucleotides added to the DNA chain during synthesis (n) 

Nucleotides added to the DNA chain during synthesis (n) 

B 

C 

FIGURE 2. A) Bisulfite-converted sequence for the mutL homolog 1 (MLH1) gene promoter (ENST00000231790 Ensembl ID). Polymerase chain reaction
(PCR) primers are shown in bold, the sequencing primers are shown in italics and underlined, and the CpG sites analyzed are shown in bold and with gray
shading. The position t shaded in gray was used as control for the completion of bisulfite treatment. The CpG site shown in bold showed a very low degree of
methylation in the positive control. A BLAST search was performed on the original sequence used for design, which showed that only some submitted sequences
have a C in this position (and is therefore a CpG site), whereas others have a T. This finding suggested that the position is probably a C/T single-nucleotide
polymorphism, and it was therefore excluded from the assay. B) A representative pyrogram for sequencing primer 1. C) Representative pyrogram for sequencing
primer 2. The third position indicates the control for the completion of bisulfite treatment.
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exact test. Differences in single continuous variables between
groups were compared by using analysis of variance with Dun-
nett’s test to adjust for multiple comparisons (ie, age, dietary
folate intake, serum folate, and global DNA methylation) or
Kruskall-Wallis tests followed by Mann-Whitney U tests for
subgroup comparisons (comparing each disease group with the
disease-free group) when the data did not have a normal distri-
bution or when there was a violation of the equality of variance
assumption (body mass index, alcohol intake, and serum vitamin
B-12, red cell folate, and plasma homocysteine concentrations).
For the Mann-Whitney U tests, Bonferroni corrections were ap-
plied to adjust the P values for multiple comparisons (we cor-
rected for the 3 comparisons of each disease group with the
disease-free group).

A methylation index was generated to reflect an average meth-
ylation value across all CpG dincleotides studied at each gene pro-
moter by calculating the mean percentage methylation in all CpG
sites in the sequence. The relation between the ER� and MLH1
methyation indexes and age, markers of folate status (dietary folate
intake; serum and red cell folate, serum vitamin B-12, and plasma
homocysteine concentrations; and global DNA methylation) were
examined in all subjects by using partial correlation coefficients
withadjustment fordiseasestatusandineachdiseasegroupbyusing
Pearson (for age, dietary folate intake, and serum folate concentra-
tion) or Spearman (for serum vitamin B-12, red cell folate, and
plasma homocysteine concentrations) correlation coefficients.
Between-group differences in ER� and MLH1 methylation index
were compared by using Kruskall-Wallis tests followed by Mann
Whitney U tests for subgroup comparisons (with Bonferroni cor-
rections to adjust for multiple comparisons).

A general linear model was used to test the effect of several
variables (ie, disease status, age, sex, body mass index, smoking
status, supplement use, alcohol intake, folate intake, serum and
red cell folate, serum vitamin B-12, plasma homocysteine, and
genotype) on ER� and MLH1 methylation indexes. Univariate
analysis of variance or covariance was used as appropriate. Es-
timated marginal means were calculated where necessary.

RESULTS

Data were available from 156 subjects (28 with cancer, 35 with
adenoma, 17 with hyperplastic polyps, and 76 who were disease
free). The basic characteristics of participants and biomarkers of
folate and vitamin B-12 by disease status are shown in Table 1.
On average, patients with adenoma and cancer were significantly
older and patients with cancer had a significantly lower body
mass index than did disease-free patients (P � 0.01 for both).
There were significantly (P � 0.01) more smokers in the hyper-
plastic polyp group than in the disease-free group. Reported
supplement use and alcohol intakes were significantly higher in
the adenoma group than in the disease-free group (P � 0.01 and
P � 0.001, respectively).

Patients with cancer had significantly lower serum folate (P �
0.002), lower serum vitamin B-12 (P � 0.006), and higher
plasma homocysteine (P � 0.02) concentrations and higher
global DNA hypomethylation in normal-appearing colonic mu-
cosa (P � 0.01) than did patients who were disease free. How-
ever, after adjustment for age and MTHFR C677T genotype,
plasma homocysteine did not differ significantly between pa-
tients with cancer and patients who were disease free (P � 0.05).
Patients with adenoma had significantly (P � 0.001) higher

global DNA hypomethylation in normal-appearing colonic mu-
cosa than did disease-free patients.

The percentage methylation by CpG site and the average per-
centage methylation for all sites (methylation index) for ER� are
shown in Table 2. The median methylation index for ER� in the
normal-appearing colorectal mucosa differed significantly be-
tween patients with adenoma or hyperplastic polyps and disease-
free patients (adenoma: 14.6% and 8.1%, respectively; P �
0.001; hyperplastic polyps: 12.3% and 8.1%, respectively; P �
0.02). The median methylation index was marginally higher in
patients with cancer than in disease-free subjects group (9.6%
and 8.1%, respectively), but the difference between groups was
not statistically significant.

There were significant positive correlations between ER�
methylation index and age in all groups (all subjects: r � 0.592,
P � 0.001; s: r � 0.626, P � 0.001; cancer patients: r � 0.734,
P � 0.001; adenoma patients: r � 0.546, P � 0.01; hyperplastic
polyp patients: r � 0.586, P � 0.01). There was a significant
negative correlation between ER� methylation index and serum
vitamin B-12 concentrations in all subjects (r � �0.239, P �
0.003). When analysis was conducted by group, the correlation
between ER� methylation index and serum vitamin B-12 con-
centrations was significant in disease-free subjects (r � �0.289,
P � 0.01) and adenoma patients (r � �0.481, P � 0.003) but not
in cancer (r � �0.217, P � 0.29) or hyperplastic polyp (r �
�0.152, P � 0.56) patients, for whom sample sizes were smaller.
There was a significant positive correlation between ER� meth-
ylation index and plasma homocysteine in all subjects (r � 0.188,
P � 0.021). When analyzed by group, the correlation between
ER� methylation index and plasma homocysteine was signifi-
cant in disease-free subjects (r � 0.286, P � 0.01) and adenoma
(r � 0.356, P � 0.04) and hyperplastic polyp (r � 0.755, P �
0.001) patients but not in cancer patients (r � 0.312, P � 0.12).
There was a weak correlation between global DNA hypomethy-
lation and ER� methylation index in all subjects (r � 0.139, P �
0.09). There were no significant correlations between ER� meth-
ylation index and serum folate or red cell folate (P � 0.05).

There was heterogeneity in the level of percentage methyl-
ation among the 7 sites in all groups (P � 0.001, Friedman test).
Analysis of covariance was used to assess the effect of disease
status and of markers of folate and vitamin B-12 status on the
ER� methylation index. The effect of individual factors and their
interactions were considered. The model showed disease status
as a significant indicator of ER� methylation (P � 0.005). The
other significant factors were age (P � 0.001) and serum vitamin
B-12 concentrations (P � 0.006). Serum and red cell folate and
plasma homocysteine concentrations and genotype had no influ-
ence on the ER� methylation index.

The adjusted means of ER� methylation index by disease
status are shown in Table 3. When age and vitamin B-12 status
were accounted for, there were no significant differences be-
tween adenoma and cancer patients disease-free subjects. The
adjusted mean difference between patients with hyperplastic pol-
yps and subjects without neoplasia was 4.8% (95% CI: 0.78,
8.90; P � 0.01, Sidak’s correction for multiple comparisons),
which indicated that factors other than age and vitamin B-12
status influenced ER� methylation in this group.

To avoid potential confounding by disease status, statistical
analysis was repeated only in patients without colorectal neopla-
sia to establish whether age and vitamin B-12 status are deter-
minants of ER� methylation index. The analysis of covariance
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model confirmed the previous analysis, showing that age (P �
0.001) and reduced vitamin B-12 status (P � 0.037) were sig-
nificantly associated with a rising methylation index. The statis-
tical model was then applied to the individual CpG sites. Age was
the only significant determinant of methylation at sites 1, 2, and
7 (P � 0.001), whereas both age (P � 0.001) and serum B-12
concentrations (P � 0.030, 0.019, 0.041, and 0.041 for sites 3–6,
respectively) were found to be significant at the other 4 sites.

Investigation of the 13 CpG sites in the MLH1 promoter region
showed median methylation levels of �2% (Table 4). The dif-
ferences between subjects with and without neoplasia were sig-
nificant (P � 0.001). There was a significant correlation between
MLH1 promoter methylation and age in all subjects (r � 2.54,
P � 0.002) but no significant correlations with markers of folate

or vitamin B-12 status. A detailed statistical analysis was deemed
unsuitable because of the low degree of methylation across all
sites.

DISCUSSION

This study tested the hypothesis that folate and vitamin B-12
status is associated with CpG island methylation in normal-
appearing colorectal mucosa. Dietary folate intakes and red cell
folate concentrations did not differ between subjects with and
without disease, although serum folate and vitamin B-12 con-
centrations were significantly lower in the cancer group than in
the disease-free group. We identified methylation in 7 CpG sites
in the ER� promoter and 13 CpG sites in the MLH1 promoter.

TABLE 1
Characteristics of subjects by disease status1

Subject group

Disease free
(n � 76)

Cancer
(n � 28)

Adenoma
(n � 35)

Hyperplastic polyps
(n � 17)

Age (y)2 58.0 (55.0, 60.9)3 68.9 (64.4, 73.4)4 66.4 (62.2, 70.7)5 55.9 (48.4, 63.3)
BMI (kg/m2)6 26.4 (25.4–27.4)7 23.3 (21.6–25.0)5 26.9 (24.4–29.5) 26.6 (24.5–28.7)
Sex (%)8

Male 45 46 669 41
Female 55 54 349 59

Smoking status (%)8

Nonsmoker 71 61 66 355

Current smoker 29 39 34 655

Supplement use (%)8

Yes 79 93 9710 88
No 21 7 310 12

MTHFR C677T (%)8

CC 54 57 57 65
CT 38 21 37 18
TT 8 21 6 18

MTHFR A1298C (%)8

AA 62 57 51 47
AC 34 36 34 41
CC 4 7 14 12

MS A2756G (%)8

AA 59 68 51 65
AG 30 29 40 29
GG 11 4 9 6

CBS 844ins68 (%)8

Wild 78 82 83 88
844ins68 22 18 17 12

Alcohol intake (g/d)6,11 2 (0–47) 13 (0–39) 24 (0–73)4 6 (0–62)
Dietary folate intake (�g/d)6,11 354 (324–383) 289 (247–330) 328 (290–365) 333 (284–382)
Serum folate (nmol/L)2 17.9 (16.3, 19.7) 12.3 (10.4, 14.3)12 17.0 (14.0, 19.7) 15.9 (12.3, 19.5)
Red cell folate (nmol/L)6 629 (250–2361) 602 (295–1553) 613 (306–1237) 524 (291–981)
Serum vitamin B12 (pmol/L)6 311 (87–926) 225 (95–515)13 278 (64–791) 314 (52–941)
Plasma homocysteine (�mol/L)6 10.4 (5.5–61.4) 14.3 (7.0–38.8)14 12.7 (5.8–66.5) 12.3 (6.4–30.5)
Global DNA hypomethylation in colonic

mucosa (dpm/�g DNA)2
24 660 (21 840, 27 420) 34 020 (30 240, 37 740)4 33 120 (29 340, 36 840)5 27 660 (21 780, 33 540)

1 MTHFR, methylene tetrahydrofolate reductase; MS, methionine synthase; CBS, cystathionine �-synthase.
2 Dunnett’s test.
3 x�; 95% CI in parentheses (all such values).
4,5,9,10,12–14 Significantly different from disease-free group: 4 P � 0.001, 5 P � 0.01, 9 P � 0.04, 10 P � 0.01, 12 P � 0.002, 13 P � 0.006, 14 P � 0.02.
6 Kruskall-Wallis test, followed by Mann-Whitney U test. P values were adjusted for multiple comparisons by using Bonferroni correction.
7 Median; range in parentheses (all such values).
8 Chi-square test or Fisher’s exact test.
11 n � 68, 26, 33, and 17 for disease-free, cancer, adenoma, and hyperplastic polyps groups, respectively.
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DNA was extracted from rectal tissue for biopsy that was re-
moved far from any lesions with clean biopsy forceps. We com-
bined the methylation values across all CpG dinucleotides stud-
ied into a single methylation index for each gene. The use of such
an index has not previously been validated, but the values for
each site showed a similar pattern in all groups (see Tables 2 and
4), and, when the statistical analysis was repeated for each CpG
site, the results were not altered substantially.

We confirmed the strong relation between ER� methylation
and age that was first reported by Issa et al (8). We also found a
positive correlation between ER� methylation and plasma ho-
mocysteine concentrations. Serum vitamin B-12 status was an
independent determinant of ER� methylation in the colon of
persons with and persons without neoplasia. This observation is
intriguing, particularly because vitamin B-12 deficiency is rela-
tively common in the aging population: it is estimated to affect
10%–15% of people aged �60 y (25), and age is the strongest risk
factor for colorectal cancer. It would have been interesting to
confirm these findings by using vitamin B-12 intakes, but no
dietary data on vitamin B-12 were available.

Compared with evidence for the role of folate, that for the role
of vitamin B-12 in colorectal neoplasia is limited. Early studies
indicated a positive association between pernicious anemia and
the risk of colorectal cancer (26). More recently, Harnack et al
(27) showed that the incidence of proximal colon cancer was
lowest in those with high vitamin B-12 and folate intakes; this
effect was not observed with high folate intake alone. Other

studies suggest no relation between dietary vitamin B-12 intake
and colorectal cancer risk (28).

An inadequate supply of vitamin B-12 impairs methionine
synthase activity, which converts homocysteine to methionine
with methyltetrahydrofolate as the methyl donor. Cellular folates
accumulate in the methylfolate form but cannot be used, which
creates a form of folate deficiency known as the “methylfolate
trap” (29). Rats fed vitamin B-12–deplete diets had a lower
proportion of tetrahydrofolate and a higher proportion of meth-
yltetrahydrofolate in their colon, which is indicative of the meth-
ylfolate trap, and that led to global DNA hypomethylation (17).
Piyathilake et al (30) found lower vitamin B-12 concentrations
and less hypomethylation in squamous cell lung cancer than in
adjacent, normal-appearing mucosa. Pufulete et al (19) reported
an inverse relation between serum vitamin B-12 and global DNA
hypomethylation in normal-appearing colonic mucosa of sub-
jects with and without neoplasia, although the methyl acceptance
assay that was used to measure global DNA methylation is in-
direct and semiquantitative.

In neoplasia, global hypomethylation and an increase in meth-
ylation in CpG-rich promoter regions of tumor-suppressor genes
coexist. It has been suggested that a genome-wide decrease in
methylation, possibly caused by low methyl group availability,
may lead to a reshuffling of methyl groups and may trigger local
de novo methylation in susceptible genes (31). The present study
suggests that, as ER� promoter methylation increases, so does
the extent of global hypomethylation. Both ER� methylation and
global hypomethylation were negatively associated with serum
vitamin B-12 concentrations. A limitation of the present study is
that, because of limited availability of colorectal tissue samples,
we did not measure folate and vitamin B-12 concentrations in the
colon.

We investigated 13 CpG sites in MLH1, �700 bp upstream of
the promoter. In tumor tissue, methylation in the proximal region
correlates better with transcriptional silencing and the loss of
protein (10, 22, 32) than does methylation in the upstream region
(22). We chose the latter because methylation in this region has
been shown in normal mucosa from subjects with colorectal
cancer (12, 33) and has been associated with age in some (10, 12)
but not all (34) studies. Nakagawa et al (12) analyzed the entire
�700-bp region upstream of MLH1, which covered 51 CpG
sites, and found an age-dependent increase in methylation in the

TABLE 3
Adjusted means of estrogen receptor � methylation index (%) in normal-
appearing colorectal mucosa according to disease status1

Disease
status Value

Disease free 11.6 � 0.676 (10.3, 13.0)
Cancer 10.5 � 1.154 (8.2, 12.8)
Adenoma 13.1 � 0.971 (11.2, 15.0)
Hyperplastic2 16.4 � 1.379 (13.7, 19.2)

1 All values are x� � SEM; 95% CIs in parentheses. Covariates appearing
in the model are evaluated at the following values: age 61.2 y, serum vitamin
B-12 concentrations 316 pmol/L.

2 Significantly different from the disease-free group, P � 0.01 (AN-
COVA with Sidak’s correction for multiple comparisons).

TABLE 2
Estrogen receptor � promoter methylation in normal-appearing colorectal mucosa of subjects with and without colorectal neoplasia1

Site

Subject group

Disease free
(n � 73)

Cancer
(n � 26)

Adenoma
(n � 35)

Hyperplastic
polyps

(n � 17)

1 9.4 (0–29.6) 11.8 (0–41.1) 14.5 (3.5–28.0) 12.0 (4.8–28.1)
2 8.8 (0–26.0) 9.6 (0–11.5) 14.4 (5.5–26.6) 12.2 (7.7–27.1)
3 6.1 (0–23.0) 8.0 (0–33.0) 11.7 (3.0–25.0) 10.1 (5.0–24.0)
4 8.9 (0–30.2) 11.0 (0–39.9) 16.5 (5.6–30.0) 14.2 (7.2–29.3)
5 9.4 (0–31.1) 11.3 (0–42.5) 17.3 (5.7–29.9) 14.1 (7.1–30.8)
6 8.1 (0–27.4) 9.4 (0–39.3) 16.8 (6.8–30.3) 14.4 (7.8–29.9)
7 6.4 (0–23.9) 7.7 (0–33.6) 10.9 (3.7–22.6) 9.5 (4.4–22.3)
MI 8.1 (1.0–27.2) 9.6 (0.8–38.7) 14.6 (4.9–27.2)2 12.3 (6.3–27.2)3

1 All values are median; range in parentheses. MI, methylation index.
2,3 Significantly different from disease-free group (Kruskall-Wallis test followed by Mann-Whitney U test and Bonferroni correction): 2 P � 0.001, 3 P � 0.02.
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normal-appearing mucosa of 123 subjects with sporadic colo-
rectal cancer. We also observed increasing methylation with age
in the present study, but median methylation levels were low
(�2%) across all groups, which confirmed findings from a recent
study (10). We did not perform-in depth statistical analyses be-
cause it is not certain that the observed level of methylation is
biologically relevant or that the pyrosequencing data are reliable
at the quantified level of methylation.

In the present study, ER� and MLH1 methylation in subjects
with neoplasia was higher than that in disease-free subjects.
Subjects with neoplasia also showed more global DNA hypo-
methylation than did disease-free subjects. The findings in the
present study contradict those of Ye et al (35), who found no
difference in methylation in 6-O-methylguanine–DNA methyl-
transferase, MLH1, and cyclin-dependent kinase inhibitor 2A
(CDKN2A/p16) in the healthy colorectal mucosa of subjects
with or without adenoma. However, in subjects with ulcerative
colitis, ER� methylation in nonneoplastic mucosa was higher in
those with neoplasia than in those without (36–38). In the present
study, subjects with cancer, adenoma, and hyperplastic polyps
had 19%, 80%, and 52%, respectively, more ER� methylation
than did disease-free subjects. Cancer subjects did not have the
highest ER� methylation (as they may be expected to have),
although there was wide variation in methylation in those sub-
jects, which, combined with the small sample size, may be re-
sponsible for the observed results.

It is surprising that subjects with hyperplastic polyps had high
ER� methylation in their normal mucosa, which was not ex-
plained by age and vitamin B-12 status. Hyperplastic polyps have
been classified as nonneoplastic lesions lacking in malignant
potential and until recently have largely been ignored in DNA
methylation studies. However, reports have linked the condition
hyperplastic polyposis, characterized by multiple hyperplastic
polyps in the colon, with colorectal cancer (39, 40). There is
evidence to suggest that some colon cancers arise from hyper-
plastic polyps that evolve into a serrated adenoma (41). Three
reports have shown extensive DNA methylation in the normal

mucosa of subjects with hyperplastic polyposis (42– 44).
However, none of the 17 subjects with hyperplastic polyps in
the present study were diagnosed with hyperplastic polyposis,
and yet the extent of ER� promoter methylation was similar to
that in subjects with adenoma and cancer. Future studies in-
vestigating the role of CpG island methylation in sporadic
hyperplastic polyps and subsequent risk of colorectal cancer
are warranted.

In conclusion, this study suggests that age, serum vitamin
B-12 concentrations, and the presence of benign or neoplastic
lesions are independent determinants of ER� promoter methyl-
ation in colorectal mucosa. Markers of folate status and genetic
polymorphisms in methyl pathway enzymes appear to have no
influence on ER� methylation. Future studies involving a larger
sample size and a wider panel of genes associated with colorectal
neoplasia should investigate a potential association with folate
and vitamin B-12 status. To establish a link between methylation
and carcinogenesis, future studies also should evaluate the effect
of promoter methylation on transcription (which was not possi-
ble in the present study because of limited availability of tissue
biopsies for RNA extraction) to establish a link between meth-
ylation and carcinogenesis. The findings from this study should
be confirmed with more sensitive assays of vitamin B-12
status (eg, holotranscobalamin and methylmalonic acid) and
global DNA methylation (eg, liquid chromatography–mass
spectrometry) because the extent to which the methods used
contribute to the observed results is not clear, and discrepan-
cies between studies may be partly due to differences in the
methods employed.

We thank Monica Pettersson at Biotage for invaluable assistance with the
methylation assays.
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TABLE 4
MutL homolog 1 promoter methylation in normal-appearing colorectal mucosa of subjects with and without colorectal neoplasia1

Site

Subject group

Disease free
(n � 73)

Cancer
(n � 26)

Adenoma
(n � 35)

Hyperplastic
(n � 17)

1 0.0 (0.0–4.2) 0.8 (0.0–4.1) 1.2 (0.0–2.7) 1.3 (0.0–1.8)
2 1.1 (0.0–4.7) 1.5 (0.9–4.4) 2.1 (1.5–4.4) 1.8 (1.3–3.0)
3 0.0 (0.0–3.4) 0.8 (0.0–3.1) 1.0 (0.0–2.0) 0.8 (0.0–1.5)
4 0.9 (0.0–3.3) 1.2 (0.0–3.6) 2.0 (0.0–3.5) 1.8 (1.4–3.3)
5 0.0 (0.0–3.6) 0.3 (0.0–3.3) 0.3 (0.0–3.3) 1.3 (0.0–3.7)
6 1.1 (0.0–4.7) 1.4 (0.0–4.3) 2.4 (0.0–5.7) 2.1 (0.0–5.2)
7 0.0 (0.0–3.3) 0.0 (0.0–2.8) 1.3 (0.0–3.2) 1.3 (0.0–3.0)
8 1.1 (0.0–4.9) 1.5 (0.0–4.7) 2.9 (0.0–6.4) 2.7 (1.8–5.5)
9 0.0 (0.0–6.7) 0.0 (0.0–4.4) 1.4 (0.0–4.8) 1.5 (0.9–2.9)

10 0.0 (0.0–7.5) 1.5 (0.0–7.7) 2.9 (1.6–5.3) 2.4 (1.9–5.5)
11 1.1 (0.0–6.6) 1.6 (0.0–5.1) 3.4 (2.1–8.2) 3.0 (1.9–7.8)
12 0.0 (0.0–6.0) 1.2 (0.0–4.7) 2.3 (1.4–6.5) 2.3 (1.3–6.1)
13 0.0 (0.0–6.6) 1.2 (0.0–4.5) 2.3 (0.0–5.4) 2.0 (1.3–5.5)
MI 0.5 (0.0–4.6) 1.0 (0.2–4.0)2 2.0 (0.6–4.7)2 1.9 (1.2–4.3)2

1 All values are median; range in parentheses. MI, methylation index.
2 Significantly different from disease-free group, P � 0.001 (Kruskall-Wallis test followed by Mann-Whitney U test with adjustment for multiple

comparisons by using Bonferroni correction).
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The association between betaine and choline intakes and the
plasma concentrations of homocysteine in women1�3

Stephanie E Chiuve, Edward L Giovannucci, Susan E Hankinson, Steven H Zeisel, Lauren W Dougherty,
Walter C Willett, and Eric B Rimm

ABSTRACT
Background: Elevated total homocysteine (tHcy), a risk factor for
many chronic diseases, can be remethylated to methionine by folate.
Alternatively, tHcy can be metabolized by other 1-carbon nutrients,
ie, betaine and its precursor, choline.
Objective: We aimed to assess the association between the dietary
intakes of betaine and choline and the concentration of tHcy.
Design: We conducted a cross-sectional analysis in 1477 women by
using linear regression models to predict mean fasting tHcy by in-
takes of of betaine and choline.
Results: tHcy was 8% lower in the highest quintile of total betaine
� choline intake than in the lowest quintile, even after control for
folate intake (P for trend � 0.07). Neither choline nor betaine intake
individually was significantly associated with tHcy. Choline from 2
choline-containing compounds, glycerophosphocholine and phos-
phocholine, was inversely associated with tHcy. These inverse as-
sociations were more pronounced in women with folate intake � 400
�g/d than in those with intakes �400 �g/d (P for interaction � 0.03
for phosphocholine) and in moderate alcohol drinkers (�15 g/d)
than in nondrinkers or light drinkers (�15 g/d) (P for interaction �
0.02 for glycerophosphocholine and 0.04 for phosphocholine). The
strongest dose response was seen in women with a low-methyl diet
(high alcohol and low folate intake) (P for interaction � 0.002 for
glycerophosphocholine and 0.001 for phosphocholine).
Conclusions: Total choline � betaine intake was inversely associ-
ated with tHcy, as was choline from 2 water-soluble choline-
containing compounds. Remethylation of tHcy may be more
dependent on the betaine pathway when methyl sources are low as a
result of either inadequate folate intake or heavier alcohol
consumption. Am J Clin Nutr 2007;86:1073–81.

KEY WORDS Betaine, choline, folate, homocysteine, alco-
hol, low-methyl diet

INTRODUCTION

High total homocysteine (tHcy) concentrations have been as-
sociated with a greater risk of many chronic diseases, such as
cardiovascular disease (1), cancer (2), cognitive decline (3), and
bone fractures (4). Both dietary folate intake and folic acid sup-
plementation reduce tHcy concentrations (5, 6); however, ho-
mocysteine also can be remethylated to methionine through a
betaine-dependent pathway (Figure 1).

The betaine-dependent remethylation pathway may become
more crucial when folate availability is diminished (7), as a result of
either low intake of folate or lower utilization of available folate

pools. Additional alcohol consumption interferes with folate me-
tabolism, potentially through the inhibition of methionine synthase,
which remethylates homocysteine to methionine (8, 9). Chronic
alcoholics have significantly higher plasma tHcy concentrations
than do nondrinkers (10, 11). Moderate alcohol consumption in
combination with low folate intake or a methyl-deficient diet has
been associated with higher plasma tHcy, as well as greater risks of
breast and colon cancer (12–14). Betaine may serve as the main
methyl donor when the folate-dependent pathway is impaired.

Betaine can be obtained in the diet or through oxidation of its
precursor choline. Choline is found in foods predominantly as
phosphatidylcholine, which is commonly known as lecithin, but
it is found in other forms within the diet. These choline-
containing compounds are all interchangeable within the body,
but the conversion of choline to betaine is irreversible (15).

Supplementation with either betaine (16, 17) or choline (18)
reduces tHcy concentrations, but the doses of betaine (6 g/d) and
choline (2.6 g/d) used in these short-term feeding studies are
much greater than the amounts typically consumed in free-living
populations. Plasma betaine is also inversely associated with
plasma tHcy (19). Few studies have evaluated the intake of cho-
line or betaine in humans, because of the lack of food-
composition data for these nutrients. The food-composition da-
tabase for choline and betaine was established a few years ago
(20) and is now available for use in epidemiologic studies.

We examined the associations between intakes of betaine and
its precursor, choline, and fasting tHcy concentrations. We also
assessed whether these associations varied by intake of folate,
alcohol, or a methyl-deficient diet.
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SUBJECTS AND METHODS

The Nurses’ Health Study

The Nurses’ Health Study (NHS) is a prospective cohort of
121 700 female nurses aged 30–55 y at baseline in 1976. Partic-
ipants biennially provided information on lifestyle and disease
status via self-administered questionnaires. Between 1989 and
1990, 32 826 women in this cohort provided a blood sample.
Methods for blood collection were described in detail elsewhere
(21). The women in this analysis were healthy control subjects,
were not currently using exogenous hormones, and provided a
fasting blood specimen from separate nested case-control studies
of cardiovascular disease (22), breast cancer (23), and colon
neoplasia (24). Participants had no history of cancer (other than
nonmelanoma skin cancer), stroke, myocardial infarction, an-
gina, or revascularization surgery before the date of blood draw.

The Nurses’ Health Study 2

The Nurses’ Health Study 2 (NHS2) is a prospective cohort of
116 671 female nurses aged 25–42 y at baseline in 1989. Blood
samples were obtained in 1996–1998 from 29 611 women.
Methods of obtaining health and disease status information and
of obtaining blood samples were similar to methods used in the
NHS. In the present analysis, we included healthy controls from
a nested case-control study of breast cancer. We also included a
subset of healthy women, previously sampled on the basis of
self-reported alcohol use, for a study of the association between
alcohol and biological markers of cardiovascular disease. Fur-
ther details on the selection process were published elsewhere
(25). All women selected for this analysis were premenopausal,
were not using exogenous hormones, provided a fasting blood
specimen, and had no history of CVD, diabetes mellitus, gastric
or duodenal ulcer, liver or gallbladder disease, or cancer (other
than nonmelanoma skin cancer) before the date of the blood
draw.

Assessment of diet

Dietary information is obtained every 4 y through a 131-item
semiquantitative food-frequency questionnaire (FFQ). The re-
producibility and validity of the FFQ have been documented
elsewhere (26, 27). The participants were asked to indicate how
often, on average, they had consumed specific food items during
the previous year. Average nutrient intake was calculated from
the FFQ by using nutrient values obtained from the Harvard
University Food Composition Database, which is based on in-
formation from the US Department of Agriculture (USDA) and
other sources.

Information on the choline and betaine concentrations of in-
dividual food items was obtained from the USDA database (In-
ternet: http://www.ars.usda.gov/ba/bhnrc/ndl) and from values
published by Zeisel et al (20). Foods contained the choline me-
tabolite betaine, as well as multiple choline-containing com-
pounds, which included water-soluble compounds (ie, free
choline, glycerophosphocholine, and phosphocholine) and lipid-
soluble compounds (ie, phosphatidylcholine and sphingomye-
lin). Total choline intake was the sum of free choline plus choline
from each of the choline-containing compounds.

To minimize misclassification, we averaged nutrients calcu-
lated from the 3 most recent FFQs (1984, 1986, and 1990 for
NHS and 1991, 1995, and 1999 for NHS2). Results were not
appreciably different when we used only the most recent FFQs.
All nutrient intakes were adjusted for total energy by using the
residual method (28). Total intake of all vitamins was the sum of
food and supplement sources.

Assays for plasma markers

Because this analysis was based on samples from several data-
sets, some analytes were measured at separate laboratories by
using different assay methods. Therefore, in all analyses, we
controlled for laboratory batch. For samples from NHS and the
breast cancer controls from NHS2, tHcy was measured by using
HPLC at the Jean Meyer USDA Human Nutrition Research
Center on Aging (Tufts University, Boston, MA). For the other
NHS2 samples, tHcy concentrations were measured by using an
immunoassay on an IMx analyzer (Abbott Laboratories, Abbott
Park, IL). Quality-control samples (5%–10% of all samples),
obtained from a plasma pool of healthy volunteers, were given
indicator identifications and interspersed randomly among the
specimens. The CVs were �10% for tHcy.

Exclusions

We excluded from our analysis women for whom information
on nutrient intake or tHcy concentration was missing; we re-
stricted our analysis to women who reported that they had fasted
for �6 h before their blood samples were drawn. When assessing
the interaction between alcohol and betaine or choline, we also
excluded women for whom information on alcohol intake was
missing (n � 42).

The final population for analysis consisted of 1477 women
(867 in the NHS and 510 in the NHS2). The Institutional Review
Board of the Harvard School of Public Health approved the study
protocol.

Statistical analysis

We used linear regression to calculate least-squares mean con-
centrations of fasting tHcy (�mol/L) within each quintile of
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FIGURE 1. Homocysteine remethylation by the folate and betaine path-
ways. THF, tetrahydrofolate; MTHFR, methylenetetrahydrofolate reduc-
tase; MTR, methionine synthase reductase; BHMT, betaine-homocysteine
methyltransferase; DMG, dimethylglycine. Dietary folate can be converted
into THF, which is metabolized by the MTHFR enzyme into 5,10-MTHF. In
this form, folate can serve as a methyl donor to homocysteine by the MTR
enzyme and its cofactor vitamin B-12. In this process, methionine is formed
and 5,10-MTHF is metabolized back to THF, which may reenter the meta-
bolic cycle. Betaine, which is obtained directly in the diet or through oxida-
tion of dietary choline, can remethylate homocysteine with the BHMT en-
zyme, forming DMG as a byproduct.
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nutrient intake. Robust variance estimates were used to allow for
valid statistical inference of linear regression models without the
need for normal distribution assumptions (29). In multivariate
models, we adjusted for age, smoking status, menopausal status,
laboratory batch, coffee, total calories, alcohol, and the intakes of
methionine, folate, and riboflavin. Further adjustment for the
intakes of vitamins B-6 and B-12 did not appreciably alter the
results. The intake of neither vitamin B-6 nor B-12 was signifi-
cantly associated with tHcy in the population. Tests for linear
trend were conducted by assigning the median value for each
quintile of intake and treating this new variable as continuous.

To assess effect modification by folate intake, we created
categorical interaction variables by cross-classifying folate in-
take (dichotomized by a cutoff of 400 �g/d) and choline or
betaine intake (in quintiles). We entered 9 dummy variables into
the model with a single referent category (highest quintile of
choline or betaine intake and high folate intake). To test formally
for interaction, we created a product term of categorized folate

intake (binary) and the choline predictor (continuous) and used a
likelihood ratio test, comparing the model with and without the
interaction term. We performed similar analyses to examine ef-
fect modification by alcohol (0, 0.1–14.9, and �15 g alcohol/d)
and methyl diets (low-methyl: �15 g alcohol/d and � 400 �g
folate/d; high-methyl: 0 g alcohol/d and � 400 �g folate/d; and
intermediate-methyl). Statistical analyses were conducted by us-
ing SAS software (version 9; SAS Institute, Cary, NC). All P
values are 2-tailed.

RESULTS

The top 5 food sources by percentage contribution to overall
intakes of betaine and choline are shown in Table 1. The most
common food sources were similar in the 2 populations of
women. Both animal and plant-based products were sources of
choline from the water-soluble compounds glycerophosphocho-
line, phosphocholine, and free choline, whereas animal products

TABLE 1
Food sources (% contribution to total intake) of betaine, choline, and choline-containing compounds within the Nurses’ Health Study (NHS) and NHS21

NHS NHS2

Food source Proportion Food source Proportion

% %

Betaine Spinach 31.3 Spinach 24.8
Cold cereal 10.6 Dark bread 11.9
Pasta 9.6 Pasta 11.6
Dark bread 7.6 Pretzels 9.4
White bread 6.0 Cold cereal 7.9

Total choline Milk 17.9 Milk 12.0
Chicken 12.3 Beef 11.0
Beef 11.2 Chicken 10.4
Eggs 7.4 Eggs 8.2
Pork 3.5 Pork 4.1

Free choline Coffee 12.6 Milk 10.2
Milk 8.9 Coffee 8.8
Potatoes 7.5 Potato 5.7
Chicken 4.0 Tomatoes 4.82

White fish 3.1 Beans 2.9
Choline from glycerophosphocholine Milk 39.0 Milk 38.4

White fish 6.8 Yogurt 6.9
Coffee 4.8 Pork 4.9
Pork 4.3 Coffee 3.6
Yogurt 3.7 White fish 3.0

Choline from phosphocholine Milk 24.8 Milk 26.5
Chicken 12.3 Chicken 12.2
Broccoli 10.7 Broccoli 9.5
Tomatoes 8.22 Tomatoes 7.32

Potatoes 3.5 Potatoes 2.9
Choline from phosphatidylcholine Beef 18.7 Beef 18.7

Chicken 17.3 Egg 16.4
Eggs 14.4 Chicken 14.9
Pork 5.0 Pork 5.9
Liver 3.53 Bran muffin 3.0

Choline from sphingomyelin Chicken 38.7 Chicken 35.2
Beef 19.2 Beef 19.4
Milk 9.7 Milk 10.0
Eggs 5.4 Eggs 6.5
Pork 3.8 Pork 4.8

1 Data are from the most recent food-frequency questionnaire for NHS (1990) and NHS2 (1999).
2 Includes tomato sauce and tomato juice.
3 Includes chicken and beef liver.
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were the main source of choline from the lipid-soluble com-
pounds phosphatidylcholine and sphingomyelin. Animal prod-
ucts were the main source of total choline, because the most
common form of choline in the diet is phosphatidylcholine. Be-
taine and choline were not highly correlated (r � 0.14, P �
0.0001), because betaine is found mainly in grain products. The
foods with the highest concentration of betaine are wheat bran
(1339 mg/100 g) and wheat germ (1241 mg/100 g) (20).

Among the 1477 women in this analysis, the median intake of
total choline and of betaine was 323 and 189 mg/d, respectively.
Overall, women who consumed more total choline tended to
exercise more, smoke less, and have higher intakes of folate and
other B vitamins than did women who consumed less total cho-
line (Table 2). For most characteristics, the trends across quin-
tiles of betaine intake followed a similar pattern. However, some
characteristics had slightly different patterns. For example,
women tended to be younger across increasing quintiles of be-
taine intake, but not choline intake. BMI tended to be lower
across increasing quintiles of betaine intake, but higher with
greater choline intake.

After adjustment for age, both betaine intake and total choline
intake were inversely associated with fasting tHcy (P for trend �
0.001 for both) (Table 3). Adjustment for diet and other lifestyle
factors did not greatly attenuate these associations. However,
after further adjustment for intake of folate and riboflavin, nei-
ther betaine nor total choline was associated with fasting tHcy (P
for trend � 0.21 for betaine and 0.44 for choline). We also
examined the sum of choline � betaine intake, the total source of
methyl donors for the betaine-dependent pathway, which meta-
bolically may be the most relevant measure. Total intake of
choline � betaine was inversely associated with tHcy, even after
adjustment for folate and riboflavin (Table 3). In multivariate

models, tHcy was 8% lower in the highest quintile of choline �
betaine intake than in the lowest quintile (P � 0.07).

Choline from glycerophosphocholine and that from phospho-
choline were inversely associated with tHcy (Table 4). The tHcy
concentration was 17% lower in the highest quintile of glycero-
phosphocholine intake than in the lowest quintile, after adjust-
ment for potential confounders (model 1). This association was
attenuated but remained statistically significant after adjustment
for the intakes of folate and riboflavin (10% lower in the highest
than in the lowest quintile). Similarly, tHcy was 17% lower in the
highest quintile of phosphocholine intake than in the lowest
quintile and 8% lower after adjustment for folate and riboflavin.
Free choline was not associated with lower tHcy concentrations
after adjustment for folate or B vitamins (P for trend � 0.47). The
lipid-soluble choline-containing compounds tended toward a
positive association with tHcy (P � 0.10 for phosphatidylcholine
and 0.02 for sphingomyelin), although, after control for folate
and riboflavin, these positive associations were no longer
significant.

The intake of folate modified the association between choline
from phosphocholine intake and tHcy concentration (P for in-
teraction � 0.03) (Table 5). A greater intake of phosphocholine
was associated with significantly lower tHcy concentrations only
in women who had low folate intake (ie, �400 �g/d). The tHcy
concentration was 15% lower in the highest quintile of phospho-
choline intake than in the lowest quintile among women with low
folate intake; among women with high folate intake (�400 �g/
d), tHcy was 4% lower in the same comparison. The tHcy con-
centration did not differ significantly between folate groups
within the highest quintile of phosphocholine intake. When we
further adjusted for folate intake—to remove any potential re-
sidual confounding within strata of folate—the results did not

TABLE 2
Selected characteristics among 1477 women by quintile of energy-adjusted total choline and betaine intakes1

Total choline intake (mg/d)2 Betaine intake (mg/d)

Quintile 1 Quintile 3 Quintile 5 P for Quintile 1 Quintile 3 Quintile 5 P for
�283 311–334 �361 trend �139 173–206 �252 trend

Median intake (mg/d) 265 323 385 116 189 295
Age (y)3 52 � 0.64 52 � 0.6 54 � 0.6 0.14 55 � 0.5 52 � 0.6 49 � 0.6 � 0.001
BMI (kg/m2) 24.6 � 0.3 25.3 � 0.3 25.5 � 0.3 � 0.001 25.6 � 0.3 24.6 � 0.3 24.7 � 0.3 � 0.001
Smoker (%) 14 14 11 0.63 17 13 6 � 0.001
Physical activity (MET-h/wk) 14.1 � 1.0 17.4 � 1.1 21.0 � 1.5 � 0.001 12.6 � 0.9 18.8 � 1.2 22.4 � 1.6 � 0.001
Systolic blood pressure (mm Hg) 123 � 0.1 123 � 0.1 124 � 0.1 0.30 123 123 123 0.11
Regular aspirin use (%) 32 34 30 0.88 28 36 34 0.19
Postmenopausal (%) 41 41 40 0.34 41 42 42 0.99
Nutrient intake

Betaine (mg/d) 181 � 4.2 209 � 4.8 215 � 5.1 � 0.001 113 � 1.0 189 � 0.6 315 � 4.1 � 0.001
Choline (mg/d) 258 � 1.4 323 � 0.4 402 � 3.0 � 0.001 314 � 3.6 323 � 2.9 339 � 3.8 � 0.001
Folate (�g/d) 397 � 10.3 445 � 11.7 526 � 13.9 � 0.001 361 � 9.7 452 � 10.6 537 � 13.6 � 0.001
Riboflavin (mg/d) 4.3 � 0.5 4.7 � 0.4 6.5 � 0.5 � 0.001 3.7 � 0.3 5.6 � 0.4 5.7 � 0.5 0.001
Vitamin B-6 (mg/d) 7.7 � 1.0 8.6 � 1.2 12.7 � 1.4 � 0.001 8.3 � 1.2 7.7 � 0.8 12.4 � 1.5 0.03
Vitamin B-12 (�g/d) 9.7 � 1.1 10.8 � 0.5 14.7 � 0.7 � 0.001 10.3 � 0.6 12.2 � 1.0 12.8 � 0.7 0.003
Methionine (g/d) 1.5 � 0.01 1.8 � 0.01 2.1 � 0.02 � 0.001 1.8 � 0.02 1.8 � 0.02 1.9 � 0.02 � 0.001
Coffee (cups/d) 1.7 � 0.1 2.2 � 0.1 2.1 � 0.1 0.003 1.9 � 0.1 1.9 � 0.1 2.0 � 0.1 0.81
Alcohol (g/d) 6.5 � 0.6 7.7 � 0.6 5.8 � 0.6 0.28 4.9 � 0.6 7.3 � 0.7 6.5 � 0.5 0.30

1 n � 295 in each quintile of each intake.
2 Total choline intake was the sum of free choline and choline from glycerophosphocholine, phosphocholine, phosphatidylcholine, and sphingomyelin.
3 All characteristics other than age were standardized for age.
4 x� � SE (all such values).
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change (data not shown). This interaction was not significant for
choline from glycerophosphocholine (P for interaction � 0.15).

Alcohol also modified the association between choline from
glycerophosphocholine and tHcy (P for interaction � 0.02) (Ta-
ble 5). High intake of glycerophosphocholine was associated
with lower tHcy only among women in the top category of al-
cohol consumption (�15 g alcohol/d). Among women in that
category, tHcy was 27% lower in the highest quintile of glyc-
erophosphocholine intake than in the lowest quintile. Among
light drinkers and nondrinkers, tHcy was 8% and 5% lower in the
highest quintile of glycerophosphochline intake than in the low-
est quintile. Alcohol intake also modified the relations of choline
from phosphocholine (P for interaction � 0.04) and free choline
(P for interaction � 0.07) with tHcy (Table 5).

The intake of choline from glycerophosphocholine and that
from phosphocholine were most strongly associated with tHcy
among women who had a low-methyl diet (P for interaction �
0.002 for glycerophosphocholine and 0.001 for phosphocholine)
(Figure 2). Among women with low-, intermediate-, and high-
methyl diets, tHcy was 39%, 8%, and 1% lower in the highest
quintile of glycerophospholine intake than in the lowest quintile
and 18%, 9%, and 4% lower in the highest quintile of phospho-
choline intake than in the lowest quintile.

The association between free choline and tHcy was some-
what modified by alcohol intake, but we did not observe any
significant interactions between free choline and either folate

intake or methyl diet status. The associations between tHcy
and intakes of betaine, choline, choline � betaine, or choline
from lipid-soluble choline compounds were not modified by
folate intake, alcohol consumption, or low-methyl diets (data
not shown).

DISCUSSION

In this cross-sectional analysis of 1477 healthy women, the
sum of total choline � betaine intake was inversely associated
with fasting tHcy, even after adjustment for other tHcy predic-
tors, including folate. Individually, intakes of betaine and total
choline were not associated with tHcy concentrations. Choline
from 2 choline-containing compounds, glycerophosphocholine and
phosphocholine, was significantly associated with lower tHcy, and
these associations were modified by intakes of folate and alcohol.
The association between total choline � betaine and tHcy concen-
trations was not modified by the intake of alcohol or folate.

Betaine intake was not associated with fasting tHcy in our
population after adjustment for folate intake. In previous trials,
supplementation with 1.5 g betaine/d (30) but not with 1 g
betaine /d (31) significantly lowered fasting tHcy. Within the
highest quintile, the median intake of betaine in this population
was �300 mg/d, which may be too low to elicit a homocysteine-
lowering response. Betaine intake may be associated with lower

TABLE 3
Adjusted mean values of total homocysteine (tHcy) among 1477 women by quintile (Q) of energy-adjusted betaine, total choline, and total choline �
betaine intakes1

Nutrient intake Percentage
change

(Q1–Q5)
P for
trend2Q1 Q2 Q3 Q4 Q5

%
Betaine3

Median intake (mg/d) 116 157 189 224 295
Range � 139 140–173 173–206 207–252 �252
Age-adjusted tHcy 11.5 � 0.34 10.6 � 0.25 10.7 � 0.25 10.1 � 0.25 10.1 � 0.35 �12 0.001
Model 16 11.5 � 0.3 10.6 � 0.25 10.7 � 0.25 10.1 � 0.25 10.2 � 0.35 �11 0.003
Model 27 11.2 � 0.3 10.4 � 0.25 10.8 � 0.2 10.2 � 0.23 10.5 � 0.3 �6 0.21

Total choline8,9

Median intake (mg/d) 265 297 323 345 385
Range � 283 283–310 311–334 334–361 �361
Age-adjusted tHcy 11.4 � 0.3 10.7 � 0.25 10.7 � 0.25 10.2 � 0.25 10.1 � 0.35 �11 � 0.001
Model 16 11.4 � 0.3 10.6 � 0.25 10.6 � 0.2 10.3 � 0.25 10.1 � 0.35 �11 0.003
Model 27 11.0 � 0.3 10.4 � 0.2 10.6 � 0.2 10.4 � 0.2 10.6 � 0.3 �4 0.44

Choline � betaine (mg/d)10

Median intake (mg/d) 409 471 516 561 646
Range � 446 446–494 494–539 539–596 �597
Age-adjusted tHcy 11.8 � 0.3 10.7 � 0.25 10.6 � 0.35 9.9 � 0.25 10.0 � 0.35 �15 � 0.001
Model 16 11.8 � 0.3 10.6 � 0.25 10.7 � 0.35 9.9 � 0.25 10.0 � 0.35 �15 � 0.001
Model 27 11.3 � 0.3 10.4 � 0.25 10.7 � 0.3 10.1 � 0.25 10.4 � 0.35 �8 0.07

1 n � 295 in each quintile unless stated otherwise.
2 Linear regression coefficient for continuous variable was based on the median value from each quintile.
3 n � 296 in Q2 and Q4.
4 x� � SEM (all such values).
5 Significantly different from Q1 according to linear regression models, P � 0.05 (Wald test).
6 Model 1 was adjusted for age, smoking status, menopausal status, laboratory batch, coffee, total calories, and intakes of methionine and alcohol.
7 Model 2 was adjusted as Model 1 plus for intakes of folate and riboflavin.
8 n � 296 in Q2 and Q4.
9 Total choline intake was the sum of free choline and choline from glycerophosphocholine, phosphocholine, phosphatidylcholine, and sphingomyelin.
10 n � 296 in Q1 and Q5.
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tHcy in a population with a higher intake of betaine. Betaine
supplementation lowers postmethionine load tHcy more effec-
tively than it lowers fasting tHcy (32), and plasma betaine was a
stronger determinant of postmethionine load tHcy than was
plasma folate (33). The betaine pathway may be more important
in reducing increases in tHcy after a meal, when tHcy flux in the
liver is high, whereas the folate pathway may be more crucial in
maintaining fasting tHcy. The betaine-homocysteine methyl-
transferase enzyme in the betaine pathway is located mainly in

human liver and kidney cells (34), whereas methylenetetrahy-
drofolate reductase in the folate pathway is located in most hu-
man tissues throughout the body (35).

Total choline was not associated with tHcy in the population of
the present study. Although men on a choline-deficient diet (50
mg/d) in an earlier study had significantly elevated tHcy (36), the
present study did not show significantly higher tHcy within the
lowest quintile of total choline intake. The intake of phosphati-
dylcholine also was not associated with tHcy in this population.

TABLE 4
Adjusted mean values of total homocysteine (tHcy) by quintile (Q) of energy-adjusted choline-containing compounds1

Nutrient intake Percentage
change

(Q1–Q5)
P for
trend2Q1 Q2 Q3 Q4 Q5

%
Water-soluble

Choline from
glycerophosphocholine3

Median intake (mg/d) 34.3 43.6 51.1 61.7 80.0
Range � 39.3 39.4–47.3 47.4–56.3 56.3–68.9 �68.9
Age-adjusted tHcy 11.6 � 0.34 11.1 � 0.3 10.5 � 0.25 10.4 � 0.35 9.5 � 0.25 �18 � 0.001
Model 16 11.6 � 0.3 11.0 � 0.3 10.5 � 0.25 10.3 � 0.35 9.6 � 0.25 �17 � 0.001
Model 27 11.1 � 0.3 10.8 � 0.3 10.5 � 0.2 10.6 � 0.3 10.0 � 0.25 �10 � 0.01

Choline from
phosphocholine8

Median intake (mg/d) 10.2 12.5 14.3 16.6 20.3
Range � 11.5 11.5–13.4 13.4–15.4 15.4–18.0 �18.0
Age-adjusted tHcy 11.6 � 0.3 11.2 � 0.3 10.9 � 0.3 9.9 � 0.25 9.4 � 0.25 �19 � 0.001
Model 16 11.5 � 0.3 11.2 � 0.3 10.9 � 0.3 9.9 � 0.25 9.5 � 0.25 �17 � 0.001
Model 27 10.9 � 0.3 11.0 � 0.3 11.0 � 0.3 10.1 � 0.25 10.0 � 0.25 �8 0.001

Free choline9

Median intake (mg/d) 58.5 67.5 73.8 80.8 92.8
Range � 63.6 63.6–71.0 71.0–77.4 77.4–85.8 �85.9
Age-adjusted tHcy 11.0 � 0.2 10.8 � 0.2 10.7 � 0.3 10.3 � 0.25 10.2 � 0.25 �7 0.009
Model 16 11.3 � 0.3 10.9 � 0.2 10.6 � 0.3 10.2 � 0.35 10.0 � 0.35 �12 � 0.001
Model 27 10.7 � 0.3 10.6 � 0.2 10.8 � 0.3 10.4 � 0.2 10.5 � 0.3 �2 0.47

Lipid-soluble
Choline from

phosphatidylcholine10

Median intake (mg/d) 120 140 157 175 207
Range � 131 131–148 148–164 164–187 �187
Age-adjusted tHcy 10.7 � 0.3 10.7 � 0.2 10.4 � 0.3 10.4 � 0.2 10.8 � 0.3 1 0.99
Model 16 10.3 � 0.3 10.6 � 0.2 10.5 � 0.3 10.7 � 0.2 11.0 � 0.3 7 0.10
Model 27 10.5 � 0.3 10.5 � 0.2 10.5 � 0.3 10.5 � 0.2 11.0 � 0.3 5 0.17

Choline from
sphingomyelin11

Median intake (mg/d) 13.4 16.1 18.2 20.4 23.7
Range � 14.9 14.9–17.2 17.2–19.3 19.3–21.9 �21.9
Age-adjusted tHcy 10.8 � 0.3 10.8 � 0.3 10.5 � 0.3 10.5 � 0.2 10.5 � 0.3 �3 0.32
Model 16 9.9 � 0.3 10.4 � 0.3 10.4 � 0.3 11.0 � 0.35 11.3 � 0.45 14 0.02
Model 27 10.5 � 0.4 10.6 � 0.3 10.3 � 0.3 10.7 � 0.3 11.0 � 0.3 5 0.39

1 n � 295 in each quintile unless stated otherwise.
2 Linear regression coefficient for continuous variable was based on the median value from each quintile.
3 n � 296 in Q3 and Q4.
4 x� � SEM (all such values).
5 Significantly different from Q1 according to linear regression models, P � 0.05 (Wald test).
6 Model 1 was adjusted for age, smoking status, menopausal status, laboratory batch, coffee, total calories, and intakes of methionine and alcohol.
7 Model 2 was adjusted as model 1 plus for intakes of folate and riboflavin.
8 n � 297 in Q1, 293 in Q2, and 296 in Q3 and Q4.
9 n � 296 in Q1, Q3, and Q4 and 294 in Q2.
10 n � 296 in Q2 and Q5.
11 n � 297 in Q3 and Q5 and 293 in Q4.
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Choline supplementation in the form of phosphatidylcholine re-
duced fasting tHcy by 18% in a recent randomized trial (18). The
supplement contained 2.6 g choline/d (as phosphatidylcholine),
which was much higher than the intake of phosphatidylcholine
among the women in the present study (median: 157 mg/d).

The intake of both betaine and choline was inversely associ-
ated with tHcy within the Framingham Offspring Study, a pop-
ulation that included men and women (37). However, there was
a significant interaction by sex: men had stronger inverse asso-
ciations than did women. A recent study in 903 Dutch women
found no significant association between dietary intake of be-
taine or choline and tHcy (38). Results from animal studies sug-
gest that females may have significantly greater endogenous
phosphatidylcholine synthesis than do males (39). Men may be
more dependent on exogenous sources of choline and betaine
than are women.

Choline from 2 water-soluble compounds, glycerophospho-
choline and phosphocholine, significantly predicted fasting
tHcy. Choline from glycerophosphocholine and that from phos-
phocholine were strongly correlated with each other (r � 0.7, P
� 0.0001) and therefore may provide similar information. We

had no evidence to combine these nutrients a priori, and therefore
we chose to present the results of these 2 nutrients separately.
Absorption of the choline-containing compounds differs; the
water-soluble compounds are absorbed in the portal circulation
and go directly to liver, whereas the lipid-soluble compounds are
absorbed via thoracic duct, which bypasses the liver (40). Although
they are interchangeable in the body (41), the various choline com-
pounds may have different metabolic fates when ingested. In addi-
tion to oxidation into betaine, choline is required for VLDL syn-
thesis (as phosphatidylcholine) and neurotransmitter function (as
acetylcholine) (41). Metabolic studies of the specific choline
compounds may be warranted, because the differences in the
kinetics, metabolism, and bioavailability from food are not well
known.

We observed stronger associations of choline from glycero-
phosphocholine and phosphocholine with tHcy in women with
low intakes of folate than in those with high intakes. Stratification
by alcohol intake in women with low folate resulted in an even
stronger dose response between the choline-containing com-
pounds and tHcy. Among women with adequate folate intake, the
same associations with tHcy were more modest. In previous

TABLE 5
Adjusted mean values of total homocysteine (tHcy) among 1477 women by quintile (Q) of energy-adjusted glycerophosphocholine and phosphocholine
within categories of folate intake and alcohol intake1

Nutrient intake Percentage
change

(Q1–Q5)
P for

interactionQ1 Q2 Q3 Q4 Q5

%
Folate intake (�g/d)

Choline from
glycerophosphocholine2

Median intake (mg/d) 34.3 43.6 51.1 61.7 80.0
�400 �g/d (n � 731) 12.0 � 0.53,4 11.2 � 0.44 10.8 � 0.3 11.4 � 0.54 10.2 � 0.3 �15 0.15
�400 �g/d (n � 746) 10.1 � 0.3 10.5 � 0.34 10.2 � 0.3 10.0 � 0.3 9.7 � 0.3 �4

Choline from phosphocholine2

Median intake (mg/d) 10.2 12.5 14.3 16.6 20.3
�400 �g/d (n � 731) 11.7 � 0.44 11.8 � 0.54 11.5 � 0.54 10.3 � 0.3 9.9 � 0.4 �15 0.03
�400 �g/d (n � 746) 10.1 � 0.3 10.1 � 0.3 10.5 � 0.34 9.9 � 0.2 9.7 � 0.3 �4

Alcohol intake (g/d)
Choline from

glycerophosphocholine5

Median intake (mg/d) 34.3 43.6 51.1 61.7 80.0
0 g/d (n � 471) 10.3 � 0.3 10.5 � 0.5 10.3 � 0.3 10.5 � 0.4 9.8 � 0.3 �5
0.1–14.9 g/d (n � 768) 11.0 � 0.4 10.5 � 0.2 10.4 � 0.3 10.7 � 0.4 10.1 � 0.3 �8 0.02
�15 g/d (n � 196) 14.2 � 1.66 12.7 � 1.6 11.4 � 0.7 11.1 � 0.5 10.3 � 0.6 �27

Choline from phosphocholine5

Median intake (mg/d) 10.2 12.5 14.3 16.6 20.3
0 g/d (n � 471) 9.8 � 0.3 10.7 � 0.4 11.3 � 0.56 9.8 � 0.3 9.6 � 0.3 �2
0.1–14.9 g/d (n � 768) 10.9 � 0.46 10.5 � 0.2 11.1 � 0.56 10.3 � 0.2 10.0 � 0.3 �8 0.04
�15 g/d (n � 196) 13.1 � 1.06 13.3 � 1.56 10.9 � 0.5 10.5 � 0.5 10.7 � 0.6 �18

Free choline5

Median intake (mg/d) 58.5 67.5 73.8 80.8 92.8
0 g/d (n � 471) 10.1 � 0.3 10.3 � 0.3 10.8 � 0.4 9.7 � 0.3 10.6 � 0.6 5
0.1–14.9 g/d (n � 768) 10.5 � 0.4 10.7 � 0.3 10.2 � 0.3 10.6 � 0.4 10.7 � 0.3 2 0.07
�15 g/d (n � 196) 14.8 � 2.36 11.1 � 0.8 13.7 � 1.86 11.5 � 0.66 10.6 � 0.4 �28

1 Linear regression model was adjusted for age, smoking status, menopausal status, laboratory batch, coffee, total calories, and intakes of methionine and
riboflavin.

2 Also adjusted for alcohol intake.
3 x� � SEM (all such values).
4 Significantly different from Q5 of choline-containing compound and folate � 400 �g/d category based on linear regression models, P � 0.05 (Wald test).
5 Also adjusted for folate intake.
6 Significantly different from Q1 of choline-containing compound and 0 g/d alcohol based on linear regression models, P � 0.05 (Wald test).
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studies, plasma betaine was most strongly associated with fasting
and postmethionine loading tHcy among patients with low
plasma folate (33, 42). The addition of betaine supplementation
to a folic acid treatment had no additional effect on fasting tHcy
in patients with hyperhomocysteinemia (43–45).

Betaine-dependent remethylation may compensate if the fo-
late remethylation pathway is impaired because these 2 pathways
are interrelated (46). In human and animal studies, a folate-
deficient diet lowered choline stores, presumably because of an
increased demand for choline as a methyl donor (7, 47). Choline
concentrations were restored after folate repletion. Folate sup-
plementation also increased plasma betaine (19). On the other

hand, choline deficiency reduces folate stores, which are also
restored through choline repletion (48).

The betaine pathway may be influenced by alcohol, a known
folate inhibitor. In animal studies, alcohol administration in-
creases activity in the betaine-homocysteine methyltransferase
enzyme (49), which is responsible for donating the methyl group
from betaine to tHcy (Figure 1). Betaine supplementation also
prevents an ethanol-induced rise in tHcy and an ethanol-induced
reduction in S-adenosylmethionine (9, 50), a metabolite of me-
thionine, which acts as a methyl donor in DNA methylation.

The adequate intake of choline has been set at 425 mg/d for
women and 550 mg/d for men (51). In the population of the
present study, the cutoff for the 95th percentile of choline was
411 mg/d, which suggests that most of women within this pop-
ulation are not meeting the suggested intake. The intake of be-
taine from foods in the present population was lower than the
previous estimates of 0.5–2 g/d (15). However, the median intake
for both choline and betaine in the present population is consis-
tent with values from other cohorts in the United States—313 mg
for choline and 208 mg for betaine (37)—and in the Nether-
lands—300 mg for choline and 241 mg for betaine (38). In these
cohorts, both nutrients were calculated with the use of the new
USDA nutrient database (20). The use of self-reported FFQs may
have led to an underestimation of the absolute intake of these
nutrients. Although we may have underestimated the absolute
intake, the FFQ used in this study was designed to rank partici-
pants, and thus it is likely that we properly discriminated subjects
into the highest and lowest categories of intakes.

In conclusion, we found that intake of betaine � total choline was
associated with lower tHcy. We also found that choline from 2
water-soluble choline-containing compounds, glycerophosphocho-
lineandphosphocholine,was inverselyassociatedwith tHcy,which
was most pronounced among women with a methyl-deficient diet.
Further studies are needed to understand the differences in the
metabolism and absorption of dietary sources of specific choline
compounds. Although the betaine-remethylation pathway can
compensate for the folate-remethylation pathway when folate
availability is reduced, adequate intake of both nutrients may be
most important in relation to chronic diseases.
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Effect of a 12-mo micronutrient intervention on learning and memory
in well-nourished and marginally nourished school-aged children: 2
parallel, randomized, placebo-controlled studies in Australia and
Indonesia1�4

The NEMO Study Group

ABSTRACT
Background: Little is known about the combined effect of micro-
nutrients and essential fatty acids on cognitive function in school-
aged children.
Objective: We assessed the effect of micronutrients, long-chain
n�3 fatty acids, or both on indicators of cognitive performance in
well-nourished and marginally nourished school-aged children.
Design: Two 2-by-2 factorial randomized controlled double-blind
trials were performed home-based in Adelaide, South Australia, and
at 6 primary schools in Jakarta, Indonesia. A total of 396 children
(aged 6-10 y) in Australia and 384 children in Indonesia were ran-
domly allocated to receive a drink with a micronutrient mix (iron,
zinc, folate, and vitamins A, B-6, B-12, and C), with docosahexanoic
acid (DHA,88 mg/d) and eicosapentaenoic acid (EPA, 22 mg/d), or
with both or placebo 6 d/wk for 12 mo. Biochemical indicators were
determined at baseline and 12 mo. Cognitive performance was mea-
sured at baseline, 6 mo, and 12 mo.
Results: The micronutrient treatment significantly improved
plasma micronutrient concentrations in Australian and Indonesian
children. DHA�EPA treatment increased plasma DHA and total
plasma n�3 fatty acids in both countries. The micronutrient treat-
ment resulted in significant increases in scores on tests representing
verbal learning and memory in Australia (estimated effect size: 0.23;
95% CI: 0.01, 0.46). A similar effect was observed among Indone-
sian girls (estimated effect size: 0.32; 95% CI: �0.01, 0.64). No
effects were found on tests measuring general intelligence or atten-
tion. No effects of DHA�EPA on the factors of cognitive tests were
observed.
Conclusion: In well-nourished school-aged children, fortification
with multiple micronutrients can result in improvements in verbal
learning and memory. Am J Clin Nutr 2007;86:1082–93.

KEY WORDS Micronutrients, fatty acids, cognition, school-
aged children

INTRODUCTION

Nutrition is one of the many factors that influence cognitive
development in infants and children, particularly in undernour-
ished children in developing countries. Micronutrient deficien-
cies, such as iron and iodine deficiencies, are associated with
impaired cognitive development in infants and young children

(1–3), and there is emerging, conflicting evidence that deficien-
cies in zinc, folate, and vitamin B-12 are also linked to compro-
mised development in children (3, 4). More recent publications
indicate a possible role for the long chain n�3 fatty acids, in
particular, docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), on child cognitive development (5, 6), although most
evidence in school-aged children is limited to studies in children
with specific neurodevelopmental disorders (7).

Most studies on the effect of nutrient interventions on cogni-
tion have focused on the role of single nutrient interventions in
children with deficiencies in the younger age groups when brain
development is at its peak and is particularly sensitive to insults
due to dietary deficiencies (1, 3, 4, 8). However, micronutrient
deficiencies are known to often coexist, and multiple micronu-
trient interventions may be more effective (2). The brain contin-
ues to grow and develop during childhood and adolescence, and
relatively little is known about the role of nutrition after 2 y of age
and how much the role of nutrition in cognitive development
differs in children in poorer versus well-off environments. Very
few randomized controlled intervention studies assessing the
efficacy of a multiple-micronutrient intervention on cognitive
function in schoolchildren have been reported in the literature so
far. Beneficial effects on verbal and nonverbal abilities, includ-
ing short-term memory, attention, and concentration, were ob-
served in some (9–11) but not all (12) of these studies.
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We are not aware of any studies comparing the effect of mul-
tiple micronutrients with or without long-chain n�3 fatty acids
on cognitive function in healthy children. It is known that certain
micronutrients, such as iron and zinc, may play a role in fatty acid
bioavailability and metabolism (13), and it can be argued that
combined supplementation with micronutrients and fatty acids
may enhance the potential beneficial effects of both on cognition.

We performed 2 randomized, double-blind, controlled inter-
vention studies [the NEMO (Nutrition Enhancement for Mental
Optimization) studies] to assess the single and combined effects
of 12 mo of supplementation with selected multiple micronutri-
ents and DHA�EPA on cognitive performance in school-aged
children. One trial was conducted in South Australia among
well-nourished children and the other trial in urban Jakarta, In-
donesia, in marginally nourished children. Our hypothesis was
that the marginally nourished children would benefit more from
the intervention. Both trials followed the same design, and we
will present the methods of the 2 studies combined. However,
because the countries differed substantially in nutritional status
and other important characteristics, the results will be presented
and discussed separately for Australia and Indonesia.

SUBJECTS AND METHODS

Study population

The trials were conducted from August 2003 to April 2005 in
children aged 6–10 y from South Australian government metro-
politan schools of higher socioeconomic status in Adelaide and
from schools in the central district of Jakarta of middle to low
socioeconomic status. Children were eligible for entry in the
study if they met the entry criteria for age, did not have any severe
physical or neurologic health problems that could affect their
performance on the cognitive tests, and had not consumed any
micronutrient, mineral, or fatty acid supplements during the 2 wk
preceding the study start and were not intending to use these
supplements during the course of the study. In addition, children
who were severely malnourished [defined as a weight-for-height
z-score � �3 SDs (14)] or severely anemic [defined as a hemo-
globin concentration � 8.0 g/dL (15)] were excluded. In Indo-
nesia, the study population consisted of marginally nourished
children, and for this reason, children with a weight-for-height
z-score above 0.44 SD were also excluded from participation.
The cutoff of 0.44 SD was selected arbitrarily. In both countries,
written informed consent was obtained from the parents of the
children, and oral assent was obtained from the children.

In Australia, the intervention was home-based, with the chil-
dren being recruited through invitations distributed either
through the schools or through an additional media drive. A
general, unpersonalized invitation to the parents of children in
the appropriate age range was distributed through the schools.
Thereafter, the parents contacted the researchers if they wished to
have their child participate in the trial. A total of 434 children
from 42 different schools followed up on the opportunity to
participate, and their parents provided informed consent. Of
these 434 children, 1 child was not eligible for inclusion in the
study because birth data were missing. Initially, 329 Australian
children were randomly assigned in the study between August
and October 2003. In March-May 2004, it was necessary to
conduct a further recruitment drive (n � 67) to compensate for
the children who had withdrawn from the study before being

randomly assigned. A total of 37 children had withdrawn from
the study before the start because of the time lag between recruit-
ment and the actual start of the study.

In Indonesia, a total of 498 children from 6 public schools
located in an urban poor area of central Jakarta were screened for
eligibility. Out of these children, 105 were not eligible because
they either had incomplete birth data, had chronic health prob-
lems, or did not fulfill the nutritional status criteria. A total of 9
children refused to participate; 384 children were randomly as-
signed in the study.

Power calculations before the start of the study had identified
a required sample size of 60 children per treatment group to
enable detection of an effect size of 0.4–0.7 SD for most of the
cognitive test scores with 80% power and a type I error of 5%.

The CSIRO Human Ethics Committee and the Department of
Education and Children’s Services Ethics Committee in Ad-
elaide, Australia, and the Committee on Medical Research Eth-
ics, Faculty of Medicine, University of Indonesia, Jakarta, gave
ethical approval for the study.

Study design

The studies in Australia and Indonesia both used a 2-by-2
factorial design in which the children were individually ran-
domly allocated to 1 of 4 intervention groups: 1) a mix of mi-
cronutrients, 2) n�3 fatty acids, 3) both, or 4) none. A fruit-
flavored drink (soy 0.6%) was used as the vehicle for all
treatments, which were added as powders. In Australia, the chil-
dren were randomly assigned to intervention groups on entry in
the study. In Indonesia, the children were stratified by school
before being randomly assigned. Random assignment was done
by means of a computer-generated list in both countries. Before
the randomization step, baseline data for anthropometry, micro-
nutrient status, fatty acid status, cognitive performance, parental
education, and child’s medical history and current health and
behavior were collected. The interventions began immediately
after baseline data collection and continued for 1 y.

Intervention

The intervention products used consisted of 4 powdered for-
tificants that were added to a base powder containing 8 g protein,
12 g sugar, and 4 g maltodextrin to be dissolved in 100 mL of a
soy-based fruit drink (AdeS; Unilever, Buenos Aires, Brazil) in
a plastic shaker with a screw top and then shaken for �20 s. The
powders were produced by Unilever Netherlands BV (Vlaardin-
gen, Netherlands). The micronutrient mix consisted of iron, fo-
late, vitamin B-6, and vitamin B-12 at one times the Recom-
mended Dietary Allowance or Recommended Daily Intake
(RDA/RDI; 16) and zinc at one-half the RDA/RDI, because all
these nutrients have been associated with cognitive performance
in children, with the association being strongest for iron in this
age group. Zinc was added at one-half the RDA to avoid potential
interference with iron absorption (17). In addition, vitamin A and
vitamin C at one times the RDA were added, because of their role in
enhancing iron absorption and metabolism. The DHA�EPA mix
consisted of 88 mg DHA and 22 mg EPA, at a concentration based
on intake recommendations for fatty fish in children (18) (Table 1).

The supplement powders were indistinguishable in color and
taste and were color-coded. The codes remained unknown to
both investigators and participants until the study was com-
pleted, all data had been entered, and initial analyses had been
performed.
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The powder drinks were to be consumed daily. The study
participants in Australia were required to prepare and consume
the drink at home under parental supervision. Compliance as-
sessment was calculated from records of sachets issued and re-
turned, along with self-report calendars. In Indonesia, the chil-
dren received the drink prepared by their teachers at school every
school day, that is, 6 d/wk. Two trained compliance officers
undertook compliance assessment at the schools by using a
marked stick to indicate the percentage of the drink left over.
Additionally, in Indonesia only, the children in all 4 intervention
groups received 3 biscuits (Flora Maria; Unilever, Barcelona,
Spain) together with the intervention products, delivering �100
kcal as a protein-energy supplement. During school holidays and
the fasting month (Ramadan), the supplement was consumed at
home, and the parents were instructed that the supplement and
biscuits were to be consumed 6 d/wk.

Cognitive tests

Measures of cognitive and school performance were adminis-
tered at baseline and at 6 and 12 mo. The cognitive assessment
battery is described in more detail in Table 2 and consisted of a
series of standardized neuropsychological tests applicable for use in
school-aged children and selected for their good reliability and sen-
sitivity to nutrition effects as described elsewhere (19, 20).

For Indonesia, the English language assessment battery was
translated and back-translated into the local language, Bahasa
Indonesia, for verification. Some items were changed according
to cultural sensitivity.

The cognitive assessment battery was administered to children
by psychologists registered with the South Australian Psycho-
logical Board and by licensed psychologists in Indonesia. The
psychologists in Indonesia were trained in a 2-d workshop con-
ducted by the Australian psychologists to ensure standardization
in the assessment and scoring procedures.

In Australia, the tests were administered in separate rooms free
from distraction at schools or at the CSIRO center. In Indonesia,
3 individual assessment sessions took place in the same room at
schools with groups separated by partition boards. The duration
and order of the tests were similar in Australia and Indonesia, and
each assessment session took �60–90 min.

Biochemical indicators

In Australia, nonfasting venous blood samples were obtained
at the Women’s and Children’s Hospital, Adelaide; in Indonesia,

they were obtained at school. Separation of red blood cell and of
serum or plasma was conducted by centrifuging the blood im-
mediately (3000 � g, 15 min, room temperature), after which the
serum was divided into aliquots. In Indonesia and Australia, the
hemoglobin concentration of the blood samples was assessed by
absorption spectrophotometry (Cell-Dyn 3700; Abbott, Abbott
Park, IL). For all other analyses, Indonesian samples were stored
at �70°C until their transport on dry ice to Australia. All assays
were performed in accredited laboratories in Adelaide with the
use of standard quality control measurements.

Serum ferritin, serum vitamin B-12, and red blood cell folate
were measured by a Microparticle Enzyme Immunoassay [Ab-
bott AxSYM analyzer (21)]. Serum transferrin receptor was de-
termined by immunoturbidimetric assay (Roche Hitachi 904,
Roche Diagnostics 2003-05, V4, Indianapolis, IN). Plasma zinc
was analyzed by measuring zinc from plasma lithium-
heparinized tubes by use of flame atomic absorption spectropho-
tometry [Perkin Elmer 5100PC (22); Waltham, MA)]. Serum
C-reactive protein was analyzed by a turbidimetric method
[Beckman SYNCHRON CX System (21); Brea, CA]. Fatty acid
determination was done in serum phospholipids that were sepa-
rated by thin-layer chromatography and evaporated to dryness
under nitrogen. Fatty acid methyl esters were separated and
quantified by using a Hewlett-Packard 6890 gas chromatograph
equipped with a 50-m capillary column (0.33 mm internal diam-
eter) coated with BPX-70 (0.25-m film thickness; SGE Pty Ltd,
Victoria, Australia). Fatty acid methyl esters were identified on
the basis of retention time to authentic lipid standards obtained
from Nuchek Prep Inc (GLC-463, Elysian, MN; 23).

Data handling

All data collection forms were checked for inconsistencies,
and cognitive tests were double-scored by independent psychol-
ogists in both countries. Data forms were shipped from Indonesia
to Australia, where all cognitive data were again checked and
double-scored by the Australian psychologists to ensure stan-
dardization of scoring. All data were double-entered in Indonesia
and again in Australia, and cross-checks were performed. Body
iron stores were calculated according to the method described by
Cook et al (24). We performed a correction on our serum trans-
ferrin receptor values as described by Pfeiffer et al (25) to correct
for the Roche assay that was used in our study. A Rey Auditory

TABLE 1
Composition of the intervention products1

Nutrient
Concentration in

intervention product
RDI, Australia

(8–11 y)
RDA, Indonesia

(7–9 y)

Iron as NaFeEDTA 10 mg 6–8 mg 10 mg
Zinc as zinc sulfate 5 mg 9 mg 10 mg
Vitamin A as retinol acetate 400 �g RE 500 �g RE 400 �g RE
Folate 150 �g 150 �g 80 �g
Vitamin B-6 1 mg 1.5 mg 1.0 mg
Vitamin B-12 1.5 �g 1.5 �g 0.9 �g
Vitamin C 45 mg 30 mg 45 mg
DHA 88 mg NA NA
EPA 22 mg NA NA

1 DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; NA, not available; RDI, Recommended Daily Intake; RDA, Recommended Dietary
Allowance (16).
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Verbal Learning Tests (RAVLT) learning slope was calculated
as the linear regression coefficient of the individual RAVLT tests
(A1 and A5).

As part of the data screening, distributions of the scores on
the cognitive tests were checked for normality, and floor
effects on the RAVLT tests in Indonesia were examined. Four

TABLE 2
Overview of measures of cognition and school performance administered in Australia and Indonesia1

Test Description Cognitive abilities

Both countries
Digits backwards (WISC-III) Strings of digits (1 to 9) are read by the examiner. The

child is asked to repeat the number strings in
reverse order.

Working memory, transformation of information, and mental
manipulation

Visual attention 2 (NEPSY) An array of different faces (drawings) is presented
simultaneously on paper. The child has to identify
the 2 target faces in the array.

Visual selective attention

Coding (WISC-III) Symbols paired with digits are presented. The child
has to draw as many symbols as possible under
corresponding digits within 120 s.

Visual-motor processing speed and coordination, short-term
memory, visual perception, visual scanning, cognitive
flexibility, attention

Block design (WISC-III and
WAIS)2

The child has to reproduce designs of increasing
complexity from a stimulus booklet by using 2 to 9
bicolor cubes.

Visuospatial problem solving, visual nonverbal reasoning,
visual perception and organization

Fluency structured and
random (NEPSY)

The child has 60 s to rapidly generate
nonrepresentational designs in squares containing 5
regularly or randomly positioned dots by connecting
2 or more dots in each square.

Components of executive functions: initiate, generate, shift,
self-regulate, and self-monitor (planning ability)

Rey Auditory Verbal
Learning Test (RAVLT)

A list of 15 unrelated, concrete nouns is read aloud.
The child has to repeat any words recalled (the
order has no importance). There are 8 free recall
trials in total (5 trials of list A; then one interference
trial: list B; followed immediately by recall of list
A; a final recall of list A after a 20-min interval) and
2 visually cued recall tests (recognition list A and
recognition list B).

Provides different measures of immediate and long-term
verbal learning and verbal memory

Vocabulary (WISC-III) The child is asked to define words of increasing
difficulty. (Adapted into Bahasa in Indonesia.)

Acquired knowledge and verbal concept formation

Mathematical reasoning
(WIAT Screener)

Written mathematical problems are presented in a
stimulus booklet and orally. (Examples were
adapted to Indonesia.)

Mathematical achievement and school performance

Australia
Reading (WIAT Screener) The child has to read aloud words of increasing

difficulty.
Reading achievement and school performance

Spelling (WIAT Screener) Words are read aloud by the examiner, then repeated
in a sentence, then isolated again. The child then
writes the word.

Spelling achievement and school performance

Factor 1 (general or fluid
intelligence)3

Tests loading on this factor: design fluency, block
design, coding, vocabulary, digits backwards, and
mathematical reasoning.

Factor 2 (verbal learning and
memory)

Tests loading on this factor: RAVLT-A3, RAVLT-
slope, RAVLT delayed recall.

Factor 3 (attention and
concentration)

Tests loading on this factor: visual attention.

Indonesia
Reading comprehension
(Neale Analysis of Reading)

The child had to read a series of short stories of
increasing length and difficulty. Questions of
comprehension were asked. (Original test was
translated into Bahasa and modified.)

Verbal comprehension, memory, language development

Factor 1 (fluid Tests loading on this factor: design fluency, block
intelligence)3 design

Factor 2 (verbal learning and
memory)

Tests loading on this factor: RAVLT-A3, RAVLT-
slope, delayed recall, vocabulary.

Factor 3 (attention and
concentration)

Tests loading on this factor: visual attention, coding,
digits backwards, mathematical reasoning.

1 WISC-III, Wechsler Intelligence Scale for Children, third edition; NEPSY, Developmental Neuropsychological Assessment; WAIS-III, Wechsler Adult
Intelligence Scale, third edition; RAVLT, Rey Auditory Verbal Learning Test; WIAT Screener, Wechsler Individual Achievement Test.

2 WISC-III was augmented with designs from WAIS-III to avoid ceiling effects and increase variability.
3 More detailed description of factor loadings will be described in a future publication (C Wilson, C Transler, H van der Knaap; 2007).
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psychologists who were blinded to the treatment assignment
independently reviewed all individual scores on this test and
identified 69 children in Indonesia with scores that were be-
low the lowest cutoff. These unexpectedly low scores may
have been due in part to a lack of understanding of the test
instructions by either the children or the interviewers. Be-
cause RAVLT scores for these children could be considered
unreliable and because no differences were observed in base-
line characteristics for children with and without reliable
RAVLT scores (data not shown), treatment analyses on the
RAVLT scores were performed and reported excluding the
data for these 69 children. No floor or ceiling effects were
observed on the other cognitive tests, and all other analyses
were performed on the whole sample. All data were handled
and stored according to Good Clinical Practice Guidelines
(Internet: http://www.fda.gov/cder/guidance/959fnl.pdf).

Statistical analysis

The 2 countries differed substantially not only in nutritional
status but also in other characteristics likely to influence perfor-
mance on tests, such as experience with and attitude toward
testing and type of education. Therefore, data for Indonesia and
Australia were analyzed separately. The specific analyses for
each type of outcomes are detailed below.

Biochemical outcomes

The main effects of micronutrients and DHA�EPA and the
interaction between micronutrients and DHA�EPA on change
in biochemical indicators and cognitive test outcomes were an-
alyzed by using analysis of covariance, including sex and age and
cohort in Australia as covariates and evaluating interactions with
sex and age. Sex and age were selected a priori to be included as
covariates in the model because there is evidence from the liter-
ature that sex and age might interact with nutritional interven-
tions for their effect on cognitive performance (20, 26). In addi-
tion, in Australia, cohort of recruitment (2003 or 2004) was
introduced as an additional covariate in the models, because

baseline characteristics (age and some of the cognitive test
scores) of children recruited in the 2003 and 2004 cohorts dif-
fered significantly. In Indonesia, C-reactive protein concentra-
tions were included as covariates for the analyses of serum fer-
ritin and serum zinc to control for unusually high concentrations
due to the acute phase response during infections.

Cognitive outcomes

Cognitive measures included a series of multiple psycholog-
ical tests thought to be related to a few specific cognitive domains
(such as memory, attention, and fluid intelligence), consistent
with the Carroll model (27). The selection of these tests has been
described in detail elsewhere (19), and more details on the tests
are described in Table 2. Evaluating multiple outcomes may
increase the possibility of observing false-positive effects due to
chance. For these reasons, we evaluated the effect of the inter-
vention on clusters of the individual cognitive tests by means of
a factor analysis using oblique rotation (28). This procedure also
provided an opportunity to compare cognitive constructs at base-
line in Indonesia and Australia. Similarity between the factor
structure in the 2 countries was assessed by means of a propor-
tionality coefficient (28). In both countries, 3 factors emerged, as
will be described in detail elsewhere (C Wilson, C Transler, H
van der Knaap, et al, unpublished observations, 2007). In Aus-
tralia, the first factor was dominated by coding, design fluency,
vocabulary, digits backwards, mathematical reasoning, and
block design and can be interpreted as representing general or
fluid intelligence. Factor 2 was dominated by RAVLT-A3,
RAVLT-slope and RAVLT delayed recall and was interpreted as
representing verbal learning and memory. Factor 3 was domi-
nated by the visual attention test and therefore reflected attention.
In Indonesia, factor 1 was dominated by design fluency and block
design and can be interpreted as representing fluid intelligence.
Factor 2 was dominated by RAVLT-A3, RAVLT-slope, delayed
recall, and vocabulary and was interpreted as representing verbal
learning and memory, and factor 3 was dominated by visual
attention, coding, digits backwards, and mathematical reasoning

Not eligible
(n=1; missing data)

Refused (n=37)

Lost to follow-up
(n=39; 37%)

Agreed blood drawing
(n=25)

Completed follow-up
(n=67)

Allocated to vitamin group
(n=106)

Lost to follow-up
(n=29; 30%)

Agreed blood drawing
(n=31)

Completed follow-up
(n=67)

Allocated to DHA group
(n=96)

Lost to follow-up
(n=21; 23%)

Agreed blood drawing
(n=25)

Completed follow-up
(n=71)

Allocated to vitamin + DHA group 
(n=92)

Lost to follow-up
(n=31; 30%)

Agreed blood drawing
(n=24)

Completed follow-up
(n=71)

Allocated to placebo group
(n=102)

Randomly assigned (n=396)

Assessed for eligibility (n=434)

FIGURE 1. Trial profile: Australia.
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and was thought to represent attention and concentration (Fons
vd Vijver, personal communication, 2006). For both countries,
factor scores were calculated by using the weighed means of the
tests loading on that factor. Analysis of covariance adjusted for
sex and age in Indonesia, and sex, age, and cohort in Australia,
was performed by using the change in factor scores as an outcome
and evaluating interactions with sex and age. All analyses were
performed by using the SAS (version 9.0) statistical software
package (SAS Institute Inc, Cary, NC).

RESULTS

Australia

In Australia, 396 children were randomly allocated to the 4
treatment groups, and a total of 276 children completed the study
(Figure 1). The 120 children (30%) who dropped out during the
study either lost interest (n � 32), did not like the taste of the
supplement or juices (n � 23), could not participate further
because of family issues (n � 15), had moved (n � 7), or with-
drew for other specified or unknown reasons (n � 43). There
were no significant differences between treatment groups in the
number of dropouts or in the reasons for dropping out. Children
who dropped out during the study did not differ significantly in
baseline characteristics from children who completed the study
(data not shown). A relatively large number of children or their
parents did not consent to blood sampling, and thus the final

sample sizes for blood indexes were 25, 31, 25, and 24 in the
micronutrients, DHA�EPA, micronutrients�DHA�EPA, and
placebo groups, respectively.

Adherence to the feeding regimen (in % of d; x� � SD) assessed
by returned sachet count was 73 � 16%, 79 � 15%, 76 � 17%,
and 75 � 16% in children in the micronutrients, DHA�EPA,
micronutrients�DHA�EPA, and placebo groups, respectively.
Adherence assessed by self-reported calendars was 79 � 18%,
84 � 12%, 82 � 17%, and 84 � 12% in the micronutrients,
DHA�EPA, micronutrients�DHA�EPA, and placebo groups,
respectively. There were no significant differences in treatment
adherence or loss to follow-up between treatment groups.

Baseline demographic and biochemical characteristics of the
children in each group are shown in Table 3. Children in the
placebo group had lower weights, body mass indexes, and
weight-for-age z-scores than did children in the
micronutrients�DHA�EPA and children in the DHA�EPA
group. No other baseline differences between groups were ob-
served.

Biochemical indicators

The changes in blood mineral, vitamin, and fatty acid concen-
trations between baseline and 12 mo for the 4 groups are pre-
sented in Table 4. The micronutrient treatment improved con-
centrations of serum ferritin, body iron stores, red blood cell
folate, and vitamin B-12. There was also a treatment effect of

TABLE 3
Baseline demographic and biochemical characteristics in Australia and Indonesia1

Australia Indonesia

Micronutrients

(n � 67)

DHA�EPA

(n � 67)

Micronutrients�

DHA� EPA

(n � 71)

Placebo

(n � 71)

Micronutrients

(n � 92)

DHA�EPA

(n � 94)

Micronutrients �

DHA � EPA

(n � 94)

Placebo

(n � 88)

Age (y) 8.5 � 1.0 8.8 � 1.0 8.8 � 0.9 8.5 � 1.0 8.2 � 0.9 8.1 � 1.1 8.2 � 1.1 8.1 � 1.1

Female [n (%)] 31 (42) 30 (45) 28 (44) 28 (39) 40 (43) 49 (52) 45 (48) 44 (50)

Height (cm) 135 � 8 137 � 8 137 � 7 135 � 7 120 � 7 119 � 7 119 � 7 119 � 7

Weight (kg) 32.0 � 8.4a,b 33.4 � 8.3a 34.0 � 8.4a 30.0 � 5.5b 20.4 � 3.2 20.6 � 3.4 20.4 � 3.2 20.0 � 3.4

BMI (kg/m2) 17.3 � 2.9a,b 17.5 � 2.9a 17.9 � 3.0a 16.1 � 1.9b 14.1 � 1.1 14.3 � 1.1 14.2 � 0.9 14.1 � 1.0

MUAC (cm) NA NA NA NA 16.6 � 1.3 16.8 � 1.4 16.8 � 1.3 16.6 � 1.4

Height-for-age z score 0.8 � 1.0 0.8 � 0.8 0.8 � 0.9 0.7 � 1.0 �1.4 � 1.0 �1.4 � 1.0 �1.4 � 1.0 �1.5 � 0.8

Weight-for-age z score 0.6 � 1.1a,b 0.7 � 0.9a,b 0.8 � 1.0a 0.3 � 1.0b �1.7 � 0.7 �1.5 � 0.8 �1.6 � 0.7 �1.7 � 0.7

Weight-for-height z

score

NA NA NA NA �1.1 � 0.8 �0.9 � 0.7 �1.0 � 0.7 �1.1 � 0.7

Highest education in

the household (y)

14.0 � 3.6 15.0 � 3.6 14.0 � 3.0 14.0 � 2.6 8.0 � 3.4 7.8 � 3.4 7.9 � 3.4 8.0 � 3.2

n for blood analyses 29 34 33 31 89 91 93 84

Anemia2 [n (%)] 0 (0) 0 (0) 3 (9.1) 1 (3.2) 9 (10.1) 10 (11.0) 13 (14.0) 6 (7.1)

Iron deficiency3

[n (%)]

1 (3.5) 2 (5.9) 6 (18.2) 5 (16.1) 13 (14.6) 26 (28.6) 17 (18.3) 25 (29.8)

Iron-deficiency

anemia4 [n (%)]

0 (0) 0 (0) 2 (6.1) 0 (0) 3 (3.4) 5 (5.5) 4 (4.3) 2 (2.4)

Zinc deficiency5

[n (%)]

3 (11.1) 5 (14.7) 7 (21.2) 6 (19.4) 14 (15.7) 20 (22.0) 17 (18.3) 18 (21.4)

1 All values are x� � SD unless otherwise indicated. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; MUAC, midupper arm circumference
(measured in Indonesia only); NA, not available in Australia. Means in the same row with different superscript letters are significantly different, P 	 0.05
(Tukey’s test). For the other variables, no significant differences between groups were observed (Tukey’s test).

2 Defined as hemoglobin 	 11.5 g/dL.
3 Defined as serum ferritin 	 15.0 �g/L.
4 Defined as hemoglobin 	 11.5 g/dL and serum ferritin 	 15.0 �g/L (15).
5 Defined as serum zinc 	 10 �mol/L (22).
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TABLE 4
Changes in biochemical indicators for the 4 intervention groups in Australia1

Group Treatment effect after 12 mo

Micronutrients
(n � 25)

DHA�EPA
(n � 31)

Micronutrients � DHA �
EPA

(n � 25)
Placebo
(n � 24)

Micronutrients
(95% CI)

DHA�EPA
(95% CI)

P for
interaction

Serum ferritin (�g/L)
Baseline 31.9 � 22.4 29.8 � 10.8 26.8 � 15.3 23.1 � 10.3 7.35 1.72 0.38
12 mo 35.7 � 11.1 31.7 � 14.9 40.4 � 25.3 28.5 � 13.0 (2.25, 12.45) (�3.42, 6.85)
Change 8.6 � 9.5 2.4 � 10.1 12.9 � 20.1 4.6 � 8.8

Hemoglobin (g/dL)
Baseline 13.1 � 0.8 13.1 � 0.7 12.6 � 0.7 13.0 � 0.8 0.10 0.09 0.19
12 mo 13.0 � 0.7 13.1 � 0.7 12.8 � 0.7 13.1 � 0.7 (�0.17, 0.36) (�0.18, 0.35)
Change �0.2 � 0.8 �0.0 � 0.6 0.2 � 0.7 0.1 � 0.6

Red blood cell folate
(nmol/L)

Baseline 439 � 186 424 � 205 435 � 178 442 � 187 171.14 50.01
12 mo 534 � 118 408 � 161 594 � 150 395 � 137 (107.97, 234.31) (�13.58, 113.60) 0.07
Change 107 � 190 �16 � 149 213 � 128 �19 � 123

Vitamin B-12
(pmol/L)

Baseline 373 � 104 376 � 137 381 � 130 372 � 153 114.65 8.56 0.04
12 mo 426 � 119 326 � 113 494 � 190 346 � 131 (80.50, 148.80) (�25.75, 42.87)
Change 50 � 76 �54 � 61 99 � 109 �15 � 99

Serum zinc (�mol/L)
Baseline 11.7 � 1.7 11.3 � 1.8 11.0 � 1.8 11.2 � 1.7 0.05 0.36 0.60
12 mo 12.3 � 1.7 12.2 � 1.7 11.4 � 1.8 11.6 � 1.6 (�0.64, 0.73) (�0.33, 1.04)
Change 0.6 � 1.2 1.0 � 1.6 0.9 � 2.2 0.5 � 1.7

Transferrin receptor
(mg/L)

Baseline 3.5 � 0.6 3.8 � 0.6 3.6 � 0.7 3.6 � 0.5 0.01 0.09 0.72
12 mo 3.4 � 0.6 3.6 � 0.9 3.4 � 0.5 3.2 � 0.5 (�0.20, 0.22) (�0.13, 0.30)
Change �0.2 � 0.4 �0.2 � 0.6 �0.1 � 0.7 �0.2 � 0.4

Body iron stores2

(mg/kg)
Baseline 4.36 � 1.77 4.09 � 1.43 3.45 � 2.79 3.27 � 1.64 0.87 0.06 0.06
12 mo 5.17 � 1.32 4.34 � 1.68 5.14 � 2.28 4.45 � 1.66 (0.35, 1.39) (�0.46, 0.59)
Change 1.10 � 0.98 0.30 � 1.05 1.67 � 1.98 0.79 � 1.30

ALA plasma mass
(�g/mL)

Baseline 2.1 � 0.8 2.0 � 0.7 2.2 � 0.8 2.0 � 0.7 �0.18 0.15 0.28
12 mo 1.9 � 0.7 2.2 � 0.7 2.3 � 1.0 2.2 � 1.0 (�0.51, 0.16) (�0.19, 0.49)
Change �0.2 � 0.8 0.2 � 0.8 0.2 � 0.7 0.2 � 1.0

EPA plasma mass
(�g/mL)

Baseline 7.9 � 2.8 7.4 � 2.8 7.7 � 3.3 7.5 � 2.6 0.21 2.23 0.58
12 mo 8.2 � 2.5 10.0 � 2.9 9.4 � 4.1 7.0 � 2.4 (�1.18, 1.60) (0.82, 3.64)
Change 0.2 � 3.3 2.4 � 3.4 2.1 � 2.6 �0.3 � 3.2

DPA plasma mass
(�g/mL)

Baseline 12.5 � 2.6 12.0 � 3.2 12.4 � 3.3 12.5 � 3.1 �0.19 �0.19 0.81
12 mo 13.1 � 1.9 12.9 � 3.1 12.6 � 3.9 12.4 � 2.5 (�1.64, 1.25) (�1.65, 1.28)
Change 0.6 � 3.3 1.0 � 3.6 0.4 � 3.0 �0.3 � 3.6

DHA plasma mass
(�g/mL)

Baseline 35.2 � 10.4 31.1 � 10.6 32.7 � 10.3 33.2 � 11.0 �1.21 11.06 0.73
12 mo 36.8 � 8.5 47.4 � 12.7 47.4 � 10.7 38.4 � 14.0 (�6.07, 3.66) (6.13, 20.51)
Change 2.9 � 9.2 15.8 � 11.4 14.9 � 9.9 4.9 � 13.0

Total plasma n�3
(�g/mL)

Baseline 58.8 � 14.3 53.5 � 15.2 55.9 � 15.9 56.2 � 15.3 �1.49 13.35 0.90
12 mo 60.9 � 10.3 73.5 � 17.5 72.7 � 17.2 60.9 � 17.7 (�8.55, 5.57) (6.19, 20.51)
Change 3.3 � 14.5 19.5 � 17.1 17.5 � 14.4 4.9 � 17.7

1 All values are x� � SD. ALA, �-linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid. Treatment effect
estimated by analysis of covariance adjusted for sex, age, and cohort year.

2 Calculated as log[(1500 � serum transferrin receptor � 350)/(serum ferritin)] �2.8229/0.1207 (24, 25).
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DHA�EPA on change in plasma EPA, plasma DHA, and total
plasma n�3 fatty acids.

Cognitive test outcomes

After 12 mo of intervention, there was a treatment effect of the
micronutrients on change in factor 2, which represented verbal
learning and memory [estimated effect size 0.23 (95% CI: 0.01,
0.46)]. No significant effects were observed on the other factors
(Table 5). There were no significant interactions between mi-
cronutrients and DHA�EPA for change in factor scores. No
interactions between treatment and sex or age were observed. In

general, similar, albeit not statistically significant, trends were
observed at 6 mo (data not shown but available on request).

Indonesia

In Indonesia, 384 children were randomly allocated to the 4
intervention groups, and a total of 368 children completed the
study at 12 mo (Figure 2). A total of 16 children (4.2%) dropped
out during the study because they either had moved from the
study area (n � 13), did not attend school anymore (n � 1), or had
been diagnosed with chronic infectious disease (pulmonary tu-
berculosis; n � 1). In addition, after random assignment, one

TABLE 5
Baseline, 12-mo, and change in factor scores of cognitive tests and main effects of micronutrient and docosahexaenoic acid � eicosapentaenoic acid
(DHA�EPA) treatment in Australia1

Group Mean estimated treatment effect after 12 mo

Micronutrients
(n � 66)

DHA � EPA
(n � 67)

Micronutrients �
DHA � EPA

(n � 69)
Placebo
(n � 70)

Micronutrients
(95% CI)

DHA � EPA
(95% CI)

P for
interaction

General intelligence
Baseline �0.08 � 1.082 0.19 � 0.87 �0.01 � 1.04 �0.08 � 1.08 �0.03 �0.03 0.63
12 mo 0.88 � 1.19 1.15 � 0.93 0.91 � 1.01 0.88 � 1.19 (�0.14, 0.08) (�0.13, 0.08)
Change 0.96 � 0.40 0.97 � 0.46 0.92 � 0.45 0.96 � 0.40

Verbal learning and
memory

Baseline �0.17 � 0.95 0.12 � 1.00 0.03 � 1.11 0.01 � 0.94 0.23 �0.04 0.66
12 mo 0.32 � 0.96 0.30 � 0.97 0.41 � 0.99 0.19 � 0.94 (0.001, 0.46) (�0.27, 0.19)
Change 0.48 � 0.99 0.17 � 0.95 0.38 � 0.86 0.19 � 0.98

Visual attention
Baseline �0.19 � 0.92 0.08 � 1.08 0.06 � 1.03 0.05 � 0.96 0.15 �0.16 0.18
12 mo 1.13 � 0.66 1.05 � 0.75 1.03 � 0.68 1.02 � 0.72 (�0.07, 0.37) (�0.38, 0.07)
Change 1.32 � 0.82 0.97 � 1.00 0.97 � 0.95 0.98 � 0.90

1 Values reflect factor scores with a mean of 0 and an SD of � 1; treatment effect was estimated by ANCOVA adjusted for sex, age, and cohort.
2 x� � SD (all such values).
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FIGURE 2. Trial profile: Indonesia.
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child was registered twice because that child was known by 2
different names. There were 84, 85, 90, and 81 blood samples for
final analyses in the micronutrient, DHA�EPA,
micronutrients�DHA�EPA, and placebo groups, respectively.

Adherence to the intervention products as recorded during the
feeding sessions at schools was 86 � 5%, 85 � 9%, 85 � 6%, and
87 � 5% for children in the micronutrient, DHA�EPA,
micronutrients�DHA�EPA, and placebo groups, respectively.
There were no significant differences between groups in adher-
ence to the intervention. Adherence for biscuit consumption (%
of d that child consumed the required 3 biscuits) ranged from
80% to 82% in the 4 groups.

Baseline demographic and biochemical characteristics of the
children in each group are shown in Table 3. There were no
significant differences between treatment groups in baseline
characteristics.

Biochemical indicators

Data on biochemical indicators for the 4 intervention groups in
Indonesia are shown in Table 6. The micronutrient treatment
improved concentrations of serum ferritin, hemoglobin, red
blood cell folate, and vitamin B-12; decreased serum transferrin
receptor concentrations; and improved body iron stores. No sig-
nificant DHA�EPA effects were observed for vitamin and min-
eral outcomes after 12 mo of intervention.

The DHA�EPA treatment increased changes in plasma DHA
and total plasma n�3 fatty acids. In addition, the micronutrient
treatment increased changes in plasma DHA and total n�3 fatty
acid concentrations.

Cognitive test outcomes

In Indonesia, no significant treatment effects were observed
on any of the factors after 12 mo of intervention (Table 7).
However, an interaction (P � 0.03) was found between micro-
nutrient treatment and sex on change in scores on factor 2 (verbal
learning and memory), such that a positive micronutrient treat-
ment effect was observed in girls (0.32; 95% CI: �0.01, 0.64) but
not in boys (�0.04; 95% CI: �0.38, 0.29).

DISCUSSION

In Australia, an intervention with a fortified drink containing
multiple micronutrients with or without DHA and EPA con-
sumed daily for 1 y improved micronutrient status in school-aged
children. In addition, the fortified drink with DHA and EPA with
or without micronutrients improved plasma DHA and plasma
total n�3 fatty acids. These improvements in micronutrient and
fatty-acid status were seen even though children in Australia
were ostensibly well nourished at baseline as indicated by the
adequate mean micronutrient concentrations. However, the
small number of blood samples in the Australian sample might
have biased this conclusion.

Fortification with multiple micronutrients with or without
DHA improved scores on tests representing verbal learning and
memory. No effects were seen on tests measuring general intel-
ligence or attention. Previous studies in 10–13-y-old UK school-
children found an improvement in nonverbal reasoning and in-
telligence after vitamin and mineral supplementation (29, 30).

Even though we reduced the number of outcome variables by
means of a factor analysis, we cannot exclude the possibility that
our findings are due to chance. However, we believe that our

findings may reflect true effects because 1) the observed effect
size was small, but with high precision; 2) a similar effect was
observed in Indonesian girls; and 3) similar effects on verbal
learning and memory have been reported in supplementation
trials in nonanemic, iron-deficient, adolescent girls and school-
aged children in the United States and Canada (31, 32), and these
effects were particularly pronounced in anemic children (8). The
improvements observed in our study may therefore have been
due in part to a moderately improved iron status as demonstrated
by the increased serum ferritin concentrations and body iron
stores.

However, our intervention provided a mix of micronutrients
and we can only speculate about the possible biological pathways
for the observed effect on verbal learning and memory. In addi-
tion to the moderately improved iron status, the micronutrient
mix improved significantly the concentrations of red blood cell
folate and serum vitamin B-12. Evidence from several cross-
sectional studies suggests an association between vitamin B-12
and folate and cognitive performance in children (1, 3), but re-
sults from intervention studies are lacking. Evidence is emerg-
ing, but still conflicting, for a role of zinc on children’s motor and
cognitive development (4). We did not observe increases in mean
serum zinc concentrations in our groups, despite the surprisingly
high estimated prevalence of zinc deficiency. Our mix contained
only one-half the RDA for zinc to avoid possible interaction with
iron (17), which was apparently insufficient to increase the mean
group serum zinc concentrations in our population.

There were no treatment effects of DHA�EPA on cognitive
factor scores. Our findings are in contrast with findings from
recent studies in the United Kingdom, where supplementation
with DHA in combination with EPA has been shown to improve
scores on reading, spelling, and behavior after 3 mo in school-
children with developmental coordination disorders (7). In ad-
dition, 5 mo of intervention with a spread fortified with DHA and
EPA resulted in improvements on tests of verbal learning and
memory in healthy South African schoolchildren (5). The dos-
ages used in those 2 studies were markedly higher (558 mg EPA
plus 174 mg DHA and 182 mg DHA�EPA in the United King-
dom and South African study, respectively) than in our study (88
mg DHA, 22 mg EPA). It is possible that our dose was too low for
a measurable effect or that our intervention did not contain the
right combination of DHA and EPA, even though it was suffi-
cient to increase plasma DHA and plasma total n�3 fatty acid
status in these children.

In Indonesia, the intervention improved micronutrient and
fatty acid status after 12 mo. There was a (nonsignificant) trend
for improved scores on tests representing verbal learning and
memory after the micronutrient treatment among girls. Fortifi-
cation with DHA�EPA did not result in beneficial effects on
cognitive scores. We are not sure why this effect was apparent
only in girls. Girls in Indonesia were on average slightly younger
(8.0 � 1.0 y) than boys (8.3 � 1.1 y) and had higher serum
vitamin B-12 concentrations (427 � 213 and 419 � 166 pmol/L
in girls and boys, respectively). No other significant differences
in baseline nutritional status between boys and girls were ob-
served. The girls had higher baseline scores on the factor repre-
senting attention and concentration (�0.39 � 1.38 compared
with �0.75 � 1.62 in boys), which agrees with the observation
that in this age group girls are often seen to be better motivated
and perform better on these tests (26). However, in contrast, girls
had lower baseline scores on the verbal learning and memory
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TABLE 6
Changes in biochemical indicators for the 4 intervention groups in Indonesia1

Group Treatment effect after 12 mo

Micronutrients
(n � 90)

DHA �
EPA

(n � 85)
Micronutrients � DHA

� EPA (n � 84)
Placebo
(n � 81) Micronutrients DHA � EPA

P for
interaction

Serum ferritin (�g/L)
Baseline 28.1 � 23.32 28.5 � 27.5 30.2 � 17.2 24.9 � 13.8 26.09 �4.81 0.28
12 mo 64.8 � 32.7 33.3 � 18.2 60.9 � 26.1 30.2 � 19.5 (19.47, 32.70) (�11.42, 1.80)
Change 37.2 � 38.5 4.5 � 26.3 30.9 � 26.9 5.6 � 16.2

Hemoglobin (g/dL)
Baseline 12.9 � 1.1 12.9 � 1.1 12.7 � 1.1 12.8 � 1.0 0.28 0.04 0.03
12 mo 13.1 � 1.0 12.9 � 1.0 13.1 � 0.9 13.0 � 1.0 (0.03, 0.52) (�0.21, 0.28)
Change 0.2 � 0.9 0.0 � 0.9 0.5 � 1.2 0.2 � 0.7

Red blood cell folate
(nmol/L)

Baseline 591 � 211 580 � 217 559 � 231 596 � 197 124.51 30.07 0.13
12 mo 607 � 183 502 � 170 643 � 188 514 � 167 (69.98, 179.34) (�24.75, 84.89)
Change 18 � 224 �88 � 199 89 � 250 �73 � 221

Vitamin B-12
(pmol/L)

Baseline 426 � 178 439 � 166 433 � 196 487 � 225 81.99 �0.93 0.08
12 mo 478 � 189 403 � 146 457 � 156 425 � 168 (49.61, 114.38) (�33.31, 31.45)
Change 63 � 154 �42 � 117 22 � 133 �61 � 145

Serum zinc (�mol/L)
Baseline 11.1 � 1.9 10.8 � 1.8 11.0 � 1.7 11.0 � 2.1 0.14 0.12 0.58
12 mo 11.1 � 1.6 10.9 � 1.6 11.2 � 1.6 11.1 � 1.4 (�0.36, 0.64) (�0.38, 0.62)
Change 0.0 � 2.4 0.1 � 1.8 0.3 � 2.0 0.2 � 2.3

Transferrin receptor
(mg/L)

Baseline 4.5 � 1.2 4.7 � 1.7 4.7 � 1.5 4.6 � 1.0 �0.46 �0.09 0.77
12 mo 3.8 � 0.9 4.4 � 1.5 3.8 � 0.9 4.3 � 1.0 (�0.72, �0.20) (�0.35, 0.17)
Change �0.7 � 1.1 �0.3 � 0.9 �0.8 � 1.4 �0.3 � 0.7

Body iron stores
(mg/kg)3

Baseline 3.03 � 2.61 2.74 � 2.81 2.73 � 3.32 2.35 � 2.78 2.93 0.21 0.04
12 mo 6.76 � 1.60 3.79 � 2.40 6.46 � 1.82 3.21 � 2.65 (2.53, 3.33) (�0.18, 0.61)
Change 3.83 � 2.57 1.11 � 2.01 3.81 � 3.45 0.84 � 1.95

ALA plasma mass
(�g/mL)

Baseline 1.1 � 0.5 1.1 � 0.5 1.1 � 0.5 1.3 � 0.6 0.13 0.06 0.46
12 mo 1.0 � 0.4 1.0 � 0.4 1.1 � 0.4 1.0 � 0.5 (�0.01, 0.27) (�0.09, 0.20)
Change �0.1 � 0.6 �0.1 � 0.5 �0.1 � 0.5 �0.2 � 0.7

EPA plasma mass
(�g/mL)

Baseline 2.9 � 2.6 3.2 � 2.4 3.3 � 3.6 2.9 � 1.5 0.25 �0.54 0.61
12 mo 2.9 � 3.7 2.7 � 1.6 2.8 � 1.6 2.6 � 1.9 (�0.61, 1.20) (�1.40, 0.33)
Change �0.1 � 4.5 �0.6 � 2.5 �0.5 � 3.7 �0.3 � 2.0

DPA plasma mass
(�g/mL)

Baseline 6.2 � 2.2 6.4 � 2.0 6.2 � 2.4 6.3 � 2.0 0.40 �0.18 0.12
12 mo 5.7 � 1.5 5.7 � 1.5 6.0 � 1.6 6.0 � 2.1 (�0.14, 0.94) (�0.72, 0.36)
Change �0.5 � 2.3 �0.7 � 2.1 �0.2 � 2.3 �0.3 � 2.1

DHA plasma mass
(�g/mL)

Baseline 39.2 � 13.7 41.3 � 13.9 41.1 � 14.4 41.3 � 13.0 4.09 7.06 0.14
12 mo 40.3 � 11.1 46.4 � 10.4 51.1 � 12.6 39.6 � 13.3 (1.01, 7.17) (3.98, 10.14)
Change 0.7 � 11.8 5.5 � 13.9 10.3 � 12.8 �1.7 � 11.9

Total plasma n�3
(�g/mL)

Baseline 50.1 � 17.1 52.7 � 17.3 52.3 � 19.0 52.5 � 15.6 4.86 6.35 0.22
12 mo 50.6 � 14.3 56.3 � 12.4 61.5 � 15.0 49.9 � 16.5 (0.85, 8.87) (2.34, 10.36)
Change 0.0 � 16.7 4.0 � 17.3 9.5 � 16.9 �2.6 � 14.5

1 DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid. Treatment effect estimated by ANCOVA adjusted for sex and age.
2 x� � SD (all such values).
3 Body iron stores (mg/kg) calculated as log[(1500 � serum transferrin receptor � 350)(serum ferritin)]�2.8229/0.1207 (24, 25).
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tests (�0.07 � 0.76 compared with 0.11 � 0.93 in boys), which
may indicate that the observed sex effect was partly representing
a regression to the mean. Improvements after the micronutrient
interventions in tests assessing verbal abilities and short-term
memory have been observed in 3 studies in developing countries
(9–11), although in one study the effects were restricted to chil-
dren who were deficient in iron and iodine (10). In contrast,
Jinabhai et al (12) provided biscuits fortified with iron and vita-
min A and did not observe an effect on cognitive test scores. This
study had a duration of 16 wk and used only one subscore of the
RAVLT test, which may have been why no improvement in
performance was observed.

We hypothesized that marginally nourished children would
benefit more from the intervention than would well-nourished
children. However, we observed similar effects in both countries,
with the effect limited to girls only in Indonesia. These unex-
pected findings in Indonesia, particularly in the boys, may have
been due in part, to differences in academic experience, famil-
iarity with test materials and previous exposure to testing and
assessment (33). At baseline, the children in Indonesia were on
average 6 mo younger than their Australian counterparts, which
may partly, but not completely, explain the lower baseline test
scores observed in Indonesia than in Australia. The lower base-
line scores in Indonesia, especially for the verbal tests, may in
addition raise questions about whether, in the Indonesian study,
these tests were sensitive enough and how well the children
understood the test instructions. It is commonly observed that
children in impoverished conditions perform less well on intel-
ligence tests (34). The observed scoring pattern, especially on the
verbal tests, suggests that perhaps more validation and training
would have been required in our study in Indonesia (20, 33).

Short-term hunger, possibly as the result of missing breakfast
(35), might be an additional reason for the lower test scores
observed in Indonesia. In Indonesian infants, Pollitt et al (36)
observed responses on mental development only when micronu-
trients combined with a protein-energy supplementation were
provided, and for this reason we combined the intervention in

Indonesia with a small protein-energy snack. It is possible that
compromised nutrition early in life may have prevented benefi-
cial effects of micronutrient interventions later in life. Despite
their relatively adequate mean micronutrient concentrations and
a surprisingly low 4% of children with iron-deficiency anemia,
27% of the children in Indonesia were stunted, which suggests a
long-term history of marginal intakes.

In summary, an intervention with a micronutrient-fortified
drink improved micronutrient status and improved scores on
tests assessing verbal memory and learning in school-aged Aus-
tralian children. A similar effect was observed in Indonesian
girls. No significant effects were found on tests measuring abil-
ities related to general intelligence and attention. The addition of
DHA�EPA to the fortified drink did not result in beneficial
effects on cognitive performance despite the fact that n�3 fatty
acid status was improved. Further research is recommended to
define the exact role of n�3 fatty acids on the cognitive function
of children, with or without micronutrient interventions.

Recently, a group of child developmental scientists empha-
sized the importance of, among others, nutrition and micronu-
trient interventions for optimizing the development, including
cognitive development, of undernourished children under the
age of 5 y (1). In this study, we report that, even in an adequately
nourished, school-aged population, improvements in micronu-
trient status and verbal learning and memory can be achieved by
fortification with multiple micronutrients.
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completion of the study. In Indonesia: Lindawati Wibowo, Risatianti Kol-
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Laboratory, Dewi Maryani and Rosita, and Ning Rahayu and D Haryo Suryo
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Wyld and Peter Clifton, and Megan Cobcroft and Nicole Senior of Unilever
Australia. In the Netherlands: Mireille Blommaert, Cor Blonk, Guus Ducha-
teau, Kai Grebenkamper, Sonja Hess, Jeroen van Lawick van Pabst, Gert

TABLE 7
Baseline, 12-mo, and change in factor scores of cognitive tests and main effects of micronutrients and docosahexaenoic acid � eicosapentaenoic acid
(DHA � EPA) treatment in Indonesia1

Group Mean estimated treatment effect after 12 mo

Micronutrients
(n � 61)

DHA � EPA
(n � 65)

Micronutrients �
DHA � EPA

(n � 62)
Placebo
(n � 54) Micronutrients DHA � EPA

P for
interaction

General intelligence
Baseline 0.01 � 0.892 �0.01 � 0.85 0.10 � 0.82 �0.11 � 0.84 �0.12 �0.13 0.32
12 mo 0.37 � 0.94 0.25 � 1.08 0.37 � 1.00 0.50 � 1.06 (�0.40, 0.15) (�0.41, 0.14)
Change 0.42 � 1.10 0.40 � 0.95 0.42 � 0.83 0.68 � 1.03

Verbal learning and
memory

Baseline �0.03 � 0.99 0.05 � 1.07 0.02 � 1.06 �0.07 � 0.94 0.14 �0.11 0.63
12 mo 0.28 � 1.07 0.15 � 1.01 0.21 � 1.00 0.14 � 0.88 (�0.10, 0.37) (�0.35, 0.12)
Change 0.34 � 0.99 0.13 � 0.84 0.34 � 0.67 0.31 � 0.90

Visual attention
Baseline �0.25 � 0.90 0.10 � 1.06 0.06 � 0.92 0.08 � 0.86 0.11 �0.19 0.28
12 mo 1.19 � 0.95 1.20 � 1.06 1.11 � 0.91 1.15 � 1.06 (�0.10, 0.32) (�0.40, 0.02)
Change 1.46 � 0.76 1.19 � 0.83 1.16 � 0.67 1.26 � 0.78

1 Values reflect factor scores with a mean of 0 and an SD of � 1; treatment effect estimated by ANCOVA adjusted for sex and age.
2 x� � SD (all such values).
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Fortified complementary foods with or without �-amylase treatment
increase hemoglobin but do not reduce breast milk intake of
9-mo-old Zambian infants1�3

Victor O Owino, Lackson M Kasonka, Moses M Sinkala, Jonathan K Wells, Simon Eaton, Tegan Darch,
Andrew Coward, Andrew M Tomkins, and Suzanne M Filteau

ABSTRACT
Background: Malnutrition in late infancy in developing countries
may result from poor-quality complementary foods that displace
breast milk.
Objective: The objective of the study was to assess the effects of
fortified complementary blends of different energy densities on
growth, hemoglobin concentrations, and breast milk intake of 9-mo-
old Zambian infants.
Design: Infants were randomly assigned at 6 mo of age to receive for
3 mo a fortified blend of maize, beans, bambaranuts, and groundnuts
[Chilenje Baby Mix (CBM); energy density: 68 kcal/100 g; n � 37]
or a similar blend with �-amylase (CBMA; energy density: 106
kcal/100 g; n � 44). Cross-sectional data were obtained at 9 mo for
a control group of infants (n � 69) not given the diets. Breast milk
intake was measured by using the dose-to-the-mother deuterium
dilution technique.
Results: No differences in weight or length z scores, all of which were
within normal ranges, were seen between groups at 9 mo. Percentage fat
mass was significantly (P � 0.01) greater in the infants in both the CBM
(23.2 � 2.7%) and CBMA (23.4 � 2.5%) groups than in the control
group (21.6 � 2.6%). Hemoglobin concentrations were significantly (P
� 0.03) greater in both intervention groups (CBM group: 104 � 12 g/L:
CBMA group: 103 � 12 g/L) than in the control group (98 � 14 g/L).
Breast milk intake was not significantly (P � 0.87) different between
groups (CBM group: 614 � 271 g/d; CBMA group: 635 � 193 g/d;
control group: 653 � 221 g/d).
Conclusions: The study foods improved hemoglobin concen-
trations without reducing breast milk intake and may be used to
improve the nutritional status of infants in developing
countries. Am J Clin Nutr 2007;86:1094–103.

KEY WORDS Complementary food, micronutrient-fortified
foods, �-amylase, infant growth, hemoglobin, breast milk intake,
deuterium dilution, Zambia

INTRODUCTION

Growth faltering from early infancy is a major public health
problem in developing countries (1). It may be exacerbated by the
introduction of traditional complementary foods (2), which often
are inadequate to meet the nutritional requirements of infants
because of low energy and nutrient density and deficiency and
the poor bioavailability of essential micronutrients such as iron,

zinc, and calcium (3). Complementary foods may partially dis-
place breast milk (4-6) and also may interfere with the absorption
of the nutrients in breast milk (7), thereby leading to a greater
likelihood of nutrient deficiencies.

The application of enzymes such as �-amylase to increase
energy density and the fortification with micronutrients may be
used to improve complementary food quality (8, 9). The effects
of �-amylase (10–13) and of food fortification (10, 14–16) on
the energy intakes, growth, and micronutrient status of infants
and young children were assessed previously. However, most of
those studies were carried out in acutely ill or severely malnour-
ished infants and young children in rural areas, and the results
were inconsistent (17).

Because deficiencies of micronutrients such as iron may
affect a much larger proportion of the population than those
who have evident clinical symptoms and may have adverse
effects on infant survival and later work capacity (18), it is
essential to assess the effect of improved complementary
foods on the growth and micronutrient status of infants from
better-off communities (19).

Few data are available on the breast milk intake of older in-
fants. The dose-to-the-mother deuterium dilution method is a
noninvasive, simple, safe, and accurate method for measuring
breast milk intake, especially in nonexclusively breastfed infants
(20), and it has been applied successfully in field conditions in
developing countries (4, 21). Unlike test weighing, it does not
disrupt infant feeding patterns, and it measures both daytime and
nighttime breast milk intake.
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The aims of the present study were 1) to assess the effects on
growth and hemoglobin concentrations of 2 industrially pro-
cessed, multimicronutrient-fortified complementary foods made
with maize (Zea mais), beans (Phaseolus vulgaris), groundnuts
(Arachis hypogea), and bambaranuts (Voandzea subterranea)
without �-amylase [Chilenje Baby Mix (CBM); Quality Commod-
ities Limited, Lusaka, Zambia] and with �-amylase (CBMA; Qual-
ity Commodities Limited); and 2) to assess the effect of these diets
on breast milk intake of 9-mo-old Zambian infants.

SUBJECTS AND METHODS

Study site

The present study was based at the Chilenje Clinic in Lusaka,
Zambia. Lusaka is a middle-income urban area in which most
households have running water and flush toilets.

Subjects

Women were invited to participate in the study when they
brought their infants to the clinic for diphtheria and oral polio
vaccinations at 5 mo of age. The selection criteria for infants were
that the mothers gave informed consent to prepare and feed their
children with the study blends, to attend the clinic for growth
monitoring, and to allow blood sampling from the infant for
hemoglobin measurements at the clinic. Antenatal HIV preva-
lence in the study population was estimated to be 30%. Maternal
and infant HIV status were not determined in the present study.
The infants were excluded from the study if they had evidence of
chronic disease (eg, active tuberculosis or symptomatic HIV)
and if they had a birth weight �2500 g.

We considered it unethical and likely to result in resentment
and consequent lack of compliance to recruit control infants at 6
mo without supplying them complementary foods. Therefore,
control infants were recruited at 8 mo of age (ie, 1 mo before the
end of the feeding program) and were measured at 9 mo together
with the study group to avoid seasonal variation in data. The
selection criteria for control infants were that the mothers gave
informed consent to attend the clinic for growth indicator mea-
surements and to allow blood sampling from the infant for he-
moglobin measurements. Potential control infants were ex-
cluded if they had evidence of chronic disease (eg, active
tuberculosis or symptomatic HIV), if they had a birth weight
�2500 g, and if weight data for ages 6–8 mo were incomplete,
which would indicate irregular clinic attendance. Thus, although
the inclusion criteria of the control and intervention groups ap-
peared identical, in fact, control infants may have been healthier
because the intervention groups had had no severe illness at 6 mo
but could have become ill by 9 mo, whereas control infants were
well at 9 mo.

Ethical approval was obtained from the ethics committees of
the University of Zambia, the Great Ormond Street Hospital, and
the Institute of Child Health. Subjects gave written informed
consent.

Sample size calculation

Sample size was calculated on the basis of the primary hy-
pothesis that infants consuming CBMA would have higher total
energy and micronutrient intakes than would infants consuming
traditional nonbreast milk foods and that the former group would
therefore have better growth and micronutrient status than the

latter group. Because micronutrient deficiencies, especially of
iron, were expected to be of more concern than was energy
deficiency in this population, the sample size was calculated to
allow for the detection of differences of �5 g/L in hemoglobin
concentrations at 80% power and 5% significance. One-tailed
distribution was assumed because of the fact that giving free
nutrient-dense food was unlikely to decrease nutrient intake. At
least 58 infants per group were needed. The sample size for the
measurement of breast milk (25 infants/group) was based on the
detection of mean � SD differences of 100 � 130 g/d in breast
milk intake between groups as in a Brazilian study (4).

Preparation and allocation of the study foods

The details of the development and the processing of the study
blend were discussed elsewhere (22). Briefly, a complementary
blend that contained 65% maize, 15% kidney beans, 5% bam-
baranuts, and 15% groundnuts was industrially processed by
using an extrusion cooking technique at Quality Commodities
Limited (Lusaka, Zambia). The processed batch was divided into
2 equal portions. Both portions were fortified with multimicro-
nutrients (Table 1) as currently recommended for infants aged
6–11 mo (23) and included overages for water-soluble vitamins
to account for losses during preparation. We used 41.8 mg elec-
trolytic iron/100 g study blend because of the fact that infant
foods in Lusaka are made mainly from maize, beans, and ground-
nuts that are likely to have high phytate and hence low iron
bioavailability. Electrolytic iron was chosen because it was
deemed to be more stable in cereal foods and generally more
consumer acceptable than other forms of iron. In addition, elec-
trolytic iron is relatively inexpensive (24).

One-half of the batch was treated with �-amylase at 0.04% wet
weight and was labeled Chilenje Baby Mix with amylase
(CBMA). The nonamylase-treated half was labeled Chilenje
Baby Mix (CBM). The blends were packed in 1-kg packets and

TABLE 1
Micronutrient amounts in the fortified maize-beans-groundnuts-
bambaranuts blend with or without amylase1

Nutrient Amount obtained from 100-g blend

Vitamin A (�g) 700
Vitamin C (mg) 200
Vitamin D (�g) 10
Thiamine (mg) 0.9
Riboflavin (mg) 1.0
Niacin (mg) 12
Pyridoxine (�g) 860
Folate (�g) 220
Pantothenic acid (mg) 4
Calcium (mg)2 700
Phosphorus (mg)2 550
Magnesium (mg) 100
Electrolytic iron (mg)3 41.8
Zinc oxide (mg) 10
Copper (�g) 400
Manganese (�g) 1200
Selenium (�g) 20

1 Blend composition (wet wt) was 65% maize, 15% beans, 15% ground-
nuts, and 5% bambaranuts.

2 As tricalcium phosphate.
3 Low iron bioavailability (23) is assumed.
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were labeled with computer-generated random numbers that cor-
responded to CBM or to CBMA. The list of random numbers
assigned to the 2 blend treatments was kept separate from the
Chilenje clinic to blind the researcher and the assistants who
distributed the blends to the mothers.

Mother-infant pairs were randomly assigned in a block design
to receive either CBM or CBMA when the infants were 6 mo old.
The assignment to CBM or to CBMA was made by asking the
mothers to pick 1 number from an envelope with 10 random
numbers (5 numbers corresponded to each blend treatment). The
next envelope was opened only after all the numbers in the
previous enveloped had been allocated. Each mother received 2
kg/mo of the same blend for the study infant and another 2 kg/mo
of the same blend for every additional child aged �3 y. The
infants in the control group were supplied 4 kg of the blend (2-mo
supply of either CBM or CBMA) after 9 mo. A suggested basic
recipe for preparing the porridge was written on the bags. Prac-
tical demonstration to the mothers on how to prepare the porridge
was not done because the presence of �-amylase in one of the
study blends would have resulted in a different porridge consis-
tency and hence would have adversely affected the blinding of
both mothers and study nurses.

Anthropometric measurements

All anthropometric measurements of the infants in the inter-
vention groups and the 9-mo measurements of those in the con-
trol group were carried out by the same 2 trained assistants, who
had had experience with growth monitoring in the Chilenje Clin-
ic’s Maternal and Child Health department. To determine inter-
observer variation in measurements, each nurse took 3 measure-
ments daily for 3 d of weight, height, circumferences (chest,
abdomen, thigh, and midupper arm) and skinfold thicknesses
(triceps, biceps, subscapular, and suprailiac) in the same 15-y-
old girl who had volunteered to be measured with permission
from the guardian. No significant differences in anthropometric
values were obtained by the 2 nurses. Although we were not able
to perform repeated measurements of the same infant to compare
the anthropometric values obtained by the 2 nurses, each nurse
had taken rehearsal measurements of the infants until 3 measure-
ments were obtained that agreed within 0.5 units. Measurements
of growth and body-composition indexes were made monthly in
triplicate by using standardized anthropometric techniques and
calibrated equipment (25). The infant nude weights were mea-
sured to the nearest 100 g by using a Salter scale (Fairfield, NJ).
The infant recumbent lengths were measured to the nearest 0.1
cm with the use of a portable measuring board. Triceps, biceps,
subscapular, and suprailiac skinfold thicknesses were measured
to the nearest 0.1 mm by using Holtain skinfold calipers
(Crymych, United Kingdom). The abdomen, thigh, chest, head,
and midupper arm circumferences were measured to the nearest
0.1 cm by using nonstretchable measuring tape. Weight records
(based on routine weight measurements at the clinic) for the
control infants from 6 to 8 mo of age were obtained from the
growth monitoring cards with the permission of the Lusaka Dis-
trict Health Management Team. Although the anthropometric
measurements in the present study were not as rigorously con-
trolled as those of other studies, in our experience, the routine
weight measures provided by the clinic were reliable.

Hemoglobin measurements

Finger-prick blood samples were used to measure hemo-
globin concentrations by use of an HemoCue hemoglobinom-
eter (HemoCue AB, Sheffield, United Kingdom) in the clinic
at 6 and 9 mo. Anemia was defined as hemoglobin concen-
trations �110 g/L.

Breast milk measurements

Measurement of breast milk intake required an additional con-
sent form and was conducted only in a subset from each group
(Figure 1). Furthermore, 3 infants in the CBM group and 5
infants in the control group were no longer breastfed at 9 mo and
thus were excluded from breast milk intake assessment. Breast
milk intake was determined by a dose-to-the-mother deuterium
dilution method as described previously (4). Briefly, each mother
received an accurately weighed oral dose of �10 g 2H2O diluted
in 50 mL ordinary drinking water in a clean plastic bottle. The
amount of dose taken was determined by weighing the bottle
before and after the administration of the dose. Baseline urine
samples were obtained from mother and infant before the deu-
terium dose was administered. Additional urine samples were
collected from the mother on days 1, 4, and 14 and from the infant
on days 1, 3, 4, 13, and 14. To obtain infant urine samples, a
cotton wool ball was placed in the diaper and was checked every
30 min for wetness. The times of the infant urine samples were
recorded as the average of the time at which the cotton ball was
noted to be wet and the time, within the previous 30 min, at which
it was last checked and found dry. The wet cotton wool ball was
retrieved and put into a syringe barrel. The plunger was inserted,
and the urine was pushed into a 2-mL cryotube. Urine sample
tubes were stored at �20 °C. The urine samples and the predose
aliquots were transported frozen to the United Kingdom to be
analyzed by isotope ratio–mass spectroscopy. The urine samples
were analyzed for 2H enrichment by using isotope ratio–mass
spectrometry after equilibration of 2H2O with 2% 2H in helium
for measurement of 1H/2H. Briefly, 500-�L urine samples were
flush-filled for 7 min at 75 mL/min with a 2% 2H/He mixture and
were equilibrated for a minimum of 5 h. Equilibration was done
by using platinum rods (Thermo, Howell, MI) and nonevacuated
12-mL Exetainer tubes (Labco, Howell, MI). Laboratory stan-
dards calibrated back to Vienna Standard Mean Ocean Water,
Standard Light Antarctic Precipitation, and Greenland Ice Sheet
Program international standards were used at the start and end of
every run. Samples were analyzed on a Delta XP infrared mass
spectrometer (Thermo). Sample duplicates were accepted if
within 5 � of one another; otherwise, the analysis of the sample
was repeated. Within these specifications, precision within the
same run was within 0.5 �.

Dietary intake measurements

A single interactive 24-h recall (26) was performed monthly
for 3 consecutive months in the CBM and CBMA groups and
once in the control group to determine the infant dietary intakes.
This method was previously validated by 12-h observed records
on the day of the 24-h recall (27). A total of 65 types of foods were
identified, and their as-is-eaten nutrient contents were calculated
on the basis of the Zambian National Nutrition Commission food
composition table (28). Ten food groups were generated from the
identified recipes, namely, 1) CBM or CBMA, 2) cereals and
cereal products, 3) porridge with groundnuts, 4) milk and milk
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products, 5) commercial complementary foods (milk and soy
based), 6) eggs, 7) soups, 8) fruits, 9) beverages (fruit juices and
soft drinks), and 10) others.

Data analysis

Data were double entered by using EPI INFO software (ver-
sion 3.2; Centers for Disease Control and Prevention, Atlanta,
GA) and were cross-checked. Standard statistical analyses were
conducted by using SPSS software (version 11.0; SPSS Inc,
Chicago, IL). Significant differences in noncontinuous variables
between interventions and between intervention and control
were determined by using the Kruskal-Wallis test for K indepen-
dent samples. Significant differences in continuous variables
between the intervention and control groups were tested by using
1-factor analysis of variance, and significant differences in con-
tinuous variables within groups were tested by using the least-
squares method. Differences in the continuous variables between
CBM and CBMA from 6 to 8 mo were determined by an inde-
pendent sample t test.

Weight and length measurements were converted to z scores
by using ANTHRO software (version 2005 PC; World Health
Organization, Geneva, Switzerland). Body-composition data
were used to calculate body fat, fat-free mass, midarm muscle
area, and midarm fat area.

Percentage fat mass, based on anthropometric measurements,
was calculated from the sum of 4 skinfold thicknesses according
to the following equation (29):

% Fat mass � ��4.95/�1.1451 � 0.0621 � log S1�� � 4.5�

� 100 (1)

where S1 is the sum of biceps, triceps, subscapular, and suprailiac

skinfold thicknesses (mm). Equation 1 was designed for adoles-
cents and may not be applicable to infants; however, intergroup
differences will not be affected.

Midarm muscle area and midarm fat area were calculated on
the basis of published equations (30):

A �mm2� � � � d2/4 (2)

M �mm2� � �MUAC � �T�2/4� (3)

and

F �mm2� � A � M (4)

where A is arm area, MUAC is midupper arm circumference, d is
MUAC/�, M is arm muscle area, F is arm fat area, and T is triceps
skinfold thickness.

Dietary data were used to calculate the age-specific amount of
CBM and other food groups consumed in grams and kilocalories
and to calculate the proportion of the total daily energy and
dietary intakes contributed by the CBM and the other food
groups. Dietary data were analyzed in 5 steps, namely, 1) the
creation of the as-is-eaten food-composition table on the basis of
the original 24-h recall sheets with the use of EXCEL
WINDOWS software (version 7.0; Microsoft Corp, Redmond,
WA), 2) the creation of the SPSS syntax command from the
as-is-eaten food-composition table, 3) the creation of the SPSS
database of all foods and amounts eaten by each infant, 4) the
running of the SPSS syntax in step 2 over the database in step 3
to calculate nutrient amounts, and 5) the aggregation of nutrient
data for each infant.

The calculated energy densities for CBM and CBMA to main-
tain the same porridge viscosity were 76 kcal/100 g and 106
kcal/100 g, respectively. However, 24-h recall data showed that

Infants recruited to  
intervention at 6  

mo of age 

Infants included in  
control group   
at 8 mo of age  

(n = 69)  

CBMA

(n = 58)  

CBM

(n = 58)  

Monthly anthropometric measurements,  
                       (24-h recall), morbidity, and 

                                      and 9 mo of age 

Cross-sectional anthropometric, dietary  
        intake, and morbidity at 9 mo 

  Weight data for 6-  

Breast milk  
measured in  

subset  

(n = 14)  

Breast milk  
measured in  

subset  

(n = 12)  

Breast milk  
measured in  

subset  

(n = 27)  

Lost to  
follow-up   
(n = 12)  

Died (n = 2)  

Lost to 
follow-up  

(n = 21) 
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 (n = 44)  
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 (n = 37)  

Analyzed   

(n = 69)  
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 hemoglobin  
                                      

-  8 mo from growth record  

FIGURE 1. Flow chart of the recruitment and follow-up of subjects. Infants were randomly assigned at 6 mo of age to receive for 3 mo either Chilenje Baby
Mix without �-amylase (CBM) or CBM with �-amylase (CBMA). Cross-sectional data were obtained for the control group at 9 mo. The nonrandom subset
of mother-infant pairs was sampled at 9 mo for measurements of breast milk intake.
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mothers used the same amounts of flour and water in both groups.
The combined mean energy density of the study blends was 94
kcal/100 g (95% CI: 68, 121) as reported during the 24-h recall
sessions. The combined energy densities of the 3 recipes for
CBM and CBMA—ie, blend only, blend with cooking oil, and
blend with milk—were 76, 86, and 121 kcal/100 g, respectively.
The mean energy densities (kcal/100 g) of the other main food
groups were as follows: 76 (95% CI: 65, 87) for cereals and cereal
products; 126 (95% CI: 88, 163) for porridge with groundnuts; 67
(95% CI: 49, 84) for milk and milk products; 129 (95% CI: 85,
174) for commercial complementary foods; 21 (95% CI: 12, 31)
for soups; and 51 (95% CI: 46, 56) for beverages.

Breast milk transfer was calculated by fitting the isotopic
(tracer) data to a model for water (tracee) turnover in the mothers
and infants and for the transfer of milk from mother to the infant
on the basis of equations and assumptions previously described
in detail (4). Breast milk was assumed to be 87.1% water (4) and
to have an energy density of 0.67 kcal/g (8).

RESULTS

The flow diagram of the recruitment and follow-up of inter-
vention infants (CBM and CBMA groups) from 6 to 9 mo of age
and of control infants at 9 mo of age is shown in Figure 1. A total

of 116 mother-infant pairs were recruited into the 2 intervention
groups. Two infants in the CBMA group died of upper respira-
tory illnesses during the 3-mo follow-up. Twenty-one (36%) of
the CBM group subjects and 12 (21%) of the CBMA group
subjects were lost to follow-up. The main reasons for these losses
were the relocation of residences and the opposition of some
fathers to their children’s receiving food from the clinic. Two
mothers, one in each group, cited dark porridge color as the cause
of their withdrawal. Measurements were obtained from all 69
mother-infant pairs included in the control group.

Birth weight and household demographic characteristics

There were no significant differences in the infant birth
weights or in household demographic and socioeconomic char-
acteristics between groups (Table 2). Infants lost to follow-up
did not differ significantly from those who remained in the study.

Growth

The mean (� SD) length at 6 mo was not significantly different
between the 2 supplemented groups of infants (67.2 � 2.7 cm for
the CBM group; 67.4 � 2.5 for the CBMA group). There were no
significant differences between the 2 intervention groups in
length gain (4.2 � 1.4 cm for the CBM group; 4.0 � 1.4 cm for

TABLE 2
Infants’ birth weight and household baseline characteristics1

CBM group
(n � 37)

CBMA group
(n � 44)

Control group
(n � 69)

Dropouts2

(n � 35) P3

Birth weight (kg) 3.1 � 0.54 3.2 � 0.5 3.1 � 0.5 3.0 � 0.3 0.70
Maternal age (y) 27.2 � 5.9 27.2 � 4.7 25.6 � 5.3 25.2 � 5.3 0.34
Maternal marital status [n (%)] 0.60

Married 29 (83) 36 (82) 49 (71) 27 (85)
Widowed 1 (3) 2 (4.5) 0 0
Single 5 (14.3) 6 (24) 18 (16) 5 (15)
Divorced 0 0 1 (1.4) 0

Maternal education [n (%)] 0.90
Primary 6 (17) 10 (23) 15 (22) 11 (31)
Secondary 21 (60) 20 (46) 36 (52) 19 (54)
Tertiary college 6 (17) 14 (32) 16 (24) 5 (15)
University 2 (6) 0 1 (1.4) 0

Maternal occupation [n (%)] 0.25
Salaried 5 (14) 7 (16) 11 (16) 5 (15)
Self-employed 5 (14) 7 (16) 6 (9) 0
Housewife 22 (63) 25 (57) 35 (51) 24 (69)
Student or dependent 3 (9) 4 (9) 16 (23) 5 (15)

Paternal age (y) 34.2 � 5.7 33.6 � 5.5 32.8 � 7.4 33.6 � 5.7 0.80
Paternal education [n (%)] 0.87

Primary 1 (3) 3 (7) 2 (3) 3 (8)
Secondary 14 (40) 17 (39) 26 (38) 18 (51)
Tertiary college 11 (31) 13 (30) 15 (22) 7 (20)
University 4 (11.4) 5 (11.4) 5 (7.2) 5 (15)

Paternal occupation [n (%)] 0.67
Salaried 23 (77) 30 (79) 35 (71) —
Self-employed 4 (13) 7 (18) 10 (20) —
Other 0 0 1 (2) —

Persons in household (n) 6.1 � 2.2 6.9 � 2.7 6.6 � 3.2 6.0 � 2.0 0.55
Children in household (n) 3.0 � 1.9 2.9 � 1.5 3.0 � 1.7 3.0 � 1.6 0.97

1 CBM, Chilenje Baby Mix without �-amylase; CBMA, CBM with �-amylase.
2 From combined intervention groups (n � 21 from CBM and n � 14 from CBMA).
3 Mann-Whitney U test for independent samples, P � 0.05.
4 x� � SD (all such values).
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the CBMA group; P � 0.56 for both) and in length-for-age z
scores (�0.1 � 0.5 cm for the CBM group; �0.12 � 0 for the
CBMA group; P � 0.87 for both) during the study. The mean
lengths at 9 mo were 71.8 � 2.5, 71.3 � 1.5, and 70.9 � 2.4 cm
(P � 0.06, analysis of variance) for infants in the CBM, CBMA,
and control groups, respectively. Infants in the CBM group had
a significantly greater length (P � 0.04, t test) at 9 mo than did the
infants in the control group. There were no significant differ-
ences in length-for-age z scores between the 3 groups (0.10 � 0.9
cm for the CBM group; 0.07 � 0.6 cm for the CBMA group;
�0.20 � 0.9 cm for the control group) (P � 0.14, analysis of
variance).

The mean weight of the infants at 6 and 9 mo, respectively, was
7.8 � 0.8 and 9.0 � 1.5 kg for the CBM group, 7.9 � 0.9 and
8.9 � 1.4 kg for the CBMA group, and 7.9 � 1.0 and 8.6 � 1.1
kg for the control group. There were no significant differences in
weight between the groups at 6 and 9 mo. Weight-for-age z scores
for infants in the CBM, CBMA, and control groups at 6, 7, 8, and
9 mo of age are shown in Table 3. There were no significant
differences in the weight-for-age z scores between the 3 groups

at any time point. There were no significant differences in
weight-for-age z scores within groups at any time point.

Body composition

Body circumferences (head, chest, abdomen, and thigh), skin-
fold thicknesses (biceps, triceps, subscapular, and suprailiac),
and body-composition indexes for the infants in the CBM,
CBMA, and control groups at 9 mo are shown in Table 4. Infants
in both the CBM and CBMA groups had significantly greater
skinfold thicknesses [biceps (P � 0.02), subscapular skinfold
(P � 0.001), and suprailiac (P � 0.001)] and percentage fat mass
(P � 0.01) than did the infants in the control group. There were
no significant differences between the 3 groups in body circum-
ferences, fat-free mass, midarm muscle area, and midarm fat
area.

Maternal anthropometric data

There were no significant differences in maternal weight
(60.3 � 14.5 kg for the CBM group; 60.1 � 14.4 kg for the
CBMA group; 58.5 � 9.6 kg for the control group, P � 0.71),
height (159 � 5.2 cm for the CBM group; 161.5 � 5.9 cm for the
CBMA group; 158.9 � 6.1 cm for the control group, P � 0.06),
or MUAC (27.9 � 4.9 cm for the CBM group; 27.0 � 4.4 cm for
the CBMA group; 26.9 � 3.3 cm for the control group, P � 0.63).
There were no significant differences in maternal percentage fat
mass (28.3 � 6.1% for the CBM group; 27.7 � 5.2% for the
CBMA group; 26.7 � 5.1% for the control group, P � 0. 35) or
fat-free mass (42.3 � 6.7% for the CBM group; 42.9 � 7.6% for
the CBMA group; 42.5 � 5.6% for the control group; P � 0.95).

Hemoglobin concentrations

Hemoglobin concentrations and the numbers and percentages
of infants with hemoglobin concentrations that were less than the
specified cutoff at 6 and 9 mo of age are presented in Table 5.

TABLE 3
Weight-for-age z scores of infants in the Chilenje Baby Mix without
�-amylase (CBM), CBM with �-amylase (CBMA), and control groups at
6, 7, 8, and 9 mo of age

Age
CBM
group

CBMA
group

Control
group P1

6 Mo 0.22 � 0.92 0.19 � 1.3 0.12 � 1.1 0.90
7 Mo 0.24 � 0.9 0.22 � 1.3 0.08 � 1.1 0.74
8 Mo 0.47 � 1.0 0.36 � 1.4 0.04 � 1.1 0.26
9 Mo 0.24 � 1.2 0.13 � 1.4 0.09 � 1.1 0.86

1 One-factor ANOVA and least-squares mean difference, P � 0.05.
There were no significant differences in weight-for-age z scores among
different time points or among the 3 groups.

2 x� � SD (all such values).

TABLE 4
Body circumferences, skinfold thicknesses, and body-composition indexes for infants at 9 mo of age1

CBM group
(n � 37)

CBMA group
(n � 44)

Control group
(n � 69) P

Body circumference (cm)
MUAC 15.2 � 1.52 14.7 � 1.3 14.7 � 1.2 0.18
Head 45.2 � 1.6 44.9 � 1.5 44.8 � 1.4 0.38
Chest 45.5 � 3.0 45.8 � 3.2 45.2 � 2.5 0.48
Abdomen 48.2 � 3.9 48.1 � 3.7 46.6 � 3.9 0.05
Thigh 24.7 � 3.1 24.8 � 3.6 24.0 � 3.5 0.77

Skinfold thickness (mm)
Biceps 6.5 � 1.4a 6.6 � 1.3a 5.9 � 1.4b 0.02
Triceps 8.9 � 1.8 9.1 � 1.7 8.7 � 1.9 0.51
Subscapular 9.4 � 2.4a 9.5 � 2.1a 8.2 � 1.7b � 0.001
Suprailiac 5.1 � 1.3a 5.0 � 1.0a 3.8 � 0.9b � 0.001

Body composition
Fat-free mass (kg) 6.9 � 0.9 6.8 � 0.9 6.9 � 0.8 0.73
Fat mass (%) 23.2 � 2.7a 23.4 � 2.5a 21.6 � 2.6b 0.01
Body fat (kg) 2.2 � 0.9a 2.0 � 0.4a,b 1.9 � 0.3b 0.02
Midarm muscle area (mm2) 1236 � 234 1174 � 235 1184 � 232 0.27
Midarm fat area (mm2) 622 � 163 621 � 161 584 � 147 0.35

1 CBM, Chilenje Baby Mix without �-amylase; CBMA, CBM with �-amlyase. Values in the same row with different superscript letters are significantly
different, P � 0.05 (1-factor ANOVA and least-squares mean difference).

2 x� � SD (all such values).
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There were no significant differences in hemoglobin concentra-
tions and anemia prevalence at 6 mo between the CBM and
CBMA groups.

At 9 mo of age, the infants in both the CBM and CBMA groups
had significantly higher hemoglobin concentrations (P � 0.02)
than did the infants in the control group, but the 2 intervention
groups did not differ significantly. There were no differences in
anemia prevalence (hemoglobin concentrations �110 g/L) be-
tween the CBM and CBMA groups at 9 mo, but the control group
had a significantly (P � 0.01) greater proportion of infants with
anemia. Nonbreastfed infants in the control group (n � 5) had
significantly (P � 0.04) lower hemoglobin concentrations than
did the breastfed infants in the control group (ie, 85 � 19 and
99 � 14 g/L, respectively); the hemoglobin concentrations of the
3 nonbreastfed infants in the CBM group did not differ signifi-
cantly from those of the other infants in the group (data not
shown).

Breast milk intake

Breast milk was measured in fewer mother-infant pairs in the
study groups than in the control group because the former groups
were less likely to allow for more measurements than were the
subjects in the control group, who had just been recruited. There
were no significant differences in daily breast milk intake be-
tween the 3 groups [CBM group: 614 g/d (95% CI: 418, 771 g/d);
CBMA group: 635 g/d (512, 758); control group: 653 g/d (566,
741)] (Figure 2). There were no significant differences in non-
breast milk oral water intake between the 3 groups [CBM group:
451 g/d (196, 705); CBMA group: 484 g/d (204, 764); control
group: 434 g/d (317, 551)].

Nutrient intake

There were no significant differences in anthropometric and
demographic indicators between the subset of infants whose
breast milk intake was measured and the rest of the infants in all
groups except the control group, in which infants in the breast
milk subset had significantly greater head circumference. Hence,
the average breast milk values obtained for each group subset

were used to calculate total nutrient intakes for the entire CBM,
CBMA, and control groups.

The total daily macronutrient intake from breast milk and
complementary foods and the energy composition for infants at
9 mo of age are shown in Table 6. There were no significant
differences between the groups in macronutrient intake. The
proportions of energy intake contributed by protein and fat were
slightly greater than the currently recommended values of
6–10% protein and 24% fat for infants aged 6–11 mo (24). The
proportion of energy from the study blend and commercial com-
plementary foods decreased in both the CBM and CBMA groups
between 7 and 9 mo, whereas the proportion of energy from
traditional cereals and cereal products increased within the same
period in both groups (Figure 3). There were no significant
differences between the CBMA and CBM groups in the propor-
tion of energy obtained from any complementary food group;
hence, the results were merged for the 2 groups.

Compared with the infants in both intervention groups, the
infants in the control group received a greater proportion of
energy from cereals and cereal products (CBM group: 30.5%;
CBMA group: 33.5%; control group: 37%), porridge with
groundnuts (CBM group: 12%; CBMA group: 17%; control
group: 24%), and commercial complementary foods (CBM
group: 17.5%; CBMA group: 15%; control group: 27%), which
suggested that the study blends had displaced these food groups.

DISCUSSION

The results show that consumption of the study blends, re-
gardless of amylase treatment, resulted in improved hemoglobin
concentrations and increased body fat. Only modest effects on
length and no effects on weight were seen, possibly because
weight and length z scores were in the normal range for all
groups. Breast milk intake did not differ between any of the
groups, and it is apparent that traditional complementary foods
were displaced by the provision of higher-quality complemen-
tary foods.

TABLE 5
Hemoglobin concentrations and the number (%) of infants with hemoglobin concentrations lower than the cutoff at 6 and 9 mo of age1

CBM group
(n � 37)

CBMA group
(n � 44)

Control group
(n � 69) P

Hemoglobin concentrations (g/dL)
At 6 mo 10.8 � 1.22 10.2 � 1.7 —3 0.07
At 9 mo4 10.5 � 1.2a 10.4 � 0.9a 9.8 � 1.5b 0.02

Prevalence of anemia [n (%)]5

�11 g/dL at 6 mo 19 (51) 30 (68) — 0.42
�11 g/dL at 9 mo 23 (62)a 30 (68)a 53 (77)b 0.01
�10.5 g/dL at 6 mo 14 (38) 25 (57) — 0.32
�10.5 g/dL at 9 mo 18 (49)a 23 (52)a 44 (64)b 0.003
�10 g/dL at 6 mo 10 (27) 16 (36) — 0.31
�10 g/dL at 9 mo 12 (32) 10 (23) 35 (51) 0.02
�9.5 g/dL at 6 mo 3 (8) 13 (29.5) — 0.43
�9.5 g/dL at 9 mo 9 (24)a 5 (11)a 27 (39)b 0.01

1 CBM, Chilenje Baby Mix without �-amlyase; CBMA, CBM with �-amlyase.
2 x� � SD (all such values).
3 Not measured (all such).
4 Values in the same row with different superscript letters are significantly different, P � 0.05 (1-factor ANOVA and least-squares mean difference).
5 Values in the same row with different superscript letters are significantly different, P � 0.05 (Mann-Whitney U test for independent samples).
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Study limitations

Although we were not able to achieve the initially planned
sample size, we recruited sufficient numbers to achieve statisti-
cal significance. Any benefit of the blends on growth was pos-
sibly confounded by the fact that some infants may have been
exposed to HIV. HIV-infected infants are usually shorter and
lighter than uninfected infants (31–33). Although we were not
able to assess infant or maternal HIV status in the present study,
we excluded seriously ill infants and assumed random distribu-
tion of HIV between the groups. It is possible that the infants in

the intervention group, although healthy at 6 mo, developed
disease symptoms between 6 and 9 mo of age; indeed, 2 infants
died. However, morbidity data (data not shown) showed that
there were no significant differences between intervention
groups and the control group.

Infant growth and hemoglobin concentrations

The observed trend toward greater weight-for-age and length-
for-age z scores in the 2 intervention groups than in the control
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FIGURE 2. Breast milk intakes of individual infants in the Chilenje Baby Mix without �-amylase (CBM) group, CBM with �-amylase (CBMA) group,
and the control group. There were no significant differences in breast milk intake between groups. The horizontal line is the mean breast milk intake (0.64 kg/d)
for the 3 groups.

TABLE 6
Daily mean (and 95% CIs) intakes of macronutrients from breast milk and complementary foods and energy composition at 9 mo1

Nutrient

CBM group2

(n � 37)
CBMA group3

(n � 44)
Control group4

(n � 59)

P5
Intake from
breast milk

Intake from
solid foods % RDA

Intake from
breast milk

Intake from
solid foods % RDA

Intake from
breast milk

Intake from
solid foods % RDA

% % %

Energy (kcal) 412 (307, 516)6 390 (315, 467) 116 425 (343, 508) 344 (267, 422) 112 438 (379, 496) 353 (299, 407) 115 0.63
Protein (g) 8.6 (6.4, 10.8) 13.7 (10.4, 17.1) 232 9.0 (6.8, 11.1) 10.5 (8.4, 12.6) 203 9.1 (7.8, 10.4) 11.5 (9.6, 13.5) 214 0.21
Fat (g) 11.1 (8.2, 13.9) 14.2 (9.0, 19.5) — 11.5 (8.8, 14.3) 11.2 (7.8, 14.5) — 11.7 (10, 13.4) 11.6 (9.5, 13.5) — 0.43
Carbohydrate

(g)
44.8 (33.4, 56.2) 63.4 (50.4, 76.5) — 46.8 (35.7, 57.9) 53.0 (42.3, 63.3) — 47.5 (40.5, 54.4) 53.9 (46.1, 61.8) — 0.31

Fiber (g) 0 10.1 (3.2, 16.9) — 0 5.4 (3.9, 6.9) — 0 12.4 (6.2, 18.6) — 0.24

1 CBM, Chilenje Baby Mix without �-amylase; CBMA, CBM with �-amylase. Macronutrient intakes from breast milk are based on average breast milk
intakes (614 g/d in the CBM group, 635 g/d in the CBMA group, and 653 g/d in the control group).

2 Energy composition (% of energy) in CBM group (x� and 95% CIs): protein, 11.9 (11.4, 12.5); fat, 28.9 (27, 30.7); carbohydrate, 59.2 (57.3, 61). P � 0.76.
3 Energy composition (% of energy) in CBMA group (x� and 95% CIs): protein: 11.2 (10.8, 11.6); fat: 29.4 (26, 32.8); carbohydrate: 59.4 (56.1, 62.7).

P � 0.65.
4 Energy composition (% of energy) in controls (x� and 95% CIs): protein: 11.8 (11.0, 12.5); fat: 28 (26, 30); carbohydrate: 60.3 (57.9, 62.6). P � 0.45.
5 Because there were no significant differences between groups in breast milk intake, total differences are based on nutrient intake from complementary

foods. Values in the same row with different superscript letters are significantly different, P � 0.05 (1-factor ANOVA).
6 x�; 95% CIs in parentheses (all such values).
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group may be attributed to the provision of high-quality comple-
mentary foods. The observed decline in weight-for-age z scores
after 8 mo in the 2 intervention groups may be attributed to the
decrease in the amount of study blends and commercial comple-
mentary foods consumed as the infants grew older. The lack of
significant differences in weight, length, and hemoglobin con-
centrations between the 2 intervention groups may be explained
by the fact that both groups had comparable nutrient intakes.

No significant effect of �-amylase addition on length was
observed in the current study in contrast with a study from Congo
(10), which found an improvement in length gain velocity be-
tween 24 and 31 wk in infants given multimicronutrient-fortified
maize-soy blend. The main differences between the current study
and the Congolese study (10) were that, in the latter case, com-
plementary foods were introduced at a younger age (13 wk), and
the initial stunting rate (15.5%) was higher than that observed at
6 mo in the current study. A Ghanaian study (14) found an
intervention effect on weight-for-age and length-for-age be-
tween 9 and 12 mo, but not between 6 and 9 mo.

The improvement in hemoglobin concentrations observed in
the current study is consistent with findings from South Africa
(17) but is contrary to the results from a Ghanaian study (14). The
lack of improvement in hemoglobin concentrations with inter-
vention in Ghana (14) may have been due to the high prevalence
of malaria in the study area (34).

The differences between the current study and similar studies
may be further explained by the different amounts of micronu-
trients added to complementary foods in the various studies. In
Ghana (14), the highly fortified blend had higher calcium con-
centrations (1736 mg/100 g) and higher zinc concentrations
(17.1 mg/100 g) but lower iron concentrations (36.6 mg/100 g)
and lower vitamin C concentrations (78 mg/100 g) than those in
the current study. A South African study (17) found no effect on
growth of giving infants fortified maize meal porridge for 6 mo,
and this lack of effect, according to those authors, was likely due
to the insufficient amounts of zinc fortification. Although the

effect on infant growth of food fortification with zinc alone has
not been assessed, supplementation with zinc alone improved
growth in stunted infants (35, 36).

The significantly greater percentage fat mass without signif-
icant differences in weight gain in the treatment groups was
unexpected. It is possible that the presence of zinc in the fortifi-
cation premix resulted in fat increments. A recent study (37) that
analyzed data from 4 longitudinal studies on infant growth in the
first 12 mo of life showed that initial skinfold thickness at 3 and
4 mo of age was positively associated with later length gain.

Breast milk intake

The interindividual variations in breast milk intake observed
in the present study are consistent with a similar pattern observed
in Brazil (4), in which the intake range was 357–987 g/d in
partially breastfed infants. A recent Bangladeshi study (6) also
found large variations in milk intake between individuals. The
overall SD in the breast milk intake in the present study (228 g/d)
is comparable with that observed (203 g/d) in Congo (10). The
lack of displacement of breast milk by the study blends shows
that high-quality complementary foods can be incorporated into
infant diets without a significant reduction in breast milk intake.
This is the first study to report breast milk intake of older infants
given improved complementary foods by using a stable isotope
technique. Previous studies have been done in young infants (4)
and were based on test weighing (5, 6, 10). Two studies found
significant reductions (5, 6) in breast milk intake when infants
were given complementary foods of high energy density,
whereas the third study (10) observed no differences. Reported
breast milk intakes measured by test weighing are lower than
those observed in the current study, which was likely due to
insensible water loss during breastfeeding or to a lack of night-
time intake data. Although workers in India (5) corrected for any
possible insensible water loss, breast milk intake was still low,
which suggested that the technique may not have been easy to
perform at nighttime.

Policy implications

The current World Health Organization recommendation for
infant and young child feeding (2) is that infants be exclusively
breastfed for the first 6 mo of life and thereafter should receive
appropriate complementary foods with continued breastfeeding
to at least 2 y of age. The present study proposes that, for infants
aged 6–11 mo, CBM or similar blends be fed in combination with
traditional complementary foods and family dishes. A strategy to
integrate food aid with programs for the prevention of mother-
to-child transmission of HIV is currently being developed by the
World Food Programme to provide infants and young children of
HIV-positive mothers in resource-poor settings with replace-
ment foods such as corn-soy blend or an equivalent after the
cessation of breastfeeding (38). The evaluation of the benefits of
blends such as CBM on growth and nutritional status of non-
breastfed infants in developing countries, the optimum age at
which such replacement foods may be introduced, and the opti-
mum frequency of feeding is necessary.

We acknowledge the support of the entire staff of Quality Commodities
Limited, Lusaka, for support in study blend processing and the entire staff of
the Breast Feeding and Postpartum Health Project throughout the study,
especially the logistic support of Molly Chisenga, Hildah Mabuda, and John
Chobo. We are grateful for the assistance in data collection of Mutinta
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FIGURE 3. Proportion of energy from the different complementary food
(CF) groups: study blends (f), commercial complementary foods (Œ), and
traditional cereals and cereal products (F) between 7 and 9 mo. Proportion of
energy from the study blends and the commercial complementary foods
decreased in both the CBM and CBMA groups between 7 and 9 mo, whereas
the proportion of energy from traditional cereals and cereal products in-
creased the same period in both groups. There were no significant differences
between the CBMA and CBM group in the proportion of energy obtained
from any complementary food group; hence, the results were merged for the
2 groups.
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Milk consumption during pregnancy is associated with increased
infant size at birth: prospective cohort study1–4

Sjurdur F Olsen, Thorhallur I Halldorsson, Walter C Willett, Vibeke K Knudsen, Matthew W Gillman,
Tina B Mikkelsen, Jørn Olsen, and The NUTRIX Consortium

ABSTRACT
Background: Cow milk contains many potentially growth-
promoting factors.
Objective: The objective was to examine whether milk consump-
tion during pregnancy is associated with greater infant size at birth.
Design: During 1996–2002, the Danish National Birth Cohort col-
lected data on midpregnancy diet through questionnaires and on
covariates through telephone interviews and ascertained birth out-
comes through registry linkages. Findings were adjusted for moth-
er’s parity, age, height, prepregnant BMI, gestational weight gain,
smoking status, and total energy intake; father’s height; and family’s
socioeconomic status The analyses included data from 50 117
mother-infant pairs.
Results: Mean (�SD) consumption of milk was 3.1 � 2.0 glasses/d.
Milk consumption was inversely associated with the risk of small-for
gestational age (SGA) birth and directly with both large-for-
gestational age (LGA) birth and mean birth weight (P for trend �
0.001). In a comparison of women drinking �6 glasses/d with those
drinking 0 glasses/d, the odds ratio for SGA was 0.51 (95% CI: 0.39,
0.65) and for LGA was 1.59 (1.16, 2.16); the increment in mean birth
weight was 108 g (74, 143 g). We also found graded relations (P �
0.001) for abdominal circumference (0.52 cm; 0.35, 0.69 cm), pla-
cental weight (26 g; 15, 38 g), birth length (increment: 0.31 cm; 0.15,
0.46 cm), and head circumference (0.13 cm; 0.04, 0.25 cm). Birth
weight was related to intake of protein, but not of fat, derived from
milk.
Conclusion: Milk intake in pregnancy was associated with higher
birth weight for gestational age, lower risk of SGA, and higher risk
of LGA. Am J Clin Nutr 2007;86:1104–10.

KEY WORDS Pregnancy, milk consumption, birth weight

INTRODUCTION

An infant’s weight at birth is associated with survival and
long-term health; low birth weight is associated with an increased
risk of neonatal death (1) and of developing hypertension and
type 2 diabetes as an adult (2, 3). The identification of modifiable
factors that influence birth weight may lead to interventions that
improve the health of the offspring, but remarkably little has been
established regarding specific dietary factors that affect fetal
growth.

Cow milk is an efficient vehicle for the delivery of many
nutrients essential for fetal development and therefore of poten-
tial importance for fetal growth. The cultural trait of milk drink-
ing dates 6000–9000 y back when humans first domesticated

livestock and practiced milk-based pastoralism. Because of con-
temporary production methods, however, modern cow milk has
a high content of sex steroids (4), and estrogen has a known
stimulating effect on fetal growth (5). In both children and adults,
milk consumption increases blood concentrations of insulin-like
growth factor I (IGF-I) (6–12), which is a major determinant of
growth during childhood.

The relation between maternal intake of cow milk and mea-
sures of infant birth size was studied in 1 randomized controlled
trial (13), 4 prospective observational studies (14–17), and 2
retrospective observational studies (18, 19), but the findings are
inconsistent and do not provide a clear conclusion. In particular,
there is a lack of large prospective studies with a sizeable group
of women with zero or low milk consumption. We therefore
examined in detail, in a large prospective Danish pregnancy
cohort (20), the relations of milk intake and milk constituents
with measures reflecting intrauterine growth.

SUBJECTS AND METHODS

The Danish National Birth Cohort

The Danish National Birth Cohort (DNBC) (20) and its dietary
component (21) have been described in detail elsewhere. Women
were recruited while in early pregnancy during January 1997 to
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October 2002. Data were derived from questionnaires, telephone
interviews, and registry linkages.

Exposure variables

A 360-item food-frequency questionnaire (FFQ) was com-
pleted at �25 wk of gestation; it referred to the previous 4 wk.
The FFQ was validated against dietary records and biomarkers of
particular nutrients (22), but not specifically of milk or milk
components; the correlation coefficient for total protein was
0.39. We also asked 100 women to complete the FFQ a second
time, at �35 wk of gestation; we found a correlation coefficient
of 0.59 for frequency of milk consumption (glasses/d). Milk
consumption was recorded in 8 questions in the FFQ; 2 of these
referred to consumption of yogurt, in portions per day (including
the percentage of fat) and 6 to the consumption of milk (whole
milk, 1.5% milk, 0.5% milk, skim milk, churn buttermilk, and
chocolate milk), in glasses/d. We aggregated the milk and yogurt
variables to obtain frequency measures; according to a Nordic
standard, one glass of milk has been estimated to be 200 mL and
one portion of yogurt to 150 mL (23). We also quantified dairy
products (in g/d) by summing all milk products other than cheese
or ice cream. Consumption of milk and its constituents was also
quantified on the basis of standard portion sizes (23) and food-
composition tables. Absolute zero consumption did not exist for
any of these women because some recipe-based food items, such
as sauces or bread, contain small amounts of milk. For the anal-
yses using a quantified amount of milk or quantified amounts of
protein, carbohydrates, and fat from milk, we divided the women
into deciles of intake.

Outcome variables

Birth weight, birth length, head circumference, abdominal
circumference, and placental weight were measured and re-
corded in birth certificates by the midwives attending child birth
according to standard procedures issued by the National Board of
Health. Midwives in Denmark are trained to follow standardized
procedures: birth weight is measured right after birth; birth length
is measured from vertex to heal, with legs stretched; head cir-
cumference corresponds to “hat measure”; abdominal circum-
ference is measured just above the navel; and placental weight is
measured right after delivery and includes membranes and um-
bilical cord. Gestational age at birth was primarily assessed from
the last menstrual period (LMP) recorded in the recruitment form
at �8 wk of gestation. When the LMP-based estimate was un-
certain, gestational age was based on information on the expected
date of delivery provided by the women in the second interview,
which took place at �30 wk of gestation. We used growth ref-
erences provided by the British Child Growth Foundation (24,
25) to identify infants with a birth weight below or above the
gestational age and sex-specific 10th and 90th percentiles,
respectively.

Mother-child pairs available for analysis

A total of 101 042 women registered in the DNBC, of whom
70 187 completed the FFQ. We restricted our analyses to single-
tons and term births to eliminate potential confounding by twin-
ning and preterm and postterm delivery, resulting in exclusions
of 1724 and 12110 observations, respectively. Of the remaining
56 353 observations, we excluded 290 because of abnormally
low or high energy intakes [ie, outside the range 600–6000

kcal/d (2508-25 080 kJ/d)] and 218 had missing birth weight. Of
the remaining 55845, 5728 women participated more than once
during the recruitment period. The exclusion of later births re-
sulted in the final data set of 50 117 women.

Statistical methods

We adjusted for potential confounding by multiple linear (con-
tinuous outcomes) and logistic (dichotomous outcomes) regres-
sion. We included the following covariates in the models: infant
gestational age (in d); infant’s sex; mother’s parity (nulliparous
versus multiparous), age (�20, 20–30, 30–40, �40 y), height
(�160, 160–169, 169–179, �179 cm), prepregnant BMI
(�18.5, 18.5–25, 25–30, 30–35, 35–40, � 40), gestational
weight gain (in quintiles), smoking status (never, occasional,
daily �15 cigarettes, daily � 15 cigarettes), and total energy
intake (in quintiles); father’s height (170�, 170–179, 180–189,
�189 cm); and family’s socioeconomic status (6 occupational
categories). Missing values were assigned to a “missing” cate-
gory for each of these covariate variables.

RESULTS

For the 50 117 women included in this analysis, the mean
(�SD) reported consumption of milk was 3.1 � 2.0 glasses/d,
birth weight was 3596 � 488 g, birth length was 52.0 � 2.2 cm,
head circumference was 35.0 � 1.6 cm, abdominal circumfer-
ence was 32.4 � 6.6 cm, and placental weight was 662 � 141 g.
For increasing categories of milk consumption, energy intake
was greater, whereas the proportion of primiparous women and
mean age were lower (Table 1). Mother’s height and father’s
height tended to be greater with increasing milk intake, whereas
the percentage of smokers and women with low education tended
to exhibit a U-shaped relation.

In the univariate analysis, mean birth weight was �100 g
higher among the group that consumed 4–5 glasses of milk/d
compared with those who consumed no milk. Above that level no
further increments were seen (Table 2). When adjusted for po-
tential confounders, a similar maximal increment was observed,
but the rise tended to be graded across a broader exposure range,
from 0 to �6 glasses of milk/d (Table 2).

The odds of being small-for-gestational age (SGA) declined
with increasing consumption of milk, and the adjustment for
potential confounding factors did not affect the association
(Table 3). Compared with women who reported never consum-
ing milk, women consuming �6 glasses/d had a 49% (95% CI:
35%, 61%) lower adjusted odds of having an SGA infant. The
odds of having a large-for-gestational age (LGA) increased with
exposure (P � 0.001), and the adjustment for confounding
tended to make the associations somewhat stronger. Compared
with women who reported no milk consumption, women who
reported consuming �6 glasses of milk/d had a 59% (95% CI:
16%, 116%) higher odds of having an LGA infant.

Mean abdominal circumference, placental weight, head cir-
cumference, and birth length all showed increases across the
whole range of milk intake (P for trend � 0.001; Table 4). After
adjustment for confounding, the total increments were 0.52 cm
(0.35–0.69 cm), 26.4 g (15.1–37.7 g), 0.13 cm (0.04–0.25 cm),
and 0.31 cm (0.15–0.46 cm) for the 4 measures, respectively.

When we quantified intake of fat and protein from dairy prod-
ucts (excluding cheese and ice cream), no association existed
between birth weight and fat from dairy products (Figure 1),
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whereas birth weight showed a relation with protein from dairy
products (Figure 1), which resembled its relation with milk ex-
posure expressed in glasses/d (Table 2), although the total incre-
ment in birth weight across the full exposure range of protein
from dairy products was somewhat smaller (65 compared with
100 g; Figure 1 compared with Table 2). Birth weight was con-
stant across quintiles of nondairy protein (Figure 2), which
suggests that the association with dairy protein is unlikely to
reflect a general effect of protein. Cheese protein predicted only

a slight increase in birth weight, but the range of intake was much
narrower than that for milk protein.

DISCUSSION

We found that maternal milk intake during pregnancy was
associated with a reduced risk of SGA, an increased risk of LGA,
and an increased mean birth weight, abdominal circumference,

TABLE 1
Characteristics of women participating in the Danish National Birth Cohort according to frequency of milk consumption (n � 50 117)

Median milk consumption [glasses/d (median)]

P0 (0) � 0–1 (0.5) � 1–2 (1.4) � 2–3 (2.7) � 3–4 (3.4) � 4–5 (4.7) � 5–6 (5.4) � 6 (7.2)

No. of subjects 709 6503 7943 12 721 9181 5550 3789 3721
Continuous variables

Gestational age (d) 279.3 � 8.01 279.8 � 7.8 280.0 � 7.7 280.0 � 7.8 279.9 � 7.7 279.9 � 7.7 279.8 � 7.7 279.6 � 7.8 0.502

Mother’s age (y) 30.4 � 4.7 29.4 � 4.4 29.3 � 4.4 29.2 � 4.2 29.1 � 4.1 28.8 � 4.1 28.7 � 4.1 28.2 � 4.3 �0.0012

Mother’s height (cm) 168.1 � 6.3 168.2 � 6.1 168.7 � 6.0 168.8 � 6.0 169.1 � 6.0 168.9 � 6.1 169.1 � 6.1 169.2 � 6.1 �0.0012

Father’s height (cm) 181.7 � 8.3 181.9 � 7.3 181.9 � 7.6 181.9 � 6.9 182.1 � 7.2 181.9 � 7.2 182.0 � 7.1 181.8 � 7.3 0.142

Prepregnant BMI (kg/m2) 23.9 � 4.8 23.6 � 4.4 23.3 � 4.0 23.5 � 4.1 23.2 � 3.9 23.5 � 4.0 23.4 � 4.0 23.6 � 4.1 0.322

Weight gain (g/wk) 431 � 263 455 � 231 467 � 222 463 � 219 473 � 218 480 � 225 476 � 232 484 � 235 �0.0012

Energy intake (MJ/d) 8.8 � 2.9 9.2 � 2.6 9.6 � 2.5 10.1 � 2.5 10.7 � 2.5 11.1 � 2.6 11.7 � 2.7 12.8 � 3.2 �0.0012

Discrete characteristics (%)
Maternal smoking 26.9 27.4 25.1 24.3 21.8 25.4 25.0 28.6 �0.0013

Female births 48.2 50.2 48.7 49.6 48.8 48.0 49.9 47.5 0.083

Multiparity 59.0 51.5 49.2 50.8 46.4 46.6 45.6 43.8 �0.0013

Socioeconomic status4 �0.0013

High status 23.0 23.6 25.1 23.3 25.4 21.6 21.4 17.9
Intermediate status 28.8 29.2 30.6 31.2 32.7 31.3 31.3 27.8
Skilled workers 29.4 26.8 25.5 27.0 24.2 27.2 27.3 30.3
Unskilled workers 11.9 12.9 11.8 12.2 10.8 12.6 12.5 16.0
Students 3.8 4.5 4.7 4.1 4.7 4.4 4.0 4.3
Not working 3.1 3.0 2.5 2.3 2.2 3.0 3.5 3.7

1 x� � SD (all such values).
2 For association as determined by Spearman’s correlation coefficient (2-sided P value).
3 Chi-square tests for measures of an association.
4 Of the 50 117 women, 23.3% were classified with high status, 30.8% with intermediate status, 26.6% as skilled workers, 12.3% as unskilled workers,

4.4% as students, and 2.7% as not working.

TABLE 2
Unadjusted and adjusted differences in mean birth weight increment according to frequency of milk consumption in the Danish National Birth Cohort (n �
50 117)1

Milk intake (glasses/d)
Difference in birth
weight, unadjusted 95% CI P2

Difference in birth
weight, adjusted3 95% CI P2

g g

0 (n � 709) Referent — — Referent — —
� 0–1 (n � 6503) 44.8 (7.0, 82.6) 0.020 48.2 (15.5, 80.9) 0.004
� 1–2 (n � 7943) 66.2 (28.8, 103.7) 0.001 57.2 (24.7, 89.6) 0.001
� 2–3 (n � 12 721) 79.0 (42.1, 115.8) �0.001 66.3 (34.3, 98.3) �0.001
� 3–4 (n � 9181) 89.7 (52.5, 127.0) �0.001 78.5 (46.0, 110.9) �0.001
� 4–5 (n � 5550) 103.0 (64.8, 141.1) �0.001 91.0 (57.8, 124.1) �0.001
� 5–6 (n � 3789) 105.2 (66.1, 144.3) �0.001 100.5 (66.4, 134.6) �0.001
� 6 (n � 3721) 105.2 (66.2, 144.5) �0.001 107.8 (73.5, 142.5) �0.001
P for trend4 �0.001 �0.001

1 The group of women who consumed zero glasses of milk was used as a reference for each pairwise comparison.
2 Student’s t test.
3 Adjusted for gestational age; infant’s sex; mother’s parity, age, height, prepregnant BMI, gestational-weight gain, smoking status, and total energy intake;

father’s height; and family’s socioeconomic status.
4 Student’s t test for regression coefficient (continuous variable).
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placental weight, birth length, and head circumference adjusted
for gestational age at birth.

The strengths of our study included its size and prospective
design (20, 21). Milk intake was assessed in midpregnancy,
which is long before birth weight or the other growth measures
were evaluated, because only term deliveries were included in
the analysis. A potential limitation of our study was that milk
intake was measured during a narrow time window of pregnancy,
1 mo in midpregnancy; however, our milk measure will also
closely reflect milk intake during other periods of pregnancy
because dietary patterns are rather constant throughout preg-
nancy (26). Other potential limitations were the nonparticipation
of women eligible for recruitment and attrition among the women
recruited. During 1996–2002, 30–40% of all women who got
pregnant in Denmark were recruited for the DNBC. Because all
women getting pregnant in the country were in principle eligible,
this might have caused selection bias. This was addressed in an
analysis based on data from a particular geographic area in Den-
mark, where it was possible to compare odds ratios for selected
exposure-outcome relations (including between smoking status
and risk of SGA) among women who were recruited and those
who were not; notably, only minor differences in the odds ratios
were detected between participants and nonparticipants (27). Of
101 042 women recruited in early pregnancy for the cohort,
50 117 were included in the present analyses. This attrition was
caused by several different mechanisms, but none of them is
likely to have resulted in any serious distortion of the associations
that we observed because decisions regarding participation oc-
curred before participants or their care providers knew their birth
outcomes. Of those women in the cohort who participated with

more than one pregnancy, we only included their first participa-
tion in our analyses; this was done for statistical reasons to ex-
clude interdependent observations. Finally, we restricted our
analyses to include only singleton infants born at term; therefore,
this was the target population for which we made our statistical
inference.

Some, but not all, results from earlier studies are in line with
our findings. A reanalysis of an early randomized controlled trial
found an increase in mean birth weight of 53 g in mothers who
could buy one pint of milk per day at half price (13) (95% CI: �6,
111 g) (intention-to-treat analysis; Y Ben-Shlomo, personal
communication, 2005). A small randomized controlled trial con-
ducted in adolescent women reported a higher birth weight after
supplementation (3717 g) than after no supplementation (3277g)
with dairy products and calcium during the latter half of the
pregnancy; however, the trial findings were difficult to interpret
because of the dubious quality of the trial (28). Furthermore, in
a study in which women completed a few food frequency ques-
tions after delivery, mean birth weight increased by 134 g, and the
risk of SGA declined by 80% in women who consumed �1 L/d
compared with no milk during pregnancy (18). However, the
study was retrospective, and no data were available at the nutrient
level. In a prospective study in India, birth weight, birth length,
head circumference, and placental weight were directly associ-
ated with frequency of milk intake assessed at 18 wk of gestation,
but no associations were detected for milk intake assessed at 28
wk (14), for abdominal circumference, or for dairy protein and
birth weight (14). In a prospective study in Canadian women,
overrepresented by women who restricted their milk intake, low
milk intake tended to be associated with lower mean birth weight,

TABLE 3
Unadjusted and adjusted odds ratios for the risk of small-for-gestational age (SGA) birth according to frequency of milk intake in the Danish National
Birth Cohort (n � 50 117)1

Milk intake (glasses/d) No. of cases
Unadjusted odds ratios

(95% CI)
Adjusted odds ratios

(95% CI)2

n (%)
SGA 10th percentile

0 (n � 709) 104 (14.7) 1.00 1.00
� 0–1 (n � 6503) 700 (10.7) 0.70 (0.56; 0.88) 0.67 (0.54; 0.85)
� 1–2 (n � 7944) 766 (9.6) 0.62 (0.50; 0.77) 0.62 (0.49; 0.78)
� 2–3 (n � 12 721) 1204 (9.5) 0.61 (0.49; 0.76) 0.62 (0.49; 0.77)
� 3–4 (n � 9181) 832 (9.1) 0.58 (0.47; 0.72) 0.59 (0.47; 0.74)
� 4–5 (n � 5551) 469 (8.5) 0.54 (0.43; 0.68) 0.53 (0.42; 0.67)
� 5–6 (n � 3789) 313 (8.3) 0.52 (0.41; 0.67) 0.51 (0.40; 0.65)
� 6 (n � 3721) 324 (8.7) 0.56 (0.44; 0.70) 0.51 (0.39; 0.65)
P for trend3 � 0.001 � 0.001

LGA, 90th percentile
0 (n � 709) 53 (7.5) 1.00 1.00
� 0–1 (n � 6503) 592 (9.1) 1.24 (0.93; 1.66) 1.37 (1.01; 1.84)
� 1–2 (n � 7944) 670 (8.4) 1.14 (0.85; 1.52) 1.24 (0.92; 1.68)
� 2–3 (n � 12721) 1234 (9.7) 1.33 (1.00; 1.77) 1.42 (1.06; 1.91)
� 3–4 (n � 9181) 939 (10.2) 1.41 (1.06; 1.88) 1.54 (1.15; 2.07)
� 4–5 (n � 5551) 573 (10.3) 1.42 (1.06; 1.91) 1.54 (1.14; 2.08)
� 5–6 (n � 3789) 390 (10.3) 1.42 (1.05; 1.91) 1.4 (1.13; 2.10)
� 6 (n � 3721) 392 (10.5) 1.46 (1.08; 1.96) 1.59 (1.16; 2.16)
P for trend3 � 0.001 � 0.001

1 The group of women who consumed zero glasses of milk was used as a reference for each pairwise comparison.
2 Adjusted for mother’s parity, age, height, prepregnant BMI, gestational weight gain, smoking status, and total energy intake; father’s height; and family’s

socioeconomic status.
3 Chi-square test for regression coefficient (continuous variable).
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but no association was seen with birth length or head circumfer-
ence (17). Finally, 2 prospective studies (15, 16) and a case-
control study (19) were unable to detect significant associations
between birth weight and SGA and maternal milk intake; one
reason might have been the lack of a sufficiently large reference
group with low milk intake.

Many factors in milk could promote fetal growth. Calcium
supplementation in pregnancy may reduce the risk of low birth
weight (29). Because of a high degree of collinearity in our data
(Spearman r � 0.89) between intake of milk and total dietary
calcium, we were unable in our analysis to evaluate this issue

critically, and calcium remains a possibility. Mannion et al (17,
30) suggested vitamin D as the factor underlying the association
observed between birth weight and milk intake in Canadian women.
Our observation that protein, but not fat, from milk was related to
birth weight suggests that the potentially causative constituents in
milk are unlikely to be part of the lipid component of milk, which
does not support vitamin D as having been an underlying factor.

Modern cow milk, because of the way it is produced, may have
a high content of estrogen and probably other sex steroids (4), and
estrogen has a known stimulating effect on fetal growth (5).
However, as mentioned above, our data do not support a

TABLE 4
Unadjusted and adjusted differences in mean increment in abdominal circumference, placental weight, head circumference, and birth length according to
frequency of milk intake in the Danish National Birth Cohort (n � 50 117)1

Milk intake (glasses/d)

Not adjusted for covariates

P2

Adjusted for covariates3

P2Increment 95% CI Increment 95% CI

Abdominal circumference (cm)
0 676 Referent — — Referent — —
� 0–1 6255 0.17 (0.002, 0.34) 0.048 0.20 (0.04, 0.36) 0.012
� 1–2 7656 0.26 (0.09, 0.42) 0.003 0.26 (0.10, 0.42) 0.001
� 2–3 12 273 0.31 (0.15, 0.48) �0.001 0.30 (0.15, 0.46) �0.001
� 3–4 8853 0.33 (0.16, 0.50) �0.001 0.34 (0.18, 0.50) �0.001
� 4–5 5342 0.42 (0.25, 0.59) �0.001 0.43 (0.26, 0.59) �0.001
� 5–6 3658 0.39 (0.21, 0.56) �0.001 0.42 (0.26, 0.59) �0.001
� 6 2609 0.46 (0.29, 64) �0.001 0.52 (0.35, 0.69) �0.001
P for trend4 �0.001 �0.001

Placental weight (g)
0 686 Referent — — Referent — —
� 0–1 6274 10.4 (�0.7, 21.6) 0.067 13.3 (2.5, 24.1) 0.016
� 1–2 7678 12.4 (1.3, 23.5) 0.028 14.9 (4.2, 25.6) 0.006
� 2–3 12 310 13.7 (2.8, 24.6) 0.014 15.4 (4.9, 25.9) 0.004
� 3–4 8907 15.9 (4.9, 26.9) 0.005 19.4 (8.7, 30.1) �0.001
� 4–5 5362 20.1 (8.8, 31.3) �0.001 22.4 (11.5, 33.4) �0.001
� 5–6 3658 20.3 (8.7, 31.8) �0.001 24.1 (12.9, 35.4) �0.001
� 6 3620 22.0 (10.4, 33.6) �0.001 26.4 (15.1, 37.7) �0.001
P for trend4 �0.001 �0.001

Head circumference (cm) [cm]
0 689 Referent — — Referent — —
� 0–1 6401 0.01 (�0.11, 0.13) 0.87 0.03 (�0.08, 0.15) 0.60
� 1–2 7795 0.05 (�0.08, 0.17) 0.45 0.04 (�0.07, 0.16) 0.48
� 2–3 12 489 0.08 (�0.04, 0.20) 0.20 0.07 (�0.04, 0.18) 0.23
� 3–4 9018 0.08 (�0.04, 0.20) 0.20 0.07 (�0.01, 0.22) 0.22
� 4–5 5449 0.12 (�0.01, 0.25) 0.06 0.11 (�0.01, 0.24) 0.07
� 5–6 3723 0.10 (�0.03, 0.23) 0.07 0.12 (0.00, 0.24) 0.06
� 6 3659 0.11 (�0.02, 0.23) 0.06 0.13 (0.04, 0.25) 0.04
P for trend4 �0.001 �0.001

Birth length (cm)
0 706 Referent — — Referent — —
� 0–1 6468 0.13 (�0.04, 0.30) 0.14 0.13 (�0.017, 0.28) 0.082
� 1–2 7901 0.22 (0.05, 0.39) 0.001 0.16 (0.01, 0.31) 0.034
� 2–3 12 672 0.26 (0.10, 0.43) 0.001 0.20 (0.05, 0.35) 0.007
� 3–4 9146 0.29 (0.12, 0.46) �0.001 0.22 (0.07, 0.36) 0.004
� 4–5 5534 0.34 (0.17, 0.51) �0.001 0.27 (0.12, 0.42) �0.001
� 5–6 3770 0.33 (0.15, 0.51) �0.001 0.29 (0.14, 0.45) �0.001
� 6 3713 0.31 (0.13, 0.48) �0.001 0.31 (0.15, 0.46) �0.001
P for trend4 �0.001 �0.001

1 The group of women who consumed zero glasses of milk was used as a reference for each pairwise comparison.
2 Student’s t test.
3 Adjusted for gestational age; infant’s sex; mother’s parity, age, height, prepregnant BMI, gestational weight gain, smoking status, and total energy intake;

father’s height; and family’s socioeconomic status.
4 Student’s t test for regression coefficient (continuous variable).
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fat-soluble substance as the causative factor. Protein from milk
was associated with birth weight, whereas nondairy protein was
not, which points away from a general protein effect. Another
potential candidate is the peptide hormone, IGF-I, which is a
major determinant of growth velocity in children. In cross-
sectional studies of children (12) and adults (9–11), milk con-
sumption has been shown to be associated with higher blood
concentrations of IGF-I, and higher milk intakes have been
shown in intervention trials to increase IFG-I concentrations in
both children (8, 31) and adults (7). Milk consumption has also
been directly associated with height in children (12, 32). A high
intake of milk elevated blood concentrations of IFG-I in Danish
boys (12). Whether the elevation in IGF-I due to milk consump-
tion results from direct absorption of this hormone in milk or
from stimulation of endogenous production is not clear. Evi-
dence indicates that the biologic activity of IGF-I, and probably

of other peptide hormones, in dairy products is altered during
fermentation (33). The weaker association of birth weight with
protein from fermented milk products than with milk-derived
protein observed in our study is therefore compatible with the
possibility that IGF-I or other peptide hormones may be the
underlying factor accounting for the association between milk
and birth weight. However, the intake range for cheese protein
was much more limited than that for milk protein.

In conclusion, the data presented herein lead us to hypothesize
that water-soluble substances in milk increase fetal growth. The
implications that such increases in growth could have for new-
born health depend on the underlying factors and mechanisms.
Identifying means to increase fetal growth rate may lead to new
measures for the prevention of neonatal mortality and morbidity
(1) and possibly of adult cardiovascular diseases and type 2
diabetes associated with low birth weight (2, 3). However, milk
intake was associated not only with a decreased risk of SGA but
also with an increased risk of LGA, and a rapid early growth rate
may be a risk factor for obesity (34), cancer of the breast (35–37),
and reduced longevity (35, 36). More research is needed to iden-
tify the causative factors in cow milk and to examine whether the
possible growth-stimulating effect of cow milk is beneficial or
deleterious to the health of the fetus in the short term as well.

The Managerial Team of the Danish National Birth Cohort consists of Jørn
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FIGURE 1. Associations between quantified intakes of protein and fat
from dairy products (excluding cheese and ice cream) and birth weight (n �
50 117). The dietary variables are divided into deciles. The increase in birth
weight (95% CI) for each decile compared with the lowest decile is shown.
Estimates are adjusted for covariates (gestational age; infant’s sex; mother’s
parity, age, height, prepregnant BMI, gestational weight gain, smoking sta-
tus, and total energy intake; father’s height; and family’s socioeconomic
status). The P for trend refers to Student’s t test for the regression coefficient
(continuous variable).

FIGURE 2. Associations between birth weight (n � 50117) and quanti-
fied intakes of protein from dairy products (excluding cheese and ice cream),
protein from cheese, and protein from nondairy products. The dietary vari-
ables are divided into quintiles and were mutually adjusted for one another.
The total protein intakes in the referent groups were 81, 75, and 80 g/d for
dairy, cheese, and nondairy protein, respectively. The increment in birth
weight (95% CI) for each quintile compared with the lowest quintile (plotted
on the dashed line) is shown. Estimates were adjusted for covariates (gesta-
tional age; infant’s sex; mother’s parity, age, height, prepregnant BMI, ges-
tational weight gain, smoking status, and total energy intake; father’s height;
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for the regression coefficient (continuous variable).
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Longitudinal measures of circulating leptin and ghrelin
concentrations are associated with the growth of young Peruvian
children but are not affected by zinc supplementation1�3

Joanne E Arsenault, Peter J Havel, Daniel López de Romaña, Mary E Penny, Marta D Van Loan, and
Kenneth H Brown

ABSTRACT
Background: Leptin, ghrelin, and insulin are hormonal regulators
of energy balance and, therefore, may be related to growth during
infancy. Zinc is essential for growth, and its growth effects may be
mediated through these hormones.
Objective: We examined the effects of supplemental zinc on plasma
leptin, ghrelin, and insulin concentrations among young children at
risk of zinc deficiency and examined the relations between these
hormones and physical growth.
Design: Children (n � 142) aged 6–8 mo were randomly assigned
to receive 3 mg Zn/d as a supplement, in a fortified food, or as a
placebo for 6 mo. Relations between hormones and anthropometric
z scores, body composition, and growth rates were examined at
baseline and 3 and 6 mo after the start of the intervention.
Results: No treatment group–related differences were found in
plasma leptin, ghrelin, or glucose concentrations or in anthropomet-
ric z scores at 3 or 6 mo after the start of the zinc intervention. Neither
plasma leptin nor ghrelin concentrations at baseline or 3 mo were
predictive of subsequent changes in growth. However, changes in
weight-for-age z scores over the two 3-mo time intervals were pos-
itively associated with subsequent leptin concentrations and in-
versely associated with subsequent plasma ghrelin concentrations.
Conclusions: Supplemental zinc did not affect the children’s
growth, anthropometric indexes, or plasma hormone concentrations
in this study population. Our results suggest that plasma leptin and
ghrelin concentrations in later infancy are a consequence of previous
weight changes rather than predictors of short-term growth. Am
J Clin Nutr 2007;86:1111–9.

KEY WORDS Zinc, leptin, ghrelin, insulin, growth, infants

INTRODUCTION

Supplemental zinc increases linear growth and weight gain in
zinc-deficient animals (1) and in young, stunted children (2).
Zinc may stimulate dietary intake, possibly through hormonal or
neuroendocrine transmitters that affect appetite and thereby pro-
mote increased growth (3). Hormonal factors may also affect
growth directly.

Leptin is a hormone produced primarily in the adipose tissue
and is positively associated with body fat mass (FM) and recent
energy intake. Circulating leptin signals the brain that body fat
stores and energy intake are adequate, thereby suppressing ap-
petite (4). In contrast, ghrelin, which is secreted into the circu-
lation primarily from the stomach, provides a hunger signal to the

brain. Insulin stimulates leptin production and secretion and is
likely to be involved in suppressing ghrelin secretion after meals
(5). Zinc is necessary for insulin synthesis and secretion (6). One
human trial of induced zinc deficiency conducted in men showed
lower leptin concentrations during zinc deficiency and higher
leptin concentrations after zinc repletion (7).

Leptin and ghrelin may influence growth during infancy. Lep-
tin concentrations are high in cord blood (8), and a positive
relation between plasma leptin concentrations and body weight
or body mass index (BMI) has been reported in infants (8–11). In
contrast, circulating ghrelin is negatively associated with body
weight in infants (10, 12–14).

The primary objective of the present set of analyses was to
determine whether supplemental zinc would affect plasma lep-
tin, ghrelin, and insulin concentrations in children assumed to be
at risk of zinc deficiency. Additionally, we examined longitudi-
nally the relations between these hormones and anthropometric
indicators of physical growth. We hypothesized that 1) children
receiving supplemental zinc would have higher plasma hormone
concentrations at 3 mo, 6 mo, or both after starting supplementation
than would children not receiving additional zinc; and 2) the hor-
mone concentrations would be predictive of subsequent growth.

SUBJECTS AND METHODS

Subjects

The children included in this study were a subset of a larger
cohort enrolled in a randomized, double-blind, community-
based trial designed to examine the effects of additional zinc
intake on children’s growth, morbidity, and energy intake. Chil-
dren were selected, by location of residence, to participate in

1 From the Program in International and Community Nutrition (JEA,
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substudies to measure hormones involved in energy balance and
assessment of their body composition. The trial was conducted in
a low-income, periurban community in Trujillo, a coastal city in
northern Peru. Children aged 5–7 mo of age were identified
initially by conducting a census, and they were then invited to
attend a screening examination to measure their weight, length,
and hemoglobin concentration. Children were selected if they
met the following inclusion criteria: length-for-age z score
(LAZ) � �0.5, weight-for-length z score (WLZ) � �3, hemo-
globin �8 g/dL, no congenital or chronic conditions affecting
growth, no use of infant formula (providing �1 mg Zn/d, �5
times/wk), no twin enrolled in the study, and an intention to live
in the study community during the next 7 mo. Within 2 d of the
screening exam, a worker visited the home of eligible children
whose families were interested in participating in the interven-
tion study to obtain written informed consent. A total of 163
children were enrolled in the present study. The protocol was
approved by the Institutional Review Boards of the University of
California, Davis, and the Instituto de Investigación Nutricional,
Lima, Perú.

Zinc treatments

Randomization to treatment group occurred 1 mo after enroll-
ment. During the month before randomization, the caregivers of
21 children decided not to continue in the study, and the remain-
ing 142 children were assigned to 1 of 3 groups: 1) wheat-based
porridge without added zinc and a liquid multivitamin supple-
ment with zinc (ZnSuppl), 2) the same porridge fortified with
added zinc and a liquid multivitamin supplement without zinc
(ZnFort), or 3) porridge without zinc and a liquid multivitamin

supplement without zinc (control) (Figure 1). Details of the zinc
treatments were described previously (15). In brief, the zinc-
fortified porridge was designed to provide an additional 3 mg
Zn/d (as zinc sulfate), assuming an average porridge consump-
tion of 20 g/d dry weight, as was observed in a previous study in
Peru (16). The liquid multivitamin supplement with added zinc
(as zinc sulfate) provided 3 mg Zn/d along with vitamins A, B-6,
C, D, and E; thiamine; riboflavin; pantothenic acid; biotin; and
niacin.

Biochemical analyses

Venous blood was collected at 0, 3, and 6 mo after the initiation
of the zinc intervention. Because of the impracticality of obtain-
ing fasting blood samples from predominately breastfed infants
in a community-based setting, the children were brought to the
study office at �0730–0800 and allowed to breastfeed. All food
was then withheld until blood was drawn 90 min after the end of
the feeding. The amount of breast milk consumed during this
feeding was measured by weighing the children before and after
the feeding with an electronic infant balance with 5 g precision
(Baby Scale model 231; Seca, Hamburg, Germany). Children
who were not breastfeeding were fed the typical non-human milk
substitute used in this community (reconstituted evaporated or
powdered cow milk), and the amounts of milk and water were
weighed with an electronic balance with 0.1 g precision (MX200;
MyWeigh, Phoenix, AZ). Venous blood (�2 mL) was collected
into EDTA-coated tubes and centrifuged immediately. Plasma
was stored initially at �20 °C in the field lab and transferred to
Davis on dry ice for storage at �80 °C until analyzed.

Infants 5-8 mo of age
screened for eligibility 

Total  (n=927)

For present study only  (n=455)
Excluded (n=292)

Not eligible   (n=270)
Refused to participate (n=22)

Randomization

Left study 
(n=21)

ZnSuppl
(n=47)

ZnFort
(n=49)

Control
(n=46)

3-mo follow-up

Enrollment

Screening

Left study 
(n=7)

Left study 
(n=8)

Left study 
(n=1)

Infants enrolled 
(n=163)

Infants randomly assigned to
treatment group   (n=142)

Left study 
(n=4)

Left study 
(n=3)

Left study 
(n=1)

Infants screened for main study only
(not in present study)   n=472

(n=40)

(n=36)

(n=41) (n=45)

(n=38) (n=44)6-mo follow-up

FIGURE 1. Flow chart of subjects in the study. ZnSuppl, zinc-supplementation group; ZnFort, zinc-fortification group.
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Plasma leptin and insulin were measured by radioimmunoas-
say (LINCO Research, St Charles, MO) with the use of human
antiserum and 125I-labeled peptides. Samples were measured in
duplicate, and all samples from the same subject were measured
in the same analytic run. The mean CVs of the duplicate leptin
and insulin measures were 8.1% and 9.3%, respectively. The
detection limits of the leptin and insulin assays are 0.5 ng/mL and
2 �U/mL, respectively. Plasma glucose was measured by the
glucose oxidase method with a glucose analyzer (Yellow Springs
Instruments, Yellow Springs, OH). The mean CV of duplicate
glucose measures was 0.6%.

Plasma ghrelin was measured by radioimmunoassay (Phoenix
Pharmaceuticals Inc, Belmont, CA) with the use of a rabbit an-
tiserum and [125I]ghrelin as a tracer. The mean CV of the dupli-
cate ghrelin measures was 4.1%. The detection limit of the assay
is 64 pg/mL. Because of financial constraints, plasma ghrelin was
measured in only 75% of the study population. The subjects
omitted from ghrelin analyses were randomly selected from the
zinc-fortification group because of the potential variability in
consumption of the porridge and presumed lower zinc absorption
from wheat-based foods.

Anthropometric measures

Anthropometric measures were obtained at baseline and at 3
and 6 mo. Weight was measured on an infant balance with �15
g precision (model 345; Seca). Supine length was measured to
0.01 cm by using a digital infantometer (447 Infantronic Digital
Infantometer; Quickmedical, Snoqualmie, WA). All measure-
ments were performed by the same person. The mean CVs for
duplicate measures of weight and length for each infant were
between 0.02% and 0.04% throughout the study. Maternal
weight and height were measured at the time that baseline mea-
sures of the infants were made. The birth weights of the infants
were obtained from the mothers and was verified with written
records if available. The infants’ midupper arm circumference
was measured to the nearest 0.1 cm with a flexible, nonstretch
tape at baseline and 6 mo. Anthropometric z scores for weight and
length were calculated by using EPIINFO software (version 3)
with Centers for Disease Control and Prevention 2000 reference
data (17). Anthropometric z scores for arm circumference were
calculated by using World Health Organization 1997 reference
data (18).

Body composition

Body composition was assessed at baseline and at 6 mo by
using deuterium oxide dilution. A preweighed 0.8-g dose of
deuterium oxide tracer (2H2O) was administered quantitatively
to the children orally with a syringe. Urine samples were col-
lected in plastic urine collection bags before dosing and �2 h
after the dosing. The first urine sample collected 2 h after dosing
was discarded to avoid collection of a nonequilibrated sample,
and the next urine sample was saved for analysis. The average
length of time from dosing to the third urine sample collected
(used for analysis) was 3.6 � 0.9 h (range: 2.3–9.1 h). The urine
samples were transferred to screw-top vials and stored at �20 °C
until processed. The children were allowed to breastfeed during
the body-composition study, and the amount of breast milk con-
sumed was measured as described above. Consumption of other
fluids, such as water and juice, and occasionally other food was
allowed, and these items were weighed with a portable balance
with �0.1 g precision (MX200; MyWeigh).

The urine samples were vacuum distilled to obtain pure water,
and 2H2O concentrations were measured in duplicate by infrared
spectrometry (Miran-IFF; Foxboro Co, Foxboro, MA). Total body
water (TBW) was calculated by using the following formula:

TBW � [(2H2O dose/2H2O enrichment)] � 900 � 0.96

� 0.944] � water intake (L) (1)

Corrections were made for the molecular weight of 2H2O relative
to water (900), the nonaqueous hydrogen exchange (0.96) (19),
the fractionation of the isotope (0.944) (20), and the amount of
water consumed during the equilibration period. Water intake
included the water used to rinse the 2H2O vial, breast milk, and
other food and fluids. Fat-free mass (FFM) was calculated by
dividing TBW by the proportion of water in FFM, obtained from
age- and sex-specific reference data (21).

Sample size and statistical analyses

To detect treatment-related differences in plasma concentra-
tions of leptin, ghrelin, and insulin, having an effect size of 0.7
SD, with the use of 3-factor group-wise comparisons and 2-sided
statistical tests, a sample size of 41 subjects per treatment group
was necessary (P � 0.05, power of 80%).

Anthropometric measures and plasma hormone concentra-
tions at baseline were compared between zinc-treatment groups
by ANOVA with the use of SAS for WINDOWS (release 8.02;
SAS Institute, Cary, NC). Plasma hormone concentrations were
log transformed because they were not normally distributed. A
mixed model with repeated measures (PROC MIXED) was used
to compare anthropometric indexes and hormone concentrations
by treatment group at 2 times during the study. The models with
anthropometric indexes as the dependent variables included the
following covariates: time, group � time, initial z score, and
initial z score � time. The models with leptin and ghrelin con-
centrations as dependent variables included the covariates time,
group � time, initial hormone concentration, initial hormone
concentration � time, weight, weight � time, and sex. The
models with insulin and glucose as dependent variables also
included energy intake 90 min before the blood sampling as a
covariate. Spearman correlations were used to assess relations
between hormones and between hormones and anthropometric
indexes. Partial correlations were used to assess relations be-
tween hormones and presampling meal components, with con-
trol for body weight. Analysis of covariance (PROC GLM) was
used to examine relations between hormone concentrations and
growth. To determine whether leptin or ghrelin concentrations
were more strongly predicted by current weight status or prior
growth, the independent variables were standardized, and the �
coefficients from the regression analyses using the standardized
variables were compared by t test.

RESULTS

Plasma hormone and glucose concentrations

There were no differences in initial plasma ghrelin, insulin, or
glucose concentrations by treatment group. However, plasma
leptin concentrations at baseline were significantly lower in the
ZnSuppl group than in the ZnFort group (Table 1). After baseline
values were controlled for sex, and body weight, there were no
group � time interactions in plasma concentrations of leptin,
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ghrelin, or glucose. In other words, treatment group did not affect
these outcomes at either time point. There was a significant group
� time effect on insulin concentrations (P � 0.007). In particu-
lar, regression analyses of the change in log insulin showed a
significantly greater decrease in insulin concentrations from
baseline to 6 mo in the control group than in the zinc-fortification
group (P � 0.01), but neither of these groups differed signifi-
cantly from the ZnSuppl group.

Considering all treatment groups combined, plasma leptin
concentrations decreased and ghrelin concentrations increased
from baseline to 3 mo with no further change from 3 to 6 mo
(Table 1). Insulin concentrations decreased from baseline to 6
mo. Glucose concentrations decreased from 3 to 6 mo. Girls had
higher concentrations of plasma leptin and ghrelin, and the in-
teraction between sex and time was significant for both leptin and
ghrelin (P � 0.01) after BMI was controlled for. Plasma leptin
concentrations were significantly greater in girls at all time
points, and plasma ghrelin concentrations were greater in girls at
baseline only (Figure 2). Girls had significantly higher concen-
trations of plasma leptin per kg of body fat than did boys at 6 mo
(1.1 compared with 0.8 ng � mL�1 � kg�1; P � 0.0001). Leptin
concentrations were positively correlated with insulin concen-
trations (r � 0.20–0.43, P � 0.01) at all time points and with
glucose at baseline (r � 0.20, P � 0.05) and 3 mo (r � 0.24, P �
0.05). Ghrelin concentrations were not correlated with the other
hormones or glucose at any time point. Insulin and glucose con-
centrations were positively correlated at all time points (r �
0.29–0.46, P � 0.01).

Anthropometric measures and body composition

No group-wise differences were found in anthropometric z
scores or body composition at baseline or 3 or 6 mo after the start

of the zinc intervention. Therefore, the anthropometric and body-
composition indexes of all children were combined for all treat-
ment groups, and the results are presented for the 3 time points in
Table 2. The mean weight-for-age z scores (WAZ) and LAZ
decreased at each follow-up time (P � 0.0001). WLZ decreased
at 3 mo (P � 0.0001), but did not change further from 3 to 6 mo.
The children gained an average of 1.3 kg over the 6 mo. The ma-
jority of the weight gain consisted of FFM (94 � 94%; median �
74%), and percentage body fat (%FM) decreased over the 6 mo
(P � 0.001). Body weight was positively associated with %FM
at baseline and 6 mo (P � 0.001). After body weight was con-
trolled for, girls had a higher %FM than did boys at both time
points (P � 0.05).

Dietary energy intake before blood sampling

The average energy intakes from the milk feeding 90 min
before the blood sampling were 50 � 31, 36 � 21l, and 43 � 22
kcal at baseline, 3 mo, and 6 mo respectively. At baseline only,
energy intakes were positively correlated with plasma concen-
trations of insulin (r � 0.35, P � 0.001) and glucose (r � 0.25,
P � 0.05) after body weight was controlled for. Plasma leptin and
ghrelin concentrations were not related to the energy content of
the milk feeding before the blood sampling.

Relations between plasma hormone concentrations and
anthropometric measures and body composition

Cross-sectional correlations between both leptin and ghrelin
concentrations and anthropometric indexes at all 3 time points
are presented in Table 3. In general, leptin concentrations were
positively correlated with anthropometric indexes. There was a
positive correlation between leptin and FM at both baseline and

TABLE 1
Plasma leptin, ghrelin, insulin, and glucose concentrations by zinc-treatment group at baseline (0 mo) and 3 and 6 mo1

ZnSuppl ZnFort Control
P for

model 12
All groups
combined

P for
model 23

Leptin (ng/mL) — — — 0.99 — �0.0001
0 mo 2.9 � 0.9 [47] 3.4 � 1.1 [49] 3.4 � 1.2 [46] — 3.2 � 1.1a [142] —
3 mo 2.6 � 0.8 [40] 2.7 � 0.7 [39] 2.9 � 1.3 [44] — 2.7 � 1.0b [123] —
6 mo 2.6 � 0.8 [36] 2.8 � 0.9 [37] 2.7 � 0.8 [44] — 2.7 � 0.8b [117] —

Ghrelin (pg/mL)
0 mo 371 � 94 [40] 396 � 131 [20] 390 � 113 [45] 0.82 384 � 110a [105] 0.02
3 mo 403 � 111 [40] 418 � 138 [20] 415 � 146 [44] — 411 � 131b [104] —
6 mo 403 � 136 [36] 404 � 115 [19] 423 � 111 [44] — 412 � 121a,b [99] —

Insulin (�U/mL)
0 mo 3.9 � 1.5 [47] 4.6 � 2.1 [49] 5.0 � 3.7 [46] 0.007 4.5 � 2.6a [142] 0.0005
3 mo 3.4 � 1.6 [40] 4.2 � 1.8 [38] 4.5 � 4.0 [44] — 4.1 � 2.8a,b [122] —
6 mo 3.4 � 1.3 [36] 4.2 � 1.6 [37] 3.4 � 1.6 [44] — 3.7 � 1.5b [117] —

Glucose (mg/dL)
0 mo 77.4 � 6.0 [39] 78.7 � 6.6 [20] 78.1 � 6.4 [44] 0.41 78.0 � 6.2a,b [103] 0.04
3 mo 77.1 � 5.9 [40] 80.3 � 9.3 [20] 80.4 � 9.0 [44] — 79.1 � 8.1a [104] —
6 mo 76.6 � 6.7 [36] 77.1 � 5.7 [19] 77.2 � 5.5 [44] — 76.9 � 5.9b [99] —

1 All values are x� � SD; n in brackets. ZnFort, zinc-fortified group; ZnSuppl, zinc supplement group.
2 Model 1 is a mixed model with repeated measures (PROC MIXED) that examined the effect of treatment group over time. The P value is for the treatment

group � time interaction. Leptin, ghrelin, and insulin were log transformed. The models with leptin and ghrelin as the dependent variables included the following
covariates: time, group � time, initial hormone, initial hormone � time, weight, weight � time, and sex. The models with insulin and glucose as the dependent
variables included the following covariates: time, group � time, initial insulin/glucose value, initial insulin/glucose � time, weight, weight � time, sex, and
presampling energy intake. ANOVA was used to examine initial (0 mo) differences among treatment groups. There was a significant difference in 0-mo leptin
values between the ZnSuppl and ZnFort groups (P � 0.03).

3 Model 2 is a mixed model with repeated measures (PROC MIXED) that examined the effect of time. The P value is for the variable time. Means in a
column with different superscript letters are significantly different, P � 0.05.
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6 mo. On the other hand, ghrelin was inversely correlated with
weight, WAZ, BMI, and arm circumference. Ghrelin was also
inversely correlated with FFM at 6 mo, but not with FM.

Multiple regression analyses were performed to examine the
relations of leptin and ghrelin concentrations with prior and sub-
sequent growth. Analyses were conducted with the 2 growth
intervals: baseline to 3 mo and 3 to 6 mo. The results were similar
during both growth intervals; therefore, for simplicity, we are
presenting just the models relating to the 6-mo growth interval
(baseline to 6 mo) for leptin (Table 4) and ghrelin (Table 5).
Leptin at baseline was positively related to WAZ at baseline
(model 1), but was not predictive of the subsequent change in
WAZ (model 2). However, change in WAZ (�WAZ) from base-
line to 6 mo was positively predictive of leptin at 6 mo (model 3).
Current WAZ at 6 mo was also positively related to leptin at 6 mo
(model 4). When both �WAZ and current WAZ were included in
the same model, neither was significant (model 5). To determine
whether one of these variables was more strongly associated with
leptin at 6 mo, WAZ at 6 mo and �WAZ were standardized, and
regression analyses were repeated with the standardized vari-
ables. There was no difference in the standardized � coefficients
for WAZ at 6 mo and �WAZ (model 5: t � 0.17, P � 0.43),
which indicated that neither of these variables was more predic-
tive of leptin than the other. Ghrelin at baseline was not related to
WAZ at baseline (model 1) or with subsequent �WAZ (model 2).
Both �WAZ (model 3) and current WAZ (model 4) at 6 mo were
negatively predictive of ghrelin at 6 mo in separate models.
However, when both were included in the same model, only
�WAZ was significant (model 5).

The relations of leptin and ghrelin concentrations with prior
and subsequent changes in WLZ were similar to the relations
previously described for changes in WAZ. That is, �WLZ was
positively predictive of subsequent leptin concentrations and
negatively predictive of subsequent ghrelin concentrations.
There were no differences in the strength of the relations with
hormones between WAZ and WLZ when the standardized �
coefficients were compared. There was no relation between
changes in LAZ and leptin or ghrelin concentrations.

Despite the positive relation between leptin concentrations
and FM at baseline and 6 mo (Table 3), there were no associations
between leptin and prior or subsequent changes in FM or %FM
(data not shown). In contrast, �FFM was a positive predictor of
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FIGURE 2. Mean (�SE) plasma leptin and ghrelin concentrations by sex
and month of study after control for BMI in boys and girls aged 6–8 mo. A
mixed model was used (PROC MIXED; SAS Institute Inc, Cary, NC) to
examine the relation between sex and time. There was a significant interac-
tion between sex and month of study for both leptin and ghrelin (P � 0.01).

TABLE 2
Anthropometric indexes and body-composition variables measured at 3-mo intervals1

Baseline (n � 142) 3 mo (n � 126) 6 mo (n � 118) P2

Anthropometric indexes
Weight (kg) 7.6 � 0.8a 8.3 � 0.9b 8.9 � 0.9c �0.0001
Length (cm) 65.2 � 1.8a 69.1 � 1.9b 71.9 � 1.9c �0.0001
WAZ �0.71 � 0.84a �1.19 � 0.88b �1.33 � 0.84c �0.0001
LAZ �1.19 � 0.51a �1.28 � 0.56b �1.44 � 0.52c �0.0001
WLZ 0.51 � 0.91a 0.12 � 1.02b 0.11 � 0.92b �0.0001
BMI (kg/m2) 17.8 � 1.5a 17.3 � 1.5b 17.3 � 1.4b �0.0001
MUAC (cm) 14.5 � 1.1a — 14.6 � 1.1a 0.19
MUAC z score �0.14 � 0.92a — �0.70 � 0.80b �0.0001

Body composition3

Fat-free mass (kg) 4.96 � 0.66a — 6.00 � 0.69b �0.0001
Fat mass (kg) 2.66 � 0.66a — 2.94 � 0.77b �0.0001
Fat mass (% of body weight) 34.8 � 7.0a — 32.6 � 6.9b 0.0002

1 All values are x� � SD. WAZ, weight-for-age z score; LAZ, length-for-age z score; WLZ, weight-for-length z score; MUAC, midupper arm circumference.
2 Variables were compared by time with the use of a mixed model with repeated measures (PROC MIXED; SAS Institute, Cary, NC); values in a row with

different superscript letters are significantly different, P � 0.001.
3 n � 127 at baseline and n � 116 at 6 mo.
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leptin at 6 mo (P � 0.05); however, this relation did not remain
significant when FFM at 6 mo (which was not significant) was
included in the model. In separate models with �WAZ as the
dependent variable, both �FFM and �FM were positively
associated with �WAZ (P � 0.001). However, the standard-
ized � coefficient for �FM (� � 0.32) was significantly
greater than that for �FFM (� � 0.20; t � 2.3, P � 0.01). In
addition, the percentage of the 6-mo weight gain that was FM
was positively associated with �WAZ. In contrast, the per-
centage of weight gain that was FFM was negatively associ-
ated with �WAZ. In other words, infants with the greatest
weight gain or �WAZ had a greater percentage of that weight

gain as FM. However, the percentage of weight gain that was FM
was not predictive of leptin at 6 mo, nor was the change in %FM
or %FFM. The only relation found between ghrelin concentra-
tion and body-composition measures was a negative association
between ghrelin at 6 mo and FFM at 6 mo (P � 0.05). In a
regression model of the change in ghrelin over 6 mo, there was a
negative relation between the changes in ghrelin and FFM (P �
0.01). There was a significant interaction between change in
FFM and change in WAZ (P � 0.05), ie, only among children
with weight gain less than the median value of �WAZ was there
a negative relation between change in ghrelin and change in
FFM.

TABLE 3
Spearman correlation coefficients between hormones and anthropometric measures at the same time point1

Leptin Ghrelin

Baseline 3 mo 6 mo Baseline 3 mo 6 mo

r n r n r n r n r n r n

Maternal BMI2 0.173 (139) 0.203 (121) 0.01 (115) �0.10 (103) �0.07 (102) �0.02 (97)
Birth weight2 �0.12 (134) �0.08 (119) 0.02 (113) 0.11 (101) �0.02 (100) �0.09 (95)
Weight 0.284 (142) 0.275 (123) 0.12 (117) �0.285 (105) �0.325 (104) �0.315 (99)
WAZ 0.466 (142) 0.396 (123) 0.305 (117) �0.16 (105) �0.233 (104) �0.255 (99)
Length �0.183 (142) �0.13 (123) �0.213 (117) �0.12 (105) �0.253 (104) �0.17 (99)
LAZ 0.01 (142) �0.05 (123) 0.03 (117) 0.08 (105) �0.09 (104) �0.05 (99)
WLZ 0.516 (142) 0.456 (123) 0.354 (117) �0.223 (105) �0.203 (104) �0.275 (99)
BMI 0.486 (142) 0.436 (123) 0.304 (117) �0.253 (105) �0.223 (104) �0.265 (99)
MUAC 0.506 (142) — 0.376 (117) �0.233 (105) — �0.253 (99)
MUAC z score 0.566 (142) — 0.466 (117) �0.11 (105) — �0.223 (99)
FFM �0.09 (127) — �0.07 (115) �0.17 (97) — �0.223 (97)
FM 0.426 (127) — 0.245 (115) �0.08 (97) — �0.12 (97)
Percentage FM 0.396 (127) — 0.213 (115) �0.01 (97) — �0.04 (97)

1 WAZ, weight for age z score; LAZ, length-for-age z score; WLZ, weight-for-length z score; MUAC, midupper arm circumference; FFM, fat-free mass;
FM, fat mass.

2 The x� (� SD) maternal BMI (in kg/m2) was 25.4 � 3.7, and the reported birth weight was 3.1 � 0.4 kg.
3 P � 0.05.
4 P � 0.001.
5 P � 0.01.
6 P � 0.0001.

TABLE 4
Multiple regression models that examined the relation between plasma leptin concentrations and weight-for-age z score (WAZ) and change in WAZ
(�WAZ) during a 6-mo period (from baseline to 6 mo)

Model1 Dependent variable Independent variable
� Coefficent

(P)
Standardized � Coefficient

� SE2

13 log Leptin, baseline WAZ, baseline 0.17 (�0.0001) —
24 �WAZ, from baseline to 6 mo log Leptin, baseline 0.08 (0.67) —
35 log Leptin, 6 mo �WAZ, from baseline to 6 mo 0.14 (0.003) 0.075 � 0.025
46 log Leptin, 6 mo WAZ, 6 mo 0.10 (0.003) 0.082 � 0.027
57 log Leptin, 6 mo �WAZ, from baseline to 6 mo 0.09 (0.07) 0.051 � 0.028

WAZ, 6 mo 0.07 (0.07) 0.056 � 0.030

1 Data were analyzed by using ANCOVA (PROC GLM; SAS Institute Inc, Cary, NC).
2 The primary independent variables for models 3–5 were standardized, and � coefficients for standardized variables were determined by using ANCOVA

(PROC GLM); t tests conducted to compare standardized � coefficients from models 3 and 4, and with standardized � coefficients from model 5, determined
that there was no difference in the strength of the relation between WAZ at 6 mo and �WAZ from baseline to 6 mo and leptin at 6 mo (t � 0.17, P � 0.43).

3 Model 1 (n � 142) controlled for sex (NS).
4 Model 2 (n � 118) controlled for WAZ at baseline (� � �0.21, P � 0.004) and sex (NS).
5 Model 3 (n � 117) controlled for log leptin at baseline (� � 0.37, P � 0.0001) and sex (F � M, P � 0.0001).
6 Model 4 (n � 117) controlled for log leptin at baseline (� � 0.24, P � 0.005) and sex (F � M, P � 0.0001).
7 Model 5 (n � 117) controlled for log leptin at baseline (� � 0.29, P � 0.001) and sex (F � M, P � 0.0001).
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DISCUSSION

Contrary to our hypotheses, we did not find differences in
plasma leptin, ghrelin, or glucose concentrations between infants
who received zinc supplements or zinc-fortified food for 6 mo
and infants who did not receive additional zinc. Although chil-
dren in the control group had a significantly greater decrease in
plasma insulin concentrations during the 6-mo study than did
children who received the zinc-fortified porridge, the change in
insulin concentrations among children receiving zinc in a liquid
supplement did not differ from that of the control group. Thus, it
is possible that the insulin results observed in the ZnFort group
were spurious because we would have expected to see the same
effect with the liquid zinc supplement if these results were due to
zinc. In a previous analysis we found that children in the ZnSuppl
group had a significant increase in plasma zinc concentrations,
but children in the ZnFort group did not (15). Thus, it seems
unlikely that the insulin results could have been due to differ-
ences in zinc absorption.

Supplemental zinc also had no effect on the infants’ growth.
Possible explanations for the lack of zinc-induced differences in
child growth and appetite-related hormone concentrations could
be poor compliance with the intervention, inadequate dose of
zinc, or absence of zinc deficiency in the study population. In
fact, compliance with taking the liquid zinc supplement was very
good; children in all groups consumed the supplement on 98% of
the days, and the average porridge consumption was �23 g/d.
Thus, poor compliance is an unlikely explanation for the ob-
served results. The zinc dose of 3 mg/d used in this study was less
than the amounts administered in many previous supplementa-
tion trials (22–26). Nevertheless, this dose is consistent with the
recently revised Recommended Dietary Allowance of 3 mg/d
and less than the Upper Tolerable Limit of 5 mg for young
children between the ages of 7–12 mo (27). Thus, the dose of zinc
provided should have been adequate to satisfy the theoretical
requirement.

Although there is no valid indicator to identify mild-to-
moderate zinc deficiency in individuals, the risk of zinc defi-
ciency in a population can be assessed on the basis of the prev-
alence of low plasma zinc concentrations or inadequate dietary

zinc and the percentage of the population with a low height-for-
age z score (28). The children in the present study were selected
to be at high risk of zinc deficiency based on their initial LAZ �
�0.5. However, the final mean LAZ was �1.3, so the children
did not become as stunted as did those in earlier studies, and they
may not have been sufficiently stunted to respond to zinc. Current
guidelines suggest that a population is considered to have a high
risk of zinc deficiency when �20% of the plasma zinc concen-
trations are less than reference cutoffs. However, only 17% of
infants in our study had low plasma zinc concentrations (�65
�g/dL) at baseline, which suggests that this population may not
have been zinc deficient.

Despite a lack of effect of zinc on the hormone concentrations
or growth of the children, our study design allowed us to examine
both cross-sectional and longitudinal relations between the hor-
mones and anthropometric indexes and body composition. Our
study was unique in that we measured plasma leptin and ghrelin
concentrations multiple times and examined periods of growth
both before and after the hormones were measured while con-
trolling for other factors related to these hormones, such as pre-
vious hormone concentrations and child sex. We found that
plasma concentrations of leptin and ghrelin were not predictive
of subsequent growth, but were related to prior growth as well as
current weight status. The strength of the associations between
current weight status and prior weight change were similar, so we
were unable to determine whether prior growth or current status
is a more important determinant of these hormone concentra-
tions. Nevertheless, these findings suggest a role for leptin and
ghrelin that may be compensatory for, rather than causative of,
weight changes during later infancy.

A compensatory role for leptin and ghrelin has been noted in
other studies. Leptin circulates in proportion to FM and decreases
with weight loss (29). On the other hand, plasma ghrelin con-
centration are increased during weight loss and in patients with
anorexia nervosa and are higher in obese than in lean individuals
(30). In Gambian infants, leptin concentrations were positively
related to prior changes in BMI z scores, but not with subsequent
growth (8). Another study in Italian infants reported a negative
association between weight gain since birth and subsequent

TABLE 5
Multiple regression models that examined the relation between plasma ghrelin concentrations and weight-for-age z score (WAZ) and change in WAZ
(�WAZ) during a 6-mo period (from baseline to 6 mo)

Model1 Dependent variable Independent variable
� Coefficient

(P)
Standardized �

coefficient � SE2

13 log Ghrelin, baseline WAZ, baseline �0.04 (0.18) —
24 �WAZ, from baseline to 6 mo log Ghrelin, baseline �0.09 (0.70) —
35 log Ghrelin, 6 mo �WAZ, from baseline to 6 mo �0.14 (0.002) �0.081 � 0.025
46 log Ghrelin, 6 mo WAZ, 6 mo �0.07 (0.02) �0.060 � 0.026
57 log Ghrelin, 6 mo �WAZ, from baseline to 6 mo �0.12 (0.02) �0.068 � 0.027

WAZ, 6 mo �0.04 (0.24) �0.033 � 0.028

1 Data were analyzed by using ANCOVA (PROC GLM; SAS Institute Inc, Cary, NC).
2 The primary independent variables for models 3–5 were standardized, and � coefficients for standardized variables were determined by using linear

regression; t tests conducted to compare standardized � coefficients from models 3 and 4, and with standardized � coefficients from model 5, determined that
there was no difference in the strength of the relation between WAZ at 6 mo and �WAZ from baseline to 6 mo and ghrelin at 6 mo (t � 1.25, P � 0.11).

3 Model 1 (n � 105) controlled for sex (F �M, P � 0.0006).
4 Model 2 (n � 99) controlled for at baseline WAZ (� � �0.22, P � 0.003) and sex (NS).
5 Model 3 (n � 99) controlled for log ghrelin at baseline (� � 0.50, P � 0.0001) and sex (NS).
6 Model 4 (n � 99) controlled for log ghrelin at baseline (� � 0.47, P � 0.0001) and sex (NS).
7 Model 5 (n � 99) controlled for log ghrelin at baseline (� � 0.48, P � 0.0001) and sex (NS).
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ghrelin concentrations during the first year of life (31). Our
findings of a positive relation between current body weight or
BMI and leptin and of an inverse relation between weight and
ghrelin are also consistent with other reports on leptin (8–11) and
ghrelin (10, 12–14) concentrations during infancy.

In contrast with our findings and those of others of a compen-
satory role for leptin and ghrelin during infant growth, some
studies have found an association between these hormones mea-
sures at birth and subsequent growth during infancy. Ong et al (9)
reported that cord blood leptin was a negative predictor of weight
gain from birth to 4 mo of age (P � 0.005). James et al (32) found
that low ghrelin concentrations in cord blood at birth were asso-
ciated with slow weight gain over the first 3 mo of life, although
they found no relation between leptin and subsequent growth.
We found no associations between leptin or ghrelin and subse-
quent weight change during later infancy; however, it is possible
that hormone concentrations in the newborn have a role in growth
early in infancy, but not later.

Our finding that leptin concentrations were significantly
higher in girls than in boys after BMI was controlled for agrees
with the findings of other studies (8, 33). The female children in
our study had a higher %FM; however, leptin concentrations
were higher at 6 mo even after %FM was controlled for. The
reason for higher leptin concentrations in females is unclear;
however, it has been reported that leptin expression in vitro and
in vivo is suppressed by androgens and promoted by estrogens
(34). In contrast with leptin, most studies have found no sex
differences in ghrelin concentrations during infancy (10, 12, 14,
31, 35). We found higher ghrelin concentrations in girls at base-
line, but not at the later time points.

The disparity between the relations between hormones and
changes in WAZ compared with FFM or FM is puzzling.
Changes in WAZ was more strongly related to changes in FM
than with changes in FFM, although both were related to changes
in WAZ. The changes in WAZ and changes in FFM predicted
final plasma leptin concentrations at 6 mo, whereas changes in
FM did not. Because 94% of the weight gained by these children
over the 6 mo of the study was due to increased FFM, it appears
likely that changes in WAZ would be more closely related to
changes in FFM. However, children who gained more weight had
a greater percentage of that weight gain as FM. There was great
variability in the percentage of weight gain that was FM; there-
fore, the lack of measurement precision may explain the lack of
an association with subsequent leptin concentrations.

In conclusion, supplemental zinc did not influence plasma
leptin or ghrelin concentrations in this population of young chil-
dren. Plasma leptin and ghrelin concentrations were associated
with both current weight status and prior growth but not with
subsequent growth during a 3- or 6-mo period. However, some
evidence suggests that early metabolic programming may affect
the future risk of obesity (36). Despite our findings of no association
with short-term growth, it is possible that these hormones may have
more long-term effects on weight and body composition in later
childhood. Further research is needed to determine whether leptin
and ghrelin during periods of undernutrition in infancy may affect
long-term body weight and body composition.
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Cysteine: a conditionally essential amino acid in low-birth-weight
preterm infants? 1�4

Maaike A Riedijk, Ron HT van Beek, Gardi Voortman, Henrica MA de Bie, Anne CM Dassel, and
Johannes B van Goudoever

ABSTRACT
Background: Cyst(e)ine can be synthesized de novo from methio-
nine and serine and is, therefore, a nonessential amino acid in human
adults. Several studies have suggested that cyst(e)ine might be a
conditionally essential amino acid in preterm infants because of
biochemical immaturity. No data are available on cyst(e)ine require-
ments in low-birth-weight (LBW) preterm infants.
Objective: The aim was to determine cyst(e)ine requirements in LBW
infantswithgestationalagesfrom32to34wk,measured1moafterbirth
with the use of the indicator amino acid oxidation technique.
Design: LBW infants were randomly assigned to 1 or 2 of the 5
formulas containing graded cystine concentrations (11, 22, 32, 43, or
65 mg cyst(e)ine/100 mL) and generous amounts of methionine.
After 24-h adaptation, cyst(e)ine requirement was determined by
13CO2 release from [1-13C]phenylalanine in expired breath. 13CO2

enrichment was measured by isotopic ratio mass spectrometry.
Results: Cyst(e)ine requirement was determined in 25 LBW infants
with a mean (�SD) gestational age of 33 � 1 wk and birth weight of
1.78 � 0.32 kg. Fractional oxidation of [1-13C]phenylalanine did not
differ between the 5 groups.
Conclusions: There is no evidence for limited endogenous
cyst(e)ine synthesis in 4-wk-old LBW preterm infants born at ges-
tational ages from 32 to 34 wk. It is safe to conclude that the
cyst(e)ine requirement is �18 mg � kg�1 � d�1 providing generous
amounts of methionine and that cyst(e)ine is probably not a condi-
tionally essential amino acid in fully enterally fed LBW preterm
infants born at 32–34 wk. Am J Clin Nutr 2007;86:1120–5.

KEY WORDS Amino acid requirements, indicator amino acid
oxidation, nutrition

INTRODUCTION

Cyst(e)ine is a sulfur-containing amino acid that is not essen-
tial in humans. The human body synthesizes cyst(e)ine de novo
from methionine, the only essential sulfur-containing amino
acid, and serine. Cyst(e)ine has several important metabolic
functions. First, like all other amino acids it is involved in growth
and protein synthesis. Furthermore, it is a precursor for the tri-
peptide glutathione, an important intracellular antioxidant. Then,
it is also a precursor for the production of taurine, another anti-
oxidant, and sulfate.

Some nonessential amino acids are classified as conditionally
essential. These amino acids may become temporarily essential
when synthesis during rapid growth or critical illness is insufficient.

Cyst(e)ine isbelieved tobeconditionallyessential inpreterminfants
because of biochemical immaturity of the enzyme cystathionase
(EC 4.4.1.1) that is involved in cyst(e)ine synthesis (1–3). It is,
therefore, important to know the exact cyst(e)ine requirement of
preterm infants and also in view of the higher amino acid re-
quirement as a result of rapid growth and development.

Different methods are used to estimate individual amino acid
requirements, eg, the nitrogen balance method, growth rate,
plasma amino acid patterns, and the factorial approach. The first
reports on amino acid requirements in neonates were based on
nitrogen balance and weight gain rate (4, 5). Nitrogen balance has
several limitations (6), for instance, it requires 7–10 d to adapt to
the test diet (7). Because present-day practice will not allow
neonates to be maintained on either deficient or excess intakes of
amino acids for a minimum of 7 d, no recent requirement studies
have used this method in preterm infants.

At present, the factorial approach is used to define amino acid
requirements in infants (8). This model is based on fetal protein
accretion during normal intrauterine development. Accretion
data are derived from body carcass analysis of stillborn preterm
infants, some born � 100 y ago (9, 10). Not all data are suitable
as reference material; gestational age and cause of death were not
accurately obtained (11), and, in view of this study, cysteine
content of the body was not determined. The current recommen-
dation for cyst(e)ine requirement for preterm infants, ie, 66–95
mg � kg�1 � d�1, is based on the minimum and maximum
amounts of each amino acid present in the amounts of human
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milk protein corresponding to the recommended minimum and
maximum protein contents of 3.0 g/120 kcal and 4.3 g/120 kcal,
respectively (8).

Because methionine is the precursor of cyst(e)ine, the methi-
onine intake needs to be taken into account as well. The current
estimated methionine requirement for preterm infants is 48–69
mg � kg�1 � d�1 (8). To ensure an adequate methionine intake, the
studyformulasuppliedanamountof70mgmethionine � kg�1 � d�1.
Shoveller et al (12) determined the total sulfur amino acid require-
ment in enterally fed neonatal piglets when no dietary cysteine was
provided. The extrapolation from this piglet study results in a me-
thionine intake of 84 mg � kg�1 � d�1 for the human neonate, which
is slightly above the current recommendations (8).

The objective of the present study was to use indicator amino
acid oxidation (IAAO) with [1-13C]phenylalanine to estimate
cyst(e)ine requirements in fully enterally fed low-birth-weight
(LBW) infants supplied with an adequate methionine intake. We
hypothesized that cyst(e)ine is a conditionally essential amino
acid for these infants.

SUBJECTS AND METHODS

Subjects

Subjects eligible for the study were LBW infants with gesta-
tional age (GA) between 32 and 34 wk, admitted to the neonatal
department of the Amphia Hospital, Breda; Vlietland Hospital,
Vlaardingen; or Deventer Hospital, Deventer (all: the Nether-
lands). The infants needed to be clinically stable during the study,
and those with any congenital or gastrointestinal disease were
excluded. All tolerated full enteral feeding and were partly fed
through a nasogastric feeding tube and partly bottle-fed. The
study protocol was approved by The Central Committee on Re-
search Involving Human Subjects (CCMO) and the Erasmus MC

Institutional Review Board. Written and informed consent was
obtained from both parents of each subject.

Study formula

We used 5 study formulas that contained graded cyst(e)ine
concentrations: 11, 22, 32, 43, and 65 mg cystine/100 mL (Xcys/
Neocate; Nutricia Nederland BV, Zoetermeer, the Netherlands/
SHS International, Liverpool, United Kingdom). Infants were
enrolled in the study when they tolerated full enteral feeding
(�150 mL � kg�1 � d�1). Except for the cyst(e)ine concentration,
the 5 formulas did not differ in amino acid composition
(Table 1), and consequently the nitrogen content increased
slightly from 0.37 mg nitrogen/100 mL (formula 1) to 0.38 mg
nitrogen/100 mL (formula 5). The graded cyst(e)ine concentra-
tions of the study formulas were based on the current estimated
cyst(e)ine requirement for preterm infants (8), which is 66–95
mg � kg�1 � d�1, and is based on the minimum and maximum
amounts of each amino acid present in the amounts of human
milk protein corresponding to the recommended minimum and
maximum protein contents of 3.0 g/120 kcal and 4.3 g/120 kcal,
respectively. We decided to test 3 cyst(e)ine intakes above and 2
cyst(e)ine intakes below the estimated cyst(e)ine requirements
for formula-fed preterm infants. Methionine content was similar
in all formulas and was supplied generously.

Study design and tracer protocol

Cyst(e)ine requirement was measured �1 mo after birth
(range: 35–37 wk postmenstrual age). Infants were randomly
assigned to at least one of the study formulas. The study diet was
initiated 24 h before start of the oxidation study, and the dietary
intake was not changed until the tracer protocol was finished. All
subjects received �170 mL formula � kg�1 � d�1 to ensure that
all essential amino acids other than cyst(e)ine were in excess

TABLE 1
Amino acid profiles of the study formulas

Amino acid Formula 1 Formula 2 Formula 3 Formula 4 Formula 5

L-Alanine (mg/170 mL) 166 166 166 166 166
L-Arginine (mg/170 mL) 292 292 292 292 292
L-Aspartic acid (mg/170 mL) 274 274 274 274 274
L-Cystine (mg/170 mL) 18 36 54 72 109
L-Glycine (mg/170 mL) 259 259 259 259 259
L-Histidine (mg/170 mL) 168 168 168 168 168
L-Isoleucine (mg/170 mL) 266 266 266 266 266
L-Leucine (mg/170 mL) 435 435 435 435 435
L-Lysine (mg/170 mL) 300 300 300 300 300
L-Methionine (mg/170 mL) 70 70 70 70 70
L-Proline (mg/170 mL) 313 313 313 313 313
L-Phenylalanine (mg/170 mL) 197 197 197 197 197
L-Serine (mg/170 mL) 194 194 194 194 194
L-Threonine (mg/170 mL) 215 215 215 215 215
L-Tryptophan (mg/170 mL) 88 88 88 88 88
L-Tyrosine (mg/170 mL) 197 197 197 197 197
L-Valine (mg/170 mL) 282 282 282 282 282
L-Asparagine (mg/170 mL) 0 0 0 0 0
L-Citrulline (mg/170 mL) 0 0 0 0 0
L-Carnitine (mg/170 mL) 3 3 3 3 3
L-Taurine (mg/170 mL) 8 8 8 8 8
L-Glutamine/glutamate (mg/170 mL) 371 371 371 371 371
Total (g/170 mL) 4.12 4.13 4.14 4.17 4.21
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(Table 1) and, therefore, were not limiting for protein synthesis.
Before the introduction of the study formula, almost all infants
received their mothers’ (expressed) breast milk, and only a few
infants received standard preterm formula (Nenatal; Nutricia,
Zoetermeer, the Netherlands). The cyst(e)ine concentration of
human milk varies widely, but the preterm formula provided 35
cyst(e)ine/100 mL.

The IAAO technique uses as indicator a labeled essential
amino acid that is different than the test amino acid. The indicator
is independent of the different intake amounts of the test amino
acid. If the test amino acid is deficient in the diet, this will limit
overall protein synthesis and all other essential amino acids will
be oxidized. Increasing the dietary intake of the test amino acid
will linearly decrease oxidation of the indicator until requirement
of the test amino acid is met. We chose [1-13C]phenylalanine as
the indicator (13).

After 24-h adaptation, subjects received a primed (10 �mol/
kg) continuous (10 �mol � kg�1 � h�1) enteral infusion of
[13C]bicarbonate [sterile pyrogen free, 99 atom percent excess
(APE); Cambridge Isotopes, Woburn, MA] for 2.5 h to quantify
individual carbon dioxide production. We infused the tracer en-
terally to minimize invasiveness, which was validated by our
group (14). The labeled sodium bicarbonate infusion was di-
rectly followed by a primed (30 �mol/kg) continuous (30
�mol � kg�1 � h�1) enteral infusion of [1-13C]phenylalanine (93
APE; Cambridge Isotopes) for 5 h. One hour before the start of
the oxidation study, the feeding regimen was changed into con-
tinuous drip-feeding. Enterally infused tracer was mixed with the
study formula and infused continuously by an infusion pump
through the nasogastric tube. All infants were breathing sponta-
neously, and 14 infants needed supplemental oxygen by a nasal
prong.

Breath samples were obtained with the use of the direct sam-
pling method described by van der Schoor et al (15). In brief, a
6-French gastric tube (6 Ch Argyle; Cherwood Medical, Tul-
lamore, Ireland) was inserted 1–1.5 cm into the nasopharynx, and
end-tidal breath was taken slowly with a syringe connected at the
end. Collected air was transferred into 10-mL sterile, non-
silicon-coated evacuated glass tubes (Van Loenen Instruments,
Zaandam, the Netherlands) and stored at room temperature until
analysis. Baseline samples were obtained 15 and 5 min before
starting tracer infusion. Duplicate 13C-enriched breath samples
were collected every 30 min and every 15 min during the last 45
min of the tracer infusion.

Analytic methods and calculations
13CO2 isotopic enrichment in expired air was measured by

isotope ratio mass spectrometry (ABCA; Europe Scientific, Van
Loenen Instruments, Leiden, the Netherlands) and expressed as
APE above baseline (15). APE was plotted relative to time.

It is necessary to determine the individual carbon dioxide
production to determine the rate of substrate oxidation. In gen-
eral, the rate of oxidation is calculated by multiplying the isotopic
enrichment of carbon dioxide in breath by the total rate of carbon
dioxide excreted; the latter needs to be determined by indirect
calorimetry to estimate the rate of carbon dioxide production.
Alternatively, body carbon dioxide production can be deter-
mined by quantifying the excretion of 13CO2 in expired air during
[13C]sodium bicarbonate infusion, which avoids the quantifica-
tion of total expired air (15).

Estimated body carbon dioxide production (in
mmol � kg�1 � h�1) was calculated as described previously (14).
The rate of fractional [1-13C]phenylalanine oxidation was cal-
culated as follows:

Fractional phenylalanine oxidation �%�

� �IEPHE � iB�/�iPHE � IEB� � 100 (1)

where IEPHE is the 13C isotopic enrichment in expired air during
[1-13C]phenylalanine infusion (in APE), iB is the infusion rate of
[13C]bicarbonate (in �mol � kg�1 � h�1), iPHE is the infusion rate
of [1-13C]phenylalanine (in �mol � kg�1 � h�1), and IEB is the
13C isotopic enrichment in expired air during [13C]bicarbonate
infusion (16).

Statistical analysis

Descriptive data are expressed as mean � SD. Steady state of
13CO2 in expired breath during the [1-13C]phenylalanine was
achieved when the linear factor of the slope was found not to be
significantly different from zero (P � 0.05). The cyst(e)ine re-
quirement was determined with the IAAO method. The indicator
oxidation rate is plotted against the varying dietary intakes of
cyst(e)ine. The inflection or breakpoint in the indicator oxidation
rate represents the physiologic requirement of cyst(e)ine (17).
Data were analyzed with the use of mixed model analysis of
variance in SPSS SOFTWARE (version 14.0; SPSS Inc, Chi-
cago, IL), while encoding the patients who participated twice
with the same number. Repeated measures analysis of variance
was performed on primary and derived variables to assess the
effects of dietary intake and of subjects. Regression analysis was
performed to analyze oxidation rates. Power calculation showed
that, assuming 5 formula groups with a group variance of 16, an
intergroup variance of 5.5, and a power of 80%, a breakpoint
should be detected with 6 subjects per group. Statistical signifi-
cance was assumed at the 5% level of significance (P � 0.05).

RESULTS

We included 25 LBW infants (12 boys, 13 girls) born at mean
(�SD) GA of 33 � 1 wk (range: 32–34 wk). They were studied
at mean postmenstrual age of 36 � 1 wk (range: 35–38 wk), ie,
approximately at postnatal age 1 mo. Subject characteristics are
depicted in Table 2. Five infants participated twice and received
2 different study formulas. Aiming at 6 measurements per for-
mula, we performed a total of 30 labeled phenylalanine oxidation
rate measurements in these 25 infants.

GA, study age, birth weight, and study weight did not differ
between the 5 formula groups as shown in Table 2. In addition,
the total enteral intake did not differ between the 5 formulas (P �
0.07). Although the nitrogen content of study formula 5 was
somewhat higher, the nitrogen intake did not differ significantly
between the formula groups (P � 0.25).

To detect any differences between the 5 groups receiving the
different formulas we corrected for sex, study age, and study
weight. The baseline 13C enrichment in expired breath did not
differ between the 5 formula groups (�17.24 � 0.56, �16.77 �
0.62, �17.95 � 1.38, �17.87 � 1.01, and �17.58 � 1.55 Pee
Dee Belemnite, respectively; P � 0.67) after correction for birth
weight and study weight (Table 3). Each subject reached a pla-
teau during both [13C]bicarbonate and [1-13C]phenylalanine
tracer infusions. As an illustration, the 13C enrichments in
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expired breath during the infusion of [1-13C]phenylalanine of
6 subjects receiving 54 mg cyst(e)ine � kg�1 � d�1 are shown in
Figure 1.

The mean fractional [1-13C]phenylalanine oxidation did not
differ between the groups (P � 0.73). Regression of the data did
not show a linear decrease in indicator oxidation rate, and con-
sequently a breakpoint is missing (Figure 2). A trend in the
formula could not be detected (P � 0.90). This implies that the
cyst(e)ine requirement under these circumstances is already met
at an intake of 18 mg cystine � kg�1 � d�1. At the intakes of
18–109 mg � kg�1 � d�1, cyst(e)ine is not the limiting amino acid
for protein synthesis and is therefore not deficient in the diet.

DISCUSSION

To our knowledge this is the first study to determine the exact
cyst(e)ine requirement in LBW infants. With the use of the IAAO
method, we found it to be �18 mg � kg�1 � d�1 1 mo after birth,
which suggests that cyst(e)ine is not a conditionally essential
amino acid in these infants at this age who are receiving generous
amounts of methionine. The IAAO method is based on the as-
sumption that the partition of any essential amino acid between
oxidation and protein synthesis is sensitive to the amount of the
most limiting amino acid in the diet (17, 18). Thus, a limitation
of this method is the necessity of providing all amino acids in
excess, except for the one under study. Accordingly, insufficient

amounts of essential amino acids could have resulted in another
essential amino acid than cystine being limiting for protein syn-
thesis. However, we do not believe this is the case in this study,
seeing that the fractional [1-13C]phenylalanine oxidation did not
differ between the 5 test diets and that essential amino acids were
supplied in excess of the estimate dietary requirements for pre-
term infant formula (19). Although the dietary intake of formula
1 (170 mL � kg�1 � d�1) was higher than formula 4 (163
mL � kg�1 � d�1), it did not significantly differ. We do not believe
that this had a major influence on the obtained results. The higher
intake of formula 1 could have resulted in a lower phenylalanine
oxidation rate because of a slightly higher cyst(e)ine intake com-
pared with formula 2. However, we did not find a difference in
the phenylalanine oxidation.

The current guidelines on requirements of individual amino
acids for infants are based on the factorial method. To calculate
the deposit of each amino acid, growth rate is assumed to be
constant at 15 g � kg�1 � d�1 for a fetus from 900 to 2400 g and
protein retention at 70% of total protein intake. Furthermore, the
protein maintenance requirement in preterm infants ranges from
0.55 to 0.75 g � kg�1 � d�1 (20). Fetal amino acid accretion during
normal intrauterine growth was determined by Widdowson (21).
Cyst(e)ine accretion by the human fetus was not determined,
however; thus, the requirement could not be estimated by the
factorial approach.

TABLE 2
Patient characteristics1

Formula Subjects GA SA BW SW Enteral intake
Cyst(e)ine

intake SAA intake

n wk wk kg kg mL � kg�1 � d�1 mg � kg�1 � d�1 mg � kg�1 � d�1

1 6 33 � 12 36 � 1 1.88 � 0.28 2.26 � 0.24 170 � 6 18 � 1 89 � 3
2 6 32 � 1 35 � 0 1.81 � 0.36 2.10 � 0.38 167 � 1 36 � 0 105 � 1
3 6 33 � 1 36 � 1 1.81 � 0.38 2.17 � 0.38 167 � 2 54 � 1 123 � 1
4 6 33 � 1 36 � 0 1.81 � 0.24 2.17 � 0.27 163 � 5 70 � 2 138 � 4
5 6 32 � 1 36 � 1 1.58 � 0.38 2.04 � 0.31 166 � 3 108 � 2 177 � 4
All 30 33 � 1 36 � 1 1.78 � 0.32 2.15 � 0.31 167 � 5 — —

1 GA, gestational age; SA, study age; BW, birth weight; SW, study weight; SAA, sulfur amino acid. No significant differences were detected in GA
(P � 0.20), SA (P � 0.38), BW (P � 0.55), SW (P � 0.86), or enteral intake (P � 0.07) between the 5 formula groups.

2 x� � SD (all such values).

TABLE 3
Whole-body carbon dioxide production and fractional [13C]phenylalanine (phe) oxidation rates of 5 different cyst(e)ine intakes1

Cyst(e)ine intake Baseline 13CO2

13CO2

[13C]bicarb
Carbon dioxide

production

13CO2

[1-13C]phe
Fractional oxidation

of [1-13C]phe

PDB APE mmol � kg�1 � d�1 APE %

18 mg � kg�1 � d�1

(n � 6)
�17.24 � 0.56 0.0331 � 0.0046 30.78 � 5.31 0.0209 � 0.0080 20.32 � 5.26

36 mg � kg�1 � d�1

(n � 6)
�16.77 � 0.62 0.0353 � 0.0030 28.19 � 2.61 0.0200 � 0.0058 18.73 � 5.03

54 mg � kg�1 � d�1

(n � 6)
�17.95 � 1.38 0.0339 � 0.0035 29.83 � 3.08 0.0206 � 0.0043 20.33 � 4.15

72 mg � kg�1 � d�1

(n � 6)
�17.87 � 1.01 0.0329 � 0.0023 30.20 � 1.97 0.0210 � 0.0049 21.48 � 5.70

109 mg � kg�1 � d�1

(n � 6)
�17.58 � 1.55 0.0344 � 0.0028 29.24 � 2.22 0.0197 � 0.0054 19.07 � 4.93

1 All values are x� � SD. 13CO2, enrichment of 13C in expired air; PDB, Pee Dee Belemnite; bicarb, sodium bicarbonate; APE, atom percent excess. No
significant differences were detected in baseline 13CO2 (P � 0.67), carbon dioxide production (P � 0.61), or fractional oxidation of labeled phenylalanine (P
� 0.73) between the 5 formula groups.
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Little is known, too, about the biosynthetic capacity of non-
essential amino acids in preterm infants. In the early 1970s sev-
eral investigators reported that the transsulfuration pathway
might be immature in preterm infants because of limited enzyme
activity of cystathionase (1–3). Some found cystathionase activ-
ity to be absent in fetal liver tissues (2, 3). Zlotkin and Anderson
(1) showed that cystathionine activity was limited but not iso-
lated to the liver and was also present in extrahepatic tissues
(kidneys and adrenals). They also found in term and preterm
infants that this activity increased after birth. Furthermore,
Stegink and Den Besten (22) showed that plasma cysteine con-
centrations in adult humans fed a cystine-deficient diet intragas-
trically were significantly higher than in those fed the same diet
intravenously. This finding suggests an important role in
cyst(e)ine production for the gut and was confirmed in animal
experiments. Neonatal piglets fed a cysteine-free diet enterally
showed significantly higher plasma cysteine concentrations than
did parenterally fed piglets (23). In addition, dietary methionine
and plasma cysteine concentrations were positively correlated in
enterally fed piglets but not in parenterally fed piglets.

Earlier studies that investigated whether cyst(e)ine is an es-
sential amino acid in preterm infants were all performed during
parenteral nutrition. Several of those studies reported low plasma

cysteine concentrations, with or without cysteine supplementa-
tion (24–26). Pohlandt (26) observed no differences in plasma
cystine concentrations between preterm infants receiving only
glucose intravenously and preterm infants fed a mixture of syn-
thetic amino acids free from cystine. In both groups cystine
plasma concentrations were low, �5 �mol/L, indicating limited
endogenous synthesis from methionine. Furthermore, Viña et al
(25) and Miller et al (27) reported impaired cysteine metabolism
in premature infants on total parenteral nutrition. All those stud-
ies indicate that limited cystathionase activity makes cyst(e)ine a
conditionally essential amino acid in preterm infants. Zlotkin et
al (28), nevertheless, reported that cysteine supplementation did
not affect growth rate and nitrogen balance in parenterally fed
term and preterm infants. It did slightly increase urinary
3-methylhistidine excretion, however, suggesting that either
muscle protein catabolism or muscle mass had increased. Also
Malloy et al (29) did not find an improved nitrogen balance with
cysteine supplementation, although plasma-free cyst(e)ine con-
centration increased. Contradictorily, findings from a recent
study suggest that the transsulfuration pathway produces suffi-
cient amounts of cysteine in the parenterally fed preterm infant
(30).

Our study was performed when neonates received full enteral
feeding supplied with a generous amount of methionine and
shows that the cyst(e)ine synthesis pathway is active and suffi-
cient at this time. We studied the indicator oxidation during 5 h
when infants were continuously fed. The standard feeding regi-
men of these infants in our neonatal intensive care unit dictates
feeding every hour or every 2 h, depending on clinical consid-
erations. Thus, we studied neonates under physiologic circum-
stances. In our view, therefore, the absence of a postabsorptive
state in these preterm infants does not necessitate the study of
oxidation during 24 h.

In conclusion, our findings reject our hypothesis that cys-
t(e)ine is a conditionally essential amino acid in 1-mo-old fully
enterally fed LBW preterm infants with a mean GA of 33 wk.
These findings show indirectly that activity of the enzyme cys-
tathionase is sufficient to synthesize adequate amounts of
cyst(e)ine in these infants supplied with a generous amount of
dietary methionine.
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Effect of early infant feeding practices on infection-specific neonatal
mortality: an investigation of the causal links with observational data
from rural Ghana1�3

Karen M Edmond, Betty R Kirkwood, Seeba Amenga-Etego, Seth Owusu-Agyei, and Lisa S Hurt

ABSTRACT
Background: Strong associations between delayed initiation of
breastfeeding and increased neonatal mortality (2–28 d) were re-
cently reported in rural Ghana. Investigation into the biological
plausibility of this relation and potential causal pathways is needed.
Objective: The objective was to assess the effect of early infant
feeding practices (delayed initiation, prelacteal feeding, established
neonatal breastfeeding) on infection-specific neonatal mortality in
breastfed neonates aged 2–28 d.
Design: This prospective observational cohort study was based on
10 942 breastfed singleton neonates born between 1 July 2003 and
30 June 2004, who survived to day 2, and whose mothers were visited
in the neonatal period. Verbal autopsies were used to ascertain the
cause of death.
Results: One hundred forty neonates died from day 2 to day 28;
93 died of infection and 47 of noninfectious causes. The risk of
death as a result of infection increased with increasing delay in
initiation of breastfeeding from 1 h to day 7; overall late initiation
(after day 1) was associated with a 2.6-fold risk [adjusted odds
ratio (adj OR): 2.61; 95% CI: 1.68, 4.04]. Partial breastfeeding
was associated with a 5.7-fold adjusted risk of death as a result of
infectious disease (adj OR: 5.73; 95% CI: 2.75, 11.91). No ob-
vious associations were observed between these feeding practices
and noninfection-specific mortality. Prelacteal feeding was not
associated with infection (adj OR: 1.11; 95% CI: 0.66, 1.86) or
noninfection-specific (adj OR: 1.33; 95% CI: 0.55, 3.22) mortal-
ity.
Conclusions: This study provides the first epidemiologic evidence
of a causal association between early breastfeeding and reduced
infection-specific neonatal mortality in young human
infants. Am J Clin Nutr 2007;86:1126–31.

KEY WORDS Breastfeeding, infectious disease, neonatal
mortality

INTRODUCTION

Neonatal mortality remains unacceptably high in develop-
ing countries despite significant reductions in postneonatal
mortality (1, 2). Most neonatal deaths occur at home in these
countries, and effective community level interventions are
urgently needed (3).

We recently reported a strong association between delayed
initiation of breastfeeding and increased neonatal mortality in a
large observational study in rural Ghana (4). Other studies have

also suggested that breast milk may have its greatest effects in the
neonatal period (5–7). However, there is little evidence from
randomized controlled trials, and inferring causation from ob-
servational studies is fraught with difficulties. We reported a
marked dose-response relation in our previous analysis; with
neonatal mortality increasing significantly as delay in initiation
of breastfeeding increased (4). However, evidence about biolog-
ical plausibility and effect on cause-specific mortality in neo-
nates is sparse.

Early initiation of breastfeeding may reduce neonatal mortal-
ity by decreasing the ingestion of infectious pathogens (8). Early
breast milk also provides many immunocompetent factors, in-
cluding immunoglobulins and lymphocytes that may stimulate
humoral or cell-mediated immune systems) (9–11), and it may
also prime the gastrointestinal tract (GIT) and decrease intestinal
permeability and translocation of infectious pathogens, includ-
ing HIV (12, 13). Close skin-to-skin contact between the
maternal-infant dyad may also stimulate the mucosa-associated
lymphoid tissue system (14, 15). In contrast, prelacteal feeding
and predominant and partial breastfeeding may result in the in-
gestion of infectious pathogens and may also act on the early GIT
to increase permeability (12, 16). Metabolic pathways (espe-
cially glucose or sodium homeostasis) may also be significantly
disrupted (17–19).

This study was thus designed to evaluate the associations
between 1) timing of initiation of breastfeeding, 2) prelacteal
and nonprelacteal feeding, and 3) established neonatal breast-
feeding (exclusive, predominant, and partial) and infection-
specific neonatal mortality in breastfed neonates aged 2–28 d.
A secondary objective was to explore the effect of these prac-
tices separately on noninfection-related deaths.
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SUBJECTS AND METHODS

Setting and participants

Data were collected as part of the ObaapaVitA trial, a large
cluster randomized trial based in rural Ghana. The ObaapaVitA
trial studied the effect of weekly vitamin A supplementation to
women of childbearing age on maternal and infant mortality. The
study setting was described in detail elsewhere (4).

Data collection and study definitions

Women were visited at 4-wk intervals by a network of trained
village-based fieldworkers to distribute vitamin A capsules and
to collect data on morbidity and mortality. When a birth was
reported, the fieldworker administered a birth questionnaire that
collected information on birth outcome, birth weight (if taken
within 48 h of birth at a health facility), gestational age, details of
the delivery, antenatal care, health of the mother, socioeconomic
and environmental characteristics, and early breastfeeding prac-
tices. The mother was asked when she initiated breastfeeding and
was prompted for the exact timing (within 1 h, after 1 h but the
first day, day 2, day 3, days 4–7, or after day 7). She was then
asked what she offered her newborn to eat or drink in the 24 h
before the interview. After noting the unprompted response, the
mother was asked whether she offered her own breast milk,
breast milk from a wet nurse, animal milk, infant formula, milk-
based fluids, water-based fluids, or solid foods. The mother was
also asked about the newborn’s health on the day of birth and in
the previous 24 h. At the next 4-wk visit an infant questionnaire
was administered to obtain further outcome data (infant morbid-
ity and mortality) and information on infant feeding practices.
Infants were followed up at subsequent 4-wk visits until they
reached 12 mo of age.

A newborn was considered to be breastfed if breast milk con-
stituted any portion of his or her diet. Newborns were classified
according to the timing of breastfeeding initiation (first hour,
after first hour but day 1, day 2, day 3, and after day 3). Early
initiation of breastfeeding referred to breastfeeding that started
on the first day of life. Late initiation indicated breastfeeding that
began after the first day of life. Prelacteal feeding was any non-
human milk food or fluids provided to the newborn before breast-
feeding on the first day of life. Established breastfeeding referred
to the reported breastfeeding pattern in the 24 h before the first
interview, excluding the first day (median: 14 d postpartum;

interquartile range: 7–21 d). Exclusive breastfeeding was de-
fined as feeding of only breast milk and nothing else, not even
water, with the exception of vitamin supplements and prescribed
medicines. Predominant breastfeeding was defined as feeding of
breast milk along with other nonmilk fluids. Newborns who were
offered breast milk and animal milk, infant formula, or solids
were considered to be partially breastfed. These definitions were
consistent with current definitions for breastfeeding patterns
from the World Health Organization (WHO) (20).

Verbal autopsy and classification of cause of death

In the ObaapaVitA trial, all stillbirths and neonatal deaths
were followed up within 6 mo by a trained fieldwork supervisor
and cause of death was determined with the use of the standard
WHO verbal autopsy (VA) questionnaire adapted for use in the
study area (21). The classification system used for assigning the
cause of the neonatal deaths is presented in Table 1. This was
adapted from a system developed by the WHO Neonatal Child
Health Epidemiology Reference Group in 2003 (22). In devel-
oping the classification system, the Child Health Epidemiology
Reference Group neonatal group considered the following: the
expected public health importance of the individual causes of
death, differing implications for intervention, and the ability to
distinguish between the individual causes in low-resource set-
tings (22). The ObaapaVitA VA questionnaire was formally
evaluated in 2004 (23); diagnostic accuracy was reported to be
high for both infectious (sensitivity: 74%; specificity: 87%) and
noninfectious causes (sensitivity: 87%; specificity: 74%) (23). In
this analysis, an infection-related death was defined as a neonatal
death as a result of �1 of the following: tetanus, meningitis,
pneumonia, diarrhea, septicemia, or other neonatal infection. All
other deaths (prematurity, birth asphyxia, other specific cause)
were considered to be noninfection related, and deaths without a
known cause were labeled as unexplained.

Statistical analysis

Primary comparisons were made between 1) early and late
initiation of breastfeeding, 2) prelacteal and nonprelacteal feed-
ing on day 1, and 3) the types of established neonatal breastfeed-
ing pattern after day 1 (exclusive, predominant, or partial).

To reduce problems with reverse causality (ie, the possibility
that the breastfeeding pattern was affected by serious illnesses
that lead to death), only newborns who survived to day 2 and who

TABLE 1
Classification system for neonatal deaths in the study population1

Cause Definition

Congenital abnormality Neonatal death as a result of �1 of the following: major or lethal congenital abnormalities unspecified; specific
abnormality, eg, neural tube defect, hydrocephalus

Prematurity Neonatal death as a result of �1 of the following: severe immaturity (� 33 wk), birth weight � 1.8 kg when gestation is
unknown; specific severe complications of prematurity such as surfactant deficiency and necrotizing enterocolitis

Birth asphyxia Neonatal death in an infant � 33 wk gestation as a result of �1 of the following: obstetric complications, maternal
hemorrhage, neonatal encephalopathy, clinical diagnosis of birth asphyxia

Infection Neonatal death in an infant � 33 wk gestation as a result of �1 of the following: tetanus, meningitis, pneumonia, diarrhea,
septicemia, other infection

Other specific cause Neonatal death in an infant � 33 wk gestation as a result of a cause not included in the first 4 selected causes, including
accident or injury, infant hemorrhage, respiratory distress syndrome

Unexplained Neonatal death as a result of an unknown cause, including sudden infant death syndrome

1 Adapted from the Child Health Epidemiology Reference Group Classification system (22), using a hierarchical classification approach with each of the
conditions sought in the order listed.
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were successfully breastfed were included in the primary anal-
yses. Multiple births, noninitiators, those interviewed outside the
neonatal period, and deaths without a VA were also excluded.

Logistic regression was used to estimate crude and adjusted
odds ratios for mortality associated with the breastfeeding expo-
sure variables. Potential confounders (factors associated with
both exposure and the outcome that are not on the causal path-
way) relating to the mother (health, parity, age, educational level,
cash income), household (water supply, place of defecation),
health system utilization (number of antenatal visits, place of
birth, birth attendant), and the newborn (sex, birth size, gesta-
tional age, presence of a congenital anomaly, health on the day of
birth, health at the time of interview) were included a priori in the
infection and noninfection-specific models. The ObaapaVitA
Data Monitoring and Ethics Committee were contacted in Oc-
tober 2004, and they confirmed that maternal vitamin A supple-
mentation was not associated with any early infant feeding prac-
tices. Receipt of vitamin A was therefore not considered to be a
confounder and was not included in any logistic regression
models.

Only 3264 newborns had their weight measured within 48 h of
birth, but perceived birth size was available from all mothers. We
reported previously that mother’s perception of a newborn as
“very tiny” or “smaller than average” gave a sensitivity of 80%
and specificity of 95% in detecting a birth weight � 2.0 kg (4).
Thus, mother’s perception of birth size was used in the logistic
regression models as a proxy for birth weight.

To further reduce problems with reverse causality, analyses
were repeated, excluding other newborns at high risk of death and
ill health (unwell on the day of birth, congenital abnormalities,
premature). All analyses were conducted in STATA version 8.2
(Stata Corporation, College Station, TX). Adjusted odds ratios
(adj ORs) and 95% CIs are presented. Because neonatal mortality
is a relatively rare event, these ORs closely approximate risk
ratios and are referred to as such in the text.

Sample size and power were calculated with the use of EPI-
INFO version 6.04d (Centers for Disease Control and Preven-
tion, Atlanta, GA). The 10 000 infants included in this study
during the 12-mo surveillance period provided 80% power to
detect a 1.4-fold effect on neonatal mortality at a significance
level of 5% and mortality risk of 2.9% in the breastfed group.

Ethical issues

Both the ObaapaVitA trial and this nested study were ap-
proved by the ethics committees of the Ghana Health Service and
the London School of Hygiene and Tropical Medicine. The pro-
cedures followed were in accordance with the ethical standards
of these committees.

RESULTS

Birth and death surveillance

There were 14 403 live births in the ObaapaVitA trial area
from 1 July 2003 to 30 June 2004 and 433 neonatal deaths, giving
a neonatal mortality rate of 30.1 per 1000 live births. Data were
captured for 11 316 (82%) of the 13 860 singleton births within
28 d of delivery (median: 14 d postpartum; interquartile range:
7–21 d). This included 268 neonatal deaths, 109 (41%) of which
occurred within the first day of birth. We excluded 106 (0.9%) of

the day 2 singleton survivors who either did not initiate breast-
feeding or started then stopped, plus 154 (1.4%) whose mothers
moved out of the study area before the second infant interview,
and 5 deaths without a VA. This analysis was based on the
remaining 10 942 infants, among whom there were 140 neonatal
deaths from day 2–28. Overall 93 (66.4%) deaths were due to
infectious and 47 (33.5%) to noninfectious causes (Table 2). The
major causes of death in the noninfection-related group were
asphyxia and prematurity. Only 2 infection-related deaths were
due to tetanus. Sociodemographic characteristics were similar in
newborns included and excluded from this study (data not
shown).

Initiation of breastfeeding

Strong evidence showed that risk of death as a result of infec-
tion increased as the delay in initiating breastfeeding increased
(Table 3). This trend was still apparent after adjusting for prelac-
teal feeding and established breastfeeding and after excluding
newborns at high risk of death (unwell on the day of birth, con-
genital abnormalities, premature) (adj OR: 2.78; 95% CI: 1.65,
4.67; P � 0.0001). No interactions were observed with other
infant feeding practices (prelacteal feeding, established neonatal
breastfeeding), gestational age, or mother’s perception of size.
Overall, late initiation of breastfeeding (after day 1) was associ-
ated with a 2.6-fold increased risk of infection-specific neonatal
mortality.

In contrast, there was only weak evidence of increasing mor-
tality risk from noninfectious causes with increasing delay in
initiation of breastfeeding (Table 3). No interactions were ob-
served with other infant feeding practices (prelacteal feeding,
established neonatal breastfeeding), gestational age, or mother’s
perception of size. The high OR for the association between
initiation of breastfeeding after day 3 and noninfection-specific
mortality was considered to be due to the small sample size and
was much lower (adj OR: 1.30; 95% CI: 0.40, 4.28) when
newborns who initiated breastfeeding on day 3 and after day
3 were combined. No striking differences were observed be-
tween the effects of late initiation on individual causes of
death (congenital abnormalities, prematurity, birth asphyxia,

TABLE 2
Causes of neonatal deaths in the study population

Cause of neonatal death Value

n (%)

Infection 93 (66.4)
Tetanus 2 (1.4)
Meningitis 11 (7.9)
Pneumonia 45 (32.1)
Diarrhea 2 (1.4)
Septicemia 33 (23.6)

Noninfection 47 (33.6)
Congenital abnormality 6 (4.3)
Prematurity 21 (15)
Birth asphyxia 16 (11.8)
Other specific cause 4 (2.9)

Accident or injury 2 (1.5)
Hemorrhage 2 (1.5)

Unexplained 0 (0)
Total 140 (100)
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other); the numbers of deaths in these groups were too small
to assess effects more fully.

Prelacteal feeding

Prelacteal feeding was not associated with an increased risk of
infection-specific neonatal mortality (adj OR:1.11; 95% CI:
0.66, 1.86; P � 0.71) after adjusting for timing of initiation of
breastfeeding and established neonatal breastfeeding (Table 3).
No association was observed between prelacteal feeding and
infection-specific neonatal mortality when the model was refit-
ted to exclude newborns at high risk of death (unwell on the day
of birth, congenital abnormalities, premature) (adj OR: 0.90;
95% CI: 0.48, 1.66; P � 0.71).

Prelacteal feeding was also not associated with an increased
risk of noninfection-specific neonatal mortality (adj OR: 1.33;
95% CI: 0.55, 3.22; P � 0.53) even after adjusting for timing of

initiation of breastfeeding and established neonatal breastfeed-
ing (Table 3). No striking differences were observed in the effect
of prelacteal feeding on individual causes of death (congenital
abnormalities, prematurity, birth asphyxia, other), but sample
sizes were too small to assess effects more fully.

Established neonatal breastfeeding

Partially breastfed newborns had an almost 6-fold higher risk
of dying of infectious causes than did newborns who were ex-
clusively breastfed even after adjusting for late initiation and
prelacteal feeding (Table 3). The size of this effect was even
higher (adj OR: 8.78; 95% CI: 3.70, 20.85; P � 0.0001) when the
model was refitted to exclude newborns at high risk of death
(unwell on the day of birth, congenital abnormalities, prema-
ture). Risks of infection-specific neonatal mortality were also
high in predominantly breastfed newborns (adj OR: 1.45; 95%

TABLE 3
Neonatal mortality risk by early infant feeding practices1

Infants

Infection-specific mortality Noninfection-specific mortality

Deaths
Unadjusted OR

(95% CI)
Adjusted OR2

(95% CI) Deaths
Unadjusted OR

(95% CI)
Adjusted

OR2 (95% CI)

n (%) n (% risk) n (% risk)

Timing of initiation of
breastfeeding
Within 1 h 4763 (43) 22 (0.5) 1 1 12 (0.3) 1 1
From 1 h to end of

day 1
3105 (28) 19 (0.6) 1.33 (0.72, 2.46) 1.16 (0.62, 2.17) 15 (0.5) 1.92 (0.90, 4.11) 1.47 (0.65, 3.30)

Day 2 2138 (20) 32 (1.5) 3.28 (1.90, 5.65) 2.55 (1.44, 4.53) 15 (0.7) 2.80 (1.31, 6.00) 2.34 (1.00, 5.33)
Day 3 797 (7.3) 17 (2.1) 4.71 (2.49, 8.91) 3.57 (1.82, 6.99) 2 (0.3) 1.00 (0.22, 4.47) 0.47 (0.08, 2.68)
After day 3 144 (1.3) 3 (2.1) 4.59 (1.36, 15.50) 2.44 (0.69, 8.60) 3 (2.1) 8.42 (2.35, 30.2) 6.71 (1.61, 27.9)
P for trend �0.0001 0.11

Late (after day 1)
compared with
early (day 1)
initiation of
breastfeeding
Early initiation 7866 (71.9) 41 (0.5) 1 1 27 (0.3) 1 1
Late initiation 3076 (28.1) 52 (1.7) 3.28 (2.17, 4.95) 2.61 (1.68, 4.04) 20 (0.7) 1.90 (1.06, 3.39) 1.63 (0.85, 3.11)
P3 �0.0001 0.15

Prelacteal feeding
compared with no
prelacteal feeding
on day 1
No prelacteal

feeding
9143 (83.6) 67 (0.7) 1 1 39 (0.4) 1 1

Prelacteal feeding 1799 (16.4) 26 (1.5) 1.99 (1.26, 3.13) 1.11 (0.66, 1.86) 8 (0.4) 1.04 (0.49, 2.23) 1.33 (0.55, 3.22)
P3 0.71 0.53

Established neonatal
breastfeeding days
2–28
Exclusive 7676 (70) 49 (0.6) 1 1 31 (0.4) 1 1
Predominant 3033 (27) 33 (1.1) 1.71 (1.10, 2.67) 1.45 (0.90, 2.34) 14 (0.5) 1.14 (0.61, 2.15) 0.97 (0.45, 2.04)
Partial 233 (2.1) 11 (4.7) 7.71 (3.96, 15.0) 5.73 (2.75, 11.91) 2 (0.9) 2.14 (0.51, 8.97) 0.80 (0.14, 4.61)
P for trend �0.0001 0.83

Total 10942 (100) 93 (0.85) 47 (0.4)

1 OR, odds ratio.
2 Adjusted for maternal educational level, maternal cash income, water supply, sanitation, overcrowding, antenatal care, delivery attendant, site of delivery,

maternal ethnicity, maternal age, parity, maternal perinatal health, neonate sex, congenital abnormalities, gestational age, neonate size at birth, neonate perinatal
health, and other breastfeeding practices.

3 Determined with likelihood ratio test.
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CI: 0.90, 2.34). There was a significant trend (P � 0.0001) of
increasing risk of infection-specific mortality from exclusive to
predominant to partially breastfed newborns.

No apparent increased risk of noninfection-specific neonatal
mortality was observed in either predominant or partially breast-
fed newborns compared with those exclusively breastfed (Table
3). There were also no striking effects of predominant and partial
breastfeeding on individual causes of death (congenital abnor-
malities, prematurity, birth asphyxia, other), but the numbers
of deaths were too small to assess effects more fully. No
significant differences were observed when analyses were
repeated to exclude newborns who died on days 1–7 or
tetanus-related deaths.

DISCUSSION

These analyses indicate that timing of initiation of and estab-
lished neonatal breastfeeding exert important and independent
influences on deaths as a result of infectious diseases within the
neonatal period. The risk of death as a result of infectious causes
increased with increasing delay in initiation of breastfeeding. In
contrast, little apparent effect of early infant feeding practices
was observed on deaths as a result of other causes. Partial breast-
feeding was associated with a 5.7-fold increased adjusted risk of
death as a result of infectious disease but had no obvious effect on
deaths as a result of other causes. Prelacteal feeding on the first
day of life appeared to exert little significant influence on mor-
tality risks as a result of infection or on noninfection-specific
deaths.

This appears to be the first study that has examined the effects
of timing of initiation of breastfeeding on cause-specific neonatal
mortality. A large study from Brazil reported 5-fold and 2-fold
increased risks of death from diarrhea and respiratory infections,
respectively, in infants aged birth to 2 mo who were given breast
milk plus milk supplements compared with infants who were
exclusively breastfed, after controlling for reverse causality (7).
A large study from Bangladesh was designed to detect associa-
tions between type of neonatal breastfeeding (exclusive, pre-
dominant, partial) and cause-specific neonatal mortality, but ef-
fects on all-cause neonatal mortality were only reported (24). A
study from Pakistan reported a 3-fold reduction in risk of early
neonatal sepsis in exclusively breastfed compared with partially
breastfed hospitalized neonates (25). However, no other studies
have reported on the cause-specific effects of early infant feeding
practices specifically in the neonatal period. Case reports were
also published that describe hypernatremia, acidosis, and hypo-
glycemia in neonates provided with prelacteal feeds (26–28), but
no studies have examined associations between prelacteal feed-
ing and cause-specific neonatal mortality.

Observational studies of breastfeeding and infant health may
be affected by a number of methodologic problems, including
self-selection, reverse causality, confounding, and misclassifi-
cation (5, 29, 30). However, we analyzed data for the entire study
population of singleton births. We also addressed reverse cau-
sality by excluding all deaths before day 2 and newborns who
either did not start or who started and stopped breastfeeding,
controlling for high-risk newborns, and repeating all analyses
after all deaths before day 8 and high-risk newborns were ex-
cluded (which did not alter effect estimates). We also adjusted for

many potential confounding variables, although residual con-
founding from other unmeasured variables, imperfect measure-
ment of confounding variables, and imperfect assessment of the
relation between the confounding variables and the exposure and
outcome cannot be discounted. Finally, any nondifferential mis-
classification of type of breastfeeding would have tended to
underestimate rather than overestimate effect sizes.

Cause-specific mortality fractions estimated from VAs can be
subject to marked misclassification bias (31). If specificity is low
and particular causes of death are rare, the power of individual
studies may be reduced and the possibility of type II error (ie, a
test result is reported as nonsignificant when in fact there truly is
an effect of the exposure) may be increased (32). However, the
assessment of the diagnostic accuracy of the ObaapaVitA VA
indicated that the specificity was high for all important causes of
death, and the VA fulfilled the criteria suggested by Maude and
Ross (31) and Anker (32) in 1997. Overall, the VA was consid-
ered sufficiently accurate to be used to estimate neonatal cause-
specific mortality fractions at the population level and for obser-
vational and intervention research targeting the major causes of
neonatal deaths in our study area.

Unfortunately, there were insufficient deaths to determine ef-
fects on specific causes of death such as prematurity and birth
asphyxia. Effects of early infant feeding practices on low-birth-
weight infants (premature and small for gestational age) will be
published separately. However, larger studies adequately pow-
ered to assess effects on other causes of neonatal deaths are
needed. Studies of the effects of early infant feeding on neonatal
mortality should also be conducted in other developing country
regions, because policy decisions should not be based on the
results of only one study, and effects may differ according to
socioeconomic status and cultural practices.

In contrast to other large mammalian species the human neo-
nate receives transplacental passage of antibodies and other im-
mune components (33, 34). These bloodborne factors are thought
to be responsible for many early neonatal humoral and cell-
mediated immune responses. These findings have led some in-
vestigators to question the active immunologic role of colostrum
in young human infants (35, 36). Our findings indicate, however,
that early breast milk may have a direct antiinfective action and
may stimulate neonatal immune function as well as decreasing
the ingestion of infectious pathogens. Close contact between the
infant-mother dyad and stimulation of the enteromammary
mucosa-associated lymphoid tissue system may also contribute
(9). Total protein and immunoglobulin concentrations also de-
crease markedly in human colostrum during the first days of life
(concentrations are highest on day 1, half by day 2, and slowly
decrease thereafter) (34, 37). This process could explain the
dose-response relation seen in our study.

The lack of an association between early initiation of breast-
feeding and noninfection-specific mortality indicates that the
direct effects of breast milk on the neonatal GIT (reducing in-
testinal permeability) and metabolic dysfunction (including so-
dium and glucose metabolism) may be less important because
these mechanisms would be expected to affect noninfection-
related deaths (especially prematurity and birth asphyxia-related
mortality). Established breastfeeding practices had the strongest
associations with infectious disease-specific mortality, high-
lighting the importance of sustaining optimal breastfeeding prac-
tices throughout neonatal and infant life.
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Overall, these results indicate that early breast milk is signifi-
cantly associated with reduced infection-specific neonatal mortality
in young infants. This finding provides the first epidemiologic ev-
idence of a causal association between early breastfeeding and re-
duced risk of infection in young human infants. These findings have
important implications for neonatal health programs and policy.
They suggest that breastfeeding promotion programs that focus on
early initiation of breastfeeding and exclusive breastfeeding in the
neonatal period can significantly reduce the burden of infectious
disease-related mortality in the rural African neonate. Other low
technology community-based approaches are also likely to benefit
these neonates. These measures include improving hygiene before,
during, and after delivery and maternal vaccination, as well as
effective promotion of appropriate nutrition and breastfeeding
practices.
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The gut takes nearly all: threonine kinetics in infants1�3

Sophie RD van der Schoor, Darcos L Wattimena, Jan Huijmans, Andras Vermes, and Johannes B van Goudoever

ABSTRACT
Background: Threonine is an essential amino acid that is abun-
dantly present in intestinally produced glycoproteins. Animal stud-
ies show that intestinal first-pass threonine metabolism is high, par-
ticularly during a restricted enteral protein intake.
Objective: The objective of the study was to quantify intestinal
first-pass threonine metabolism in preterm infants during full enteral
feeding and during restricted enteral intake.
Design: Eight preterm infants (x� � SD birth weight: 1.1 � 0.1 kg;
gestational age: 29 � 2 wk) were studied during 2 periods. During
period A, 40% of total intake was administered enterally and 60%
was administered parenterally. Total threonine intake was 58 � 6
�mol � kg�1 � h�1. During period B, the infants received full enteral
feeding, and the total threonine intake was 63 � 6 �mol � kg�1 � h�1.
Dual stable-isotope tracer techniques were used to assess splanchnic
and whole-body threonine kinetics.
Results: The fractional first-pass threonine uptake by the intestine
was remarkably high in both periods: 82 � 6% during partial enteral
feeding and 70 � 6% during full enteral feeding. Net threonine
retention was not affected by the route of feeding.
Conclusion: In preterm infants, the splanchnic tissues extract a very
large amount of the dietary threonine intake, which indicates a high
obligatory visceral need for threonine, presumably for the purposes
of synthesis. Am J Clin Nutr 2007;86:1132–8.

KEY WORDS Threonine, preterm infants, intestine, stable
isotopes, nutrition, splanchnic metabolism

INTRODUCTION

During the first few weeks of life, preterm infants are faced
with the challenge of doubling their body weight (1). The high
growth rate of the newborn infant puts significant pressure on the
intestine to efficiently digest and absorb nutrients. This occurs at
a time when the neonatal intestine is adapting to the enteral route
of nutrition after a prenatal period in which amino acids (AAs)
were delivered via the umbilical route. Therefore, it may be
speculated that a large quantity of AAs is needed for the growth
and maintenance of the premature gut to enable its optimal func-
tion and integrity.

Given the key role of the gut in the maintenance of neonatal
health, there has been considerable interest in the significance of
first-pass intestinal metabolism of dietary AAs (2–4). Enterally
absorbed AAs can be used for incorporation into mucosal cellular
proteins, for energy production, or for conversion via transami-
nation into other AAs, metabolic substrates, and biosynthetic
intermediates. It is known that, in animals, �20% of intestinal
AAs are used for constitutive gut growth by the intestinal mucosa

(1), and, although some essential AAs (EAAs) are known to be
catabolized (3–5), the catabolism of EAAs does not account for
their high utilization rate. Therefore, the synthesis of secretory
glycoproteins by the enterocytes appears to be a major metabolic
fate for EAAs.

Of particular interest is threonine, which is the AA that, in
neonatal piglets, is used to the greatest extent by the portal-
drained viscera (PDV)—ie, the intestines, pancreas, spleen, and
stomach. In neonatal pigs, the splanchnic extraction of threonine
ranges from 60% to 80% of the dietary intake (2, 3, 6, 7). This
high intestinal requirement for threonine may reflect the use of
enterally absorbed threonine for the synthesis of secretory gly-
coproteins as the major metabolic fate. Indeed, Roberton et al (8)
found that the protein cores of secretory mucins contain large
amounts of threonine. In addition, Bertolo et al (9) showed that
the whole-body threonine requirement in total parenteral nutri-
tion (TPN)–fed piglets is 40% of that observed in enterally fed
piglets, which indicates that enteral nutrition itself induces met-
abolic processes that demand threonine, probably within the
intestine. One may postulate that the compromised gut barrier
function associated in humans with parenteral nutrition is caused
by a sparse threonine availability combined with diminished
intestinal mucin production, as has been shown in rats (10).

In view of the central role of the gut in nutrient processing and
metabolism, we considered it important to investigate the effect
of the amount of enteral intake on splanchnic and whole-body
threonine metabolism in preterm infants. Accordingly, we simul-
taneously used 2 stable isotope–labeled threonine tracers—
[U-13C]threonine and [15N]threonine—and administered them
via intravenous and intragastric routes to determine the quanti-
tative aspects of threonine metabolism in preterm neonates under
both parenteral and enteral feeding conditions. This technique
enabled us to measure both the first-pass intestinal threonine
uptake and the whole-body threonine kinetics. Previously, our
group (7) found in neonatal pigs that the considerable first-pass
threonine utilization was not significantly affected by a lower
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protein intake. Therefore, we hypothesized that the first-pass
utilization of threonine by the splanchnic tissues would be sub-
stantial in preterm infants and would be independent of the di-
etary threonine intake. Hence, the present study explores the
effect of the amount of enteral formula intake on various com-
ponents of first-pass and whole-body threonine metabolism in
neonates.

SUBJECTS AND METHODS

Subjects

Splanchnic and whole-body threonine kinetics were quanti-
fied in 8 preterm infants during 2 consecutive periods of different
enteral and parenteral intakes. Patients eligible for this study
were premature infants with a birth weight of 750 to 1250 g that
was appropriate for gestational age according to the charts of
Usher and McLean (11). Excluded from the study were infants
who had major congenital anomalies or gastrointestinal or liver
diseases. All infants’ Clinical Risk Index for Babies (CRIB; 12)
scores on the first day of life were �5. The maximum CRIB score
is 23, and the minimum score is 0 (with increasing scores, there
is increased morbidity and mortality). Selected relevant clinical
variables for the infants studied are shown in Table 1. The infants
received a standard nutrient regimen according to our feeding
protocol: a combination of the mother’s milk or formula
(Nenatal; Nutricia, Zoetermeer, Netherlands; 0.024 g/mL pro-
tein) and parenteral nutrition containing glucose, AAs (Primene
10%; Clintec Benelux NV, Brussels, Belgium; 0.1 g/mL protein),
and lipids (Intralipid 20%; Fresensius Kabi, Den Bosch, Nether-
lands). Formula feeding was given as the sole enteral nutrition 12 h
before the start of the study and during the study days.

Written informed consent was obtained from the parents of the
infants. The study protocol was approved by the Institutional
Review Board of the Erasmus Medical Center.

Protocol

The study design consisted of 2 periods of one study day
(period A: study day 1; period B: study day 2). During period A,
the infants received 40% enteral feeding and 60% parenteral
feeding; during period B, they received full enteral feeding. A
schematic outline of the tracer-infusion studies is shown in

Figure 1. During period A, both an arterial and an intravenous
catheter were implanted in the infants for the infusion of tracers
and withdrawal of blood samples. These catheters were already
installed for clinical purposes. During period B, a peripheral
intravenous catheter was available for the infusion of tracers, and
blood samples were collected by heelstick.

To collect breath samples from these preterm infants, we em-
ployed the method described by Perman et al (13), which used a
nasal tube. This method has been validated in preterm infants for
the collection of expiratory carbon dioxide after the administra-
tion of 13C-labeled substrates (14, 15). Briefly, a 6-Fr gastric tube
(6ChArgyle;SherwoodMedical,Tullamore, Ireland)wascarefully

TABLE 1
Subject characteristics1

Patient GA Sex Birth weight CRIB score2

Study weight Postnatal age

Period A Period B Period A Period B

wk kg kg d

1 26 F 0.97 2 1.00 1.05 9 12
2 27 F 1.08 2 1.03 1.04 8 17
3 32 M 1.28 2 1.18 1.17 5 9
4 28 F 0.92 2 1.00 1.00 9 11
5 31 M 0.90 1 0.91 0.91 6 8
6 29 M 1.25 2 1.12 1.22 5 7
7 30 M 1.10 2 0.99 1.06 6 11
8 30 F 0.98 1 0.92 0.98 10 13
Mean � SD 29 � 2 1.06 � 0.14 2 � 0.5 1.02 � 0.09 1.05 � 0.10 7 � 2 11 � 3

1 GA, gestational age; CRIB, Clinical Risk Index for Babies. n � 8.
2 Maximum score, 23; minimum score, 0; with increasing scores, there is increased morbidity and mortality.

FIGURE 1. Schematic overview of study periods A (study day 1) and B
(study day 2). IG, intragastric; IV, intravenous.
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placed 1.0 cm into the nasopharynx, and a 15-mL sample of end-
tidal breath was slowly taken with a syringe. Duplicate aliquots of
expired air from each sampling point were stored in evacuated tubes
(Vacutainer; Becton Dickinson, Rutherford, NJ) for later analysis.

Three stable-isotope infusions were performed on each study
day during both periods. First, a primed, continuous infusion
[10.02 �mol/kg priming dose and 10.02 �mol/(kg � h) of
[13C]sodium bicarbonate (99 mol% 13C; Cambridge Isotopes,
Woburn, MA) dissolved in sterile saline was administered at
a constant rate for 2 h. The 13C-labeled bicarbonate infusion
was immediately followed by primed, continuous infusion
[14.4 �mol/kg priming dose and 14.4 �mol/(kg � h) of
[U-13C]threonine (97 mol% 13C; Cambridge Isotopes) given in-
travenously and a second primed, continuous infusion [14.7
�mol/kg priming dose and 14.7 �mol/(kg � h) of [15N]threonine
(95 mol% 15N; Cambridge Isotopes) given enterally for 5 h. This
process was designed to assess whole-body and splanchnic thre-
onine kinetics. All isotopes were tested and found to be sterile
and pyrogen-free before they were used in our studies. Baseline
blood and breath samples were collected at time 0. During the last
hour of each tracer infusion, breath samples were collected at 15-
min intervals, and blood samples were obtained at 390 and 420 min.
The total amount of blood drawn on a study day was 1.5 mL, which
is �2% of the blood volume of a 1000-g infant. Blood was centri-
fuged immediately (2500 � g, 4 °C, 10 min) and stored at �70 °C
for further analysis.

Analytic methods

Small aliquots of plasma (100 �L) were taken for the mea-
surement of AA concentrations by using an analyzer (Amino
Acid Analyser Biochrom 20; Biochrom Ltd, Cambridge, United
Kingdom). Plasma threonine enrichments were determined by
gas chromatography–mass spectrometry. Briefly, 50 �L plasma
was deproteinized with 50 �L of 0.24 mol sulfosalicylic acid/L.
After centrifugation for 8 min at 4 °C and 14 000 � g, the su-
pernatant was passed through an H� column (AG50W-X8;
Biorad, Richmond, VA). The column was washed with 3 mL
water, and the AAs were eluted with 1.5 mL of 3 mol NH4OH/L.
The eluate was dried at 70 °C under a stream of nitrogen, and,
finally, derivatives of the AAs were formed by adding 350 �L
acetonitril and 10 �L N-methyl-N-(tert-butyldimethylsilyl)-
trifluoroacetamide (Pierce Omnilabo, Breda, Netherlands) to the
dried AAs (16). Analyses were carried out on a Carlo Erba
GC8000 gas chromatograph coupled to a Fisons MD800 mass
spectrometer (both: Interscience BV, Breda, Netherlands) by
injecting 1 �L with a split ratio of 50:1 on a 25-m � 0.22-mm
fused silica capillary column, coated with 0.11 �m HT5 (SGE,
Victoria, Australia). Natural threonine, [15N]-threonine, and
[U-13C]-threonine were measured by selective ion monitoring of
masses 404, 405, and 408, respectively (16). Breath samples
were analyzed for enrichment of 13CO2 on an isotope ratio–mass
spectrometer (ABCA; Europa Scientific, Van Loenen Instru-
ments, Leiden, Netherlands) (17).

Calculations

The rate of threonine turnover was calculated by measuring the
tracer dilution at steady state as modified for stable isotope
tracers, as previously described (18, 19). Plasma enrichments of
threonine were used to calculate the rate of threonine turnover.

The threonine flux (intravenous or intragastric) was calculated
according to the following equation:

Qiv or ig � iT � ��Ei/Ep� � 1� (1)

where Qiv or ig is the flux of the intravenous or intragastric thre-
onine tracer [�mol/(kg/h)], iT is the threonine infusion rate
[�mol/(kg/h)], and Ei and Ep are the enrichments [mol percent
excess (MPE)] of [U-13C or 15N]threonine in the threonine infu-
sate and in plasma at steady state, respectively.

The first-pass threonine uptake was calculated according to
the following equation:

U � ��Qig � Qiv�/Qig� � I (2)

where U is the first-pass threonine uptake, Qig is the flux of the
intragastric threonine tracer, and I is the enteral threonine intake
[�mol/(kg/h) for all].

In a steady state, the amount of threonine entering the plasma
pool should be equal to the amount of threonine leaving the pool.
Threonine can enter the pool either by being released from pro-
teins as the result of breakdown or through the diet. Threonine
may leave the pool through either oxidative disposal or nonoxi-
dative disposal (threonine used for synthesis). To calculate the
amount of threonine leaving the pool, we used the following
equation:

Q � I � TRP � Ox � NOTD (3)

where TRP is the amount of threonine released from protein via
protein breakdown [�mol/(kg/h)], Ox is the rate of threonine
oxidation [�mol/(kg/h)], and NOTD is the rate of nonoxidative
disposal of threonine [a measure of protein synthesis rate, ex-
pressed as �mol/(kg/h)].

Net threonine balance, an index of protein deposition, was
calculated by using the following equation:

TBAL � NOTD � TRP (4)

where TBAL is threonine balance [�mol/(kg/h)].
Whole-body carbon dioxide production was estimated by us-

ing the following equation:

Body CO2 production � iB � ��EiB/breath IEB� � 1�

(5)

where iB is the infusion rate of NaH13CO3 [�mol/(kg/h)], EiB is
the enrichment (MPE) of [13C]bicarbonate in the bicarbonate
infusate, and IEB is the breath 13CO2 enrichment at plateau during
the NaH13CO3 infusion (MPE).

As described previously, threonine oxidation was calculated
by multiplying the recovery of the [13C]label in the expiratory air
with the rate of appearance of threonine (20). The fraction of
threonine oxidized was measured according to the following
equation, assuming a constant rate of CO2 production during the
study, which lasted 5 h (20):

Fraction of threonine oxidized to CO2 �

�IET � iB�/�IEB � iT � 4� (6)

where IET and IEB are the 13CO2 breath enrichments (MPE) at
steady state during the intravenous [U-13C]threonine infusion
and NaH13CO3 infusion. The denominator is multiplied by a
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factor of 4 to account for the number of C-atoms that are
labeled.

Whole-body threonine oxidation was then calculated by using
the following equation:

Whole-body threonine oxidation

� the product of equation 6 � the product of equation 1

(7)

Statistical analysis

The data are expressed as the mean � SD values obtained from
samples taken over the last hour of each tracer infusion. We used
SPSS statistical software (version 14.0; SPSS Inc, Chicago, IL)
to analyze the data. Statistical comparisons were performed by
using a paired Student’s t test. P � 0.05 was taken as statistically
significant.

RESULTS

All infants were appropriate for gestational age (mean gesta-
tional age: 29 � 2 wk; Table 1). Seven patients were studied
during both periods; in 5 of those infants, whole-body threonine

oxidation was determined. During both feeding periods, 1 infant
underwent mechanical ventilation, 4 infants received supple-
mental oxygen via a nasal prong, and 3 infants received nasal
continuous positive airway pressure (CPAP), which did not al-
low us to obtain expired air. All infants received caffeine and
were clinically stable at the time of the study. All routine blood
chemistry and hematology tests (ie, electrolytes, calcium, glu-
cose, acid base, hematocrit, thrombocyte count, and white blood
cell count) were within normal limits; there were no significant
changes in these variables in the periods 24 h before and after the
study. Intakes of threonine, protein, carbohydrate, fat, and en-
ergy are shown in Table 2. We aimed to keep the different
macronutrient intakes very close together during both study pe-
riods, but this was impossible because different feeds (parenteral
nutrition and preterm formula) were used. No differences were
found in the intakes of glucose, fat, or energy. The threonine
intake was significantly lower during period A, but, in absolute
amounts, the difference was only 5 �mol/(kg/d) (ie, 8% less).
The protein intake during period B was significantly lower than
that during period A, which was inevitable, because we aimed at
comparable total threonine intakes.

Isotopic plateau

Threonine kinetics were calculated from the plateau enrich-
ment values for plasma threonine, breath carbon dioxide, and
rates of carbon dioxide production. Details of the isotopic en-
richments of plasma threonine at baseline and plateau during
periods A and B are given in Figure 2.

The background (baseline) recovery of the [13C]label in expi-
ratory air did not differ significantly between the 2 periods [pe-
riod A: 1.0955 � 0.0079 atom percent excess (APE); period B:
1.0923 � 0.0032 APE]. The 13CO2 enrichment in breath during
[13C]sodium bicarbonate infusion rose rapidly during the first
hour of infusion in both periods to become constant in all infants
by 120 min, with �5% variation of the plateau (CV: 1.4 � 0.4%
in period A and 3.3 � 1.4% in period B). In Figure 3, the isotopic
steady state of 13CO2 excretion in expiratory air is shown both
during the [13C]sodium bicarbonate infusion and the
[U-13C]threonine infusion. Although we took 2 blood samples
after 4 h of tracer infusion, we are sure that isotopic steady state
was reached during the [U-13C]threonine infusion because we
found an isotopic plateau in carbon dioxide excretion. Before a
plateau in breath is reached, a plateau has to be reached at the site
of threonine oxidation—ie, intracellularly. The mean � SD CVs
of breath [13C]threonine enrichment above baseline at plateau

TABLE 2
Intakes of threonine, protein, carbohydrate, fat, and energy during period
A and period B1

Period A Period B

Total threonine intake [�mol/(kg/h)] 58 � 52 63 � 6
Enteral 26 � 3 63 � 6
Parenteral 32 � 3 —

Total protein intake [g/(kg/d)] 3.6 � 0.42 2.8 � 0.2
Enteral 1.1 � 0.1 2.8 � 0.2
Parenteral 2.5 � 0.2 —

Total carbohydrate intake [g/(kg/d)] 11.0 � 1.8 12.4 � 1.7
Enteral 3.6 � 0.4 8.9 � 0.8
Parenteral 7.6 � 1.7 3.4 � 2.4

Total fat intake [g/(kg/d)] 4.6 � 0.5 5.0 � 0.5
Enteral 2.1 � 0.2 5.0 � 0.5
Parenteral 2.5 � 0.5 —

Total energy intake [kcal/(kg/d)] 98 � 8 106 � 4
Enteral 38 � 4 92 � 9
Parenteral 61 � 9 14 � 10

1 All values are x� � SD. n � 8.
2 Significant difference between periods, P � 0.05.
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FIGURE 2. Mean (�SD) isotopic enrichments of plasma threonine at baseline and plateau during period A (A) and period B (B). f, [U-13C]threonine; Œ,
[15N] threonine.
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were 3.4 � 4.4% during period A and 8.5 � 0.6% during period
B. We considered this variation to be acceptable and to permit the
detection of differences in rates of threonine oxidation between
the 2 feeding periods.

Threonine kinetics

The plasma concentrations of all AAs in both feeding periods
are shown in Table 3. We did not find a statistically significant
difference in the plasma threonine concentration between the 2
feeding periods (period A: 169 � 111 �mol/L; period B: 201 �
98 �mol/L), but the concentrations showed a large variation. The
high first-pass threonine uptake during both periods is shown in
Figure 4. The first-pass threonine uptake, expressed as a per-
centage of dietary intake, was significantly higher during low
enteral intake. Yet, approximately three-quarters of the dietary
intake was utilized by the splanchnic tissues during full enteral
feeding. However, and in contrast to our hypothesis, the first-
pass threonine uptake, in absolute amounts, was significantly
(P � 0.0001) lower during restricted enteral threonine intake
[period A: 24 � 7 �mol/(kg/h); period B: 44 � 4 �mol/(kg/h)].

The threonine kinetics are shown in Table 4. There was no
significant difference between the 2 feeding periods in the
amount of threonine oxidized by the whole body [period A: 15 �

9 �mol/(kg/h); period B: 17 � 13 �mol/(kg/h)]. During both
intakes, whole-body threonine oxidation accounted for �6% of
threonine flux. The nonoxidative threonine disposal and the thre-
onine release of protein did not differ significantly between the 2
periods. Whole-body threonine balance, calculated from the dif-
ference between nonoxidative disposal and whole-body protein
degradation, was positive during both feeding periods and did not
differ significantly between the 2 periods.

DISCUSSION

This study describes the splanchnic threonine kinetics in pre-
term infants during early postnatal life. The splanchnic tissues
play an essential role in the delivery of dietary AAs to peripheral
tissues. The systemic appearance of a given AA is a result of
adequate digestion, transport, and intracellular metabolism. Be-
cause threonine is an EAA, high splanchnic utilization may result
in the depletion of the systemic plasma pool of threonine.

Therefore, the most striking observation to emerge from this
study was the very high fractional first-pass threonine uptake by
the intestine in the first week of life in preterm infants during a
restricted enteral intake. This observation indicates a high oblig-
atory visceral need for threonine in neonates. Although the gas-
trointestinal tissues represent only 5% of body weight, because of
their high rates of metabolism, they account for 15%–35% of
whole-body oxygen consumption and protein turnover (22–24).
Of the many factors that affect neonatal gut growth and adapta-
tion, probably the most physiologically significant stimulus is
enteral nutrition (25, 26). Enteral feeding acts directly by sup-
plying nutrients for the growth and mucosal metabolism of epi-
thelial cells. In the present study, we show that up to 82% of

FIGURE 3. Mean (�SD) isotopic steady state in 13CO2 excretion in
expiratory air during the [13C]sodium bicarbonate infusion (0–120 min) and
the [U-13C]threonine infusion (120–420 min). A, period A; B, period B;
APE, atom percent excess.

TABLE 3
Plasma amino acid concentrations during period A and period B with a
reference range in term breastfed infants1

Period A Period B Term infants

�mol/L

Threonine 169 � 1112 201 � 98 70–1973

Cystine 25 � 6 20 � 11 35–69
Isoleucine 66 � 25 52 � 18 27–90
Leucine 112 � 31 95 � 27 53–169
Lysine 229 � 1184 136 � 51 80–232
Methionine 39 � 8 34 � 15 22–50
Phenylalanine 83 � 13 83 � 7 22–72
Valine 214 � 64 154 � 38 88–222
Alanine 235 � 64 207 � 108 125–647
Arginine 72 � 274 49 � 24 42–148
Aspartic acid 18 � 6 29 � 25 5–51
Aspartic 41 � 14 48 � 13 16–81
Glutamic acid 82 � 33 110 � 49 24–243
Glutamine 423 � 914 326 � 74 142–851
Glycine 292 � 85 265 � 131 77–376
Proline 172 � 33 210 � 105 83–319
Serine 153 � 39 183 � 110 0–326
Tyrosine 70 � 77 75 � 49 38–119
Total amino acids 2711 � 767 2440 � 865
EAAS 911 � 336 755 � 219

1 EAAs, essential amino acids. n � 8.
2 x� � SD (all such values).
3 Reference range (all such values); from reference 21.
4 Significant difference between periods, P � 0.05.
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specific nutrients are utilized in first-pass uptake. We hypothe-
size that this mainly represents intestinal tissue utilization. We
measured first-pass splanchnic uptake, which includes hepatic
uptake. However, neonatal animal studies suggest that the intes-
tine is the major site of utilization.

The route of administration of nutrition is a major issue in the
clinical care of preterm infants, because of these infants’ intol-
erance of enteral feeding and the associated morbidity (27). To
reduce the complications of TPN and to accelerate the adaptation
to full enteral feeding, many neonatologists often provide small
volumes of enteral nutrition—ie, minimal enteral feeding—in
combination with TPN to preterm infants in the first weeks of life
(28). Studies in neonatal piglets showed that an enteral intake of
20% is necessary to prevent gut protein loss, whereas an intake of
�40% is needed to maintain normal growth (29, 30). In the
present study, preterm infants were enterally fed 40% of their
total nutrient intake during period A, and the results show the
fractional first-pass threonine requirements were significantly
higher (82% of dietary intake) than those of fully fed infants
(70% of dietary intake). Because the first-pass uptake is upregu-
lated, even at 40% of enteral intake, this finding indicates that the
enteral requirement is not yet reached.

The high enteral threonine uptake observed during both partial
and full enteral feeding reflects the use of absorbed threonine for
the synthesis of secretory glycoproteins, for the synthesis of
mucosal cellular proteins, or for oxidative purposes (2–4). In
neonatal piglets, we did not find substantial first-pass threonine

oxidation, which indicates that enterally absorbed threonine is
mostly used for the other 2 metabolic pathways. Although the
intestinal mucosa is highly secretory and proliferatory tissue,
dietary threonine is not incorporated into constitutive mucosal
proteins to a great extent (4). However, the intestinal mucosa is
protected by a complex network of glycoproteins, and the core
proteins of the highly glycosylated domains of intestinal mucins
contain large amounts of threonine (31). It is likely that a signif-
icant proportion of the utilized threonine is channeled toward
mucin production. These secretory mucins play a key role in the
defense of the mucosa. In fact, there is evidence that mucin
production is impaired in piglets fed threonine-deficient diets,
and supplying threonine parenterally cannot restore normal mu-
cin production (10). Moreover, recent studies suggested that the
restriction of dietary threonine significantly and specifically im-
pairs intestinal mucin synthesis and consequently reduces gut
barrier function (32, 33). Especially in preterm infants who are
vulnerable to infections during the first weeks of life, mucus
would be an important aspect of defense.

A second aim of this study was to determine whole-body
threonine kinetics in neonates under 2 different feeding circum-
stances. During both partial and full enteral feeding, whole-body
threonine oxidation accounted for 6% of the threonine flux,
which is comparable to the fractional oxidation rates found by
Darling et al (34) in breastfed preterm infants. However, Parimi
et al (35) recently reported a higher fractional oxidation rate of
threonine in newborn infants, although the total threonine intake
was substantially lower.

In conclusion, the present study showed that the splanchnic
tissues of preterm infants use the dietary threonine intake to a
substantial degree—ie, more than three-quarters—irrespective
of the amount of enteral threonine delivery. Furthermore, our
data show that �10% of the threonine flux is oxidized, and the
route of feeding does not affect this whole-body threonine oxi-
dation. Overall, we suggest that the major metabolic fate of
intestinal utilized threonine is mucosal glycoprotein synthesis.

We thank Professor Doctors Dick Tibboel and Hans A Büller of
Erasmus-MC Sophia Children’s Hospital for helpful comments and review
of the manuscript and Peter Reeds (since deceased), who inspired us to

0

10

20

30

40

50

60

50

60

70

80

90

100

**

*

Period A Period APeriod B Period B

-

-

FIGURE 4. First-pass threonine uptake in 8 preterm infants during periods A and B expressed in absolute amounts [�mol/(kg/h)] and as a fraction of dietary
intake. APE, atom percent excess. *,**Significant difference between periods: *P � 0.01, **P � 0.0001.

TABLE 4
Whole-body threonine kinetics quantified in 8 preterm infants during
restricted enteral intake (period A) and full enteral intake (period B)1

Period A Period B

�mol/(kg/h)

Oxidation 15 � 9 17 � 13
Nonoxidative threonine disposal 231 � 46 236 � 41
Threonine release of protein 185 � 35 183 � 41
Net threonine balance 43 � 10 44 � 16

1 All values are x� � SD. n � 8.
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Relation between prenatal lipid-soluble micronutrient status,
environmental pollutant exposure, and birth outcomes1�3

Elizabeth T Masters, Wieslaw Jedrychowski, Rosemary L Schleicher, Wei-Yann Tsai, Yi-Hsuan Tu, David Camann,
Deliang Tang, and Frederica P Perera

ABSTRACT
Background: Adverse postnatal health effects have been associated
with compromised fetal growth, which makes it essential to under-
stand its determinants. Significant effects of environmental pollut-
ants on birth outcomes have been observed in our study population,
and nutritional status may be an additional factor influencing fetal
development and effects of environmental toxins.
Objective: The objective of the study was to examine the relations
between birth outcomes and lipid-soluble plasma micronutrient con-
centrations and to explore interactions between micronutrients and
environmental pollutant exposure in newborns in Krakow, Poland.
Design: In this prospective cohort study, retinol, �-tocopherol, and
carotenoids were measured in maternal and cord blood samples
obtained at delivery (251 maternal-newborn pairs), and birth weight,
birth length, head circumference (HC), and gestational age were
evaluated. Linear regression analysis was used to estimate the effects
of micronutrients while covariates were controlled for. Interaction
terms assessed whether the effects of polycyclic aromatic hydrocar-
bons (PAHs), common environmental pollutants, varied by nutrient
status.
Results: Infants whose mothers had low plasma �-tocopherol con-
centrations (below the median) weighed 92.9 g less and had 0.41-cm
smaller HCs than did infants whose mothers had high �-tocopherol
concentrations. Infants with low plasma retinol (below the median)
weighed 125.9 g less and had 0.31-cm smaller HCs. There was no
evidence of an interaction between PAHs and micronutrients, al-
though power was limited.
Conclusion: Maternal �-tocopherol and cord retinol concentrations
were significantly and positively associated with BW and HC. These
micronutrients may have direct effects or may be markers for other
underlying determinants of these pregnancy outcomes. Am J
Clin Nutr 2007;86:1139–45.

KEY WORDS Micronutrients, pregnancy, birth outcomes, fe-
tal growth, cord blood, polycyclic aromatic hydrocarbons, Poland

INTRODUCTION

Birth weight is associated with infant mortality (1) and cog-
nitive development (2), and reduced fetal growth may be related
to risk of diseases later in life (3). Therefore, identifying the
dietary and other environmental factors involved in determining
fetal size is of public health importance. In a study of pregnant
women and their newborns from Krakow, Poland, we investi-
gated whether circulating concentrations of several lipid-soluble

micronutrients were associated with fetal growth. Few studies
have examined the effects of micronutrient status on birth out-
comes in pregnant women from developed countries where mal-
nutrition is infrequent. In a relatively well-nourished population,
it may be that fetal growth is affected by an imbalance of nutrients
more often than by a true deficiency (4). The existing evidence is
inconclusive concerning the association between maternal or
fetal nutrient status and birth outcomes.

The current study is part of ongoing research evaluating the
effects of environmental pollutants, including polycyclic aro-
matic hydrocarbons (PAHs) and environmental tobacco smoke
(ETS), on fetal growth. In this study we analyzed a panel of
lipid-soluble micronutrients in cord and maternal blood and ex-
amined whether maternal or cord blood concentrations of retinol
(vitamin A), �-tocopherol (vitamin E), and several carotenoids
were associated with gestational age (GA), birth weight (BW),
birth length (BL), and head circumference (HC). We further
tested whether the effects of PAHs could be altered by micronu-
trient status. Given that nutritional status is modifiable through
improved dietary intake or supplementation, this knowledge
could potentially positively affect birth outcomes.

SUBJECTS AND METHODS

Enrollment

This study is part of an ongoing, longitudinal investigation of
the health effects of prenatal exposure to outdoor and indoor air
pollution on infants and children in Krakow, Poland (5). The
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ethics committee of the Jagiellonian University approved the
study. Women attending prenatal healthcare clinics in the first
and second trimesters of pregnancy were eligible. Only non-
smoking women with singleton pregnancies who were 18–35 y
of age and free of chronic diseases were enrolled. Women were
excluded from the study if they had a history of illicit drug use,
an incomplete or unreliable record for determining gestational
age, a history of occupational exposure to developmental toxi-
cants (including coke oven, chemical, or rubber workers; work-
ers in environments with dust, fumes, or solvents; toll collectors;
and bus, tram, and taxi drivers), diabetes, or hypertension. Eli-
gible women were given a full description of the study and the
requirements for participation and were then invited to partici-
pate in the study. Informed consent was obtained from all par-
ticipants. A detailed questionnaire was administered to study
participants on entry into the study and during the third trimester
to obtain information on demographic and household character-
istics, date of last menstrual period (LMP), medical and repro-
ductive history, occupational hazards, alcohol consumption, and
smoking habits of other persons present in the home. After the
participants gave birth, maternal and infant hospital records were
reviewed to obtain data on the pregnancy and delivery. BW, BL,
HC, GA, and Apgar score at 1 and 5 min were recorded. GA
obtained from the infant’s medical record was estimated on the
basis of the LMP. We previously reported a high degree of
reliability between this GA estimate and independently derived
LMP- and sonogram-based GA estimates (6). Full enrollment
into the study required participants to complete prenatal moni-
toring and interviews and to provide a blood sample (maternal
blood, cord blood, or both).

Personal ambient air monitoring

The 48-h personal air monitoring was undertaken during the
second trimester of pregnancy. The women wore small back-
packs holding personal ambient air monitors during the daytime
hours for 2 consecutive days and kept the monitors near their beds
at night to determine their inhalation exposure to PAHs. The
backpack was designed so that the sampling inlet was positioned
in the woman’s breathing zone. Pumps operated continuously at
2 L/min to collect semivolatile vapors and aerosols on a poly-
urethane foam cartridge. During the morning of the second day,
the air monitoring staff person and interviewer visited the wom-
an’s home to change the battery pack and administer a full ques-
tionnaire. The polyurethane foam cartridges were analyzed at
Southwest Research Institute for concentrations of pyrene and 8
carcinogenic PAHs: (benz(a)anthracene, chrysene/iso-chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
indeno(1,2,3-cd)pyrene, dibenz(a,h)anthracene, and benzo-
(g,h,i)perylene), as previously described (7).

Biological sample collection

In the operating room after delivery, a cord blood sample was
collected from the umbilical cord vein immediately after the
umbilical cord was cut. A venous blood sample was obtained
from each woman within 1 d of delivery. Plasma was separated
at the Jagiellonian University Clinical Laboratory in Krakow
(supervised by Danuta Fedak), stored at �70 °C, and then
shipped to Columbia University in New York City.

Micronutrient analyses

Plasma concentrations of micronutrients were measured in
maternal and cord blood samples at the Centers for Disease
Control and Prevention Nutrition Laboratory by using isocratic
HPLC and multiwavelength detection. The method involved mi-
nor modifications of a published method (8). Briefly, a 100-�L
aliquot of plasma precipitated with a mixture of 2 internal stan-
dards (nonapreno-�-carotene and retinyl butyrate) dissolved in
ethanol was extracted, dried, redissolved in equal parts ethanol
and acetonitrile, and filtered to remove any insoluble material.
An aliquot of the filtrate was injected onto a C18 reversed-phase
column (Phenomenex Ultracarb 4.6 � 150 mm; 3 �m particle
size; Phenomenex, Torrance, CA) maintained at 25 °C and eluted
with 50%:50% ethanol in acetonitrile for �15 min. Micronutri-
ent quantitation was accomplished by comparing the peak height
or area of the analyte in the plasma extract with the peak height
or area of a known amount of standard in a calibrator solution.
Calculations were corrected based on the peak height or peak
area of an internal standard. Vitamins A and E were compared
with retinyl butyrate at 325 and 300 nm, respectively. Carote-
noids were compared with nonapreno-�-carotene at 450 nm.

Statistical analyses

SPSS (version 11.5) for WINDOWS (SPSS Inc, Chicago, IL)
was used for the calculation of descriptive statistics and corre-
lation coefficients and for linear regression analysis. Statistical
significance was set at a P value � 0.05. Women whose cotinine
values were �25 ng/mL were excluded to eliminate active smok-
ers from the analysis. Subjects were included if both maternal and
cord blood micronutrient values were available. Women who
completed �37 wk of gestation and newborns with major birth
defects were excluded from the analyses, which resulted in a final
sample of 251 mother-newborn pairs. Nondetectable values were
included in the analyses as half the limit of detection (LOD/2).
Overall, 220 of the 251 mother-newborn pairs included at least
one nondetectable micronutrient value. However, in the case of
retinol and �-tocopherol, none of the subjects included in the
analyses had nondetectable values. Nonparametric statistics
were used because of the distributional properties of the micro-
nutrients. The Kolmogorov-Smirnov test assessing the normality
of the data generally rejected the assumption of normality. To be
consistent we therefore used nonparametric methods throughout.
Means and SDs for micronutrient concentrations in paired ma-
ternal and cord blood samples were determined and compared by
paired Wilcoxon’s signed-rank test. Spearman correlations be-
tween micronutrient concentrations in paired maternal and cord
blood samples and between individual micronutrients within a
blood sample were determined.

We used multiple linear regression to assess the associations of
micronutrients and GA, BW, BL, and HC. Each micronutrient vari-
able was dichotomized into high or low categories on the basis of
median maternal or cord plasma concentrations of the micronutri-
ent. The carotenoid variable was computed as the average of the
plasma �-carotene, �-carotene, �-cryptoxanthin, lutein/zeaxanthin,
and lycopene concentrations. Sex of the newborn and maternal ed-
ucation, prepregnancy weight, height, and parity were included as
covariates in all analyses. GA was included as a covariate in models
with BW, BL, or HC as dependent variables, and cesarean delivery
wasincludedinmodelswithHC.BW,BL,HC,andGAwerenatural
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log (ln) transformed to provide a better fit to the data or to approx-
imate the normal distribution and stabilize the variance. The skewed
distribution of measures of size at birth was due to the eligibility
criteria of the study (which precluded enrollment of women with
risk factors for preterm birth or low birth weight) and the exclusion
of infants with short gestation (�37 wk) from our analysis. Inter-
actions between maternal and cord blood micronutrient concentra-
tions were also tested by including an interaction term in the regres-
sion models. Finally, a variable for total PAHs (defined as the sum
of the air concentrations of the 8 carcinogenic PAHs measured from
personal air samples and dichotomized at the median) was included.

RESULTS

Description of the sample

Characteristics of the women and newborns enrolled in the
study are shown in Table 1. The mean age for mothers included
in the analysis was 28 y. On average, the mothers were 165 cm tall
and weighed 58 kg before pregnancy. The mean BW, BL, HC,
and GA of the newborns were 3485 g, 54.8 cm, 34.0 cm, and 39.6
wk, respectively. Women included in the analysis were not sig-
nificantly different from women who were not included with
respect to all demographic characteristics except alcohol con-
sumption, age, and prenatal PAH exposure; subjects included in
the analysis had values for these 3 variables that were signifi-
cantly higher than those of the persons not included.

Concentrations of micronutrients in maternal and cord
blood

Mean maternal and cord plasma concentrations of the micro-
nutrients for paired samples are presented in Table 2. The mean
concentrations of all micronutrients were significantly higher (P
� 0.001) in maternal plasma than in cord plasma. Cord plasma
concentrations were 55% of maternal concentrations for retinol,
19% for �-tocopherol, and between 6% and 19% for the carote-
noids. Inadequate vitamin A and E status were uncommon in this
population; only 3.98% of the women had retinol concentrations
�20 �g/dL, and 1.99% had �-tocopherol concentrations �500
�g/dL, which indicated below normal plasma concentrations for
these micronutrients (9, 10).

Micronutrient correlations

By Spearman’s rank test, maternal and cord blood micronu-
trient concentrations were significantly correlated (P � 0.05) for
�-tocopherol, retinol, and the carotenoids. The maternal-cord
correlations for �-tocopherol (r � 0.19, P � 0.02) and retinol
(r � 0.13, P � 0.038) were relatively weak, whereas a moderate
correlation was observed for the carotenoids (r � 0.52, P �
0.001). Similarly, there were statistically significant correlations
for maternal (rretinol-�-tocopherol � 0.15, P � 0.02; rcarotenoids-retinol �
0.15, P � 0.02; rcarotenoids-�-tocopherol � 0.44, P � 0.001) and cord
(rretinol-�-tocopherol � 0.27, P � 0.001; rcarotenoids-�-tocopherol � 0.65,

TABLE 1
Characteristics of the study population1

Subjects
included in

analysis
(n � 251)2

Subjects not
included in

analysis
(n � 138)3

Maternal characteristics
Age (y) 28.26 � 3.724 27.52 � 3.435

Education beyond high school (%) 64.14 65.22
ETS exposure (% reporting smoker in the home) 21.51 26.09
Alcohol consumption during pregnancy (%) 66.93 52.176

Height (cm) 164.70 � 5.67 165.3 � 5.56
Prepregnancy weight (kg) 58.06 � 8.87 58.62 � 9.11
White race (%) 100 100
Prenatal PAH exposure (ng/m3) 42.65 � 49.817 25.52 � 33.925,8

Newborn characteristics
Gestational age (wk) 39.61 � 1.20 39.54 � 1.10
Birth weight (g) 3485.2 � 427.3 3418.0 � 466.5
Birth length (cm) 54.82 � 2.48 54.65 � 2.90
Head circumference (cm) 34.03 � 1.40 33.86 � 1.40
Sex (% female) 52.19 42.75
Low birth weight (%)9 0.72 0.80

1 PAH, polycyclic aromatic hydrocarbons; ETS, environmental tobacco smoke.
2 Subjects had both maternal and cord blood micronutrient concentration data, had a cotinine concentration �25 ng/mL, had a gestational age �37 wk,

and their children had no major malformations.
3 Subjects either did not have micronutrients analyzed, had a cotinine concentration �25 ng/mL, had a gestational age �37 wk, or had a child with a major

malformation. Twenty-one newborns who were delivered preterm were excluded from the study population.
4 x� � SD (all such values).
5 Significantly different from those included in the analysis P � 0.05 (Wilcoxon’s rank-sum test, 2-tailed).
6 Significantly different from those included in the analysis, P � 0.05 (Fisher’s exact test, 2-tailed).
7 n � 243.
8 n � 84.
9 Defined as a weight �2500 g.
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P � 0.001) micronutrients; however, none were highly corre-
lated. Because there were no highly correlated variables and,
therefore, no evidence of multicollinearity, we included the vari-
ables together in the following regression models.

Regression analysis: relation of maternal and cord
micronutrient concentrations to birth outcomes

Multiple linear regression models were used to assess the
relation of these lipid-soluble micronutrients to birth outcomes
with adjustment for confounders and covariates. None of the
micronutrients under study was significantly associated with
GA. The influence of retinol, �-tocopherol, and carotenoids on
BW, BL, and HC was examined, after adjustment for covariates.
With each micronutrient in a separate model, we found that the
carotenoid variable was not significantly associated with any of
the birth outcomes; therefore, it was not included in the final
models. The full models that included both retinol and
�-tocopherol along with other covariates are shown in Table 3
and Table 4. Results for separate models with the covariates and
either retinol or �-tocopherol were similar to those for the vita-
mins combined in one model; therefore, we only presented the
combined models here. Birth outcomes were log (ln) trans-
formed to approximate the normal distribution, and retinol and
�-tocopherol were dichotomized at the median. Results from the

analyses with dichotomous micronutrients are presented here
because they are less influenced by extreme, outlying values;
however, when the micronutrients were treated as continuous
variables, all results were in the same direction.

These models showed that maternal �-tocopherol was signif-
icantly positively associated with ln HC (� � 0.012, P � 0.01)
and borderline significantly associated with ln BW (� � 0.025,
P � 0.06). This translates into BWs and HCs that were on aver-
age 92.9 g and 0.41 cm lower, respectively, in the group with low
maternal �-tocopherol (�-tocopherol below median) than in
those with the high �-tocopherol group. Cord retinol was posi-
tively associated with ln BW (� � 0.036, P � 0.01) and ln HC
(� � 0.009, P � 0.04). On average, the BW was 125.9 g lower
and the HC was 0.31 cm smaller in the low-retinol group (retinol
below the median) than in the high-retinol group.

The model including both maternal and cord retinol and
�-tocopherol is shown in Table 5. The results are generally
consistent with the individual nutrient models, which suggests
that control for maternal retinol and �-tocopherol does not sig-
nificantly alter the relation between cord micronutrients and birth
outcomes and vice versa. We previously reported that exposure
to PAHs had a significant, negative association with BW, BL,
and HC in this cohort (6). However, in this smaller sample, the

TABLE 2
Maternal and cord plasma lipid-soluble micronutrient concentrations (n � 251)1

Micronutrient Maternal plasma concentration Cord plasma concentration

�g/dL
�-Tocopherol 1684.07 � 444.61 (1038–2368) 315.57 � 216.272 (165.0–514.4)
Retinol 37.97 � 13.37 (21.50–58.05) 20.86 � 5.712 (12.35–30.25)
�-Carotene 17.72 � 12.44 (3.70–41.04) 1.51 � 2.572 (0.35–4.60)
�-Carotene 46.60 � 31.88 (10.35–105.6) 3.38 � 5.992 (0.40–9.14)
�-Cryptoxanthin 17.72 � 12.44 (4.60–42.24) 2.30 � 3.202 (0.43–5.93)
Lutein/zeaxanthin 28.66 � 11.66 (13.20–50.80) 5.39 � 4.312 (2.60–9.65)
Lycopene 16.17 � 8.35 (4.20–32.10) 1.03 � 3.442 (0.38–2.10)

1 All values are x� � SD; 5th–95th percentile range in parentheses.
2 Significantly different from maternal plasma concentration, P � 0.001 (Wilcoxon’s signed-rank test).

TABLE 3
Multiple linear regression models testing associations of maternal plasma retinol and �-tocopherol concentrations and body weight (BW), birth length
(BL), and head circumference (HC) (n � 251)1

ln BW ln BL ln HC

� 95% CI P � 95% CI P � 95% CI P

Retinol2 �0.02 (�0.045, 0.006) 0.12 0.001 (�0.009, 0.011) 0.81 �0.006 (�0.015, 0.003) 0.21
�-Tocopherol3 0.025 (�0.001, 0.051) 0.06 0.009 (�0.001, 0.019) 0.08 0.012 (0.003, 0.022) 0.01
Sex4 �0.065 (�0.091, �0.040) � 0.01 �0.026 (�0.036, �0.016) � 0.01 �0.026 (�0.035, �0.017) � 0.01
Maternal prepregnancy

weight (kg)
0.002 (0.001, 0.004) � 0.01 0.001 (�0.0001, 0.001) 0.09 0.001 (0.0001, 0.0012) 0.03

Maternal height (cm) 0.004 (0.001, 0.006) � 0.01 0.001 (0.0003, 0.002) � 0.01 0.001 (0.0003, 0.002) � 0.01
Parity 0.058 (0.031, 0.085) � 0.01 0.013 (0.002, 0.023) 0.02 0.02 (0.011, 0.030) � 0.01
Log gestational age (log wk) 1.591 (1.171, 2.011) � 0.01 0.482 (0.318, 0.645) � 0.01 0.239 (0.091, 0.387) � 0.01
Cesarean delivery — — — — — — 0.013 (0.001, 0.026) 0.03

1 Analysis by multiple linear regression with adjustment for the covariates shown in the table: sex, maternal prepregnancy weight, maternal height, parity,
gestational age, and cesarean delivery (for HC only). The carotenoid variable was not significantly associated with any of the birth outcomes; therefore, it was
not included in the final models.

2 Dichotomized by using the median value in maternal plasma samples: 1 � all values �37.2 �g/dL (high), 0 � all values 	37.2 �g/dL (low).
3 Dichotomized by using the median value in maternal plasma samples: 1 � all values �1631.35 �g/dL (high), 0 � all values 	1631.35 �g/dL (low).
4 0 � male, 1 � female.
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association between PAHs and birth outcomes was not signifi-
cant. Post hoc power analysis was carried out to determine the
difference in birth outcomes we would have been likely to detect,
given this sample size and observed SD. There was a probability
of 0.95 that the test would be significant if the true differences in
birth outcome between low-exposed and high-exposed groups
were large (ie, 160 g for BW, 0.99 cm for BL, and 0.56 cm for
HC). However, the power of the study was far lower (ie, � 0.50)
if the true differences in birth outcomes were small (ie, 68.75 g
for BW, 0.48 cm for BL, and 0.21 cm for HC). There was no
evidence that these micronutrients modify the association be-
tween PAH exposure and birth outcomes in this analysis; the
interaction terms (PAH � each maternal and cord micronutrient)

were not statistically significant for any birth outcomes. How-
ever, our power was very limited to detect the interactions.

DISCUSSION

This study provides evidence of an association between ma-
ternal and fetal nutrition and birth outcomes. Our regression
analyses suggest that higher maternal concentrations of
�-tocopherol and cord retinol are associated with greater BW and
HC. Although statistically significant, the correlations of mater-
nal and cord micronutrients were relatively weak. Compared
with cord micronutrient concentrations, maternal concentrations
were significantly higher, as other studies have shown (11–18),

TABLE 4
Multiple linear regression models testing associations of cord plasma retinol and �-tocopherol concentrations and body weight (BW), birth length (BL),
and head circumference (HC) (n � 251)1

ln BW ln BL ln HC

� 95% CI P � 95% CI P � 95% CI P

Retinol2 0.036 (0.010, 0.062) � 0.01 0.001 (�0.009, 0.011) 0.88 0.009 (0.0002, 0.019) 0.04
�-Tocopherol3 �0.014 (�0.040, 0.013) 0.31 �0.005 (�0.016, 0.005) 0.3 �0.005 (�0.014, 0.005) 0.34
Sex4 �0.068 (�0.094, �0.043) � 0.01 �0.026 (�0.036, �0.016) � 0.01 �0.027 (�0.037, �0.018) � 0.01
Maternal prepregnancy

weight (kg)
0.003 (0.001, 0.004) � 0.01 0.001 (�0.00003, 0.0012) 0.06 0.001 (0.0001, 0.0012) 0.02

Maternal height (cm) 0.003 (0.001, 0.006) � 0.01 0.001 (0.0004, 0.002) � 0.01 0.001 (0.0002, 0.002) 0.02
Parity 0.048 (0.021, 0.075) � 0.01 0.01 (�0.0003, 0.021) 0.06 0.016 (0.007, 0.026) � 0.01
Log gestational age (log wk) 1.581 (1.162, 1.999) � 0.01 0.482 (0.317, 0.647) � 0.01 0.237 (0.088, 0.387) � 0.01
Cesarean delivery — — — — — — 0.01 (�0.002, 0.023) 0.1

1 Analysis by multiple linear regression with adjustment for the covariates shown in the table: sex, maternal prepregnancy weight, maternal height, parity,
gestational age, and cesarean delivery (for HC only).

2 Dichotomized by using the median value in cord plasma samples: 1 � all values �20.9 �g/dL (high), 0 � all values 	20.9 �g/dL (low).
3 Dichotomized by using the median value in cord plasma samples: 1 � all values �273.6 �g/dL (high), 0 � all values 	273.6 �g/dL (low).
4 0 � male, 1 � female.

TABLE 5
Multiple linear regression models testing associations of maternal and cord plasma retinol and �-tocopherol micronutrient concentrations and body weight
(BW), birth length (BL), and head circumference (HC) (n � 251)1

ln BW ln BL ln HC

� 95% CI P � 95% CI P � 95% CI P

Maternal retinol2 �0.024 (�0.050, 0.0008) 0.06 0.001 (�0.009, 0.011) 0.9 �0.007 (�0.016, 0.002) 0.12
Maternal �-tocopherol3 0.027 (0.001, 0.053) 0.04 0.01 (�0.0001, 0.020) 0.05 0.013 (0.004, 0.022) � 0.01
Cord retinol2 0.039 (0.013, 0.065) � 0.01 0.001 (�0.009, 0.011) 0.88 0.01 (0.001, 0.019) 0.03
Cord �-tocopherol3 �0.019 (�0.046, 0.007) 0.15 �0.007 (�0.017, 0.004) 0.2 �0.006 (�0.016, 0.002) 0.15
Sex4 �0.066 (�0.092, �0.041) � 0.01 �0.025 (�0.035, �0.015) � 0.01 �0.026 (�0.036, �0.017) � 0.01
Maternal prepregnancy

weight (kg)
0.002 (0.0009, 0.004) � 0.01 0.001 (�0.0001, 0.0011) 0.09 0.0006 (0.00004, 0.001) 0.03

Maternal height (cm) 0.003 (0.0009, 0.006) � 0.01 0.001 (0.0003, 0.002) � 0.01 0.001 (0.0002, 0.002) 0.02
Parity 0.052 (0.024, 0.078) � 0.01 0.011 (0.001, 0.023) 0.03 0.018 (0.009, 0.028) � 0.01
Log gestational age (log wk) 1.553 (1.138, 1.968) � 0.01 0.474 (0.310, 0.638) � 0.01 0.226 (0.079, 0.374) � 0.01
Cesarean delivery — — — — — — 0.012 (0.0001, 0.025) 0.05

1 Analysis by multiple linear regression with adjustment for covariates shown in the table: sex, maternal prepregnancy weight, maternal height, parity,
gestational age, and cesarean delivery (for HC only).

2 Dichotomized by using the median value of the micronutrient in maternal or cord plasma samples. The maternal retinol variable was coded as 1 � all
values �37.2 �g/dL (high) and 0 � all values 	37.2 �g/dL (low). The cord retinol variable was coded as 1 � all values �20.9 �g/dL (high) and 0 � all values
	20.9 �g/dL (low).

3 Dichotomized by using the median value of the micronutrient in maternal or cord plasma samples. The maternal �-tocopherol variable was coded as
1 � all values �1631.35 �g/dL (high) and 0 � all values 	1631.35 �g/dL (low). The cord �-tocopherol variable was coded as 1 � all values �273.6 �g/dL
(high) and 0 � all values 	273.6 �g/dL (low).

4 0 � male, 1 � female.
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and maternal and cord nutrient concentrations were differently
related to birth outcomes, which may reflect the limited placental
transfer of these lipid-soluble micronutrients (19). Although we
observed greater birth size with higher concentrations of retinol
and �-tocopherol at the ranges in this study, it is important to note
that very high micronutrient levels, particularly for vitamin A,
have been shown to be associated with toxicity (20).

Other studies relating retinol and �-tocopherol with birth out-
comes in well-nourished populations have produced inconclusive
results. Some studies in healthy women have found no evidence of
an association between maternal retinol or �-tocopherol and birth
outcomes (13, 21–23), whereas others have (24–26). Several fea-
tures of the current study distinguish it from existing literature,
including its analysis of several micronutrients in both cord and
maternal plasma and its ability to control for potential confounding
variables. The prospective design and relatively large sample size
are additional strengths. Although many studies use dietary data to
assess maternal nutritional status, we incorporated nutritional bi-
omarkers, thereby minimizing problems associated with obtaining
accurate information.

Several studies have concluded that cord retinol concentrations
are positively associated with birth outcomes (13, 16, 27, 28). Our
models also showed a consistently positive, significant association
for cord retinol and BW, and suggested a negative relation between
maternal retinol and BW. A similar negative association was re-
ported in a study that measured nutrients in maternal blood samples
at 16 and 28 wk of gestation (24). Although these findings may
reflect a direct negative relation, it is possible that they indicate a
condition such as low plasma volume expansion.

In our analyses of plasma �-tocopherol, we observed statistically
significant associations with birth outcomes for maternal but not
cord blood concentrations. The explanation for the different rela-
tions for retinol and �-tocopherol is unclear; however, the metabo-
lism and placental transfer of these micronutrients are different, and
while maternal concentrations of �-tocopherol increase during
pregnancy, retinol concentrations decrease (18). A small number of
studies have examined the relation of birth outcomes and
�-tocopherol in maternal-newborn pairs and have shown different
results. Dison et al (13) concluded that maternal �-tocopherol is not
significantly correlated with BW, whereas a significant, negative
relation exists between cord �-tocopherol and BW. However, un-
like our multivariate analysis, the study by Dison et al used a cor-
relation analysis and did not control for potential confounding vari-
ables. On the other hand, a small study by von Mandach et al (29)
compared vitamin E concentrations of maternal-newborn pairs be-
tween a group with normal pregnancies and those with low-birth-
weight infants.Consistentwithour results,vitaminEconcentrations
in women with low-birth-weight babies were significantly lower
than those with normal pregnancies, whereas cord blood concentra-
tions were not significantly different.

Although little research involving analysis of �-tocopherol in
pairs of mothers and newborns is available, studies examining
cord or maternal vitamin E alone have been conducted. Other
studies have similarly not observed a significant association be-
tween cord �-tocopherol and birth outcomes (28, 30). Interest-
ingly, Ghebremeskel et al (28) examined several micronutrients
in cord blood and, consistent with our results, determined that
whereas cord blood vitamin A was significantly associated with
birth outcomes, cord vitamin E was not. Whereas some studies
have found no evidence of a significant association between
maternal �-tocopherol and birth outcomes (21, 22, 24), others

have suggested a relation similar to that seen in our study (25, 26,
31). A study of �1200 pregnant women concluded that maternal
plasma �-tocopherol concentrations at study entry and at week
28 of gestation were associated with increased BW (26). Another
study that measured intakes of multiple micronutrients deter-
mined that maternal vitamin E intake had a significant, positive
association with BW after control for relevant covariates (25).
Finally, an examination of maternal serum vitamins E and C
showed a positive trend between maternal vitamin E and birth
outcomes, but the association was not significant (31).

The results of our analyses showed an association between indi-
vidual lipid-soluble micronutrients (�-tocopherol and retinol) and
birth outcomes (BW and HC). The mechanisms by which these
micronutrients might affect fetal growth are not well understood;
however, it is known that vitamin A (retinol) plays an important role
in cell proliferation and differentiation in embryonic development
(32). Through interactions with nuclear receptors, retinoic acid, the
biologically active form of vitamin A, can alter gene transcription
(19). Therefore, we hypothesized that vitamin A affects the birth-
outcome measures included in this study. We had also hypothesized
that carotenoids could affect fetal growth, because several (eg,
�-carotene, �-carotene, and �-cryptoxanthin) are precursors to ret-
inol (33); however, we did not observe an association between these
compounds and birth outcomes. Additionally, vitamin A, the caro-
tenoids, and vitamin E possess antioxidant activity and protect tis-
sues and cells by reacting with oxygen free radicals (14). Animal
studieshaveshownthat reactiveoxygenspeciesandoxidativestress
are associated with poor fetal growth (34, 35), and evidence from
studiesofpregnantwomensuggests thatoxidativestressplaysa role
in low birth weight (36, 37). Compounds with antioxidant activity
may help to protect the developing fetus and could therefore play a
role in fetal growth and development. For vitamin E, a further sug-
gested mechanism relates to the ability of vitamin E to increase
vasodilation through its influence on prostacyclin release, which
leads to increased blood flow to the fetus (26). Increased blood flow
and nutrient supply could affect birth outcomes and may explain a
relation between vitamin E and fetal growth. However, in addition
to these potential mechanisms, it is also important to consider that
these micronutrients may be markers for another underlying factor,
evenanotherdietaryfactor,affectingbirthoutcomes.Thesefindings
may import to development and health in later life because it has
been shown that low birth weights, even those within the normal
range (�2500 g), are associated with poor outcomes (1, 3).

Exploration of the factors that influence interindividual sus-
ceptibility to environmental exposures, such as nutrition, is an
important area of research. It was our original hypothesis that
nutritional status would modify the association between envi-
ronmental pollutants and birth outcomes. We hypothesized that
this interaction may be related to the ability of these lipid-soluble
micronutrients to detoxify PAHs. It has been shown that metab-
olites of PAHs can generate reactive oxygen species and are
associated with oxidative DNA damage (38–41). Because vita-
mins A and E and carotenoids have antioxidant activity and can
interact with reactive oxygen species, these micronutrients may
be able to offset the fetal toxicity of PAHs. However, in the
present study we found no evidence that vitamin A or E status
modifies the association between PAH exposure and birth out-
comes, probably because the small sample size limited our
power. In the future, this issue should be pursued further in a
larger sample to enable the detection of this potential interaction.
The results of the current analysis, however, suggest that retinol
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and �-tocopherol concentrations and exposure to PAHs may be
independent predictors of birth outcomes.
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Excretion of starch and esterified short-chain fatty acids by
ileostomy subjects after the ingestion of acylated starches1�3

Julie M Clarke, Anthony R Bird, David L Topping, and Lynne Cobiac

ABSTRACT
Background: Short-chain fatty acids (SCFAs) have a role in main-
taining bowel health and can assist in the prevention and treatment of
colonic disease. The ability of acylated starches to deliver SCFAs to
the large bowel has been shown in animal studies but has not been
established in humans.
Objective: The aim was to determine whether cooked, highly acy-
lated starches were resistant to small intestinal digestion in ileostomy
volunteers.
Design: Volunteers consumed single doses of custards containing
20 g cooked acetylated, propionylated, or butyrylated high-amylose
maize starches (HAMSA, HAMSP, and HAMSB, respectively) on
each collection day. The amounts of starch and of esterified SCFAs
ingested and subsequently excreted in the stoma effluent were mea-
sured. Custards containing unacylated high-amylose maize starch
(Hylon VII, HAMS) and low-amylose maize starch (3401C, LAMS)
were consumed as controls.
Results: Between 73% and 76% of the esterified SCFAs survived
small intestinal digestion, which showed the potential of acylated
starches to deliver specific SCFAs to the large bowel. The resistance
of starches to small intestinal digestion as measured by ileal excre-
tion was significantly greater for HAMSA, HAMSP, HAMSB, and
HAMS than for LAMS (P � 0.001). The concentration of acetate in
stoma digesta was higher than expected in all groups; this additional
acid may have been derived from endogenous sources.
Conclusions: Acylated starches are a potentially effective method
of delivering significant quantities of specific SCFAs to the colon in
humans. These products have potential application in the treatment
and prevention of bowel disorders amenable to modulation by
SCFAs. Am J Clin Nutr 2007;86:1146–51.

KEY WORDS Resistant starch, acylation, short-chain fatty
acids, ileostomates, butyrate

INTRODUCTION

Short-chain fatty acids (SCFAs), principally acetate, propi-
onate, and butyrate, are produced during the bacterial fermenta-
tion of carbohydrates in the human colon and are important for
the normal function of the viscera. The actions of SCFAs have
potential in the treatment and prevention of disorders of the
colon, including constipation, diarrhea, colorectal cancer, and
ulcerative colitis, and may assist in the acute recovery from
chemotherapy and surgery (1). Of the major SCFAs, butyrate is
of particular interest because it has an important role as a meta-
bolic fuel and regulator of the cells that line the large bowel and
has been shown to suppress the growth of cancer cells in vitro (2).

There are practical limitations with the current strategies to
increase the levels of specific SCFAs in the colon. The consump-
tion of resistant starch (RS) increases SCFAs in the large bowel;
however, the use of RS is limited because the microflora of some
individuals cannot ferment certain types of RS (3). Acylating
starches with specific SCFAs to resist small intestinal amylolysis
has been shown to be effective in rat studies (4–6). The SCFAs
are liberated by bacterial enzymes and are available for absorp-
tion and utilization by colonocytes or gut microbes. Acylating
starches offers a degree of specificity in SCFA delivery because
the greatest rise is in the acid that has been esterified, whereas the
residual starch is also available for additional fermentation to
SCFAs. To date, no studies have been conducted to investigate
whether esterified SCFAs survive the transit through the small
intestine of humans.

The present trial was designed to determine whether acylated
starches were an effective vehicle for the delivery of SCFAs to
the human colon. The starches were cooked (by heating with
water) because it was anticipated that they will be used in pro-
cessed food products, and cooking is known to lower the resis-
tance of starches to amylolysis (6). Known amounts of cooked
test starches were fed to ileostomy volunteers, and the stoma
digesta were collected. The resistance of the starches to small
intestinal digestion and the proportion of esterified SCFAs in the
stoma digesta were measured to determine whether the esterified
SCFAs were available for release in the large intestine.

SUBJECTS AND METHODS

Subjects

All experimentation was approved by the Commonwealth Sci-
entific and Industrial Research Organisation (CSIRO) Human

1 From the Preventative Health Flagship, Commonwealth Scientific and
Industrial Research Organisation Human Nutrition (a Centre of Food Science
Australia), Adelaide, South Australia, Australia (JMC, ARB, and DLT), and
the School of Medicine, Flinders University, Bedford Park, South Australia,
Australia (LC).

2 Supported by the Preventative Health National Research Flagship and
Commonwealth Scientific and Industrial Research Organisation Human Nu-
trition (a Centre of Food Science Australia). The National Starch Food In-
novation and Ian Brown provided the acylated and high-amylose starches.

3 Reprints not available. Address correspondence to JM Clarke, CSIRO,
PO Box 10041, Adelaide BC 5000, South Australia, Australia. E-mail:
julie.clarke@csiro.au.
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Nutrition Human Ethics Committee. Volunteers signed in-
formed consent forms after being provided oral and written in-
formation about the aims and methods of the study. Seven ileos-
tomy subjects volunteered for the study, 6 women and 1 man with
a mean age of 56 y (range: 37–81). All volunteers had well-
established ileostomies and were in good health, without symp-
toms or signs of small intestinal inflammation or dysfunction.
Five subjects had been proctocolectomized for ulcerative colitis
and two for Crohn disease, which was limited to the large bowel.
The major criteria used to exclude unsuitable volunteers included
the use of any form of drug therapy, medication, or supplements
on a regular basis that may interfere with bowel function, and the
definite or suspected personal history of adverse events or intol-
erance of starchy or other foods, which may be tested in this
study. An individual was included in the study only if, according
to the volunteer, he or she had �10 cm of the distal ileum re-
moved at surgery.

Study design

The trial was divided into 2 test periods, each of which con-
sisted of 3 consecutive collection days (total of 6 d; Table 1).
There were a total of 5 treatments, and the treatment sequence
was balanced to ensure equal numbers of each acylated starch. To
allow for possible carryover effects from day to day, the treat-
ments were arranged so that each sequence of the diets occurred
in each possible order for approximately the same number of
times. The study was designed so that each volunteer consumed
the custard containing low-amylose maize starch (LAMS) twice
(total n � 14) and consumed the custards containing the other
starches once (total n � 7 for each custard).

During the two 3-d treatment periods and for 24 h before each
test period, the volunteers consumed a diet consisting of foods
commonly consumed in a Western diet, which contained low
levels of starch. The CSIRO provided the volunteers with all the
foods consumed during these two 4-d periods of dietary restric-
tion. The test custards were eaten by the volunteers in addition to
the low-starch diet. To minimize the bacterial degradation of the
stoma effluent, the volunteers emptied their stoma bags every 2 h
until 2100 on the test days, and the contents were placed in
portable freezers (�20 °C). The final collection for each test
starch was made at 0700 on the day after the starch was ingested
so that the stoma were collected for 24 h after consumption.

Test products

The trial involved the consumption of 20 g of 3 acylated
high-amylose maize starches (acetylated, HAMSA; propiony-
lated, HAMSP; butyrylated, HAMSB) and 2 control treatments:
LAMS (3401C; National Starch and Chemical Company,
Bridgewater, NJ), which is a low-amylose maize starch that was
included as a control to enable the baseline intake of RS to be
determined; and HAMS (Hylon VII; National Starch and Chem-
ical Company), which is a high-amylose maize starch containing
�70% amylose. HAMS was the base used to manufacture the
acylated starches used in the present study. The degree of sub-
stitution, which is the number of hydroxyl groups on each
D-glucopyranosyl unit derivatized by substituent groups, was
determined by the National Starch and Chemical Company by
use of 13C-NMR spectroscopy (DRX-500 spectrometer; Bruker,
Billerica, MA), by using the resolution of the 6 glucose carbons
as assigned by Dais and Perlin (7); the degrees of substitution
were 0.23, 0.24, and 0.25 respectively, for HAMSA, HAMSP,
and HAMSB.

The starches were consumed as milk-based chocolate custards
that were baked at 170 °C until set and were refrigerated for a
maximum of 72 h before being consumed. Each serving of cus-
tard contained 20 g starch, 100 mL Pura classic chocolate milk
(National Foods Ltd, Melbourne, Australia), 12 g Capilano choc-
olate topping (Capilano Honey Ltd, Richlands, Australia), and
vanilla essence. The custards for one volunteer were made with
lactose-free milk. Four batches of custards were made for anal-
ysis and for bacterial screening.

Sampling and analysis procedures

The stoma digesta samples from each volunteer collected dur-
ing the 24 h after the ingestion of test custards were defrosted,
pooled, homogenized, and subsampled for analysis. The custard
and stoma digesta samples were analyzed for unesterified and
total SCFAs. The latter were measured in custard and starch
samples after they were hydrolyzed by vortexing for 2 h with 12.5
times the sample volume of 0.45 mol NaOH/L and neutralized
with 10% H3PO4 before distillation. The stoma digesta samples
were freeze-dried and hydrolyzed before distillation and were
analyzed for total SCFAs. The amounts of SCFAs in the hydro-
lyzed freeze-dried samples were compared with SCFA analyses
of wet digesta samples to ensure that unesterified SCFAs were
not lost during the freeze-drying of the digesta (data not shown).

TABLE 1
Sequence of ingestion of custards containing test starches1

Volunteer

Period 1 Period 2

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

1 HAMSB LAMS HAMSA HAMSP HAMS LAMS
2 LAMS HAMSA HAMSB HAMS LAMS HAMSP
3 HAMSA HAMSB LAMS LAMS HAMSP HAMS
4 HAMS HAMSP LAMS HAMSA LAMS HAMSB
5 HAMSP LAMS HAMS LAMS HAMSB HAMSA
6 LAMS HAMS HAMSP HAMSB HAMSA LAMS
7 HAMSB LAMS HAMSA HAMSP HAMS LAMS

1 n � 7 except low-amylose maize starch (LAMS), n � 14. HAMS, high-amlyose maize starch; HAMSA, acetylated HAMS; HAMSP, propionylated
HAMS; HAMSB, butyrylated HAMS.
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The SCFA analysis and dry matter determinations were under-
taken as previously described (6). Duplicate samples of 4 batches
of each custard were distilled for SCFA analyses.

To our knowledge, there is no standard or approved method to
measure total starch in acylated starches; consequently, the cus-
tards and stoma digesta were analyzed by using a modification of
a method (8) in which the starches were dispersed with 10 times
the sample volume in 4.0 mol KOH/L. To determine whether the
dispersal step resulted in complete hydrolysis of esterified
SCFAs, the starch analysis of the custards was repeated by using
the same method but with the incorporation of a pretreatment
hydrolysis step in which the samples were vortexed for 2 h with
12.5 times the sample volume of 0.45 mol NaOH/L. This is the
hydrolysis step used in a method to determine the acetyl content
of acetylated starches (9).

Calculations and statistical analyses

GRAPHPAD PRISM version 4.0 for WINDOWS computer
software (Graph Pad Software, San Diego, CA) was used for
statistical analyses and for the generation of the graphs. When
appropriate, data were compared by using 1-factor analyses of
variance with Tukey’s post hoc test for multiple comparisons; a
nonparametric Kruskal-Wallis test was used to compare the pro-
portion of bound SCFAs that survived small intestinal digestion.
To correct for the differences in variation between esterified
SCFAs in the custards, a single estimate of variation was used for
the comparisons of the levels of each acid, and the df were
reduced when necessary; this was noted when undertaken. Data
are expressed as means � SEMs, with statistical significance
indicated when P � 0.05.

To check for differences between periods, LAMS values were
compared, and no significant differences were found. The LAMS
values for each volunteer were averaged, and n � 7 measures
were used for these analyses. The amounts of prehydrolysis (un-
esterified SCFAs) SCFAs were deducted from the posthydroly-
sis values (total SCFAs) to calculate the amount of esterified
SCFAs excreted in the stoma digesta and ingested in the custards.

RESULTS

Stoma digesta measures

There were no significant differences in stoma digesta output,
pH, or dry matter content (%) between treatment groups (Table
2). All the pH values were above neutrality, which suggested
minimal acid production through starch fermentation by bacte-
rial activity in the terminal ileum or stoma bags.

There were no significant differences in the amount of any of
the unesterified (nonhydrolyzed) SCFAs (mmol) excreted in the
stoma digesta (Table 3) between treatment groups. The amounts
of unesterified butyrate and propionate were low, but the
amounts of unesterified acetate were high in all treatment groups;
even ingestion of LAMS resulted in 17.6 � 3.6 mmol unesteri-
fied acetate excreted in the stoma digesta.

Hydrolysis of the starch in stoma digesta released substantial
amounts of SCFAs, which indicated that ingestion of acylated
starches results in the passage of large amounts of esterified
SCFAs through the small intestine (31.6 � 2.5, 19.5 � 0.9, and
20.9 � 1.1 mmol for acetate, propionate, and butyrate in
HAMSA, HAMSP, and HAMSB, respectively). The quantity of

esterified SCFAs for the relevant acylated starch was signifi-
cantly larger than the amount of the same acid in all other treat-
ment groups (Figures 1, 2, and 3; all P � 0.001). The amount of
esterified acetate excreted in the stoma digesta was higher than
expected in all treatment groups (average for all groups exclud-
ing HAMSA was 13.1 � 1.2 mmol). The quantity of acetate
released from the digesta exceeded the quantity of esterified
acetate ingested for each treatment, which suggests that an en-
dogenous source of esterified acetate was present in the stoma
effluent.

Ileal excretion and digestibility

Digesta starch output and digestibility are shown in Table 4.
Starch output was significantly lower after the volunteers in-
gested cooked LAMS than after ingestion of the other starches;
there were no significant differences in starch output between
consumption of HAMS and the acylated starches. The resistance
to digestion in the small intestine of the LAMS starch in the
custard was also significantly lower than that of the cooked
HAMS and acylated starches; this lower resistance was reflected
in a significantly higher starch digestibility for LAMS.

Custard measures

SCFA content of custards

Compared with the HAMS and LAMS custards, the custards
cooked with acylated starches contained significantly larger

TABLE 2
Output and pH of the stoma digesta of ileostomy volunteers after ingestion
of 20 g cooked test starches1

Treatment Digesta pH
Digesta wet

weight
Digesta dry

weight

g/d g/d

LAMS 7.40 � 0.06 936 � 134 60 � 6
HAMS 7.40 � 0.06 882 � 98 64 � 5
HAMSA 7.40 � 0.06 1145 � 214 66 � 6
HAMSP 7.50 � 0.04 879 � 123 65 � 7
HAMSB 7.40 � 0.05 936 � 133 63 � 5

1 All values are x� � SEM. n � 7. HAMSA, HAMSP, and HAMSB,
acetylated, propionylated, and butyrylated high-amylose maize starches
(HAMS); LAMS, low-amylose maize starch. There were no significant dif-
ferences between groups for any marker when compared by using 1-factor
ANOVA.

TABLE 3
Unesterified short-chain fatty acids in the stoma digesta of ileostomy
volunteers after ingestion of 20 g cooked test starches1

Acetate Propionate Butyrate

mmol mmol mmol

LAMS 17.6 � 3.6 1.3 � 0.2 1.3 � 0.2
HAMS 15.3 � 3.4 1.4 � 0.3 1.1 � 0.2
HAMSA 17.9 � 3.4 1.3 � 0.2 1.5 � 0.1
HAMSP 13.1 � 2.5 1.9 � 0.2 1.4 � 0.5
HAMSB 9.9 � 1.9 1.0 � 0.1 1.4 � 0.1

1 All values are x� � SEM. n � 7. HAMSA, HAMSP, and HAMSB,
acetylated, propionylated, and butyrylated high-amylose maize starches
(HAMS); LAMS, low-amylose maize starch. There were no significant dif-
ferences between groups for any acid when compared by using 1-factor
ANOVA.
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amounts of the respective unesterified acids (4.7 � 0.2, 2.5 �
0.04, and 1.1 � 0.03 mmol for acetate, propionate, and butyrate
in HAMSA, HAMSP, and HAMSB, P � 0.001). The amounts of
unesterified acetate, propionate, and butyrate for LAMS were
0.6 � 0.02, 0.03 � 0.02, and 0.02 � 0.01 mmol, respectively, and
were 0.6 � 0.02, 0.01 � 0.01, and 0.02 � 0.01 mmol for HAMS,
respectively. This suggests that unesterified fatty acids remained
in the starches after acylation or that esterified fatty acids were
released during the cooking of the starches. The custards made
with the acylated starches contained large amounts of esterified
SCFAs (Table 5), whereas the LAMS and HAMS custards con-
tained negligible amounts of any esterified SCFAs.

Starch content of custards

The starch content (�130 g/custard serving) of the custards is
shown in Table 5. The values for the custards analyzed by using
potassium hydroxide as the dispersing agent were similar to those
hydrolyzed with sodium hydroxide, which indicated that the
dispersing agent hydrolyzed the esterifed SCFAs. The starch
results were within the range of expected values; ie, the acylated
products contained between 1 and 2 g less starch than did HAMS.

Balance calculations for SCFAs

The proportion of ingested esterified SCFAs that survived
passage through the small intestine was calculated by deducting
the average amount of esterified SCFAs in the stoma digesta
from the average amount of esterified SCFAs in a serving of each
of the custards. To correct for the amount of esterified acids
derived from custard ingredients or endogenous secretions, the
amount of esterified SCFAs in the digesta was corrected for the
amount of esterified SCFAs present in the stoma waste when
volunteers ingested starches other than those containing the rel-
evant acylated starch. The amount of esterified SCFAs in the
custards containing nonacylated starches was low, and the
amount deducted was only substantial for acetic acid. In conclu-
sion, the proportion of SCFAs esterified to cooked acylated
starches that survived digestion in the small intestine was be-
tween 73% and 76% (Table 6).

DISCUSSION

The present study shows for the first time in humans that when
highly acylated starches (degree of substitution: 0.23–0.25) are

0

5

10

15

20

25

***

B
ou

nd
 p

ro
pi

on
at

e 
(m

m
ol

)

LAM S     HAMS HAMSA HAMSP HAMSB

FIGURE 2. Mean (�SEM) estimated amount of esterified propionate
released by the hydrolysis of stoma digesta of volunteers ingesting cooked
starches (n � 7). ***Significantly different from the relevant acylated starch
[propionylated high-amylose maize starch (HAMSP)] by use of 1-factor
ANOVA with reduced df (P � 0.001)]. LAMS, low-amylose maize starch;
HAMS, high-amylose maize starch; HAMSA, acetylated high-amylose
maize starch; HAMSB, butyrylated high-amlyose maize starch.
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FIGURE 1. Mean (�SEM) estimated amount of esterified acetate re-
leased by the hydrolysis of stoma digesta of volunteers ingesting cooked
starches (n � 7). ***Significantly different from the relevant acylated starch
[acetylated high-amylose maize starch (HAMSA)] by use of 1-factor
ANOVA with reduced df (P � 0.001). LAMS, low-amylose maize starch;
HAMS, high-amylose maize starch; HAMS, high-amylose maize starch;
HAMSP, propionylated high-amylose maize starch; HAMSB, butyrylated
high-amlyose maize starch.
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FIGURE 3. Mean (�SEM) estimated amount of esterified butyrate re-
leased by the hydrolysis of stoma digesta of volunteers (n � 7) ingesting
cooked starches (mmol). ***Significantly different from the relevant acylated
starch [butyrylated high-amylose maize starch (HAMSB)] by use of 1-factor
ANOVA with reduced df (P � 0.001). LAMS, low-amylose maize starch;
HAMS, high-amylose maize starch; HAMSA, acetylated high-amylose
maize starch; HAMSP, propionylated high-amlyose maize starch.

TABLE 4
Starch output and digestibility in the stoma digesta of ileostomy volunteers
after ingestion of 20 g cooked test starches1

Treatment Starch output
Starch

digestibility2

g/d %

LAMS 1.0 � 0.13 94.6 � 0.53

HAMS 5.8 � 0.3 72.9 � 1.4
HAMSA 5.6 � 0.4 71.6 � 2.0
HAMSP 5.5 � 0.3 72.4 � 1.5
HAMSB 6.5 � 0.4 67.9 � 2.2

1 All values are x� � SEM. n � 7.
2 The digestibility of starches was calculated by using the following

formula: digestibility � {[(grams of ingested starch) � (grams of starch
output)]/(grams of ingested starch)} � 100.

3 Significantly different from high-amylose maize starch (HAMS),
acetylated HAMS (HAMSA), propionylated HAMS (HAMSP), and butyry-
lated (HAMSB) by using 1-factor ANOVA with Tukey’s post hoc tests (P �
0.001).
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ingested, significant fractions of the esterified SCFAs (73–76%)
survive digestion in the small intestine. This finding confirms
those of animal studies in which these starches were shown to
resist small intestinal amylolysis and to increase large bowel
SCFA levels (4–6). The data in the current study suggest that
significant amounts of each of the esterified SCFAs (19–21
mmol acetate, propionate, or butyrate) would reach the colon in
humans and, if released by bacterial enzymes, would be available
to exert a potential health benefit.

On the basis of a reported study (10) in which raw starches
were fed to colectomized rats, it was anticipated that nearly
one-half the acylated starches would be digested in the small
intestine, whereas nearly two-thirds of the HAMS would be
digested. However, in the present study, the small intestinal di-
gestibilities of the cooked acylated HAMS were similar to those
of cooked HAMS, which was the base used to manufacture the
acylated starches. The small intestinal digestibilities of these
starches were very similar to the digestibility of cooked high-
amylose cornstarch reported in vitro (6) and when measured by
using endoscopic retrograde bowel insertion methodology (34%;
11). Other workers (12) using a combined 13CO2/H2 breath test
found that cooking high-amylose starches reduces the resistance
to small intestinal digestion from 64% to 28%, which is also

similar to the level reported in this study. In the current study,
LAMS was nearly completely digested, which is comparable
with the digestibility of standard maize starch in rats (10).

Both HAMS and acylated HAMS supply similar levels of RS
as fermentable substrate to the large bowel. The average RS
intake for Australians is between 3.4 and 9.4 g/d (13), which is
similar to the amount of cooked HAMS that escaped small in-
testinal digestion in the present study (5.8 g). On the basis of the
work of others (14), it is estimated that colonic fermentation of
5.8 g cooked HAMS would provide 40, 7, and 9 mmol acetic,
propionic, and butyric acids, respectively. These amounts com-
pare with the totals of 59, 26, and 30 mmol acetic, propionic, and
butyric acids either delivered (19–21 mmol) or fermented (40–9
mmol) from 20 g ingested cooked HAMSA, HAMSP, or
HAMSB. The production of acylated starches provides a method
of tailoring the delivery of significant amounts of specific SCFAs
to the large bowel to concentrations in excess of those normally
produced by colonic fermentation of RS. Because SCFAs are
absorbed from the human gut in a concentration-dependent man-
ner (15), increasing the concentration of SCFAs in the large
bowel by the the ingestion of acylated starches results in greater
uptake than when similar quantities of HAMS or the typical
Australian diet are ingested. Acylated starches, therefore, have

TABLE 5
Esterified short-chain fatty acid (SCFA) and starch contents of a single serving (�130 g) of each of the cooked test custards ingested by ileostomy
volunteers1

Treatment

Esterified SCFAs Starch

Acetic Propionic Butyric
Standard
method2

Hydrolyzed with
NaOH3

mmol g

LAMS 0.08 � 0.03 0 � 0.02 0.11 � 0.01 21.7 � 0.1 20.7 � 0.3
HAMS 0.13 � 0.03 0.0 � 0.01 0.14 � 0.01 21.1 � 0.2 21.4 � 0.1
HAMSA 25.1 � 0.44 0.02 � 0.02 0.11 � 0.02 19.9 � 0.7 19.8 � 0.2
HAMSP 0.46 � 0.09 24.9 � 0.64 0.11 � 0.01 21.1 � 0.3 19.9 � 0.5
HAMSB 0.30 � 0.02 0.15 � 0.06 28.2 � 0.24 20.2 � 0.3 20.1 � 0.2

1 All values are x� � SEM. n � 4. HAMSA, HAMSP, and HAMSB, acetylated, propionylated, and butyrylated high-amylose maize starches (HAMS);
LAMS, low-amylose maize starch. Analyses were undertaken in duplicate on samples from 4 batches of starches.

2 Values were analyzed by using a modification of a standard method (8) involving dispersal with 4.0 mmol KOH/L.
3 Samples were hydrolyzed with 0.45 mmol NaOH/L before analysis; see Sampling and analysis procedures in Subjects and Methods.
4 Significantly different from other starches by using 1-factor ANOVA with Tukey’s post hoc tests (P � 0.001). Because of the high values and larger

variances with acylated starches, these statistical tests were based on one estimate of variation.

TABLE 6
Percentage of ingested esterified acetic, propionic, and butyric acid in the stoma digesta of ileostomy volunteers after ingestion of 130 g custard1

Amount of relevant
esterified acid

ingested2

Amount of relevant
esterified acid in

stoma digesta

Amount of relevant
esterified acid in stoma of
nonacylated starch groups3

Ingested esterified
acid in stoma digesta

mmol mmol mmol %

HAMSA 25.1 � 0.4 31.6 � 2.5 13.1 � 1.2 73.9 � 9.8
HAMSP 24.9 � 0.6 19.5 � 0.9 0.5 � 0.1 76.2 � 3.8
HAMSB 28.2 � 0.2 20.9 � 1.1 0.3 � 0.1 73.1 � 3.7

1 All values are x� � SEM.
2 Analyses were undertaken in duplicate on samples from 4 batches of starches.
3 Average amount of each esterified acid in stoma digesta of groups not ingesting the relevant esterified short-chain fatty acids [eg, average of low-amylose

maize starch, high-amylose maize starch (HAMS), propionylated HAMS (HAMSP), and butyrylated HAMS (HAMSB) for acetylated HAMS (HAMSA)].
There were no significant differences in the percentage of esterified acids surviving passage through the small intestine when compared by using a nonparametric
Kruskal-Wallis test.
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potential application in conditions amenable to improvement by
increasing SCFAs in the large bowel. For example, SCFA ene-
mas have been used to treat distal ulcerative colitis (16), whereas
ingestion of acylated starches may be a more acceptable strategy.

The use of ileostomy subjects to study small intestinal excre-
tion is considered an accurate, direct, and quantitative method
(17) of measuring the amount of starch resistant to digestion.
Potential criticisms are that small intestinal function may be
modified by the surgery, or the terminal ileum may be colonized
with bacteria, which could ferment starch. However, the coloni-
zation effect is likely to be small, and the ileostomy model ap-
pears to be a reliable in vivo method of measuring RS (18). The
consistently high pH of digesta stoma from the volunteers in the
present study supports the hypothesis that minimal SCFA release
or starch fermentation occurred in the small intestine of the vol-
unteers.

The concentrations and amount of acetic acid (both unesteri-
fied and esterified) in the stoma digesta were disproportionally
high when compared with the other acids, and this additional acid
may have been derived from endogenous sources. For example,
the highly glycosylated mucin secretions of the duodenal Brun-
ner’s glands contain high concentrations of N-acetyl-
galactosamine and N-acetyl-glucosamine in New World pri-
mates (19), although the concentrations may be lower in the
mucus of humans (20). Acetate has been reported previously in
the stoma digesta from ileostomy subjects (21), although the
concentrations in the earlier study were tenfold those of the
unesterified acetate concentrations found in the current study.
The difference in acetate concentration may have been due to the
method of analysis (22), which may have released esterified
endogenous acetate in the earlier study.

In conclusion, we showed for the first time that when highly
acylated starches are ingested by humans, 73–76% of esterified
SCFAs resist digestion in the small intestine. The data confirm
that acylated starches are a potentially effective method of de-
livering significant quantities of specific SCFAs to the colon, and
hence the potential for these products to have application in the
treatment and prevention of bowel disorders is considerable.
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Effect of high-dose vitamin A supplementation on the immune
response to Bacille Calmette-Guérin vaccine1�4

Birgitte R Diness, Ane B Fisker, Adam Roth, Maria Yazdanbakhsh, Erliyani Sartono, Hilton Whittle, Jose E Nante,
Ida M Lisse, Henrik Ravn, Amabelia Rodrigues, Peter Aaby, and Christine S Benn

ABSTRACT
Background: Vitamin A supplementation (VAS) at birth has been
associated with decreased mortality in Asia. Bacille Calmette-
Guérin (BCG) vaccine is given at birth in tuberculosis-endemic
countries. Previous studies suggest that VAS may influence the
immune response to vaccines.
Objective: Our objective was to examine whether VAS influences
the immune response to simultaneously administered BCG vaccine.
Design: Within a randomized trial of 50 000 IU vitamin A or placebo
given with BCG vaccine at birth in Guinea-Bissau, 2710 infants were
examined for BCG scar formation and delayed-type hypersensitivity
(DTH) to purified protein derivative of Mycobacterium tuberculosis
(PPD) at 2 and 6 mo of age. The ex vivo cytokine response to PPD
was measured in 607 infants.
Results: At 2 mo of age, 39% (43% of the boys and 34% of the girls)
responded to PPD. The prevalence ratio of a measurable PPD reac-
tion for VAS compared with placebo recipients was 0.90 (95% CI:
0.80, 1.02) for all infants, 0.81 (95% CI: 0.69, 0.95) for boys, and
1.04 (95% CI: 0.86, 1.26) for girls. At 6 mo of age, 42% of the infants
responded to PPD. No difference was observed between VAS and
placebo recipients. The prevalence of BCG scar was not affected by
VAS. The ex vivo interferon-� response to PPD was increased by
VAS (means ratio: 1.40; 95% CI: 1.03, 1.91).
Conclusions: VAS with BCG vaccination does not appear to inter-
fere with the long-term immune response to BCG. However, VAS
temporarily altered the DTH reaction to PPD in boys at 2 mo of age,
suggesting sex differences in the immunologic response to VAS
given with BCG. This trial was registered at www.clinicaltrials.gov
as #NCT00168597. Am J Clin Nutr 2007;86:1152–9.

KEY WORDS Bacille Calmette-Guérin, BCG vaccination, vi-
tamin A, PPD response, purified protein derivative of Mycobacte-
rium tuberculosis response, randomized trial, sex-differential
effects

INTRODUCTION

The World Health Organization recommends Bacille
Calmette-Guérin (BCG) vaccination at birth in low-income
countries. Two studies from Asia suggested that it might be
beneficial to provide vitamin A supplementation (VAS) at birth
(1, 2), whereas a recent study from Zimbabwe suggested no
overall beneficial effect (3). The influence of simultaneous ad-
ministration of VAS has been studied for most of the routine

vaccines such as measles, oral polio vaccine, and tetanus. Al-
though one study has raised concern about reduced seroconver-
sion to measles vaccine after simultaneous administration of
VAS (4), most studies found no effect or even a boosting effect
on the immune response to vaccines (5). To our knowledge, the
effect of VAS on the immune response to BCG vaccine has not
been studied previously.

The immune response to BCG vaccination is difficult to quan-
tify because the induced immunity is mainly cellular. Instead,
scar development and response to an immunogenic component
of BCG, purified protein derivative of Mycobacterium tubercu-
losis (PPD), are used as measures of vaccine response. The re-
sponse to PPD can be determined in vivo in skin tests [as delayed-
type hypersensitivity (DTH)] (6) and ex vivo in cell cultures, and
these tests were used in epidemiologic studies (7). Both scar
development and in vivo PPD response were shown to correlate
well with a history of BCG vaccination (8, 9). The correlation to
vaccine efficacy is more uncertain (10, 11). For instance, boys
develop scars and PPD responses more frequently than do girls
(12), but there is no evidence that boys are better protected
against tuberculosis after BCG vaccination. Ex vivo cytokine
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response after stimulation with PPD or other tuberculosis-
associated antigens, particularly interferon-� (IFN-�), was sug-
gested as a better marker of vaccine-induced tuberculosis immu-
nity (13–15).

We aimed to investigate whether high-dose VAS given with
BCG at birth influenced the response to BCG vaccination eval-
uated as scar formation and as response to PPD in vivo and ex
vivo. This was done within a large randomized, placebo-
controlled, double-blinded trial of the effect on mortality of vi-
tamin A compared with placebo given at birth with BCG vaccine.
Because previous studies have suggested sex-differential effects
of vitamin A (1, 16, 17) and on response to vaccines (18), we
conducted the analyses separately for each sex.

SUBJECTS AND METHODS

Setting

The Bandim Health Project runs a demographic surveillance
system in 6 districts of Bissau, Guinea-Bissau. All houses are
visited monthly to identify new pregnancies, births, and deaths.
Once a newborn is identified, the infant is followed with a home
visit every third month. The incidence of tuberculosis was esti-
mated to be 470 per 100 000 person-years in the area (19). Cases
of tuberculosis in the study area are registered and offered free
treatment. In the present study, infants living in the same multi-
family house as a patient with tuberculosis were considered to be
exposed if living with the patient within the 6 mo preceding
initiation of treatment. The prevalence of HIV-1 among pregnant
women is �5.0% (Z de Silva, sentinel data, 2007), and a program
to prevent vertical transmission conducted by a nongovernmen-
tal organization was ongoing in the area while the present study
was conducted. The program included free HIV screening at first
antenatal consultation, provision of antiretroviral medication to
be taken intrapartum, and a recommendation to abstain from
breastfeeding. The Ministry of Health in Guinea-Bissau and the
Danish Central Ethical Committee approved the protocol for this
study (624-02-0010).

Enrollment

Enrollment into the randomized trial of the effect of VAS at
birth on overall rate of mortality and morbidity took place from
2002 to 2004. In brief, infants born at the maternity wards or
reporting for their first vaccination at 2 of 3 health centers in the
study area were enrolled if consent was obtained, if they weighed
� 2500 g, had no overt disease, and lived in the study area. For
logistic reasons enrollment was not undertaken in the third health
center. A total of 1452 (54%) of the infants participating in the
present study were enrolled at birth or 1 d after birth, and most
were enrolled within the first 3 wk of life. The infants were
vaccinated intradermally in the upper left deltoid region with
0.05 mL BCG vaccine (Statens Serum Institut, Copenhagen,
Denmark). After providing consent, the mother drew a lot from
an envelope. The envelope was prepared by the study supervisor.
It contained 100 lots, 50 marked “1,” and 50 marked “2,” indi-
cating from which of 2 numbered bottles, “1” or “2,” the infant
should receive his or her supplement. A new envelope was not
used before the previous envelope had been completely emptied.
The randomization procedure was performed by the same, care-
fully trained assistant every day except during short vacations.

The bottles were prepared at Skanderborg Pharmacy, Skander-
borg, Denmark. They were made of dark glass and contained 10
mL vegetable oil, corresponding to 20 doses of 0.5 mL. Half of
the bottles contained 50 000 IU vitamin A as retinyl palmitate
and 20 IU vitamin E/0.5 mL oil, the other half contained only 20
IU vitamin E/0.5 mL oil. The code was kept at the pharmacy until
12 mo after the last infant was included.

Scar and in vivo PPD response

In 4 of 6 study districts, infants were examined for BCG scar
and in vivo PPD response when they reached 2 and 6 mo of age
(scar and PPD visits). These 4 districts were served by the 2
health centers enrolling participants in the trial. At the visits a
trained nurse documented health status, health care contacts,
household characteristics, and vaccination status. She measured
the size of the scar after BCG vaccination. Subsequently, 0.1 mL
Tuberculin PPD RT23 (Statens Serum Institut, Copenhagen,
Denmark) was injected intradermally on the ventral side of the
forearm. Between 2 and 3 d later, the infant was visited again, and
the induration was measured by a trained fieldworker using the
track-ball technique (20). Size of scar and induration was defined
as the average of the height and the width measured to the nearest
millimeter with a transparent ruler. Infants with a measurable
scar or PPD reaction (�1 � 1 mm) were categorized as “scar-
reactors” or “PPD-responders,” respectively. Infants who had
taken chloroquine within 7 d before the visit were excluded from
the PPD analysis, because chloroquine treatment is known to
suppress PPD reaction (21). Those infants were retained in the
analysis of scar reaction because we considered it unlikely that
current chloroquine treatment would have affected the scar for-
mation. We did not collect information on chloroquine treatment
at the time of enrollment, but it is unlikely that more than a few
of these young infants received chloroquine. Infants who had
received BCG vaccination �30 d before the visit or with known
exposure to tuberculosis in the household within the previous 6
mo were excluded. Infants with PPD reactions � 10 mm were
referred to a medical doctor. The mothers of the infants were also
tested with intradermal PPD, and mothers with large responses
were similarly referred.

Ex vivo PPD response

During the trial, a subgroup of infants was selected for mea-
surements of ex vivo PPD response. For logistic reasons, the
subgroup consisted of infants enrolled in the randomized study
between 13 April 2004 and 19 May 2004 and from 1 August 2004
until the end of enrollment on 28 November 2004. We attempted
to visit the infants at 6 wk of age. A blood sample was collected
by finger prick and analyzed for ex vivo cytokine responses.

For cytokine responses, heparinized whole blood was diluted
1:10 with RPMI-1640 (Invitrogen, Groningen, Netherlands)
supplemented with 2 mmol glutamate/L, 1 mmol pyruvate//L,
100 IU penicillin, and 100 �g streptomycin/mL. Cultures were
established in a total volume of 200 �L in 96-well U plate (Nunc,
Roskilde, Denmark) with the presence of PPD (10 �g/mL; Stat-
ens Serum Institut) or medium only (control). Supernatant fluids
were collected on day 3 and stored at �80 °C until and during
transport to Leiden University Medical Center where the mea-
surements were performed. Concentrations of interleukin-5 (IL-
5), interleukin-10 (IL-10), interleukin-13 (IL-13), IFN-�, and
tumor necrosis factor-� were measured simultaneously with the
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use of the commercial Luminex cytokine kit (Luminex Corpo-
ration, Austin, TX) and buffer reagent kit (BioSource, Camarillo,
CA) and run on a Luminex-100 cytometer (Luminex Corpora-
tion), equipped with StarStation software (Applied Cytometry
Systems, Dinnington, United Kingdom). The assay was per-
formed with slight modification from the manufacturer’s recom-
mendation. Briefly, assays were done in a 96-well U plate at room
temperature. Mixes of beads were incubated for 2 h with a stan-
dard, samples, or blank in a final volume of 50 �L for 2 h under
continuous shaking. Beads were washed twice and incubated
with a cocktail of biotinylated antibodies (25 �L/well) for 1 h.
After removal of excess biotinylated antibodies, streptavidin-R-
phycoerythin was added for 30 min. The plate was then washed
and analyzed. The lower detection limit of the assays was 3
pg/mL for IL-5, 5 pg/mL for IL-10, 10 pg/mL for IL-13, 5 pg/mL
for IFN-�, and 10 pg/mL for tumor necrosis factor-�. Samples
with concentrations below the detection limit were given the
value of this threshold. Infants were classified as “responders” if
the cytokine concentration in the PPD-stimulated well exceeded
the concentration in the control well. Only samples from infants
vaccinated �30 d before sampling were considered in the anal-
ysis.

Statistical analysis

PPD response (yes or no), scar response (yes or no), and
cytokine response (responder or nonresponder) were analyzed as
prevalence data with the use of Poisson regression with robust
variance estimates (22). Thus, the relative measure is a preva-
lence ratio (PR). Size of PPD reaction and scar was analyzed
using t tests, and adjustments and interaction analysis of these
outcomes were performed as a linear regression analysis after
checking that the assumptions of normal distribution and equal
variance were met.

The scar and PPD analyses were done both with and without
adjustment. In the adjusted analysis, linear regression was used
for continuous variables and Poisson regressions for binary vari-
ables. The following potential confounders were adjusted for:
assistant conducting the scar and PPD reading, season of PPD
application, age in days at BCG vaccination, and time since BCG
vaccination at visit. In addition, we decided to adjust for prior
diphtheria, tetanus toxoid, and acellular pertussis (DTP) vacci-
nation at the 2-mo visit and prior measles vaccine at the 6-mo
visit because some infants had been enrolled in a trial of early
measles vaccination at 4.5 mo of age (23). We also analyzed the
prevalence of PPD reaction with the method of generalized es-
timating equation, taking into account the repeated measure-
ments. The results were virtually identical and did not warrant
separate presentation.

To evaluate the results of the cytokine study quantitatively, we
calculated the ex vivo PPD-induced response by subtracting the
cytokine concentrations in the control wells from the concentra-
tions in the PPD-stimulated wells. Furthermore, we calculated a
stimulation index as the ratio between the concentrations in the
stimulated and the control wells. Unadjusted linear regression
was performed on ln-transformed stimulation indexes; thus, the
resulting back-transformed exponential function estimates rep-
resent ratios of means. These ratios express the percentage of
difference associated with receiving vitamin A; eg, a means ratio
of 1.40 for IFN-� indicates that infants in the vitamin A group
have 40% higher stimulation indexes than do infants in the pla-
cebo group.

All analyses were conducted separately for each sex. Interac-
tions between treatment groups and sex were investigated in a
model that included both variables and tested in the relevant
regression model. Analyses were made with STATA 9.2 (Stata
Corporation, College Station, TX).

RESULTS

A total of 2710 infants participated in the scar and in vivo PPD
study, 1313 from the vitamin A group, 1397 from the placebo
group. Background characteristics and age at visits were com-
parable between the 2 treatment groups (Table 1).

The participant flow is summarized in Figure 1. At 723
(14.2%) visits the infant was not met, mostly because of travel-
ing. At 8 (0.2%) visits the parent did not want the infant to
participate. Of 4355 successful interviews, 382 were excluded
from the scar analysis [185 (8.8%) of 2113 in the vitamin A group
and 197 (8.8%) of 2242 in the placebo group] because of 1) tu-
berculosis exposure within the past 6 mo (168 visits); 2) �30 d
passed since BCG vaccination (141 visits); and 3) the field-
worker had failed to register the presence of scar, its dimensions,
or both (73 visits). At 1241 visits a PPD reading was not obtained
or was excluded (606 in the vitamin A group, 635 in the placebo

TABLE 1
Background factors according to treatment group in Guinea-Bissau1

Vitamin A
(n � 1313)

Placebo
(n � 1397)

Sex [n (%)]
Boy 668 (51) 730 (52)
Girl 645 (49) 667 (48)

Maternal schooling [n (%)]
No 328 (25) 362 (26)
Yes 841 (64) 894 (64)
Unknown 144 (11) 141 (10)

Mother intends to breastfeed [n (%)]2

Yes 1160 (88) 1240 (89)
No 9 (1) 6 (0)
Undecided or unknown 144 (11) 151 (11)

Maternal ethnicity [n (%)]
Pepel 461 (35) 471 (34)
Other 845 (64) 922 (65)
Unknown 7 (1) 4 (0)

Electricity [n (%)]
None 898 (68) 946 (68)
Available 407 (31) 444 (32)
Unknown 8 (1) 7 (0)

Season of enrollment [n (%)]
Rainy 617 (47) 722 (52)
Dry 696 (53) 675 (48)

Place of enrollment [n (%)]
National hospital 610 (46) 667 (48)
Health center 703 (54) 730 (52)

Weight at inclusion (kg)3 3.32 � 0.64 3.34 � 0.64
Age at inclusion (d)4 1 (0–24) 1 (0–25)

1 Distribution of background factors did not vary by sex, except for
mean weight at enrollment, which was 3.39 � 0.70 kg in boys and 3.27 � 0.68
kg in girls (P � 0.01).

2 When the birth was registered, mothers were asked whether they
intended to breastfeed the infant. Births were registered at the hospital and at
the monthly demographic surveillance visits to all houses.

3 x� � SD.
4 Median; 10–90% in parentheses.
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group) because of chloroquine consumption (598 visits), tuber-
culosis exposure (168 visits), �30 d since vaccine (141 visits),
and a valid reading was not obtained because the infant was not
met in time for the reading of the reaction (334 visits). The
reasons for nonparticipation were equally distributed in the 2
treatment groups.

The mean age (�SD) of the infants at visits did not differ
between the groups (2-mo visit: 64 � 11 d in the vitamin A group
and 65 � 11 d in the placebo group; 6-mo visit: 188 � 13 d for
both groups).

Scar and in vivo PPD response

At 2 mo of age, 88% had a recognizable scar to BCG vacci-
nation (89% of boys and 87% of girls). At 6 mo of age, the
prevalence was 94% (95% of boys and 93% of girls). The per-
centage of infants with a measurable PPD response also in-
creased: at the 2-mo visit 39% had a measurable PPD response
(43% of boys and 34% of girls); at 6 mo of age the measurable
PPD response was 42% in both boys and girls. At 2 mo the
prevalence of a measurable PPD response was significantly
higher in boys than in girls [prevalence ratio (PR): 1.25; 95% CI:
1.11, 1.42]. None of the other outcomes differed between the
sexes. In infants not tested at 2 mo of age (not met or not enrolled
at this time) who had a valid reading at 6 mo (n � 134), the
prevalence of PPD response at 6 mo was 40%. Thus, the in-
creased reactivity at 6 mo did not seem to be explained by boost-
ing by prior PPD application.

At 2 mo of age, the proportion of PPD responders was lower
among boys who received VAS than among boys who received
placebo (PR: 0.81; 95% CI: 0.69, 0.95) (Table 2). The adjusted
PR was 0.79 (95% CI: 0.67, 0.92) for boys and 1.02 (95% CI:
0.84, 1.24) for girls. The average size of reaction also tended to
be reduced among VAS-supplemented boys at 2 mo of age. No

differences were observed among girls, and no differences for
scar development were observed in either sex. At 6 mo of age no
differences in PPD response or scar among VAS and placebo
recipients were observed overall or in either sex.

A measurable PPD response at 2 mo of age was more prevalent
among infants of mothers who reacted to PPD (P � 0.01), but the
effect of VAS on PPD response at 2 mo of age was similar after
stratification by maternal PPD status (data not shown). None of
the above results were changed by adjustment for potential con-
founders.

Ex vivo PPD responses

A total of 607 blood samples were available to measure ex vivo
PPD response (292 in the vitamin A group, 315 in the placebo
group). Of those samples, 571 were included in the analysis
(Table 3). One sample was not included because the IFN-� value
was an outlier; other exclusions were due to signs of contamina-
tion of the blood sample (n � 20) and �30 d since vaccination
(n � 15). The ex vivo IFN-� response to PPD was significantly
associated with the in vivo DTP response (data not shown).

The effect of VAS on the stimulation indexes for the tested
cytokines is given in Table 3. VAS was associated with an IFN-�
response to PPD. This was particularly apparent in boys (P �
0.04). The induced IFN-� production was 299 pg/mL among
boys in the vitamin A group and 199 pg/mL among boys in the
placebo group (Table 3). In girls the induced IFN-� production
was 209 pg/mL in the vitamin group and 176 pg/mL in the
placebo group. No differences were observed for other cytokines
overall or in either sex. There was a tendency for interaction
between VAS and sex for IL-5 response to PPD (P for interaction
� 0.09); girls tended to have lower stimulation indexes after
VAS, whereas the opposite was seen for boys. Otherwise, no
indications of interactions were observed between treatment and
sex for cytokine responses to PPD.

DISCUSSION

In line with previous studies in Bissau, by 6 mo of age a large
proportion of infants had a scar (94%) and 42% reacted to PPD
(8). Neonatal VAS was associated with increased IFN-� re-
sponse to PPD at 6 wk of age. It was also associated with de-
creased in vivo PPD response at 2 mo of age in boys, whereas it
was not associated with PPD responses at 6 mo of age in either
sex. It did not affect the BCG scar reaction.

A limitation may be that few infants were vitamin A deficient
in our study because of the enrollment criteria and the nutritional
situation in the study area. We only included newborns with
normal birth weight in our study, because BCG vaccine in
Guinea-Bissau is postponed in newborns with low birth weight.
Newborns with low birth weight may be more nutritionally com-
promised at birth. Furthermore, breast milk is the main source of
vitamin A, and most infants in our study were breastfed. Hence,
VAS could have effects on the response to BCG in vitamin
A–deficient infants.

We did not expect the HIV prevalence in infants to be high
because of the low prevalence among pregnant mothers and the
ongoing vertical transmission program. HIV-positive women
were recommended not to breastfeed, but only 15 (�1%) women
in the present study stated that they would not breastfeed. Hence,
the data do not allow any conclusions about a possible modifying

Eligible from randomized trial
Total:  2710 

Vitamin A: 1313 Placebo: 1397

2 mo: 1246 children
Interviewed: 1123
Not met: 122
Refused: 1
In scar analysis: 1011
In PPD analysis: 816

6 mo: 1211 children
Interviewed: 990
Not met: 221
Refused: 0
In scar analysis: 917
In PPD analysis: 691

Dead: 23
Moved: 79

2 mo: 1329 children
Interviewed: 1190
Not met: 136
Refused: 3
In scar analysis: 1068
In PPD analysis: 872

6 mo: 1300 children
Interviewed: 1052 
Not met: 244
Refused: 4
In scar analysis: 977
In PPD analysis: 735

Dead: 20
Moved: 77

Late entry

67           68

FIGURE 1. Flow chart of infants included in the study of response to
Bacille Calmette-Guérin (BCG) vaccination when administered with vitamin
A or placebo. At late entry, 67 infants in the vitamin A group and 68 infants
in the placebo group were not visited at 2 mo of age, because they were not
registered as living in the areas where the purified protein derivative of
Mycobacterium tuberculosis (PPD) and scar trial was conducted at the time
the visits were planned. Infants met but not included in the scar analysis are
those vaccinated �30 d before the visit, exposed to tuberculosis, or with
missing information. Infants included in the scar analysis but not in the PPD
analysis are infants not seen for a valid PPD reading and infants who con-
sumed chloroquine during the 7 d before the reading.
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effect of lack of breastfeeding, HIV infection, or both on the
effect of VAS.

In Malawi, Floyd et al (24) found that each person may have
a specific “propensity” to react with a DTH response to PPD.
However, that individual preference had the least importance at
the peak of reactivity 2–3 mo after vaccination. The PPD re-
sponse at 2 mo of age in our study may have been measured
before the peak of reactivity. Thus, it may depend more on the
propensity to react in the population than on the immunogenicity
of the vaccine. Earlier studies from Guinea-Bissau confirm that
the reactivity to PPD increases between 2 and 6 mo after vacci-
nation, suggesting that the peak reactivity period in this popula-
tion is at 6 mo of age (25). The increase in reactivity was not
confined to infants boosted by PPD application at 2 mo. Hence,
the reduced PPD response in boys at 2 mo of age may be due to
a sex-differential effect of VAS on the individual immunologic
setting. If the immunogenicity of the vaccine is indeed most
adequately evaluated at the peak of reactivity, it was unchanged
in the present study.

In the present study IFN-� response was marginally increased
by VAS in both sexes, although the in vivo PPD response was
lower among boys who received VAS. This may seem contra-
dictory, because IFN-� production is considered an important
mediator of the DTH reaction (13), and IFN-� production was
indeed associated with DTH reaction in the present study. These
observations may suggest that VAS did not disturb the biologic
association between IFN-� production and DTH but rather af-
fected the 2 outcomes by separate mechanisms. Similarly, other
researchers have reported that varying the conditions of the ad-
ministration of BCG vaccination (eg, age at administration,
route, or dose) affects the various measures of induced immunity
in a differentiated manner (13–15). It was suggested that the
different testing methods and assays measure unique aspects of
tuberculosis immunity (26).

Infants of mothers displaying a measurable PPD response
were more likely to respond to PPD themselves. This is likely to
be explained by a combination of shared environment, shared
genetic disposition to DTH reactivity, and prenatal transfer of
passive immunity from mother to infant (27). Previously, it was
suggested that VAS may interfere with measles vaccine re-
sponses in infants with maternal measles antibodies (4). To in-
vestigate whether the observed depressed DTH response to PPD
at 2 mo of age could be driven by a similar interaction, we
stratified by maternal PPD reactivity. However, the suppression
by VAS of PPD response in boys was, if anything, slightly less
pronounced in infants of reacting mothers, thus discarding the
idea that passive immunity could explain the decreased PPD
response in boys in the present study.

The unaffected scar reaction, the moderately increased IFN-�
response to PPD ex vivo, and the unaltered in vivo PPD reaction
at 6 mo of age support the interpretation that long-term tubercu-
losis immunity is unhampered by the transient immunologic
changes induced by VAS at birth. In the present study VAS
affected boys at 2 mo of age but not girls. A sex-differential
response is in line with earlier published results of VAS at birth
(1, 2, 28). Our group has previously reported increased antibody
response in boys after VAS administered with measles vaccine at
9 mo of age (18). Others examined the in vitro proliferative
responsiveness of T lymphocytes to tetanus toxin and PPD after
VAS with a DTP booster in children aged 6–13 y previously
vaccinated with BCG. Intriguingly, they found no change in the

DTH reaction to tetanus toxoid (the simultaneously administered
vaccine) but found an increased responsiveness to PPD in girls
after VAS (29).

In conclusion, the results of the present study suggest that VAS
does not influence the immunogenicity of BCG vaccination. If
simultaneous VAS and BCG vaccination are undertaken in areas
with a high prevalence of tuberculosis, further studies seem war-
ranted of the efficacy of the vaccine in a longer perspective and
with tuberculosis mortality and morbidity as outcomes. The anal-
ysis of such studies should be conducted separately for each sex.
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Dietary glycemic index, glycemic load, and the risk of breast cancer
in an Italian prospective cohort study1�3

Sabina Sieri, Valeria Pala, Furio Brighenti, Nicoletta Pellegrini, Paola Muti, Andrea Micheli, Alberto Evangelista,
Sara Grioni, Paolo Contiero, Franco Berrino, and Vittorio Krogh

ABSTRACT
Background: Interest in the roles of glycemic index (GI) and gly-
cemic load (GL) in breast cancer etiology has been stimulated by
indications that disease risk is linked to insulinemia, sex hormone
bioavailability, and insulin-like growth factor 1.
Objective: We aimed to determine whether GI and GL were asso-
ciated with the risk of breast cancer in a cohort of Italian women
volunteers from Northern Italy, who enrolled between 1987–1992 in
the Hormones and Diet in the Etiology of Breast Tumors Study
(ORDET Study).
Design: Volunteers completed a semiquantitative food-frequency
questionnaire, and anthropometric and lifestyle data were collected.
Dietary GI and GL in relation to breast cancer risk were examined in
8926 cohort women, including 289 with breast cancer identified
after a mean follow-up of 11.5 y.
Results: The relative risk (RR) of breast cancer in the highest (versus
lowest) quintiles of GI and GL was 1.57 (95% CI: 1.04, 2.36; P for
trend � 0.040) and 2.53 (95% CI: 1.54, 4.16; P for trend � 0.001),
respectively. Total carbohydrate intake was not associated with
greater breast cancer risk, but high carbohydrate from high-GI foods
was. When women were categorized by baseline menopausal status
and body mass index (BMI; in kg/m2), the increased risk of dietary
GL was confined to those who were premenopausal (RR � 3.89;
95% CI: 1.81, 8.34) and who had normal BMI (ie, �25) (RR � 5.79;
95% CI: 2.60, 12.90) (P for trend � 0.001 for both).
Conclusions: A high-GL diet may increase the risk of breast cancer
in Italian women. The effect is particularly evident in premenopausal
women and those with BMI � 25. Am J Clin Nutr 2007;86:
1160–6.

KEY WORDS Glycemic index, glycemic load, breast cancer
risk, women

INTRODUCTION

Worldwide, breast cancer is the most common cancer in
women. The risk of developing breast cancer increases in women
from low-risk countries who immigrate to high-risk countries,
which suggests that this cancer is influenced by modifiable life-
style or environmental factors (1). The growing recognition that
breast cancer may be promoted by hyperinsulinemia and insulin
resistance suggests that a diet rich in carbohydrates, which results
in high glycemia and consequent high insulinemia, may favor a
metabolic environment promoting tumor growth (2, 3). Carbo-
hydrates vary markedly in physical form, chemical structure,

particle size, and fiber content, and different carbohydrates in-
duce widely differing plasma glucose concentrations and insulin
responses. The glycemic index (GI), introduced by Jenkins et al
in 1981 (4), ranks the carbohydrate content of individual foods
according to their postprandial glycemic effects, which in turn
are a major determinant of postprandial insulinemia. However,
the quantity and the quality of the ingested carbohydrates influ-
ence the postprandial glycemic response; a suitable estimate of
this is the glycemic load (GL), which is the product of the GI of
a food item and the available carbohydrate content of the portion
ingested.

High GI and high GL have been related to a greater risk of
adult-onset diabetes (5), heart disease (6, 7), and several types of
cancer, including those of the upper aerodigestive tract (8), colo-
rectum (9), stomach (10), pancreas (11), prostate (12), ovary
(13), endometrium (14), and breast (15–24). However, although
2 case-control studies found a greater breast cancer risk in
women with high GL (15, 21), prospective studies reported no
association between dietary GI or GL and breast cancer (16–20,
22, 24). We prospectively evaluated the association between
breast cancer risk and high-GI or -GL diets in women of the
cohort of Italian volunteers in the Hormones and Diet in the
Etiology of Breast Tumors Study (ORDET Study).

SUBJECTS AND METHODS

Subjects

Between June 1987 and June 1992, 10 786 healthy women
aged 34–70 y who were residents of the province of Varese in
Northern Italy were recruited to the prospective ORDET Study.
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The women were volunteers from the general population who
had learned of the study at public meetings, through advertising,
or at breast cancer early-diagnosis units. Women who were tak-
ing hormone therapy in the 3 mo before recruitment, who had a
history of cancer, who had current chronic or acute liver disease,
or who had undergone bilateral ovariectomy were excluded.

Information on menstrual and reproductive history and life-
style characteristics was collected by trained nurses at recruit-
ment. Height, weight, waist and hip dimensions, and other an-
thropometric measures were also taken by the nurses according
to a standardized protocol. The volunteers also completed a self-
administered semiquantitative food-frequency questionnaire
(FFQ) (25).

Cancer incidence information, available from the local cancer
registry (Varese Cancer Registry) was linked to the ORDET
Study file to identify incident breast cancer cases in the cohort up
to December 2001. The Varese Cancer Registry is characterized
by high quality and completeness of the data: �2% of breast
cancer cases are known to the registry by death certificate only,
and 96.3% of cases are confirmed histologically or cytologically
(26). The ORDET Study file was also linked to the Varese res-
idents’ file to check vital status.

After the exclusion of 51 women who had a cancer diagnosis
before enrollment or who were lost to early follow-up, 10 735
women were followed. An additional 1552 women were ex-
cluded because they enrolled at the beginning of the study when
the FFQ was not available. Also excluded were women in whom
the ratio of total energy intake (determined from the FFQ) to
basal metabolic rate [determined by Harris-Benedict equation
(27)] was at either extreme of the distribution (cutoffs were first
and last half-percentiles), to reduce the effect of implausible
extreme values on the analysis. This cohort was further reduced
to 8959 women (mean follow-up: 11.5 y; total follow-up:
100 074.6 person-years) by exclusion of women for whom val-
ues for anthropometric and reproductive variables were missing.
The final cohort consisted of 289 breast cancer cases (269 inva-
sive and 20 in situ).

All participants provided written informed consent. The Eth-
ics Review Board of the Italian National Cancer Institute of
Milan approved the study.

Food questionnaire

After compilation at recruitment, the FFQ was reviewed by a
nurse with the volunteer to complete any missing items. The
questionnaire consisted of 107 items; it was designed to ascertain
in detail the quantities and kinds of foods consumed over the
previous year by using illustrations of 2 or 3 sample dishes of
definite sizes or by reference to standard portion sizes. The fre-
quency of consumption of items could be specified by day, week,
or month. Questions on seasoning and food preparation were also
included. From the FFQ data, an average daily diet, consisting of
food items and portion sizes, was calculated for each volunteer.
The food groups included in the FFQ were vegetables (divided
into cooked, raw vegetables, tomatoes, pulses, etc), potatoes,
fruit, cereals (categories of bread, pasta, rice, and pizza), meat
and meat products, fish, dairy products (categories of cheese,
milk, and yogurt), eggs, cakes, added fat, and alcoholic bever-
ages. Nutrient values for each food item were obtained from the
Italian food composition tables (28). GIs of food items contain-
ing available carbohydrates were obtained from measurements
of common Italian foods (F Brighenti et al, Italian glycemic index

table, manuscript in preparation, 2007). This database includes
staple Italian food items and preparations and their GIs, as well
as revised data from the literature reporting GIs for foods similar
to those consumed in Italy. The table contains �150 food items
and covers �90% of the carbohydrate intake of persons living in
Northern Italy. If no item in the table was sufficiently similar to
the actual food item, GIs published elsewhere and not specifi-
cally related to an Italian diet were used (29).

The GI for a food is defined as the area under the blood glucose
curve produced after ingestion of a portion of the food containing
50 g available carbohydrate, relative to the area produced after
consumption of a standard amount of glucose. The average di-
etary GI for each volunteer was calculated as the sum of the GIs
of each food item consumed, which was multiplied by the aver-
age daily amount consumed and the percentage carbohydrate
content and then divided by the total daily carbohydrate intake.
The GL was calculated similarly but without the division by total
carbohydrate intake. Each unit of GL represents a glycemic re-
sponse equivalent to that of 1 g glucose.

The relation between carbohydrate intake and breast cancer
risk was further investigated by dividing total carbohydrate in-
take into carbohydrates from high-GI foods, whose main repre-
sentatives in the present study were bread (52.7%), cookies
(12.4%), and pizza (9.7%), and carbohydrates from low-GI
foods, whose main representatives were pasta (33%), fruit
(32.4%), and cakes (15.3%). For this investigation, we chose a GI
of 57 as the cutoff between low- and high-GI foods. Adoption of
this cutoff allowed high- and low-GI foods each to contribute
�50% to total carbohydrate intake.

Blood collection and laboratory assays

In a previous nested case-control study in ORDET Study
women (30, 31), stored serum samples from 720 subjects (144
cases and 576 controls) had been assayed for total serum glucose
and fructosamine. In 379 controls who had filled in the FFQ (and
hence had an assessment of GL), we assessed the correlation of
serum glucose and fructosamine concentrations with GL as de-
termined from the FFQ.

Statistical analyses

GLs and GIs were adjusted for the energy intake of each person
by using the regression-residual method (32); next, they were
categorized into quintiles. Relative risks (RR) of breast cancer in
relation to GI and GL were determined by multivariate Cox
hazard modeling, which compared the highest quintile of GI or
GL with the lowest quintile. Age at menarche, oral contraception
use (yes or no), smoking status (smoker, never smoker, or former
smoker), height, weight, years of education, parity, alcohol in-
take, and total energy intake were included as covariates. Addi-
tional models also included saturated fat and fiber intake as
covariates. As a test for trend, we used a likelihood ratio test
comparing models that included or omitted the variable whose
value was the median of the quintile to which the subject
belonged.

The effect on breast cancer of total carbohydrates, carbohy-
drates from high-GI foods, and carbohydrates from low-GI foods
was analyzed by using the energy partition method (32). This
method is a nonisocaloric method that tests the effect of adding
energy from a specific macronutrient—in this case, carbohy-
drates—while keeping energy from other macronutrients con-
stant. For total carbohydrates, high-GI carbohydrates, and
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low-GI carbohydrates, RRs of breast cancer were calculated for
a 5% increase of energy from each of these sources in turn,
including age at menarche, oral contraception use (yes or no),
smoking status (smoker, never smoker, or former smoker),
height, weight, years of education, and parity as covariates. We
hypothesized that the effect of high dietary GI and GL would be
modified by factors associated with hormone status and insulin
resistance. To explore this possibility, we performed analyses
stratified by baseline menopausal status (premenopausal or post-
menopausal) and body mass index [(BMI; in kg/m2) � 25 or
�25]. We examined whether associations for GI and GL differed
according to BMI and menopausal status by employing product
terms (0 and 1 for BMI � 25 and � 25, respectively, and also for
premenopausal or postmenopausal status respectively) and mul-
tiplying them by the median of the GI and GL quintile to which
the subject belonged. To assess the significance of interaction
differences, we used a likelihood ratio test that compared the
model that included the product term and the model that did not
include it. In all Cox models, age at recruitment was the primary
time variable. Spearman’s rank correlation was used to assess
relations between dietary GL and serum fructosamine and glu-
cose concentrations. All analyses were performed with STATA
software (version 7.0; Stata Corp, College Station, TX).

RESULTS

The distribution of nutrients and other pertinent variables by
quintile of energy-adjusted dietary GI and dietary GL in the
ORDET Study cohort is shown in Table 1. Dietary GI varied in
a narrow range of 51.9 to 59.2 from the lowest to highest quintile,
whereas there was a variation of �50% in dietary GL. Women in
the highest quintile of dietary GI consumed more alcohol and less
fiber overall than did women with low GI; in particular, women

with a high GI consumed less fiber from fruit, vegetables, and
pulses but more fiber from cereals than did women with a low GI.

Women in the higher GL quintiles consumed more carbohy-
drate and fiber, especially fiber from fruit, pulses, and cereals, but
consumed less protein, fat, and alcohol than did women in the
lower GL quintiles. Women in the highest GL quintile also were
more educated, smoked less, and had a very slightly lower BMI
than did women in the lowest GL quintile. Mean energy intake
varied little and nonsystematically by quintiles of GI and GL.

Adjusted RRs for developing breast cancer by quintiles of
dietary GI and dietary GL are shown in Table 2. Women in the
highest GI quintile had a significantly greater risk of breast can-
cer than did those in the lowest GI quintile (RR � 1.68; 95% CI:
1.13, 2.49; P for trend � 0.010). After adjustment for saturated
fat and fiber intakes, the RR was lower but still significant (RR
� 1.57; 95% CI: 1.04, 2.36; P for trend � 0.040). Women in the
highest GL quintile had a significantly greater risk of breast
cancer than did those in lowest GL quintile (RR � 1.65; 95% CI:
1.11, 2.46; P for trend � 0.031). After adjustment for saturated
fat and fiber intakes, the RR increased to 2.53 (95% CI: 1.54,
4.16; P for trend � 0.001).

The effects of increasing energy intake from total carbohy-
drates, high-GI carbohydrates, and low-GI carbohydrates by 5%,
while keeping constant other energy sources (ie, fat, protein, and
alcohol), are shown in Table 3. No significant association be-
tween total carbohydrate intake and breast cancer risk was found.
However, increasing the intake of high-GI carbohydrates was
significantly associated with a greater risk of breast cancer,
whereas increasing the intake of low-GI carbohydrates was not.

The results of the stratified analysis to assess the effects of
baseline menopausal status on associations of dietary GL and
dietary GI with breast cancer risk are shown in Table 4. P for
trend is reported when an interaction was significant. The risk of

TABLE 1
Baseline distribution of values for nutrients and other variables by quintile (Q) of mean energy-adjusted dietary glycemic index (GI) and mean dietary
glycemic load (GL) in Italian women in the ORDET Study1

Quintile of energy-adjusted GI Quintile of energy-adjusted GL

Q1 Q3 Q5
P for
trend2 Q1 Q3 Q5

P for
trend2

Dietary GI 51.9 � 0.033 55.5 � 0.02 59.2 � 0.02 0.000 54.2 � 0.06 55.6 � 0.06 56.7 � 0.06 0.000
Dietary GL (g/d) 104.2 � 0.83 121.5 � 0.82 121.9 � 0.82 0.000 96.6 � 0.72 113.0 � 0.72 150.5 � 0.72 0.000
Protein (% of energy/d) 17.6 � 0.07 17.0 � 0.07 17.0 � 0.07 0.000 18.5 � 0.06 17.2 � 0.06 15.7 � 0.06 0.000
Fat (% of energy/d) 35.4 � 0.14 33.6 � 0.14 32.7 � 0.14 0.000 39.7 � 0.11 33.3 � 0.11 28.6 � 0.11 0.000
Carbohydrate (% of energy/d) 46.7 � 0.18 48.4 � 0.18 48.6 � 0.18 0.000 37.9 � 0.08 48.6 � 0.08 57.5 � 0.08 0.000
Fiber (g/d) 20.4 � 0.14 19.8 � 0.14 17.9 � 0.14 0.000 17.5 � 0.13 18.7 � 0.13 23.4 � 0.13 0.000
Fiber from fruit (g/d) 7.6 � 0.08 5.3 � 0.08 3.6 � 0.08 0.000 4.7 � 0.08 5.3 � 0.08 6.6 � 0.08 0.000
Fiber from vegetables (g/d) 4.3 � 0.04 3.5 � 0.04 3.0 � 0.04 0.000 4.4 � 0.05 3.4 � 0.04 3.2 � 0.04 0.188
Fiber from pulses (g/d) 1.2 � 0.02 1.1 � 0.02 0.9 � 0.02 0.000 1.09 � 0.02 1.06 � 0.02 1.15 � 0.02 0.000
Fiber from cereals (g/d) 6.3 � 0.08 8.8 � 0.08 9.4 � 0.08 0.000 6.3 � 0.07 8.0 � 0.07 11.4 � 0.07 0.000
Fiber from potatoes (g/d) 0.62 � 0.01 0.70 � 0.01 0.69 � 0.01 0.000 0.76 � 0.01 0.66 � 0.01 0.67 � 0.01 0.000
Alcohol (% of energy/d) 3.2 � 0.12 3.9 � 0.12 4.8 � 0.12 0.000 6.4 � 0.12 3.9 � 0.12 1.7 � 0.12 0.000
Energy (kcal/d) 1710 � 11.26 1818 � 11.18 1704 � 11.17 0.524 1863 � 11.21 1683 � 11.12 1861 � 11.10 0.966
BMI (kg/m2) 25.4 � 0.10 25.3 � 0.10 25.3 � 0.10 0.752 25.7 � 0.10 25.4 � 0.10 25.0 � 0.10 0.000
Waist (cm) 79.3 � 0.22 79.5 � 0.22 79.6 � 0.22 0.152 80.3 � 0.22 79.4 � 0.22 78.7 � 0.22 0.000
Education (y) 7.7 � 0.08 7.8 � 0.08 7.7 � 0.08 0.478 7.8 � 0.08 7.6 � 0.08 8.0 � 0.08 0.246
Current smoker (%) 20.5 18.6 21.2 0.281 25.2 18.5 16.5 0.000

1 ORDET Study, the Hormones and Diet in the Etiology of Breast Tumors Study.
2 P for a test for interquintile trend.
3 x� � SE (all such values).
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breast cancer associated with GI differed little between premeno-
pausal and postmenopausal women, and in no case were the
higher GI quintiles associated with significantly increased risk of
breast cancer. By contrast, menopausal status modified the as-
sociation between dietary GL and breast cancer, as shown by a
significant (P � 0.027) interaction between GL and menopausal
status and a significantly greater risk of breast cancer in the
highest GL quintile than in the lowest (RR � 3.89; 95% CI: 1.81,
8.34; P for trend � 0.001) in premenopausal women, but no risk
difference across GL quintiles for postmenopausal women.

The results of the stratified analysis to assess the effects of
BMI on associations of GL and GI with breast cancer risk are
shown in Table 5. P for trend is reported when interactions were

significant. There was no evidence that BMI modified the effect
of GI on breast cancer risk. However, BMI did modify the asso-
ciation between GL and breast cancer, with a significant (P �
0.006) interaction between dietary GL and BMI. For women with
normal BMI (ie, �25), the risk of breast cancer increased sig-
nificantly with GL, and the RR of the highest quintile compared
with the lowest was 5.79 (95% CI: 2.60, 12.90; P for trend �
0.001); for women with BMI � 25, GL was unrelated to breast
cancer risk.

Second-order interactions between GL or GI, menopausal sta-
tus, and BMI categories were explored but found not to be sig-
nificant (data not shown). Spearman correlations between GL
and serum glucose and fructosamine in the 379 controls of a
previous nested case-control study conducted by our group (30,
31) showed that GL did not correlate with fasting glycemia but
correlated significantly with fructosamine (r � 0.13, P � 0.01).

DISCUSSION

In the present prospective study, we found that high dietary GL
and, to a lesser extent, high dietary GI were significantly asso-
ciated with a greater risk of breast cancer. This greater risk was
evident in 2 groups of women—those in premenopause and those
with BMI � 25.

Dietary GI and dietary GL reflect different aspects of carbo-
hydrate intake. GI is a measure of carbohydrate quality in relation
to glucose availability and is independent of quantity, whereas
GL is a measure of the total glycemic effect and hence is an

TABLE 2
Relative risks (RR) (and 95% CIs) of breast cancer in relation to energy-
adjusted glycemic index and glycemic load in Italian women in the
ORDET Study1

Range Cases

RR by increasing quintile

RR2 RR3

n

Glycemic
Index

Q1 �53.5 40 1 1
Q2 53.5–54.9 54 1.48 (0.98, 2.23)4 1.44 (0.95, 2.17)
Q3 55.0–56.1 64 1.69 (1.13, 2.51) 1.62 (1.08, 2.42)
Q4 56.2–57.5 64 1.70 (1.14, 2.53) 1.62 (1.08, 2.44)
Q5 �57.5 67 1.68 (1.13, 2.49) 1.57 (1.04, 2.36)
P for trend5 0.010 0.040

Glycemic
Load

Q1 �103.2 44 1 1
Q2 103.3–114.1 62 1.38 (0.93, 2.04) 1.60 (1.07, 2.41)
Q3 114.2–122.9 59 1.38 (0.93, 2.05) 1.73 (1.13, 2.67)
Q4 123.0–133.7 54 1.28 (0.85, 1.93) 1.70 (1.07, 2.70)
Q5 �133.7 70 1.65 (1.11, 2.46) 2.53 (1.54, 4.16)
P for trend5 0.031 0.001

1 n � 289 breast cancer cases. ORDET Study, the Hormones and Diet
in the Etiology of Breast Tumors Study.

2 Adjusted for height, weight, age at menarche, smoking status, educa-
tion, oral contraceptive use, parity, energy intake, and alcohol intake.

3 Also adjusted for fiber and saturated for intakes.
4 95% CIs in parentheses (all such values).
5 Test for linear trend was performed by using the median intake in each

quintile.

TABLE 3
Relative risks (RR) of breast cancer in relation to adding 5% of energy
from total carbohydrates, carbohydrates from high-glycemic-index (GI)
foods and carbohydrates from low-GI foods in Italian women in the
ORDET Study1

RR2 (95% CI)

Total carbohydrates3 1.25 (0.94, 1.66)
Carbohydrates from high-GI foods3 1.55 (1.07, 2.26)
Carbohydrates from low-GI foods3 0.86 (0.55, 1.34)

1 n � 289 breast cancer cases. ORDET Study, the Hormones and Diet
in the Etiology of Breast Tumors Study.

2 Adjusted for height, weight, age at menarche, smoking status, educa-
tion, oral contraceptive use, parity, and alcohol intake.

3 Partition model.

TABLE 4
Adjusted relative risks (RR) (and 95% CIs) of breast cancer by energy-
adjusted quintile (Q) of glycemic index and glycemic load in Italian
women in the ORDET Study, stratified by baseline menopausal status1

Cases

Premenopausal
women

(n � 146)

Postmenopausal
women

(n � 128)
P for

interaction2

n

Glycemic
index

0.251

Q1 18 1 1
Q2 30 1.38 (0.77, 2.49)3 1.18 (0.64, 2.16)
Q3 35 1.89 (1.06, 3.39) 1.26 (0.70, 2.26)
Q4 27 1.31 (0.71, 2.42) 1.61 (0.91, 2.84)
Q5 36 1.82 (1.01, 3.27) 1.12 (0.62, 2.02)

Glycemic
load

0.027

Q1 22 1 1
Q2 21 1.83 (0.98, 3.43) 1.35 (0.77, 2.36)
Q3 25 2.84 (1.50, 5.39) 1.03 (0.54, 1.95)
Q4 32 2.23 (1.10, 4.52) 1.36 (0.71, 2.61)
Q5 28 3.89 (1.81, 8.34) 1.67 (0.80, 3.46)
P for trend4 0.001 0.216

1 ORDET Study, the Hormones and Diet in the Etiology of Breast
Tumors Study. Values were adjusted for height, weight, age at menarche,
smoking status, education, parity, oral contraceptive use, energy intake, fiber
intake, saturated fat intake, and alcohol intake.

2 Likelihood ratio test on the median intake in each quintile with 1 df.
3 RRs; 95% CIs in parentheses (all such values).
4 Test for linear trend was performed by using the median intake in each

quintile.
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indicator of the insulin demand of the diet. High-glycemic diets
are in fact generally associated with greater insulin secretion
(33). It is noteworthy that, whereas dietary GI and dietary GL
were associated with breast cancer risk, the fraction of energy
from carbohydrates was unrelated to that risk. However, when
we divided energy obtained from carbohydrates into that from
high-GI foods and that from low-GI foods, only the former was
significantly associated with breast cancer risk. This finding
suggests that the consumption of large quantities of high-GI
foods rather than the consumption of high quantities of carbo-
hydrates is linked to the development of breast cancer.

Previous epidemiologic studies have provided conflicting ev-
idence regarding associations between the risk of breast cancer
and dietary GI and GL. Our findings are in agreement with
case-control studies that found positive associations of breast
cancer risk with dietary GL alone (21) and with both dietary GI
and GL (15). Another case-control study suggested that high
dietary GL and GI increased breast cancer risk, but the associa-
tions were not significant (34).

To our knowledge, breast cancer risk in relation to GL and GI
has been examined in 8 prospective studies (16–20, 22–24), 3 of
which involved only postmenopausal women (18, 20, 23), and 1
of which involved only premenopausal women (16). None of
these studies found significant associations between breast can-
cer risk and dietary GL or GI, but 2 of the studies reported
associations of high GL and GI with a greater risk of breast cancer
in postmenopausal women (19, 24).

The finding in the present study that a greater risk of breast
cancer was related to high dietary GL in premenopausal women
but not in postmenopausal women is consistent with the findings
of a stratified analysis of 946 breast cancer cases in the Women’s
Health Study (22). That study found a direct association between
GL and breast cancer risk in premenopausal women who re-
ported low levels of physical activity.

In a previous nested case-control study of the ORDET Study
cohort, our group found that breast cancer risk increased signif-
icantly with increasing serum concentrations of insulin-like
growth factor 1 (IGF-1) and glucose in premenopausal women,
although insulinemia was not significantly associated with breast
cancer risk in these women (30). Other studies also found an
association of breast cancer with prediagnostic IGF-1 (in pre-
menopausal women only) (35, 36) and with high plasma con-
centrations of insulin and C-peptide (36, 37). However, the Eu-
ropean Prospective Investigation into Cancer and Nutrition
suggested that C-peptide was directly associated with breast can-
cer risk only after menopause and that, before menopause, there
was a hint of an inverse relation (38).

The findings of the present study lead us to suggest that the
high GI characteristic of most Western foods may be an impor-
tant contributor to breast cancer risk, particularly in younger
women. The mechanism may involve insulin. Persistently high
insulinemia may increase breast cancer risk by several mecha-
nisms, including an alteration of cell cycle kinetics (39) or the
inhibition of apoptosis (40) or through a gonadotropic effect
(insulin stimulates the synthesis of ovarian androgens) or
through metabolic effects on the liver, where insulin inhibits the
synthesis of sex hormone–binding globulin and IGF-1–binding
proteins 1 and 2, thus increasing the bioavailability of both sex
hormones and IGF-1 (36, 37, 41, 42).

A previous nested case-control study by our group in ORDET
Study women found that serum fructosamine concentrations
tended to be directly associated with breast cancer risk, irrespec-
tive of menopausal status (31). In the present study, we investi-
gated the control group from that previous study, and we found
that serum fructosamine concentrations correlated with GL. Se-
rum fructosamine is a product of serum protein glycation and a
short-term (2–3-wk) indicator of blood glucose concentrations.

TABLE 5
Adjusted relative risks (RR) (and 95% CIs) of breast cancer by energy-adjusted quintile (Q) of glycemic index and glycemic load in Italian women in the
ORDET Study, stratified by BMI1

BMI � 25
(n � 147)

BMI � 25
(n � 142)

P for interaction2Cases RR Cases RR

n n

Glycemic index 0.075
Q1 14 1 26 1
Q2 28 1.68 (0.88, 3.22)3 26 1.20 (0.69, 2.09)
Q3 32 2.11 (1.11, 4.01) 32 1.30 (0.76, 2.21)
Q4 35 2.24 (1.19, 4.23) 29 1.19 (0.69, 2.07)
Q5 38 2.22 (1.18, 4.19) 29 1.11 (0.64, 1.94)

Glycemic load 0.006
Q1 14 1 30 1
Q2 27 2.18 (1.10, 4.33) 35 1.28 (0.76, 2.15)
Q3 32 3.29 (1.64, 6.60) 27 1.10 (0.62, 1.96)
Q4 29 3.14 (1.50, 6.59) 25 1.20 (0.65, 2.24)
Q5 45 5.79 (2.60, 12.9) 25 1.31 (0.66, 2.61)
P for trend4 0.001 0.538

1 ORDET Study, the Hormones and Diet in the Etiology of Breast Tumors Study. BMI was measured as kg/m2. Adjusted for height, weight, age at
menarche, smoking status, education, parity, oral contraceptive use, energy intake, fiber intake, saturated fat intake, and alcohol intake.

2 Likelihood ratio test on the median intake in each quintile with 1 df.
3 95% CIs in parentheses (all such values).
4 Test for linear trend was performed by using the median intake in each quintile.
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An unexpected finding of the present study was that, with
stratification by BMI, the increased breast cancer risk of a
high-GL diet was stronger for women with BMI � 25 but was not
present in those with higher BMI. The lack of an association
between GL and breast cancer risk in women with a higher BMI
may be due to the fact that, in these women, some of the metabolic
effects of high GL are already present because of their adiposity
(43–45), and a high-GL diet would not add further risk—in
overweight postmenopausal women, adipose tissue is a major
site of the estrogen synthesis that is associated with a greater risk
of breast cancer (46). Conversely, in women with lower BMI, a
highly glycemic diet would greatly increase the risk of breast
cancer.

In addition to the prospective design and highly complete
follow-up, a major strength of the present study, in comparison
with previously published cohort studies, is that we used GI
values that had mostly been determined for Italian foods; in fact,
specific GIs were available for 96% of the carbohydrate food
items present in the FFQ. The FFQ itself had been designed
specifically to quantify the food items and preparations typically
consumed in Northern Italy. Because the glucose response and,
possibly, the insulin response of a food vary with characteristics
such as physical form and vegetable variety, the “Italian” GIs we
used are likely to be more accurate than those estimated from
international food tables.

It is important to note, however, that the glucose and insulin
responses to a given food item may be influenced by the other
macronutrients, such as protein, that are consumed with the food
(47, 48), by the cooking procedure (49, 50), and even by the
chewing time (51). Such factors are not easily assessed by an
FFQ, even though the FFQ used in the present study included a
section on cooking methods and cooking fat content. In contrast,
there is a strong indication that the GI of a mixed meal can be
predicted consistently from the GI of each individual food item,
and that, although fat and protein affect the absolute glycemic
response, they do not change the GI rank of foods (52–55). A
potential limitation of our study is that the ORDET Study FFQ
was not specifically designed to furnish dietary GI and GL,
although it was designed to provide estimates of total carbohy-
drate and total energy intake.

In conclusion, the present study has found a strong association
between a highly glycemic diet and the development of breast
cancer, particularly in premenopausal women. We also found an
unexpected and strong link between high GL and breast cancer in
women with BMI � 25, which indicates that further studies in
this complex area are needed.
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Serum zinc and pneumonia in nursing home elderly1�3

Simin N Meydani, Junaidah B Barnett, Gerard E Dallal, Basil C Fine, Paul F Jacques, Lynette S Leka,
and Davidson H Hamer

ABSTRACT
Background: Zinc plays an important role in immune function. The
association between serum zinc and pneumonia in the elderly has not
been studied.
Objective: The objective was to determine whether serum zinc
concentrations in nursing home elderly are associated with the inci-
dence and duration of pneumonia, total and duration of antibiotic
use, and pneumonia-associated and all-cause mortality.
Design: This observational study was conducted in residents from
33 nursing homes in Boston, MA, who participated in a 1-y random-
ized, double-blind, and placebo-controlled vitamin E supplementa-
tion trial; all were given daily doses of 50% of the recommended
dietary allowance of essential vitamins and minerals, including zinc.
Participants with baseline (n � 578) or final (n � 420) serum zinc
concentrations were categorized as having low (�70 �g/dL) or
normal (�70 �g/dL) serum zinc concentrations. Outcome measures
included the incidence and number of days with pneumonia, number
of new antibiotic prescriptions, days of antibiotic use, death due to
pneumonia, and all-cause mortality.
Results: Compared with subjects with low zinc concentrations,
subjects with normal final serum zinc concentrations had a lower
incidence of pneumonia, fewer (by almost 50%) new antibiotic pre-
scriptions, a shorter duration of pneumonia, and fewer days of anti-
biotic use (3.9 d compared with 2.6 d) (P � 0.004 for all). Normal
baseline serum zinc concentrations were associated with a reduction
in all-cause mortality (P � 0.049).
Conclusion: Normal serum zinc concentrations in nursing home
elderly are associated with a decreased incidence and duration of
pneumonia, a decreased number of new antibiotic prescriptions, and
a decrease in the days of antibiotic use. Zinc supplementation to
maintain normal serum zinc concentrations in the elderly may help
reduce the incidence of pneumonia and associated
morbidity. Am J Clin Nutr 2007;86:1167–73.

KEY WORDS Serum zinc, nursing home elderly, pneumonia,
mortality, antibiotic use

INTRODUCTION

Pneumonia is a major public health problem in the elderly (1).
An important predisposing factor to the increased incidence of
infections such as pneumonia in the elderly is the age-associated
decline in immune function (2). Such changes in immune re-
sponse with age, in addition to malnutrition, contribute to the
increased frequency and severity of pneumonia and to the mor-
tality due to pneumonia in the elderly (1–4).

Zinc has been shown to play an important role in the regulation
of the T cell–mediated function (5–7). Zinc deficiency has been
shown to cause thymus involution and to depress lymphocyte
proliferation, interleukin-2 (IL-2) production, delayed-type hy-
persensitivity skin responses, and antibody response to T cell–
dependent antigens (5, 8). Similar defects in T cell function have
been observed with aging (2). Several investigators have re-
ported low zinc status or decreased intakes in elderly subjects
(9–11). Furthermore, low zinc status in the elderly has been
shown to contribute to age-associated dysregulation of the im-
mune response (3, 12), and zinc supplementation has been shown
to improve T cell–mediated function in the elderly (9, 12–15). In
children, low concentrations of circulating zinc have been shown
to be associated with an increased risk of respiratory morbidity
(16), and zinc supplementation has been shown to reduce both the
risk and duration of pneumonia and deaths due to pneumonia in
children (17, 18). The association between serum zinc and pneu-
monia in the elderly, however, has not been studied.

From April 1998 to August 2001, a randomized controlled
trial was carried out to investigate the effect of vitamin E
supplementation on respiratory infections in an elderly nurs-
ing home population (19). We found a high proportion
(�30%) of nursing home elderly with low serum zinc con-
centrations at baseline and after 1 y of follow-up, despite the
fact that all participants received 50% of the recommended
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dietary allowance (RDA) of essential vitamins and minerals,
including zinc, during the trial. Because recently published
studies in children (17, 18) have shown zinc supplementation
to be beneficial in reducing morbidity and mortality from
pneumonia and past research has shown the negative effect of
zinc deficiency on immune function in the elderly, we exam-
ined the relations between serum zinc concentration and the
incidence and duration of pneumonia, the number of new
antibiotic prescriptions, the days of antibiotic use, death due
to pneumonia, and all-cause mortality in elderly nursing home
residents.

SUBJECTS AND METHODS

Study design and intervention

A total of 617 subjects was enrolled (�33% enrolled in each
of 3 successive years) into a randomized, double-blind, placebo-
controlled trial of the effect of 1 y of vitamin E supplementation
(200 IU/d) on respiratory infections in a nursing home population
(19). The Tufts–New England Medical Center Institutional Re-
view Board approved the study protocol and the informed con-
sent form. For subjects who were not capable of giving informed
consent, such as those with dementia, a proxy identified by the
nursing home staff was contacted for written informed consent.
In cases in which either the staff or the investigators were uncer-
tain as to a subject’s ability to give informed consent, informed
consent was sought from both the subject and the proxy (both
were required for participation).

Nursing home residents have a heterogeneous intake of mi-
cronutrients (20), some of which are necessary for proper im-
mune function. To reduce variability in the vitamin E trial, all
subjects received a daily capsule containing 50% of the RDA
(21) for essential micronutrients, including zinc. Fifty percent of
the RDA was selected because few subjects meeting our eligi-
bility criteria would have dietary intakes �50% of the RDA for
micronutrients (22). The exact composition of the essential nu-
trients mix per capsule given to the subjects was as follows:
vitamin A (400 �g), thiamine (0.6 mg), riboflavin (0.6 mg),
niacin (6.0 mg), pyroxidine (0.9 mg), folate (100 �g), cyanoco-
balamin (1 �g), vitamin C (30 mg), vitamin D (100 �g), vitamin
E (200 IU for those in the treatment group, and 4 IU in the control
group), iron (5 mg), selenium (25 �g), iodine (75 �g), zinc (7
mg), and copper (0.8 mg). Zinc was given to study subjects in the
sulfate form.

At baseline and at follow-up, �30% of subjects were found to
be of marginal zinc status based on the presence of low serum
zinc concentrations. Other micronutrient deficiencies were much
less prevalent at baseline (from 0% to 10%), and their prevalence
did not change significantly at follow-up (19).

Selection of study participants

Detailed information on the screening and recruitment of par-
ticipants was described previously (19). The eligibility criteria
included age �65 y, life expectancy �6 mo, no anticipated
discharge within 3 mo, not room-bound for the past 3 mo, body
mass index (BMI; in kg/m2) �16, serum albumin �3.0 g/dL,
ability to swallow pills, and willingness to receive influenza
vaccine and provide informed consent. Exclusion criteria in-
cluded active neoplastic disease, tube feeding, kidney dialysis,
intravenous or urethral catheters for the past 30 d, tracheostomy

or chronic ventilator use, chronic steroid treatment �10 mg/d,
use of immunosuppressive drugs, use of antibiotics within the
previous 2 wk, and more than the RDA level of supplements of
selenium, zinc, �-carotene, fish oil, and vitamins E, C, and B-6.

The current analyses included all enrolled subjects with base-
line (n � 578) or end-of-study zinc measurements (n � 420,
including 7 subjects with only end-of-study zinc values). For the
purposes of this study, subjects were categorized by serum zinc
concentrations on the basis of cutoffs of �70 �g/dL to indicate
low serum zinc concentrations and �70 �g/dL to indicate nor-
mal serum zinc concentrations (23). Although there is no con-
sensus that zinc status can be easily defined by serum zinc values,
it is the most widely used biochemical indicator of zinc status and
is the only biochemical indicator of zinc status for which ade-
quate reference data are available (23, 24). In addition, several
studies in the elderly have shown that serum zinc concentrations
do respond to zinc supplementation (13, 14, 25).

Outcomes

Pneumonia-related outcomes included incidence of and num-
ber of days with pneumonia, number of new antibiotic prescrip-
tions for pneumonia, days of antibiotic use for treatment of pneu-
monia, and death due to pneumonia. We also examined all-cause
mortality.

Data collection

Information regarding subject characteristics, baseline dis-
eases and medications, and vaccination history was obtained
from medical records. Fasting blood samples were collected at
baseline and at study completion for clinical chemistries, com-
plete blood count, and nutritional status as previously described
(19). Serum samples were collected into trace metal–free tubes,
and serum zinc concentrations were measured with a Perkin-
Elmer flame atomic absorption spectrometer (26) at the Nutrition
Evaluation Laboratory (NEL), Human Nutrition Research Cen-
ter on Aging at Tufts University (HNRCA). Specifically for the
validation of the zinc procedure, the NEL used reference material
from the National Institute of Standards and Technology (NIST).
Commercially available controls (Lyphochek Assayed Chemis-
try Control Levels 1 & 2, Bio-Rad Laboratories, Irvine, CA;
NIST certified material, Bi-Level Trace Metal QC Check Sam-
ple, VHG Labs, Inc, Manchester, NH) were used in the daily
operational procedures for zinc. The interassay CV for zinc is
5.5–6.5%, and the intraassay CV is 3.5–4.5%. The laboratory
reference range is 70�130 �g/dL.

Study nurses were trained by a study physician to identify
relevant respiratory symptoms and to perform a focused physical
examination of the respiratory tract. Supervised practice evalu-
ations were repeated throughout the study to reinforce the nurses’
clinical skills and to ensure consistency of the pneumonia data
collection. The study nurses collected information weekly relat-
ing to infection, including symptoms of respiratory infections,
temperature, respiratory and heart rate, and a physical examina-
tion focused on the respiratory system. The nurses reviewed each
participant’s chart for documentation of laboratory analyses, ra-
diography, medications, micronutrient supplementation, weight,
and nursing or physician descriptions of symptoms and signs
relating to pneumonia and other respiratory infections.

At the end of the study, data collected from the subjects were
randomly assigned, by nursing home, to the 2 study physicians
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for diagnosis of infections. Infection data from any one subject
were evaluated by only one physician, except for 18 subjects
whose records were used to determine the concurrence of diag-
noses between physicians.

Diagnosis of pneumonia

Details on how the study physicians evaluated the data to
determine incidence and duration of pneumonia were described
previously (19). Briefly, clinical definitions of pneumonia were
developed on the basis of accepted definitions (27). To increase
the specificity of the definitions, a diagnosis of pneumonia had to
include at least one physical sign and thus could not be made on
symptoms alone. An episode was considered resolved when all
symptoms ceased. A new infection was defined as one occurring
after 7 symptom-free days. Pneumonia symptoms could include
cough with or without sputum production, chest pain, dyspnea,
and fever. Signs of infection included an elevated temperature
(�38 °C), tachycardia, tachypnea, abnormal breath sounds, and
dullness to percussion of the chest. The diagnosis required ra-
diologic findings of one or more new pulmonary infiltrates.

Statistical analysis

The demographic and clinical characteristics of participants in
the low and normal serum zinc groups were compared by using
Student’s t test for independent samples (continuous measures)
and Fisher’s exact test (categorical measures).

As noted above, all subjects received a capsule containing
50% of the RDA for essential micronutrients, including zinc.
Because of this supplementation, the baseline zinc concentra-
tions might not reflect the usual zinc status during the entire study
period. Therefore, we also used zinc concentrations measured at
the final study visit as a marker of zinc status. However, analyses
based on final zinc concentrations were necessarily limited to
those who survived or completed the trial.

Rate ratios and their CIs for incidence of pneumonia and num-
ber of new antibiotic prescriptions per year were modeled by
using Poisson regression with the natural logarithm of time as an
offset (28). None of the deviance statistics from the Poisson
regressions exceeded 1, which suggests that the variability in
response was in keeping with the Poisson distribution. Multiple
linear regression analyses were used to determine the association
between serum zinc and duration of pneumonia and days of
antibiotic use due to pneumonia. Cox proportional hazards mod-
els using baseline zinc concentrations were fitted to determine
the hazards ratio for deaths due to pneumonia and all-cause
mortality. Except for the proportional hazards analyses, the anal-
yses were performed by using both baseline and final zinc con-
centrations as predictors. Although the original study did not
show a significant difference in the rate of pneumonia between
the vitamin E and placebo groups (19), we nevertheless con-
trolled for allocation to treatment and placebo groups in these
analyses. We also adjusted for year of enrollment, age, sex,
baseline BMI, current smoking status, diabetes mellitus, and
chronic obstructive pulmonary disease (including bronchial
asthma), which have been shown to be associated with an in-
creased risk of pneumonia or pneumonia-associated death (1, 29,
30). Analyses of the comparison of those with low compared with
those with normal final serum zinc concentrations were also
controlled for change in BMI between baseline and follow-up
values. Additionally, in separate analyses, we also controlled for

baseline serum albumin and change in serum albumin concen-
trations between baseline and follow-up in these models. Two-
sided observed significance levels (P � 0.05) were considered to
be statistically significant. All calculations were performed by
using SAS for WINDOWS (version 9.1.3; SAS Institute Inc,
Cary, NC).

RESULTS

The demographic and clinical characteristics of participants
with baseline zinc (n � 578) and those with final study zinc
concentrations (n � 420) were not different (Table 1). The
distribution of these characteristics was also not different from
our original study population (n � 617) (19).

Elderly with low baseline serum zinc concentrations were
significantly older (P � 0.0001), were more likely to have had
congestive heart failure (P � 0.047), and had lower serum albu-
min concentrations (P � 0.0006) and white blood count (P �
0.042) (Table 1). Elderly with low final serum zinc concentra-
tions were older (P � 0.014), had lower serum albumin concen-
trations (P � 0.003), and a lower percentage of lymphocytes
(P � 0.048) and were more likely to have had coronary artery
disease (P � 0.042) at baseline than were those with normal final
zinc concentrations. All subjects received influenza vaccine, and
there was no significant difference in the proportion of subjects
who had pneumococcal immunization between those with low
and those with normal serum zinc concentrations (19).

When participants with low or normal baseline zinc concen-
trations were compared, differences in the incidence and dura-
tion of pneumonia, the number of new antibiotic prescriptions,
and the days of antibiotic use for pneumonia were not statistically
significant (Table 2). Deaths due to pneumonia were 53% lower
in those with normal than in those with low baseline serum
concentrations of zinc, but this association was not statistically
significant (P � 0.198). The all-cause mortality rate was 39%
lower in those with normal than in those with lower baseline zinc
concentrations (P � 0.049) (Table 2). Controlling for congestive
heart failure and other variables found to be significantly differ-
ent between those with low and those with normal baseline serum
zinc concentrations in the model did not materially change the
statistical significance of the differences observed.

End-of-study serum zinc concentrations were strongly asso-
ciated with the incidence and duration of pneumonia and with the
number of new antibiotic prescriptions and days of antibiotic use
(Table 3; P � 0.004 for all). The incidence of pneumonia and the
total number of new antibiotic prescriptions used for the treat-
ment of pneumonia were �50% lower in those with end serum
zinc concentrations �70 �g/dL than in those with concentrations
�70 �g/dL. In addition, the duration of pneumonia was lower by
3.9 d and the days of antibiotic use by 2.6 d in those with end
serum zinc in the normal range than in those with low concen-
trations (Table 3). Control for coronary artery disease and other
variables found to be significantly different between those with
low and those with normal final serum zinc concentrations in
our multiple regression analyses model did not materially
change the statistical significance of the differences observed.
In addition, differences remained statistically significant after
baseline serum albumin and change in serum albumin con-
centrations between baseline and follow-up were controlled
for. The 310 subjects with normal end zinc concentrations at
completion had 78 episodes of pneumonia, whereas the 110
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subjects with low end zinc concentrations had 51 episodes.
The fraction of pneumonias occurring in the final 2 mo of the
study was not significantly different between those subjects
with normal (14 cases out of 78) and those with low (8 cases
out of 51) end serum zinc concentrations, ie, 18% compared
with 16%, respectively.

Thirty percent of the participants had marginal zinc status.
However, given that there were other nutrients in the capsules
provided, which might influence pneumonia incidence, we cor-
rected for these nutrients in the same model that included zinc.
Our findings with zinc remain robust despite the control for these
nutrients. In addition, the mean changes in weight and BMI from

TABLE 1
Characteristics of study participants by baseline and final serum zinc concentrations1

Baseline characteristics

Baseline serum zinc Final serum zinc

All
(n � 563–578)

Normal2

(n � 386–396)
Low3

(n � 177–182)
All

(n � 412–420)
Normal2

(n � 305–310)
Low3

(n � 105–110)

Age (y) 84.6 � 7.64 83.8 (72.3) 86.4 (7.9)5 84.6 (7.5) 84.1 (7.1) 86.1 (7.7)6

Female sex [n (%)] 419 (72) 283 (71) 136 (75) 314 (75) 227 (73) 87 (79)
White race [n (%)] 544 (94) 373 (94) 171 (94) 398 (95) 291 (94) 107 (97)
BMI (kg/m2) 25.8 � 5.2 25.9 (4.9) 25.5 (5.8) 26.0 (5.2) 26.0 (4.9) 26.0 (5.9)
Current smoker [n (%)] 43 (8) 31 (8) 12 (7) 30 (7) 24 (8) 6 (6)
Vitamin E supplementation [n (%)] 290 (50) 199 (50) 91 (50) 217 (52) 141 (45) 62 (56)
Serum albumin (g/dL) 3.76 � 0.34 3.79 (0.32) 3.69 (0.36)5 3.77 (0.34) 3.80 (0.33) 3.69 (0.33)6

Total cholesterol (mg/dL) 197 � 46 199 (46) 193 (45) 197 (45) 197 (46) 199 (43)
White blood count (cells/�L) 7.10 � 2.30 7.23 (2.46) 6.81 (1.87)5 6.96 (1.78) 7.01 (1.81) 6.82 (1.69)
Total lymphocyte count (cells/�L) 2.12 � 1.41 2.18 (1.63) 1.98 (0.66) 2.10 (0.75) 2.15 (0.78) 1.98 (0.66)
Percentage lymphocytes (%) 30.1 � 9.3 30.1 (9.0) 30.2 (10.1) 30.7 (9.0) 31.1 (9.1) 29.7 (8.8)6

Pneumococcal vaccination [n (%)] 53 (9) 39 (9) 14 (8) 46 (11) 33 (11) 13 (12)
NSAID use [n (%)] 212 (37) 156 (39) 56 (31) 158 (38) 120 (39) 38 (35)
Obstructive lung disease [n (%)]7 146 (25) 100 (25) 46 (25) 98 (23) 71 (23) 27 (25)
Coronary artery disease [n (%)] 194 (34) 123 (31) 71 (39) 131 (31) 88 (28) 43 (39)6

Congestive heart failure [n (%)] 120 (21) 73 (18) 47 (26)6 79 (19) 52 (17) 27 (25)
Hypertension [n (%)] 297 (51) 205 (52) 92 (51) 222 (53) 162 (52) 60 (55)
Diabetes mellitus [n (%)] 117 (20) 81 (20) 36 (20) 87 (21) 68 (22) 19 (17)
Malignancy [n (%)] 53 (9) 37 (9) 16 (9) 44 (10) 34 (11) 10 (9)
Dementia [n (%)]8 286 (49) 202 (51) 90 (49) 207 (49) 149 (48) 58 (53)

1 NSAID, nonsteroidal antiinflammatory drug.
2 Defined as �70 �g/dL.
3 Defined as �70 �g/dL.
4 x� � SD (all such values).
5,6 Significantly different from normal [Student’s t test for independent samples (continuous measures) and Fisher’s exact test (categorical measures)]:

5P � 0.01, 6P � 0.05.
7 Includes asthma, chronic obstructive pulmonary disease, and chronic bronchitis.
8 Includes Alzheimer disease.

TABLE 2
Pneumonia, antibiotic use, and death by baseline serum zinc concentration

Baseline serum zinc1

Rate ratio or mean
difference (95% CI)2 P3

�70 �g/dL
(n � 379)

�70 �g/dL
(n � 174)

Incidence of pneumonia (no./person-year) 0.34 0.37 0.87 (0.63, 1.21) 0.414
Duration of pneumonia (d/person-year) 4.32 5.65 �1.5 (�3.4, 0.4) 0.126
Number of new antibiotic prescriptions for

pneumonia (no./person-year)
0.34 0.36 0.90 (0.65, 1.25) 0.539

Days of antibiotic use for pneumonia (d/person-year) 3.07 3.58 �0.7 (�2.0, 0.7) 0.330
Deaths due to pneumonia (no./person-year) 0.02 0.04 0.47 (0.15, 1.49) 0.198
All-cause mortality (no./person-year) 0.12 0.19 0.61 (0.37, 1.00) 0.049

1 Crude values.
2 Poisson regression analyses were used for incidence of pneumonia and number of antibiotic prescriptions, least-squares regression analyses for duration

of pneumonia and of antibiotic use, and Cox proportional hazard regression for deaths. All analyses controlled for treatment (supplemented with vitamin E or
not), age, sex, chronic obstructive lung disease, current smoking status, diabetes mellitus, year of enrollment (1998–2000), and baseline BMI; additional control
for coronary artery disease, congestive heart failure, and white blood cell count, and, in separate models, for baseline serum albumin concentrations, did not
materially affect the observed associations.

3 Derived from Poisson, least-squares, and Cox proportional hazard regression analyses.
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baseline to follow-up between subjects with low and normal zinc
concentrations were not significantly different; the mean (�SD)
changes in weight were �0.81 � 4.70 and �0.01 � 4.39 kg,
respectively, and in BMI were �0.35 � 1.87 and �0.03 � 1.65,
respectively.

DISCUSSION

We observed that elderly nursing home residents with low
serum zinc had a higher risk of pneumonia, a longer duration of
pneumonia episodes, a greater number of new antibiotic pre-
scriptions, and more days of antibiotic use for the treatment of
pneumonia at the end of 1 y of daily micronutrient supplemen-
tation with 50% of the RDA, including zinc. In addition, low
baseline concentrations of serum zinc in our elderly nursing
home population were associated with increased all-cause mor-
tality.

Our finding of a significantly lower all-cause mortality rate (by
39%) in those with normal baseline serum zinc concentrations
than in those with low baseline serum zinc concentrations sug-
gests that zinc may play a crucial role in influencing mortality in
the elderly. Severe zinc deficiency can impair immunity and
increase susceptibility to infectious diseases, a major cause of
mortality in the elderly (1, 3, 31, 32). Indeed, the risk of mortality
was reduced by 27% in participants of the Age-Related Eye-
Disease Study (aged 55–81 y) who received supplementation
with 80 mg Zn/d (relative risk: 0.73; 95% CI: 0.61, 0.89) (33).
Results from our study indicate that supplementation with �80
mg Zn/d might reduce mortality in the elderly. In addition, zinc
supplementation has been shown to reduce overall mortality by
as much as 51% in children with diarrhea and by as much as 68%
in infants born full-term and those small-for-gestational age (34,
35). However, a recent zinc mortality trial in Zanzibar found a
nonsignificant 7% reduction in the relative risk of all-cause mor-
tality in children supplemented with zinc (36).

When baseline serum zinc status was used as a measure of zinc
to determine whether low serum zinc affects susceptibility to
pneumonia, the differences were not statistically significant. It
may be that findings from baseline zinc concentrations were
attenuated because of a higher risk of death among subjects with
low baseline zinc concentrations or because of a loss of subjects
due to serious illnesses, hospitalizations, or both. In support of

this finding, participants with low baseline serum zinc concen-
trations had a significantly shorter period to “death or first pneu-
monia” as a combined outcome than did those with adequate
baseline serum zinc concentrations (data not shown). In addition,
introducing a supplement that provided 50% of the RDA for zinc
to all study subjects might make the baseline zinc concentration
a biased estimate of usual zinc status during the follow-up period.
It is expected that some subjects whose serum zinc concentra-
tions were low or borderline at baseline might move into the
normal range in response to the supplementation. Thus, baseline
zinc concentrations may not reflect the true zinc status during the
follow-up period. If normal zinc status were associated with a
lower incidence of pneumonia, inclusion of subjects with normal
zinc concentrations in the low baseline serum zinc group could
result in a lower apparent incidence of pneumonia in that group
and thereby attenuate the true association between zinc status and
risk of pneumonia. This is supported by the observation that the
elderly whose serum zinc concentrations responded to zinc sup-
plementation, ie, low at baseline and adequate at the end and
adequate at baseline and adequate at the end, had lower rates of
pneumonia (0.22 and 0.26, respectively) than did those with low
concentrations at baseline and at the end (0.41) and adequate at
baseline and low at the end (0.57).

Because of the potential biases introduced by zinc supplemen-
tation, we performed similar analyses using final zinc concen-
trations, because this measure may better reflect the zinc status of
subjects during the course of the study. We observed a strong
association between low final zinc concentrations and an in-
creased incidence and duration of pneumonia, the number of new
antibiotic prescriptions, and days of antibiotic use for pneumonia
treatment. As described in Results, the association between se-
rum zinc concentration and pneumonia remained significant
even when other micronutrients were included in the model.
Furthermore, the lower incidence and morbidity of pneumonia
observed in subjects with normal final zinc concentrations than
in those with low final zinc concentrations was not due to dif-
ferences between the 2 groups in changes in weight, BMI, or
other micronutrients during the study period (19).

Zinc deficiency has been suggested to be a risk factor for
immune deficiency and subsequent infection relapses in the el-
derly (12, 31, 37). Zinc is essential for membrane integrity, DNA

TABLE 3
Pneumonia and antibiotic use by final serum zinc concentration

Final serum zinc1

Rate ratio or mean
difference (95% CI)2 P3

�70 �g/dL
(n � 310)

�70 �g/dL
(n � 110)

Incidence of pneumonia (no./person-year) 0.25 0.46 0.52 (0.36, 0.76) �0.001
Duration of pneumonia (d/person-years) 3.19 6.82 �3.9 (�6.2, �1.6) �0.001
Number of new antibiotic prescriptions for

pneumonia (no./person-years)
0.26 0.48 0.52 (0.36, 0.75) �0.001

Days of antibiotic use for pneumonia (d/person-years) 2.50 4.85 �2.6 (�4.4, �0.9) 0.004

1 Crude values.
2 Poisson regression analyses were used for incidence of pneumonia and number of antibiotic prescriptions and least-squares regression analyses for

duration of pneumonia and of antibiotic use. All analyses controlled for treatment (supplemented with vitamin E or not), age, sex, chronic obstructive lung
disease, current smoking status, diabetes mellitus, year of enrollment (1998–2000), and baseline and change in BMI between baseline and follow-up; additional
control for coronary artery disease, congestive heart failure, and percentage of lymphocytes, and, in separate models, for baseline serum albumin and change
in serum albumin concentrations between baseline and follow-up, did not materially affect the observed associations.

3 Derived from Poisson and least-squares regression analyses.

ZINC AND PNEUMONIA IN NURSING HOME ELDERLY 1171



synthesis, and cell proliferation and is a cofactor to �300 en-
zymes (5, 38). Also, zinc is essential to the function of all highly
proliferating cells in the human body, especially the immune
system (39). Thymus atrophy, lymphopenia, and other defects in
T cell function have been observed in both zinc deficiency and in
the elderly (2, 5, 8).

Low zinc consumption has been reported in the elderly (10,
40–42). Bogden et al (42) reported that zinc ingestion was below
the RDA in �90% of their 100 study subjects aged 60–89 y.
Prasad et al (25) reported that �35% of the elderly in their study
were zinc deficient. In addition, as mentioned above, we found
below normal serum zinc concentrations in �30% of the nursing
home elderly enrolled in our vitamin E supplementation study.
This level of marginal zinc status persisted during the study
period despite the provision of 50% of the RDA for zinc to the
participants (19). Thus, our finding of a significant association
between low serum zinc concentration and pneumonia could be
of major importance to the health of the elderly, because poor
zinc status would lead to an impaired immune response, which
could in turn result in an increased susceptibility to infections in
the elderly (9, 31, 37). Supplementation with 50% of the RDA for
zinc appeared to benefit many of the participants with inadequate
baseline zinc concentrations, but the results also showed that this
level of supplementation was not adequate to maintain serum
zinc concentrations in a significant proportion of the subjects.

Plasma or serum zinc concentrations are also known to de-
crease sharply in many infections (38, 43, 44). The decline is part
of a set of metabolic reactions to infection known as the acute
phase response (45). Although one could argue that lower serum
zinc concentrations might be due to a higher incidence of pneu-
monia, or that reverse causality may be a possible explanation for
these findings, this was unlikely in the present study because the
acute effect of pneumonia on zinc is likely to be transient—�2
wk if effective therapy is provided (46). Given the similar inci-
dence of pneumonia in our participants in the last months of the
study, transient suppression of serum zinc by the acute phase
response was unlikely to be responsible for the low end-study
zinc concentrations.

Zinc supplementation may play an important role in the pre-
vention and/or modulation of infectious diseases in the elderly (3,
9, 14, 31). Various studies of zinc supplementation in the elderly
(with supplements ranging between 25 and 100 mg/d in the
sulfate, gluconate, or acetate form over 3–12 mo) have observed
increased circulating zinc concentrations (13, 14, 25) and an
enhanced immune status, including an improved cell-mediated
immune response, serum thymulin activity, and IL-2 production,
and an increased response to skin-test antigens (12, 15, 25, 47).
Also, when cultures of white blood cells from elderly subjects
were supplemented with 98 �g/dL (or 15 �mol/L) of zinc (the
physiologic concentration), they produced interferon-� in
amounts comparable with those from the younger subjects (48).
In a randomized, double-blind, placebo-controlled clinical trial
(n � 81), institutionalized elderly had a significant decrease in
the mean number of respiratory infections 2 y after supplemen-
tation with micronutrients containing zinc and selenium, but not
vitamins (49). In another larger (n � 725), randomized, double-
blind, placebo-controlled intervention study, low-dose supple-
mentation with zinc and selenium significantly increased the
humoral response in institutionalized elderly after vaccination
(50). The number of subjects without respiratory tract infections
during the study was also found to be higher in the elderly who

received trace elements over a 2-y period (50). Although these
studies suggest a protective effect of zinc against respiratory
infections, the contribution from other nutrients and/or the syn-
ergistic effects with other nutrients present in the mixture could
not be ruled out. A recent study by Prasad et al (25) showed that
supplementation with 45 mg elemental Zn/d in the gluconate
form for 12 mo in a small number of elderly (n � 49; 24 in the
supplemented group and 25 in the placebo group) significantly
reduced the incidence of all infections, including respiratory
infections. The authors concluded that the results, although en-
couraging, need to be corroborated in a larger number of partic-
ipants.

The results from our current study, in addition to these earlier
findings, suggest that elderly with low serum zinc concentrations
might benefit from zinc supplementation. Such a measure has the
potential to reduce not only the number of episodes and duration
of pneumonia and the number of new antibiotic prescriptions and
days of antibiotic use due to pneumonia but also all-cause mor-
tality in the elderly. An adequately powered randomized, double-
blind, controlled trial seems to be the likely next step. Such a
study is needed to determine the efficacy of zinc supplementation
as a potential low-cost intervention to reduce morbidity and
mortality due to pneumonia in this vulnerable population.
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Fructose intake is a predictor of LDL particle size in overweight
schoolchildren1�3

Isabelle Aeberli, Michael B Zimmermann, Luciano Molinari, Roger Lehmann, Dagmar l’Allemand, Giatgen A Spinas,
and Kaspar Berneis

ABSTRACT
Background: High amounts of dietary fructose may contribute to
dyslipidemia in adults, but there are few data in children. Childhood
adiposity is associated with smaller LDL particle size, but the dietary
predictors of LDL size in overweight children have not been studied.
Objectives: We aimed to determine whether LDL particle size is
associated with dietary factors and specifically with fructose intake
in normal-weight and overweight children.
Design: In a cross-sectional study of normal-weight and overweight
6–14 y-old Swiss children (n � 74), dietary intakes were assessed by
using two 24-h-recalls and a 1-d dietary record. Body mass index
(BMI) and waist-hip ratio (WHR) were measured, and plasma lipid
profile and LDL particle size were determined.
Results: Compared with the normal-weight group, overweight chil-
dren had significantly higher plasma triacylglycerol concentrations,
lower HDL-cholesterol concentrations, and smaller LDL particle
size (P � 0.05). LDL particle size was inversely correlated to BMI
SD scores and WHR (P � 0.007). Although there were no significant
differences in total fructose intake, the overweight children con-
sumed a significantly (P � 0.05) higher percentage of fructose from
sweets and sweetened drinks than did the normal-weight children.
After control for adiposity, the only dietary factor that was a signif-
icant predictor of LDL particle size was total fructose intake (P �
0.024).
Conclusions: In school-age children, greater total and central adi-
posity are associated with smaller LDL particle size and lower HDL
cholesterol. Overweight children consume more fructose from
sweets and sweetened drinks than do normal-weight children, and
higher fructose intake predicts smaller LDL particle size. Am J
Clin Nutr 2007;86:1174–8.

KEY WORDS Fructose, children, diet, LDL particle size,
overweight

INTRODUCTION

In the United States, the commercial use of fructose as a
sweetener has increased sharply since the 1970s. High-fructose
corn syrup (HFCS), a sweetener that is widely used in soft drinks,
bakery products, jams, and other daily food items, consists of
45% free, unbound glucose and 55% free, unbound fructose. In
comparison, sucrose, a disaccharide, consists of one molecule
glucose bound to one molecule of fructose, and it is cleaved
during digestion. It has been suggested that high intakes of free
fructose (not derived from sucrose) may contribute to hyperten-
sion, dyslipidemia, and obesity (1–3). High intakes of fructose
can be converted to fat via de novo lipogenesis (3, 4). In animal

studies, feeding large amounts of free fructose results in hyper-
lipidemia, hypertension, and fatty liver (1, 5, 6). Human studies
also showed that short-term feeding of high amounts of fructose
(up to 25% of total daily energy) leads to dyslipidemia and insulin
resistance in liver and adipose tissue (7, 8).

HFCS is not a commonly used sweetener in Western Europe.
In Switzerland, the origin of most free dietary fructose is fruit and
vegetables, and overall fructose intakes are lower than those in
the United States. Little is known about the metabolic effects of
low-to-moderate levels of free fructose intake. Moreover, there
are few data on the potential adverse effects of fructose consump-
tion in children.

Smaller LDL particle size is associated with the metabolic
syndrome and may be an early-onset risk factor for atheroscle-
rosis and type 2 diabetes (9–11). Although obesity and central
adiposity in adults and older children are associated with smaller
LDL particle size (12–15), there are few data in younger, prepu-
bertal children. Moreover, the dietary determinants of LDL par-
ticle size in children have not been studied. Therefore, the aim of
the present study was to investigate the relations between dietary
intakes—specifically, fructose consumption—and obesity, dis-
tribution of body fat, plasma lipids, and LDL particle size in a
cohort of Swiss schoolchildren.

SUBJECTS AND METHODS

Subjects

The subjects recruited for this study were 6–14-y-old children
(n � 74) living in the German-speaking part of Switzerland. Data
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on subclinical inflammation in this cohort of children were pre-
viously reported (16). The children were a convenience sample
of volunteers recruited through letters to primary schools and
pediatric clinics. The aim was to compare a group of normal-
weight children with a group of overweight children. Children
recruited from the pediatric clinics were otherwise healthy, over-
weight children presenting to the clinic for the first time for
weight-loss counseling.

Written informed consent was obtained from the parents, and
oral informed assent was obtained from the children. Ethical
approval for the study was obtained from the Ethics Committee
of the Swiss Federal Institute of Technology in Zürich.

Methods

For the dietary assessment, each child was interviewed twice
for a 24-h record, and each child filled in one 1-d weighed food
record. Each child was visited at the family home 3 times within
3 wk by the same trained interviewer. The 24-h recalls were done
at the first and second visits; at the second visit, the interviewer
also gave instructions and guidelines for the use of the 1-d
weighed food record. At the third visit, the 1-d food record was
carefully reviewed with the parent and the child, and an appoint-
ment was scheduled at the hospital clinic, at the parents’ conve-
nience, usually within 1–2 wk of the dietary assessment. Vol-
umes and portion sizes for the 24-h recalls were estimated by
using measuring cups and spoons, photographs of food portions,
and graduated food samples of cheese and bread. The combina-
tion of 24-h recalls and a food record provides a good overview
of a child’s habitual diet; this approach has been validated in
children as young as 8 y old (17).

The physical activity of the children was assessed with the use
of a questionnaire, which asked about the amount of time spent
in organized sports, watching television, and playing computer
games. On the day of the blood sampling, the children presented
to the hospital clinic in the morning after a 12-h overnight fast. A
blood sample (12 mL) was taken by venipuncture. Height was
measured to the nearest 0.5 cm with the use of a metal measuring
tape (Personcheck #44 444; Medizintechnik KaWe, Kirchner &
Wilhelm, Asperg, Germany), and weight was measured to the
nearest 100 g with the use of a digital balance (BF 18; Beurer,
Ulm, Germany). Waist and hip circumferences were measured
by using a nonstretchable measuring tape. The measurements of
waist and hip circumferences and skinfold thicknesses were done
by 2 experienced observers (IA and IH). After a 15-min rest,
supine resting blood pressure was measured by auscultation.

Laboratory analysis

Blood samples were centrifuged for 15 min at 20 °C and at
2500 RPM (Omnifuge 2.0RS; Heraeus Sepatech GmbH,
Osterode, Germany). Total, HDL, and LDL cholesterol and tria-
cylglycerols were measured in fresh serum on a Hitachi 917
analyzer (Combination Triacylglycerol GPO-PAP and HDL�
2nd-generation kits; Roche, Basel, Switzerland). Serum was
stored at �20 °C for later analysis. Nondenaturing polyacryl-
amide gradient gel electrophoresis (GGE) of plasma was per-
formed at 10–14 °C in 2–16% polyacrylamide gradient gels.
Gels were subjected to electrophoresis for 24 h at 125 V in tris
borate buffer (pH 8.3) as described elsewhere (18, 19). Gels were
fixed and stained for lipids in a solution containing Oil Red O
(Sigma Chemical, St Louis, MO) in 60% ethanol at 55 °C. Gels

were placed on a light source and photographed by using Lumi-
nescent Image Analyzer (LAS-3000; Fujifilm, Tokyo, Japan)
detection with transmitted white light. Using public domain soft-
ware from the National Institutes of Health (IMAGE; version
1.62; National Institutes of Health, Bethesa, MD), we measured
the migration distance for each absorbance peak and calculated
the molecular diameter corresponding to each peak from a cali-
bration curve generated from the migration distance of size stan-
dards of known diameter. These standards include carboxylated
latex beads (Duke Scientific, Palo Alto, CA), thyroglobulin, and
apoferritin (HMW Std; Pharmacia, Piscataway, NJ), which have
a molecular diameter of 380, 170, and 122 Å, respectively, and
lipoprotein calibrators of previously determined particle size.

Statistical analysis

The data for the 3 d of dietary assessment were carefully
checked and entered into EBISPRO for WINDOWS software
(version 4.0; J Erhardt, University of Hohenheim, Stuttgart, Ger-
many) by the lead interviewer (IA). This system translates the
amount of food eaten into individual nutrients. The program is
based on the German Food and Nutrition Database (BLS 2.3;
Federal Health Department, Berlin, Germany); for foods specific
to Switzerland, it incorporates values of �700 foods from the
Swiss Food Composition Database (20). Energy and nutrient
data were averaged across the 3 d to obtain mean daily energy and
nutrient intakes for each child.

The body mass index (BMI; in kg/m2) of the children was
calculated. BMI SD scores (BMI-SDS) were calculated (BMI-
SDS � individual BMI value – reference mean BMI value di-
vided by SD to scale the data for comparison across ages and sex)
and used as age- and sex-independent values in the analysis. Age-
and sex-specific criteria from the Centers for Disease Control and
Prevention (CDC; 21) were used to classify children as normal-
weight, above the 85th percentile, or above the 95th percentile.
Although the CDC uses the terms “at risk for overweight” for
children between the 85th and the 95th percentiles and “over-
weight” for children above the 95th percentile, in the present
study, we used the terms “overweight” for the former and
“obese” for the latter. This wording is consistent with that in a
previous study in which these criteria were validated in Swiss
children at the same age (22).

Statistical analyses were performed by using SPSS for
WINDOWS statistical software (version 13.0; SPSS Inc, Chi-
cago, IL). Nonnormally distributed variables were log trans-
formed for comparisons. One-way analysis of variance
(ANOVA) with a post hoc Bonferroni test was used to compare
means. Pearson correlations were used to investigate the relation
between measures of adiposity and LDL particle size. To analyze
the associations of dietary factors and metabolic parameters with
LDL particle size, multivariate regressions were done. All equa-
tions were checked for confounding factors, such as adiposity,
age, pubertal stage, and sex, and those factors were added as
covariates when necessary.

RESULTS

The anthropometric data and the blood lipid variables of the
children, by body weight classification, are shown in Table 1.
Compared with the normal-weight children, overweight children
had significantly higher plasma triacylglycerol concentrations,
lower HDL cholesterol concentrations, and smaller LDL particle
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size (P � 0.05). Although LDL-cholesterol concentrations were
�20% higher in the overweight children than in the normal-
weight children, that difference was not statistically significant.
In the continuous analysis, there were strong associations be-
tween LDL particle size and BMI-SDS, an index of overall ad-
iposity (r � �0.313, P � 0.007), and WHR, a measure of central
adiposity (r � �0.444; P � 0.001).

Dietary intakes of macronutrients by weight classification are
shown in Table 2. There was no significant difference between
groups in total energy or fat intake, but protein intake was sig-
nificantly (P � 0.05) greater in overweight than in normal-
weight children. There were no significant differences in total
carbohydrate, glucose, or sucrose intake, but overweight chil-
dren had a significantly (P � 0.05) lower intake of fiber than did
normal-weight children. There were no significant differences in
total fructose intake, and median intakes were low (1.5–2.0 g/d),
but the highest intakes were �10 times the lowest intakes. How-
ever, the sources of fructose were different in the 2 groups:
overweight children consumed significantly less fructose, as a
percentage of total fructose, from fruit and vegetables and sig-
nificantly more fructose from sweets and sweetened drinks (P �
0.05 for both).

In the multivariate regressions, the addition of BMI-SDS, age,
or sex (or age and sex) did not provide predictions; therefore, the
results shown in Tables 3 and 4 are those obtained after control
for WHR only (except for the regression on HDL in Table 4,
which was also controlled for sex). Table 3 shows the effects of
multivariate regressions of dietary factors on LDL particle size.
The only nutrient intakes that were a significant predictor of LDL
particle size were total fructose (P � 0.024) and g fructose/1000
kcal (P � 0.042). There were nonsignificant trends toward an
association with fructose from sweets and drinks (P � 0.074) and
with fructose from fruit and vegetables (P � 0.081). All of these
associations were negative, which indicated that a higher fruc-
tose intake was associated with smaller LDL particles, indepen-
dent of adiposity. Time spent in watching television and playing
computer games was significantly correlated to WHR (Pearson
correlation coefficient: 0.407; P � 0.001). However, when that

variable was introduced as a covariate into the regression of
fructose intake on LDL particle size, it was not a significant
predictor (P � 0.456, � � �0.086).

As shown in Table 4, fructose intake did not significantly
predict any other measured lipid variable. In the regressions

TABLE 2
Daily macronutrient intakes of 6–14-y-old Swiss children by weight
classification

Normal-weight
children
(n � 31)

Overweight
children
(n � 43)

Energy (kcal) 1871.8 � 469.51 1849.0 � 336.6
Fat (g) 76.82 � 21.34 74.5 � 18.18
Fat (% of energy) 36.23 � 4.28 35.51 � 4.75
Protein (g) 58.53 � 14.83 66.00 � 12.202

Protein (% of energy) 12.74 � 2.19 14.65 � 2.372

Carbohydrates (g) 235.88 � 65.89 228.16 � 48.13
Carbohydrates (% of energy) 50.90 � 4.71 49.95 � 4.61
Fiber (g) 18.11 � 4.61 15.97 � 4.472

Fructose (g) 1.99 (0.12–12.3)3 1.62 (0.15–11.38)
Glucose (g) 1.71 (0.15–10.78) 1.44 (0.23–6.94)
Sucrose (g) 19.59 (3.65–129.76) 17.94 (0.23–73.12)
Fructose from fruit and

vegetables (% of total
fructose)

58.1 � 31.4 41.9 � 31.42

Fructose from fruit and
vegetables (g)

0.9 (0–10.5) 0.5 (0.00–11.20)

Fructose from sweets and
drinks (% of total fructose)

23.4 � 26.0 40.0 � 31.72

Fructose from sweets and
drinks (g)

0.3 (0–2.4) 0.5 (0–5.8)

1 x� � SD (all such values).
2 Significantly different from the normal-weight group, P � 0.05

(independent-samples t test).
3 Median; range in parentheses (all such values).

TABLE 3
Multivariate regressions of macronutrient dietary factors on LDL particle
size, after control for waist-hip ratio, in 6–14-y-old normal-weight and
overweight Swiss children1

LDL size2

�3 P

Fructose intake �0.245 0.024
g Fructose/1000 kcal �0.223 0.042
g Fructose from fruit and vegetables �0.199 0.081
g Fructose from sweets and drinks �0.228 0.074
Glucose intake �0.187 0.083
Sucrose intake �0.025 0.817
Carbohydrate intake �0.134 0.214
Fiber intake �0.062 0.570
Energy intake �0.109 0.314
Fat intake �0.014 0.896
SFA 0.037 0.734
MUFA �0.038 0.728
PUFA �0.047 0.677
Protein intake �0.179 0.101

1 n � 74. SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids.

2 Controlled for waist-hip ratio.
3 Standardized coefficient.

TABLE 1
Anthropometric measurements and lipid variables in 6–14-y-old Swiss
children by weight classification1

Normal-weight
children
(n � 31)

Overweight
children
(n � 43)

Age (y) 10.1 � 2.01 10.1 � 1.9
M/F 19/12 21/22
Height (m) 1.40 � 0.12 1.48 � 0.122

Weight (kg) 31.9 � 9.1 51.5 � 14.22

BMI (kg/m2) 15.9 � 1.9 23.4 � 3.22

Body fat (%) 19.6 � 4.9 36.1 � 6.52

Waist-hip ratio 0.79 � 0.03 0.86 � 0.062

Total cholesterol (mmol/L) 4.12 � 0.76 4.20 � 0.85
HDL cholesterol (mmol/L) 1.60 (1.10–2.20)3 1.30 (0.90–2.30)2

LDL cholesterol (mmol/L) 2.20 (1.30–3.70) 2.60 (1.20–4.30)
Triacylglycerol (mmol/L) 0.50 (0.30–1.00) 0.80 (0.30–1.98)2

LDL particle size 290.14 � 5.71 285.68 � 7.962

1 x� � SD (all such values).
2 Significantly different from normal-weight children, P � 0.05

(independent-samples t test).
3 Median; range in parentheses (all such values).
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investigating the relations between the other measured lipid vari-
ables and LDL particle size, HDL cholesterol correlated posi-
tively with LDL size (P � 0.001, adjusted for WHR), there was
an inverse association between plasma triacylglycerols and LDL
size (P � 0.003, adjusted for WHR), and there was no association
between LDL particle size and total or LDL cholesterol.

DISCUSSION

The median fructose consumption in the study children was
1.9 g/d (range: 0.1–12.2 g/d), which corresponded to �0.5% of
daily energy intake. This is �5% of the mean intakes in US
adults, who derive �9% of their daily energy from fructose (8).
Although the median intake in the present study was low, the
highest intake was �10 times the lowest intake; children with the
highest intakes were consuming �10 g/d. In the present study,
overweight children consumed a significantly higher percentage
of fructose originating from sweets and sweetened drinks and a
significantly lower percentage of fructose originating from fruit
and vegetables than did normal-weight children. To our knowl-
edge, these are the first published data on fructose consumption
in normal-weight and overweight children in Europe.

High intakes of fructose have been implicated in the develop-
ment of dyslipidemia and obesity (2, 23). High intakes of dietary
fructose induce hyperlipidemia in rodents (1), but studies on the
effects of fructose intake on plasma lipids in adults are equivocal.
Several studies have shown the effects of a high fructose intake
on plasma lipids—in particular, the triacylglycerol concentra-
tions increased (7, 24); however, other studies did not show such
effects (8, 25). In our study, compared with normal-weight chil-
dren, overweight children had significantly lower HDL-
cholesterol concentrations and smaller LDL particle size and
significantly greater plasma triacylglycerol concentrations. This
finding is consistent with 2 previous studies in obese older chil-
dren and adolescents (26, 27). However, there was no association
between fructose consumption and HDL, LDL, or total choles-
terol or triacylglycerols. We are aware of no previous studies on
fructose intake and dyslipidemia in children.

The dietary determinants of LDL particle size in adults and
children are uncertain. Several studies have shown that short-
term high-carbohydrate diets lead to a reduction in LDL particle
size (28–31), but those studies investigated the total carbohy-
drate intake, not the intakes of specific types of carbohydrates.

The major new finding of the present study is that higher intakes
of dietary fructose predict smaller LDL particle size in young
children, independent of adiposity. This association was found
despite overall fructose intakes that were lower than those found
in countries where HFCS is widely used as an added sweetener.
Although the total free fructose intake predicted smaller LDL
particle size, there was no significant relation between the intake
of fructose derived from fruit and vegetables (intrinsic sources)
or the amount added to sweets and sweetened drinks and LDL
particle size. Thus, we could not distinguish whether a particular
source of dietary fructose was responsible for an observed rela-
tion with LDL particle size.

Fructose intakes were correlated with LDL particle size but not
with adiposity or any other lipid variable in the children in the
present study, which suggests that one of the earliest metabolic
effects of higher fructose intake may be modulation of LDL
particle size. This finding is consistent with a previous study in
adults with coronary artery disease (32), in which changes in
LDL particle size appeared to precede other dyslipidemic
changes.

The present study had some limitations. Because it was cross-
sectional, the directionality of the reported associations cannot
be established, and the sample size may have been insufficient to
detect weak associations. However, studies in young children on
the determinants of LDL particle size are valuable because the
findings are usually not confounded by chronic disease or smok-
ing and alcohol consumption. Moreover, dietary assessment,
which is always challenging, is particularly so in children, be-
cause their ability to record or remember their diet and their
knowledge of food and food preparation are limited (33, 34). We
used a rigorous method that required 3 home visits and combined
24-h recalls and weighed food records—2 complementary as-
sessment tools (17)

The pattern B phenotype (a predominance of small, dense
LDL) is a common finding in obese adults, and this phenotype
is linked to a greater incidence of cardiovascular disease (11).
The present study shows that LDL particle size in overweight
children is smaller than that in normal-weight children. How-
ever, the mean LDL particle size of 285.68 Å observed in the
overweight children still exceeds the 264 Å that is considered
the lower limit of large, buoyant LDL particle size for adults.
However, the smaller LDL particle size in the overweight
children may represent an early, subtle shift toward the dys-
lipidemic pattern of small, dense LDL particles often found in
obese adults.
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TABLE 4
Multivariate regressions of fructose and LDL size on other lipid variables
after control for waist-hip ratio, in 6–14-y-old normal-weight and
overweight Swiss children1

Fructose intake LDL size

�3 p � p

LDL size1 �0.245 0.024 — —
HDL cholesterol4 �0.048 0.660 0.485 �0.001
LDL cholesterol1 �0.034 0.780 �0.113 0.307
Triacylglycerols1 0.014 0.901 �0.344 0.003
Total cholesterol1 �0.079 0.518 �0.015 0.893

1 n � 74.
2 Standardized coefficient.
3 Controlled for waist-hip ratio.
4 Controlled for waist-hip ratio and sex.
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Genomic methylation of peripheral blood leukocyte DNA: influences
of arsenic and folate in Bangladeshi adults1�3

J Richard Pilsner, Xinhua Liu, Habibul Ahsan, Vesna Ilievski, Vesna Slavkovich, Diane Levy, Pam Factor-Litvak,
Joseph H Graziano, and Mary V Gamble

ABSTRACT
Background: Studies in cell culture and animal models indicate that
arsenic exposure induces modifications in DNA methylation, in-
cluding genome-wide DNA hypomethylation. It is not known
whether arsenic exposure influences genomic DNA methylation in
human populations chronically exposed to arsenic-contaminated
drinking water.
Objective: The objective of this study was to determine whether
arsenic is associated with genomic hypomethylation of peripheral
blood leukocyte (PBL) DNA in Bangladeshi adults who are chron-
ically exposed to arsenic. We also investigated whether arsenic-
induced alterations in DNA methylation may be influenced by folate
nutritional status.
Design: PBL DNA methylation and concentrations of plasma folate,
plasma arsenic, and urinary arsenic were assessed in 294 adults in
Araihazar, Bangladesh. Genomic PBL DNA methylation was mea-
sured by using a [3H]-methyl incorporation assay.
Results: Urinary arsenic, plasma arsenic, and plasma folate were
positively associated with the methylation of PBL DNA (P � 0.009,
0.03, and 0.03, respectively). Stratification of participants by folate
nutritional status [�9 nmol/L (n � 190) or �9 nmol/L (n � 104)]
showed that the associations between arsenic exposure and methyl-
ation of PBL DNA were restricted to persons with folate concentra-
tions � 9 nmol/L.
Conclusions: Contrary to our a priori hypothesis, arsenic exposure
was positively associated with genomic PBL DNA methylation in a
dose-dependent manner. This effect is modified by folate, which
suggests that arsenic-induced increases in DNA methylation cannot
occur in the absence of adequate folate. The underlying mechanisms
and physiologic implications of increased genomic DNA methyl-
ation are unclear, and they warrant further study. Am J Clin Nutr
2007;86:1179-86.

KEY WORDS DNA methylation, epigenetics, folate, folic
acid, folate deficiency, one-carbon metabolism, S-adenosyl-
methionine, SAM, arsenic, arsenicosis, Bangladesh, well water

INTRODUCTION

The installation of tube wells has been promoted in Bang-
ladesh since the 1960s in an effort to reduce the high infant
mortality due to waterborne microbial diseases contracted by
drinking contaminated surface water (1). It is estimated that
nearly 35 million Bangladeshis are being exposed to arsenic
concentrations that exceed the Bangladeshi standard of

50 �g/L, and 57 million are exposed to concentrations �10
�g/L (2), the World Health Organization standard, which is
based on the extrapolation of cancer risk from studies in
Taiwan (3, 4).

Arsenic exposure is associated with greater risk of cancers
of the skin, liver, lung, and bladder (5). Noncancer health
effects include ischemic heart disease (6), peripheral vascular
disease, and neurologic deficits in adults and in children (7, 8).
The mechanisms responsible for these multiple adverse out-
comes have not been clearly elucidated and likely are multi-
factorial.

DNA methylation, or the covalent addition of a methyl group
from S-adenosylmethionine (SAM) to cytosine by DNA meth-
yltransferases (DNMTs), is an essential epigenetic modification
of the genome in mammalian cells (9, 10). DNA methylation
occurs almost exclusively at CpG dinucleotides in repetitive
sequences as well as in coding and intronic regions (the latter are
termed genomic DNA methylation). In contrast, most cytosine
residues in CpG islands or in the G�C–rich regions found in the
5� regions of many genes are unmethylated. Appropriate DNA
methylation plays important roles in transcriptional regulation, X
chromosome inactivation and imprinting, suppression of para-
sitic DNA sequences, DNA mismatch repair, and maintenance of
genomic stability (10). Genomic hypomethylation of DNA is
thought to constitute an early event in some cancers, and it is
commonly seen in tumors and transformed cells, where hypom-
ethylation may induce chromosomal instability (11, 12).

Environmental exposures such as smoking, pesticides, radia-
tion, and cadmium (13, 14) and other factors such as folate
deficiency (15, 16) and age (17, 18) are associated with altered
DNA methylation. Cell culture and animal studies suggest that
arsenic exposure induces genomic hypomethylation of DNA (19,
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20). Arsenic-induced gene-specific hypermethylation of pro-
moter regions in p53 and p16 have been reported in both cell
culture and in peripheral blood leukocyte (PBL) DNA from per-
sons with arsenic-induced skin lesions (21, 22).

Folate is an important regulator of one-carbon metabolism, the
biochemical pathway that mediates the transfer of methyl groups
from SAM to numerous substrates, including DNA and arsenic.
Methyl-deficient diets (ie, those deficient in folate, methionine,
choline, and vitamin B-12) (23, 24) or folate deficiency alone
(25) can induce genomic hypomethylation of DNA. Methyl-
deficient diets are thought to induce methylation errors in DNA
by reducing the methyl pool during replication, which can lead to
heritable changes in DNA methylation and subsequent chromo-
somal instability, loss of imprinting, reactivation of transposable
elements, and aberrant gene expression patterns. We hypothe-
sized that arsenic exposure is associated with genomic hypo-
methylation of PBL DNA in Bangladeshi adults who are
chronically exposed to arsenic in drinking water and that this
association may be exacerbated by inadequate folate nutritional
status.

SUBJECTS AND METHODS

The Nutritional Influences on Arsenic Toxicity (NIAT) study
was designed to assess the prevalences of folate deficiency and
hyperhomocysteinemia in Bangladesh (26), to determine
whether or not folate nutritional status is associated with meth-
ylation of arsenic (27), and to determine whether folate defi-
ciency, arsenic exposure, or both are associated with genomic
methylation of PBL DNA. The NIAT study has worked in col-
laboration with the Health Effects of Arsenic Longitudinal
Study, a large prospective cohort study of adults exposed to a
wide range of water arsenic concentrations (28), from which the
adult subjects evaluated in the present study were selected.

The study region

The study site is a 25-km2 region within the thana of Araihazar
(a thana is an administrative unit, or subdivision, of 1 of the 64
divisions of Bangladesh), �30 km east of Dhaka, Bangladesh.
The variability of well-water arsenic concentrations (0.1–860
�g/L) in this region offers a unique opportunity for the study of
dose-response relations between arsenic exposure and arsenic-
related health outcomes. Our data on socioeconomic status and
the data of Columbia University’s Center for International Earth
Science Information Network (CIESIN; 29) indicate that this
region is not particularly poor by Bangladeshi standards.

Eligibility criteria and study design

The Health Effects of Arsenic Longitudinal Study includes
11 746 men and women between the ages of 18 and 65 y who
were recruited between October 2000 and May 2002 and who
continue to be followed at 2-y intervals. As part of the NIAT
study, a cross-sectional study of 1650 of these participants, re-
ported elsewhere (26), was first conducted to determine the
prevalences of folate and cobalamin deficiencies and of hyper-
homocysteinemia and to identify a pool of participants with low
plasma folate for recruitment into a folic acid (FA) intervention
study. The 200 participants enrolled in the FA supplementation
trial were a random sample of the 550 participants who were in
the lowest tertile of plasma folate in the cross-sectional study

(27). Participants were excluded if they were pregnant or cobal-
amin deficient (vitamin B-12 � 185 pmol/L) or if they were
taking vitamin supplements.

For these analyses, we include baseline data from 195 partic-
ipants who were enrolled in the FA intervention study in which
high-quality DNA was obtained (30). To capture wider ranges of
arsenic exposure and folate nutritional status, an additional 100
participants were recruited from the cohort study. These partic-
ipants were known to have continued to drink from the same well
for at least the past 4 y (so that exposure was not altered), and we
oversampled participants who were drinking from a high-arsenic
well so that 70% were drinking water with �50 �g As/L. Aside
from these criteria, these 100 participants were randomly se-
lected. In total, the current study consists of 294 Bangladeshi
adults. To determine whether folate nutritional status modifies
the relation between arsenic exposure and genomic PBL DNA
methylation, we stratified participants by folate nutritional sta-
tus. The low-folate (LF) group included all participants with
plasma folate concentrations � 9 nmol/L (n � 190), and the
high-folate (HF) group included all participants with plasma
folate concentrations � 9 nmol/L (n � 104). Normal reference
values (95% CIs) for cobalamin and plasma folate were reported
by Christenson et al (31) from ostensibly healthy blood donors
with the use of the Quantaphase II radioimmunoassay (Bio-Rad,
Richmond, CA), and those reference values were used to stratify
participants in the present study into HF or LF groups.

Oral informed consent was obtained by our Bangladeshi field
staff physicians, who read an approved assent form to the study
participants. This study was approved by the institutional review
boards of Columbia Presbyterian Medical Center and the Bang-
ladesh Medical Research Council.

Analytic techniques

Sample collection and handling

Blood samples for buffy coats, plasma total homocysteine
(tHcy), folate, and total cobalamin were obtained by venipunc-
ture at the time of recruitment. Blood was collected into heparin-
containing evacuated tubes that were placed in IsoRack cool
packs (Brinkmann Instruments, Westbury, NY), which were de-
signed to maintain samples at 0 °C for 6 h. Within 4 h, samples
were transported in hand-carried coolers to our local laboratory,
which is situated at our field clinic in Araihazar. Samples were
centrifuged at 3000 � g for 10 min at 4 °C, and the buffy coat and
plasma were separated from red cells. Aliquots of plasma were
stored at 	80 °C and shipped, frozen on dry ice, to Columbia
University for analysis. Urine samples were collected in 50-mL
acid-washed polypropylene tubes, which were kept in portable
coolers, frozen at 	20 °C within 4 h, and similarly shipped on
dry ice.

Water arsenic

A survey of all wells in the study region measured the water
arsenic concentrations of the tube well at each participant’s home
between January and May 2000 (32). Samples were analyzed at
Columbia University’s Lamont Doherty Earth Observatory by
using graphite furnace atomic absorption (GFAA) spectrometry,
which has a detection limit of 5 �g/L. Those samples found by
GFAA to have nondetectable arsenic were subsequently ana-
lyzed with the use of inductively coupled mass spectrometry
(ICP-MS), which has a detection limit of 0.1 �g/L (33).
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Total urinary arsenic

Total urinary arsenic concentrations were measured by using
GFAA spectrometry in a graphite furnace system (AAnalyst 600;
Perkin-Elmer, Shelton, CT) in the Columbia University Trace
Metals Core Laboratory, as described previously (34). This lab-
oratory participates in a quality-control program for total urinary
arsenic, which is coordinated by Philippe Weber at the Québec
Toxicology Center (Québec, Canada). During the course of this
study, intraclass correlation coefficients between our laborato-
ry’s values and the samples calibrated at the Québec laboratory
were 0.99. Urinary creatinine was analyzed by using a method
based on the Jaffe reaction (35) and was used to correct for
differences in urine concentration.

Plasma arsenic

Plasma samples were analyzed for arsenic by using dynamic
reaction cell (DRC) technology (Elan DRC II ICP-MS; Perkin-
Elmer) equipped with an AS 93� autosampler. The ICP-MS-
DRC method for measuring metals in plasma was developed
according to published procedure (36) with modifications for
plasma sample preparation developed in our laboratory. Plasma
samples were thawed, thoroughly mixed, and analyzed in dupli-
cate after dilution 100� with 2% HNO3 and 0.2% Triton (Fischer
Scientific, Fairlawn, NJ). One multiple-element standard solu-
tion was used for instrument calibration, where concentrations
were chosen to cover the expected ranges of arsenic concentra-
tions in plasma samples. Special attention was given to correc-
tion of matrix-induced and spectral interferences. Matrix sup-
pression is very well compensated by the selection of suitable
internal standards, which are matched to masses and, if possible,
to ionization properties of the analytes. For arsenic, we used
iridium. A stock iridium-spiking solution was prepared, which
ultimately delivered 5 ng Ir to each tube. Spectral interferences
for arsenic were solved with DRC technology by introducing
oxygen as a second gas. The detection limit of the method for
plasma arsenic was 0.01 �g/L. After calibrating the instrument
and after every 10–12 samples, we ran quality-control serum
samples with known arsenic concentrations obtained from the
Laboratory for ICP-MS Comparison Program, Institut National
de Santé Publique du Québec. Quality-control serum samples
covered the entire range of observed arsenic concentrations. Dur-
ing the month in which these study samples were analyzed, the
intraassay CV for arsenic concentration in control serum arsenic
was 10.4.

Total blood arsenic and blood arsenic metabolites

Whole-blood specimens were digested according to method of
Csanaky and Gregus (37). Frozen samples were thawed and
mixed with 0.1 volume of 5.5% Triton X-100 (Fischer Scien-
tific). After the addition of 0.1 volume of 150 mmol aqueous
mercury chloride/L and incubation on ice for 1 min, samples
were deproteinized with one volume of 0.66 mol ice-cold
HClO4/L and centrifuged for 10 min at 4000 RPM and at 4 °C
(CentraCL3R; ThermoElectron Corp, Needham Heights, MA).
The supernatant was mixed with mobile phase, injected onto the
HPLC column, and detected by ICP-MS-DRC. Calibration stan-
dards of a mixture of arsenic metabolites were similarly pro-
cessed. ICP-MS-DRC coupled to HPLC separates and detects 6
arsenic metabolites that are chromatographically separated by
anion exchange with the use of a PRP-X100 column (Hamilton

Co, Reno, NV) (38). The mobile phase is 10 mmol ammonium
nitrate–ammonium phosphate/L, pH 9.1. Arsenocholine (AsC),
arsenobetaine (AsB), monomethylarsonic acid (MMA), dimeth-
ylarsinic acid (DMA), arsenite (AsIII), and arsenate (AsV) are
detectable with great precision, even in blood samples with total
arsenic concentrations as low as 3 �g/L. We report inorganic
arsenic (InAs) as total InAs because AsIII can oxidize to AsV

during sample transport and preparation. However, we note that
most of the InAs in blood appeared as AsIII. We use 2 types of
quality-control samples. We have blood samples (purchased
from the Institut de Santé Publique du Québec) with known
concentrations of 23 different elements, including arsenic. We
also have our own set of blood samples, which are spiked with
AsC, AsIII, DMA, MMA, and AsV at 3 different concentrations
to cover the expected range of arsenic in unspiked samples. We
ran both sets of quality-control samples at the beginning of every
working day and throughout the day, after every 10 samples.

Isolation of peripheral blood leukocyte DNA

Buffy coats were transferred to 1 mL red blood cell solution
(GenomicPrep Blood DNA Isolation Kit; Amersham Bio-
sciences, Piscataway, NJ) and centrifuged at 16 000 � g for 5
min at 4 °C to separate PBLs from contaminating red blood cells.
PBLs were subsequently lysed in the presence of a DNA preser-
vative and stored at 4 °C. Samples were subsequently shipped at
4 °C to Columbia University, where the isolation of PBL DNA
was completed according to the manufacturer’s protocol.

Genomic DNA methylation

Genomic DNA methylation was measured by using the methyl
acceptance assay according to the method of Balaghi and Wagner
(25). DNA was incubated with [3H]-SAM in the presence of the
SssI bacterial methylase enzyme, which indiscriminately methy-
lates all unmethylated CpG sequences. Therefore, the ability of
DNA to incorporate [3H]methyl groups in vitro is inversely re-
lated to endogenous DNA methylation. Briefly, 0.5 �g DNA was
incubated with 3 U SssI methylase (New England Biolabs, Bev-
erly, MA), 3.8 �M (1.1 �Ci) 3H-labeled SAM (Perkin-Elmer),
EDTA, dithiothreitol, and Tris-HCl (pH 8.2) in a 30-�L mixture
for 1 h at 37 °C. The reaction was terminated on ice, and 15 �L
of the reaction mixture was applied onto filter paper (DE81;
Whatman Inc, Clifton, NJ). The filter was washed 3 times on a
vacuum filtration apparatus with 5 mL of 0.5 mol sodium phos-
phate buffer/L (pH 8.0) and then with 2 mL each of 70% and
100% ethanol. Dried filters were each placed in a vial with 5 mL
scintillation fluid (Scintisafe; Fisher Scientific, Fair Lawn, NJ)
and were analyzed by using a liquid scintillation counter (Tri-
Carb 2100TR; Packard Instruments, Downers Grove, IL). Each
DNA sample was processed in duplicate, and each processing
run included samples for background (the reaction mixture in-
cluded all components except the SssI enzyme), a hypomethyl-
ation control (HeLa cell DNA), and a quality-control sample
(DNA extracted from a whole-blood sample) to determine the
intraassay and interassay CVs (1.8% and 5.3%, respectively). To
quantify the amount of double-stranded DNA (dsDNA) in each
reaction, an aliquot of the assayed DNA was used to determine
DNA concentrations by using PicoGreen dsDNA Quantitation
Reagent (Molecular Probes, Eugene, OR). All disintegration per
minute (DPM) values were expressed per �g DNA as quantified
with the use of PicoGreen.
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Plasma folate and vitamin B-12

Plasma folate and total cobalamin were analyzed by using the
Quantaphase II radioimmunoassay as previously reported (26).
The within- and between-day CVs for folate were 3% and 11%,
respectively, and those for cobalamin were 4% and 8%,
respectively.

Plasma total homocysteine concentrations

Plasma tHcy concentrations were measured by using HPLC
with fluorescence detection according to the method described
by Pfeiffer et al (39) and as previously reported (26, 27). The
within- and between-day CVs for tHcy were 5 and 8%,
respectively.

Statistical analysis

Descriptive statistics for characteristics of the study sample
were calculated for the LF and the HF groups separately and
combined. Group differences in quantitative variables were
tested by using Wilcoxon’s rank-sum test. Chi-square tests were
used to test for group differences in the categorical variables.

We used Spearman correlations to assess bivariate associa-
tions for quantitative variables. Linear regression analyses ex-
amined associations between the continuous outcome—ie, [3H]-

methyl incorporation—and predictors of interest, such as urinary
and plasma arsenic and plasma folate, after control for age, smok-
ing, and sex, as well as urinary creatinine when urinary arsenic
was included in a model. All analyses were conducted with the
use of SAS software (version 9.1; SAS Institute, Cary, NC).
Variables with skewed distributions were log transformed to
reduce the effect of extreme values in the regression analysis. The
log-transformed variables included plasma concentrations of
tHcy, folate, arsenic, and cobalamin and urinary concentrations
of arsenic and creatinine.

RESULTS

The characteristics of the study population are given in
Table 1. There were no significant differences between the LF
and HF groups in BMI, number of children, and sociodemo-
graphic variables such as the type of house and years of educa-
tion. Water arsenic, plasma arsenic, and total blood arsenic also
did not differ significantly between groups. However, the LF
group had significantly lower concentrations of urinary arsenic,
whether adjusted for urinary creatinine or not adjusted (P � 0.01
and 0.02, respectively). Participants in the LF group were more
likely to be male, to smoke cigarettes, and to chew betel nut,

TABLE 1
Demographic and clinical data of subjects in the current study1

Baseline variables
Low-folate group

(n � 190)
High-folate group

(n � 104)
Group

difference
Total

(n � 294)

Plasma folate (nmol/L) 6.5 
 1.42 12.3 
 3.5 � 0.00013 8.6 
 3.7
Age (y) 39.5 
 10 34.9 
 10 � 0.0013 37.9 
 10.4
Education (y) 3.5 
 3.4 3. 
 3.6 0.263 3.3 
 3.5
BMI (kg/m2) 19.6 
 3.2 20 
 3.3 0.083 19.8 
 3.2
Children (n) 3.2 
 1.7 3.0 
 1.7 0.253 3.1 
 1.7
Water arsenic (�g/L) 117 
 109 105 
 104 0.673 112 
 107
Urinary arsenic (�g/L) 161 
 185 185 
 144 0.023 170 
 171
Urinary arsenic/creatinine (�g/g Cr) 313 
 300 370 
 300 0.013 333 
 301
Plasma arsenic (�g/L) 7.2 
 3.8 7.8 
 3.8 0.133 7.5 
 3.8
Urinary creatinine (mg/dL) 61 
 48 60 
 37 0.863 61 
 44
Blood arsenic (�g/L)4 9.9 
 6.3 9.9 
 6.5 0.833 9.9 
 6.3
Plasma vitamin B-12 (pmol/L) 272 
 120 265 
 119 0.523 270 
 120
Plasma homocysteine (�mol/L) 12.2 
 5.9 8.6 
 2.3 � 0.00013 10.9 
 5.2
Pre-DNA methylation (DPM/�g DNA) 42 639 
 3881 41 517 
 4017 0.033 42 242 
 3959
Male [n (%)] 112 (59) 31 
 32 � 0.0001 144 (49)
Cigarette smoker [n (%)] 87 (46) 20 
 21 � 0.0001 109 (37)
Use of betel nut [n (%)] 75 (39) 23 
 24 0.01 99 (34)
House type [n (%)]

Thatched or other 11 (6) 4 
 4 0.65 15 (5)
Corrugated tin 165 (87) 90 
 94 259 (88)
Semi-pakka 14 (7) 6 
 6 20 (7)

Children [n (%)]
0 4 (2.0) 0 
 0 0.21 2 (0.7)
1–2 73 (40) 47 
 47 120 (43)
�3 104 (58) 53 
 53 157 (56)

Education [n (%)]
0 y 73 (49) 52 
 46 0.65 119 (50)
1–5 y 34 (23) 25 
 22 113 (24)
�5 y 42 (28) 23 
 20 62 (26)

1 n � 294. Semi-pakka, a construction with half in concrete and half in another material (eg, corrugated tin).
2 x� 
 SD (all such values).
3 P values were determined with Wilcoxon’s rank-sum test.
4 n � 137 and 87 in the low-folate and high-folate groups, respectively.
5 P values were determined with a chi-square test.
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which is consistent with our previous work indicating that these
variables are associated with low plasma folate (26). The LF
group had significantly (P � 0.0001) higher plasma tHcy con-
centrations than did the HF group. Age (P � 0.0001) and [3H]-
methyl incorporation of PBL DNA (P � 0.03) also were signif-
icantly higher in the LF group than in the HF group.

The associations (Spearman correlation coefficients) between
[3H]-methyl incorporation in PBL DNA and biological variables
are shown in Table 2 for the LF and HF groups separately and
combined. In the combined sample, plasma arsenic, urinary ar-
senic, and the amount of urinary arsenic in relation to creatinine
(�g As/g Cr) were negatively correlated with the extent of [3H]-
methyl incorporation (P � 0.03, 0.009, and 0.04, respectively),
which suggests that arsenic exposure is positively associated
with genomic methylation of PBL DNA. In agreement with other
investigators (40), we found that age was positively (P � 0.0001)
associated and plasma folate was negatively (P � 0.03) associ-
ated with [3H]-methyl incorporation. When the LF and HF
groups were analyzed separately, the magnitude of effect of
arsenic exposure on [3H]-methyl incorporation differed by group
(Table 2), so that the significant negative relation between ar-
senic exposure and [3H]-methyl incorporation observed in the
combined sample was apparent only in the HF group.

In the HF group, urinary arsenic was associated with a dose-
dependent decrease in [3H]-methyl incorporation after control
for age, sex, urinary creatinine, and smoking (Figure 1; P for
trend � 0.009); no significant dose response was observed in the

LF group. Estimated regression coefficients of urinary and
plasma arsenic and age as predictors of [3H]-methyl incorpora-
tion of PBL DNA for the LF and HF groups separately and
combined are shown in Table 3. In the combined sample, linear
regression analysis found a negative association between urinary
arsenic and [3H]-methyl incorporation that persisted after control
for age, urinary creatinine, smoking, and sex (P � 0.04). Plasma
arsenic also was associated with [3H]-methyl incorporation (P �
0.07). Age, unadjusted and adjusted, was the strongest predictor
of [3H]-methyl incorporation (P � 0.0001 and P � 0.002,
respectively).

Plasma folate was inversely correlated with [3H]-methyl in-
corporation (P � 0.01). However, it lost significance and the
effect was reduced after control for age, smoking, and sex (P �
0.10). In stratified regression (Table 3), we found that, within the
HF group, urinary and plasma arsenic concentrations were neg-
atively associated with [3H]-methyl incorporation after control
for covariates (P � 0.002 and 0.04, respectively). No significant
associations between arsenic exposure and [3H]-methyl incor-
poration were found in the LF group. Linear regression analysis
substantiated that the significant associations between arsenic
biomarkers and [3H]-methyl incorporation in the combined sam-
ple of the LF and HF groups were largely attributable to the
strong associations found in the HF group and that those associ-
ations persisted after control for additional covariates. Total
blood arsenic concentrations were analyzed in a subset of 224 of
these participants (a subset having greater exposure), and the
results were consistent with those for plasma arsenic: in the HF
group after adjustment for sex, smoking, and age, total blood
arsenic was significantly associated with [3H]-methyl incorpo-
ration (P � 0.01), whereas no significant association was found
in the LF group. Finally, with the combined LF and HF groups
sample, we found significant interactions between the arsenic
exposure variables (plasma arsenic, total blood arsenic, and uri-
nary arsenic adjusted for creatinine) and folate (�9 compared
with �9 nmol/L) in predicting PBL DNA methylation after con-
trol for covariates (P � 0.06, 0.006, and 0.005, respectively).

The increase in genomic [3H]-methyl incorporation in PBL
DNA associated with increasing age is shown in Figure 2. The
mean 
 SE DPM, after adjustment for sex, urinary arsenic,
creatinine, and smoking, is plotted for each age quartile. A sig-
nificant age-dependent increase in [3H]-methyl incorporation
was observed (P � 0.001).

DISCUSSION

We investigated the association between arsenic exposure and
genomic methylation of PBL DNA and examined the influence

TABLE 2
Spearman correlation coefficients for [3H]-methyl incorporation in PBL
DNA for low-folate and high-folate groups separately and combined1

Low-folate
group

(n � 190)

High-folate
group

(n � 104)
Group

difference
Total

(n � 294)

Age (y) 0.242

Water arsenic (�g/L) 	0.08
Urinary arsenic (�g/L) 	0.153

Urinary arsenic/creatinine
(�g/g Cr) 	0.01 	0.313 0.008

Plasma arsenic (�g/L) 	0.134

Blood arsenic (�g/L)5 0.02 	0.293 0.02
Plasma folate (nmol/L) 	0.124

Homocysteine (�mol/L) 0.03

1 PBL, peripheral blood leukocyte.
2 P � 0.0001.
3 P � 0.01.
4 P � 0.05.
5 n � 137 and 87 in the low-folate and high-folate groups, respectively.
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FIGURE 1. Mean (
SE) [3H]-methyl incorporation, measured as disintegration per minute (DPM) per �g DNA, by quartile of urinary arsenic for the
low-folate (n � 190) and high-folate (n � 104) groups. Values were adjusted for age, urinary creatinine, sex, and smoking. P for trend � 0.98 and 0.009 for
low-folate and high-folate groups, respectively. Folate � urinary arsenic interaction, P � 0.005.
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of folate nutritional status on this association. To our knowledge,
this publication is the first report of this relation in a human
population study.

As anticipated, folate was positively associated with DNA
methylation, although the association was not strong and became
nonsignificant after adjustment for covariates. Age was the most
robust predictor of genomic methylation of PBL DNA, which
supports the notion that there is a gradual and cumulative age-
dependent loss of genomic DNA methylation (18). In the present
study, the mean group difference between the lowest and highest
age quartiles was 5.0%, which is somewhat greater than the 3.3%
genome-wide decrease in DNA methylation reported elsewhere
(41). The higher age-dependent reduction in methylcytosine con-
tent in the present study may be related to other environmental
stressors and to the generally high prevalence of folate deficiency
(26) and chronic malnutrition (42) in Bangladesh.

DNA methylation is an important component of epigenetic
regulation of gene expression and maintenance of chromosomal
stability (43, 44). Arsenic exposure has been reported to induce
alterations in DNA methylation, irrespective of nutritional sta-
tus. For example, chronic exposure to sodium arsenite (0.12–5
�mol/L) induced genomic DNA hypomethylation in a dose- and

duration-dependent manner in rat liver epithelial cells (20). So-
dium arsenite (5 �mol/L for 37 wk) also reduced genomic DNA
methylation in transformed human prostatic epithelial cells (45).
Similarly, chronic sodium arsenite exposure in mice (45 mg/L for
48 wk) induced hepatic genomic DNA hypomethylation and
gene-specific hypomethylation of the estrogen receptor � gene
(19). Some have proposed that methylation of arsenic may de-
plete the methyl donor pool and deprive the DNA methylation
process of SAM, thereby causing DNA hypomethylation (20)
However, it is not known whether PBLs or their progenitor cells
methylate arsenic. In the present study, none of the speciated
arsenic metabolites (ie, inorganic arsenic or monomethylarsenic
or dimethylarsenic acids) were differentially associated with
genomic methylation of PBL DNA (data not shown).

Arsenic exposure has also been shown to produce gene-
specific promoter hypermethylation of p53 in human lung ade-
nocarcinoma cells (22, 46) and of p16INK4a and RASSF1A in
mice (47). Transcriptional suppression of numerous genes by
arsenic exposure in human urothelial cells was restored by 5-aza-
deoxyctidine, a DNMT inhibitor, which suggests that promoter
DNA hypermethylation is involved in arsenic-induced gene si-
lencing (18). Moreover, a recent study in humans exposed to
arsenic in West Bengal, India, observed significant promoter
hypermethylation of p53 and p16 in PBL DNA (21).

The results of the current study are contrary to our a priori
hypothesis that arsenic exposure would be associated with
genomic hypomethylation of PBL DNA, and they contradict the
findings of the studies described above (19, 20, 45). There are
many plausible explanations that can account for these dispari-
ties. First, the doses of arsenic used in the animal model studies
are nearly 3 orders of magnitude greater than the exposure of our
participants [45 mg/L in animal models compared with median
water arsenic of 80 �g/L (range: 0.1–716 �g/L)]. Second, the
duration of exposure is difficult to mimic when experimental
models are used. In the present study, humans were chronically

TABLE 3
Estimated regression coefficient relating each exposure variable to [3H]methyl incorporation (DPM) in PBL DNA1

Predictor

Low-folate group
(n � 190)

High-folate group
(n � 104) Total

B 
 SE P B 
 SE P B 
 SE P

Urinary arsenic2

Adjusted for creatinine 	48.3 
 351 0.89 	1818 
 516 0.0006 	684 
 291 0.02
Adjusted for creatinine, sex, smoking, and age 	87.7 
 358 0.81 	1674 
 528 0.002 	614 
 298 0.04

Plasma arsenic3

Unadjusted 	195 
 590 0.74 	1844 
 809 0.02 	863 
 479 0.07
Adjusted for sex, smoking, and age 	145 
 596 0.80 	1729 
 814 0.04 	741 
 482 0.13

Total blood arsenic4,5

Unadjusted 606 
 536 0.26 	1912 
 664 0.005 	342 
 432 0.43
Adjusted for sex, smoking, and age 601 
 546 0.27 	1857 
 736 0.01 	328 
 441 0.46

Age
Unadjusted 59.9 
 27.1 0.03 110 
 36.6 0.003 85.5 
 21.6 � 0.0001
Adjusted for urinary arsenic, creatinine, sex,

and smoking
66.1 
 30.2 0.03 97.0 
 40.0 0.02 82.7 
 24.3 0.0008

1 DPM, disintegration per minute; PBL, peripheral blood leukocyte.
2 P for interaction (folate � plasma arsenic) � 0.005.
3 P for interaction (folate � plasma arsenic) � 0.06.
4 n � 137 and 87 in low-folate and high-folate groups, respectively.
5 P for interaction (folate � total blood arsenic) � 0.006.
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FIGURE 2. Mean (
SE) [3H]-methyl incorporation, measured as dis-
integration per minute (DPM), by quartile of age (n � 294). Values were
adjusted for urinary arsenic, urinary creatinine, sex, and smoking. P for
trend � 0.001.
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exposed to arsenic throughout most of their lives, whereas, in
experimental studies, the exposures span �1 y. Third, although
cell culture studies have applied arsenic concentrations that are
more comparable to environmental human exposures, they can-
not account for the toxicokinetic aspects of tissue distribution and
metabolism of arsenic. Fourth, animal models permit assessment
of DNA methylation in the liver and other tissues. Because the
extent to which factors that influence hepatic DNA methylation
may similarly influence DNA methylation in PBLs is not cur-
rently known, these differences in the source of DNA further
compromise our ability to make meaningful comparisons. Fur-
ther studies will be needed to determine the utility of PBL DNA
methylation as a biomarker of DNA methylation in other tissues,
to ascertain its predictive value for adverse health outcomes, or
both.

There are several additional limitations of using PBLs as our
sole source of DNA. First, circulating PBLs are not targets of
arsenic-induced carcinogenesis. However, arsenate distributes
to bone because of its structural similarity to phosphate, and it
presumably could influence the methylation of PBL DNA during
hematopoiesis. Second, �62% of PBLs are neutrophils, which
are relatively short-lived—ie, the life span of neutrophils gener-
ally is �1 wk. Because PBL progenitor cells are rapidly dividing,
they may respond more quickly to factors that influence DNA
methylation than do cells that turn over more slowly. For this
reason, PBL DNA methylation may not identify DNA methyl-
ation errors that are directly relevant to cancer, which is a disease
process that occurs over decades. Third, because PBLs are not a
single cell type but rather a mix of cell types, we cannot rule out
the possibility that differences in the relative distribution of cell
types may account for our observed findings; the similarity of
genomic DNA methylation between these cell types is not
known.

We can only speculate about a mechanism by which arsenic
exposure may increase genomic DNA methylation. InAsIII is a
well-known inhibitor of many enzymes, and thus it is plausible
that arsenic could directly or indirectly influence the activity of
DNMTs. Reports of the effects of arsenic exposure on overall
DNMT activity are inconsistent; some reports indicate arsenic
exposure results in reduced DNMT activity without any signif-
icant changes in the expression of specific DNMT isoforms (45),
whereas other reports indicate that arsenic exposure increased
DNMT activity (48). There are other examples, eg,
S-adenosylhomocysteine (SAH) hydrolase deficiency, in which
genomic DNA methylation is, paradoxically, increased (49–51).
Clearly, the regulation of genomic DNA methylation is complex
and incompletely understood. It is possible that the observed
increase in DNA methylation may reflect a compensatory or
protective response to alterations in an upstream regulatory func-
tion, such as histone modifications, that may subsequently influ-
ence DNA methylation. Although little is known about the effect
of inorganic arsenic exposure on histone modifications, arsenic
trioxide, which is an effective treatment of acute promyelocytic
leukemia, has been shown to promote the acetylation of histone
tails (52). In this manner, arsenic exposure may influence chro-
matin remodeling, which could lead to a more open conformation
that could result in increased DNA methylation. Our data imply
that this outcome would be contingent on an adequate availabil-
ity of methyl groups, either for the synthesis of SAM or the
removal of the product inhibitor, SAH. Plasma SAH concentra-
tions have been shown to be negatively correlated with genomic

methylation of lymphocyte DNA (53). SAH is a potent inhibitor
of most methylation reactions, including the methylation of ar-
senic and DNA (54–56). Concentrations of SAH can be lowered
by downstream remethylation of homocysteine using the methyl
group donated by 5-methyltetrahydrofolate.

The consequences of genomic DNA hypermethylation also
remain unclear; however, an increase in genomic DNA methyl-
ation could increase the risk of subsequent mutations because
methylcytosines are deaminated more frequently than are non-
methylated cytosines, and they yield C3T transitions. Thus,
aberrant DNA methylation could be one pathway by which ar-
senic acts as a cocarcinogen, either as a cancer initiator or a
cancer promoter.

In conclusion, the results of this study indicate that arsenic
exposure is positively associated with genomic methylation of
PBL DNA among Bangladeshi adults who are chronically ex-
posed to arsenic in drinking water and that folate nutritional
status modifies this effect. The causal mechanisms and physio-
logic implications of greater genomic DNA methylation are un-
clear. Future lines of investigation should aim to identify the
mechanism by which arsenic influences DNA methylation. Fur-
ther studies also are warranted to determine whether alterations
in genomic DNA methylation are associated with arsenic-
induced disease outcomes.
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Proportion of individuals with low serum vitamin B-12
concentrations without macrocytosis is higher in the post–folic acid
fortification period than in the pre–folic acid fortification period1,2

Kelly F Wyckoff and Vijay Ganji

ABSTRACT
Background: Large intakes of folic acid may delay the diagnosis of
vitamin B-12 deficiency, which could lead to irreversible neuropathy.
Objective: The objective of this study was to determine whether the
proportion of individuals with low serum vitamin B-12 without
macrocytosis (undiagnosed vitamin B-12 deficiency) has increased
in the post–folic acid fortification period.
Design: Individuals aged �19 y with low serum vitamin B-12
(�258 pmol/L) and mean corpuscular volume (MCV) measured
between 1995 and 2004 were identified from medical records. The
proportion and odds ratios of individuals with low serum vitamin
B-12 without macrocytosis by sex, race, and age according to pre-
fortification (n � 86), perifortification (n � 138), and postfortifica-
tion (n � 409) periods were determined.
Results: MCV was significantly lower in the postfortification period
(88.6 fL) than in the prefortification (94.4 fL; P � 0.001) and peri-
fortification (90.6 fL; P � 0.007) periods. The proportion of subjects
with low serum vitamin B-12 without macrocytosis was signifi-
cantly higher in the postfortification (�87%) and perifortification
(�85%) periods than in the prefortification period (�70%; P �
0.001). In a sex-, race-, and age-adjusted analysis, the odds ratio for
having low serum vitamin B-12 without macrocytosis was 3.0 (95%
CI: 1.7, 5.2) in the postfortification period relative to the prefortifi-
cation period.
Conclusions: Subjects with low serum vitamin B-12 were likely to
be without macrocytosis in the postfortification period. MCV should
not be used as a marker for vitamin B-12 insufficiency. It is possible
that folic acid fortification may have led to a correction of macro-
cytosis associated with vitamin B-12 insufficiency. Am J Clin
Nutr 2007;86:1187–92.

KEY WORDS Anemia, folic acid fortification, mean corpus-
cular volume, MCV, macrocytosis, masking of vitamin B-12 defi-
ciency, megaloblastic anemia, serum vitamin B-12

INTRODUCTION

In the United States, fortification of cereals with folic acid
began on 1 January 1998. Folic acid fortification was made
mandatory by the Food and Drug Administration (FDA), at a
level of 140 �g/100 g food, and was intended to increase the
dietary intake of folic acid in individuals by 70–130 �g/d (1, 2).
The intent of folic acid fortification was to reduce the risk of a
woman having a child with a neural tube defect, a positive effect
of folic acid found previously (3, 4). The prevalence of neural

tube defects was reduced by 19% after fortification of cereals
with folic acid in the United States (5, 6).

Numerous studies have shown the effect of folic acid fortifi-
cation on improved serum and red blood cell (RBC) folate (7–10)
and folate intakes in the United States (11). Secondary to im-
proved folate status, folic acid fortification has lowered circulat-
ing total homocysteine (tHcy) (7, 8, 12), which has provided a
possible role for folic acid in reducing the risk of cardiovascular
disease (CVD). Higher levels of folic acid have been suggested
to further reduce the prevalence of NTD (13). However, high
folic acid intakes may lead to the correction of hematologic
abnormalities associated with vitamin B-12 deficiency (14, 15).
This may delay the diagnosis (patient’s delay or patient not
feeling tired or exhausted and hence not or less likely to see a
physician) of vitamin B-12 deficiency, which could result in
irreversible neurologic damage.

Vitamin B-12 is necessary for the function of methionine
synthase. Methionine synthase is responsible for the remethyla-
tion of tHcy to methionine and for the conversion of N5-
methyltetrahydrofolate to tetrahydrofolate (THF). In vitamin
B-12 deficiency, folate is “trapped” as N5-methyl THF and is not
able to convert to THF. Thus, N5, N10-methylene THF needed for
DNA synthesis is not produced, which leads to macrocytosis
characterized by elevated mean corpuscular volume (MCV). If
the diet is supplemented with a large dose of folic acid, this “trap”
is bypassed and the macrocytosis associated with vitamin B-12
deficiency is corrected. This occurs because a large dose of
dietary folic acid is converted to dihydrofolate (DHF). DHF is
converted to THF, which is further converted to N5, N10-
methylene THF and allows enough N5, N10-methylene THF to be
available for DNA synthesis and leads to the correction of mac-
rocytosis of vitamin B-12 insufficiency. The exact amount of
folic acid needed to correct the macrocytosis of vitamin B-12
deficiency has not been defined because, knowingly, patients are
not given folic acid to treat vitamin B-12 deficiency. However,
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the Upper Intake Level (UL) for folic acid was set by the FDA at
1000 �g/d (16, 17).

From a public health perspective, it is important to study the
relation between folic acid fortification and low vitamin B-12
without macrocytosis because the improvement in folic acid
intake due to folic acid fortification is greater than anticipated.
Very limited data are available on whether increased folic acid
intake as a result of fortification has corrected macrocytosis
associated with vitamin B-12 deficiency in the post–folic acid
fortification period. The aim of this study was to determine
whether the proportion of individuals with low serum vitamin
B-12 without macrocytosis has increased after initiation of the
folic acid fortification of cereals in 1998.

SUBJECTS AND METHODS

Subjects

Individuals aged �19 y with serum vitamin B-12 and MCV
measured at Rush University Medical Center (RUMC) between
1 January 1995 and 31 December 2004 were retrospectively
identified and collected from laboratory records. Approval was
obtained from the Institutional Review Board at RUMC. Only
subjects with low serum vitamin B-12 concentrations (�258
pmol/L) and MCV measurements that were completed within
14 d of the serum vitamin B-12 measurement were included in the
study. A cutoff of �258 pmol/L was used to define low serum
vitamin B-12 deficiency because this concentration is strongly
associated with metabolic indicators of vitamin B-12 deficiency,
such as serum methylmalonic acid and total homocysteine (tHcy)
concentrations (18). Only the first low serum vitamin B-12 mea-
surement was used; no repeat measures were used. MCV mea-
surements �96.7 fL were used to indicate macrocytosis (19).
Pregnant and lactating women and individuals who had previous
surgery of the gastrointestinal tract were excluded from the
study.

Methods

Serum vitamin B-12 concentrations were measured by using
the VITROS competitive binding immunoassay method (Ortho-
Clinical Diagnostics Inc, Rochester, NY). MCV was measured
as part of the complete blood count. Data on low serum vitamin
B-12 concentrations and MCV measurements in addition to de-
mographic information, admit and discharge dates, pregnancy
and lactation status, and history of gastrointestinal surgery were
obtained from the patients’ medical records. Subjects whose race
was not available and whose race was reported as other than
white or black were listed in a separate category called “other/
unknown.”

On the basis of low serum vitamin B-12 concentrations (�258
pmol/L), a total of 758 subjects were eligible for the study. These
subjects had both serum vitamin B-12 and MCV measured be-
tween January 1995 and December 2004. Of 758 subjects, 20
were excluded because they were pregnant or lactating and 35
were excluded for having had previous gastrointestinal surgery.
Additionally, complete data for 70 subjects were unable to be
located by the medical records department; therefore, these sub-
jects were also excluded. Thus, the final study sample consisted
of 633 subjects.

Subjects were placed into 1 of 3 folic acid fortification periods
on the basis of the date of the serum vitamin B-12 measurement.

Subjects were placed into the prefortification period if the serum
vitamin B-12 measurement was made before 1 March 1996 (n �
86), the perifortification period if the measurement was made
between 1 March 1996 and 31 December 1997 (n � 138), and the
postfortification period if the measurement was made on or after
1 January 1998 (n � 409). Within each fortification period,
subjects were categorized by sex, race (white, black, or other/
unknown), and age (�65 y and �65 y) for the purpose of statis-
tical analysis.

Statistical analysis

The data analysis was completed by using SPSS software
(version 13.0; SPSS Inc, Chicago, IL). Because serum vitamin
B-12 data were not normally distributed, we reported median and
interquartile difference for serum vitamin B-12 concentrations.
A significant difference in serum vitamin B-12 concentrations
between fortification periods was determined with the Kruskall-
Wallis test. A pairwise comparison was performed by using the
Mann-Whitney U test and then Bonferroni adjustment was ap-
plied for multiple comparisons (P � 0.017). MCV measurements
across pre-, peri-, and postfortification periods were compared
with a post hoc Scheffe test for multiple comparisons after the
hypothesis was tested with analysis of variance. The difference in
proportion of subjects with low serum vitamin B-12 concentra-
tions without macrocytosis in the pre-, peri-, and postfortification
periods was determined by using a chi-square test. The associa-
tion between the proportions of individuals classified as having
low serum vitamin B-12 concentrations without macrocytosis
and folic acid fortification periods was determined with multi-
variate logistic regression. Odds ratios and 95% CIs were calcu-
lated after adjustments for sex, race, and age. Additionally, we
determined interactions between folic acid fortification period
and sex, age, and race for serum vitamin B-12, MCV, and MCV
� 96.7 fl (absence of macrocytosis). A P value �0.05 was
considered significant.

RESULTS

Characteristics of the study sample are presented in Table 1.
Of 633 subjects, �41% were men and �59% were women.
White, black, and other/unknown race-ethnicities were �53%,
�23%, and �24%, respectively. When a cutoff of 65 y was used,
�42% of subjects were aged �65 y and �58% were aged �65
y. The mean (�SD) age of the subjects was 65.3 � 18.9 y. The
mean age was not significantly different between all subjects and
in any demographic group across the fortification periods (data
are not shown).

Median serum vitamin B-12 concentrations by sex, race, and
age according to the folic acid fortification period are presented
in Table 2. The 2-factor interactions for serum vitamin B-12
concentrations between fortification period and sex (P � 0.014),
fortification period and race (P � 0.017), and fortification period
and age (P � 0.032) were significant. In general, median serum
vitamin B-12 concentrations were slightly higher in the postfor-
tification period than in the prefortification period. However,
when a multiple comparison test was applied, in all demographic
categories, there were no significant differences in median serum
vitamin B-12 concentrations between the 3 fortification periods.

Mean MCV measurements by sex, race, and age according to
the folic acid fortification period are presented in Table 3. Over-
all, MCV in the postfortification period was significantly lower
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than MCV in the prefortification (P � 0.001) and perifortifica-
tion (P � 0.007) periods. We found significant 2-factor interac-
tions for MCV between fortification period and sex (P � 0.001),
fortification period and race (P � 0.001), and fortification period
and age (P � 0.005). Mean MCV was significantly lower in the

postfortification period than in the prefortification period for
men (P � 0.001), women (P � 0.001), whites (P � 0.001),
blacks (P � 0.009), subjects aged �65 y (P � 0.001), and
subjects aged �65 y (P � 0.003).

The association between the proportion of subjects with low
serum vitamin B-12 concentrations without macrocytosis and
folic acid fortification period by sex, race, and age is presented in
Table 4. The 2-factor interactions for MCV � 96.7 fL (absence
of macrocytosis) were significant for fortification period and sex
(P � 0.001), fortification period and race (P � 0.005), and
fortification period and age (P � 0.001). For all subjects, the
proportion of subjects without macrocytosis was significantly
different across the 3 fortification periods (P � 0.001, chi-square
analysis). Of the 633 subjects with a low serum vitamin B-12
concentration, the proportion without macrocytosis was �70%
in the prefortification period, �85% in the perifortification pe-
riod, and �87% in the postfortification period. The association
between the proportion of subjects with a low serum vitamin
B-12 concentration without macrocytosis was significantly dif-
ferent across the 3 fortification periods (P � 0.001, multivariate
logistic regression analysis). For all subjects, sex-, race-, and
age-adjusted ORs were significantly higher in the postfortifica-
tion period (3.0; 95% CI: 1.7, 5.2) and perifortification period
(2.5; 95% CI: 1.3, 4.8) than in the prefortification period (referent
period). Specifically, the association between the proportion of
subjects with low serum vitamin B-12 without macrocytosis and
folic acid fortification periods was significant in men (P � 0.01),
women (P � �0.001), blacks (P � 0.026), subjects aged �65 y
(P � 0.001), and subjects aged �65 y (P � 0.004).

DISCUSSION

In this study, we investigated whether or not the proportion of
individuals with low serum vitamin B-12 concentrations without
macrocytosis has increased in the post–folic acid fortification

TABLE 1
Characteristics of the study population with low serum vitamin B-12
concentrations by sex, race, and age stratified by folic acid fortification
period1

Characteristic

Folic acid fortification period2

Pre
(n � 86)

Peri
(n � 138)

Post
(n � 409)

Age (y)3 67.1 � 19.6 65.8 � 18.0 64.7 � 19.1
Sex [n (%)]

Men 34 (40) 55 (40) 172 (42)
Women 52 (60) 83 (60) 237 (58)

Race [n (%)]
White 51 (59) 99 (72) 187 (46)
Black 25 (29) 19 (14) 99 (24)
Other/unknown4 10 (12) 20 (14) 123 (30)

Age category [n (%)]
�65 y 29 (34) 60 (43) 174 (43)
�65 y 57 (66) 78 (57) 235 (57)

1 n � 633. A cutoff of 258 pmol/L was used to define low serum vitamin
B-12 concentrations. No significant difference between pre- and post-, pre-
and peri-, and peri- and postfortification periods was observed (post hoc
Scheffe multiple comparison test after the hypothesis was tested with
ANOVA (P � 0.05).

2 Prefortification period, before 1 March 1996; perifortification period,
between 1 March 1996 and 31 December 1997; and postfortification period,
on or after 1 January 1998.

3 All values are x� � SD.
4 Defined as individuals who did not report their race or who reported a

race other than white or black.

TABLE 2
Serum vitamin B-12 concentrations of subjects with low serum vitamin B-12 by sex, race, and age stratified by folic acid fortification period1

Demographic characteristic

Folic acid fortification period2

P3Pre (n � 86) Peri (n � 138) Post (n � 409)

pmol/L

All subjects (n � 633) 217 (50) 219 (61) 224 (49) 0.038
Sex

Men (n � 261) 218 (34) 221 (57) 225 (42) 0.231
Women (n � 372) 213 (60) 212 (63) 224 (52) 0.151

Race
White (n � 337) 217 (45) 219 (59) 225 (48) 0.043
Black (n � 143) 209 (62) 232 (42) 225 (49) 0.346
Other/unknown (n � 153)4 224 (77) 205 (83) 220 (52) 0.119

Age category
�65 y (n � 263) 225 (56) 222 (46) 225 (43) 0.915
�65 y (n � 370) 210 (51) 207 (66) 222 (53) 0.018

1 All values are medians; interquartile differences in parentheses. n � 633. Serum vitamin B-12 data were not normally distributed. A cutoff of 258 pmol/L
was used to define low serum vitamin B-12 concentrations. Two-factor interactions were significant between fortification period and sex (P � 0.014),
fortification period and race (P � 0.017), and fortification period and age (P � 0.032).

2 Prefortification period, before 1 March 1996; perifortification period, between 1 March 1996 and 31 December 1997; and postfortification period, on
or after 1 January 1998.

3 Significance in the Kruskall-Wallis test. No significant difference was observed between pre- and post-, pre- and peri-, and peri- and postfortification
periods when pairwise comparisons were performed by using a Mann-Whitney U test with Bonferroni correction for multiple comparisons (P � 0.017).

4 Defined as individuals who did not report their race or who reported a race other than white or black.
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period. We found that the proportion of individuals with low
serum vitamin B-12 concentrations without macrocytosis was
significantly higher in the postfortification period than in the
prefortification period. In the postfortification period, subjects
with low serum vitamin B-12 were 3 times as likely to be without
macrocytosis than were those in the prefortification period in
subjects who received health care at a teaching hospital in the
Chicago area, which suggested a possible correction of macro-
cytosis associated with vitamin B-12 deficiency.

To our knowledge, only one study has examined the temporal
association between folic acid fortification and possible masking
of vitamin B-12 deficiency in the United States (19). Mills et al
(19) reported that the proportion of subjects without anemia did
not significantly change from the prefortification period (39%) to
the optional (46%) or postfortification (38%) periods, which
suggested no increase in the masking of vitamin B-12 deficiency
as a result of folic acid fortification. In support of our findings,
Ray et al (20), in 15 000 Canadian elderly women from 2 prov-
inces, found that the prevalence of high serum folate and low
serum vitamin B-12 increased from 0.09% in the prefortification
period to 0.61% in the postfortification period (prevalence ratio:
7.0; 95% CI: 2.6, 19.2), which suggested that a few elderly
persons might be at risk of masked vitamin B-12 deficiency. In
this study, we found significantly more cases of low serum vi-
tamin B-12 without macrocytosis in the postfortification period
(�87%) and in the perifortification period (�85%) than in the
prefortification period (�70%) (P � 0.001). The proportion of
cases with low serum vitamin B-12 without macrocytosis be-
tween the peri- and postfortification periods was not significant
because it is likely that the majority of the foods were fortified
with folic acid between 1 March 1996 and 31 December 1997 (8),
although the fortification was not mandatory until 1 January

1998, which lead to increased folic acid intakes during the peri-
fortification period itself.

The proportion of subjects with low serum vitamin B-12 with-
out macrocytosis in the age group �65 y significantly increased
from �45% in the prefortification period to �85% in the post-
fortification period. When adjusted for sex and race, the associ-
ation between the proportion of cases with low serum vitamin
B-12 and fortification period was significant in both the younger
and older individuals. It was previously thought that correction of
macrocytosis associated with vitamin B-12 deficiency would
mostly be seen in older individuals (21), because of the increased
prevalence of vitamin B-12 deficiency primarily due to a reduced
absorption of vitamin B-12 through aging gut (22). Mills et al
(19) found that subjects aged � 60 y were more likely to have a
low vitamin B-12 concentration without anemia than were the
older subjects (�60 y: 50.5%; 60–74 y: 38%; �74 y: 30.9%;
P � 0.0001). Their finding indicates the correction of macrocy-
tosis associated with vitamin B-12 deficiency in younger sub-
jects rather than in older subjects; whereas our observation sug-
gests a possible correction of macrocytosis associated with
vitamin B-12 deficiency in both younger (�65 y) and older
(�65 y) subjects. Caution needs to be used when comparing the
results from our study with those of Mills et al (19) because of
the differences in subject characteristics. Consideration must be
given for screening for vitamin B-12 deficiency when younger
patients (�65 y) are presented with underlying neurologic
symptoms without macrocytosis.

Since mandatory folic acid fortification began on 1 January
1998, individuals who had vitamin B-12 and MCV concentra-
tions measured after this date were treated as subjects exposed to
folic acid fortification. Folic acid intakes have drastically in-
creased during the postfortification period (23). Reported actual

TABLE 3
Mean corpuscular volume of subjects with low serum vitamin B-12 concentrations by sex, race, and age stratified by folic acid fortification period1

Demographic characteristic

Folic acid fortification period2

P3Pre (n � 86) Peri (n � 138) Post (n � 409)

fL

All subjects (n � 261) 94.4 � 7.94,5 90.6 � 7.4 88.6 � 9.1 �0.001
Sex

Men (n � 261) 96.1 � 8.94,5 90.2 � 7.9 89.3 � 9.5 0.001
Women (n � 372) 93.2 � 7.04 90.8 � 7.14 88.0 � 8.7 �0.001

Race
White (n � 337) 94.8 � 8.24,5 91.1 � 5.9 89.3 � 8.2 �0.001
Black (n � 143) 93.6 � 8.34,5 85.4 � 8.6 87.1 � 9.7 0.004
Other/unknown (n � 153)6 94.2 � 5.8 93.1 � 10.6 88.6 � 9.2 0.038

Age category
�65 y (n � 263) 97.5 � 8.84,5 92.2 � 5.84 88.5 � 9.9 �0.001
�65 y (n � 370) 92.8 � 7.04 89.4 � 8.2 88.6 � 8.5 0.003

1 All values are x� � SD; n � 633. A cutoff of 258 pmol/L was used to define low serum vitamin B-12 concentrations. Two-factor interactions were
significant between fortification period and sex (P � 0.001), fortification period and race (P � 0.001), and fortification period and age (P � 0.005).

2 Prefortification period, before 1 March 1996; perifortification period, between 1 March 1996 and 31 December 1997; and postfortification period, on
or after 1 January 1998.

3 Significance for the F statistic in ANOVA.
4 Significantly different from the postfortification period, P � 0.05 (post hoc Scheffe multiple comparison test after the hypothesis was tested with

ANOVA).
5 Significantly different from the perifortification period, P � 0.05 (post hoc Scheffe multiple comparison test after the hypothesis was tested with

ANOVA).
6 Defined as individuals who did not report their race or who reported a race other than white or black.
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folic acid intakes increased by 215–240 �g/d (10), which was
much more than originally predicted by the FDA. Also, many
individuals may be receiving more than the UL of 1000 �g/d
(10). Hence, the changes we have seen in MCV concentrations
from the pre- to the postfortification period were more likely due
to increased intakes of folic acid resulting from folic acid forti-
fication. Overall, MCV has decreased by �6.5% from the pre- to
the postfortification period. It is not surprising that the MCV has
decreased in the postfortification period, relative to that in the
prefortification period, given the role of folic acid in correcting

macrocytosis associated with folate deficiency. Hence, the lower
MCVinthepostfortificationperiodmaybeunrelated to themasking
ofvitaminB-12deficiencyandmayalsobe likelydue to theremoval
of folate deficiency from those with vitamin B-12 deficiency.

In contrast with our findings, Hirsch et al (24) determined that
MCV measurements increased from 89.6 to 90.6 fL after folic
acid fortification in Chile. Although Hirsch et al (24) did not
evaluate the effect of folic acid fortification on the possible cor-
rection of macrocytosis of vitamin B-12 insufficiency, their results
may indicate an ongoing vitamin B-12 deficiency. It is possible that,

TABLE 4
Association between the proportion of subjects with low serum vitamin B-12 concentrations without macrocytosis and folic acid fortification period by
sex, race, and age1

Demographic characteristic by
folic acid fortification period2

Subjects with low serum vitamin
B-12 and no anemia

Odds ratio
(95% CI) P3 P for trend4

n (%)

All subjects (n � 633) �0.001 �0.0015

Pre 86 (69.8) 1.06

Peri 138 (84.8) 2.5 (1.3, 4.8)
Post 409 (86.8) 3.0 (1.7, 5.2)

Sex
Men (n � 261) 0.026 0.017

Pre 34 (64.7) 1.06

Peri 55 (87.3) 3.7 (1.2, 10.8)
Post 172 (82.0) 2.4 (1.0, 5.5)

Women (n � 372) 0.003 �0.0017

Pre 52 (73.1) 1.06

Peri 83 (83.1) 1.9 (0.8, 4.3)
Post 237 (90.3) 3.5 (1.6, 7.5)

Race
White (n � 337) 0.139 0.5068

Pre 51 (72.5) 1.06

Peri 99 (82.8) 1.8 (0.8, 4.2)
Post 187 (84.5) 2.1 (1.0, 4.5)

Black (n � 143) 0.006 0.0268

Pre 25 (68.0) 1.06

Peri 19 (100.0) —9

Post 99 (87.9) 3.9 (1.3, 11.4)10

Other/unknown (n � 153)11 0.023 �0.0018

Pre 10 (60.0) 1.06

Peri 20 (80.0) 2.6 (0.5, 14.6)
Post 123 (89.4) 5.5 (1.3, 23.2)

Age �0.001 �0.00112

�65 y (n � 263)
Pre 29 (44.8) 1.06

Peri 60 (78.3) 4.2 (1.6, 11.2)
Post 174 (84.5) 6.2 (2.6, 14.7)

�65 y (n � 370) 0.385 0.00412

Pre 57 (82.5) 1.06

Peri 78 (89.7) 1.9 (0.7, 5.1)
Post 235 (88.5) 1.7 (0.7, 3.7)

1 n � 633. A cutoff of 258 pmol/L was used to define low serum vitamin B-12 concentrations. Absence of macrocytosis was defined as a mean corpuscular
volume �96.7 fL. Two-factor interactions were significant between fortification period and sex (P � 0.001), fortification period and race (P � 0.005), and
fortification period and age (P � 0.001).

2 Prefortification period, before 1 March 1996; perifortification period, between 1 March 1996 and 31 December 1997; and postfortification period, on
or after 1 January 1998.

3 P � 0.05 was considered significant (chi-square test).
4 P � 0.05 was considered significant (logistic regression analysis).
5 Adjusted for sex, race, and age.
6 Referent category.
7 Adjusted for race and age.
8 Adjusted for sex and age.
9 Unable to complete logistic regression analysis because one variable was equal to zero. No case of macrocytosis was observed in blacks.
10 The comparison was between the pre- and postfortification periods.
11 Defined as individuals who did not report their race or who reported a race other than white or black.
12 Logistic regression analysis. Adjusted for sex and race.

FOLIC ACID FORTIFICATION AND MACROCYTOSIS 1191



in the prefortification period, the Chilean population had a better
folate nutritional status than did our study population.

It is plausible that some clinicians use MCV as a diagnostic
tool for vitamin B-12 insufficiency. This study clearly showed
that MCV is not a precise diagnostic measurement for vitamin
B-12 deficiency. Overall, � 84% (532 out of 633) subjects pre-
sented no macrocytosis despite their low serum vitamin B-12
concentrations. Use of MCV as a diagnostic tool not only delayed
the diagnosis of vitamin B-12 deficiency but may also have accel-
erated the neurologic damage associated with vitamin B-12 defi-
ciency (14). Furthermore, elevated MCV is often not related to
vitamin B-12 insufficiency (25). In making a diagnosis of vitamin
B-12 deficiency, it is prudent to consider serum vitamin B-12 mea-
surements, serum methylmalonic acid measurements or both (18).
Also, the circulating tHcy concentration is a good indicator of vita-
min B-12 insufficiency in individuals with optimum folate status.

In this study, we used subjects from an academic medical
center; therefore, results of this study should be used with caution
when applied to the general population. It is possible that indi-
vidual underlying medical conditions could have affected MCV
(25). It is important to note that we investigated trends over time.
Each time period contained different subjects with possible dif-
ferent medical conditions and dietary habits. The procedure for
measuring serum vitamin B-12 changed in 2002. Whether or not
this had any effect on the results is not known. We lack data on
folate status and on subjects with normal vitamin B-12 and that
such data would have helped in determining whether the change
in MCV was due to improved folate status or masking. Because
of the retrospective nature of the study, we were unable to obtain
the subjects’ dietary or supplement intake to determine true folic
acid intakes and the reasons for testing serum vitamin B-12; there-
fore, the results of this study should be interpreted with caution.

In conclusion, in the post–folic acid fortification period, sub-
jects with low serum vitamin B-12 concentrations are 3 times as
likely to be without macrocytosis (anemia) than are those in the
prefolic acid fortification period. Additionally, MCV measure-
ments should not be used as a diagnostic tool for vitamin B-12
deficiency. The absence of hematologic abnormalities, such as
macrocytosis, is not an indicator of the absence of vitamin B-12
insufficiency. It is important to not only screen for serum and
hematologic indicators, but also for clinical symptoms such as
neuropathy and mood disorders before ruling out vitamin B-12
deficiency in the absence of macrocytosis. Although no con-
trolled data are available on whether folic acid is harmful to
patients with clinical vitamin B-12 deficiency, it is important to
be aware of the possible correction of macrocytosis of vitamin
B-12 deficiency in the era since folic acid fortification began,
especially in those with high folic acid intakes. If the correction
of macrocytosis associated with vitamin B-12 insufficiency (so
called, patient’s delay) is widespread in the post–folic acid for-
tification era, it is appropriate to add vitamin B-12 to foods
currently fortified with folic acid.

The data presented in this article come from the masters thesis of KFW,
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The 2005 Dietary Guidelines for Americans and risk of the metabolic
syndrome1�4

Jeanene J Fogli-Cawley, Johanna T Dwyer, Edward Saltzman, Marjorie L McCullough, Lisa M Troy, James B Meigs,
and Paul F Jacques

ABSTRACT
Background: The 2005 Dietary Guidelines for Americans Index
(DGAI) was created to assess adherence to the dietary recommen-
dations of the 2005 Dietary Guidelines for Americans (DGA) in
relation to chronic disease risk.
Objective: The objective was to assess the relation between dietary
patterns consistent with the 2005 DGA as measured by the DGAI and
both the prevalence of the metabolic syndrome (MetS) and individ-
ual MetS risk factors.
Design: DGAI scores and metabolic risk factors for MetS were
assessed in a cross-sectional study of 3177 participants from the
Framingham Heart Study Offspring Cohort. MetS was defined on
the basis of the National Cholesterol Education Program Adult
Treatment Panel III criteria.
Results: After adjustment for potential confounders, the DGAI
score was inversely related to waist circumference (P for trend �
0.001), triacylglycerol concentration (P for trend � 0.005), both
diastolic (P for trend � 0.002) and systolic (P for trend � 0.01) blood
pressure, the prevalence of abdominal adiposity (P for trend �
0.001), and hyperglycemia (P for trend � 0.03). The prevalence of
MetS was significantly lower in individuals in the highest DGAI
quintile category than in those in the lowest category (odds ratio:
0.64; 95% CI: 0.47, 0.88; P for trend � 0.005) when those being
treated for any of the risk factors were excluded. There was a sig-
nificant interaction between DGAI score and age; the association
between the DGAI score and MetS was confined largely to adults
younger than 55 y (odds ratio: 0.57; 95% CI: 0.36, 0.92; P for trend
� 0.01).
Conclusions: A dietary pattern consistent with the 2005 DGA was
associated with a lower prevalence of MetS—a potential risk factor
for CVD. Am J Clin Nutr 2007;86:1193–201.

KEY WORDS Dietary pattern, metabolic syndrome, Dietary
Guidelines for Americans, 2005 Dietary Guidelines for Americans
Index

INTRODUCTION

Cardiovascular disease (CVD) ranks first as the cause of death
among adult Americans (1). The metabolic syndrome (MetS) has
been associated with an increased risk of CVD, by as much as
3-fold in some studies (2–5). MetS was defined in 2001 by the
National Cholesterol Education Program Adult Treatment Panel
III (ATP III) as the presence of �3 of the following risk factors:
abdominal obesity (high waist circumference), hyperglycemia,

hypertriacylglycerolemia, low HDL cholesterol, and hyperten-
sion (6). The criteria defining MetS were recently updated to
lower the cutoff for hyperglycemia (fasting blood glucose: �100
mg/dL) and to include those undergoing treatment for some of
the risk factors (7, 8). MetS is of particular concern because of its
increasing prevalence. The prevalence of MetS based on the ATP
III criteria increased from 28% in third National Health and
Nutrition Examination and Survey (NHANES III, 1988–1994)
to 32% in NHANES 1999–2000 (9, 10).

The US Departments of Agriculture and Health and Human
Services issue dietary recommendations, the Dietary Guidelines
for Americans (DGA), to help reduce the risk of CVD and other
chronic diseases. The sixth version of the DGA, released early in
2005 (11, 12), is a departure from previous editions in that it
emphasizes nutrient density, recommends a minimum amount of
whole grain, recommends a limited intake of trans fats, recom-
mends the intake of a greater variety of fruit and vegetables, and
includes the new concept of “discretionary” calories.

Adherence to the 2000 DGA was previously recommended by
the American Heart Association as a dietary approach to decrease
risk and for the management of MetS (13). Updates and improve-
ments to the 2005 DGA should theoretically improve the ability
of such an eating pattern to decrease the risk of MetS. Some of the
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specific recommendations included in the 2005 DGA—an in-
creased intake of whole grains and fruit and vegetables, a de-
creased intake of saturated fat, and the dietary pattern associated
with the Dietary Approaches to Stop Hypertension (DASH)—
appear to be associated with a decreased prevalence of MetS risk
in some studies (14–19), but no study has yet examined the entire
set of dietary recommendations included in the 2005 DGA to
evaluate its effect on markers of CVD risk.

We developed the 2005 Dietary Guidelines for Americans
Index (DGAI) to assess adherence to the 2005 DGA dietary
recommendations (20), particularly in relation to chronic disease
risk. This study evaluated the relation between dietary patterns
consistent with the 2005 DGA, as measured by the DGAI, and
both the prevalence of the MetS and individual risk factors for
MetS, as defined by the ATP III.

SUBJECTS AND METHODS

Subjects

The original Framingham Heart Study began in 1948 as a
longitudinal study to examine risk factors for heart disease
among 5209 adults aged 28–62 y residing in Framingham, MA
(21). The offspring of these participants and the offspring’s
spouses were invited to participate in the Framingham Heart
Study Offspring Cohort; 5135 of the 6838 eligible individuals
participated in the first examination (22). The fifth Framingham
Offspring Cohort examination began in January 1991 and was
completed in June 1995. A total of 3799 participants were ex-
amined. This study was approved by the Tufts–New England
Medical Center Institutional Review Board for Human Studies.

Assessment of compliance with the 2005 Dietary
Guidelines for Americans

Dietary intake was assessed with a semiquantitative food-
frequency questionnaire (FFQ) (version1988-GP) developed by
Willett et al (23, 24). The questionnaires were mailed to the
participants before the examination, and the participants were
asked to bring the completed FFQs with them to their appoint-
ments. The FFQ consisted of 126 items, including a list of foods
with a standard serving size and a selection of 9 frequency cat-
egories ranging from never or �1 serving/mo to �6 servings/d.
Participants were asked to report their frequency of consumption
of each food item during the past year. Questions concerning the
use of vitamin and mineral supplements, type of breakfast cereal
most commonly consumed, and an open-ended question for
foods commonly consumed but not listed on the FFQ were also
included. Dietary information was judged as unreliable and ex-
cluded from further analysis if reported energy intakes were
�2.51 MJ/d (600 kcal) or �16.74 MJ/d (4000 kcal/d) for women
and �17.57 MJ/d (4200 kcal/d) for men or if �12 food items
were left blank on the questionnaire. Participants who met the
energy intake criteria and had �12 blank items were included in
the analyses and were considered to be nonconsumers of the
blank items.

The DGAI was developed to assess adherence to the key di-
etary intake recommendations of the 2005 DGA (11). Other
recommendations that did not involve dietary recommendations
for the general public, such as recommendations for special pop-
ulations and activities unrelated to nutrients (eg, oral hygiene,
physical activity, and food safety), were not included in the

DGAI. Specifics concerning scoring of the DGAI are discussed
at length elsewhere (20) and are summarized briefly below.

There were a total of 20 items on the DGAI. Eleven index items
assessed the calorie-specific food group intake recommenda-
tions (based on 1 of the 10 adult calorie-specific patterns of the
US Department of Agriculture food guide), and 9 were based on
the healthy choice or nutrient intake recommendations (12).
Each item had a maximum value of 1.0; most had a partial
adherence score of 0.5, and 0 points were given when the rec-
ommendation was not achieved. Cutoff values for partial adher-
ence were identified from intake distributions of the study pop-
ulation or nationally representative samples in a manner that
helped to ensure sufficient variability in the scores of the indi-
vidual items.

The food group intake recommendations were based on an
appropriate calorie level for each participant; calorie levels were
determined with the “estimated energy requirement” equation,
which included height, weight, age, sex, and physical activity
(25). Physical activity was determined by using the “walking
equivalents method” described in the energy section of the Di-
etary Reference Intake (DRI) (25). The DGAI assessed food
group intake with items for 5 vegetable subgroups (orange veg-
etables, dark-green vegetables, legumes, starchy vegetables, and
other vegetables), variety of vegetables, fruit, grains, meat and
legumes, milk and milk products, and discretionary calories. The
latter is based on the consumption of sugars added to foods and
beverages by individuals or during processing.

An important goal in the development of the DGAI was to limit
the likelihood that an individual could receive a higher score
solely by consuming more food, which was a major shortcoming
of previous indexes (26). Thus, an important feature of the DGAI
was a penalty of 0.5 points for exceeding the recommended
intake of energy-dense foods. To determine which food groups to
classify as energy dense, we analyzed the average energy con-
tribution of a serving of each food group. Only the food items
from each food group included in the FFQ were included in the
determination of energy density. Energy-dense food groups were
defined as those that, on average, had �50 calories per serving.
Four food groups met the criteria: meat, milk and milk products,
starchy vegetables, and grains.

Healthy choice recommendations were stated in absolute
amounts of nutrient intake, or, for macronutrients, as a percent-
age of total kilocalories, and were independent of energy needs
and were the same for all individuals (12). The DGAI items used
to assess healthy choice recommendations were as follows: per-
centage of grains that are whole grain, fiber intake, sodium in-
take, alcohol consumption, and 5 recommendations related to fat
and cholesterol intakes, including low-fat milk and meat choices,
total fat and saturated as a percentage of calories, cholesterol
intake, and trans fat intake.

Outcome measurement

The outcomes included the component risk factors used to
diagnose MetS (waist circumference, fasting plasma glucose,
triacylglycerol concentrations, HDL cholesterol, and systolic
and diastolic blood pressure) in both their continuous form and as
dichotomous variables based on their respective ATP III MetS
cutoffs (Table 1).

Waist circumference was measured at the umbilicus while the
participant was standing and with the tape measure parallel to
floor. Fasting plasma glucose concentrations were measured in
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fresh plasma with a hexokinase reagent kit (A-gene Glucose
Test; Abbott, South Pasadena, CA). Glucose assays were run in
duplicate. The intraassay CV for this method at the 5th exami-
nation cycle was �3% (27). Serum lipid profiles included the
enzymatic measurement of total cholesterol and triacylglycerol
concentrations and the measurement of the HDL cholesterol
fraction after precipitation of LDL and VLDL cholesterol with
dextran sulfate magnesium (28, 29). The intra- and interassay
CVs were �3%. Blood pressure was measured twice with a
mercury column sphygmomanometer and then averaged to the
nearest 2 mm Hg. The use of hypoglycemic medication (insulin
or oral agents), any antihyperlipidemic agents (including fibrates
or nicotinic acid), and any antihypertensive agents was deter-
mined during the physical examination.

MetS was defined on the basis of the ATP III guidelines as the
presence of �3 of the following risk factors: waist circumference
�88 cm for women or �102 cm for men, fasting plasma glucose
�100 mg/dL or drug treatment for hyperglycemia, HDL choles-
terol �40 mg/dL for men and �50 mg/dL for women or drug
treatment with fibrates or nicotinic acid, triacylglycerol �150
mg/dL or drug treatment with fibrates or nicotinic acid, or hy-
pertension (systolic blood pressure �130 mm Hg or diastolic
blood pressure �85 mm Hg or drug treatment for a previous
diagnosis of hypertension) (6–8).

Covariates

Height (to the nearest 0.25 inch, or 0.6 cm) and weight (to the
nearest 0.25 lb, or 113.5 g) were measured while the participants
were standing with their shoes off and while wearing a hospital
gown. Body mass index (BMI) was calculated as weight (in kg)
divided by height (in m) squared (30, 31). Fasting insulin was
measured in EDTA-treated plasma as total immunoreactive in-
sulin (Coat-A-Count Insulin; Diagnostic Products Corporation,
Los Angeles, CA) and run in duplicate. The intra- and interassay
CVs ranged from 5% to 10%, and the lower limit of sensitivity
was 8 pmol/L (27). Additional covariates included sex, age (in y),
current smoker (yes or no), current multivitamin use (yes or no),
current estrogen use (yes or no) in postmenopausal women only,
total energy intake (kcal/d), and physical activity score assessed
as a weighted sum of the proportion of a typical day spent sleep-
ing and performing sedentary, slight, moderate, or heavy phys-
ical activities (expressed in metabolic equivalents) (32).

Statistical analyses

Of the 3799 members of the Framingham Offspring Cohort
who participated in the 5th examination, complete dietary data
were available for 3418. Individuals were excluded if they were
missing information required to calculate their energy needs to
determine a score on the DGAI, including height, weight, age,
and physical activity score (n � 95), or if they were missing
information needed to calculate MetS, either the levels of the
biomarkers or medications used to treat abnormal levels of the
components (n � 146). This reduced the final sample size to 3177
participants. Prevalence of the individual risk factors and MetS
were calculated on the basis of ATP III criteria.

The DGAI scores were divided into approximate quintile cat-
egories (because the distribution of the scores did not allow for
the determination of exact quintile values). Participant charac-
teristics, adjusted for sex and age, were computed across quintile
categories of DGAI score using the SAS PROC GLM procedure.
The statistical significance for trend was assessed by using linear
regression (SAS PROC REG) for continuous participant char-
acteristics and logistic regression (SAS PROC LOGISTIC) for
dichotomous characteristics; the DGAI score was entered as a
continuous variable.

The dependent (outcome) variables included MetS as a dichot-
omous variable and the MetS components (waist circumference,
fasting plasma glucose, triacylglycerols, HDL cholesterol, and
systolic and diastolic blood pressure) as continuous and dichot-
omous variables based on the ATP III criteria.

For the assessment of the MetS component risk factors as
continuous measures, those participants being treated for a given
component were also excluded from the analyses (108 for fasting
plasma glucose, 234 for the analysis of HDL and triacylglycerol,
and 597 for the blood pressure analysis). All individual MetS
components were positively skewed, and a natural logarithm
transformation was applied to normalize the data. To express the
transformed variables in their natural scale, geometric means
were calculated by exponentiation of the adjusted least-squares
means. Adjusted geometric means were computed across quin-
tile categories of DGAI score by using the SAS PROC GLM
procedure. The linearity assumption of the relation between the
DGAI score and the MetS risk factors in their continuous form
was examined by using the SAS LOESS procedure. The P value

TABLE 1
Prevalence of risk factors according to the National Cholesterol Education Program Adult Treatment Panel III (ATP III) criteria for the metabolic
syndrome

Risk factors ATP III criteria
Women1

(n � 1684)
Men1

(n � 1493)

n (%) n (%)

Metabolic syndrome2 511 (30) 639 (43)
Waist circumference Men: �102 cm (�40 in); women: �88 cm (�35 in) 686 (41) 569 (38)
Fasting plasma glucose �100 mg/dL or drug treatment3 430 (26) 629 (42)
Triacylglycerols �150 mg/dL or drug treatment4 520 (31) 637 (43)
HDL cholesterol Men: �40 mg/dL; women: � 50 mg/dL or drug treatment4 625 (37) 667 (45)
Elevated blood pressure Systolic �130 mm Hg or diastolic �85 mm Hg or drug treatment5 709 (42) 826 (55)

1 Individuals meeting the stated criteria.
2 Defined as individuals meeting �3 of the listed criteria.
3 Treatment of hyperglycemia defined as the use of oral antihyperglycemic agents or insulin.
4 Treatment of elevated triacylglycerols or low HDL defined as the use of fibrates or nicotinic acid.
5 Treatment defined as the use of antihypertensive agents.
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for linear trend was determined as the P value for the DGAI linear
regression coefficient with the DGAI score as a continuous vari-
able using SAS PROC REG. First-order interactions were tested
between DGAI score and age, sex, and BMI for each of the 6 MetS
component risk factors. Because the number of interactions exam-
ined was large (n � 18), the level of significance for the interactions
was adjusted to �0.003 by using a Bonferroni correction.

The odds ratios (ORs) relating DGAI score to risk of each of
the individual risk factors for MetS were calculated by using SAS
PROC LOGISTIC. The lowest DGAI score quintile category
was designated as the reference category. The P value for trend
was determined as the P value for the DGAI logistic regression
coefficient with the DGAI score entered as a continuous variable.
We used the revised ATP III criteria, which included specific
treatments for some risk factors, as our primary definition of
MetS and abnormal MetS risk factors. However, we also per-
formed the analyses excluding those taking drugs for the treat-
ment of hyperglycemia, low HDL concentrations, hypertriacyl-
glycerolemia, or hypertension, as we did for the analysis of the
risk factors in their continuous form. The latter analyses are dis-
cussed in the text only when there were differences between the
analyses with and without individuals on the specified medications.
Interactionswere testedbetweenDGAIscoreandage, sex, andBMI
in separate models for each component risk factor by using the
Bonferroni correction as describe above.

Potential confounding variables were examined in 4 succes-
sive stages for the analyses of the individual MetS components.
Initial models were adjusted for age and sex (model 1). A second
stage included adjustment for variables in the first model plus
smoking, reported energy intake, estrogen use (women only),
and physical activity (model 2). Next, the associations between
the DGAI score and MetS components were mutually adjusted
for the MetS components associated with DGAI score in model 2
(model 3). Because of the strong interrelations between systolic and
diastolic blood pressure and between HDL-cholesterol and triacyl-
glycerol concentrations, these were not mutually adjusted. Finally,
BMI was added to the variables adjusted in model 3 (model 4).
Because models 2–4 provided, in large part, very similar findings,
only results from model 2 are presented in tabular form and differ-
ences between the models are discussed in the text.

The ORs relating DGAI score to risk of MetS were calculated
by using SAS PROC LOGISTIC. The lowest DGAI score quin-
tile category was designated as the reference category. The ORs
were adjusted for age, sex, current smoking, current multivita-
min supplement use, physical activity, and reported energy in-
take. The P for trend was determined as the P value for the DGAI
logistic regression coefficient, with the DGAI score entered as a
continuous variable. We used the revised ATP III criteria, which
included specific treatments for some risk factors, as our primary
definition of MetS. However, we also performed the analyses
after excluding those taking drugs for hyperglycemia, low HDL
concentrations, hypertriacylglycerolemia, and hypertension. In-
teractions were tested between DGAI score and age, sex, and
BMI by using the Bonferroni correction. All statistical analyses
were conducted by using SAS statistical software version 9.1
(SAS Institute, Cary, NC).

RESULTS

Our 3177 participants included 1493 men and 1684 women
with a mean age of 54.5 y (range: 26–82 y). Forty-three percent

of the men (n � 639), and 30% of the women (n � 511) met the
ATP III criteria for MetS (Table 1). Of these, only 120 had a BMI
� 25, whereas 1030 had a BMI � 25. The prevalence of hyper-
tension risk was the highest of the 5 risk factors for both men
(55%) and women (42%). The mean (�SD) fasting insulin con-
centration in those with MetS was 40.4 � 32.9 �U/mL (range:
14–720 �U/mL), whereas in those without MetS it was 26.1 �
9.1 �U/mL (range: 11–180 �U/mL).

The DGAI score ranged from 3.0 to 18.0 out of possible 20
points. The total score was associated with many of the partici-
pant characteristics (Table 2). Those in the highest DGAI score
quintile category were significantly more likely to be women
than men (73% compared with 30%; P � 0.001) and were sig-
nificantly older (57 compared with 52 y; P � 0.001) than those
in the lowest quintile category. After adjustment for age and sex,
those in the highest DGAI quintile category were significantly
more likely than those in the lowest quintile category to use
multivitamin supplements (39% compared with 23%; P �
0.001), had a lower average BMI (26.6 compared with 28.2; P �
0.001), were significantly less likely to be current smokers (8%
compared with 35%; P � 0.001), and were more likely to be
taking medication for one or more MetS components (28%
compared with 21%; P � 0.001). There was no significant dif-
ference in fasting plasma insulin, total reported energy intake, or
physical activity between the highest and lowest quintile cate-
gories.

Five of the MetS components, in their continuous form, were
inversely associated with DGAI score after adjustment for age
and sex: waist circumference (P for trend � 0.001), fasting
plasma glucose (P for trend � 0.03), plasma triacylglycerol
(P for trend � 0.002), and systolic (P for trend � 0.02) and
diastolic (P for trend � 0.03) blood pressure. Further adjustment
for smoking, energy intake, estrogen use (women only), total
energy intake, and physical activity did not have a substantial
effect on these associations, but the fasting plasma glucose as-
sociation with DGAI score was slightly attenuated and was no
longer statistically significant (P for trend � 0.06) (Table 3).
After mutual adjustment among the risk factors that remained
associated with the DGAI score (waist circumference, plasma
triacylglycerol, and blood pressure), only waist circumference
remained independently associated with DGAI score.

We considered possible interactions, based on a priori deci-
sions, between DGAI score and age, sex, and BMI for each of the
MetS components in their continuous form in separate models.
Only the interaction between systolic blood pressure and age
(P � 0.002) met our criteria for statistical significance (P �
0.003). When the population was stratified, the relation was
confined to those younger than 55 y (P � 0.009) and was not
significant in those who were older (P � 0.69).

When the MetS risk factors were considered as dichotomous
variables based on the revised ATP III definitions, those in the
highest DGAI score category had a significantly lower risk of
abdominal adiposity (OR: 0.50; 95% CI: 0.39, 0.64; P for trend
� 0.001) and of hyperglycemia (OR: 0.73; 95% CI: 0.56, 0.94;
P for trend � 0.03) than did those in the lowest DGAI category
after adjustment for age, sex, current smoking status, current
multivitamin use, physical activity, and reported energy intake
(Table 4). The relation with hyperglycemia risk became some-
what stronger when those receiving treatment for this condition
were excluded (OR: 0.67; 95% CI: 0.51, 0.88; P � 0.005).
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We tested the interaction between the presence of the ATP
III–defined MetS risk factors and age, sex, and BMI in separate
models. The interaction between BMI and elevated waist cir-
cumference (P � 0.001) and age and hypertension risk (P �
0.001) met our criteria for statistical significance. When strati-
fied by BMI, there was an inverse association between the prev-
alence of abdominal adiposity and DGAI score for individuals
with a BMI � 25 (OR: 0.57; 95% CI: 0.42, 0.78; P for trend �
0.001 for the comparison of the prevalence in the highest and the

lowest DGAI quintile category), but not for those with a BMI �
25 (OR: 0.84; 95% CI: 0.34, 2.07; P for trend � 0.75). After
stratification into those aged �55 y and those aged �55 y, the
association between hypertension and DGAI score was not sta-
tistically significant in either age strata.

We also observed an inverse association between adherence to
the DGA and risk of MetS after multivariable adjustment
(Table 5). The OR for the comparison of the prevalence of MetS
among individuals in the highest DGAI score quintile category

TABLE 2
Participant characteristics according to quintile category of the 2005 Dietary Guidelines for Americans Index (DGAI)1

2005 DGAI quintile category
P for
trend21 2 3 4 5

Median DGAI score3 6.75 (3.0–8.0) 9.25 (8.25–10.0) 11.00 (10.25–11.5) 12.50 (11.75–13.0) 14.25 (13.25–18.0)
Participants (n) 656 614 657 601 649
Median healthy choice subscore4 3.5 4.0 5.0 5.75 7.0
Median food group subscore5 3.0 5.0 6.0 6.5 7.5
Female (%)6 30 (26, 33) 45 (41, 48) 55 (52, 60) 63 (59, 67) 73 (69, 77) � 0.001
Age (y)6 51.8 (51.0, 52.5) 53.4 (52.6, 54.2) 54.5 (53.7, 55.2) 55.7 (54.9, 56.5) 57.1 (56.3, 57.8) � 0.001
BMI (kg/m2)7 28.2 (27.8, 28.5) 27.5 (27.0, 27.8) 27.3 (26.9, 27.7) 27.3 (26.8, 27.6) 26.6 (26.0, 26.8) � 0.001
Fasting plasma insulin (�U/mL)7,8 32.9 (31.1, 34.6) 30.4 (28.6, 32.2) 32.4 (30.7, 34.1) 30.3 (28.4, 32.0) 30.2 (28.4, 32.0) 0.08
Total reported energy (kcal/d)7 1806 (1750, 1847) 1898 (1849, 1946) 1937 (1887, 1991) 1870 (1829, 1928) 1844 (1787, 1894) 0.51
Physical activity score (METS)7 35.0 (34.4, 35.4) 34.8 (34.3, 35.3) 34.4 (33.9, 35.0) 34.6 (34.2, 35.2) 34.9 (34.5, 35.4) 0.37
Current smokers (%)6 35 (32, 38) 21 (18, 24) 20 (17, 23) 10 (7, 13) 8 (5, 11) � 0.001
Multivitamin users (%)6 23 (20, 27) 24 (21, 28) 27 (23, 30) 31 (27, 35) 39 (35, 42) � 0.001
Metabolic syndrome treatment (%)6,9 21 (18, 24) 23 (20, 26) 24 (21, 27) 26 (23, 30) 28 (25, 31) � 0.001

1 Means and percentage adjusted for sex and age. Age adjusted for sex only and sex for age only. METS, metabolic equivalents.
2 Derived from linear regression for continuous variables or logistic regression for dichotomous variables.
3 Range in parentheses. Scores range from 0 to 20 possible points.
4 Scores range from 0 to 9 possible points and are assessed at the same level for all participants. The 9 items used to assess the healthy choice

recommendations are as follows: percentage of grains that are whole grain, fiber intake, sodium intake, alcohol consumption, low-fat milk and meat choices,
total and saturated fat as a percentage of calories, cholesterol intake, and trans fat intake.

5 Scores range from 0 to 11 possible points and are assessed on a calorie-specific level. The 11 items used to assess the food group recommendations are
as follows: orange vegetables, dark-green vegetables, legumes, starchy vegetables, other vegetables, vegetable variety, fruit, grains, meat and legumes, milk
and milk products, and discretionary calories (added sugar).

6 Values are arithmetic x�; 95% CIs in parentheses.
7 Values are geometric x�; 95% CIs in parentheses.
8 n � 3073.
9 Medication for one or more MetS components.

TABLE 3
Geometric means (and 95% CIs) for each of the component risk factors for the metabolic syndrome according to quintile category of the 2005 Dietary
Guidelines for Americans Index (DGAI)1

2005 DGAI quintile category

P for trend21 2 3 4 5

DGAI range �8.25 8.25–10.00 10.25–11.50 11.75–13.00 �13.00
Participants (n � 3177) 656 614 657 601 649
Component risk factors

Waist circumference (cm) 94 (93, 95) 92 (91, 93) 91 (90, 92) 91 (90, 92) 89 (88, 90) � 0.001
Glucose (mg/dL)3 97 (96, 98) 97 (96, 98) 97 (96, 98) 97 (96, 98) 95 (94, 96) 0.06
Triacylglycerols (mg/dL)4 128 (120, 131) 121 (116, 125) 122 (118, 127) 121 (116, 126) 115 (111, 120) 0.005
HDL cholesterol (mg/dL)4 49 (47, 50) 49 (48, 50) 48 (47, 49) 48 (47, 49) 49 (47, 50) 0.58
Systolic blood pressure (mm Hg)5 123 (122, 125) 122 (121, 123) 123 (121, 124) 121 (120, 122) 122 (121, 124) 0.01

Diastolic blood pressure (mm Hg)5 75 (74, 75) 73 (72, 74) 74 (73, 74) 73 (72, 74) 73 (72, 74) 0.002

1 Means adjusted for sex, age, energy intake, smoking status, estrogen use (women only), multivitamin use, and physical activity.
2 Based on the linear regression coefficient for the DGAI score as a continuous variable.
3 Based on 3069 participants; 108 participants were excluded from these analyses because they were treated with oral hypoglycemic agents or insulin.
4 Based on 2943 participants; 234 participants were excluded from these analyses because they were treated with lipid-lowering medication.
5 Based on 2580 participants; 597 participants were excluded from these analyses because they were treated with antihypertensive medication.
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and the lowest category was marginally significant (OR: 0.81;
95% CI: 0.63, 1.04; P for trend � 0.07). When those receiving
treatment for any of the risk factors were excluded, this compar-
ison became statistically significant (OR: 0.64; 95% CI: 0.47,
0.88; P for trend � 0.005). There was also a marginally signif-
icant interaction between the DGAI score and age for MetS after
Bonferroni correction (P � 0.02). When we stratified the partic-
ipants into those age �55 y and those aged �55 y, we observed
no association between MetS and DGAI score in the older indi-
viduals (P for trend � 0.89). However, there was a strong inverse
association among the younger participants, with an OR equal to
0.61 (95% CI: 0.41, 0.91; P for trend � 0.007) for the comparison
of those in the highest and lowest quintile categories of DGAI
score. This relation was not affected when those receiving treat-
ment for any of the risk factors were excluded (OR: 0.57; 95% CI:
0.36, 0.92; P for trend � 0.007). We considered the possibility
that the lack of any association in older individuals was a con-
sequence of greater medical treatment for abnormal component
risk factors for MetS, but the relation between DGAI and MetS
in those aged �55 y was still not statistically significant when
those receiving treatment for any of the risk factors were ex-
cluded (P for trend � 0.32).

DISCUSSION

We found that consumption of a diet consistent with the 2005
DGA dietary recommendations is associated with both lower
levels of many of the risk factors of MetS and a reduced preva-
lence of MetS. Given the greatly enhanced CVD risk among
individuals with MetS, this study provides the first evidence that

adherence to the 2005 DGA is associated with a risk factor profile
predisposing to reduced CVD risk.

The Healthy Eating Index (HEI) was developed by US De-
partment of Agriculture scientists to assess adherence to the 1990
version of the DGA (26). The relation between the HEI and CVD
outcomes was studied in 2 longitudinal studies (33, 34). In men,
the HEI was associated with a 28% (relative risk � 0.72; 95% CI:
0.60, 0.88; P � 0.001) lower risk of CVD outcomes (33); in
women, there was a 14% (relative risk � 0.86; 95% CI: 0.72,
1.03) reduction in CVD risk, which was not statistically signif-
icant (34). These studies indicate that adherence to the 1990 DGA
as assessed by the HEI might modestly influence CVD risk.

Recent studies have examined the relation between HEI score
and another proposed intermediate risk factor for CVD, chronic
low-grade inflammation, indicated as an elevated C-reactive pro-
tein (CRP). Fung et al (35), in the same population studied above,
failed to see an association between HEI scores and elevated CRP
in women. On the other hand, Ford et al (36) showed a modest
inverse relation between HEI score and elevated CRP (defined as
CRP � 85th percentile) in NHANES III, but the association
appeared to be confined to women (OR: 0.57; 95% CI: 0.41, 0.79;
P for trend � 0.01) and was not statistically significant in men
(OR: 0.98; 95% CI: 0.69, 1.39), which is contrary to the results
seen for the relation between HEI and CVD outcomes (33, 34). In
our population, we observed no significant interaction between sex
and DGAI score for MetS or any of the individual risk factors.
However, we previously reported a significant sex interaction
between DGAI score and degree of insulin resistance as assessed
by the homeostasis model assessment of insulin resistance (37).

TABLE 4
Odds ratios for each component of the metabolic syndrome according to quintile category of the 2005 Dietary Guidelines for Americans Index (DGAI)

2005 DGAI quintile category

P for trend11 2 3 4 5

DGAI range �8.25 8.25–10.00 10.25–11.50 11.75–13.00 �13.00
Participants (n) 656 614 657 601 649
Mean no. of component risk

factors
2.11 1.95 2.00 1.99 1.86

Component risk factors2

Waist circumference risk
Odds ratio (95% CI)3 14 0.70 (0.55, 0.87) 0.64 (0.51, 0.81) 0.59 (0.47, 0.75) 0.50 (0.39, 0.64) � 0.001
n5 300 242 257 228 228

Hyperglycemia
Odds ratio (95% CI) 1 0.92 (0.72, 1.18) 0.93 (0.73, 1.19) 1.1 (0.83, 1.37) 0.73 (0.56, 0.94) 0.03
n5 236 206 219 216 182

Hypertriacylglycerolemia
Odds ratio (95% CI) 1 0.98 (0.77, 1.23) 0.96 (0.75, 1.21) 0.99 (0.78, 1.27) 0.91 (0.71, 1.17) 0.42
n5 251 225 238 219 224

HDL risk
Odds ratio (95% CI) 1 0.97 (0.77, 1.22) 1.17 (0.93, 1.47) 1.09 (0.86, 1.39) 1.11 (0.87, 1.42) 0.16
n5 278 240 282 238 254

Hypertension
Odds ratio (95% CI) 1 0.86 (0.67, 1.09) 0.90 (0.71, 1.15) 0.87 (0.68, 1.12) 0.87 (0.68, 1.12) 0.32
n5 319 286 318 292 320

1 Based on the logistic regression coefficient for the DGAI score as a continuous variable.
2 Based on National Cholesterol Education Program Adult Treatment Panel III (ATP III) criteria (see Table 1).
3 Adjusted for age, sex, energy intake, physical activity, multivitamin use, and smoking status.
4 Reference category.
5 Number of participants with a component risk factor based on ATP III criteria.
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Our findings suggest that the association between MetS and
consumption of a diet consistent with the 2005 DGA as assessed
by the DGAI is due largely to 4 of its 5 component risk factors:
waist circumference, fasting plasma glucose, plasma triacylglyc-
erol, and blood pressure (hypertension). However, the associa-
tions between the DGAI and these metabolic markers may not be
completely independent. For example, after mutual adjustment,
only waist circumference remained significantly associated with
DGAI score. The importance of diet quality in determining
weight was previously shown in the Framingham Offspring Co-
hort (38). A better diet quality based on a 5-point index derived
from two 3-d diet records was associated with less weight gain
over an 8-y period.

Previous studies have shown inverse associations between
whole grain intake and waist circumference, fasting plasma glu-
cose, and plasma triacylglycerol in the Framingham Offspring
Cohort (14, 15). Other recommendations in the DGA, including
sodium restriction and increased fruit and vegetable intake, con-
sistent with the DASH diet, are also associated with lowered
blood pressure and risk of hypertension (39, 40). Therefore,
increased intakes of whole grains, fruit, and vegetables and other
recommendations included in the 2005 DGA could be biologi-
cally plausible mediators of the association we observed with
these metabolic risk factors.

HDL-cholesterol concentration was not related to the index
score as a continuous measure or as a dichotomous measure.
HDL cholesterol is affected by weight and physical activity (41,
42), and many dietary factors included in the DGA key recom-
mendations (43). The failure to see an association between the
index and HDL cholesterol may be due to 2 factors. First, the
DGA key recommendation for alcohol intake, which was previ-
ously shown to be a strong determinant of HDL cholesterol in the
Framingham Offspring Cohort (44), is coded within the index in

a manner that may minimize any association with HDL-
cholesterol concentrations. That is, individuals who consumed
no alcohol were classified as meeting the recommendation and
women consuming �1 drink/d and men consuming �2 drinks/d
were classified as not meeting the recommendation. Second,
adherence to some of the key dietary recommendations, such as
the fat recommendations, may have a negative effect on HDL-
cholesterol concentrations but an overall beneficial effect on the
total to HDL cholesterol ratio, which is not a component of MetS.

We should also note that the observed significant differences
in the MetS component risk factors between the extreme quintile
categories of the DGAI score were modest and may not be clin-
ically significant at the individual level. However, such differ-
ences may prove more important at the population level. More-
over, these differences in component risk factors translate into
much more notable differences across quintile categories of the
DGAI for MetS.

These findings are subject to some potential limitations. Be-
cause this study was cross-sectional, it is impossible to know
whether some participants altered their diet or altered their re-
porting of diet in some way based on previous diagnoses related
to risk of MetS. Also, those who were aged �55 y and did not
have MetS may have followed a diet consistent with the 2005
DGA earlier in life, which may contribute to their current good
health. Furthermore, the large number of people older than 55 y
with MetS who are being treated for hypertension and other risk
factors may also limit the study’s findings, because it is possible
that diet would not affect risk factor levels to the same degree
among individuals receiving treatment. However, a recent report
from the Health Professionals Follow-Up Study suggests that
men taking medication for hypertension or hypercholesterolemia
would benefit from lifestyle changes, including improved diet
quality (45). Moreover, when we excluded participants taking

TABLE 5
Odds ratios for the metabolic syndrome according to quintile category of the 2005 Dietary Guidelines for Americans Index (DGAI) and age1

2005 DGAI quintile category

P for trend21 2 3 4 5

DGAI range �8.25 8.25–10.00 10.25–11.50 11.75–13.00 �13.00
All participants (n) 656 614 657 601 649

Metabolic syndrome (n) 255 221 238 217 219
Odds ratio (95% CI)3 14 0.89 (0.70, 1.13) 0.89 (0.70, 1.13) 0.89 (0.70, 1.15) 0.81 (0.63, 1.04) 0.07

All participants except
those excluded
because of treatment5

538 490 515 453 480

Metabolic syndrome (n) 171 124 140 118 102
Odds ratio (95% CI) 1 0.75 (0.57, 1.00)2 0.83 (0.63, 1.10) 0.82 (0.61, 1.11) 0.64 (0.47, 0.88) 0.005

Age �55 y (n)6 400 332 338 274 267
Metabolic syndrome (n) 140 82 86 66 54
Odds ratio (95% CI) 1 0.67 (0.48, 0.94) 0.73 (0.52, 1.03) 0.70 (0.49, 1.02) 0.61 (0.41, 0.91) 0.007

Age �55 y (n) 256 282 319 327 382
Metabolic syndrome (n) 115 139 152 151 165
Odds ratio (95% CI) 1 1.27 (0.89, 1.79) 1.19 (0.84, 1.67) 1.19 (0.84, 1.67) 1.09 (0.77, 1.54) 0.89

1 Diagnosis of metabolic syndrome based on the National Cholesterol Education Program Adult Treatment Panel III (ATP III) criteria (see Table 1).
2 Based on the logistic regression coefficient for the DGAI score as a continuous variable.
3 Adjusted for age, sex, energy intake, physical activity, multivitamin use, and smoking status.
4 Reference category.
5 Calculations exclude all those who were treated for hyperglycemia, hypertension, hypertriglyceridemia, or low HDL (n � 2476; n � 655 for those with

metabolic syndrome).
6 P value for interaction with age � 0.02.
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drugs for the individual risk factors from the analyses, we ob-
served similar relations.

This DGAI was designed to assess only the dietary intake
portion of the 2005 DGA. We did not include the recommenda-
tions to “control calorie intake to manage body weight” and “be
physically active every day” in the index, although they are
important recommendations with strong influences on MetS and
insulin resistance. An earlier index of adherence to the DGA
showed that these nondietary factors overpowered dietary rela-
tions with chronic disease (46). We chose to control for these
factors in our analysis so that we could examine the relation
between the dietary composition and intermediate CVD risk
factors. This may be another reason why we were unable to see
a relation between the DGAI score and HDL-cholesterol con-
centration because it seems to be primarily related to exercise and
body weight (41, 42).

Another potential limitation of this work was the use of an FFQ
for dietary assessment; however, much evidence from the liter-
ature supports the validity of the Harvard FFQ for assessing food
and nutrient intakes. Median correlation coefficients between
food group intake based on two 1-wk diet records and an FFQ
covering the same time period were 0.46 for vegetables, 55 for
grains, 0.70 for meat and fish, 0.71 for dairy, 0.77 for fruit, and
0.84 for alcoholic beverages (47). The energy-adjusted correla-
tion coefficients between dietary intakes from the diet records
and FFQ were 0.60 for sodium, 0.67 for total fat, 0.68 for dietary
fiber, 0.75 for saturated fat, and 0.78 for cholesterol (24). These
reports showed the relative validity of the information from the
Harvard FFQ used to determine intake of the food group and
healthy choice index items.

Finally, we do not know whether our population was repre-
sentative of all adult Americans, but the prevalence of MetS in
the Framingham Offspring Cohort was similar to that for adult
Americans (9, 48). However, it is important to note that this
cohort is almost exclusively white.

To our knowledge, this was the first study to assess a diet
consistent with the 2005 DGA and prevalence of MetS and its
metabolic risk factors. This research provides evidence that the
2005 DGA recommendations present a healthy eating pattern
associated with a reduced chronic disease risk profile in a
community-based US adult population. Future studies, including
dietary intervention studies, will be needed to confirm the effects
of the 2005 DGA dietary patterns on other intermediate markers
of disease and on the prevention of new cases of disease.
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Folic acid supplementation lowers blood arsenic1�3

Mary V Gamble, Xinhua Liu, Vesna Slavkovich, J Richard Pilsner, Vesna Ilievski, Pam Factor-Litvak, Diane Levy,
Shafiul Alam, Mominul Islam, Faruque Parvez, Habibul Ahsan, and Joseph H Graziano

ABSTRACT
Background: Chronic arsenic exposure currently affects �100 mil-
lion persons worldwide. Methylation of ingested inorganic arsenic
(InAs) to monomethylarsonic (MMAs) and dimethylarsinic
(DMAs) acids relies on folate-dependent one-carbon metabolism
and facilitates urinary arsenic elimination.
Objective: We hypothesized that folic acid supplementation to
arsenic-exposed Bangladeshi adults would increase arsenic methyl-
ation and thereby lower total blood arsenic.
Design: In this randomized, double-blind, placebo-controlled trial,
we evaluated blood concentrations of total arsenic, InAs, MMAs,
and DMAs in 130 participants with low plasma folate (�9 nmol/L)
before and after 12 wk of supplementation with folic acid (400 �g/d)
or placebo.
Results: MMAs in blood was reduced by a mean � SE of 22.24 �
2.86% in the folic acid supplementation group and by 1.24 � 3.59%
in the placebe group (P � 0.0001). There was no change in DMAs
in blood; DMAs is rapidly excreted in urine as evidenced by an
increase in urinary DMAs (P � 0.0099). Total blood arsenic was
reduced by 13.62% in the folic acid supplementation group and by
2.49% in the placebo group (P � 0.0199).
Conclusions: Folic acid supplementation to participants with low
plasma concentrations of folate lowered blood arsenic concentra-
tions, primarily by decreasing blood MMAs and increasing urinary
DMAs. Therapeutic strategies to facilitate arsenic methylation, par-
ticularly in populations with folate deficiency or hyperhomocys-
teinemia or both, may lower blood arsenic concentrations and
thereby contribute to the prevention of arsenic-induced
illnesses. Am J Clin Nutr 2007;86:1202–9.

KEY WORDS Folic acid, folate deficiency, homocysteine,
S-adenosylmethionine, SAM, creatinine, arsenic, monomethylar-
sonic acid, dimethylarsinic acid, blood arsenic

INTRODUCTION

Arsenic is the most common source of metal or metalloid
poisoning. Current estimates indicate that as many as 100 million
persons in India, Bangladesh, Vietnam, Cambodia, and Nepal are
drinking water with arsenic concentrations up to 100 times the
World Health Organization guideline of 10 �g/L (1, 2). Other
countries, including China, Taiwan, Mexico, Chile, and the
United States, also have naturally occurring arsenic in ground-
water that is used for drinking. In Bangladesh, as part of a mile-
stone effort to reduce infant mortality associated with diarrheal

disease in the 1960s, UNICEF and other nongovernmental or-
ganizations encouraged a massive shift from drinking microbi-
ally contaminated surface water to drinking groundwater ac-
cessed by tube wells. Twenty years later, it was discovered that
roughly one-half of these wells contained high concentrations of
arsenic (2). Chronic exposure to arsenic is associated with a
greater risk of cancers of the skin, bladder, lung, and liver and of
noncancer outcomes such as stroke (3), ischemic heart disease
(4), and neurologic sequelae in adults (5) and children (6). Clin-
ical manifestations of arsenic toxicity vary considerably between
persons and populations, and poor nutritional status is thought to
confer greater susceptibility (7).

In Bangladesh, the predominant form of arsenic in drinking
water is trivalent inorganic arsenic (InAsIII). InAsIII undergoes
hepatic methylation with S-adenosylmethionine (SAM), a prod-
uct of one-carbon metabolism, as the methyl donor. One-carbon
metabolism consists of a series of oxidation-reduction reactions
that provide carbon groups for the synthesis of nucleic acids and
for the generation of methyl groups used in a multitude of im-
portant transmethylation reactions (8). Methylation of InAsIII

yields methylarsonic acid (MMAs) and S-adenosyl-
homocysteine. S-adenosylhomocysteine hydrolysis generates
homocysteine and adenosine. MMAs is reduced to MMAsIII

before acquiring a second methyl group from SAM-yielding
DMAs (DMAsV). Several enzymes have been identified that are
capable of catalyzing these transitions (9–12). The regeneration
of SAM and the removal of the product inhibitor,
S-adenosylhomocysteine, are achieved largely by downstream
remethylation of homocysteine by methionine synthase using
N5-methyltetrahydrofolate as a cosubstrate. Because methyl-
ation of arsenic facilitates urinary arsenic elimination, methyl-
ation has been considered to be a detoxification process.
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A high prevalence of hyperhomocysteinemia and folate defi-
ciency among Bangladeshi adults, particularly men, was previ-
ously documented by our group (13) in association with a re-
duced capacity to methylate arsenic (14). In a recent,
randomized, double-blind, placebo controlled trial of folic acid
supplementation, we analyzed total arsenic and arsenic metabo-
lites in urine and showed that folic acid supplementation resulted
in an increase in the proportion of total urinary arsenic excreted
as DMAs (%DMAs) and a reduction in %MMAs and %InAs in
urine (15). We therefore hypothesized that the facilitation of
arsenic methylation with folic acid supplementation lowers total
blood arsenic concentrations. Recent methodologic advances
have permitted us to test this hypothesis in banked specimens
from the same randomized trial by measuring total arsenic and
arsenic metabolites in blood, where concentrations are an order
of magnitude lower than those in urine. We recently reported that
blood arsenic is a biomarker of arsenic exposure and is directly
associated with the risk of arsenic-induced skin lesions (16).
Thus, lowering blood arsenic with folic acid has the therapeutic
potential to reduce the risk of arsenic-induced illnesses.

SUBJECTS AND METHODS

The Nutritional Influences on Arsenic Toxicity (NIAT) study
previously reported on the prevalence of folate deficiency and
hyperhomocysteinemia in Bangladesh and on the effects of this
folic acid intervention on arsenic metabolites in urine. The NIAT
study works in collaboration with the Health Effects of Arsenic
Longitudinal Study, a prospective cohort study of 11 746 adults,
from which the current sample is derived (17).

The region

The study site, located �30 km east of Dhaka, Bangladesh, is
a 25-km2 region within the thana of Araihazar (a thana is an
administrative unit, or subdivision, of one of the 64 districts of
Bangladesh). Our data on socioeconomic status and those of
Columbia University’s Center for International Earth Science
Information Network (18) indicate that this region is not partic-
ularly poor by Bangladeshi standards.

Participants

A cross-sectional study of 1650 participants, reported else-
where (13), determined the prevalence of folate and cobalamin
deficiencies and of hyperhomocysteinemia, and identified a pool
of participants with low plasma folate for recruitment into the
folic acid intervention study (15). The 200 participants enrolled
in the folic acid supplementation trial were a random selection
from the 550 participants who were in the lowest tertile for
plasma folate in the cross-sectional study. Participants were ex-
cluded if they were pregnant or cobalamin deficient (vitamin
B-12 � 185 pmol/L) or if they were taking vitamin supplements.
Study participants selected for this study (n � 130) are a subset
of the 194 participants who completed the randomized, con-
trolled folic acid supplementation trial (NIAT; 15). The subset
includes all participants in the trial who had detectable concen-
trations of InAs, MMAs, and DMAs in blood. Aside from arsenic
exposure, subjects selected for this study did not differ according
to baseline characteristics in the NIAT study from which they
were selected (data not shown).

Oral informed consent was obtained by our Bangladeshi field
staff physicians, who read an approved assent form to the study

participants. Ethical approval was provided by the institutional
review boards of Columbia Presbyterian Medical Center and the
Bangladesh Medical Research Council.

Study design and field work

As previously described (15), field staff teams visited the
homes of potential subjects to assess eligibility and to invite those
eligible to enroll in the folic acid intervention study. Eligible
persons who consented to participate were randomly assigned to
receive folic acid (400 �g/d) or placebo. One bottle containing
100 tablets of folic acid or placebo was assigned to each person.
After blood and urine samples were collected, the field staff
observed while each participant took a folic acid or placebo
tablet. Field staff retained the bottles of folic acid or placebo
tablets and returned daily to participants’ homes to witness com-
pliance.

Of the 200 study participants enrolled, 6 were unavailable to
meet with our field staff to receive the folic acid or placebo tablet
on a daily basis and were therefore dropped from the study. Two
of these 6 were female and 4 were male; 3 had been randomly
assigned to the folic acid group and 3 to the placebo group. There
were no adverse events. A supply of multivitamins was provided
to all participants on completion of the study.

Sample collection and handling

Plasma samples were obtained by venipuncture at the time of
recruitment and after the 12-wk intervention. Blood was col-
lected into heparin-containing evacuated tubes that were placed
in IsoRack cool packs (Brinkmann Instruments, Westbury, NY)
designed to maintain samples at 0 °C for 6 h. Within 4 h, samples
were transported in hand-carried coolers to our local laboratory,
which is situated at our field clinic in Araihazar. Samples were
spun at 3000 � g for 10 min at 4 °C, and plasma was separated
from cells. Aliquots of plasma and whole blood were stored at
�80 °C and shipped, frozen on dry ice, to Columbia University
for analysis. Urine samples were collected in 50-mL acid-
washed polypropylene tubes. These were kept in portable cool-
ers, frozen at �20 °C within 4 h, and similarly shipped on dry ice.

Analytic techniques

Water arsenic

Water arsenic concentrations of the tube well at each partici-
pant’s home were obtained during a survey of all wells in the
study region (19). Samples were analyzed at Columbia Univer-
sity’s Lamont Doherty Earth Observatory by graphite furnace
atomic absorption (GFAA) spectrometry by using a spectrome-
ter (Z8200; Hitachi, Tokyo, Japan) that has a detection limit of 5
�g/L. Samples found to have nondetectable arsenic by GFAA
were reanalyzed by inductively coupled mass spectrometry
(ICP-MS) that has a detection limit of 0.1 �g/L (20).

Blood arsenic metabolites and total blood arsenic

Whole-blood specimens were digested according to method of
Csanaky and Gregus (21). Frozen samples were thawed and
mixed with 0.1 volume of 5.5% Triton X-100 (Fischer Scientific,
Fairlawn, NJ). After the addition of 0.1 volume of 150 mmol
aqueous mercury chloride/L and incubation on ice for 1 min,
samples were deproteinized with one volume of 0.66 mol ice-
cold HClO4/L and centrifuged for 10 min at 4000 RPM and at
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4 °C (CentraCL3R; ThermoElectron Corp, Needham Heights,
MA). The supernatant was mixed with mobile phase, injected
onto the HPLC column, and detected by ICP-MS with dynamic
reaction cell (DRC) technology (ICP-MS-DRC). Calibration
standards of a mixture of arsenic metabolites were similarly
processed. ICP-MS-DRC coupled to HPLC separates and detects
6 arsenic metabolites chromatographically separated by anion
exchange with the use of a PRP-X100 column (Hamilton Co,
Reno, NV). The mobile phase is 10 mmol ammonium nitrate–
ammonium phosphate/L, pH 9.1 (22). Arsenocholine (AsC), ar-
senobetaine (AsB), MMAs, DMAs, AsIII, and AsV are detectable
with great precision, even in blood samples with total arsenic
concentrations as low as 3 �g/L. We report InAs as total InAs
because AsIII can oxidize to AsV during sample transport and
preparation. However, we note that most of the InAs in blood
appeared as AsIII. We use 2 types of quality-control samples. We
have blood samples purchased from the Institut de Santé Pu-
blique du Québec (Québec, Canada) that have known concen-
trations of 23 different elements, including arsenic. We also have
our own set of blood samples spiked with all 5 metabolites—
AsC, AsIII, DMAs, MMAs, and AsV—at 3 different levels to
cover the expected range of arsenic in unspiked samples. We ran
both sets of quality-control samples at the beginning of every
working day and throughout the day, after every 10 samples.

Total urinary arsenic

Total urinary arsenic concentrations were measured by using
GFAA spectrometry in a graphite furnace system (AAnalyst 600;
Perkin-Elmer, Shelton, CT) in the Columbia University Trace
Metals Core Laboratory, as described previously (23). Our lab-
oratory participates in a quality-control program for total urinary
arsenic that is coordinated by Philippe Weber at the Quebec
Toxicology Center (Québec, Canada). During the course of the
present study, intraclass correlation coefficients between our
laboratory’s values and the samples calibrated at Weber’s labo-
ratory were 0.99. Urinary creatinine was analyzed by using a
method based on the Jaffe reaction (24).

Urinary arsenic metabolites

Urinary arsenic metabolites were speciated by using a method
described by Reuter et al (22), which employs HPLC separation
of AsB, AsC, AsV, AsIII, total MMAs (MMAsIII and MMAs
co-elute in a single peak), and total DMAs, followed by detection
by ICP-MS-DRC. We report InAs as total InAs because AsIII in
urine can oxidize to AsV during sample transport and prepara-
tion.

Plasma folate and vitamin B-12

Plasma folate and total cobalamin were analyzed by radioim-
munoassay (Quantaphase II; Bio-Rad Laboratories, Richmond,
CA) as described previously (13). The within- and between-day
CVs for folate were 3% and 11%, respectively, and those for
cobalamin were 4% and 8%, respectively.

Plasma total homocysteine concentrations

Plasma total homocysteine concentrations were measured by
using HPLC with fluorescence detection according to the method
described by Pfeiffer et al (25). The within- and between-day
CVs for total homocysteine were 5 and 8%, respectively.

Statistical analysis

Our primary outcome variables were total blood arsenic and
InAs, MMAs, and DMAs (�g/L) in blood; these were measured
at baseline and at the end of treatment. Urinary arsenic metabo-
lites were measured at 3 time points: baseline, day 7, and the last
day of treatment (day 84).

Descriptive statistics were calculated to describe the sample
characteristics. Treatment group differences were detected by
using the chi-square test for categorical variables and Wilcox-
on’s rank-sum test for continuous variables. We used t tests to
detect within-subject changes in quantitative variables from be-
fore treatment to after treatment. Linear regression analysis was
employed to assess the treatment effect on continuous outcomes,
such as within-person change or percentage change in blood
metabolites, with and without control for covariates. These anal-
yses were conducted with SAS software (version 9.1.3; SAS
Institute Inc, Cary, NC).

RESULTS

Characteristics of the study population are presented in
Table 1. There were no significant between-group differences in
baseline plasma folate, cobalamin, or total homocysteine; sex
distribution; age; height; weight; BMI; total urinary arsenic; uri-
nary arsenic metabolites; total blood arsenic; blood arsenic me-
tabolites; water arenic; or sociodemographic variables such as
education or type of house. Water arsenic concentrations of the
tube well at each participant’s home ranged from 0.4 to 435 �g/L;
93% of the participants had concentrations � 10 �g/L, the World
Health Organization guideline level, and 75% had concentra-
tions � 50 �g/L, the Bangladeshi standard.

Decline in blood arsenic

Total blood arsenic concentrations declined from a preinter-
vention mean � SE of 9.86 � 0.62 �g/L to 8.20 � 0.50 �g/L
after the intervention (P � 0.0001) in the folic acid group,
whereas the placebo group had a modest, nonsignificant decline
from 9.59 � 0.63 �g/L to 9.14 � 0.61 �g/L (P � 0.10)
(Table 2). The treatment effect on the change in total blood
arsenic did not differ after adjustment for age, BMI, and sex (data
not shown).

The effect of folic acid compared with that of placebo on the
percentage change in total blood arsenic concentrations is shown
in Figure 1. The percentage change was defined as the difference
between posttreatment and pretreatment blood arsenic, ex-
pressed as a percentage of the pretreatment measure. A regimen
of folic acid supplementation at a dose of 400 �g/d (ie, the US
recommended dietary allowance) for 12 wk resulted in a decline
in total blood arsenic of 13.62 � 2.87% and a decline of 2.49 �
3.25% in the placebo group (P � 0.0199). These percentage
declines in total blood arsenic were essentially identical after
further adjustment for age, sex, and BMI (13.1 � 3.1% and 2.1
� 2.1%, respectively). In all analyses, data were analyzed ac-
cording to the intent-to-treat principle; however, postinterven-
tion plasma folate values for 2 subjects in the placebo group were
high at �60 nmol/L, which suggests that those 2 subjects re-
ceived folic acid rather than placebo; and plasma folate for 1
participant in the folic acid group was low at 7 nmol/L, which
suggests that this participant did not receive folic acid. Repeating
the analysis with the actual treatment resulted in percentage
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changes in blood arsenic of 13.6% and 1.4% in the folic acid and
placebo groups, respectively (P � 0.006).

Change in arsenic metabolites in blood and urine over
time

Decline in blood inorganic arsenic

On average, InAs was reduced by a mean � SD of 0.58 � 0.91
�g/L after intervention in the folic acid group and by 0.32 � 0.73
�g/L in the placebo group. The difference between groups was
not significant. Concentrations of blood InAs declined on aver-
age by 18.54% (Table 2) and 10.61% in the folic acid and placebo
groups, respectively. The between-group difference was border-
line significant (P � 0.0754). We note that exposure to InAs was
not altered over the course of the study, although subsequent
mitigation strategies have reduced exposure in our study region
(26).

Decline in blood monomethylarsonic acids

The reduction in total blood arsenic in the folic acid group was
largely due to the decline in MMAs in blood (bMMAs). Whereas

the mean � SD decline in total blood arsenic was 1.67 � 2.90
�g/L (P � 0.0001), that in bMMAs was 1.08 � 1.46 �g/L (P �
0.0001). In the placebo group, the corresponding differences
were 0.45 � 2.59 �g/L (P � 0.18) in total blood arsenic and 0.19
� 1.19 �g/L (P � 0.53) in bMMAs.

As shown in Table 2, the estimated mean � SE within-person
percentage decline in bMMAs was 22.24 � 2.86% in the folic
acid group and 1.24 � 3.59% in the placebo group (P � 0.0001).
Average bMMAs was reduced from 4.13 � 0.31 �g/L before
intervention to 3.04 � 0.22 �g/L after intervention (P � 0.0001)
in the folic acid group and from 3.97 � 0.32 �g/L to 3.78 � 0.29
�g/L in the placebo group (P � 0.10).

The pattern of the decline in bMMAs from before intervention
to after intervention is shown in Figure 2. Concentrations of
bMMAs ranged from 1 to 15 �g/L. Eighty-six percent of partic-
ipants in the folic acid group and 45% of participants in the
placebo group experienced a decline in bMMAs. Greater
declines were observed in participants with higher baseline
bMMAs than in those with lower baseline bMMAs.

Increase in dimethylarsinic acids in urine

Urine samples were collected at 3 time points: baseline, after
1 wk, and after 12 wk. Urinary arsenic variables are expressed per
gram of urinary creatinine to adjust for variations in hydration
status. Whereas the concentration of DMAs in blood at 12 wk did
not differ significantly from that at baseline, we observed an
increase in DMAs in urine of 20.84 �g/g Cr (P � 0.03) or 10.16%
(P � 0.0007) after 1 wk in the folic acid group and a decline of
0.59 �g/g Cr or 0.33% (P � 0.9) in the placebo group (group
difference: P � 0.0207 and 0.0099 for �g/g Cr and percentage
change, respectively). By week 12, the difference in the percent-
age change in DMAs between groups was no longer significant.
As we have previously reported (15), urinary creatinine in-
creased in response to folic acid supplementation, likely because
of enhanced synthesis of creatine (a major consumer of methyl
groups). Thus, we cannot rule out the possibility that the increase
in creatinine may have masked a sustained increase in urinary
DMAs.

Distributions of arsenic metabolites in blood and in urine

To assess the extent to which the distribution of arsenic me-
tabolites in urine reflects that in blood, we calculated Spearman
correlation coefficients for total arsenic and arsenic metabolites
between blood (�g/L) and urine (�g/g Cr) at the baseline visit. In
each case, the correlations were very high, ranging from 0.68 to
0.81 (P � 0.0001 for all metabolites). However, when the arsenic
metabolites were expressed as a percentage of total arsenic, the
correlations between blood and urine, although still highly sig-
nificant, were somewhat less strong (Spearman correlations:
0.32–0.44; P � 0.001). The proportions of InAs, MMAs, and
DMAs in blood are compared with those in urine in 130 partic-
ipants at the baseline visit (Figure 3). Expressed as a percentage
of total arsenic, the concentrations of InAs and MMAs are higher
and the concentrations of DMAs are lower in blood than in urine.

DISCUSSION

Folic acid supplementation lowered total blood arsenic con-
centrations by increasing the methylation of InAs and MMAs to
DMAs, which is rapidly excreted in urine. This was evidenced by

TABLE 1
Baseline characteristics of the participants in a clinical trial of folic acid
intervention1

Baseline variables
Folic acid group

(n � 68)
Placebo group

(n � 62)

Male 42.6 (29/68)2 43.6 (27/62)
Arsenic-induced skin lesions 10.6 (7/66) 8.2 (5/61)
Cigarette smoking 37.9 (25/66) 41.0 (25/61)
Use of betelnut 38.2 (26/68) 45.2 (28/62)
House type [n (%)]

Thatched or other 3 (4.4) 5 (8.1)
Corrugated tin 62 (91.2) 53 (85.5)
Semi-pakka 3 (4.4) 4 (6.5)

Number of children [n (%)]
0 30 (44.1) 29 (46.8)
1–2 16 (23.5) 12 (19.4)
	3 22 (32.4) 21 (33.9)

Education [n (%)]
0 y 32 (47.1) 32 (47.1)
1–5 y 24 (35.1) 24 (35.1)
�5 y 12 (17.7) 12 (17.7)

Age (y) 38.2 � 10.93 37.2 � 9.2
Education (y) 2.9 � 3.3 2.9 � 3.2
Weight (kg) 46.4 � 7.9 45.7 � 7.1
Height (cm) 155.5 � 8.6 154.6 � 8.4
BMI (kg/m2) 19.2 � 2.9 19.1 � 2.7
Children (n) 1.7 � 1.9 1.7 � 1.9
Plasma folate (nmol/L) 8.8 � 5.3 8.0 � 3.1
Vitamin B-12 (pmol/L) 285.6 � 103.6 281.3 � 125.1
Homocysteine (�mol/L) 10.5 � 4.1 10.4 � 5.9
Water arsenic (�g/L) 125.8 � 90.4 135.0 � 117.1
Urinary arsenic

(�g/L) 181.3 � 139.0 175.4 � 140.6
(�g/Cr) 377.5 � 271.6 352.6 � 220.9

Urinary creatinine (mg/DL) 55.7 � 48.5 53.2 � 34.9

1 Semi-pakka, a construction with half in concrete and half in another
material (eg, corrugated tin). P values from chi-square test and Wilcoxon’s
rank-sum test for treatment group differences in categorical and quantitative
variables showed no significant group differences in any variables.

2 Percentage; n/total n available in parentheses (all such values).
3 x� � SD (all such values).
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TABLE 2
Absolute values and estimated percentage within-person change from baseline in arsenic metabolites in blood and in urine1

Folic acid group
(n � 68)

Placebo group
(n � 62)

P

Group
difference2

Two-factor
model3

Total blood arsenic
Baseline 9.86 � 0.624 9.59 � 0.63
Week 12 8.20 � 0.50 9.14 � 0.61 0.01135

Blood arsenic metabolites (�g/L)
Blood InAs

Baseline 2.49 � 0.16 2.45 � 0.15 0.74656

Week 12 1.90 � 0.12 2.12 � 0.14 � 0.00017

Percentage change since baseline (%) �18.54 � 3.60 �10.61 � 3.38 0.0754
Blood MMAs

Baseline 4.13 � 0.31 3.97 � 0.32
Week 12 3.04 � 0.22 3.78 � 0.29 �0.00015

Percentage change since baseline (%) �22.25 � 2.86 �1.24 � 3.59 �0.0001
Blood DMAs

Baseline 3.24 � 0.17 3.17 � 0.19 0.68476

Week 12 3.24 � 0.19 3.24 � 0.20 0.97797

Percentage change since baseline (%) 1.62 � 3.30 5.61 � 4.01 0.8103
Urinary arsenic/creatinine

Baseline 377.45 � 32.93 352.64 � 28.04
Week 1 402.88 � 42.14 348.86 � 29.32 0.65906

Week 12 318.76 � 25.23 316.14 � 24.19 �0.00017

Urinary arsenic metabolites (�g/g Cr)
InAs/Cr

Baseline 63.75 � 9.97 46.97 � 4.11 —8

Week 1 48.03 � 5.39 47.00 � 5.07 NS
Week 12 34.03 � 3.67 39.45 � 4.89 0.0263
Percentage change since baseline (%)

Week 1 2.36 � 10.59 8.69 � 7.51 NS
Week 12 �30.21 � 4.94 �3.35 � 12.22 0.0330

MMAs/Cr
Baseline 44.27 � 4.22 45.32 � 4.76 —9

Week 1 39.48 � 3.54 46.78 � 5.09 0.0214
Week 12 30.94 � 2.89 37.17 � 3.36 0.0038
Percentage change since baseline (%)

Week 1 �6.69 � 3.04 8.14 � 4.73 0.0021
Week 12 �24.78 � 4.46 �4.53 � 5.12 0.0017

DMAs/Cr
Baseline 252.85 � 22.21 240.84 � 20.72 —10

Week 1 273.29 � 25.12 240.25 � 21.76 0.0207
Week 12 245.70 � 20.61 230.00 � 17.90 NS
Percentage change since baseline (%)

Week 1 10.16 � 2.86 0.33 � 2.97 0.0099
Week 12 5.26 � 5.44 2.05 � 5.89 NS

1 InAs, inorganic arsenic; MMAs, monomethylarsonic acid; DMAs, dimethylarsinic acid; Cr, creatinine. No group differences were observed in any of
the baseline measures, P � 0.52. Data on urinary As metabolites are a subset of those previously reported as InAs, MMA, and DMA; here they are shown in
�g/g Cr units and as percentage change for purposes of comparison to blood arsenic variables in the current subset having blood arsenic variables.

2 Wilcoxon’s test.
3 Linear models with repeated measures were applied to log-transformed outcome variables of urinary arsenic and metabolites (�g/Cr) as well as blood

arsenic and metabolites (�g/L). The models include predictors for treatment group and time with or without treatment-by-time interaction. The generalized
estimating equations approach was used in estimation of model parameters to take into account within-subject correlation in repeatedly measured outcomes.
The P value for treatment-by-time interaction(s) or for main effects was calculated based on score tests.

4 x� � SE (all such values).
5 Treatment-by-time interaction.
6 Treatment effect.
7 Time effect.
8–10 The overall P value for the interaction with 3 time points and 2 treatments in the 2-factor models: 8 P � 0.0892 for InAs/Cr, 9 P � 0.0055 for MMAs/Cr,

10 P � 0.0705 for DMAs/Cr.
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reductions in the concentrations of InAs and MMAs in blood and
an increase in the concentration of DMAs in urine.

Arsenic methylation has long been considered to be a detox-
ification mechanism. In the 1980s, dietary methyl donor defi-
ciency was shown to significantly decrease total urinary arsenic
excretion and to significantly increase retention of arsenic in
tissues in animal models (27, 28); this reflects the longer half-life
and greater chemical reactivity of the InAs species. Arsenicals in
blood are eliminated with a 3-component exponential decay pat-
tern. The first and quantitatively most substantial half-life for
InAs is �1–2 d, the second is 9.5 d, and the third is 38 d; these
values were determined in humans (29). Similar patterns for InAs
have been observed in rabbits and hamsters. Although the half-
life of MMAs and DMAs in humans has not been determined,
their initial half-life of elimination in hamsters is very short (7.4
and 5.6 h, respectively) (30), which indicates the importance of
arsenic methylation in the facilitation of elimination.

The influence of arsenic methylation on arsenic toxicity has,
however, been under intense investigation in recent years. Land-
mark work by Styblo et al (31) and Petrick et al (32, 33) in 2000
found MMAsIII to be the most toxic metabolite, both in vitro and
in vivo. DMAsIII has been reported to have DNA-nicking activity

(34), but the extent of in vivo formation of DMAsIII is not known.
A study by Valenzuela et al (35) indicated that DMAsIII may
represent a significant proportion of total urinary arsenic. How-
ever, the potential for artifact is high, because DMAsIII is highly
unstable and difficult to measure in aqueous solutions, and it has
been found to co-elute with a sulfur-containing arsenical, poten-
tially a breakdown product of arseno-protein compounds (36).
Moreover, DMAsIII is very easily oxidized to DMAsV (37–39).
Data suggesting that DMAsV is a bladder carcinogen in rats (40)
have been, to some extent, discounted in terms of human rele-
vance because of the extraordinarly high doses employed (41).

Arsenite toxicity is largely attributable to its ability to react
with critical sulfhydryl groups of many enzymes. It is important
that the complex of arsenic with a given protein bestows selec-
tivity to the biological effects of arsenic (42), and arsenic me-
tabolites differ in their protein-binding capacity: arsenite has 3
coordination sites, MMAsIII has 2, and DMAsIII has only one
(43). Because a stable structure forms only when arsenic com-
plexes with 2 sulfhydryl groups in a single protein, the stability
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FIGURE 1. Mean (�SE) percentage change in total blood arsenic from
baseline after supplementation for 12 wk with folic acid (■ ) (n � 68) or
placebo (�) (n � 62) (P � 0.02).
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participants at baseline.
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and specificity of binding of DMAIII with monothiols is less than
that formed between InAsIII and MMAsIII with dithiols (42).

In human populations, case-control studies indicate that per-
sons with relatively low proportions of urinary DMAs(III
V) and
high proportions of MMAs(III
V) are at greater risk of arsenic-
related health outcomes, including skin lesions, skin and bladder
cancers, and cardiovascular disease (44–48). By chance, 8 of the
participants in the current study had arsenic-induced skin lesions.
These participants had significantly higher proportions of
MMAs and lower proportions of DMAs in blood than did the
participants without skin lesions (data not shown). The weight of
the human evidence favors the consensus that incomplete meth-
ylation of arsenic to DMAs confers increased susceptibility to
multiple adverse health outcomes.

Investigation of methylation of arsenic in human populations
has been reliant until now almost entirely on the measurement of
arsenic metabolites in urine, where concentrations are an order of
magnitude higher than in blood and therefore are readily detect-
able with the use of conventional GFAA spectrometry–based
methods. However, the untested, underlying assumption has
been that arsenic metabolites in urine reflect arsenic metabolites
in blood.

Assessment of total arsenic and arsenic metabolites in urine is
complicated by several factors. First, the concentration of urine
varies as a function of hydration status, which necessitates that
metabolites be expressed per gram of creatinine. This expression
is inherently problematic because urinary creatinine 1) is itself a
significant predictor of %InAs and %DMAs in urine (14, 15); 2)
is biochemically linked to one-carbon metabolism insofar as its
biosynthesis consumes more methyl groups than do all other
SAM-dependent methylation reactions combined (49); 3) differs
by muscle mass and consequently by age and sex; and 4) is
influenced by other factors, such as renal function, physical ac-
tivity, and diet (50). To circumvent some of these issues, arsenic
metabolites in urine often are expressed as a percentage of total
urinary arsenic or as ratios, eg, the ratio of InAs to MMAs or that
of MMAs to DMAs. Each of these expressions, however, limits
the interpretation of the data: as one metabolite increases, another
consequently decreases, and it becomes difficult if not impossi-
ble to decipher which metabolite was biologically important. The
correlations between arsenic metabolites in blood and those in
urine were all quite strong. Nevertheless, the problems associ-
ated with urinary analyses are considerable, and our understand-
ing of the effects of folic acid supplementation on arsenic me-
tabolism and elimination was greatly enhanced by the
assessment of arsenic metabolites in blood.

In conclusion, folic acid supplementation of persons with mar-
ginal folate nutritional status decreases total blood arsenic by
decreasing bInAs and bMMAs and increasing urinary DMAs.
This finding has particularly important implications for reducing
body stores of arsenic after exposure has been remediated, be-
cause adverse health outcomes are known to persist for decades
after exposure has ceased (51, 52). Additional studies are needed,
including a dose-response study of efficacy; studies to determine
whether the use of L-N5-methyltetrahydrofolate, methylcobal-
amin, or other agents may enhance efficacy; and studies to de-
termine whether folic acid interventions can similarly lower
blood arsenic when folate nutritional status is adequate. Large-
scale long-term intervention studies will be required to determine
whether folic acid supplementation can prevent arsenic-induced
skin lesions or minimize cancer risks.

We are grateful to our staff, the fieldworkers, and the study participants in
Bangladesh, without whom this work would not have been possible.
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Dietary carbohydrate and the progression of age-related macular
degeneration: a prospective study from the Age-Related Eye
Disease Study1�4

Chung-Jung Chiu, Roy C Milton, Ronald Klein, Gary Gensler, and Allen Taylor

ABSTRACT
Background: Cross-sectional studies indicate that diets that provide
a higher dietary glycemic index (dGI) are associated with a greater
risk of age-related macular degeneration (AMD). No prospective
studies have addressed this issue.
Objective: The objective was to prospectively evaluate the effect of
baseline dGI on the progression of AMD.
Design: dGI was calculated as the weighted average of GIs from
foods and was evaluated as being above or below the sex median
(women: 77.9; men: 79.3) for 3977 participants aged 55–80 y (58%
women) in the Age-Related Eye Disease Study. The 7232 eligible
eyes without advanced AMD were classified into 1 of 3 AMD cat-
egories: group 1 (nonextensive small drusen), group 2 (intermediate
drusen, extensive small drusen, or pigmentary abnormalities), or
group 3 (large drusen or extensive intermediate drusen). With the use
of multifailure Cox proportional-hazards regression, we modeled
the time to the maximal progression to evaluate the relation between
dGI and the risk of AMD.
Results: Overall, the multivariate-adjusted risk of progression over
8 y of follow-up (x�: 5.4 y) was significantly higher (risk ratio: 1.10;
95% CI: 1.00, 1.20; P � 0.047) in the high-dGI group than in the
low-dGI group. The risk of progression for groups 1, 2, and 3 eyes
was 5%, 8%, and 17% greater, respectively (P for trend � 0.001).
The latter gives an estimate that 7.8% of new advanced AMD cases
would be prevented in 5 y if people consumed the low-dGI diet.
Conclusion: Persons at risk of AMD progression, especially those
at high risk of advanced AMD, may benefit from consuming a
smaller amount of refined carbohydrates. Am J Clin Nutr 2007;
86:1210–8.

KEY WORDS Retina, nutrition, carbohydrate, diabetes,
sugar, glycation, inflammation, aging, stress, epidemiology

INTRODUCTION

Age-related macular degeneration (AMD) is the major cause
of legal blindness (defined as best corrected visual acuity of
20/200 or worse in the better eye) in North American, Australian,
and Western European populations (1). In the United States
alone, AMD was estimated to account for over 426,000 cases of
legal blindness in 2000 (2). It is estimated that the number of
people having visually impairing AMD will double and reach 3
million by 2020 (3), and the related socioeconomic burden,
which is now greater than ever, will continue to grow. This
burden will probably be exacerbated by the epidemics of dietary

carbohydrate-related disorders, such as obesity, the metabolic
syndrome, and diabetes (4). The multifactorial etiology of this
disease has impeded the discovery of a single intervention that
slows its progression. Therefore, prevention through the modi-
fication of known risk factors appears to offer the greatest prom-
ise to address this emerging personal and public health issue.
Among known risk factors, dietary intervention may be one of
the most practical and cost-effective solutions (5).

Data from the Age-Related Eye Disease Study (AREDS) of
the National Eye Institute of the National Institutes of Health
(Bethesda, MD) suggested that elderly persons at high risk of
developing blinding AMD and without contraindications such as
smoking should consider taking antioxidants plus zinc (6). It was
estimated that the potential effect on the public health of this
intervention in the United States would be the prevention of 25%
(329 ,000 cases) of advanced AMD and any associated vision
loss in 5 y (7). The limited efficacy of this intervention warrants
further studies to identify additional prevention strategies. Sur-
prisingly, only limited attention has been given to elucidating the
relations between the risk of AMD and dietary carbohydrate,
which is the most important energy source of human physiology.
The quality of carbohydrate foods in diets measured by dietary
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glycemic index (dGI) has been related to the risk of many age-
related diseases, including diabetes, cardiovascular disease, and
cancer (8). Glycemic index (GI) values for each food item have
been suggested as being useful to consumers in helping them to
choose foods to reduce their risk of these diseases (9).

Cross-sectional data from the Nutrition and Vision Project of
the Nurses’ Health Study (10) and the AREDS (4) indicate that
dGI is associated with the risk of all degrees of AMD, and it has
been estimated that 20% of prevalent cases of advanced AMD
may be prevented if dGI was reduced below the median (4).
However, no prospective study has addressed this issue. In the
present study, by using the eye data from the AREDS, we had the
unique opportunity to evaluate the relative contribution of dGI to
the progression of different stages of AMD in nondiabetic indi-
viduals followed for 8 y (�: 5.4 y). The results provided the first
prospective evidence to support the hypothesis that dietary car-
bohydrate is associated with the risk of age-related eye diseases
(4, 10–12). The potential effect of the finding on the public health
was also estimated.

SUBJECTS AND METHODS

Age-Related Eye Disease Study population

AREDS is a long-term, multicenter, prospective study dedi-
cated to assessing the clinical course, prognosis, risk factors, and
prevention strategy of both AMD and cataract (13). The protocol
was approved by a Data and Safety Monitoring Committee and
by the institutional review boards of the 11 participating oph-
thalmic centers before initiation of the study. Written informed
consent was obtained from participants before enrollment. All
participants were required to have �1 eye with a visual acuity of
20/32 or better, and the lens and vitreous had to be sufficiently
clear to allow good-quality retinal photographs that would permit
identification and quantification of small drusen. In addition, �1
eye of each participant was to be free of eye disease that could
complicate assessment of AMD or lens opacity progression (eg,
optic atrophy and acute uveitis), and that eye could not have had
previous ocular surgery (except cataract surgery and unilateral
photocoagulation for AMD). Finally, potential participants were
excluded for illness or disorders that would make long-term
follow-up or compliance with the study protocol unlikely or
difficult. A total of 4757 participants, aged 55-80 y at recruit-
ment, were enrolled from November 1992 to January 1998.

Procedures

Data on possible risk factors for AMD were obtained from a
baseline general physical and ophthalmic examination, a detailed
questionnaire on basic characteristics and demographic data, and
a validated (N Kurinij et al, unpublished observations, 1998)
food-frequency questionnaire (FFQ).

Photographs were scheduled at baseline, at the 2-y visit, and
annually thereafter during the 8 y of follow-up. Stereoscopic
fundus photographs of the macula were graded at an ophthalmic
photograph reading center, where the various lesions associated
with AMD were assessed according to the AREDS AMD Clas-
sification System (14). The AREDS AMD Classification System
showed satisfactory reliability for detecting the onset of ad-
vanced AMD and moderate-to-substantial agreement on various
abnormalities across the AMD spectrum (14). Eyes were classi-
fied into 1 of 5 groups (see below) according to the size and extent

of drusen, presence of geographic atrophy, and neovascular
changes of AMD (14). The 5 groups, numbered serially and
based on increasing severity of drusen or type of AMD, were
defined as follows: group 1 (no drusen), eyes had no drusen or
nonextensive small drusen; group 2 (intermediate drusen), eyes
had �1 intermediate drusen, extensive small drusen, or pigment
abnormalities associated with AMD; group 3 (large drusen), eyes
had �1 large drusen or extensive intermediate drusen; group 4
(geographic atrophy), eyes had geographic atrophy; and group 5
(neovascular), eyes had choroidal neovascularization or retinal
pigment epithelium detachment.

Study subjects

The recruitment scheme of the present study is shown in
Figure 1. Of the available 4757 subjects at baseline, we first
excluded 398 persons with diabetes at baseline; 161 persons with
missing nutritional, nonnutritional, and ophthalmologic covari-
ates; 99 persons with invalid calorie intake (valid intake range is
400-3000 kcal/d for women and 600-3500 kcal/d for men; 4); and
122 persons lost to follow-up. This left 7232 eyes at risk of
progression at baseline, including 2697 eyes in group 1, 1781
eyes in group 2, and 2754 eyes in group 3, from 3977 persons; 722
persons contributed only one eye, because the fellow eyes in
groups 4 and 5 (n � 722) at baseline were excluded. They were
excluded because they were considered as the end stage of AMD
and thus not at risk of progression.

Assessment of outcomes

We considered the time to the first maximal AMD progression
of studied eyes during the study period. Progression for a study
eye was defined by a more advanced AMD category (see Pro-
cedures) than the baseline grade. With the following exception,
analyses of progression to either neovascular AMD or central
geographic atrophy are without regard to progression to the
other. The analysis of progression to central geographic atrophy
(definitely involving the center of the macula or questionably
involving the center but definitely present proximally, on the
basis of a reading of the center reports) did not count as central
geographic atrophy when it occurred in an eye that also exhibited
subretinal fibrosis at the same visit.

An “event” of AMD progression was defined as the occur-
rence of the first maximal AMD progression in one eye at a single
visit. Every eye contributed at most one event, and therefore each
person had either no event, 1 event, or, at most, 2 events. For
example, for an eye (assuming the right eye) of a person with a
progression sequence of 232323332333333, we consid-
ered that the outcome occurred at visit 4 (the first maximal pro-
gression from group 2 at baseline into group 3). Assuming that
this person had 2 eyes at risk of progression and that the other eye
(assuming the left eye) of this person had a sequence of
232333332333333, we identified this person as having
2 events, 1 at visit 4 (right eye) and 1 at visit 3 (left eye). In this
case, the left-eye event is the first event and the right-eye event
is the second event. For people with events in both eyes at the
same time point, we ordered the right-eye event as the first event
and the left-eye event as the second event. We also performed an
analysis in which we ordered the left-eye event as the first event
and the right-eye event as the second event. The results were
similar and thus are not shown here.
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Assessment of dietary carbohydrate variables

The previously mentioned validated FFQ, which was a 90-item
modified Block FFQ, was administered to the AREDS participants
at baseline. The FFQ collected information about usual dietary in-
takes over the previous year and classified them into 9 possible
response categories, ranging from “never or less than once per
month” to “2 or more times per day.” The daily total carbohydrate
intakeofanindividualwascalculatedbysummingtheproductof the
frequency, serving size, and carbohydrate content per serving from
individual food items derived from the nutrition database of the
Nutrition Coordinating Center at the University of Minnesota. The
FFQ was validated in relation to 24-h recall by use of a subset of the
AREDS volunteers (n � 192). Correlations for energy and carbo-
hydrate intakes between the 24-h recall and the FFQ were 0.51 (P �
0.001) and 0.56 (P � 0.001), respectively (N Kurinij et al, unpub-
lished observation, 1998).

The GI is a physiologic measure of the glycemic quality of
carbohydrate-containing foods (15). It was devised to measure how
fast a food raises blood glucose and is defined as the ratio of the area
under curve of 2-h blood glucose curves from the same amount (50
g)ofavailablecarbohydrate fromtest foodcomparedwith reference
food(pureglucoseorwhitebread;15).TheGIvaluesfor foods in the
FFQwereeitherderivedfrompublishedvaluesbyusingwhitebread
as the reference food or imputed from GI values of comparable
foods (16). The dGI for each subject was calculated as the weighted
average of the GI scores for each food item, with the amount of
carbohydrate consumed from each food item as the weight [� (GIi

� Wi)/W] (17), where GIi is the glycemic index of an individual
food, W is the weight of total carbohydrate, and Wi is the weight of
available carbohydrate of individual food. The fiber content was
subtracted from the carbohydrate content. Carbohydrate and other
nutritional variables were adjusted for total energy intake by using
the residuals method (18).

Defining potential covariates

The following were considered as potential covariates in the
present analyses: age, sex, education level (college graduate,
some college, or high school or less), race (white or other), body
mass index (computed from weight and height; kg/m2), smoking
status (ever or never), alcohol intake (g/d), sunlight exposure
(h/d; 19) hypertension history, baseline AMD classification, lens
opacity, refractive error (hyperopic or myopic), and energy-
adjusted dietary variables, including total carbohydrate, fat, lu-
tein and zeaxanthin, folic acid, niacin, riboflavin, thiamin,
�-carotene, vitamin C, vitamin E, and zinc intakes.

Statistical analysis

To maximize power, we used eyes as the unit of analysis and
identified eyes with nonadvanced AMD lesions (groups 1, 2, and
3; see Procedures) at baseline as the at-risk set for progression.
We first described baseline characteristics by dGI status (evalu-
ated as being above or below the sex median; women: 77.9; men:
79.3). Chi-square and Wilcoxon’s 2-sample tests were used to
examine the difference of characteristic distributions between
the high- and low-dGI groups. AMD outcome and time to the first
maximal progression were used to calculate baseline AMD
grade-specific crude risk ratios (RRs) and 95% CIs for high
compared with low dGI. We estimated cumulative survival func-
tions for high- and low-dGI groups according to the method of
Kaplan and Meier (product limit estimators). Because the tails of
the estimated survival curves are usually unreliable, we calcu-
lated the survival curves only up to 96 mo of follow-up. SAS
PROC LIFETEST software (version 9.1; SAS Institute, Cary,
NC) was used to compute the survival function for each group,
and the log-rank test was used to compare the 2 distributions.

We calculated multivariate-adjusted RRs and 95% CIs that
related dGI to subsequent maximal AMD progression during the

Original AREDS participants (n = 4757)

Excluded 780 persons, including
398 diabetic persons
161 persons with missing covariate information
99 persons with invalid calorie intake
122 persons lost to follow-up

3977 participants at risk of progression (7232 eyes:  3598 right eyes and 3634 left eyes; 722 
persons contributed only 1 eye)

Group 1

No Drusen
n = 2697 eyes

Group 2

Intermediate Drusen
n = 1781 eyes

Group 3

Large Drusen
n = 2754 eyes

FIGURE 1. Flow chart describing the disposition of subjects at risk of age-related macular degeneration (AMD) progression from the Age-Related Eye
Disease Study (AREDS). AMD was classified by the AREDS AMD Classification System as follows: group 1, no drusen; group 2, intermediate drusen; group
3, large drusen. Eyes in groups 4 (geographic atrophy) and 5 (neovascularization) at baseline were excluded from the present analysis because they were
considered to be at the end stage of AMD and thus were not at risk of progression.
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follow-up period by Cox regression by using SAS PROC
PHREG software (version 9.1). The models were adjusted for
age, sex, baseline AMD grade, those baseline characteristics that
were significantly different between the high- and low-dGI
groups in any AMD category (see Table 1 and Table 2), and
energy-adjusted dietary variables: total carbohydrate, fat, lutein
and zeaxanthin, folic acid, niacin, riboflavin, �-carotene, vitamin
C, vitamin E, and zinc intakes. Three multifailure survival meth-
ods—the Andersen-Gill (AG) method (20), the Wei-Lin-
Weissfeld (WLW) method (21), and the Prentice-Williams-
Peterson (PWP) method (22)— all of which are generalized
forms of the Cox proportional-hazards model (see Table 2), were
applied to the data to account for the lack of independence be-
tween 2 eyes from the same individual. In the present study,
multifailure meant that an event can occur in 0, 1, or 2 eyes. The
AG method was used to estimate the global (overall; unstratified)
effects of dGI. Because both the WLW and PWP methods ana-
lyze repeated events by stratification according to their order of
occurrence, they were used to estimate the ordered event-specific
risk associated with dGI. The results from both WLW and PWP
methods are similar; thus, only the WLW results are shown in
Table 2.

To evaluate whether there was a positive relation between
baseline AMD grade and dGI-associated RRs (Table 2), we re-
lated the RR to baseline AMD grade in a multivariate linear
regression by using SAS PROC MIXED with REPEATED state-
ment software (version 9.1). The P value for trend was derived
from the P value for the regression coefficient of baseline AMD
grade.

Group 3 eyes are especially interesting clinically because they
are at high risk of developing advanced AMD. Therefore, we also
analyzed the dose-response relation between group 3 eyes and
dGI (Figure 2). To test for trends across dGI quintiles, we as-
signed the median value in each category to everyone within the
category and then included this as a continuous variable in the
Cox regression models. We used P � 0.05 to denote statistical
significance, and all tests were 2-sided.

RESULTS

The distribution of characteristics of the 7232 at-risk eyes is
shown in Table 1. The distributions of age, sex, smoking status,
sunlight exposure, lens opacity, and AREDS treatment were not
significantly different between high- and low-dGI groups. In
general, the high-dGI subgroup was more likely to be nonwhite
and less educated than was the low-dGI subgroup. The high-dGI
subgroup was more likely to have higher body mass index than
was the low-dGI subgroup in group 2 and in the overall sample
at baseline, but not in groups 1 and 3. Whereas the high-dGI
subgroup was more likely to have hypertension than was the
low-dGI subgroup in the overall sample, there was no distribu-
tional difference between the high- and low-dGI subgroups in
groups 1, 2, and 3. As for refractive error, the high-dGI subgroup
was more likely to have hyperopia in the overall sample and in
group 2; there was no distributional difference between the high-
and low-dGI subgroups in groups 1 and 3.

At the end of the present study, 35.2% of eyes in the low-dGI
subgroup (1299 of 3691) and 37.1% of eyes in the high-dGI
subgroup (1314 of 3541) had progression (ie, developed an
event; Table 3). Most of the progression cases during the study
period were one-grade progressions, eg, 132, 233, 334, or

335. For example, in group 2 at baseline, in the high-dGI sub-
group, there were 335 events (eyes), and of these 335 events, 281
progressed into group 3. Therefore, 83.9% (281/335) were one-
grade (233) progression. The mean follow-up time was 65.1 mo
(5.4 y). The high-dGI subgroup had a higher risk of progression
than did the low-dGI subgroup across group 1 through group 3 as
well as in the overall sample. In addition, the higher the baseline
AMD grade, the higher the crude RR (95% CI): 1.04 (0.92, 1.18),
1.09 (0.93, 1.26), and 1.14 (1.00, 1.29), respectively, and 1.08
(1.00, 1.17) for the overall sample.

The 2 Kaplan-Meier survival curves showed a gradual bifur-
cated pattern, which indicated no profound violation of the pro-
portional hazard assumption for the further application of Cox
regression models, and a lower progression rate in the low-dGI
group than in the high-dGI group (Figure 3). The estimated
proportion with progression at the end of the study was 43.5% in
the low-dGI group and 48.0% in the high-dGI group. The sur-
vival distributions for the 2 dGI groups were significantly dif-
ferent (P � 0.018, log-rank test).

The multivariate-adjusted RRs derived from the Cox
proportional-hazards models are shown in Table 2. Overall, the
risk of progression was significantly higher in the high-dGI
group than in the low-dGI group (RR: 1.10; 95% CI: 1.00, 1.20;
P � 0.047). When we examined the data by baseline AMD
categories, we found results very similar to the crude estimates,
which showed that the more advanced the AMD grade at base-
line, the higher the dGI-associated risk of progression (P for trend
� 0.001); there was a 17%, 8%, and 5% greater risk for groups
3, 2, and 1 eyes, respectively. The point estimate was significant
only for group 3 (RR: 1.17; 95% CI: 1.01, 1.36; P � 0.041). In the
stratification analyses, the WLW and PWP methods gave com-
parable results (data not shown). The event-specific RRs sug-
gested that dGI was more strongly associated with second-event
risk than with first-event risk in groups 2 and 3 and in the overall
sample, but not in group 1. Of the participants with 2 group 3
eyes, the risk of progression in the fellow eye after the first event
was 30% (P � 0.088) greater in the high-dGI group than in the
low-dGI group; the more advanced the baseline AMD grade, the
higher the dGI-associated risk of progression for second events
(P for trend � 0.001).

Analyses in those at high risk of developing advanced AMD
(group 3 at baseline) showed a significant dose-response relation
(P for trend � 0.011) with dGI. There is a nearly 40% greater risk
for the highest 20% of dGI than for the lowest 20% (RR: 1.39;
95% CI: 1.08, 1.79; P � 0.012; Figure 2).

DISCUSSION

In the present study, we show for the first time that people who
consume diets that consist of greater amounts of refined carbo-
hydrate are at greater risk of AMD progression than are those
whose diets contain smaller amounts of refined carbohydrate.
Moreover, the higher the baseline AMD grade, the higher the
greater dGI-associated risk. The data support and extend our
prior cross-sectional observations that the consumption of foods
that provide high rapid increases in blood sugar may confer
additional risk of progression of AMD (4, 10). To evaluate this
issue in the present prospective study, we used a multifailure Cox
regression to model the time to repeated events (ie, events in one
or both eyes) in an individual, and we applied 3 different ap-
proaches to estimate global and, through stratification by the
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TABLE 1
Baseline characteristics by dietary glycemic index (dGI) status and age-related macular degeneration (AMD) group1

AMD group and dGI status

Group 1: no drusen
Group 2: intermediate

drusen Group 3: large drusen Overall

High
(n � 1270)

Low
(n � 1427)

High
(n � 865)

Low
(n � 916)

High
(n � 1406)

Low
(n � 1348)

High
(n � 3541)

Low
(n � 3691)

Age (range: 55–80 y)
�65 y [n (%)] 407 (32.05) 420 (29.43) 204 (23.58) 222 (24.24) 244 (17.35) 259 (19.21) 855 (24.15) 901 (24.41)
65–71 y [n (%)] 538 (42.36) 622 (43.59) 369 (42.66) 386 (42.14) 521 (37.06) 477 (35.39) 1428 (40.33) 1485 (40.23)
�71 y [n (%)] 325 (25.59) 385 (26.98) 292 (33.76) 308 (33.62) 641 (45.59) 612 (45.40) 1258 (35.53) 1305 (35.36)
P2 0.33 0.95 0.40 0.97

Race [n (%)]
White 1184 (93.23) 1379 (96.64) 810 (93.64) 888 (96.94) 1359 (96.66) 1329 (98.59) 3353 (94.69) 3596 (97.43)
Other 86 (6.77) 48 (3.36) 55 (6.36) 28 (3.06) 47 (3.34) 19 (1.41) 188 (5.31) 95 (2.57)
P2 � 0.001 0.001 � 0.001 � 0.001

Sex [n (%)]
Female 715 (56.30) 823 (57.67) 517 (59.77) 544 (59.39) 816 (58.04) 784 (58.16) 2048 (57.84) 2151 (58.28)
Male 555 (43.70) 604 (42.33) 348 (40.23) 372 (40.61) 590 (41.96) 564 (41.84) 1493 (42.16) 1540 (41.72)
P2 0.47 0.87 0.95 0.70

Education [n (%)]
College graduate 422 (33.23) 681 (47.72) 267 (30.87) 399 (43.56) 366 (26.03) 507 (37.61) 1055 (29.79) 1587 (43.00)
Some college 398 (31.34) 413 (28.94) 238 (27.51) 271 (29.59) 441 (31.37) 424 (31.45) 1077 (30.42) 1108 (30.02)
High school or less 450 (35.43) 333 (23.34) 360 (41.62) 246 (26.86) 599 (42.60) 417 (30.93) 1409 (39.79) 996 (26.98)
P2 � 0.001 � 0.001 � 0.001 � 0.001

Smoking status [n (%)]
Yes 655 (51.57) 687 (48.14) 447 (51.68) 469 (51.20) 823 (58.53) 775 (57.49) 1925 (54.36) 1931 (52.32)
No 615 (48.43) 740 (51.86) 418 (48.32) 447 (48.80) 583 (41.47) 573 (42.51) 1616 (45.64) 1760 (47.68)
P2 0.08 0.84 0.58 0.08

Alcohol intake [median (g/d)] 0.96 1.44 0.89 1.38 0.89 1.74 0.89 1.52
P3 0.1 0.04 � 0.001 � 0.001

BMI (kg/m2)
�23.6 (bottom 20%) 286 (22.52) 315 (22.07) 174 (20.12) 202 (22.05) 285 (20.27) 266 (19.73) 745 (21.04) 783 (21.21)
23.6–31 (middle 60%) 752 (59.21) 863 (60.48) 530 (61.27) 588 (64.19) 824 (58.61) 828 (61.42) 2106 (59.47) 2279 (61.74)
�31 (top 20%) 232 (18.27) 249 (17.45) 161 (18.61) 126 (13.76) 297 (21.12) 254 (18.84) 690 (19.49) 629 (17.04)
P2 0.78 0.02 0.25 0.02

Sunlight exposure (h/d)
�0.22 (bottom 20%) 275 (21.65) 284 (19.90) 151 (17.46) 161 (17.58) 284 (20.20) 268 (19.88) 710 (20.05) 713 (19.32)
0.22–1.65 (middle 60%) 760 (59.84) 877 (61.46) 534 (61.73) 579 (63.21) 838 (59.60) 799 (59.27) 2132 (60.21) 2255 (61.09)
�1.65 (top 20%) 235 (18.50) 266 (18.64) 180 (20.81) 176 (19.21) 284 (20.20) 281 (20.85) 699 (19.74) 723 (19.59)
P2 0.52 0.70 0.91 0.69

Hypertension [n (%)]
Yes 444 (34.96) 457 (32.03) 327 (37.80) 324 (35.37) 578 (41.11) 514 (38.13) 1349 (38.10) 1295 (35.09)
No 826 (65.04) 970 (67.97) 538 (62.20) 592 (64.63) 828 (58.89) 834 (61.87) 2192 (61.90) 2396 (64.91)
P2 0.11 0.29 0.11 0.008

Lens opacity [n (%)]
Yes 221 (17.40) 268 (18.78) 182 (21.04) 179 (19.54) 386 (27.45) 377 (27.97) 789 (22.28) 824 (22.32)
No 1049 (82.60) 1159 (81.22) 683 (78.96) 737 (80.46) 1020 (72.55) 971 (72.03) 2752 (77.72) 2867 (77.68)
P2 0.35 0.43 0.76 0.97

Refractive error [n (%)]
Hyperopic 1012 (79.69) 1126 (78.91) 706 (81.62) 689 (75.22) 1135 (80.73) 1059 (78.56) 2853 (80.57) 2874 (77.87)
Myopic 258 (20.31) 301 (21.09) 159 (18.38) 227 (24.78) 271 (19.27) 289 (21.44) 688 (19.43) 817 (22.13)
P2 0.62 0.001 0.16 0.005

AREDS treatment [n (%)]
Placebo 584 (45.98) 606 (42.47) 221 (25.55) 247 (26.97) 322 (22.90) 365 (27.08) 1127 (31.83) 1218 (33.00)
Antioxidants alone 506 (39.84) 606 (42.47) 206 (23.82) 252 (27.51) 366 (26.03) 325 (24.11) 1078 (30.44) 1183 (32.05)
Zinc alone 98 (7.72) 106 (7.43) 233 (26.94) 203 (22.16) 357 (25.39) 331 (24.55) 688 (19.43) 640 (17.34)
Antioxidants plus zinc 82 (6.46) 109 (7.64) 205 (23.70) 214 (23.36) 361 (25.68) 327 (24.26) 648 (18.30) 650 (17.61)
P2 0.22 0.08 0.09 0.07

1 AMD groups were classified according to the criteria of the Age-Related Eye Disease Study (AREDS) AMD Classification System. High and low dGI
were defined as values above or below the sex median cutoffs (women: 77.9; men: 79.3). The n shown is equal to 100% for that column.

2 Chi-square tests compared the characteristic distributions between the high- and low-dGI groups.
3 Wilcoxon’s 2-sample tests compared the characteristic distributions between the high- and low-dGI groups.
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order of outcome occurrence, event-specific effects of dGI. In the
stratification analysis, in which we compared the results from
modeling the time to first events with the results from modeling
the time to second events across earlier and later stages of AMD,
we gained further support of the finding from global (unstrati-
fied) analysis that dGI may play a somewhat more important role
in the later stages than in the earlier stages of early AMD pro-
gression. This result implies that persons with more advanced
early AMD lesions would benefit more by consuming low-dGI
diets than would those with earlier stages of early AMD lesions.
The data also suggest that the existing early AMD lesions would
accelerate the dGI-associated AMD progression.

Possible mechanisms

The current data strengthen our previous hypothesis that AMD
may share etiologies and risk factors with several major systemic
disorders, including obesity, diabetes, and cardiovascular dis-
ease (4). Previous cross-sectional studies (4, 10) and the present
analysis (data not shown) have consistently not found a relation
between total carbohydrate intake and risk of AMD. The use of
total carbohydrate intake as a marker, however, does not take into
account the glycemic or other adverse effects of different forms
of carbohydrates. As we noted previously (4, 10), dGI may affect
the risk of AMD through multiple pathways. It is hypothesized
that high-GI diets allow higher concentrations of available glu-
cose to enter cells during the postprandial period, which results
in chronically high oxidative stress, whereas low-GI diets, but
not low-carbohydrate diets, appear to be beneficial in reducing
such oxidative stress (23). Therefore, it is possible that high-GI

TABLE 2
Global and occurrence order–specific risk ratios (and 95% CIs) comparing high and low dietary glycemic index (dGI) in the progression of age-related
macular degeneration (AMD) by baseline AMD classifications from Cox proportional-hazards analysis1

Model2

Baseline AMD classification

P for trend
Overall

(n � 7232)

Group 1:
no drusen

(n � 2697)

Group 2:
intermediate

drusen
(n � 1781)

Group 3: large drusen
(n � 2754)

Global model (AG) 1.05 (0.91, 1.22) 1.08 (0.91, 1.30) 1.17 (1.01, 1.36) � 0.001 1.10 (1.00, 1.20)
Event-specific model (WLW)

First event3 1.09 (0.92, 1.29) 1.06 (0.87, 1.29) 1.10 (0.92, 1.31) NA4 1.07 (0.97, 1.19)
Second event3 0.97 (0.73, 1.29) 1.15 (0.75, 1.75) 1.30 (0.96, 1.76) � 0.001 1.11 (0.90, 1.35)

1 AG, Andersen-Gill method; WLW, Wei-Lin-Weissfeld method. AMD groups were classified according to the Age-Related Eye Disease Study AMD
Classification System. High and low dGI were defined as values above or below the sex median cutoffs (women: 77.9; men: 79.3). A total of 7232 eyes, including
3691 eyes in the low-dGI category and 3541 eyes in the high-dGI category, from groups 1, 2, and 3 at baseline were considered to be at risk of progression.
Eyes in groups 4 and 5 at baseline were excluded from the present analysis because they were considered to be at the end stage of AMD and thus not at risk
of progression. The time to the first maximal AMD progression of studied eyes during the study period was analyzed. Progression for a study eye was defined
by a more advanced AMD category than the baseline grade.

2 The AG approach models the repeated AMD progressions for each person as separate observations, with the risk set not constrained by the number of
events occurring within a person, and uses a robust sandwich covariance matrix structure for the within-subject correlation to compensate the assumption of
independence among multiple observations per person over time. It uses a common baseline hazard function for all events and estimates a global parameter for
dGI. In the WLW method, repeated events are stratified according to their order of occurrence, and the marginal analysis of each repeated observation is
performed separately by using a Cox proportional-hazards model without imposing any dependence structure in the model. An event-specific hazard is estimated
by stratified analysis that allows a separate hazard for each event. All models were adjusted for age, sex, race, education, alcohol intake, BMI, hypertension
history, refractive error, baseline AMD grade (only in the overall analysis), and energy-adjusted dietary variables, including total carbohydrate, fat, lutein and
zeaxanthin, folic acid, niacin, riboflavin, �-carotene, vitamin C, vitamin E, and zinc intakes.

3 An “event” of AMD progression was defined as the occurrence of the first maximal AMD progression in one eye at a single visit. Every eye contributed
�1 event; therefore, each person had either 0, 1, or �2 events.

4 NA, not applicable.
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FIGURE 2. Dose-response relation between dietary glycemic index
(dGI) and the risk of developing advanced age-related macular degeneration
(AMD) in large drusen at baseline, expressed as risk ratios (RRs) and 95%
CIs. The quintiles (median cutoffs) for dGI were 73.6, 76.6, 79.1, and 81.7 for
women and 75.7, 78.3, 80.3, and 82.8 for men. According to the Age-Related
Eye Disease Study AMD Classification System, group 3 (large drusen or
extensive intermediate drusen, n � 2754) includes eyes that had �1 large
drusen or extensive intermediate drusen. Advanced AMD includes eyes in
group 4 (geographic atrophy) or group 5 (neovascularization). The time to the
first advanced AMD progression of studied eyes during the study period was
analyzed. With the use of the Andersen-Gill method of estimating the indi-
cators (RRs and 95% CIs) for dGI, the Cox regression model was adjusted for
age, sex, race, education, alcohol intake, BMI, hypertension history, refrac-
tive error, and energy-adjusted dietary variables, including total carbohy-
drate, fat, lutein and zeaxanthin, folic acid, niacin, riboflavin, �-carotene,
vitamin C, vitamin E, and zinc intake. P for trend � 0.011.
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diets may result in enhanced glycation, the formation of ad-
vanced glycation end products, glycoxidation, and subsequent
inflammatory and angiogenic responses in the development of
AMD (24–26). In addition, compensatory hyperlipidemia in the
late postprandial stage after the consumption of high-GI foods (8,
27, 28) and the insulin-like growth factor axis, which has been
linked to dGI and age-related diseases (29, 30), may play certain
roles in the pathogenesis of AMD.

With the use of the data from the present epidemiologic study,
we were also able to glean insights into the role of dGI in the
development of AMD. Although the crude rate for group 2 AMD
is the highest among the 3 baseline AMD groups, the rate dif-
ferences and RRs between high dGI and low dGI suggest that a
history of consuming a high-dGI diet may play a more important
role in the later stages than in the earlier stages of AMD progres-
sion (Tables 2 and 3). In addition, we found, in the event-specific
analyses, that dGI played a more important role in the second
events in the later stages (Table 2). Because individuals with
bilateral AMD progression (ie, individuals having a second
event) may represent those who were more susceptible to AMD
progression, this finding implies that the interaction between
AMD susceptibility and dGI affects the risk of AMD progres-
sion, whereas dGI plays a more important role in the later stages.
Further studies are needed to clarify the detailed mechanisms.

Strengths and limitations

Compared with the cross-sectional features of the previous
studies (4, 10), the prospective design of the present study re-
duces the possibility of biased recall of diet, and it also clarifies
the temporality of causation because all data on food intake were
collected before the baseline and follow-up eye examinations.
Furthermore, the graded eye data were classified by graders who
were blinded to the nutrition data in the present study. Although
GI values are generally reproducible from place to place, there
are some variations in published GI values for apparently similar
foods (17). For those foods, we chose the GI of the most popular
American food item in our compilation (12). It is unlikely that the
nondifferential misclassification in dGI compilation of the
present study could explain the findings because the compilers
were blinded to the ophthalmic data. In addition, detailed data for
each eye and multifailure statistical approaches offer a unique
opportunity for exploring the relative contribution of dGI in
different stages of AMD progression and providing a more nu-
anced picture of the dGI effect.

As in all observational studies, there were limitations in the
way the data in the present study were collected. Because par-
ticipants attended eye examinations at scheduled annual visits,
most of the vision-nonimpairing progression was detected at

TABLE 3
Outcome and duration of follow-up by baseline dietary glycemic index (dGI) categories and age-related macular degeneration (AMD) classification1

AMD group and dGI status

Group 1: no drusen Group 2: intermediate drusen Group 3: large drusen Overall

High
(n � 1270)

Low
(n � 1427)

High
(n � 865)

Low
(n � 916)

High
(n � 1406)

Low
(n � 1348)

High
(n � 3541)

Low
(n � 3691)

Outcome at follow-up
[n (%)]

Group 1 785 (61.81) 895 (62.72) — — — — 785 (22.17) 895 (24.25)
Group 2 421 (33.15) 456 (31.96) 530 (61.27) 578 (63.10) — — 951 (26.86) 1034 (28.01)
Group 3 60 (4.72) 70 (4.91) 281 (32.49) 282 (30.79) 912 (64.86) 919 (68.18) 1253 (35.39) 1271 (34.44)
Group 42 0 (0.00) 2 (0.14) 16 (1.85) 19 (2.07) 213 (15.15) 189 (14.02) 229 (6.47) 210 (5.69)
Group 53 4 (0.31) 4 (0.28) 38 (4.39) 37 (4.04) 281 (19.99) 240 (17.80) 323 (9.12) 281 (7.61)

Progression [n (%)]
No 785 (61.81) 895 (62.72) 53 (61.27) 578 (63.10) 912 (64.86) 919 (68.18) 2227 (62.89) 2392 (64.81)
Yes 485 (38.19) 532 (37.28) 335 (38.73) 338 (36.90) 494 (35.14) 429 (31.82) 1314 (37.11) 1299 (35.19)

Duration of follow-up
by outcome (eye-
months)

Group 1 58 672 68 139 — — — — 58 672 68 139
Group 2 20 573 22 577 39 894 44 897 — — 60 467 67 474
Group 3 3038 3192 11 320 10 944 68 545 69 397 82 903 83 533
Group 42 0 125 765 1057 10 911 9293 11 676 10 475
Group 53 154 222 1560 1749 12 069 11 565 13 783 13 536

Total eye-months 82 437 94 255 53 539 58 647 91 525 90 255 227 501 24 3157
Crude progression rate

(95% CI)4 5.88 (5.37, 6.43) 5.64 (5.17, 6.14) 6.26 (5.60, 6.96) 5.76 (5.17, 6.41) 5.40 (4.93, 5.90) 4.75 (4.31, 5.22) 5.78 (5.47, 6.10) 5.34 (5.06, 5.64)
Crude RD (95% CI)5 0.24 (�0.47, 0.95) 0.49 (�0.42, 1.40) 0.64 (�0.01, 1.30) 0.43 (0.01, 0.86)
Crude RR (95% CI)5 1.04 (0.92, 1.18) 1.09 (0.93, 1.26) 1.14 (1.00, 1.29) 1.08 (1.00, 1.17)

1 RR, risk ratio; RD, rate difference. High and low dGI were defined as values above or below the sex median cutoffs (women: 77.9; men: 79.3). The n
shown is equal to 100% for that column. AMD groups were classified according to the Age-Related Eye Disease Study AMD Classification System. The time
to the first maximal AMD progression of studied eyes during the study period was analyzed. Progression for a study eye was defined by a more advanced AMD
category than the baseline grade.

2 Geographic atrophy.
3 Neovascularization.
4 Overall values in these groups (high- plus low-dGI) are as follows: 5.76 (5.41, 61.2) for group 1, 6.00 (5.55, 6.47) for group 2, 5.08 (4.76, 5.42) for group

3, and 5.55 (5.34, 5.77) for the groups overall.
5 Data were derived by comparing the risk of high- and low-dGI groups. RDs were derived by subtracting the rate of the low-dGI group from the rate of

the high-dGI group. RRs were derived by dividing the rate of the high-dGI group by the rate of the low-dGI group.
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these time points. Therefore, more events were identified at an-
nual scheduled follow-up visits and fewer events were identified
between follow-up visits (Figure 2). The exact time of progres-
sion was difficult to ascertain, because most of the vision-
nonimpairing progression could not be known until the eye ex-
amination was performed. However, there is no reason to believe
that the vision-nonimpairing progression would have occurred
differentially between the high- and low-dGI groups, because the
high response rate during the follow-up period (�97%) has bal-
anced the detection of events and excluded bias from differential
participation. By examining the cumulative hazard plot for de-
tection of progression (Figure 3), one can see that, as expected,
major “steps” occurred at scheduled annual time points. How-
ever, the increments of progression were indistinguishable be-
tween the high- and low-dGI groups, which suggested that the
effect of dGI should not be unduly biased by the limitation of
ascertaining exact progression time.

In the present study, dietary information was collected by use of
an FFQ at baseline recruitment. There may be a concern about
dietarychangeover thestudyperiod. Intuitively, short-termrecallor

diet records may seem to provide better measures. However, be-
cause such records are generally unrepresentative of usual intake
and are expensive to obtain, they are usually used in the validation
or calibration of other methods of dietary assessment that are more
practical for epidemiologic studies, such as has been done in the
present study (N Kurinij et al, unpublished observations, 1998).
Because diets tend to be reasonably correlated from year to year,
information derived from FFQs is considered to be more practical
and valid for measuring long-term dietary intake in epidemiologic
studies (31).Furthermore,at the timeof thepresentstudy, therewere
no prior studies that related dietary carbohydrate to AMD. Thus, it
is unlikely that the participants would have modified their diets on
the basis of such relations. Multiple measurements during the study
period (eg, annual FFQ administration) will be an advantage in
future studies.

Another concern may be uncontrolled potential and residual
confounders, of which physical activity, diabetes, and socioeco-
nomic status may be the most interesting. In the Beaver Dam Eye
Study, an active lifestyle was suggested to have a protective
effect on the incidence of exudative AMD, but not on early AMD
or geographic atrophy (32). However, studies have suggested
that physical activity is more likely to be a synergistic factor, but
not a confounder for physical activity, in the protective effect of
low-dGI diets on cardiovascular diseases (33), which have been
suggested to share common etiologies and risk factors with AMD
(27). Furthermore, by using isocaloric (energy-adjusted) nutrient
variables, we also diminished the effect of variation in factors
other than the nutrient per se, such as body size, physical activity,
and metabolic efficiency (18). As for diabetes status, although we
controlled its potential confounding by excluding subjects� with
diabetes at baseline, newly developed cases during the follow-up
period may raise a concern. However, the concern should be
largely alleviated because we tried to evaluate its influence by
including those baseline diabetic subjects in the analyses and
found that the findings were the same (data not shown). The
influence of socioeconomic status, which may influence acces-
sibility to health care and may be an important factor in deter-
mining disease progression, should be minimized for several
reasons. First, by the inclusion of “education level” in the models,
the confounding effect was at least partially controlled. Second
and more important, because AREDS is a trial with a high
follow-up rate (�97%), it is unlikely that the results were dis-
torted by differential participation, as discussed above.

Public health implication

The present data extend the concern about the the current diet
in the United States, in which carbohydrates mainly consist of
highly processed and refined grains. As in our cross-sectional
investigations (4, 10), the present findings are applicable to the
majority of the healthy elderly population. Robust results from
both the WLW and PWP methods indicated that high-dGI diets
are associated with a greater risk of AMD progression, especially
for those with more advanced disease (large drusen or extensive
intermediate drusen). For those at high risk of advanced AMD
(group 3 participants at baseline), the results of the present study
(Table 2) showed that high-dGI diets increased the risk of de-
veloping advanced AMD by 17%. With the use of these data, we
estimated that reducing dGI for the upper 50% of the elderly
population may reduce 7.8% of new advanced AMD cases in 5 y
by using the following calculation:
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FIGURE 3. Kaplan-Meier analysis of time to age-related macular de-
generation (AMD) progression in high (—–)- and low (——)-dietary glyce-
mic index (dGI) categories (dGI values were evaluated by using the sex
median cutoffs: 77.9 for women and 79.3 for men). The time to the first
maximal AMD progression of studied eyes during the study period was
analyzed. Progression for a study eye was defined by a more advanced AMD
category than the baseline grade according to the Age-Related Eye Disease
Study AMD Classification System: group 1, no drusen; group 2, intermediate
drusen; group 3, large drusen; group 4, geographic atrophy; and group 5,
neovascularization. A total of 7232 eyes, including 3691 eyes in the low-dGI
category and 3541 eyes in the high-dGI category from groups 1, 2, and 3 at
baseline, were considered to be at risk of progression. Eyes in groups 4 and
5 at baseline were excluded from the present analysis because they were
considered to be in the end stage of AMD and thus not at risk of progression.
P � 0.0182, log-rank test.
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Population-attributable fraction � Px�RR � 1�/�Px�RR � 1�

� 1� � �0.5 � 0.17�/��0.5 � 0.17� � 1� � 7.8% (1)

where Px is the proportion of exposure in the population (4, 34).
The efficacy of such low-dGI diets warrants randomized con-
trolled clinical trials.

In conclusion, the prospective data in the present study indi-
cate that poor dietary carbohydrate quality as defined by dGI, but
not quantity, increases the risk of AMD progression in persons
with early AMD, especially those at the later stages. The data also
suggest a potential modifiable dietary factor that may be protec-
tive against developing AMD and any accompanying vision loss.
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The metabolic syndrome in adults prenatally exposed to the Dutch
famine1�3

Susanne R de Rooij, Rebecca C Painter, Frits Holleman, Patrick MM Bossuyt, and Tessa J Roseboom

ABSTRACT
Background: Epidemiologic studies have shown that the metabolic
syndrome may originate in utero.
Objective: We aimed to determine whether exposure to prenatal
famine is associated with a greater prevalence of the metabolic
syndrome.
Design: We assessed the prevalence of the metabolic syndrome ac-
cording to the National Cholesterol Education Program definition in
783 members of the Dutch Famine Birth Cohort. Participants were born
as term singletons around the time of the 1944–1945 Dutch famine.
Results: Exposure to famine during gestation was not significantly
associated with the metabolic syndrome (odds ratio: 1.2; 95% CI:
0.9, 1.7). Birth weight also was not significantly associated with the
metabolic syndrome (odds ratio: 1.3/1-kg decrease in birth weight;
95% CI: 0.9, 1.8/1-kg decrease in birth weight). Exposure to famine
during gestation was associated with significantly higher triacyl-
glycerol concentrations (0.1 g/L; 0.0, 0.2 g/L). Men exposed to
famine in early gestation had significantly lower HDL-cholesterol
concentrations (�0.08 mmol/L; �0.14, 0.00 mmol/L) than did un-
exposed men.
Conclusions: Prenatal exposure to famine or reduced birth weight is
not associated with a significantly greater prevalence of the meta-
bolic syndrome. Our findings suggest that, although elements of the
metabolic syndrome may be programmed by fetal undernutrition,
the origin of the syndrome as a whole is not likely to be found in poor
nutrition during gestation. Am J Clin Nutr 2007;86:1219–24.

KEY WORDS Metabolic syndrome, fetal origins hypothesis,
prenatal famine, birth weight

INTRODUCTION

The metabolic syndrome is known by several names: syn-
drome X, the deadly quartet, and the insulin resistance syndrome
(1–3). It is a constellation of interrelated metabolic risk factors
that predisposes a person to develop type 2 diabetes and cardio-
vascular disease (4, 5). Clinical manifestations of the syndrome
include glucose intolerance, insulin resistance, central obesity,
dyslipidemia, and hypertension. Several different definitions are
currently used to diagnose the metabolic syndrome (6–9).

Several studies have shown that small size at birth is associated
with a greater risk of the metabolic syndrome. It has even been
suggested that the syndrome should be renamed the small baby
syndrome (10–17). This association is hypothesized to result
from permanent structural and physiologic adaptations made by
the fetus in response to a poor environment in utero (18). Results

of the studies of the association between low birth weight and the
metabolic syndrome should, however, be interpreted with cau-
tion. Half of these studies found associations between low birth
weight and the metabolic syndrome only if low birth weight was
combined with high adult BMI (14), catch-up growth (15, 16), or
lifestyle factors such as smoking and low physical activity (17).
In addition, the use of birth weight as a marker of the fetal
environment has limitations, because birth weight is the result of
a wide range of maternal, placental, and fetal factors.

The Dutch famine birth cohort is a unique group within which
to evaluate a possible association between poor prenatal nutrition
and the development of the metabolic syndrome in later life.
Cohort members were born around the time of the Dutch famine
that occurred near the end of World War II—ie, between No-
vember 1944 and May 1945. The mean caloric rations during the
famine were as low as 400–800 cal/d. Previous findings in this
cohort study showed that exposure to famine during any stage of
gestation was associated with impaired glucose tolerance (19,
20), exposure to famine during midgestation was related to a
greater prevalence of microalbuminuria (21), and exposure to
famine during early gestation was related to dyslipidemia (22),
obesity in women (23), altered blood clotting (24), and a greater
prevalence of coronary heart disease (25, 26). The effects were
independent of size at birth and of adult risk factors. On the basis
of all of these associations, one could expect that there is an
association between exposure to the Dutch famine in utero and
the prevalence of the metabolic syndrome at a mean age of 58 y.
In the present study, we aimed to test this possible association.

SUBJECTS AND METHODS

Population

All participants were members of the Dutch Famine Birth
Cohort. This cohort consists of 2414 men and women who were
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born between 1 November 1943 and 28 February 1947 as term
singletons in the Wilhelmina Gasthuis, a hospital in Amsterdam,
Netherlands. The selection procedure (19) and subsequent loss to
follow-up (27) have been described in detail elsewhere. Cohort
members who were still living in the Netherlands and whose
address was known to the investigators were invited to partici-
pate in the study. Of the group of 1423 eligible people, 810 agreed
to participate.

All participants gave written informed consent. The study was
approved by the local Medical Ethics Committee and carried out
in accordance with the Declaration of Helsinki.

Exposure to famine

The official daily food rations for the general population aged
�21 y were used to define exposure to famine (28). A person was
considered to be prenatally exposed to famine if the average daily
food ration of the mother during any 13-wk period of gestation
contained �1000 calories. On the basis of this definition, infants
born between 7 January 1945 and 8 December 1945 had been
exposed in utero. We delineated periods of 16 wk each within
those 11 mo to differentiate between those infants exposed in late
gestation (born between 7 January and 28 April 1945), those
exposed in midgestation (born between 29 April and 18 August
1945), and those exposed in early gestation (born between 19
August and 8 December 1945). Persons born before 7 January
1945 and conceived after 8 December 1945 were considered not
to have been exposed to famine in utero, and they acted as control
subjects.

Study variables

Information about the mother, the course of the pregnancy, and
infant’s size at birth was extracted from medical birth records
(19). We measured height by using a fixed or portable stadiom-
eter and measured weight with SECA (Hamburg, Germany) and
Tefal portable (Groupe SEB Nederland BV, Veenendaal, Neth-
erlands) scales. We measured waist circumference with a flexible
tape measure placed midway between the costal margin and the
iliac crest. Blood pressure was measured 2 times on 2 occasions
(morning and afternoon) by using an automated device (Omron
705 CP/IT; Omron Healthcare UK, Milton Keynes, United
Kingdom) and appropriate cuff sizes. Mean systolic and
diastolic blood pressures were calculated by using all available
measurements.

Blood was drawn for analysis of plasma glucose concentra-
tions, which were measured by using a standardized enzymatic
photometric assay on a Modular P analyzer (Roche, Basel, Swit-
zerland), and HDL-cholesterol and triacylglycerol concentra-
tions, which were measured by using an enzymatic colorimetric
reagent on a P-800 Modular analyzer (both: Roche). Information
on socioeconomic status, medical history, lifestyle (eg, smoking
status and sports participation), and use of medication was ob-
tained in a standardized interview. We defined current socioeco-
nomic status according to the International Socioeconomic Index
of Occupational Status (29), which is based on the participant’s
or the partner’s occupation, whichever status is higher. Values in
this index range from 16 (low status) to 87.

Definition of the metabolic syndrome

We used the widely applied National Cholesterol Education
Program (NCEP) definition of the metabolic syndrome (8),

which is a clustering of �3 of the following characteristics:
waist circumference � 102 cm in men and � 88 cm in women,
triacylglycerol � 1.7 mmol/L, blood pressure � 130/85 mm
Hg or the use of antihypertensive medication, HDL choles-
terol � 1.03 mmol/L in men and � 1.3 mmol/L in women, and
fasting glucose � 6.1 mmol/L or the use of antidiabetic med-
ication. In addition, we applied the recently developed defi-
nition of the International Diabetes Federation (IDF) (9),
which has lower thresholds for 2 components of the syndrome:
waist circumference � 94 cm in men and � 80 cm in women
and fasting glucose � 5.6 mmol/L.

Statistical analysis

Logarithmic transformations were applied to variables with
skewed distributions. We used linear and logistic regression
analysis to compare maternal, birth, and adult characteristics
between famine-exposed and -unexposed groups. In all analyses,
we first compared participants who were prenatally exposed to
famine with those who were not so exposed, and then we com-
pared those exposed in late, mid-, and early gestation with those
not exposed in gestation. We also used linear and logistic regres-
sion analyses to explore associations between birth weight and
adult characteristics. For these analyses, we divided the study
group into 3 birth-weight groups by using the cutoffs of �3000,
3000–3500, and �3500 g. We did not use the conventional
cutoff of 2500 g for the low-birth-weight group, because that
would have resulted in a group containing only 18 participants.
We also studied birth weight as a continuous variable. We ad-
justed for sex and BMI in all analyses except those of the prev-
alence of components of the metabolic syndrome and of the
syndrome itself, in which we adjusted for sex only.

Additional adjustment was done for maternal and birth char-
acteristics, smoking status, participation in sports, and current
socioeconomic status. We considered differences to be statisti-
cally significant if P values were �0.05. All data were analyzed
with SPSS for WINDOWS software (version 12; SPSS Inc,
Chicago, IL).

RESULTS

Population characteristics

A total of 810 men and women participated, of whom 27 had
to be excluded from the analysis because of missing data due to
failure of venipuncture or nonadherence to fasting instructions.
Of the group of 783 participants for whom we had complete data
for all components of the syndrome, 359 (46%) were men, and
424 (54%) were women; they had a mean � SD age of 58 � 1 y.
A total of 452 participants (58%) were not exposed to famine
during gestation, and 331 participants (42%) were exposed dur-
ing gestation.

Infants exposed to famine during late gestation and midges-
tation had lower birth weights than did infants not exposed, and
their mothers weighed less at the end of pregnancy than did the
mothers of unexposed infants (Table 1). At age 58 y, there were
no significant differences between famine-exposed and
-unexposed subjects in smoking pattern, sports participation and
socioeconomic status.

In Table 2, the various components included in the metabolic
syndrome at age 58 y are shown by exposure group. Men who
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were exposed to famine in utero had HDL-cholesterol concen-
trations 0.08 mmol/L (95% CI: 0.14, 0.00 mmol/L) lower than
those of unexposed men, and the difference was greater (�0.13
mmol/L; �0.24, �0.01 mmol/L) when the exposure occurred in
early gestation. In women, there was a trend toward significantly

lower HDL-cholesterol concentrations in those exposed to fam-
ine in utero (�0.07 mmol/L; �0.14, �0.00 mmol/L) than in
those so unexposed. Exposure to famine in utero was also asso-
ciated with higher concentrations of triacylglycerol (0.1 g/L; 0.0,
0.2 g/L).

TABLE 1
Maternal, birth, and adult characteristics according to timing of prenatal exposure to the Dutch famine1

Exposure to famine

P

Born before
the famine
(n � 238)

In late gestation
(n � 141)

In midgestation
(n � 116)

In early gestation
(n � 74)

Conceived after
the famine
(n � 214)

All
(n � 783)

Age (y) 59.2 � 0.72 58.5 � 0.5 58.2 � 0.6 58.0 � 0.5 57.4 � 0.6 58.3 � 1.0 0.36
Men (%) 48 43 39 43 51 46 0.05
Maternal and birth characteristics

Weight gain in 3rd trimester (kg)3 2.8 � 2.3 0.0 � 2.04 4.5 � 3.64 5.0 � 2.04 3.5 � 2.7 2.9 � 3.0 0.035

Weight at last antenatal visit (kg)6 66.6 � 8.4 62.5 � 7.24 63.7 � 8.14 69.8 � 9.2 69.3 � 824 66.5 � 8.7 0.015

Gestational age (d)7 284 � 10 283 � 10 286 � 12 289 � 11 285 � 12 285 � 11 0.495

Birth weight (g) 3392 � 462 3195 � 4724 3201 � 4244 3503 � 434 3467 � 471 3359 � 472 0.015

Adult characteristics
Current smoker (%)8 22 27 26 31 23 25 0.11
Persons who practice sports (%)8 55 61 58 61 51 56 0.06
Current socioeconomic status9,10 48 � 14 52 � 15 51 � 14 47 � 13 50 � 14 50 � 14 0.22
BMI (kg/m2)11 28.0 � 1.2 28.0 � 1.2 27.8 � 1.2 27.5 � 1.2 28.7 � 1.2 28.1 � 1.2 0.11

1 n � 783 unless indicated otherwise.
2 x� � SD (all such values).
3 n � 549.
4 Significantly different from participants unexposed to famine during gestation P � 0.05 (linear regression analysis, adjusted for sex).
5 P values for differences between the groups exposed and unexposed to famine during gestation, based on linear regression analysis, were adjusted

for sex.
6 n � 691.
7 n � 671.
8 n � 781.
9 n � 773.
10 According to the International Socioeconomic Index of Occupational Status (29).
11 Geometric x� � SD (all values).

TABLE 2
Components of the metabolic syndrome according to timing of prenatal exposure to the Dutch famine1

Exposure to famine

P

Born before
the famine
(n � 238)

In late
gestation
(n � 141)

In mid-
gestation
(n � 116)

In early
gestation
(n � 74)

Conceived after
the famine
(n � 214)

All
(n � 783)

Waist circumference (cm)
Men 101.5 � 12.72 100.9 � 9.3 99.0 � 11.2 102.5 � 12.9 101.0 � 11.0 101.0 � 11.5 0.64
Women 92.6 � 14.2 92.6 � 13.9 92.0 � 12.9 89.6 � 11.4 94.1 � 12.4 92.6 � 13.2 0.23

Fasting glucose (mmol/L)3 5.6 � 1.1 5.5 � 1.1 5.5 � 1.1 5.7 � 1.1 5.5 � 1.1 5.6 � 1.1 0.48
HDL cholesterol (mmol/L)3

Men 1.3 � 1.3 1.2 � 1.3 1.3 � 1.3 1.2 � 1.34 1.3 � 1.4 1.3 � 1.3 0.05
Women 1.7 � 1.3 1.6 � 1.3 1.6 � 1.4 1.7 � 1.3 1.7 � 1.3 1.7 � 1.3 0.07

Triacylglycerol (g/L)3 1.2 � 1.8 1.3 � 1.8 1.3 � 1.8 1.3 � 1.9 1.3 � 1.8 1.3 � 1.8 0.04
Systolic blood pressure (mm Hg)3 137 � 1.2 135 � 1.2 136 � 1.1 135 � 1.1 135 � 1.1 136 � 1.1 0.99
Diastolic blood pressure (mm Hg) 81 � 10 81 � 10 80 � 11 82 � 10 82 � 10 81 � 10 0.67

1 P values for differences between the groups exposed and unexposed to famine during gestation, based on linear regression analysis, were adjusted for
BMI (HDL cholesterol) or for sex and BMI (fasting glucose, triacylglycerol, and blood pressure).

2 x� � SD (all such values).
3 Geometric x� � SD (all values).
4 Significantly different from participants unexposed to famine during gestation, P � 0.05 (linear regression analysis, with adjustment for BMI).
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The metabolic syndrome and famine exposure

The prevalence of components of the metabolic syndrome and
of the syndrome itself according to definitions of NCEP by ex-
posure group is shown in Table 3. Exposure to famine during
gestation was not significantly associated with the metabolic
syndrome (OR: 1.2; 95% CI: 0.9, 1.7). Compared with those
unexposed to famine, those exposed in late gestation had an OR
of 1.4 (0.9, 2.1), and those exposed in early gestation had an OR
of 1.4 (0.6, 1.5).

Participants prenatally exposed to famine more often had an
HDL-cholesterol concentration below the metabolic syndrome
threshold of 1.03 mmol/L for men and 1.3 mmol/L for women
than did unexposed participants (1.8; 1.2, 2.6). The difference
was most pronounced in those exposed in late (2.0; 1.2, 3.2) and
early (2.1; 1.2, 3.8) gestation. Additional adjustment for maternal
age, maternal weight gain during the third trimester, maternal
weight at the end of pregnancy, gestational age, birth weight,
smoking status, and sports participation did not change the
results.

International Diabetes Foundation definition of the
metabolic syndrome

When we used the definition of the IDF for the metabolic
syndrome (Table 3), the mean prevalence was higher than when
we used the NCEP definition. However, the difference in prev-
alence between those exposed to famine during late (1.2; 0.8, 1.7)
and early (1.2; 0.7, 1.9) gestation and those unexposed to famine
was much smaller with the IDF definition.

The metabolic syndrome and birth weight

The prevalence of the metabolic syndrome (NCEP definition)
did not become significantly higher with decreasing birth weight
(1.3; 0.9, 1.8/1-kg decrease in birth weight), as shown in
Table 4. Men and women who were small at birth had a waist
circumference above the metabolic syndrome threshold of 102
cm for men and 88 cm for women less often than did those who
were normal-weight at birth (0.7; 0.5, 1.0/1-kg decrease in birth
weight). Participants who were small at birth had a blood pres-
sure above the metabolic syndrome threshold of 130/85 more

TABLE 3
The prevalence of components of the metabolic syndrome and of the metabolic syndrome itself (as defined by the NCEP) according to the timing of
prenatal exposure to the Dutch famine1

Exposure to famine

P2

Born before
the famine
(n � 238)

In late
gestation
(n � 141)

In mid-
gestation
(n � 116)

In early
gestation
(n � 74)

Conceived after
the famine
(n � 214)

All
(n � 783)

Components
Waist circumference �102 cm in men, �88 cm in women 0.50 0.48 0.53 0.51 0.54 0.52 0.51
Fasting glucose �6.1 mmol/L or treatment 0.29 0.28 0.22 0.31 0.24 0.27 0.68
Triacylglycerol �1.7 g/L 0.27 0.31 0.32 0.37 0.32 0.31 0.24
HDL cholesterol �1.03 mmol/L in men, �1.3 mmol/L in

women
0.11 0.233 0.18 0.243 0.15 0.17 0.01

Blood pressure �130/85 mm Hg or treatment 0.69 0.67 0.69 0.62 0.67 0.67 0.78
Metabolic syndrome 0.30 0.38 0.29 0.38 0.30 0.32 0.16

Metabolic syndrome as defined by the IDF 0.48 0.51 0.47 0.51 0.47 0.49 0.50

1 IDF, International Diabetes Federation; NCEP, National Cholesterol Education Program.
2 P values for differences between the groups exposed and unexposed to famine during gestation, based on logistical regression analysis, after adjustment

for sex.
3 Significantly different from participants unexposed to famine during gestation, P � 0.05 (logistic regression analysis, adjusted for sex).

TABLE 4
The prevalence of components of the metabolic syndrome and of the metabolic syndrome itself (as defined by the NCEP) according to birth-weight
groups1

Birth weight (g)

P2
�3000

(n � 179)
3000–3500
(n � 325)

�3500
(n � 279)

Components
Waist circumference �102 cm in men, �88 cm in women 0.48 0.51 0.55 0.04
Fasting glucose �6.1 mmol/L or treatment 0.30 0.25 0.26 0.21
Triacylglycerol �1.7 g/L 0.35 0.30 0.30 0.15
HDL cholesterol �1.03 mmol/L in men, �1.3 mmol/L in

women
0.20 0.15 0.18 0.74

Blood pressure �130/85 mm Hg or treatment 0.77 0.64 0.65 0.01
Metabolic syndrome 0.37 0.30 0.32 0.31

Metabolic syndrome as defined by the IDF 0.55 0.45 0.48 0.13

1 IDF, International Diabetes Federation; NCEP, National Cholesterol Education Program.
2 P values for differences between birth weight groups were based on logistic regression analysis and adjusted for sex.
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often than did those with greater birth weight (1.7; 1.2, 2.4/1-kg
decrease in birth weight).

DISCUSSION

On the basis of previously reported associations between pre-
natal exposure to the Dutch famine and various metabolic out-
comes, we hypothesized that the metabolic syndrome may be
related to undernutrition in utero. However, we could not show
an association between prenatal famine exposure and the meta-
bolic syndrome, nor did we find an association between birth
weight and the syndrome.

Several methodologic issues must be raised. The prevalence of
the metabolic syndrome is highly dependent on the definition
used to diagnose the syndrome. The mean prevalence in our
cohort was 32% according to the widely applied NCEP definition
(8), which resembles the prevalence found in a European popu-
lation with a mean age of 56 y—ie, 32% in men and 29% in
women (30). However, the prevalence of the metabolic syn-
drome was 49% according to the recently developed IDF defi-
nition (9). This discrepancy is due to the fact that the NCEP
definition applies higher cutoffs for waist circumference and
fasting glucose concentrations than does the IDF definition.

Differences between famine-exposed groups became much
smaller with the use of the IDF definition than with that of the
NCEP definition. The use of different definitions of the meta-
bolic syndrome may explain why we could not confirm associ-
ations between the metabolic syndrome and birth weight. A wide
range of definitions were used by the studies that reported such
an association (10–17). The metabolic syndrome has been crit-
icized with respect to its value as a marker for cardiovascular
disease risk (31). The criticism centers around the notion that risk
is a progressive function of such factors as hyperglycemia and
hypertension and, thus, cannot simply be regarded as present or
absent, depending on whether thresholds are exceeded or not.

As a consequence of selective participation, we may have
underestimated the prevalence of the metabolic syndrome in
participants who were exposed to famine during gestation. We
found an increase in the occurrence of type 2 diabetes (19) and
coronary heart disease (25) at age 50 y among those exposed to
famine in utero. These increases may have led to greater mortal-
ity and disability among those exposed to prenatal famine, re-
sulting in selective participation of persons who were fit enough
to attend the clinic at age 58 y. In a recent follow-up study of adult
survival, however, we found no evidence of greater mortality
among subjects exposed to famine in utero (27). Nonetheless,
selective participation may have had an influence on our find-
ings.

Ever since the introduction of the concept of the metabolic
syndrome, doubts have been raised about the integrity of the
syndrome as a constellation of metabolic risk factors caused by
a unifying underlying pathologic condition [see Kahn et al (31)
for a review of the literature]. We previously showed in the
present cohort that prenatal famine exposure was associated with
several metabolic outcomes: participants exposed to famine dur-
ing gestation had higher 2-h glucose and 2-h insulin concentra-
tions than did those not so exposed (19, 20), and participants
exposed during early gestation were more likely to have dyslip-
idemia (22), obesity in women (23), and altered blood clotting
(24). We could not, however, show any effects on blood pressure

or waist circumference. Our data suggest that the metabolic syn-
drome as a clustering of risk factors does not have a single
underlying origin in poor fetal nutrition. However, individual
features of the syndrome may originate from adverse conditions
during gestation and may depend on the timing and nature of the
insult in utero. Organs and tissues are more vulnerable during
periods of rapid growth and development, the so-called “critical
periods.” Thus, exposure to famine during a specific period of
gestation may lead to problems associated with the organs or
physiologic systems that are undergoing development at that
particular phase of gestation, whereas exposure during another
period of gestation may lead to problems associated with other
organs and systems. We previously showed this connection with
respect to microalbuminuria, which is related to exposure in
midgestation (21), and with respect to dyslipidemia (22), obesity
in women (23), the concentration of fibrinogen (24), and coro-
nary heart disease (25, 26), all of which are associated with
exposure in early gestation.

In conclusion, neither prenatal exposure to famine nor reduced
birth weight is associated with a greater prevalence of the met-
abolic syndrome. We suggest that, although elements of the
metabolic syndrome are programmed during fetal life, the origin
of the syndrome as a whole is not likely to be found in poor
nutrition during gestation.
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Dietary nutrient intakes and skin-aging appearance among middle-
aged American women1�4

Maeve C Cosgrove, Oscar H Franco, Stewart P Granger, Peter G Murray, and Andrew E Mayes

ABSTRACT
Background: Nutritional factors play a key role in normal derma-
tologic functioning. However, little is known about the effects of diet
on skin-aging appearance.
Objective: We evaluated the associations between nutrient intakes
and skin-aging appearance.
Design: Using data from the first National Health and Nutrition
Examination Survey, we examined associations between nutrient
intakes and skin aging in 4025 women (40–74 y). Nutrients were
estimated from a 24-h recall. Clinical examinations of the skin were
conducted by dermatologists. Skin-aging appearance was defined as
having a wrinkled appearance, senile dryness, and skin atrophy.
Results: Higher vitamin C intakes were associated with a lower
likelihood of a wrinkled appearance [odds ratio (OR) 0.89; 95% CI:
0.82, 0.96] and senile dryness (OR: 0.93; 95% CI: 0.87, 0.99). Higher
linoleic acid intakes were associated with a lower likelihood of senile
dryness (OR: 0.75; 95% CI: 0.64, 0.88) and skin atrophy (OR: 0.78;
95% CI 0.65, 0.95). A 17-g increase in fat and a 50-g increase in
carbohydrate intakes increased the likelihood of a wrinkled appear-
ance (OR: 1.28 and 1.36, respectively) and skin atrophy (OR: 1.37
and 1.33, respectively). These associations were independent of age,
race, education, sunlight exposure, income, menopausal status, body
mass index, supplement use, physical activity, and energy intake.
Conclusions: Higher intakes of vitamin C and linoleic acid and
lower intakes of fats and carbohydrates are associated with better
skin-aging appearance. Promoting healthy dietary behaviors may
have additional benefit for skin appearance in addition to other
health outcomes in the population. Am J Clin Nutr 2007;86:
1225–31.

KEY WORDS National Health and Nutrition Examination
Surveys, NHANES, vitamin C, wrinkles, skin aging, linoleic acid,
nutritional epidemiology

INTRODUCTION

Skin aging is a continuous process that is heavily determined
by the combined influences arising from intrinsic aging, the
environment (eg, sun exposure), and lifestyle factors [eg, ciga-
rette smoking, low body mass index (BMI; in kg/m2), and meno-
pausal status] (1–5). Among these factors, the harmful effects of
chronic sun exposure (photoaging) and smoking on premature
skin aging are widely supported (6–9). During the course of skin
aging, both skin function and appearance are affected. Changes
in appearance are the most visible signs of aging and include
wrinkles, irregular pigmentation, sagging, atrophy, elastosis, and
telangiectasia (1, 6). Such changes in appearance have substan-
tial negative affects on self-esteem and social well-being (10).

Furthermore, appearance was shown to be an indicator of overall
health status, and it has been shown that “looking old for one’s
age” is associated with increased risk of mortality (11, 12).

Balanced nutrition is essential not only to prevent chronic
disease such as cardiovascular disease, certain cancers, and di-
abetes (13) but also to maintain health and ensure normal func-
tioning. Certain nutrients were identified to play a critical role in
the normal functioning of the skin, particularly when nutrient
deficiencies are apparent, eg, vitamin C in collagen synthesis (14,
15). Several studies have observed improved protection of the
skin against sun damage (photoprotection) by dietary supple-
mentation with vitamins E and C, carotenoids (�-carotene and
lycopene), and polyunsaturated fatty acids (PUFAs) (16, 17).
However, those studies are limited by the use of supplements,
some with several active ingredients, making it difficult to de-
termine which nutrient is having an effect. One study observed a
photoprotective effect of a diet higher in vegetables, fruit, and
olive oil on the skin (18). Whether habitual dietary intakes have
a significant effect on skin-aging appearance has not been shown.
This is critical to adequately design potential interventions tar-
geted to improve or delay the skin-aging process. Therefore, in
the present cross-sectional analysis, using the first National
Health and Nutrition Examination Survey (NHANES I) (19), we
examined the relation between nutrient intakes and the preva-
lence of the appearance of wrinkles, senile dryness (dryness as a
result of aging), and skin atrophy (thinning) in middle-aged
women. This examination allowed us to examine the relation
between nutrient intakes, rather than supplements, and skin-
aging appearance, rather than photoprotection, for the first time
to our knowledge.

SUBJECTS AND METHODS

Data source

The NHANES I was conducted in the United States by the
National Center for Health Statistics between 1971 and 1974
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(19). Briefly, NHANES I was conducted on a nationwide sample
of �32 000 noninstitutionalized persons aged 1–74 y. Details of
methods, including the development, plan, and operation of the
survey and data collection forms have been published and are
available elsewhere (20–22).

Study sample

All women aged � 40 y were eligible for inclusion. From the
original available sample of 23 808 subjects, 10 152 men, 8477
women aged � 40 y, 1062 women who did not have a dermato-
logic examination, and 92 women with unsatisfactory 24-h di-
etary recalls were excluded. The final sample consisted of 4025
women aged 40–74 y.

Assessment of skin aging

A complete clinical dermatologic examination of the skin was
undertaken to evaluate variations in texture and color, certain
manifestations of aging, and all pathologic changes. The derma-
tologic examinations were performed by 101 dermatologists that
followed a studywide protocol after uniform training and stan-
dardized definitions (23). To ensure consistency with the exam-
ination protocol, a random sample of the 20 637 examinations
was checked by a senior dermatologist (24). The dermatologist
classified the subjects into 1 of 3 categories of cumulative life-
time sunlight exposure: 1) low (unimpressive), 2) moderate, and
3) high (considerable), based on the subjects’ occupation and
amount of leisure time spent outdoors. Skin aging was defined by
3 independent determinants of the process: wrinkled appearance,
senile dryness (dryness as a result of aging), and skin atrophy
(thinning).

Dietary assessment

A 24-h dietary recall was administered to each respondent by
a trained dietary interviewer, with 3-dimensional food models,
including household measures, to estimate food portions (23).
The interviewer probed for clarity of foods and beverages con-
sumed and for commonly forgotten items (eg, sugar in tea, bev-
erages with meals). Estimates of nutrient intake for each food and
beverage reported were obtained from the US Department of
Agriculture food composition data (25).

Assessment of other variables

Height and weight were measured using standard methods
(26), and BMI was calculated. The physical activity question
about nonrecreational activity was: “In your usual day, aside
from recreation, how active are you?” The possible responses
were 1) very active, 2) moderately active, or 3) quite inactive.
Additional covariate information about age, smoking habits,
menopausal status, race, education, and family income was ob-
tained with the use of questionnaires.

Statistical analyses

We first conducted univariate analyses to describe the distri-
bution of nutrient intakes and demographic and lifestyle at-
tributes by having a wrinkled appearance, senile dryness, and
skin atrophy. Significant differences were assessed using Pear-
son’s chi-square and independent t tests for categorical and
continuous variables, respectively. Differences in mean nutrient
intakes were assessed with the use of analysis of variance,
adjusting for age (continuous), race (white, black, other),

energy intake (continuous), education [�12 y, high school
graduation (12 y), �12 y], sunlight exposure (unimpressive,
moderate, considerable), total family income (�$5000, $5000–
9999; �$10 000), menopausal status (responded yes to the ques-
tion “Have your menstrual periods stopped entirely?” compared
with no), BMI (continuous), supplement use (responded yes to
the question “Are you taking vitamins or minerals?” compared
with no), and self-reported daily physical activity (very active,
moderately active, quite inactive). Intakes of linoleic acid, total
dietary cholesterol, calcium, and vitamins A and C were log
transformed, because they were not normally distributed.

To determine the associations of nutrient intakes with skin-
aging appearance, nutrients that substantially changed the effect
on the outcomes (P � 0.2) were examined with the use of binary
logistic regression analysis (27). We used logistic regression
models in 3808 women with complete data, controlling for age,
race, energy intake, education, sunlight exposure, family in-
come, menopausal status, BMI, supplement use, and physical
activity to determine the associations of fat, carbohydrate, thia-
mine, and vitamin C with a wrinkled appearance; of saturated
fatty acids, oleic acid, linoleic acid, and vitamin C with senile
dryness; and of fat, carbohydrate, and linoleic acid with skin
atrophy. Variables that substantially changed the effect on the
outcomes examined (P � 0.2) (27) or were associated with skin
aging in prior studies (3–5, 22) were considered as potential
confounders. Family income may be related to skin-aging ap-
pearance thorough pathways other than its influence on diet;
therefore, it was included in all models. The odds ratio (OR)
represents the odds for a 1-unit increment (eg, 1 g protein). To
illustrate nutritionally relevant estimates, new ORs were calcu-
lated on the basis of 33% of the median intake for each nutrient
(except for log-transformed nutrients and thiamine, whose me-
dian intake was � 1 mg) (28).

Subgroup analysis

Cigarette smoking is a well-established independent risk fac-
tor for facial wrinkling and skin aging (6–9). In this analysis,
smoking data were only collected for 1401 women (n � 539
current and previous smokers; n � 862 never smoked). There-
fore, stratified analysis was conducted to examine skin-aging
appearance without ignoring the smoking data or losing large
sample numbers because of the missing data.

We used a P value � 0.05 for significance, and all tests were
2-sided. All analyses were performed with SPSS, version 14
(SPSS Inc, Chicago, IL).

RESULTS

Characteristics of the study sample

A wrinkled appearance was present in 899 (22.3%), senile
dryness in 1159 (28.8%), and skin atrophy in 515 (12.8%)
women. The distribution of the skin-aging appearance in the
4025 women is shown by the presence or absence of wrinkles,
senile dryness, and skin atrophy in Figure 1. Of the 3 signs of
skin-aging appearance, wrinkles were significantly correlated
with senile dryness (r � 0.36) and skin atrophy (r � 0.52). Senile
dryness was significantly correlated with skin atrophy (r � 0.30).
Characteristics of all women and of each outcome separately are
shown in Table 1. Skin-aging outcomes were found significantly
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in older women; women with a wrinkled appearance, senile dry-
ness, and skin atrophy were �10 y, 10 y, and 9 y older, respec-
tively. Women with the appearance of wrinkles, with senile dry-
ness, and with skin atrophy were more likely to be white, have
�12 y education, have a low family income, be postmenopausal,
and have higher sunlight exposure. Women with skin atrophy
were significantly associated with a lower BMI, and women with
a wrinkled appearance and with senile dryness were less likely to
be physically active. No significant differences in supplement
users and skin-aging outcomes were observed.

Distribution of nutrient intakes by skin-aging appearance

Multivariate-adjusted means for nutrient intakes (adjusted for
age, race, energy intake, education, sunlight exposure, family
income, menopausal status, BMI, supplement use, and physical
activity) are shown by outcomes of skin-aging appearance in
Table 2. Women with a wrinkled appearance had significantly
lower intakes of protein, total dietary cholesterol, phosphorus,
potassium, vitamin A, and vitamin C than did women without a
wrinkled appearance. Women with senile dry skin had signifi-
cantly lower intakes of linoleic acid and vitamin C than did
women without senile dry skin. Women with skin atrophy had a
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FIGURE 1. Distribution of 4025 women by the presence of a wrinkled
appearance, senile dryness, and skin atrophy.

TABLE 1
Demographic, lifestyle, and dietary characteristics of women aged 40–74 y in the first National Health and Nutrition Examination Survey (NHANES I) by
the appearance of skin aging

Variables
All women
(n � 4025)

Wrinkled appearance Senile dryness Skin atrophy

Absence
(n � 3126)

Presence
(n � 899) P1

Absence
(n � 2866)

Presence
(n � 1159) P1

Absence
(n � 3510)

Presence
(n � 515) P1

Age (y) 58.1 � 11.22 55.9 � 11.1 65.6 � 7.5 � 0.001 55.3 � 11.1 65.0 � 7.9 � 0.001 56.9 � 1.2 66.1 � 7.5 � 0.001
BMI (kg/m2) 26.4 � 5.6 26.5 � 5.7 26.2 � 5.5 NS 26.4 � 5.7 26.4 � 5.4 NS 26.5 � 5.7 25.9 � 5.3 0.020
Energy (kcal) 1376 � 559 1397 � 571 1305 � 508 � 0.001 1403 � 568 1310 � 529 � 0.001 1389 � 567 1289 � 487 � 0.001
Race (%) � 0.001 0.003 � 0.001

White 82.2 79.3 92.0 80.9 85.2 80.7 92.4
Black 17.1 19.8 7.8 18.2 14.4 18.6 7.2
Other 0.7 0.8 0.2 0.8 0.3 0.7 0.4

Education (%)3 � 0.001 � 0.001 � 0.001
�12 y 54.8 52.0 64.5 51.0 64.3 53.1 66.3
12 y 29.4 31.7 21.1 32.5 21.5 30.8 19.7
�12 y 15.9 16.3 14.4 16.5 14.2 16.1 14.0

Family income (%)4 � 0.001 � 0.001 � 0.001
�$5000 41.7 38.4 52.9 36.3 54.9 39.7 55.0
$5000–9999 29.5 29.7 28.9 30.7 26.6 29.9 27.0
�$10 000 28.8 31.8 18.2 32.9 18.5 30.4 17.9

Physical activity (%) 0.009 � 0.001 NS
Quite inactive 11.9 12.3 10.5 10.5 15.1 11.9 11.5
Moderately active 49.8 48.5 54.3 48.5 53.1 49.2 54.2
Very active 38.3 39.2 35.3 41.0 31.8 38.9 34.4

Postmenopausal (%)5 75.5 69.9 95.0 � 0.001 67.8 94.5 � 0.001 72.7 94.8 � 0.001
Sunlight exposure (%)6 � 0.001 � 0.001 � 0.001

Low 45.9 47.0 42.1 47.7 41.4 47.1 37.4
Medium 39.0 39.0 38.8 38.9 39.1 38.2 43.8
High 15.2 14.0 19.1 13.4 19.5 14.6 18.8

Supplement use (%) 37.0 36.9 37.6 NS 37.8 35.0 NS 37.2 35.7 NS

1 Independent t test was used for continuous variables, and chi-square test was used for categorical variables.
2 x� � SD (all such values).
3 n � 3993.
4 n � 3852.
5 n � 3036.
6 n � 4004.
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significantly lower linoleic acid intake than did women without
skin atrophy.

Logistic regression analysis of nutrient intake and skin-
aging appearance

Multivariate-adjusted logistic regression ORs for skin-aging
appearance outcomes with selected nutrient intakes are shown in
Table 3. A 1-unit increase on the log scale in intakes of vitamin

C were associated with an 11% reduction in the odds of a wrin-
kled appearance and a 7% reduction in the odds of senile dryness.
Similarly, a 1-unit increase on the log scale in intakes of linoleic
acid were associated with 25% and 22% reductions in the odds of
senile dryness and skin atrophy, respectively. A 17-g increase in
fat and a 50-g increase in carbohydrate intakes increased the ORs
of a wrinkled appearance and skin atrophy. The multivariate-
adjusted logistic regression models yielded an R2 of 0.17, 0.16,
and 0.15 for a wrinkled appearance, senile dryness, and skin
atrophy, respectively. Variables that substantially affected the
regression coefficients in the models were age, race, and sunlight
exposure for all outcomes, plus menopausal status for wrinkles
and senile dryness and BMI for skin atrophy. Supplement use
was not significantly associated with any of the 3 signs of skin-
aging appearance; no interactions were observed between mean
nutrient intakes and supplement use (data not shown).

Subgroup analysis

In NHANES I, smoking data were collected for a subsample of
adults. In this study smoking information was available for only
1401 women, of which 539 (38%) were smokers (current and
previous) and 862 (62%) had never smoked. The mean age of
smokers was 54.5 y; the mean age of nonsmokers was 58.5 y
(P � 0.001). In this subgroup the majority of the associations
observed between nutrients and skin-aging appearance in the
total population remained after the stratification for smoking.
Furthermore, additional associations were observed among
smokers. Smokers with a wrinkled appearance had significantly
lower intakes of protein and niacin than did smokers without
wrinkled appearance (P � 0.05), and smokers with skin atrophy
had higher calcium intakes than did smokers without skin
atrophy (P � 0.05) (data not shown).

TABLE 2
Nutrient intakes in women by the appearance of skin aging1

Nutrients

Wrinkled appearance Senile dryness Skin atrophy

Absence
(n � 2925)

Presence
(n � 856) P2

Absence
(n � 2705)

Presence
(n � 1103) P2

Absence
(n � 3322)

Presence
(n � 486) P2

Protein (g/d) 57.2 � 0.343 54.8 � 0.66 0.002 57.0 � 0.36 55.9 � 0.59 0.124 56.8 � 0.32 55.4 � 0.86 0.115
Fat (g/d) 55.5 � 0.27 55.9 � 0.52 0.486 55.5 � 0.28 55.7 � 0.46 0.798 55.5 � 0.25 55.8 � 0.67 0.691
Carbohydrate (g/d) 158 � 0.78 160 � 1.51 0.153 158 � 0.82 159 � 1.34 0.677 158 � 0.72 160 � 1.96 0.253
Saturated fatty acid (mg/d) 19.9 � 0.13 19.9 � 0.26 0.853 19.9 � 0.14 19.9 � 0.23 0.807 19.9 � 0.12 19.9 � 0.34 0.936
Oleic acid (mg/d) 21.4 � 0.13 21.5 � 0.25 0.765 21.4 � 0.13 21.7 � 0.22 0.205 21.5 � 0.12 21.3 � 0.32 0.543
Linoleic acid (g/d)4 1.73 � 0.01 1.72 � 0.02 0.655 1.74 � 0.01 1.68 � 0.02 0.008 1.73 � 0.01 1.68 � 0.03 0.049
Dietary cholesterol (mg/d)4 5.41 � 0.01 5.33 � 0.03 0.014 5.40 � 0.01 5.38 � 0.02 0.641 5.40 � 0.01 5.37 � 0.04 0.484
Calcium (mg/d)4 6.12 � 0.01 6.10 � 0.02 0.536 6.13 � 0.01 6.09 � 0.02 0.108 6.11 � 0.01 6.15 � 0.03 0.220
Phosphorus (mg/d) 880 � 5.02 858 � 9.75 0.046 879 � 5.29 867 � 8.61 0.244 875 � 4.67 877 � 12.66 0.862
Iron (mg/d) 9.40 � 0.06 9.22 � 0.12 0.186 9.35 � 0.07 9.38 � 0.11 0.853 9.38 � 0.06 9.22 � 0.16 0.356
Sodium (mg/d) 1615 � 14.9 1633 � 29.0 0.590 1628 � 15.7 1597 � 25.6 0.329 1610 � 13.9 1681 � 37.6 0.081
Potassium (mg/d) 1826 � 11.8 1771 � 23.0 0.036 1827 � 12.5 1782 � 20.3 0.067 1813 � 11.0 1817 � 29.9 0.901
Vitamin A (IU/d)4 7.98 � 0.02 7.88 � 0.04 0.021 7.98 � 0.02 7.90 � 0.03 0.061 7.96 � 0.02 7.96 � 0.05 0.995
Thiamine (mg/d) 0.81 � 0.01 0.83 � 0.01 0.162 0.81 � 0.01 0.81 � 0.01 0.825 0.81 � 0.01 0.83 � 0.02 0.343
Riboflavin (mg/d) 1.23 � 0.01 1.21 � 0.02 0.448 1.23 � 0.01 1.21 � 0.02 0.501 1.22 � 0.01 1.24 � 0.03 0.654
Niacin (mg/d) 13.1 � 0.11 12.8 � 0.22 0.128 13.1 � 0.12 13.0 � 0.19 0.546 13.1 � 0.10 12.8 � 0.28 0.278
Vitamin C (mg/d)4 3.94 � 0.02 3.82 � 0.04 0.015 3.95 � 0.02 3.83 � 0.04 0.009 3.92 � 0.02 3.86 � 0.05 0.282

1 Adjusted for age, race, energy intake, education, sunlight exposure, family income, menopausal status, BMI, supplement use, and physical activity.
2 Derived from ANOVA.
3 x� � SE (all such values).
4 Log transformed.

TABLE 3
Multivariate-adjusted odds ratios (ORs) relating nutrient intake to skin
aging appearance1

Increment2 OR (95% CI) P

Wrinkled appearance
Fat (g/d) 16.73 1.28 (1.08, 1.53) 0.005
Carbohydrate (g/d) 49.15 1.36 (1.14, 1.63) 0.001
Thiamine (mg/d) 1.00 1.31 (1.05, 1.63) 0.019
Vitamin C (mg/d)3 1.00 0.89 (0.82, 0.96) 0.003

Senile dryness
Saturated fatty acid (mg/d) 5.80 0.90 (0.81, 0.99) 0.030
Oleic acid (mg/d) 6.41 1.18 (1.05, 1.33) 0.006
Linoleic acid (g/d)3 1.00 0.75 (064, 0.88) � 0.001
Vitamin C (mg/d)3 1.00 0.93 (0.87, 0.99) 0.034

Skin atrophy
Fat (g/d) 16.73 1.37 (1.09, 1.71) 0.006
Carbohydrate (g/d) 49.15 1.33 (1.06, 1.66) 0.012
Linoleic acid (g/d)3 1.00 0.78 (0.65, 0.95) 0.012

1 Model adjusted for age, energy intake, race, menopausal status, sun-
light exposure, BMI, family income, education, supplement use, and physical
activity. For each outcome the nutrient intakes in the model were adjusted for
each other.

2 Based on a 1-unit increment for log-adjusted nutrients and thiamine
and based on an increase in 33% of the median intake for all other nutrients.

3 Log transformed.
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DISCUSSION

We found that higher intakes of vitamin C and linoleic acid and
lower intakes of fats and carbohydrates were associated with
better skin-aging appearance (lower prevalence of wrinkled
appearance, senile dryness, and skin atrophy) independent of
factors known to affect skin aging.

Lower intakes of vitamin C were significantly associated with
the prevalence of a wrinkled appearance and senile dryness,
independent of age, sun exposure, race, menopausal status, en-
ergy intake, education, family income, BMI, supplement use,
and physical activity. To our knowledge, this is the first study to
directly relate dietary intakes of vitamin C with skin aging. In
skin, vitamin C exerts different biologic roles, including partic-
ipation in collagen synthesis, the regeneration process, and
wound repair (29). Vitamin C is an important antioxidant found
in the skin and may lower the prevalence of wrinkles and senile
dryness by its actions as an antioxidant (29). Moreover, several
studies have shown that vitamin C has photoprotective properties
through oral or topical applications (17). Topical application of
vitamin C shows photoprotective properties and suggests im-
provements of wrinkles (30, 31). Reviewing dietary supplemen-
tation, Boelsma et al (16) identified 4 studies that showed a
photoprotective effect of vitamin C on skin. Those studies were
short-term supplementation trials with high doses of vitamin C
and in combination with vitamin E, whereas our findings are
from habitual intakes of vitamin C from food sources.

Our results also suggest that a higher dietary intake of linoleic
acid has a beneficial role in reducing the chances of developing
senile dryness and skin atrophy in middle-aged women. Linoleic
acid (n�6 PUFA) is an essential fatty acid that cannot be pro-
duced endogenously and is converted after ingestion to other
PUFAs such as eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA). The association between linoleic acid intake
and skin aging has not been investigated; however, several stud-
ies have examined the photoprotective effects of EPA and DHA
intakes from fish-oil supplements (16, 17). Topical application of
EPA has also showed photoprotective properties (32). Linoleic
acid may therefore lower the prevalence of senile dryness and
skin atrophy by acting as a source of EPA and DHA. Further-
more, low intake of linoleic acid can lead to dermatitis with
marked abnormalities (16, 33), and this could also be important
in its role in skin-aging appearance.

Our results also suggest that a higher dietary intake of fats and
carbohydrates has a negative role in skin-aging appearance. To
our knowledge this is the first study to show an association
between dietary intakes of fats and carbohydrates with features of
skin aging. Furthermore, higher thiamine intakes were associ-
ated with an increased likelihood of a wrinkled appearance.
Thiamine is an essential B vitamin found in enriched cereals and
whole grains. More research is needed to understand these
associations.

Our findings add evidence to a predominately supplement and
topical application-based hypothesis that what we eat affects our
skin-aging appearance. One other study by Purba et al (18) has
reported a significant effect of vegetables, fruit, and olive oil on
wrinkles; however, they examined the effect on skin surface
microstructure photodamage, whereas in our study we looked at
the effect of nutrient intakes on visual features of skin aging that

were determined by trained dermatologists. Because most exist-
ing evidence comes from supplemental trials or topical applica-
tion of nutrients (16–18, 30–32, 34), our study adds to the ex-
isting evidence in this field, because it examined nutrient intakes
from foods rather than from nutritional supplements.

Although vitamin A has long been noted to have antiwrinkle
properties, and retinol (vitamin A) is commonly used in the
cosmetics industry as a topical antiwrinkle agent (34, 35), clinical
trials have failed to show this effect when taken orally as sup-
plements. Our findings that women with a wrinkled appearance
had lower vitamin A intakes support the evidence that vitamin A
benefits skin-aging appearance. We also found that women with
a wrinkled appearance had lower protein intakes. Lower protein
intakes in older adults were shown to increase skin fragility (36).
Vitamin A and protein however did not affect the prevalence of
a wrinkled appearance in the multivariate-adjusted logistic re-
gression models.

The favorable association of vitamin C and linoleic acid in-
takes with skin aging may be attributed to the dietary sources of
these nutrients. At the time of this survey, the main sources of
vitamin C in the US diet were orange juice (more than a quarter
of total vitamin C intake), citrus fruit, fruit juices, and tomatoes
(37). Linoleic acid is found in oils such as rapeseed and soybean
oils and in foods such as green leafy vegetables and nuts (38).
Furthermore, as mentioned earlier, the body can convert linoleic
acid into EPA and DHA (n�3 PUFAs). These nutrients were not
measured in NHANES I, but their main dietary sources are fish
and fish oils (39). Current dietary recommendations promote
higher intakes of fruit and vegetables and fish and PUFAs (13, 40,
41). Despite several campaigns to promote the consumption of
fruit and vegetables and the evidence that diets poor in fruit and
vegetables are associated with poor health outcomes, most adults
are still not eating enough fruit and vegetables (42, 43). There-
fore, a benefit for skin-aging appearance from eating aspects of
a healthy diet, such as fruit, vegetables, nuts, and fish, and re-
ducing fat intake may motivate people and improve current pro-
motions for healthy eating.

Our findings need to be interpreted while considering some
limitations. This study is a cross-sectional analysis, and no con-
clusions about the direction of associations between nutrient
intakes and skin-aging appearance can be determined. NHANES
I data were collected in 1971–1975 and a cohort effect cannot be
ruled out. Furthermore, changes in nutrient intakes have occurred
in the past 30 y (44); hence, extrapolation to current populations
might be affected. Although we used NHANES I data, which has
a well-characterized population with good measures of a number
of variables such as age, sun exposure, race, BMI, and meno-
pausal status, allowing potential confounding to be controlled
for, residual confounding cannot be discarded. One factor that
was not measured was the use of facial cosmetics. Nevertheless,
on the basis of current knowledge we cannot determine whether
use of such products is modified by nutrient intake. The derma-
tologic component of this survey was not designed to specifically
detect associations between nutrients and skin appearance; there-
fore, post hoc analyses have to be interpreted with caution. How-
ever, few studies exist in which comprehensive measures of both
dietary intake data and skin-aging appearance are present and
thus can be used to test the hypothesis of this study. The dietary
data were collected using a 24-h dietary recall. Estimates from a
single day of intake may not represent usual, long-term intakes,
because of day-to-day variation in the subjects’ food intakes.

NUTRIENT INTAKES AND SKIN AGING IN AMERICAN WOMEN 1229



However, this study used trained interviewers to improve data
collection.

This is the first study to examine the effect of nutrient intakes
rather than supplements on skin-aging appearance. Our findings
suggest that higher intakes of vitamin C and linoleic acid are
associated with a lower prevalence of a wrinkled appearance,
senile dryness, and skin atrophy, whereas higher intakes of fats
and carbohydrates are associated with a higher likelihood of
features of skin aging. The favorable associations may be attrib-
utable to the dietary sources of these nutrients (fruit, vegetables,
and nuts) and are independent of factors known to affect skin
aging. Perhaps appealing benefits such as reducing skin-aging
appearance may motivate healthy eating, and new campaigns to
promote healthy dietary behaviors could consider this issue. Our
findings support current recommendations that promote aspects
of a healthy diet such as higher intakes of fruit, vegetables, and
nuts and indicate a new direction for nutrition research in relation
to public health.
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Effect of the interaction between the fatty acid–binding protein 2
gene Ala54Thr polymorphism and dietary fatty acids on peripheral
insulin sensitivity: a cross-sectional study1�3

Sonsoles Morcillo, Gemma Rojo-Martínez, Fernando Cardona, Marı́a de la Cruz Almaraz, Marı́a de la Soledad Ruiz
de Adana, Isabel Esteva, Isabel Cardona, and Federico Soriguer

ABSTRACT
Background: The intestinal fatty acid–binding protein (FABP2) is
involved in the intracellular transport and metabolism of fatty acids
and may affect insulin sensitivity and glucose metabolism.
Objective: The objective was to study the effect of interaction
between the Ala54Thr polymorphism of the FABP2 gene (FABP2)
and the type of dietary cooking oil used on peripheral insulin sensi-
tivity in a population from southern Spain.
Design: The study was cross-sectional. Anthropometric measure-
ments were obtained for 1226 persons aged 18–65 y selected ran-
domly from the municipal census of Pizarra, Spain. An oral-glucose-
tolerance test was given to 1020 of these persons. Insulin resistance
was measured by homeostasis model assessment. Samples of the
cooking oil being used were taken from the kitchens of a random
subset of 538 persons.
Results: Persons who consumed sunflower oil and who also had the
Thr54 variant had higher insulin resistance than did those who con-
sumed olive oil (P � 0.01). We detected an interaction between the
Ala54Thr polymorphism and the type of oil consumed that ac-
counted for the variance in insulin resistance (P � 0.02).
Conclusions: The effect of dietary fatty acids on the populational
pattern of insulin resistance is not independent of the Ala54Thr
polymorphism of FABP2. An interaction existed between this poly-
morphism and the intake of dietary fats in a population with a high
intake of monounsaturated fatty acids. Am J Clin Nutr 2007;86:
1232–7.

KEY WORDS Cross-sectional study, general population, di-
etary fatty acid, insulin resistance, FABP2, Ala54Thr polymorphism

INTRODUCTION

The intestinal fatty acid–binding protein 2 (FABP2) belongs
to the family of cytoplasmatic proteins involved in the intracel-
lular transport and metabolism of long-chain fatty acids (1). The
association between fatty acid metabolism and insulin resistance
is well known (2, 3), and the FABP2 gene (FABP2) has been
suggested as a possible candidate gene in the development of
insulin resistance. The expression of FABP2 is limited to the
small intestine, and it presents just one single ligand binding site
with a high affinity for long-chain saturated and polyunsaturated
fatty acids (4, 5). One of the best-studied polymorphisms of
FABP2 is the amino acid substitution in codon 54 of alanine (Ala)
for threonine (Thr; 4). In vitro studies have shown that the Thr54

variant for long-chain fatty acids is 2-fold that of the native form
Ala54. This polymorphism, first studied in Pima Indians, is as-
sociated with greater insulin resistance, increased insulin con-
centrations, and fasting oxidation of fatty acids (4). In other
populations, the Thr54 allele has also been associated with in-
creased insulin concentrations and insulin resistance in some
studies (6, 7), but not in others (8–13).

Insulin resistance is a risk factor for the development of type
2 diabetes mellitus (DM2), obesity, and cardiovascular disease.
Its manifestation depends on the interaction of certain environ-
mental factors, including diet. Expression of FABP2 is controlled
by diet, and studies have shown an interaction between the
Ala54Thr polymorphism and the content of dietary fiber (14).
This association could explain the variation between individuals
in the metabolic response to diet (5, 14). Other studies (15) have
suggested that the Thr54 form of intestinal FABP2 is associated
with a greater and more prolonged response of the free fatty acids
to dietary fat in vivo, contributing to greater insulin resistance
and hyperinsulinemia in persons with this allele. Dworatzek et al
(16), in a group of 22 healthy, nonobese persons submitted to 3
different fat overloads (butter, sunflower oil, and olive oil), found
that carriers of the Thr54 allele increased their concentrations of
chylomicron cholesterol only after the olive oil test. Another
study of 59 healthy persons who completed 3 diets [diet rich in
saturated fatty acids, diet low in fat and high in carbohydrates,
and diet rich in monounsaturated fatty acids (MUFAs)] showed
that persons with the Thr54 allele experienced improved insulin
sensitivity when the saturated diet was replaced by either of the
other 2 diets (17). The aim of this study was to examine the
association between the Ala54Thr polymorphism of FABP2 and
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insulin resistance in a population from southern Spain with a diet
rich in MUFAs and the possible interaction between the poly-
morphism and dietary fatty acids.

SUBJECTS AND METHODS

The study was undertaken in Pizarra, a town in the province of
Malaga, in southern Spain. The details of the study design and
sampling were reported previously (18–20). The overall number
of persons included in the study was 1226. Selection was random
and was based on the municipal census. The inclusion age was
18–65 y, and persons were excluded from the study if they were
institutionalized for whatever reason, were pregnant, or had a
serious clinical or psychological disorder. The subjects were
requested by mail to attend their local health center for a medical
examination. Those who failed to attend their first appointment
were sent a second letter giving them another appointment, and
all those still not attending were visited at home to ascertain the
reason. The final participation index was 70.3%, and the final
sample distribution by age and sex was not significantly different
from the population distribution (21).

All subjects were informed of the nature of the study and gave
their written consent to participate. The study was approved by
the Ethics and Clinical Investigation Committee of Carlos Haya
Hospital.

Procedures

All participants were interviewed and underwent a physical
examination according to standard procedures. They also re-
ceived several home visits to undertake dietary evaluation stud-
ies. All the examinations were performed by the same investi-
gators and dietitians. All the participants were measured for
height and weight, and the body mass index (BMI; in kg/m2) was
calculated. Persons with baseline blood glucose concentrations
lower than 7.8 mmol/L underwent an oral-glucose-tolerance test
(OGTT). Of the 206 persons who failed to do the OGTT, 73 were
excluded in accordance with the protocol, and 133 refused to do
the OGTT for various reasons. A blood sample was taken from
each participant at baseline and at 120 min after the OGTT. The
serum was stored at �70 °C, and the blood was stored at �20 °C
for later analysis.

During the course of interviews about dietary habits conducted
in the homes of a random subset of 538 persons, a sample was
taken of the cooking oil being used. To avoid the oil being
swapped for newer oil, the family was unaware of the intention
to request a sample of their oil until the time of the visit by the
investigator. All the participants authorized the collection of
their cooking oil.

Composition and quality of the cooking oil

Fatty acids were analyzed by use of gas chromatography after
derivatization to fatty acid methyl esters with 2N KOH in meth-
anol and triheptadecanoin as the internal standard, according to
the International Union of Pure and Applied Chemistry Standard
Method (22). An HP 6890 chromatograph on an HP Innowax
capillary column (polyethylene glycol, 30 m � 0.25 mm internal
diameter; film thickness 0.25 m; Hewlett-Packard, Palo Alto,
CA) was used under the following temperature program: 180 °C
(4 min), 4 °C/min to 230 °C (15 min). Samples were introduced
into the column via a split injector (split ratio 1:40) at 250 °C, and
the flow rate of hydrogen, used as carrier gas, was 1 mL/min. The

temperature of both the split injector and the flame ionization
detector was 250 °C.

After analysis, samples were classified according to their fatty
acid composition. Because only olive and sunflower oils are
generally commercialized for domestic use in Spain, 3 groups of
oils were defined, as follows: oils having a proportion of linoleic
acid �50% were classified as sunflower oils, oils having �25%
linoleic acid were classified as olive oil, and those containing
between 25% and 50% linoleic acid were classified as mixtures.

Laboratory measurements

Capillary glucose was measured at baseline and 2 h after the
OGTT with the use of a glucose oxidase method (Glucometer-
Elite; Bayer, Elkhart, IN). Serum insulin at baseline and 2 h after
the load was measured by use of radioimmunoassay (Coat A
Count Insulin; DPC, Los Angeles, CA; assay precision: CV �
10% at 16 �IU/mL concentration; cross-reactivity with proinsu-
lin � 20%). The formula for the homeostasis model assessment
insulin resistance index (HOMA-IR) is as follows (23):

Insulin resistance (HOMA-IR) � [fasting insulin (�U/mL)

� fasting glucose (mmol/L)/22.5] (1)

The fatty acid composition of the serum phospholipids was de-
termined by extraction of the serum fat with chloroform:metha-
nol 2:1 and butylated hydroxytoluene at 0.025% (22) and phos-
pholipid separation by TLC. Fatty acid methyl esters were
formed by heating the extracted fat for 30 min with 0.61 mol
H2SO4/L in anhydrous methanol. After extraction with hexane,
the fatty acid methyl esters were analyzed in a Hewlett-Packard
chromatograph equipped with a flame ionization detector and
using a BPX75 fused-silica capillary column (SGE, Villebon,
France).

Classification criteria

Classification of persons with diabetes and with different de-
grees of glucose tolerance was done according to the 1998 World
Health Organization criteria (24). Persons were considered to be
obese if their BMI was � 30 (25).

Genetic analysis

DNA was isolated from whole blood by the salting-out method
of Miller modified by Queipo-Ortuño et al (26). The Ala54Thr
polymorphism was detected by the polymerase chain reaction–
restriction fragment length polymorphism method. The poly-
merase chain reaction conditions and primers used were those
indicated by Baier et al (4). The recommendations of Xu et al (27)
were followed for quality control of genotype identification.

Statistical analysis

The results are presented as means � SDs and proportions.
Contrast hypothesis of the qualitative variables was done with the
chi-square test, and analysis of variance was used to calculate the
difference between means of continuous variables (post hoc
comparisons were corrected by Bonferroni). In all cases, the
rejection level for a null hypothesis was � � 0.05 for 2 tails.
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RESULTS

The genotype frequencies for the Ala54Thr polymorphism of
FABP2 in the study population were 52.4% Ala54Ala, 39.6%
Ala54Thr, and 7.9% Thr54Thr. The frequency of the Thr allele
was 0.27. The distribution of the genotypes adjusted to Hardy-
Weinberg equilibrium. No significant differences were seen in
allele frequency of the polymorphism according to sex. For data
analysis, the participants were grouped as homozygous for the
Ala54 allele (Ala54Ala) compared with carriers of the Thr54
allele (Ala54Thr/Thr54Thr).

The characteristics of the study population (n � 538) are
shown in Table 1. No significant differences existed between
any of the study variables compared with the overall study pop-
ulation (n � 1026). Age, sex, the prevalence of obesity, BMI, and
the pattern of insulin resistance (measured by the HOMA-IR)
were significantly different according to the presence of different
degrees of glucose tolerance. These differences remained after
adjustment for age and sex. The frequencies of the Thr54 allele

and the type of oil consumed were not significantly different
according to the clinical phenotypes studied.

Olive oil alone was used for cooking by 54.3% of the partic-
ipants (this was the most important source of MUFAs). Sun-
flower oil alone was used by 24.8%, and a mixture of the 2 oils
was used by 20.9%.

The fatty acid composition of the serum phospholipids fol-
lowed the expected model, depending on the fatty acid compo-
sition of the cooking oils used (Table 2). Persons who consumed
olive oil alone had higher concentrations of oleic acid than did
persons who consumed sunflower oil or a mixture (P � 0.0001),
whereas those who consumed sunflower oil or a mixture had
higher concentrations of linoleic acid in their serum phospholip-
ids, although only the mixture group was significant (P �
0.0001).

The variance in the HOMA-IR in the persons without diabetes
was explained by obesity (P � 0.0001) and by impaired fasting
glucose and impaired glucose tolerance (P � 0.0001; Table 3,

TABLE 1
Characteristics of the study population1

NGT
(n � 303)

IFG
(n � 69)

IGT
(n � 72)

DM2
(n � 94)

Population prevalence (%) 56.4 12.8 13.4 17.4
Sex (%)2

M 29.7 44.3 18.8 39.8
F 70.3 55.7 81.3 60.2

Obesity (%)2 18.6 42.4 44.4 53.9
Age (y) 37.6 � 12.63,a 44.9 � 12.2b 48.9 � 12.9b 53.3 � 9.8c

BMI (kg/m2) 26.3 � 4.4a 29.5 � 5.7b 30.1 � 5.1b 30.8 � 4.6c

HOMA-IR 2.0 � 1.3a 3.4 � 2.3b 2.8 � 1.9a,b 6.0 � 4.7c

Thr allele (%)4 48.1 48.3 42.6 46.6
Type of oil consumed (%)4

Olive 55.0 52.5 60.9 49.4
Mixture 23.0 16.4 20.3 19.3
Sunflower 21.9 31.1 18.8 31.3

1 Values in the same row with different superscript letters are significantly different, P � 0.05 (Bonferroni adjustment for comparisons). NGT, normal
glucose tolerance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; DM2, type 2 diabetes mellitus; HOMA-IR, homeostasis model assessment
insulin resistance index.

2 The values are proportions. Chi-square test, P � 0.0001.
3 x� � SD (all such values, adjusted for age and sex).
4 The values are proportions. Chi-square test, P � NS.

TABLE 2
Fatty acid composition of the serum phospholipids according to the type of oil consumed1

Type of oil

Olive
(n � 292)

Mixture
(n � 112)

Sunflower
(n � 134)

Myristic acid (%) 0.39 � 0.47a 0.41 � 0.52a 0.50 � 0.59a

Palmitic acid (%) 31.46 � 7.07a 29.81 � 5.34a 31.38 � 6.79a

Palmitoleic acid (%) 0.52 � 1.01a 0.50 � 0.45a 0.51 � 0.53a

Stearic acid (%) 13.94 � 2.24b 14.47 � 1.92a,b 14.70 � 2.16a

Oleic acid (%) 12.24 � 2.68a 11.20 � 1.87b 10.57 � 2.04b

Linoleic acid (%) 23.96 � 4.30b 25.90 � 3.83a 25.13 � 4.08a,b

Arachidonic acid (%) 11.96 � 3.93a 11.99 � 2.89a 11.97 � 2.97a

Eicosapentaenoic acid (%) 0.73 � 0.63a 0.67 � 0.51a 0.66 � 0.55a

Docosahexaenoic acid (%) 4.73 � 1.49a 4.71 � 1.45a 4.56 � 1.49a

1 All values are x� � SD. Values in the same row with different superscript letters are significantly different, P � 0.05 (ANOVA and Bonferroni adjustment
for comparisons).
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model 1). When the type of oil consumed was introduced into the
analysis of variance model, the Thr54 allele accounted for a
significant part of the variance in HOMA-IR (P � 0.01), noting
a significant interaction between the Thr54 allele and the type of
oil consumed (P � 0.02; model 2 in Table 3), as well as an
interaction between the polymorphism and obesity (P � 0.006).
The same analysis of model 2 but separating the obese persons
from the nonobese persons showed how the interaction between
polymorphism and the type of oil was significant only in the
nonobese persons (data not shown).

For the population as a whole, without taking into consider-
ation the type of oil consumed, no significant differences were
found in insulin resistance (measured by the HOMA-IR) depend-
ing on the Ala54Thr polymorphism of FABP2 (2.83 � 2.9 Ala/
Ala compared with 2.89 � 2.7 for carriers of Thr54). However,
when the participants were separated according to the type of
cooking oil consumed, those persons who consumed sunflower
oil and who also had the Thr54 allele had higher HOMA-IR
concentrations than did those who consumed olive oil or a mix-
ture of the 2 oils (P � 0.01). Likewise, the HOMA-IR values
were significantly different between the carriers of the Thr54
allele according to the type of oil consumed, with those who
consumed olive oil having the lowest values (P � 0.02). These
differences remained both in the persons with normal glucose
tolerance and after excluding the persons who had diabetes
(Table 4).

DISCUSSION

The most important finding in the present study was the inter-
action between the Ala54Thr polymorphism of FABP2 and the
type of dietary fat in the explanation of the general pattern of
insulin resistance. Numerous studies have shown the effect of
dietary fat on insulin resistance (20, 28). Clinical intervention
studies have shown that replacement of dietary saturated fatty
acids by MUFAs improves insulin sensitivity (29, 30).

Intestinal FABP2 is very abundant in enterocytes, and one of the
most common polymorphisms of its gene (Ala54Thr) has been
associated with insulin resistance (4, 12, 31). Another series of
studies has examined the fatty acid absorption differential of this
protein (15, 32). However, few studies have shown a gene-diet
interaction with the Ala54Thr polymorphism of FABP2; moreover,
these studies may not be comparable because of differences in de-
sign and the variable phenotypes of the study subjects. A recent
study that compared 3 diets (saturated, MUFAs, and carbohydrate-
rich) showed that carriers of the Thr54 variant had lower peripheral
insulin sensitivity and an increased concentration of free fatty acids
after the intake of a diet rich in saturated fats (17). Another recent
study of the gene-environment interaction by Weiss et al (33) noted
how nondiabetic sedentary persons who consumed a low-fat diet
and were carriers of the Thr54 allele had a lower glucose tolerance
and lower insulin action than did Ala54 homozygotes.

In a study undertaken in rats, Richieri et al (32) showed that the
FABP protein had a greater affinity for linoleic acid than for oleic
acid, which suggests that protein affinity changes according to
the type of fatty acid consumed. Others have associated the
presence of the Thr54 allele with the different absorption of fatty
acids, finding a significant increase in chylomicrons and VLDL
after a 14–18-carbon fatty acid loading test, whereas a similar
increase was not observed with Ala54 homozygotes (34). An-
other study of the composition of chylomicrons after an oral
fat-loading test with different fatty acids found a significant
increase in chylomicron cholesterol in the carriers of the Thr54
allele after they consumed olive oil (16).

Numerous studies have shown the beneficial effect of olive oil
on health and on certain biochemical parameters (35, 36). A
previous study undertaken in the same population noted greater
insulin sensitivity in persons who consumed olive oil than in
those who consumed sunflower oil (37); that study also noted an
interaction between the Pro12Ala polymorphism of the
peroxisome-proliferator activated receptor � 2 gene and the in-
take of MUFAs (20). In the present study, we showed that this

TABLE 3
Influence of the Ala54Thr polymorphism on the variance of the homeostasis model assessment insulin resistance index1 (HOMA-IR)

ANOVA model 1: excluding the
type of oil consumed

(n � 848)

ANOVA model 2: including the
type of oil consumed

(n � 538)

Mean square P Mean square P

Covariables
Age 3.596 NS 0.5 NS

Main effects
Thr54 allele (yes or no) 4.965 NS 15.3 0.011
Sex (male or female) 3.795 NS 22.2 0.002
Obesity (yes or no) 85.901 � 0.0001 31.9 � 0.0001
Different degrees of glucose tolerance2 3.596 �0.0001 17.8 0.001
Type of oil consumed (olive � mixture vs sunflower) — — 2.4 NS

Interactions
Thr54 allele � obesity 29.8 �0.0001 18.1 0.006
Thr54 allele � different degrees of glucose tolerance — — 5.9 0.081
Thr54 allele � oil — — 11.5 0.028
Different degrees of glucose tolerance � obesity — — 7.4 0.046

1 Dependent variable is HOMA-IR.
2 Different degrees of glucose tolerance include the categories of normal oral-glucose-tolerance test, impaired fasting glucose, and impaired glucose

tolerance.
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effect is not independent of the Ala54Thr polymorphism, as
suggested by the interaction seen between the type of oil con-
sumed and the presence of the Thr54 allele. These results support
those of other studies that suggest a protective role for monoun-
saturated fats in metabolic control and the risk of diabetes (36,
38–40), as well as other risk factors related with insulin resis-
tance, such as hypertension (18). The results of this study could
also partly explain the contradictory observations noted concern-
ing the type of dietary fat as a risk factor for metabolic or car-
diovascular diseases. Thus, the Ala54Thr polymorphism of
FABP2 would be associated with greater insulin resistance, as
has been noted previously, in those persons who have a high
intake of sunflower oil. A high consumption of olive oil, on the
other hand, would counter this effect. The interaction between
the Thr54 allele and the type of oil consumed in the explanation
of the HOMA-IR was only present in nonobese persons. This
interaction could help account for the development of diabetes in
nonobese persons.

The present study was undertaken within the context of an
epidemiologic study representative of a culturally homogeneous
ethnic population in whom 20% of dietary calories come from the
consumption of MUFAs (20), with the cases and the controls all
from the same population, thereby avoiding the possibility of
selection bias. Nevertheless, the study does have certain limita-
tions inherent to cross-sectional studies.

Baier et al (4) suggested that the increased absorption of di-
etary fat in persons with the Ala54Thr polymorphism could lead
to adipocyte hypertrophy associated with an increased calorie
balance. The increase in free fatty acids would reduce the uptake
of glucose by the adipocyte (2, 3). The enlarged adipocyte, on the
other hand, would imply a reduced density of insulin receptors.
Finally, a selective absorption of dietary fatty acids would lead to
a change in the fatty acid profile to be incorporated into the

tissues. This change in the fatty acid composition of the mem-
brane phospholipids would modify their fluidity and thus modify
the peripheral sensitivity to the action of insulin (41, 42). The
results of the present study incorporate to this hypothesis the
specific interaction between genetic and nutritional variability.
On the other hand, they also warn of the difficulty of extrapolat-
ing risk associations outside the particular social and nutritional
context studied. Additionally, it would be interesting to repro-
duce these results with controlled intervention studies. In con-
clusion, our results suggest that the effect of dietary fatty acids on
the general pattern of insulin resistance is not independent of the
Ala54Thr polymorphism of FABP2, there being an interaction
between the polymorphism and the dietary intake of fat in a
population with a high intake of monounsaturated fatty acids.

We are grateful to Ian Johnstone for the English language version of the
manuscript.

The authors’ responsibilities were as follows—FS: designed the study,
analyzed and interpreted the data, and wrote the manuscript; SM: contributed
to the collection, analysis, and interpretation of the data and to writing the
manuscript; FC: contributed to the analysis and interpretation of data; MCA,
MSRdA, IC, and IE: contributed to the collection of data; GR-M: designed
the study and contributed to the collection of data; and all authors: reviewed
the manuscript. None of the authors had any conflict of interest, either finan-
cial or personal, with the present study.

REFERENCES
1. Albala B, Jimenez R, Pérez B, Liberman G. [Fatty acid binding protein

2 (FABP-2) polymorphism, obesity and insulin resistance]. Rev Med
Chil 2006;134:372–9 (in Spanish).

2. Randle P, Garland P, Hales C, Newsholme E. The glucose fatty-acid
cycle. Its role in insulin sensitivity and the metabolic disturbances of
diabetes mellitus. Lancet 1963;1:785–9.

3. Randle P. Carbohydrate metabolism and lipid storage and breakdown in
diabetes. Diabetologia 1966;2:237–47.

TABLE 4
Homeostasis model assessment insulin resistance index values according to the type of oil consumed and the genotype distribution of the Ala54Thr
polymorphism of the fatty acid–binding protein 2 gene1

Olive Mixture Sunflower P

Whole population2–4
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Ala12 variant of the peroxisome proliferator-activated receptor-�
gene (PPARG) is associated with higher polyunsaturated fat in
adipose tissue and attenuates the protective effect of
polyunsaturated fat intake on the risk of myocardial infarction1�3

Edward A Ruiz-Narváez, Peter Kraft, and Hannia Campos

ABSTRACT
Background: Intake of polyunsaturated fat is protective against the
development of coronary heart disease. Less is known about the
genetic variation modulating this association. The Ala12 allele of
the peroxisome proliferator-activated receptor-� gene (PPARG) de-
creases the lipolysis of triacylglycerols in adipose tissue, which
results in the accumulation of fatty acids in adipocytes.
Objective: We aimed to determine whether the Pro12Ala polymor-
phism interacts with polyunsaturated fat intake to affect the risk of
myocardial infarction (MI).
Design: Cases (n � 1805) with a first nonfatal acute MI and
population-based controls matched by age, sex, and area of residence
(n � 1805) living in Costa Rica were genotyped for the PPARG
Pro12Ala genetic polymorphism. Polyunsaturated fat intake was
determined by use of a validated food-frequency questionnaire and
by gas chromatography analysis of adipose tissue. Odds ratios and
95% CIs for MI were estimated by use of logistic regression.
Results: The relative allele frequencies of the Ala12 allele were 10%
in controls and 11% in cases. Odds ratios (95% CI) for MI per each
5% increase in energy from polyunsaturated fat were 0.66 (0.53,
0.82) in Pro12/Pro12 subjects and 0.93 (0.61, 1.42) in carriers of the
Ala12 allele (P for interaction � 0.03). Increments (95% CI) of
polyunsaturated fat in adipose tissue per 5% increment in dietary
intake were 5.4% (4.9%, 5.9%) in Pro12/Pro12 homozygotes, 6.9%
(6.0%, 7.9%) in Pro12/Ala12 heterozygotes, and 7.7% (3.2%,
12.2%) in Ala12/Ala12 homozygotes (P for interaction � 0.016).
Conclusions: The protective effect of polyunsaturated fat intake on
MI is attenuated in carriers of the Ala12 allele of PPARG. Am J
Clin Nutr 2007;86:1238–42.

KEY WORDS Cardiovasculardisease,peroxisome proliferator-
activated receptor-�, PPARG, polyunsaturated fatty acids, genetics,
epidemiology, risk factors

INTRODUCTION

Although intake of polyunsaturated fat is clearly inversely
associated with coronary heart disease (CHD), as reviewed in
reference 1, the mechanisms mediating this protection are not
completely understood. The best established cardioprotective
mechanism of polyunsaturated fat intake is its strong effect on

total and LDL-cholesterol lowering (2, 3). Other potential mech-
anisms include protection against arrhythmias (4, 5), reduction of
inflammation (6, 7), and lowering of plasma triacylglycerols (8).

A deeper understanding of the mechanisms involved in the
protective effects of polyunsaturated fat intake requires knowl-
edge of the genetic control of fatty acid metabolism as well as the
effect that genetic variation may have over this control. One key
regulator of lipid metabolism is the peroxisome proliferator-
activated receptor-� gene (PPARG) (9). Two different protein
isoforms, PPAR�1 and PPAR�2, are produced from the PPARG
gene. The PPAR�1 isoform shows widespread expression, and
the PPAR�2 isoform is mostly expressed in adipose tissue (10).
Compared with the Pro12 wild-type allele, the Ala12 variant of
the PPAR�2 isoform has been consistently associated with de-
creased risk of type 2 diabetes in different ethnic groups (11–13).
A meta-analysis showed a 20% decrease in the risk of type 2
diabetes in carriers of the Ala12 allele compared with Pro12/
Pro12 homozygotes (14). Because of the protective association
between the Ala12 variant and risk of type 2 diabetes, it has been
proposed that this allele may also affect the risk of CHD (15).
Although some studies have reported that carriers of the Ala12
variant have a decreased risk of CHD (15, 16), other studies have
not found such association (17, 18). At present, there is no con-
sensus on whether the Pro12Ala polymorphism affects risk of
CHD.

Differential flux of fatty acids through adipocytes could me-
diate, in part, the association between the Pro12Ala polymor-
phism, the risk of type 2 diabetes, and the risk of CHD. Activation
of PPAR� by thiazolidinedione antidiabetic drugs results in
higher uptake of fatty acids by adipocytes (19, 20), with the
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subsequent lowering of circulating free fatty acids (21–23) and
improved insulin sensitivity (21). Although few studies have
evaluated the effect of the Ala12 variant in adipose tissue fatty
acids, some have reported decreased lipolysis of triacylglycerols
in adipose tissue in carriers of the Ala12 allele and therefore
higher accumulation of fatty acids in adipocytes (24, 25). If
carriers of the Ala12 variant indeed tend to accumulate more fatty
acids in adipose tissue than do Pro12/Pro12 homozygotes, then
the Ala12 allele could modify the effect of specific dietary fatty
acids on the risk of CHD.

We hypothesize that the Ala12 variant would modify the ben-
eficial effect of polyunsaturated fat intake on the risk of CHD,
because fatty acids would tend to be sequestered in adipocytes
rather than being released and exert their beneficial effects over
other tissues. We conducted a case-control study of 1805 survi-
vors of a first acute myocardial infarction (MI) and 1805
population-based controls to test whether presence of the Ala12
variant of PPARG attenuates the protective effect of polyunsat-
urated fat intake on the risk of MI.

SUBJECTS AND METHODS

Study population

Participants were adult patients who were survivors of a first
acute MI as diagnosed by a cardiologist at any of the recruiting
hospitals in the Central Valley of Costa Rica between 1994 and
2004. A study cardiologist confirmed all cases according to the
World Health Organization criteria for MI, which requires typ-
ical symptoms plus either elevation in cardiac enzymes levels or
diagnostic changes in the electrocardiogram. Enrollment was
carried out in the step-down unit of the recruiting hospitals. Cases
were not eligible if they 1) died during hospitalization, 2) were
over 75 y of age on the day of their first MI, or 3) were physically
or mentally unable to answer the questionnaire and 4) had a
previous hospital admission related to CHD. For each case, one
population-based control subject, matched for age (�5 y), sex,
and area of residence (county) was recruited. The controls were
randomly selected by using data from the National Census and
Statistics Bureau of Costa Rica. Because of the nationwide health
system in Costa Rica, in which all the persons have access to
medical care regardless of income, the control subjects represent
the base population that gave rise to the cases. Control subjects
were ineligible if they had ever had an MI or if they were phys-
ically or mentally unable to answer the questionnaires.

Trained personnel visited all study participants at their homes
for data collection, biological specimen collection, and anthro-
pometric measurements. Sociodemographic characteristics,
medical history, and lifestyle habits were collected by using a
general questionnaire. Dietary intake was collected by using a
food-frequency questionnaire that was developed and validated
specifically to assess fatty acid intake among the Costa Rican
population (26, 27). Physical activity was determined as previ-
ously described (28). Briefly, subjects were asked the average
frequency and time spent on several occupational and leisure-
time activities during the past year. The activities were grouped
into 6 categories based on their intensity, or METS (metabolic
equivalents). One MET is defined as the energy expenditure for
sitting quietly or �1 kcal � kg body wt�1 � h�1 (29). Biological
samples were collected in the morning after the subjects had
fasted overnight. Subcutaneous adipose tissue biopsy samples

were collected from the upper buttock with a 16-gauge needle by
using a modified version of the method of Beynen et al (30). In
this study, there were 1805 case-control pairs with genotype
information and complete data on all the descriptive variables
and potential confounders. Participation was 97% for cases and
89% for controls. All subjects gave informed consent on docu-
ments approved by the Human Subjects Committee of both Har-
vard School of Public Health and the University of Costa Rica.

Fatty acid analysis

Fatty acids from adipose tissue were quantified by gas-liquid
chromatography (27). Peak retention times and area percentages
of total fatty acids were identified by using known standards
(NuCheck Prep, Elysium, MN) and were analyzed with the Agi-
lent Technologies ChemStation A.08.03 software. Twelve du-
plicate samples, which were indistinguishable from the others,
were analyzed throughout the study for quality control purposes.
The CV was 3.2% for polyunsaturated fatty acids.

Genotyping

The Pro12Ala single-nucleotide polymorphism was geno-
typed by using a variation of the allele-specific assay. The single-
nucleotide polymorphism genotyping procedure consisted of 3
steps: in step one, DNA fragments were obtained by using poly-
merase chain reaction primers designed according to the single-
nucleotide polymorphism’s vicinity sequence. The reverse prim-
ers contained an artificially introduced sequence (derived from
the bacteriophage M13) at the 5’ end. In step 2, the allele-specific
assay, the single-nucleotide polymorphism was genotyped with
allele-specific forward primers. The reverse primer was labeled
at the 5’ end with the fluorescent dye fluorescein. In step 3,
allele-specific assay products were separated by capillary elec-
trophoresis with the ABI Prism 310 genetic analyzer (Applied
Biosystems, Perkin-Elmer, Foster City, CA) and were analyzed
by using the GENOTYPER software (Applied Biosystems).
Eight control samples were genotyped for each plate throughout
the study to assess genotyping reproducibility. Reproducibility
was 99.9%, and �1% of the control and unknown samples had
missing values. All samples, cases and controls, were double-
blinded.

Statistical analysis

All data were analyzed with the STATISTICAL ANALYSIS
SYSTEMS software version 9 (SAS Institute Inc, Cary, NC).
Differences in health characteristics and potential confounders
between cases and controls were assessed by Wilcoxon’s rank-
sum tests for continuous variables and with chi-square tests for
categorical variables. Allele frequencies were estimated by the
gene-counting method, and an exact test was performed to iden-
tify departures from Hardy-Weinberg proportions.

Odds ratios (ORs) and 95% CIs for the Ala12 variant (carriers
or noncarriers) and total dietary intake of polyunsaturated fat
(quartiles of percentage of total energy intake) were estimated by
using logistic regression. All models were adjusted for sex, age
(� 5 y), county of residence, BMI (quintiles), physical activity
measured in METS (quintiles), income (quintiles), smoking
(never smoker, past smoker, or current smoker of �10 ciga-
rettes/d, �10 to �20 cigarettes/d, or �20 cigarettes/d), alcohol
consumption (never, past, or 3 tertiles of current drinkers), his-
tory of hypertension (no or yes), and history of diabetes (no or
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yes). Interaction between the Pro12Ala polymorphism and di-
etary intake of total polyunsaturated fat (quartiles of percentage
of total energy intake) was assessed by use of the likelihood ratio
test.

General linear models, with interaction terms, were used
among controls to determine regression coefficients for polyun-
saturated fatty acids in adipose tissue (% or total fatty acids) for
each 5% increase in polyunsaturated fat intake (as percentage of
total energy intake) by Pro12Ala genotype. The significance of
the global interaction between the Pro12Ala polymorphism and
polyunsaturated fat intake was assessed by use of the likelihood
ratio test, comparing models with and without interaction terms.
Models were adjusted for age, sex, county of residence, smoking
status, and total energy intake.

RESULTS

The general characteristics of the study participants are shown
in Table 1. Traditional risk factors were more frequent in the
cases than in the population-based controls. The relative fre-
quency of the Ala12 allele did not differ significantly between the
cases and the controls. Multivariate ORs for the risk of MI by
genotype (Pro12/Ala12 heterozygotes and Ala12/Ala12 ho-
mozygotes versus Pro12/Pro12 homozygotes as the reference
group) did not show an association (OR � 1.10; 95% CI: 0.90,
1.33).

Polyunsaturated fat intake was significantly associated with
decreased risk of MI among the Pro12/Pro12 homozygous sub-
jects, who made up the majority of the population (Figure 1).
Compared with the lowest quartile of polyunsaturated fat intake,
the ORs (95% CI) for MI were 0.81 (0.63, 1.04) for the second,

0.65 (0.50, 0.84) for the third, and 0.60 (0.48, 0.76) for the fourth
quartiles (P for trend � 0.01). In contrast, no significant associ-
ation between polyunsaturated fat intake and MI was observed
among carriers of the Ala12 allele. Compared with the lowest
quartile of polyunsaturated fat intake, the ORs (95% CI) were
0.85 (0.52, 1.38) for the second, 0.88 (0.54, 1.41) for the third,
and 0.97 (0.64, 1.48) for the fourth quartiles (P for trend � 0.99).
We estimated that among the Pro12/Pro12 homozygous individ-
uals, each 5% increment in energy from polyunsaturated fat was
associated with an OR (95% CI) for MI of 0.66 (0.53, 0.82). No
such protection was observed among carriers of the Ala12 allele.
The estimated OR (95% CI) for MI for each 5% energy increase
in polyunsaturated fat was 0.93 (0.61, 1.42). Thus, the associa-
tion between polyunsaturated fat intake and risk of MI was mod-
ified by the presence of the Ala12 variant (P for interaction �
0.03).

Because the PPARG gene regulates the flux of fatty acids
through adipose tissue, we postulated that the interaction be-
tween polyunsaturated fat intake, the Pro12Ala polymorphism,
and risk of MI could be mediated by differential flux of fatty acids
from and into adipocytes. The effect of a 5% increment in poly-
unsaturated fat intake on the difference in polyunsaturated fat in
adipose tissue by genotype of the Pro12Ala polymorphism is
shown in Figure 2. Each 5% energy increase in polyunsaturated
intake was associated with a 5.4% (95% CI: 4.9%, 5.9%) increase
in the proportion of polyunsaturated fat in adipose tissue in
Pro12/Pro12 homozygotes, 6.9% (95% CI: 6.0%, 7.9%) in
Pro12/Ala12 heterozygotes, and 7.7% (95% CI: 3.2%, 12.2%)
in Ala12/Ala12 homozygotes. The likelihood ratio test compar-
ing the models with and without interaction terms showed het-
erogeneity of slopes by Pro12Ala genotype (P for interaction �
0.016). These data suggest that compared with Pro12/Pro12 ho-
mozygotes, carriers of the Ala12 allele tend to accumulate more
polyunsaturated fat in adipose tissue in response to the intake of
polyunsaturated fat.

TABLE 1
General characteristics in myocardial infarction cases and in population-
based controls from the Central Valley of Costa Rica1

Characteristics
Controls

(n � 1805)
Cases

(n � 1805)

Age (y) 58 � 112 58 � 11
Sex (% female) 26 26
Waist-to-hip ratio 0.95 � 0.07 0.97 � 0.073

BMI (kg/m2) 26.5 � 4.2 26.0 � 4.13

Physical activity (METS) 1.56 � 0.68 1.51 � 0.673

History of diabetes (%) 14.5 25.53

History of hypertension (%) 30.4 38.5
Current smokers (%) 20.9 39.73

Total energy intake (kcal/d) 2443 � 756 2696 � 9363

Saturated fat (% of energy) 10.4 � 2.7 11.0 � 2.93

Monounsaturated fat (% of energy) 11.9 � 3.9 11.9 � 3.4
Polyunsaturated fat (% of energy) 6.2 � 2.0 6.0 � 2.03

trans Fat (% of energy) 1.16 � 0.62 1.19 � 0.563

Polyunsaturated fat in adipose tissue
(% of total fat)

18.4 � 4.0 18.1 � 4.03

PPARG Pro12Ala genotype
Pro12/Pro12 (n) 1470 1440
Pro12/Ala12 (n) 310 341
Ala12/Ala12 (n) 25 24
Ala12 relative frequency 0.10 0.11

1 METS, metabolic equivalent tasks; PPARG, gene encoding peroxi-
some proliferator-activated receptor-�.

2 x� � SD (all such values).
3 Significantly different from controls, P � 0.05 (Wilcoxon rank-sum

test for continuous variables and chi-square test for categorical variables).
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FIGURE 1. Odds ratios (ORs) for risk of myocardial infarction (MI) by
polyunsaturated fat intake and Pro12Ala polymorphism genotype [�, car-
riers (P for trend � 0.99); f, noncarriers (P for trend � 0.01)]. ORs were
estimated by logistic regression by using as the reference the lowest quartile
of polyunsaturated fat intake within each genotype. Error bars indicate 95%
CI. Models were adjusted for sex, age, county of residence, BMI, physical
activity measured in METS (metabolic equivalent tasks), income, smoking,
alcohol consumption, history of hypertension, and history of diabetes. Inter-
action between the Pro12Ala polymorphism and dietary intake of polyun-
saturated fat was assessed by likelihood ratio test. P for interaction � 0.03.
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DISCUSSION

Although it is clear that intake of polyunsaturated fat is asso-
ciated with protection against CHD (31–33), the mechanisms
mediating this effect have not been completely elucidated. The
PPARG gene plays a major role as a regulator of energy ho-
meostasis and lipid metabolism (9, 34). Furthermore, carriers of
Ala12, a common variant of the PPARG gene, may have higher
accumulation of fatty acids in adipose tissue than do Pro12/Pro12
homozygous subjects (24, 25). In this study, we evaluated
whether the Ala12 variant modifies the association between
polyunsaturated fat intake and risk of MI and whether the diet–
adipose tissue correlations differ by PPARG genotypes. The data
show that the Ala12 variant of the PPARG gene attenuates the
inverse association between polyunsaturated fat intake and risk
of MI that was observed in the majority of the population. In
addition, we found that a 5% increase in polyunsaturated fat
intake was associated with a 20% higher increase in adipose
tissue polyunsaturated fat in carriers of the Ala12 allele than in
noncarriers of the variant. Our data suggest that in response to
dietary intake of polyunsaturated fat, adipose tissue tends to
preferentially accumulate polyunsaturated fat in carriers of the
Ala12 variant compared with Pro12/Pro12 homozygotes. The
greater accretion of polyunsaturated fat in adipocytes in carriers
of the Ala12 allele could explain the lack of association between
polyunsaturated fat intake and risk of MI observed among car-
riers of the Ala12 allele in the present study. Polyunsaturated fat
may reduce the risk of CHD through a variety of mechanisms,
including lowering of serum cholesterol (2, 3) and triacylglyc-
erols (8), protection against arrhythmia (4, 5), and reduction of
inflammation (6, 7); thus, it is possible that the trapping of poly-
unsaturated fat into adipose tissue would reduce the efficacy of
these mechanisms.

The present study elucidates some of the opposing results
regarding the role of the Pro12Ala polymorphism on the risk of
MI. It is clear from several lines of evidence that the Ala12 allele
has a protective effect against the development of type 2 diabetes
(11–13, 35). However, the evidence regarding the association
between the Ala12 variant and risk of CHD is inconclusive (15–
18). In US men in the Physicians’ Health Study, the presence of

the Ala12 allele was associated with a 23% decrease in risk of MI
under a dominant genetic model (15). In individuals with type 2
diabetes in the Go-DARTS (Diabetes Audit and Research in
Tayside Scotland) study, the Ala12 variant was associated with
79% reduction in the risk of MI in subjects �70 y old (16). In
contrast, there was no global association between the Ala12
allele and decreased risk of CHD in US women in the Nurses’
Health Study or in US men in the Health Professionals
Follow-Up Study (18). In fact, the Ala12 variant was associated
with higher risk of CHD among subjects with BMIs (in kg/m2)
� 25 (18). In addition, no association was found in German
individuals with type 2 diabetes (17). Although all these studies
have adjusted for several traditional risk factors for CHD, they
did not adjust for dietary variables, and no data on polyunsatu-
rated fat intake were reported (15–18). It is possible that differ-
ences in intake of polyunsaturated fat in the populations studied
accounted for some of these discrepant results, and that the as-
sessment of the effect of the Ala12 variant on the risk of CHD
must take into account dietary variables such as polyunsaturated
fat intake. In fact, our data suggest that in the context of diets that
are high in polyunsaturated fat, the Ala12 allele would be asso-
ciated with increased risk of MI because carriers of the Ala12
variant would not get the benefit from these diets.

At present, few studies have evaluated the effect of the Ala12
variant on flux of fatty acids through adipose tissue. One study
found decreased lipolysis of triacylglycerols in adipose tissue in
carriers of the Ala12 allele (24), which suggests a reduced release
of fatty acids from adipocytes. A recent report found higher
insulin clearance in carriers of the Ala12 variant than in Pro12/
Pro12 control subjects (25). This increased insulin clearance was
associated with lower plasma concentrations of free fatty acids,
which also suggests a greater suppression of lipolysis of triacyl-
glycerols in adipose tissue in carriers of the Ala12 allele (25). Our
results are consistent with these previous reports, and they sug-
gest a differential flux of fatty acids through adipose tissue ac-
cording to Pro12Ala genotype.

Although the Ala12 allele was initially associated with lower
BMI (36), this association turned out to be inconsistent in further
studies (37–40). Three different meta-analyses have been con-
ducted to assess the relation between the Pro12Ala polymor-
phism and BMI. The first one reported that the Ala12 allele was
in fact associated with higher BMI in persons with a BMI � 27
(41). The second meta-analysis found a small trend toward
higher BMI in carriers of the Ala12 variant than in Pro12/Pro12
homozygotes (OR � 1.13; 95% CI � 0.98, 1.29) (42). A recent
meta-analysis found a significant association between the Ala12
allele and increased BMI in whites (43). We did not find an
association between the Ala12 allele and BMI.

In summary, the present study showed that the Ala12 allele of
the PPARG gene is associated with preferential accumulation of
polyunsaturated fat in adipose tissue in response to polyunsatu-
rated fat intake, and that the protective effect of polyunsaturated
fat intake over the risk of MI is attenuated among carriers of the
Ala12 allele. It remains to be determined which downstream
pathways are most affected by the differential trapping of poly-
unsaturated fat in adipose tissue.

We thank Frank Sacks for his comments on the manuscript. We also are
grateful to Xinia Siles for data collection and study management in Costa
Rica, to the study participants, and to the staff of Proyecto Salud Coronaria,
San José, Costa Rica.

0

2

4

6

8

10

12

Pro12/Pro12 Pro12/Ala12 Ala12/Ala12

Pro12/Ala12 genotype

(%
)

Di
ff

e r
e n

ce

FIGURE 2. Difference in adipose tissue polyunsaturated fat associated
with a 5% increase in polyunsaturated fat intake by Pro12Ala genotype. Error
bars indicate 95% CIs. Regression coefficients were estimated by using
general linear models adjusted for age, sex, county of residence, smoking
status, and total energy intake. Significance of the global interaction between
the Pro12Ala polymorphism and polyunsaturated fat intake was assessed
by likelihood ratio test, comparing models with and without interaction
terms. P for interaction � 0.016.
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Tea drinking is associated with benefits on bone density in
older women1�3

Amanda Devine, Jonathan M Hodgson, Ian M Dick, and Richard L Prince

ABSTRACT
Background: Impaired hip structure assessed by dual-energy X-ray
absorptiometry (DXA) areal bone mineral density (aBMD) is an
independent predictor for osteoporotic hip fracture. Some studies
suggest that tea intake may protect against bone loss.
Objective: Using both cross-sectional and longitudinal study designs,
we examined the relation of tea consumption with hip structure.
Design: Randomly selected women (n � 1500) aged 70–85 y par-
ticipated in a 5-y prospective trial to evaluate whether oral calcium
supplements prevent osteoporotic fractures. aBMD at the hip was
measured at years 1 and 5 with DXA. A cross-sectional analysis of
1027 of these women at 5 y assessed the relation of usual tea intake,
measured by using a questionnaire, with aBMD. A prospective anal-
ysis of 164 women assessed the relation of tea intake at baseline,
measured by using a 24-h dietary recall, with change in aBMD from
years 1 to 5.
Results: In the cross-sectional analysis, total hip aBMD was 2.8%
greater in tea drinkers (x�: 806; 95% CI: 797, 815 mg/cm2) than in
non-tea drinkers (784; 764, 803 mg/cm2) (P � 0.05). In the prospec-
tive analysis over 4 y, tea drinkers lost an average of 1.6% of their
total hip aBMD (�32; �45, �19 mg/cm2), but non-tea drinkers lost
4.0% (�13; �20, �5 mg/cm2) (P � 0.05). Adjustment for covari-
ates did not influence the interpretation of results.
Conclusion: Tea drinking is associated with preservation of hip
structure in elderly women. This finding provides further evidence
of the beneficial effects of tea consumption on the skeleton. Am
J Clin Nutr 2007;86:1243–7.

KEY WORDS Tea drinking, cross-sectional study, prospec-
tive study, bone mineral density, fracture, elderly women

INTRODUCTION

Hip fractures are a major cause of morbidity in older women
(1). Low areal bone mineral density (aBMD) is the most impor-
tant risk factor for hip fractures in this population (2) after age and
is independent of age. We and others have shown that dietary and
lifestyle factors, including calcium, protein, and sodium intakes
influence aBMD and the risk of hip fracture (3–7).

Previous studies have shown that drinking tea has been asso-
ciated with a higher aBMD (8–10) and a reduced risk of hip
fracture (3, 11). Because tea is consumed worldwide, it is im-
portant to replicate observational studies to evaluate the repro-
ducibility of the effect and its size in different populations. The
objective of the present study was to investigate, in a randomly
selected population-based sample of elderly women, the relation

of tea consumption with measures of hip structure determined by
using dual-energy X-ray absorptiometry (DXA). Two studies
were undertaken, a cross-sectional analysis of the relation be-
tween tea intake and aBMD and a prospective analysis of the
relation between tea intake and change in aBMD over 4 y of
follow-up.

SUBJECTS AND METHODS

Subjects

The participants involved in this study were recruited for a 5-y
prospective, randomized, controlled trial of oral calcium supple-
ments to prevent osteoporotic fractures. They were recruited
from the general population of women aged �70 y in Western
Australian by mail with the use of an electoral roll that included
close to 100% of women of this age; 5586 women responded, and
the first 1500 eligible women were enrolled in the study (12).
Eligibility included not having any medical conditions likely to
influence 5-y survival. Although the subjects entering the study
were weighted in favor of those in higher socioeconomic cate-
gories, they did not differ from the whole population in terms of
health resource utilization (13). Patients were randomly assigned
to receive 1.2 g calcium carbonate/d or a matched placebo. In-
formed consent was obtained, and the Human Rights Committee
of the University of Western Australia approved the study.

Demographics, physical activity, and clinical
measurements

At baseline, the number of years since menopause was calcu-
lated for each subject on the basis of the reported age at the last
menstrual period or the time of hysterectomy, ovariectomy, or
onset of hot flushes. A positive smoking history was reported if
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�1 cigarette/d had been smoked for �3 mo at any time. The
subject’s postal area code was recorded, and an index of socio-
economic status (range: 1–3) was derived according to the Aus-
tralian Bureau of Statistics method (14). A higher index score
indicated that the area had a higher proportion of families with a
high income. Activity levels were calculated (in kJ/d) by using a
validated method that combines body weight, answers to ques-
tions on the number of hours and type of physical activity, and
energy costs of such activities with a response of “no” to the
activity questions resulting in a score of 0 (6). At baseline and 5 y,
weight and height were measured while the participants were
wearing light clothes and no shoes.

Assessment of diet and beverage intake

For the cross-sectional study at 5 y, each subject completed a
self-administered quantitative food-frequency questionnaire,
developed by The Cancer Council of Victoria (Australia), from
which the daily consumption of energy, calcium, and alcohol was
derived (15). This questionnaire did not ascertain the intakes of
nonalcoholic beverages, such as tea and coffee. The food-
frequency questionnaire uses the NUTTAB95 database (Austra-
lian Government Publishing Service, Canberra, Australia). Di-
etary calcium was from food alone and did not include calcium
from supplements. To determine the consumption of tea and
coffee at 5 y, a separate questionnaire that asked “on average over
the past 12 mo how many cups per day of particular beverages do
you usually consume” was used. Beverages included were as
follows: black tea (not including herbal teas because they are not
derived from the Camellia sinensis plant), coffee (not including
decaffeinated), and decaffeinated coffee.

For the prospective study at baseline, the self-administered
quantitative food-frequency questionnaire developed by The
Cancer Council of Victoria (Australia) was used as described
above and did not ascertain the intake of nonalcoholic beverages,
such as tea and coffee. At baseline, beverage consumption data
were determined by using an interviewer-administered dietary
recall completed for the 24-h period before the clinic visit in a
randomly selected subset of 275 women recruited to the study.
Tea intake was assessed as the number of cups and included all
black tea and green tea consumed with and without additives
such as milk and sugar, but not herbal teas. Tea intake was not
further subcategorized because almost all tea consumed within
this population was black tea with added milk. The food intake
data were analyzed to obtain nutrient intakes by using
FOODWORKS PROFESSIONAL (Xyris, Brisbane, Australia)
based on the Australian Food Composition Database (NUTTAB
95; Australian Government Nutrient Database, Canberra, Aus-
tralia). For the prospective analysis, all data, including baseline
tea intake, nutrient intakes, bone density, demographics, physi-
cal activity, and clinical measurements, were available for 164
(60%) of these women.

Bone density

Because this was a 5-y study designed with fracture as the
primary outcome, BMD assessment was delayed until the first
year of follow-up and then measured again at 5 y at the hip with
DXA fan-beam densitometer (Hologic Acclaim QDR 4500A;
Hologic Corp, Waltham, MA). Measurements performed at the
hip included total hip, femoral neck, trochanter, and intertro-
chanter. The CVs at the total hip and femoral neck were 1.2% and

1.4%, respectively (16). Because hip BMD was measured at 1
and 5 y after randomization to calcium or placebo, treatment was
included in the analysis as a covariate.

Statistics

Statistical analyses were performed by using SPSS 11.5 soft-
ware (SPSS Inc, Chicago, IL). Differences in characteristics
between non-tea drinkers and tea drinkers assessed at baseline or
5 y were assessed by using analysis of variance for normally
distributed variables, Mann-Whitney U test for skewed vari-
ables, and the chi-square test for categorical variables. P � 0.05
in a two-tailed test was considered significant.

Cross-sectional analyses

Differences were analyzed by using general linear models
with BMD as the dependent variable and tea drinking status at 5 y
as the fixed factor; potential confounding factors were included
as covariates in the model.

Prospective analyses

Differences were analyzed by using general linear models,
with change in BMD over 4 y as the dependent variable and tea
drinking status at baseline as the fixed factor; potential confound-
ing factors were included as covariates in the model.

RESULTS

Demographic, anthropometric, and dietary variables

There were some between- and within-study differences in the
demographic, anthropometric, and dietary variables for the
women included in the 2 studies (Table 1). In the cross-sectional
study, 83% of the women were tea drinkers. Compared with
non-tea drinkers, tea drinkers had higher energy and calcium
intakes, were more likely to consume alcohol, and consumed less
coffee. Tea drinkers who smoked, smoked for fewer years. In the
prospective analysis, 75% of the women were tea drinkers. Fewer
tea drinkers had ever smoked, and tea drinkers reported less
coffee consumption; however, intakes of energy, calcium, and
alcohol were not significantly different between the tea drinkers
and the non-tea drinkers.

BMD in the cross-sectional study

Bone density data for the non-tea drinkers and tea drinkers are
presented in Table 2. Tea drinking was associated with a signif-
icantly higher aBMD at the total hip and trochanter sites but not
at the femoral neck and intertrochanter sites. Adjustment for
potential confounding factors, including age, BMI, years since
menopause, duration of cigarette smoking (y), physical activity
(kJ/d), socioeconomic status (higher, medium, lower), treatment
code (placebo or calcium), and intakes of alcohol, calcium, and
coffee did not alter the estimated differences. For comparison
with other studies, the percentage differences in aBMD for tea
drinkers relative to non-tea drinkers at the various hip sites are
presented in Figure 1.

To determine whether there was a dose relation between the
amount of tea consumed and BMD, tea intake was divided ac-
cording to cups of tea consumed each day. In age-adjusted and
fully adjusted linear regression models, there was no linear re-
lation between tea intake in cups per day and BMD of the total
hip, femoral neck, trochanter, or intertrochanter (Table 3).
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BMD in the prospective study

BMD at the 1-y assessment and mean changes in aBMD in
selected sites over 4 y of follow-up in the non-tea drinkers and the
tea drinkers is presented in Table 4. Although the 1-y aBMD
values at the various sites were not significantly different be-
tween the 2 groups, tea drinking was associated with a signifi-
cantly lower reduction in aBMD at the total hip, trochanter, and
intertrochanter than was no tea drinking. Adjustment for poten-
tial confounding factors did not alter the estimated differences.
For comparison with other studies, the percentage differences in
the change in aBMD in selected sites over 4 y of follow-up for tea
drinkers relative to non-tea drinkers are presented in Figure 2.

The dose relation between the amount of tea consumption in
cups per day and the loss of BMD over 4 y was studied in

age-adjusted and fully adjusted linear regression models. There
was a significant negative relation observed at the trochanter site
(P � 0.05) but not at the total hip, femoral neck, or intertrochanter
sites.

DISCUSSION

In this population of elderly women, tea drinking was inde-
pendently associated with higher aBMD in the cross-sectional
study and with a lower reduction in aBMD over 4 y in the pro-
spective study. The baseline data from the prospective study
showed a trend similar to that of the cross-sectional analysis at
5 y; the lack of a significant difference was perhaps due to the
smaller numbers of participants.

The lack of a consistent dose relation between number of cups
of tea consumed and aBMD in the cross-sectional and longitu-
dinal study, apart from at the trochanter site, raises concerns over
the mechanism of effect. It raises the possibility of another factor

TABLE 1
Characteristics of women included in the cross-sectional and prospective
analyses and according to tea-drinking status1

Non-tea
drinkers Tea drinkers

Cross-sectional analysis (n � 1027)
Percentage of women (%) 17 83
Age at 5-y assessment (y) 79.8 � 2.72 80.0 � 2.6
BMI at 5-y assessment (kg/m2) 27.3 � 5.6 27.1 � 4.4
Ever smoked (%) 36 36
Duration of smoking (y) 37 (18–45)3 26 (12–42)4

Physical activity (kJ/d) 447 (0–823) 489 (184–857)
Socioeconomic status (% higher) 55 51
Age at menopause (y) 50 (45–52) 50 (45–52)
Calcium treatment (% active) 56 48
Energy intake at 5-y assessment

(MJ/d)
6.3 � 1.9 6.8 � 2.15

Calcium intake at 5-y assessment
(mg/d)

832 � 308 909 � 3055

Alcohol at 5-y assessment
(% users)

70 784

Alcohol intake at 5-y assessment
(g/d)

4.1 (0.6–12.4) 4.3 (0.8–12.8)

Coffee intake at 5-y assessment
(cups/d)

2 (0–3) 1 (0–2)6

Prospective analysis (n � 164)
Percentage of women (%) 25 75
Age (y) 74.8 � 2.8 74.8 � 2.6
BMI (kg/m2) 25.9 � 4.0 27.0 � 4.2
Ever smoked (%) 52 344

Duration of smoking (y) 26 (12–42) 24 (9–36)
Physical activity (kJ/d) 594 (192–870) 494 (167–853)
Socioeconomic status (% higher) 62 57
Age at menopause (y) 50 (45–52) 50 (46–52)
Calcium treatment (% active) 45 44
Energy intake (MJ/d) 7.0 � 2.2 7.1 � 2.0
Calcium intake (mg/d) 978 � 404 927 � 307
Alcohol (% users) 86 86
Alcohol intake in users (g/d) 4.8 (1.0–14.1) 4.4 (0.7–11.6)
Coffee intake (cups/d) 2 (1–3) 1 (0–2)6

1 Unless otherwise stated, assessments were performed at baseline.
ANOVA was used for normally distributed variables, the Mann-Whitney U
test was used for skewed variables, and the chi-square test was used for
categorical variables.

2 x� � SD (all such values).
3 Median; 25th–75th percentiles in parentheses (all such values).
4–6 Significantly different from non-tea drinkers: 4P � 0.05, 5P � 0.01,

6P � 0.001.

TABLE 2
Bone mineral density (BMD) in selected sites according to tea drinking
status in a cross-sectional analysis in 1027 older postmenopausal women1

Site and model

BMD

Non-tea drinkers
(n � 172)

Tea drinkers
(n � 855)

mg/cm2

Hip
Age-adjusted model (mg/cm2) 784 (764, 803) 806 (797, 815)2

Fully adjusted model (mg/cm2)3 782 (764, 800) 806 (799, 814)2

Femoral neck
Age-adjusted model (mg/cm2) 667 (651, 683) 681 (673, 688)
Fully adjusted model (mg/cm2) 665 (650, 680) 681 (674, 688)

Trochanter
Age-adjusted model (mg/cm2) 604 (587, 621) 630 (622, 637)4

Fully adjusted model (mg/cm2) 603 (587, 620) 630 (623, 637)4

Intertrochanter
Age-adjusted model (mg/cm2) 928 (904, 953) 950 (939, 961)
Fully adjusted model (mg/cm2) 927 (905, 949) 950 (941, 960)

1 All values are x�; 95% CI in parentheses.
2,4 Significantly different from non-tea drinkers: 2P � 0.05, 4P � 0.01.
3 The fully adjusted model included variables assessed at 5 y (age, BMI,

years since menopause, and intakes of alcohol, calcium, and coffee, and
variables assessed at baseline [duration of cigarette smoking (y), physical
activity (kJ/d), socioeconomic status (higher, medium, lower), and treatment
code (placebo or calcium)].
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FIGURE 1. Mean (�SEM) percentage difference in bone mineral density
(BMD) at selected sites between tea drinkers (n � 855) and non-tea drinkers
(n � 172) in a cross-sectional analysis in older postmenopausal women.
General linear models: *P � 0.05, **P � 0.01.
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for which tea is a marker that accounts for the difference. In
addition, the small sample size in the prospective study, due to the
limited data on beverage intake collected at baseline, was a lim-
itation. However, despite the small sample size, the results are
consistent with those of the cross-sectional study. Furthermore,
2 different methods were used to assess tea drinking: a 24-h
dietary recall and a self-administered beverage questionnaire at
year 5. The former method determines current intake and the
latter method determines intake over the previous 12 mo. The
possibility of measurement error with the latter method can be
substantially greater than that of the former method, which can
reduce the magnitude of the relation. Arguing against these con-
cerns is the fact that the findings are consistent with those of
previous cross-sectional studies of older women (9, 10) and
younger men and women (8), which also suggest that regular
ingestion of tea over the long term has a beneficial effect on
BMD. Moreover, in the present study, the longitudinal data sug-
gest that tea drinking protects to some extent against postmeno-
pausal bone loss.

In relation to fracture, the results of the Mediterranean Osteo-
porosis Study (MEDOS) in women (3) and men (11) are consis-
tent with this suggestion. However, other prospective studies
have found no association of tea drinking with fracture risk (10,
17). Thus, it is possible that the effect of tea drinking on bone
structure is not always large enough to alter the risk of fracture.
Other factors, such as cultural differences in patterns of tea con-
sumption, type of tea consumed, use of milk with tea, and con-
sumption of other beverages such as coffee, could also influence
the relation of tea with fracture risk.

If the relation of tea with BMD is causal, the components of tea
that are responsible remain unknown. Calcium derived from the
milk added to tea, which may provide a significant contribution

to calcium intake, is one possible component. Most of the tea-
drinking women in our study added milk to their tea. However,
Hegarty et al (9) found that the mean BMD at most sites was not
different between women who did and women who did not add
milk to their tea. In addition, in populations from Taiwan (8), the
United States (10), and southern Europe (11), where tea drinking
is also associated with higher BMD, the addition of milk to tea is
not the usual practice.

Phytochemicals present in tea have also been suggested to be
important (9, 10). Tea is a major dietary source of flavonoids (18,
19) and lignans (18), some of which have estrogen-like activities
(20). Synthetic phytoestrogens have been shown to benefit bone

TABLE 3
Bone mineral density (BMD) of the hip according to tea intake and P
values for the linear trend in a cross-sectional analysis in 1027 older
postmenopausal women1

BMD

Age-adjusted model Fully adjusted model2

mg/cm2

Tea intake (cups/d)
0 (n � 172) 784 (764, 803)3 782 (764, 800)
1 (n � 122) 801 (778, 824) 804 (783, 825)
2 (n � 190) 814 (796, 832) 812 (795, 828)
3 (n � 217) 805 (787, 822) 803 (788, 819)
4 (n � 168) 817 (797, 837) 815 (797, 833)
�5 (n � 158) 790 (770, 811) 797 (779, 815)
P4 0.36 0.20

1 Data were analyzed by using general linear models with BMD of the
hip as the dependent variable and tea intake as the fixed factor. The reference
category is non-tea drinkers, 0 cups/d (for all such). 1 cup � 237 mL.

2 Adjusted for the following variables assessed at 5 y: age, BMI, years
since menopause, and intakes of alcohol, calcium, and coffee; the following
variables were assessed at baseline: duration of cigarette smoking (y), phys-
ical activity (kJ/d), socioeconomic status (higher, medium, lower), and treat-
ment code (placebo or calcium).

3 x�; 95% CI in parentheses (all such values).
4 P for linear trend analyzed by using linear regression with BMD of the

hip as the dependent variable and tea intake as the independent variable.

TABLE 4
Relation between tea drinking status and bone mineral density (BMD) at
1 y and change in bone mineral density over 4 y of follow-up1

Site

BMD

Non-tea drinkers
(n � 42)

Tea drinkers
(n � 122)

mg/cm2

Total-hip BMD
At 1 y 792 (752, 852) 804 (784, 824)
4-y Change

Age-adjusted model �32 (�45, �19) �13 (�20, �5)2

Fully adjusted model3 �37 (�51, �23) �11 (�19, �3)4

Neck BMD
At 1 y 684 (651, 715) 679 (661, 697)
4-y Change

Age-adjusted model �20 (�31, �9) �14 (�20, �7)
Fully adjusted model �23 (�35, �11) �12 (�19, �6)

Trochanter BMD
At 1 y 622 (587, 657) 638 (620, 656)
4-y Change

Age-adjusted model �35 (�48, �22) �14 (�22, �6)4

Fully adjusted model �39 (�53, �24) �13 (�21, �5)4

Intertrochanter BMD
At 1 y 926 (876, 976) 942 (916, 967)
4-y Change

Age-adjusted model �36 (�52, �20) �11 (�20, �1)4

Fully adjusted model �42 (�59, �24) �9 (�9, 1)4

1 All values are x�; 95% CI in parentheses.
2,4 Significantly different from non-tea drinkers: 2P � 0.05, 4P � 0.01.
3 The fully adjusted model included adjustment for age, BMI, duration

of cigarette smoking (y), physical activity (kJ/d), socioeconomic status
(higher, medium, lower), years since menopause, treatment code (placebo or
calcium), and intakes of alcohol, calcium, and coffee from assessments
performed at baseline.
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FIGURE 2. Mean (�SEM) percentage difference in the change in bone
mineral density (BMD) at selected sites over 4 y of follow-up between tea
drinkers (n � 122) and non-tea drinkers (n � 42) in a prospective analysis in
older postmenopausal women. General linear models: *P � 0.05, **P � 0.01.
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density (21, 22), but via a different mechanism than estrogen
(21). The effect of isoflavones, phytoestrogens present in soy, on
bone density remains unclear (23). Tea-derived flavonoids and
lignans may be important in maintaining BMD (24), particularly
in older women, who have low concentrations of endogenous
estrogen. A recent review suggests that flavonoids from green tea
may be associated with increases in BMD (25) via a potent
stimulatory effect on osteoblast function. A major tea flavonoid,
(�)-epigallocatechin-3-gallate, has been shown to increase the
expressions of osteogenic genes, elevate bone marker activity,
and augment mineralization in a murine bone marrow mesen-
chymal stem cell line (26). These findings suggest a stimulatory
effect of the compound as a possible mechanism for the associ-
ated higher BMD seen in tea drinkers. Moreover, plasma con-
centrations of phytoestrogens may remain elevated throughout
the day contributing to a sustained effect on bone.

Another bioactive component of tea is caffeine. Caffeine in-
take, mainly from coffee, has been associated with a reduced
BMD (27, 28) and an increased risk of fracture (17, 29). Results
of some studies suggest that this relation may be modified by
calcium intake (17). Other studies reported no association be-
tween caffeine intake and bone loss (30, 31). The caffeine content
of tea is usually less than half that of coffee. However, it is
possible that at higher tea intakes, caffeine may attenuate any
benefit of other bioactive components of tea.

The magnitude of the difference in BMD between tea drinkers
and non-tea drinkers was between 3% and 4.5%. Tea drinkers
also lost �3–4.5% less bone density over a 4-y period. This order
of magnitude is greater than the protein effect on lower limb bone
density observed by us in this population recently (5) and similar
to the effect size of habitual high physical activity and calcium
intake on hip BMD (6). Other variables, such as dietary calcium
and coffee intake, physical activity, and smoking did not appear
to be important confounders of the relation between tea and
BMD. Thus, overall, our data support the concept that tea intake
has beneficial effects on bone structure by reducing bone loss.

The authors’ responsibilities were as follows—AD: study design, patient
recruitment, data acquisition, preliminary data analysis, and manuscript
preparation; JMH: data acquisition and analysis and manuscript preparation;
IMD: study design and manuscript preparation; and RLP: study design,
patient recruitment, data interpretation, and manuscript preparation. None of
the authors had a conflict of interest.
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Letters to the Editor

Coffee intake and the incidence of hypertension

Dear Sir:

In the March 2007 issue of the Journal, Uiterwaal et al (1) reported
their results on coffee intake and the incidence of hypertension in a
long-term longitudinal study design. Their study was conducted in a
cohort of Dutch men (n � 2985) and women (n � 3383), who were
examined at baseline and at follow-up visits after 6 and 11 y. They
concluded that coffee abstinence was associated with a lower risk of
hypertension than was low coffee consumption. They also reported
an inverse U-shaped relation between coffee intake and the risk of
hypertension in women.

The world’s highest coffee consumption in 2006 was recorded in
Finland; every Finn consumed an average of 9.8 kg roasted coffee.
The prevalence of hypertension is high in Finland, and it has been
estimated that �40% of the adult population meets the current blood
pressure target of 140/90 mm Hg (2). We earlier reported a U-shaped
dose-response relation between the intake of caffeine-containing
coffee and the incidence of acute coronary events (3), and we sug-
gested that circulating concentrations of catecholamines may medi-
ate the relation between coffee intake and coronary heart disease (4).
In that prospective population-based Kuopio Ischaemic Heart Dis-
ease Risk Factor (KIHD) Study, a total of 2682 men from eastern
Finland (82.9% of those eligible) aged 42, 48, 54, or 60 y were
enrolled between 1984 and 1989. Two trained nurses measured
resting blood pressure with a random-zero mercury sphygmoma-
nometer (Hawksley, West Sussex, United Kingdom). The measure-
ment protocol was as follows: after the subjects had rested 5 min in
a supine position, 6 measurements at 5-min intervals were made: 3
while the subjects were in a supine position, 1 while they were
standing, and 2 while they were sitting; the means of all 6 measure-
ments were used as the systolic and diastolic blood pressures. At
baseline, the mean diastolic blood pressure was 89 mm Hg and the
mean systolic blood pressure was 134 mm Hg (3).

In the cross-sectional analysis of the KIHD Study baseline visit,
coffee intake was not associated with blood pressure (3). Both sys-
tolic and diastolic blood pressures were lowest in the group not
consuming coffee and were second lowest in the group with the
highest coffee consumption (�814 mL/d). When the cross-sectional
data from the KIHD study 4-y follow-up visit were analyzed, the
results were the same: both systolic and diastolic blood pressures
were lowest in the group not consuming coffee and were second
lowest in the group with the highest coffee consumption (4).

In the KIHD Study, compared with coffee drinkers, coffee ab-
stainers had lower systolic and diastolic blood pressures and lower
serum LDL cholesterol, were more likely to be nonsmokers, had
higher levels of physical activity, had lower body mass index and
waist-to-hip ratios, had a lower intake of saturated fat, and had a

higher intake of vitamin C (3). These findings were also seen in other
studies, especially in men (5).

Our results are in line with the results of Uiterwaal et al (1): coffee
abstinence is associated with a lower risk of hypertension than is low
coffee consumption. However, in both studies, the group of coffee
abstainers was very small (�5% of the study population), and, at
least in the KIHD study, they did not represent the general population
(3). Thus, firm conclusions about the association of coffee absti-
nence with the risk of hypertension are difficult to make. A more
definite conclusion, based on both of the studies, is that higher coffee
intake is not associated with either higher blood pressure or a greater
risk of hypertension.

None of the authors had a conflict of interest.
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Reply to S Voutilainen et al

Dear Sir:

Voutilainen et al found our results on coffee intake and the risk of
hypertension (1) to be largely consistent with their findings in the
Kuopio Ischaemic Heart Disease Risk Factor Study (2). The main
point they raise concerns the part of our conclusions that abstinence
of coffee drinking was associated with a lower risk of hypertension
than was low coffee consumption. Voutilainen et al argue that the
number of coffee abstainers was small; indeed, there were only 231
coffee abstainers. Second, they claim that the coffee abstainers “did
not represent the general population” and thus that the observation
was confounded. However, after adjustment for confounders, we
found this effect of coffee to still be there. Although this observation
may appear unreliable because of the small number of subjects, and,
although residual confounding cannot be excluded, it is consistent
with other findings (3). Therefore, we felt that Voutilainen et al did
not provide sufficient reasons to overturn this part of our conclu-
sions.

CSPMU was provided an unrestricted grant by the organization on Phys-
iological Effects of Coffee (PEC) in Paris, France. No other authors had any
conflicts of interest.
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Effects of glycemic load on weight loss in
overweight adults

Dear Sir:

Das et al (1) are to be congratulated on their 2-phase dietary trial
in which they compared the effects of a high- and low-glycemic-load
diet in overweight adults in the CALERIE (Comprehensive Assess-
ment of the Long-term Effects of Restricting Intake of Energy) trial.
Their study design had many strengths, including the provision of all
the foods in the first 6 mo of life, the assessment of body fat (not just
weight loss), the use of doubly labeled water methodology to mea-
sure total energy expenditure, and the careful control of behavioral
factors. Unfortunately, there was one critical element missing in the
study. In any study comparing diets with various glycemic loads
(GLs), it is necessary, by definition, to demonstrate that the subjects
consumed diets that did indeed produce differences in postprandial
glycemia (and preferably insulinemia as well). Although Das et al
determined the GL based on published glycemic index (GI) values
and the nutrient composition of the foods provided, the calculated
value is theoretical and not necessarily reliable. This is particularly
true of studies in which the GI values have been extrapolated from
one manufacturer to another and from one country to another. Thus,
in the CALERIE trial, we cannot tell whether the lack of difference
in weight loss (or body fat) resulted because postprandial glycemia
was not distinctly different or that lowering glycemia is ineffective
for weight-loss purposes.

Close inspection of Appendix A in Das et al’s article, in which
sample foods for the high-GL and low-GL diets are listed, sug-
gests a naı̈ve knowledge of the GI. For example, carrots were
placed in the high-GL list, even though several studies have
confirmed that carrots have a low GI and that their contribution to
total carbohydrate intake is small (2). Similarly, yogurt and oat-
meal were placed in the high-GI list, even though these may be
low-GI foods. Despite these concerns, some difference in post-
prandial glycemia would be evident simply because the carbo-
hydrate content of the 2 diets differed (60% compared with 40%
for the high- and low-GL diets, respectively).

It is revealing from a mechanistic viewpoint that well-designed,
adequately powered studies have detected differences in the rate of
weight or fat loss between high- and low-GL diets, at least in the short
term (3, 4). In addition, the trend in negative studies almost always
favors the low-GI or low-GL diet (5, 6). At 6, 7, 8, and 9 mo, the
CALERIE trial also showed a trend to greater weight loss with the
lower-GL diet. At 6 mo, those consuming the low-GL diet had lost
23.3% of their body fat compared with only 17.1% of those con-
suming the high-GL diet. This difference in fat mass change was not
statistically significant, but the study was underpowered because
there were only 17 subjects in each group. It is also possible that
subgroups of people with a high first phase insulin response may
respond more favorably to diets with a low GL, as reported earlier in
the CALERIE trial (7).

Although 2–4-kg differences in weight loss may be considered
modest, we should not expect the differences to be large. Small
incremental weight increases over time produce an obese individual.
Differences in fat oxidation dictated by differences in postprandial
insulin secretion amounting to only 1 g/d (8) will produce a gain in
fat mass of 350 g over 1 y and of 7 kg over 20 y. Although studies such
as the CALERIE trial are a valuable addition to the literature, future
studies should document differences in day-long glycemia and
should be adequately powered to detect small, but clinically impor-
tant, differences in fat mass change.
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Reply to J Brand-Miller

Dear Sir:

We were surprised that Brand-Miller questioned whether we
chose appropriate foods for diets with different glycemic indexes
(GIs) and glycemic loads (GLs) in our recent study (1). In the same
protocol as the one she questioned, we previously reported that a
subgroup who had high baseline concentrations of insulin secretion
did, in fact, lose more weight when randomly assigned to a low-GL
diet than did those randomly assigned to a high-GL diet (2). Our
group is also known for our finding that single-meal studies support
a role for low-GI diets in hunger reduction, and we have specifically

published studies in which different forms of oatmeal (the food she
questions) were used to create differences in GI (3). These different
findings all strongly support our ability to create diets with different
GIs and GLs and demonstrate weight-loss benefits in individuals
who have risk factors that a low-GI or low-GL diet will help coun-
terbalance.

In this new analysis of the same data from our long-term protocol
(1), we found no mean difference in weight loss between individuals
randomly assigned to consume a high-GL diet and those randomly
assigned to consume a low-GL diet for 6 mo and then further as-
sessed to 12 mo. Another group has also reported an identical finding
in a different population (4). Given our track record in designing
diets with different GIs and GLs, and the fact that the same result has
emerged from a separate study, we feel that there are more logical
and useful starting points to explain the results of our new study than
a faulty diet design. First, because 2 separate studies have now
reported that mean weight loss is the same with high-GL and low-GL
diets, but that individuals with high insulin secretion do better with
low-GL diets, it seems most likely that this is a real finding that may
have important clinical utility for the treatment of obesity in the
future.

It is also important to note, however, that both of our diets were
high in fiber. To our knowledge there have been no studies of
whether low-GI carbohydrates benefit energy regulation in diets that
are also high in fiber, and this is an important issue because the
effects of dietary fiber and a low GI may not be additive. Also,
compared with the single-day studies cited by Brand-Miller, long-
term studies may show reduced benefit of approaches to weight
control that focus specifically on hunger suppression, because of the
increased importance of other challenges to compliance over time
such as social pressures to eat out and the desire for favorite foods.
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Validation of energy intake during calorie
restriction with the doubly labeled water method
and changes in body composition

Dear Sir:

de Jonge et al (1) investigated the validity of estimates of energy
intake (EI) during calorie restriction (CR) determined by the com-
bination of doubly labeled water (DLW) and changes in body com-
position determined by dual-energy X-ray absorptiometry (DXA).
They concluded that DLW�DXA overestimated EI by 8.7 � 36.7%
and, therefore, that “EI cannot be assessed accurately during CR by
a combination of DLW and DXA” over brief (ie, practical) periods
of time, because of large interindividual variability caused by ran-
dom errors in the measurement of changes in fat mass and fat-free
mass by DXA. This disappointing conclusion may have been pre-
mature.

For 7 d, de Jonge et al measured the energy expenditure of 10
subjects by DLW in a room calorimeter while the subjects were fed
a 30% CR diet prepared in the authors’ metabolic kitchen. The
Bland-Altman plot in the authors’ Figure 2B provided the proper (2)
comparison of their measurements of energy expenditure by DLW
and calorimetry. This plot illustrated the authors’ encouraging find-
ing that the 2 measurements differed by an average of only 1.3 �
8.9%. However, the plot may also be interpreted as showing that the
random variation of these differences increases with a CV of 30% of
energy expenditure in excess of 1600 kcal/d. This is not encouraging.

The authors did not provide the corresponding Bland-Altman plot
comparing their calculation of EI by DLW�DXA with the calcula-
tion of EI by those in the authors’ metabolic kitchen who prepared the
food that was fed to the subjects. Because the comparison of these
calculations was the stated purpose of the authors’ study, this was an
unfortunate oversight. The missing Bland-Altman plot (Figure 1)
was constructed from the data in the authors’ Figure 3A. Taken at
face value, this plot appears to indicate that most of the differences
between the 2 calculations of EI are not random, as the authors had
concluded. Regression analysis suggests that the differences are
strongly proportional (R2 � 0.82, P � 0.005) and parallel (slope �
1 � 0.07 � 0.18, P � 0.7) to EI above and below 1400 kcal/d. This
proportionality appears to imply that an unidentified error in one
calculation or the other could be corrected to reduce differences
between the methods by 82%, which leaves a residual random error
with an SEE of only 225 kcal/d (15%).

However, a probability plot of the data in the above regression
analysis (Figure 2) shows that the regression analysis may not
have faithfully represented the true relation between the 2 calcu-
lations. The highest and the 2 lowest data points do not fall on the
same straight line as do the other normally distributed data points.
What is worse, these extreme outliers with standardized residuals
of �8.6, �7.5, and 16.6 from a regression line obtained without
them have the strongest leverage on the regression analysis.

A second Bland-Altman plot constructed without these data
points (Figure 3) shows that they accounted entirely for the
apparent linear relation between the 2 calculations of EI. Neither
the slope (P � 0.65) nor the intercept (P � 0.85) found by the
second regression analysis is significant, and the residuals are
normally distributed (plot not shown).

The mean (� SD) of the 7 remaining data points appears to
indicate that DLW�DXA calculations yield estimates of EI that are
310 � 116 kcal/d higher than the calculations made by food prepar-
ers. Per this analysis, DLW�DXA estimates of EI during CR appear
to be less accurate and more precise than the estimates made by de
Jonge et al (1). Compared with the average EI calculated by both
methods, DLW�DXA appears to overestimate EI by 100 � [(310
kcal/1511 kcal) � (116 kcal/1511 kcal)] � 21 � 8%. Whether the
21% bias resides in the DLW�DXA technique or in the authors’
metabolic kitchen cannot be determined from the authors’ data.

R 2  = 0.82, SEE = 225 
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FIGURE 1. Bland-Altman plot of energy intake (EI) calculated by use of
the doubly labeled water � dual-energy X-ray absorptiometry methods and
by food preparers.
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FIGURE 2. Probability plot of regression residuals. EI, energy intake.
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the doubly labeled water � dual-energy X-ray absorptiometry methods and
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Thus, the Bland-Altman and regression analyses indicate that the
authors’ conclusion about DLW�DXA not being suitable for esti-
mating EI during short-term CR studies may have been premature.
Their experiment appears to have generated 3 widely spaced data
points precisely suggesting one relation between the 2 calculations
of EI (a large difference proportional to EI) and 7 closely spaced data
points precisely suggesting a completely different relation (a large
constant difference).

This data set is too small and heterogeneous to warrant any further
conclusion about how accurate and precise DLW�DXA may be, but
accurate estimation of EI is of fundamental importance for everyone
interested in CR. Therefore, investigators should be encouraged to
collect and analyze more experimental data of this kind to search for
potentially correctable sources of error in both calculations of EI and
in the experimental methods that generate the data. If such sources
are found and corrected, differences between the 2 calculations may
be reduced to a random error of 8%.

One of the authors of the de Jonge et al article (LM Redman) was a
postdoctoral scholar in the laboratory of ABL. LB and ABL have no financial
or personal relationships with any research sponsor that would constitute a
conflict of interest.

Lyn Bowman
Anne B Loucks

Department of Biological Sciences
Ohio University
Athens, OH 45701
E-mail: loucks@ohio.edu
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Reply to L Bowman and AB Loucks

Dear Sir:

We thank Bowman and Loucks for their interest in our study on
the validation of energy intake during caloric restriction with the use
of doubly labeled water (DLW) and changes in body composition
(1), and we are glad to have the opportunity to address the issues
raised. It is important to note that our study was designed to validate
the methods for measuring both energy expenditure (EE) and energy
intake (EI) during caloric restriction. More specifically, we tested
whether DLW can be used in periods of caloric restriction to measure
EE values for groups (average) and individuals and EI values when
combined with dual-energy X-ray absorptiometry (DXA).

In regard to measures of EE under energy restriction, our findings
clearly showed that the method can be used with good accuracy and
reasonable precision. We found an average difference between DLW
and respiratory chamber methods of 1.3 � 8.9%. On the basis of the
Bland-Altman plot provided, Bowman and Loucks state that the ran-
dom variation seems to increase “with a CV of 30% of energy expen-
diture in excess of 1600 kcal/d.” This conclusion is not warranted by the
data, because the discrepancies between the 2 methods occurred in

individuals with both low and high EE, and the maximum discrepancy
was �13%.

In regard to the measurements of EI, our study examined the
accuracy and precision of calculating EI in groups and individuals by
using DLW and the changes in body energy stores measured by DXA
over 7 d. Investigators knowledgeable in the field of energy balance
rightfully do not expect that a combination of these 2 methodologies
(DLW and DXA) over periods of 1–2 wk could provide reliable data
to assess EI for a given individual because the changes in body
energy stores (fat mass and fat-free mass) are too small to be detected
precisely by DXA. The reason we undertook such a validation study
was also to temper the common belief from many scientists that
individual adherence to a caloric intake prescription can be derived
by combining measures of DLW and body composition. In our
study, this method yielded an estimate of average group EI that was
reasonably consistent with actual EI, ie, 8.7% higher. However, for
individuals with an overall precision of 36.7%, our data are consis-
tent with the conclusion that the large differences between the DLW
and DXA methods and actual EI reflect current technological limits
of the DXA method, which is inadequate to detect small changes in
body energy stores and therefore EI. As discussed in our article,
limitations in the precision of the measures in the changes in body
energy stores by DXA can produce intraindividual SDs of 	400
kcal/d, which is a substantial proportion of daily EI for most indi-
viduals. Given these SDs, our observation that DLW- and DXA-
based estimates of EI for some individuals had discrepancies from
measured EI that substantially exceeded this magnitude is not sur-
prising. Therefore, we do not feel that our conclusion that “the
interindividual variability was too large to provide an assessment of
CR adherence on an individual basis” was “premature.” In view of
the above argument and of the small sample size, we do not believe
that there is much value in speculating about the precision or accu-
racy of the method, on the basis of a Bland-Altman plot that com-
pares the provided and the calculated EI values, whether or not the
most discrepant values are excluded from the analysis. In prepara-
tion for our article, we made such a plot, but we elected not to present
it because the number of subjects was too small to establish a firm
conclusion that the differences between the 2 methods were truly
proportional to estimated EI, even though the 2 lowest and the high-
est data points were mostly responsible for the potential proportion-
ality. Eliminating 30% of the data points, as Bowman and Loucks
suggest, does not seem appropriate.

We, however, do agree with Bowman and Loucks that our data set
is too small to establish a concrete value for the accuracy and pre-
cision of the method, but this was not the aim of our study. As
discussed in our article, under different conditions (eg, large rates of
weight change and longer measurement intervals), the accuracy and
precision of DLW-based measures of individual EI during weight
loss may differ from our observed values, especially with improved
methods to determine body composition. This could be explored in
future studies. In conclusion, our study documented that, until better
methods to measure intraindividual changes in energy stores are
available, individual EE but not EI can be measured in periods of
caloric restriction.

LMR spent 1 y as a postdoctoral fellow with AB Loucks. None of the other
authors had a financial conflict of interest.

Lilian de Jonge
Leanne M Redman

Tuong Nguyen
Eric Ravussin
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The effect of soybean-based foods on plasma
lipid and lipoprotein concentrations

Dear Sir:

We would like to clarify statements printed in the editorial by
Steinberg (1) accompanying our recent publication about the effect
of different forms of soybean-based foods on plasma lipid and li-
poprotein concentration and other cardiovascular disease risk factors
(2). It was written that “. . . when the change from baseline was
examined, all groups had a substantial improvement in lipid values.”
There appears to have been a misunderstanding in the nature of the
data presented and the statistical analysis. We did not examine a
change from baseline, nor, given the study design, would it have been
appropriate to do so. We reported baseline characteristics of the
study volunteers at the time of screening (Table 1 from reference 2).
These data were collected to verify that the study volunteers met the
predetermined inclusion criteria for recruitment and were collected
during a period when they consumed their habitual diet. This habit-
ual diet likely differed among individuals; hence, it is inappropriate
to compare those data with the data that were collected during the
controlled intervention period (Table 3 from reference 2) and draw
conclusions. Regardless of the intervention, as we have seen in the
past, plasma lipid and lipoprotein values observed during the screen-
ing period were frequently less favorable with respect to cardiovas-
cular disease risk profiles than were those observed during any of the
intervention periods (3–6). This misunderstanding also led to a sec-
ond inaccurate statement in the editorial: “It also provides good
evidence that soy protein can elicit a hypocholesterolemic effect
similar to that of animal protein when the dietary components are
held constant.” Differences between data collected at the end of the
intervention periods and those collected at baseline are likely attrib-
utable to multiple factors, such as the saturated fat, cholesterol, and
fiber contents of the diets, and not to a single dietary component.
However, this hypothesis cannot be tested from the available data.

The authors had no conflicts of interest to declare.

Alice H Lichtenstein
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711 Washington Street
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Reply to AH Lichtenstein and NR Matthan

Dear Sir:

I would like to respond to the letter by Lichtenstein and Matthan
regarding my editorial comments (1) concerning their recent publi-
cation (2). The statements in contention refer to the change from
baseline in lipid values and to the hypocholesterolemic effects of soy
proteins compared with those of animal proteins. These statements
were meant to call attention to the very phenomenon that the authors
describe in their letter; ie, that lipid and lipoprotein values observed
at an initial screening have less favorable cardiovascular risk profiles
than do those observed during intervention periods. This was the
case in their latest study (2), in which all treatment groups showed
improvement, as has been reported numerous times before. The
editorial comments refer to this in a qualitative manner and were not
meant to imply that statistical analyses were performed to examine
that relation. It is well appreciated that the nature of the study was a
randomized crossover design and that the statistical analysis used
analysis of variance with the main effect of diet and subject as
repeated measures for each outcome variable with pairwise compar-
isons between endpoint values for each of the treatment groups.

There is also no misunderstanding that the conclusions stated by
the authors in their publication referred to outcomes from treatments
based on differently processed soy products compared relative to
each other and with animal protein and to a comparison between the
effects of animal protein and soy protein on CVD risk factors. In
summary, we agree that soyfoods included in the diet could be
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beneficial for overall cardiovascular disease risk reduction through
displacement of atherogenic dietary components or other mecha-
nisms that have yet to be elucidated.

The author had no conflict of interest to declare.
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Is there any monitoring of the quality of vitamin A
capsules used in supplementation programs?

Dear Sir:

We are writing to comment on the publication entitled “Random-
ized controlled safety and efficacy trial of 2 vitamin A supplemen-
tation schedules in Tanzanian infants” by Idindili et al (1), which was
recently published in the Journal.

We conducted a similar trial in Kintampo, Ghana, and our study
and that by Idindili et al conducted in Tanzania were both funded by
the World Health Organization in 2002. Both studies assessed the
effectiveness of a new maternal and young infant vitamin A dosing
regimen, in which mothers and infants in the intervention arm were
given 400 000 IU vitamin A within 6 wk of delivery, and their infants
were given 50 000 IU vitamin A at 6, 10, and 14 wk of age as recom-
mended in the Annecy Accords (2). Mothers and infants in the control
arm were given the old regimen of 200 000 IU vitamin A within 6 wk of
delivery, and their infants received 25 000 IU vitamin A at 6, 10, and 14
wk along with DPT (diphtheria-pertussis-tetanus) immunizations.

The effect of the 2 supplementation regimens on breast-milk
retinol concentrations and on infant serum retinol concentrations,
assessed by using modified-relative-dose-response tests, were as-
sessed at 6 wk, 6 mo, and 9 mo of age. The incidence of side effects,
such as bulging of the anterior fontanel, vomiting, and incidence of
severe morbidity, were also measured at these ages.

Our results were similar to those of the Tanzanian study, but were
only available for a small number of infants who were enrolled early
in the trial because the routine monitoring of capsule content showed
degradation of some vitamin A capsules. The vitamin A capsules
used in both trials came from the same source. The capsules used in
the Tanzania study also underwent degradation; however, enroll-
ment in the Tanzanian trial was completed before the degradation
occurred; the Ghanian trial started a year later.

The conclusion of both trials was that a regimen of 50 000IU
vitamin A with early infant vaccines has no advantage over the

previously recommended regimen of 25 000 IU, which has impor-
tant policy implications.

The combined evidence from those trials and the original World
Health Organization multicenter trials (3) in Ghana, India, and Peru
suggests no overall benefit of vitamin A supplementation in combi-
nation with vaccines in the first 5 mo of life. Indeed, it is no longer
a policy recommendation to do so; the emphasis remains on larger
doses to older children.

However, these trials also raise questions about the stability of
capsules being used in vitamin A supplementation programs and the
need to monitor their retinol content to ensure that young children
actually receive adequate amounts of vitamin A.

The authors had no conflicts of interest.

Sam Newton
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A controlled trial of reduced meal frequency
without caloric restriction in healthy, normal-
weight, middle-aged adults

Dear Sir:

Studies in rodents have shown a marked increase in lifespan and
disease resistance in animals subjected to intermittent fasting (1, 2).
The suggestion that humans may respond similarly to a reduced meal
frequency raises several important questions. Is reduced meal fre-
quency feasible in humans? Does reduced meal frequency confer
health benefits independent of calorie restriction? Are there alterna-
tive approaches by which to study the relation between meal fre-
quency and longevity? The recent article in the Journal by Stote et al
(3) provides insight into this inadequately studied aspect of human
nutrition (4). With respect to the first question, the trial by Stote et al
(3) and that by Heilbronn et al (5) showed that compliance with
once-a-day and alternate-day feeding is feasible for humans partic-
ipating in controlled trials. However, greater subjective ratings of
hunger indicate that compliance is unlikely in free-living persons. In
addition, restricting consumption to once a day may compromise
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diet quality. In the trial by Stote et al, subjects consuming one meal
a day “reported extreme fullness after the meal and had difficulty
finishing their food in the allotted time.” This occurred despite the
selection of energy-dense foods and a fiber intake of only 7.4 g/1000
kcal, which is below the current adequate intake of 14 g/1000 kcal
(6). Foods with low energy density, such as fresh fruit, vegetables,
water-rich whole grains, and legumes, are associated with high diet
quality (7). Adherence to a diet restricted to one meal a day would
preclude frequent selection of such foods because of their bulk. A
direct comparison between the study by Stote et al and those studies
performed in animals is complicated by methodologic differences.
However, the absence of overlap in measured biomarkers suggests
that reduced meal frequency without calorie restriction in humans is
unlikely to achieve the extension in lifespan seen in animal models.

As discussed by Stote et al, Muslims who fast during Ramadan
exhibit physiologic adaptations to the consumption of 2 meals/d. A
different 2 meals/d pattern is followed by some Seventh-day Ad-
ventists (8). The proportion of Seventh-day Adventists who adhere
to a 2 meals/d pattern is lower than that of Muslims during Ramadan.
Yet, among Seventh-day Adventists, the 2 meals/d pattern typically
is chronic, and sometimes lifelong, which would allow sufficient
time to achieve stable changes in physiology. The timing of meals
represents another distinction between these 2 religious groups. Dur-
ing Ramadan, Muslims eat before dawn and after dusk. Seventh-day
Adventists following a 2 meals/d plan typically consume their final
meal in the afternoon. This pattern results in a longer period between
dinner and breakfast, which may be biologically important (9).
Seventh-day Adventists had a greater life expectancy than did other
white Californians (10), which has been attributed to low smoking
rates, their emphasis on the consumption of a plant-based diet, and
several other lifestyle factors. However, the relation between re-
duced meal frequency and longevity among Seventh-day Adventists
has never been studied. Prospective or cross-sectional studies of
Seventh-day Adventists present a valuable opportunity to clarify the
relation between meal frequency and longevity in humans.

The author had no personal or financial conflict of interest.
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Erratum

Negrean M, Stirban A. Stratmann B, et al. Effects of low- and high-advanced glycation endproduct meals on
macro- and microvascular endothelial function and oxidative stress in patients with type 2 diabetes mellitus. Am J
Clin Nutr 2007;85:1236–43.

In the acknowledgment section on page 1242, the following sentence should have been inserted after the first
sentence: “MN and AS contributed equally to this work.”

Erratum

Smith AD. Folic acid fortification: the good, the bad, and the puzzle of vitamin B-12. Am J Clin Nutr 2007;85:
3–5.

On page 4, the fifth sentence of the first full paragraph should read as follows: “Although no relation between
total plasma folates and NK cytotoxicity was evident, a highly significant inverse linear association between the
amount of folic acid in plasma and NK cytotoxicity was observed, particularly in women aged �60 y.” The word
a was incorrectly substituted for no.
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