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Editorial

See corresponding article on page 639.

Calcium intake, body fat, and bones—a complex relation1,2

Connie M Weaver and Stacey L Mobley

Two commonly cited risk factors for osteoporosis are dietary
calcium intake and body weight (1). Recently, many reports have
found that dairy and calcium intakes are inversely related to body
fat (2, 3). In this issue of the Journal, Varenna et al (4) conclude
that a low dietary calcium intake may increase the risk of osteo-
porosis in early postmenopausal women, but this negative effect
can be offset by a high body mass index (BMI).

Varenna et al measured lumbar (L2–L4) bone mineral density
(BMD), BMI, and dairy intake in 1777 healthy, early postmeno-
pausal women in a cross-sectional, retrospective, observational
study. Women in the lowest quartile of dairy intake had a greater
BMI and were at a greater risk of being overweight than were
women in the highest quartile of dairy intake (OR: 3.717; P �
0.001). Lumbar BMD was significantly lower in the lowest dairy
intake quartile than in the highest dairy intake quartile (0.862
compared with 0.890 g/cm2; P � 0.003); however, the preva-
lence of osteoporosis, osteopenia, and postmenopausal fractures
did not differ statistically between quartiles.

Given the interdependence of predictors of bone mass and
fracture incidence, it should not be surprising that the literature is
confusing. This is especially true for observational studies, for
which the findings often depend on the adjustments made and are
often fraught with confounders. Observational studies do not
always find a relation between calcium or dairy intake and
BMD—a marker of fracture risk. For example, dairy calcium
intake was positively related to total hip BMD in elderly men (r �
0.23, P � 0.0019), but not in women, in the study by McCabe et
al (5). However, when the same subjects were randomly assigned
to consume a calcium supplement, a vitamin D supplement, or a
placebo, both men and women responded equally to treatment
(6). A cross-sectional study would not have predicted that
women would have responded favorably to calcium supplemen-
tation.

Dietary constituents other than calcium should also be con-
sidered when evaluating the effect of dietary calcium on bone and
body weight. High-calcium diets have been reported to be sig-
nificantly higher in protein, saturated fat, vitamin D, magnesium,
and phosphorus (7). Many observational studies evaluating cal-
cium’s effects do not account for these nutrients as potential
covariates or confounders, which may contribute to conflicting
results.

In the study by Varenna et al, overweight had to be in the model
to see a significant relation between dairy intake and osteoporosis
risk. The protective effect of a high BMI on bone in individuals
with low calcium intakes may not extend to higher BMIs than in

the cohort study by Varenna et al. Although increasing weight
can be protective against bone loss, excess adipose tissue can
activate calcifying vascular cells and inhibit osteoblastic differ-
entiation through lipid oxidation products (8).

Given our current knowledge, it is probably unwise to offer the
choice between drinking milk and gaining weight for protection
against bone loss. Most individuals would more likely benefit
from the consumption of 3 servings of dairy products daily as
recommended by the Dietary Guidelines for Americans (9) to
protect against bone loss and to possibly manage healthy body
weight.

CMW is on the advisory boards of Wyeth Global Nutrition and Pharmavite
and has received research grants from Delavau and Dairy Management Inc.
SLM is on the advisory board of the National Dairy Council.
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Editorial

See corresponding article on page 718.

The rise and fall of blood folate in the United States emphasizes the
need to identify all sources of folic acid1,2

Lynn B Bailey

Folic acid–containing supplements and fortified foods, includ-
ing enriched cereal–grain products and ready-to-eat (RTE) cere-
als, are the primary sources of folic acid intake in the United
States (1). Changes in the intake of any of these sources may
significantly affect blood folate concentrations. To effectively
monitor how changes in folic acid intake are influencing trends
in folate status, it is important to characterize the sources of folic
acid, as illustrated in the recent publications by Yang et al (1) and
Berry et al (2). During the past decade, as blood folate concen-
trations have first increased and then decreased, the assumption
was that the blood folate changes were due solely to changes in
folic acid intake from enriched cereal–grain products. A report
by Pfeiffer et al (3) in this issue of the Journal provides the first
opportunity to evaluate trends in blood folate concentrations in
the US population that extend beyond the early postfortification
phase (ie, 1999–2000) by encompassing the more recent periods
of 2001–2002 and 2003–2004. In these 2 survey periods, serum
and RBC folate concentrations declined significantly from those
seen in 1999–2000. The observed decreases are of a magnitude
much smaller than that of the initial increase that occurred in the
wake of fortification. Detailed analysis of the sources of folic
acid intake will be necessary before it is possible to ascertain
whether the observed changes in blood folate concentrations
could be attributed to changes in folic acid intakes from enriched
cereal–grain products, folic acid–containing supplements, or
RTE cereals.

It is important to consider that changes in the use of folic
acid–containing supplements may have affected blood folate
concentrations in the years since fortification was implemented.
Supplement use in the United States previously was reported to
be greater during the first postfortification period (NHANES
1999–2000) than during the prefortification period (NHANES
1988–1994); considerable variation was seen, depending on
race-ethnicity (4). The reported use of folic acid–containing sup-
plements in predominantly white women of childbearing age
across all time intervals fluctuated from �30% of that population
before fortification (1995–1998), rising to �40% in 2004 and
returning to prefortification proportions in 2005 (5). Differences
in supplement use should also be considered as a potential ex-
planation for observed differences in blood folate concentrations
between different racial-ethnic groups. Yang et al (1) estimated
that non-Hispanic white women in the United States obtained
�48% of their folic acid intake from supplements, whereas
non-Hispanic black and Hispanic women obtained only �26%,

according to data from NHANES 2001–2002. No supplement
use data are provided in the report by Pfeiffer et al (3); however,
the rank order of blood folate concentrations among racial-
ethnic groups—ie, non-Hispanic white � Mexican American �
non-Hispanic black—likely is due in part to differences in the
proportions of each of these groups who used folic acid–
containing supplements (1, 6). Because the blood folate data
were not analyzed separately for supplement users and nonusers,
it is not possible to estimate the potential influence of supple-
ment use on observed changes in blood folate concentrations (3).
In future investigations of trends in blood folate concentrations,
it would be of interest to determine whether folate status differs
between supplement users and nonusers and whether supple-
ment use is affected by race-ethnicity in each sex and age group.

A potential explanation for the most recent observed decreases
in blood folate concentrations may be that industry has reduced
the amount of folic acid it adds to enriched cereal–grain products.
In an analysis of a number of enriched foods during the early
postfortification period (1998–1999), Rader et al (7) found that
the total folate content of many of the analyzed foods far ex-
ceeded the amount required by federal regulations. Although
there has been no systemic examination of changes in folate
content of enriched cereal–grain products, 2 research groups
have reported data supporting the conclusion that the amount of
folic acid added to the food supply has been reduced (8, 9).
Johnston and Tamura (8) found that, in 2002 and 2003, the folate
content of white breads containing enriched flour was signifi-
cantly lower than that observed in 2001. Poo-Prieto et al (9) used
a new affinity/HPLC method to measure the quantity of folic acid
in numerous folic acid–enriched foods. In their study, no evi-
dence was found of folic acid overages in enriched products. An
ongoing systematic evaluation of the folic acid content of en-
riched food products is needed to track changes that may be
associated with observed fluctuations in blood folate concentra-
tions in the US population, such as those reported by Pfeiffer et
al (3). This evaluation will be a daunting task, considering the fact
that there are thousands of food products—including such

1 From the Food Science and Human Nutrition Department, University of
Florida, Gainesville, FL.

2 Reprints not available. Address correspondence to LB Bailey, Food
Science and Human Nutrition Department, PO Box 110370, Room 359, Food
Science and Human Nutrition Building, Newell Drive, University of Florida,
Gainesville, FL 32611. E-mail: lbbailey@ifas.ufl.edu.
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widely used products as flour and pasta—that contain folic acid–
enriched cereal-grain components.

Another proposed explanation for the observed decrease in
blood folate concentrations from 2001 to 2004 is the reduced
consumption of cereal-grain products that resulted from the low-
carbohydrate diet trend (5). Before the beginning of the low-
carbohydrate diet trend in the early postfortification period
(1999–2000), the food category of bread, rolls, and crackers was
ranked as the top source of folate in the US diet, exceeding
vegetables, which had been the top source before fortification
(10). Recent data indicate that the low-carbohydrate trend is
diminishing somewhat, which may positively affect blood folate
concentrations (5). Whether the current focus in the United States
on weight reduction will affect the consumption of folic acid–
enriched cereal grain products has yet to be determined.

The early positive effect of the folic acid fortification pro-
gram—ie, a 26% reduction in the prevalence of neural tube
defects (NTDs) in the United States—is well documented (11,
12). It is not known whether the 16% and 8% declines in serum
and RBC folate concentrations, respectively, from 1999–2000 to
2003–2004 in women of childbearing age (15–44 y old) affected
the incidence of NTDs (13). No data on the prevalence of NTDs
during 2003–2004 are available from the National Birth Defects
Prevention Network, which prevents a comparison of NTD
trends for 1999–2004 with trends in blood folate concentrations
in women of childbearing age during that same time period (13).
Pfeiffer et al detected no changes in the prevalence of low blood
folate concentrations during 1999–2004, when the overall trend
was downward, a condition that presumably carries a higher risk
of an NTD-affected pregnancy.

Pfeiffer et al addressed the need to increase the folate intake of
the target group (ie, women of childbearing age) and yet to guard
against “excessive” folate intakes in the population as a whole.
No data are available to support any negative effects of folic acid
consumed in fortified foods; in contrast, evidence is cited that
folic acid fortification is associated with a significant reduction
in the rate of death due to strokes (14). These population-based
data span more than a decade (1990–2002) and document a
significant reduction in stroke mortality after the implementation
of folic acid fortification (14). Pfeiffer et al contrasted these
findings with data from short-term randomized clinical interven-
tion studies in which supplemental folic acid was not shown to
reduce the recurrence of events or mortality due to established
vascular disease. Unlike NTDs, chronic vascular and neurologic
diseases and cancer evolve over a lifetime, which provides one
explanation for why these disease outcomes are not likely to be
influenced in short-term secondary intervention studies. When
all of the current evidence related to homocysteine and vascular
disease risk is considered in the context of study design, varied
responses due to folic acid fortification, and statistical power, it
is premature to pass judgment on the clinical and public health
relevance of these findings (15).

In evaluations of nonrandomized studies in which blood folate
concentrations were associated with health outcomes, it is im-
portant to recognize that there may be a number of unidentified
confounding variables that were not controlled for in the analysis
and that could bias the conclusions. An example of such a study
is that of Morris et al (16), in which impaired cognition was
associated with high serum folate concentrations in a very small
subset (42/3707) of persons with low vitamin B-12 status. As is

shown in the detailed critique of that study in a letter to the editor
by Berry et al (2), subjects in the high serum folate category likely
differed from subjects with lower serum folate concentrations
because of the former group’s supplement use and, potentially,
other health-related issues, such as pernicious anemia, that may
have negatively affected cognitive function. If future studies
identify adverse effects associated with high blood folate con-
centrations, it will be important to be able to characterize the
sources of folic acid intake, including supplements, enriched
cereal–grain products, and RTE cereals, that are associated with
high blood concentrations, so that appropriate policy decisions
can be made.

The report by Pfeiffer et al (3) makes a valuable contribution
to our understanding of trends in folate and vitamin B-12 status
of the US population before and after the beginning of the folic
acid fortification program. The rise and fall in blood folate con-
centrations in the United States and the potential for these
changes to have health-related consequences provide the incen-
tive for further investigations to identify and monitor changes in
the specific sources of folic acid intake.

The author had no conflict of interest.
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Review Article

Modulation by high-fat diets of gastrointestinal function and
hormones associated with the regulation of energy intake:
implications for the pathophysiology of obesity1�3

Tanya J Little, Michael Horowitz, and Christine Feinle-Bisset

ABSTRACT
The presence of fat in the small intestine slows gastric emptying,
stimulates the release of many gastrointestinal hormones, and sup-
presses appetite and energy intake as a result of the digestion of fats
into free fatty acids; the effects of free fatty acids are, in turn, de-
pendent on their chain length. Given these effects of fat, it is para-
doxical that high dietary fat intakes have been linked to increased
energy intake and body weight and are considered to play a signif-
icant role in the pathogenesis of obesity. However, increasing evi-
dence indicates that a chronic increase in dietary fat is associated
with an attenuation of the feedback signals arising from the small
intestine induced by fat, with a consequent relative acceleration of
gastric emptying, modulation of gastrointestinal hormone secretion,
and attenuation of the suppression of energy intake. This review
addresses the gastrointestinal factors involved in the regulation of
appetite and energy intake, with a particular focus on 1) the gastro-
intestinal mechanisms triggered by small intestinal fat that modulate
energy intake, 2) the potential role of a high dietary fat intake in the
development of obesity, and 3) implications for the prevention and
management of obesity. Am J Clin Nutr 2007;86:531–41.

KEY WORDS Fat, high-fat diet, gastrointestinal function, en-
ergy intake, obesity

INTRODUCTION

Obesity can, in the broadest sense, be considered to be the
result of an energy intake that exceeds energy expenditure. Sig-
nals arising from the gastrointestinal tract play a fundamental
role in the regulation of appetite and energy intake, and evidence
indicates that the gastrointestinal and hormonal mechanisms in-
volved in the suppression of appetite and energy intake are com-
promised in obesity (1, 2). Hence, obesity may, at least in part,
reflect a decreased sensitivity to the gastrointestinal effects of
nutrients, particularly in the face of excessive calorie intake.
Studies in animals and, to a much more limited extent in humans,
indicate that consumption of a high-fat diet has the capacity to
modulate the gastrointestinal responses to ingested fat and,
thereby, leads to impairments in appetite regulation that favor the
development of obesity. A number of factors potentially in-
volved in the regulation of energy intake, including gastric emp-
tying (3, 4), intestinal transit (3, 5), gastropyloroduodenal mo-
tility (6), and the secretion and/or action of gastrointestinal

peptides, including ghrelin, cholecystokinin (CCK), glucagon-
like peptide 1 (GLP-1), and peptide YY (PYY) (7–10) are altered
by a high-fat diet.

This review summarizes current knowledge about the gastro-
intestinal regulation of appetite and energy intake, with a partic-
ular focus on 1) the mechanisms triggered by fat in the gut that
modulate energy intake, 2) the potential role of a high dietary fat
intake in the pathogenesis of obesity, and 3) implications for the
pathophysiology and prevention and management of obesity.

INTERACTION OF FAT WITH THE GUT:
IMPLICATIONS FOR THE REGULATION OF ENERGY
INTAKE

Although an increased dietary fat intake apparently contrib-
utes to overconsumption (11, 12), it is pertinent to recognize that
fat has effects in the gastrointestinal tract that favor the suppres-
sion of appetite and energy intake. The inhibitory effects of oral
fat on energy intake result from the modulation of gastrointesti-
nal, rather than “systemic,” factors, eg, when infused intrave-
nously lipid has no effect on energy intake (13). In healthy sub-
jects, small intestinal infusion of lipid has the capacity to potently
slow gastric emptying (14); stimulate the release of a number of
gastrointestinal hormones, including CCK, PYY, and GLP-1;
suppress ghrelin (15–17); and reduce energy intake at a subse-
quent meal (18). Increasing evidence indicates that the digestive
products of fat, free fatty acids, are primarily responsible for
triggering the gastrointestinal effects of fat (16, 19).

Effects of small intestinal fat on gastrointestinal function

The interaction of nutrients, particularly fat, with receptors in
the small intestine results in inhibition of gastric emptying (20,
21), which serves to prolong gastric distension and regulate the
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rate at which nutrients enter the small intestine. Relaxation of the
proximal stomach (22, 23), a decrease in antral and duodenal
contractility (24), and an increase in tonic and phasic pyloric
pressures (25) underlie the slowing of gastric emptying. These
effects of fat on gastric emptying and gastrointestinal motility
appear to be responsible, at least in part, for the inhibition of
appetite and energy intake (26, 27). For example, there is a close
relation between 1) hunger with gastric emptying, such that as
gastric emptying progresses, hunger increases, presumably as a
result of decreased gastric distension (28), and 2) the perception
of fullness and subsequent energy intake with the amount of a
meal in the distal stomach (26, 29). Furthermore, both distension
of the proximal stomach with a water-filled balloon to �400 mL
in humans (30) and the stimulation of isolated pyloric pressures
by electric stimulation in dogs (27) are associated with a reduc-
tion in energy intake.

The presence of fat in the small intestine also modulates the
secretion of a number of gastrointestinal hormones, including
CCK (31), GLP-1 (32), PYY (15, 16), and ghrelin (16, 33), all of
which have been implicated in the regulation of gastrointestinal
function (34–37) and energy intake (38–41). There is substantial
disparity in both the nutrient stimuli and site of secretion of these
hormones. CCK is secreted from the I cells of the proximal small
intestine (ie, the duodenal and jejunal mucosa) and is released in
particular by the digestion products of fat and protein (17, 31, 42,
43), but also by glucose (44). GLP-1 is secreted from L cells
located primarily in the distal small intestinal mucosa, predom-
inantly in response to fat (17) and carbohydrate (45). PYY is
secreted from L cells of the ileum and large intestine, particularly
in response to long-chain fatty acids (46). The secretion of PYY
also occurs in response to neurohumoral signals originating from
the proximal gut, including CCK (47–50). Ghrelin, an endoge-
nous ligand of the growth hormone secretagogue receptor, is
primarily synthesized by oxyntic cells of the fundic mucosa (51),
and, in contrast with the other gastrointestinal peptides, is sup-
pressed by nutrient ingestion (16, 33, 52) and by both exogenous
(49) and endogenous (50) CCK. Exogenous administration of
PYY3–36 (53) has also been reported to suppress plasma ghrelin
concentrations, although the doses used would need to be con-
sidered to be supraphysiological. Specific antagonists are not
currently available to evaluate the effects of endogenous PYY on
ghrelin in humans. In mice, exogenous administration of a phar-
macologic dose of PYY3–36 did not suppress ghrelin over the time
frame in which it has anorexigenic effects. Furthermore, in PYY
knockout mice, plasma ghrelin concentrations were not different
from those in wild-type animals (54). Ghrelin is also suppressed
by the intravenous infusion of glucose (55) and during hyperin-
sulinemia (56).

Importance of fat digestion to the effects of fat on
gastrointestinal function and energy intake

Recent studies indicate that the digestion of fat, and the con-
sequent release of free fatty acids into the small intestine, is a
prerequisite for the effects of fat on gastric emptying, gastropy-
loroduodenal motility, gastrointestinal hormone secretion, appe-
tite, and energy intake (17, 19, 57–61). For example, adminis-
tration of tetrahydrolipstatin, a lipase inhibitor which is the active
ingredient of the anti-obesity drug, orlistat, with a mixed-nutrient
meal accelerates gastric emptying of both the solid and lipid
phases (60). Furthermore, tetrahydrolipstatin also markedly at-
tenuates the effects of intraduodenal infusion of triacylglycerol

on proximal gastric relaxation (58); antropyloroduodenal motil-
ity (17); the secretion of CCK, GLP-1, pancreatic polypeptide
(PP), and PYY; and the suppression of ghrelin (16, 17, 58). In
healthy lean male subjects, the acute inhibitory effects of a high-
fat preload (70% fat) (19) and intraduodenal triacylglycerol (17)
on subsequent energy intake are also attenuated after adminis-
tration of orlistat.

The effects of free fatty acids on gastrointestinal motor func-
tion, gut hormone release, and energy intake are, in turn, depen-
dent on their acyl chain length (62–65). In pioneering studies
reported in 1968, Hunt and Knox (63) showed that intragastric
infusions of fatty acids with an acyl chain length of �12-carbon
atoms inhibit gastric emptying in humans, whereas those with
�10 carbon atoms are ineffective. Consistent with this, fatty
acids with �12 carbon atoms have been shown to relax the
proximal stomach and reduce the amplitude of antral contrac-
tions more than fatty acids with �10 carbon atoms (64). More-
over, in healthy subjects, intraduodenal administration of lauric
acid (12 carbon atoms) has been shown to stimulate phasic pres-
sure waves localized to the pylorus and basal pyloric pressure and
to suppress antral and duodenal pressure waves much more than
an isocaloric infusion of decanoic acid (10 carbon atoms) (62).
Similarly, intraduodenal infusion of fatty acids with 12 carbon
atoms stimulates CCK secretion much more than does the infu-
sion of fatty acids with 10-carbon atoms (62, 64); stimulates plasma
GLP-1, PP, and PYY; and suppresses ghrelin, whereas fatty acids
with 10-carbon atoms appear to have no effect (33, 62).

Given the pivotal role of fatty acid chain length in mediating
the effects of fat on gastrointestinal motility and gut hormone
secretion, it is not surprising that the effects of free fatty acids on
appetite and energy intake are also dependent on their acyl chain
length. In rats, intraduodenal infusions of 12-carbon fatty acids or
oleic acid (C18:1) suppress food intake, whereas fatty acids with
�10 carbon atoms appear ineffective (65). In healthy male sub-
jects, a 90-min intraduodenal infusion of C18:1 (�288 kJ), but
not of C8 (�163 kJ), has been reported to suppress energy intake
(57); however, because the infusions were not isocaloric, the data
are difficult to interpret. Nevertheless, recent observations from
our laboratory have confirmed a marked inhibitory effect of the
intraduodenal infusion of 12-carbon fatty acids, when compared
with an isocaloric infusion of 10-carbon fatty acids, on energy
intake (62). Infusion of 12-carbon fatty acids (�140 kJ) reduced
perceptions of hunger and the desire to eat and suppressed energy
intake at a subsequent meal by �2857 kJ, when compared with
both a control and 10-carbon fatty acids (62).

The precise mechanisms by which carbon chain length medi-
ates the gastrointestinal effects of fatty acids remain poorly de-
fined; however, differences in their absorptive pathways are
likely to be important. Fatty acids with a chain length of �11
carbon atoms are predominantly absorbed from the gut directly
into the portal vein (66), whereas fatty acids with a chain length
of �12 carbon atoms are predominantly reesterified and pack-
aged into chylomicrons that pass through the lymph to the cir-
culation (67). Chylomicron formation is essential to the actions
of fatty acids with �12 carbon atoms. In rats, inhibition of chy-
lomicron formation via use of the detergent Pluronic L-81
(BASF, Wyandotte, MI) has been shown to abolish the effects of
lipid on gastric emptying (68), the release of CCK and energy
intake (69), and the activation of vagal afferents (70).
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Effects of increasing the length of small intestine exposed
to nutrients on gastric emptying, gut hormone release,
and energy intake

The effects of nutrients on gastric emptying and gastrointes-
tinal hormone secretion are also dependent on the length, and,
possibly, the region, of small intestine exposed to nutrients. An
initial study in dogs implanted with small-intestinal fistulae
showed that glucose, when infused into the entire duodenum (ie,
unrestricted), inhibits gastric emptying but has no effect when the
infusion is confined to the proximal 5 cm of the duodenum (20).
A subsequent study, also in dogs, established that although both
the proximal and distal small intestine are capable of inhibiting
gastric emptying, inhibition was achieved only when �15 cm of
the small intestine was exposed to nutrients, and maximal inhi-
bition was achieved after exposure of �150 cm, irrespective of
the nutrient concentration and the region exposed (71). The in-
hibitory effect of fat (sodium oleate) on gastric emptying is also
dependent on the length of small intestine exposed; however,
with fat, feedback arising from the proximal small intestine may
be more potent than that arising from the distal small intestine
(72). When considered together, these observations indicate that
“length-dependent” feedback signals arising from the small in-
testine are of particular importance in the regulation of gastric
emptying, ie, because a greater length of small intestine is ex-
posed to nutrients, a greater feedback inhibition of gastric emp-
tying results.

Because the regulatory gut peptides have differing distribu-
tions along the small intestine, modulating the length of small
intestine exposed to nutrient would also be expected to influence
their secretion; this concept is supported by recent observations
in humans (44). For example, when glucose was confined to a
proximal 60-cm segment of the small intestine by an occluding
balloon, plasma concentrations of ghrelin remained unchanged;
in contrast with the situation in which glucose was allowed ac-
cess to the small intestine distal to the balloon, when plasma
concentrations of ghrelin were markedly suppressed (44). Fur-
thermore, whereas in this study the magnitude of the stimulation
of CCK and gastric inhibitory peptide was not affected, the se-
cretion of GLP-1 was apparently dependent on nutrient contact
with the distal small intestine (44). These observations have
important implications for the regulation of appetite and energy
intake, and, indeed, in animal studies the suppression of energy
intake by small intestinal nutrients has been reported to be de-
pendent on the length of small intestine exposed to the nutrient.
For example, in rats, when lactose or oleate was confined to a
35-cm region of the jejunum, they failed to decrease energy
intake; in contrast, when lactose or oleate was allowed access to
the entire length of small intestine, potent suppression of energy
intake was evident (73).

The above considerations may be of particular relevance to the
efficacy of the Roux-en-Y gastric bypass, a procedure that both
minimizes gastric capacity and shunts nutrients to the distal small
intestine and is arguably the most successful treatment for obe-
sity currently available. Weight loss after this procedure was
originally attributed to the small gastric reservoir; however, re-
cent studies suggest that its efficacy may relate predominantly to
distal small intestinal effects. The finding that postprandial
plasma concentrations of GLP-1 and PYY (Figure 1) increase
after Roux-en-Y gastric bypass (74–76) is consistent with this

concept, and the increased satiety reported by subjects after sur-
gery (77), which leads to substantial weight loss, may well be the
result of these hormonal changes. Clearly, further studies are
indicated to establish whether such a relation exists. A number of
studies have shown that plasma ghrelin is suppressed after Roux-
en-Y gastric bypass (54, 74, 78, 79), although there are numerous
reports of unchanged (80–82) or increased (83) plasma ghrelin
concentrations. This decrease in plasma ghrelin concentrations
has been postulated to account for the reduction in hunger and
energy intake in obese patients after this procedure (76); how-
ever, significant weight loss can be observed in the absence of
any change in ghrelin concentrations (81). The precise mecha-
nism by which plasma ghrelin may be decreased after gastric
bypass surgery is unclear. It has, however, been suggested that it
relates to the bypass of the stomach so that few, or no, nutrients
contact ghrelin bearing endocrine cells directly. It is, however,
probable that the increased length of small intestine exposed to
nutrients, particularly the distal small intestine, plays an impor-
tant role, particularly given the evidence that exposure of the
distal small intestine is required for ghrelin suppression by nu-
trients (44, 84). Nevertheless, a role for ghrelin in weight loss
after gastric bypass surgery remains to be established.

EVIDENCE FOR A ROLE OF A HIGH DIETARY FAT
INTAKE IN THE DEVELOPMENT OF OVERWEIGHT
AND OBESITY

Although the causes of obesity are heterogeneous, it is widely
accepted that one of the salient environmental factors contribut-
ing to the current epidemic is the increased availability and over-
consumption of high-fat, energy-dense foods. Epidemiologic
studies have shown a direct relation between the incidence of
overweight and obesity and dietary fat consumption (11, 85). For
example, in those countries in which the incidence of obesity is
rising rapidly, some 45% of the daily energy intake is provided by
fat (11). Furthermore, there is evidence that obese subjects have

FIGURE 1. Mean (�SEM) integrated plasma peptide YY (PYY) con-
centrations in response to a 420-kcal test meal in normal-weight (lean) and
obese subjects and in obese subjects 36 mo after Roux-en Y gastric bypass
(RYGBP) or gastric banding surgery. After RYGBP, plasma PYY secretion
was markedly enhanced. n � 15, 12, 6, and 6 for the lean, obese, RYGBP, and
gastric banding groups, respectively. *Significantly different from lean sub-
jects, P � 0.001. Reproduced with permission (76).
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an increased preference for the consumption of fatty foods (86)
and that the proportion of dietary fat is higher in obese, than in
lean, individuals (87). The consumption of a diet high in fat has
also consistently been shown to promote an increase in energy
intake (12, 88), sometimes termed “high-fat diet hyperphagia.” It
has been purported that the increased availability of nutritionally
unbalanced diets favors an increase in energy intake. This is
consistent with the so-called “protein leverage hypothesis,”
which suggests that the intake of protein is tightly regulated and
that fat and carbohydrate must be overconsumed to maintain
protein consumption at a constant level during the consumption
of high-fat, high-carbohydrate, low-protein diets (89). Animal
studies have established that ad libitum access to a high-fat diet
promotes hyperphagia and obesity and is associated with leptin
and insulin resistance (90). Furthermore, when rats are exposed
to an energy-restricted, high-fat diet, they maintain a body weight
similar to that of pair-fed animals consuming a low-fat diet, but
gain more adipose mass (90), which suggests that the fat content
of the diet per se may influence fat deposition. Thus, there is
substantial evidence indicating that the consumption of a high-fat
diet promotes increased energy intake and body weight.

Effects of a high-fat diet on appetite and energy intake
and gastrointestinal function: implications for the
pathogenesis of obesity

The precise mechanisms by which increased dietary fat intake
promotes weight gain remain unclear. Consumption of a high-fat
diet, however, has been shown in animal, and in a small number
of human, studies to have the capacity to modify small intestinal
morphology and pancreatic secretion (8) and attenuate the effects
of fat on gastric emptying (3, 4, 91), gastrointestinal transit (5),
antropyloroduodenal motility (6), the secretion, and the action of
gastrointestinal peptides, including CCK, GLP-1, PYY, and gh-
relin (7–9, 90, 92). These observations may be of fundamental
relevance to the pathogenesis of obesity. There are, however,
significant limitations associated with these studies. For exam-
ple, the observed effects may relate to the very high level of fat
supplementation (�45%) used in most studies in rats because
rats typically consume a diet containing �5% of energy as fat.
Furthermore, information relating to the effects of high-fat diets
on gastrointestinal function and energy intake in humans are, in
contrast with animal studies, much less conclusive, probably
due, at least in part, to methodologic limitations incurred by the
need to provide humans with normal food items. The following
section will summarize what is known about the effects of ex-
posure to a high-fat diet on gastrointestinal function and energy
intake in both animals and humans. To place these observations
in context, the regulation of gastrointestinal function and energy
intake in obese subjects is then discussed briefly.

Effects of a high-fat diet on small intestinal morphology

In rats, small intestinal morphology (93, 94) and pancreatic
lipase secretion (8) are modified after a high-fat diet. For exam-
ple, an increase in the amount of fat consumed from the diet (fat
intake: 45% of daily energy) for 4 wk increased both small
intestinal cell proliferation and the intestinal absorption of oleic
acid (93–95). Furthermore, the secretion of pancreatic lipase,
amylase, and proteases change in proportion to the dietary con-
tent of fat, carbohydrates, and protein, respectively (8, 96); in rats
fed a high-fat diet containing �20% of the daily energy intake as

fat, the secretion of pancreatic lipase is increased (8, 96, 97). The
hypertrophy of the intestinal mucosa, and increased capacity for
fat digestion, would intuitively be expected to enhance the ab-
sorption of fat from the proximal small intestine and result in a
decreased length of small intestinal exposure, which could, po-
tentially, influence both gastrointestinal function and energy
intake.

Effects of a high-fat diet on gastrointestinal motor
function

Studies in animals indicate that the gastrointestinal motor re-
sponse to fat is attenuated after short-term (ie, 2–4 wk) diets
containing high amounts of fat. For example, in rats, after expo-
sure to a diet providing 54% of the total daily energy as fat for 2
wk, the inhibitory effect of a small intestinal infusion of oleate,
but not of maltotriose, infusion on gastric emptying of 5 mL
saline was attenuated, when compared with rats consuming an
isocaloric diet providing 5% energy as fat (4) (Figure 2). In-
creased exposure of the small intestine to fat has also been shown
to accelerate intestinal transit (5), so that in rats, the infusion of
palm oil into the ileum for 3 h/d for 3 d/wk for 4 wk attenuated the
lipid-induced slowing of small intestinal transit. This accelera-
tion of fat transit was still evident 4 wk after the cessation of the
oil infusions, which suggests that the adaptation of gastrointes-
tinal function may occur more rapidly than the reversal of the
changes; longer-term studies are indicated to evaluate this issue
further.

In humans, similar effects on gastric emptying have been
shown after exposure to a high-fat, high-energy diet. In healthy
male subjects, the consumption of a high-fat diet (2340 kJ fat,
19.3 MJ energy/d) for 14 d resulted in acceleration of gastric
emptying and mouth-to-cecum transit of a high-fat test meal
when compared with a low-fat diet (105 kJ fat, 9.1 MJ energy/d)
(3) (Figure 3). Ingestion of a high-fat diet has also been shown
to modulate antropyloroduodenal motility (6). In healthy male
subjects, exposure to a high-fat, high-energy diet (40% of energy
from fat, 20.1 MJ/d) for 14 d attenuated the effects of an intraduo-
denal lipid infusion on antropyloroduodenal motility, when com-
pared with a low-fat diet (11% of energy from fat, 11.2 MJ/d) (6).

FIGURE 2. Mean (�SEM) percentage suppression of gastric emptying
of a 5-mL saline load in response to intraduodenal infusion of sodium oleate
at 0.03 or 0.06 kcal/mL for 20 min in rats exposed to either a high-fat (54%
of energy as fat) or a low-fat (5% of energy as fat) diet for 2 wk each. Exposure
to the high-fat diet attenuated the inhibitory effect of oleate on gastric emp-
tying. n � 6. *Significantly different from the low-fat diet, P � 0.05. Repro-
duced with permission (4).
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Accordingly, it appears that increasing the fat or energy content
of the diet accelerates gastric emptying. However, because of the
marked difference in the total energy content of the diets, it is
impossible to determine whether the observed changes in gastric
emptying and small intestinal transit were related to the fat con-
tent of the diet per se or to the high energy intake. In another
study, there was no significant difference in the gastric emptying
of a high-fat test meal after exposure to a high-fat diet (55% of
energy from fat) for 14 d (98); however, the high-fat diet was
compared with a prediet condition in which both the fat and
energy contents were uncontrolled (ie, the subjects’ habitual diet
contained 30–40% of energy as fat). Furthermore, in all studies,
only small numbers of subjects have been included, the diets
were of relatively short duration, and the consumption of the diets
was, in general, not associated with a substantial change in body
weight or adiposity; weight gain, if reported at all, was � 2 kg.
Therefore, studies using isocaloric low- and high-fat diets are
required to determine the precise effect of increased dietary fat,
as opposed to an increase in energy intake, on gastric emptying
and gastrointestinal motor function in humans.

As with the studies that have evaluated the effects of high-fat
diets on gastric emptying in humans, gastric emptying has been
reported to be similar (99, 100), faster (101), and slower (102) in
obese than in healthy lean humans. These discrepant observa-
tions may reflect differences in study designs (eg, the previous
dietary intake of the subjects) and in inclusion criteria (eg, mod-
erately compared with morbidly obese). It has been postulated
that obese subjects may have a larger gastric capacity and, as a
consequence, are able to consume larger meals without feeling
full. However, reports of gastric volume in obesity are inconsis-
tent and have been reported to be the same (103), and larger (30),
in obese than in normal-weight subjects. Future studies investi-
gating the effects of obesity on gastric emptying and motility
should take into account the dietary history of the subjects.

Effects of a high-fat diet on the secretion of and
sensitivity to gastrointestinal hormones

The release of CCK, GLP-1, PYY, and ghrelin has been re-
ported to be modulated after a high-fat diet (8, 9, 104, 105). By
definition, changes in the secretion of, and sensitivity to, these

hormones have important implications for the regulation of gas-
trointestinal function and energy intake.

Cholecystokinin

A number of studies indicate that both the secretion of, and
sensitivity to the actions of, CCK are modulated by a high-fat
diet. For example, in rats, exposure to a high-fat diet (20% of
energy as fat) for 14 d increased the CCK response to an in-
traduodenal triacylglycerol infusion by �1.7-fold (8). In rats fed
a high-fat diet, the sensitivity to exogenous CCK also appears to
be attenuated. For example, the inhibitory effects of an intraperi-
toneal injection of CCK-8 on gastric emptying (4) and food
intake (106, 107) were reduced after exposure to a high-fat diet
(34% or 54% of energy as fat) for 2 wk when compared with
exposure to an isocaloric low-fat diet (5% of energy as fat)
(Figure 4), in the absence of any change in body weight or
adiposity. This suggests that chronically elevated plasma CCK
concentrations, induced by an increased consumption of dietary
fat, mediate the reduction in sensitivity to the inhibitory effects of
CCK on food intake. There is, however, inconsistency in the
available information. For example, the suppressive effect of
intraperitoneally infused CCK-8 on energy intake has been re-
ported to be maintained after consumption of a 34%-fat diet for
2 wk in rats (108). In rats that consumed a 60%-fat diet for 2 wk,
the sensitivity to the satiating effects of exogenous CCK-8 has
been reported to increase, rather than decrease, compared with
rats maintained on a low-fat diet (108). The reasons for the
discrepant observations are uncertain; however, it should be
noted that the rats that consumed the 60%-fat diet gained more
weight and adipose mass than did rats that consumed the 5%-fat
or 34%-fat diets; it is, accordingly, possible that the effects of
CCK on gastrointestinal function and energy intake are depen-
dent on body weight.

In humans, although elevated postprandial CCK concentra-
tions have been reported after exposure to a high-fat diet when
compared with a prediet condition (7), the CCK response to
intraduodenal infusion of lipid (2.8 kcal/min), which bypasses
the influence of gastric emptying, was not affected by exposure
to a high-fat diet (6) (Figure 5). It is likely, therefore, that the

FIGURE 3. Mean (�SEM) time taken for 50% of a high-fat test meal to
empty from the stomach (T50) in healthy lean male subjects in response to a
high-fat (2340 kJ fat, 19.3 MJ energy/d) or a low-fat (105 kJ fat, 9.1 MJ
energy/d) diet. Consumption of a high-fat diet accelerated gastric emptying
of a high-fat meal compared with a low-fat diet. n � 12. *Significantly
different from the low-fat diet, P � 0.05. Data adapted with permission (3).

FIGURE 4. Mean (�SEM) percentage suppression of gastric emptying
of a 5-mL saline load in response to intraperitoneal infusion of 0.25, 0.5, 1,
and 2 �g cholecystokinin (CCK)/kg (left panel) and energy intake in response
to 0.25 and 0.5 �g CCK/kg (right panel) after exposure to a high-fat (34% of
energy as fat) or a low-fat (5% of energy as fat) diet for 2 wk in rats. Exposure
to a high-fat diet attenuated the inhibitory effect of exogenous CCK on gastric
emptying and energy intake. n � 6 for gastric emptying; n � 8 for energy
intake. *Significantly different from the low-fat diet, P � 0.05. Reproduced
with permission from references 4 (left panel) and 106 (right panel).
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increased postprandial plasma CCK response in humans ob-
served after consumption of a high-fat diet (7) is primarily re-
flective of more rapid gastric emptying (3), ie, a greater amount
of nutrients present in the small intestine to stimulate the local-
ized secretion of CCK. There is indirect evidence that the sensi-
tivity to the actions of CCK may be attenuated in humans. For
example, in the study by Boyd et al (6), which showed that the
antropyloroduodenal response to an intraduodenal lipid infusion
is attenuated after exposure to a high-fat diet, the plasma CCK
response to lipid was not modified. The effects of exogenous or
endogenous CCK on gastrointestinal function and energy intake
after exposure to a high-fat diet in humans have, hitherto, not
been investigated.

A potential role for CCK in the etiology of obesity is supported
by the observation that rats genetically lacking functional CCK1

receptors are hyperphagic and rapidly develop obesity (109,
110). However, although genetically engineered mice lacking
CCK1 receptors are insensitive to the inhibitory actions of exog-
enous CCK on energy intake, they have normal body weight
(111), which may reflect the substantial redundancy in the sig-
nals involved in the regulation of energy intake. It is uncertain
whether CCK has a role in the pathogenesis of human obesity. In
humans, polymorphisms in the promoter region of the gene for
the CCK1 receptor have been reported to be associated with a
higher percentage of body fat (112) and, accordingly, may con-
tribute to increased body weight. However, mutations of the
CCK1 gene are infrequent in humans (113, 114). In obese sub-
jects, fasting plasma concentrations of CCK have been reported
to be increased in some (2), but not in all (31), studies, and CCK
secretion is higher in obese than in lean subjects after a high-fat
meal, despite comparable rates of gastric emptying (2-h inte-
grated CCK secretion: obese subjects, 540 � 66 pmol/L�min;
lean subjects, 337 � 51 pmol/L�min; P � 0.05) (115). The acute
satiating effect of intravenous CCK-8 in obese subjects does not,
however, appear to differ from that observed in healthy lean
subjects (116, 117). Thus, CCK does not appear to play a major
role in the pathophysiology of obesity in humans.

Glucagon-like peptide 1

Limited information is available about the effect of a high-fat
diet on plasma GLP-1. In a study in dogs that had increased their

body weight and adipose tissue mass after being provided with a
hypercaloric, high-fat diet (�40% energy from fat) for 12 wk,
plasma GLP-1 concentrations were �2.5 times those of dogs fed
a control low-fat diet in the fasting state and were 3.4-fold those
of dogs fed a control low-fat diet in the postprandial state (104).
No studies have evaluated the effects of exogenous GLP-1 on
appetite and energy intake and gastrointestinal function after
exposure to a high-fat diet; hence, it is unknown whether sensi-
tivity to GLP-1 is attenuated, as appears to be the case with CCK.

In humans, the secretion of GLP-1 in response to an intraduo-
denal lipid infusion does not appear to be affected by a high-fat
diet, when compared with a low-fat, low-energy, diet (6). It has
not been determined whether exposure to a high-fat diet modu-
lates the actions of exogenous or endogenous GLP-1 on gastro-
intestinal function or energy intake.

Animal studies suggest that GLP-1 does not play a major role
in the regulation of body weight, because GLP-1 receptor knock-
out mice have a normal body weight (118). Lower plasma GLP-1
concentrations in obese than in lean subjects after oral carbohy-
drate intakes, but not after fat intakes (119, 120), have been
reported. In contrast, fasting concentrations have been reported
to be the same, and there were no differences in plasma GLP-1
concentrations in response to intraduodenal administration of fat
and carbohydrate between healthy lean and obese subjects (121);
hence, changes in gastric emptying may well account for the
differences in GLP-1 secretion observed after meals. The inhib-
itory effects of intravenous GLP-1 on gastric emptying (122) and
appetite and energy intake (122, 123) also do not appear to differ
in obese subjects.

Peptide YY

Although the secretion of PYY is modulated by a high-fat diet,
PYY appears to maintain its inhibitory effect on energy intake.
For example, in mice who had become obese in response to a
high-fat diet (60% of energy as fat) for 16 wk, plasma concen-
trations of PYY were lower in both the fasting and postprandial
states than in rats maintained on a low-fat diet (2.6% of energy as
fat) (105). However, in wild-type mice, exposure to a high-fat
diet (45% of energy as fat) did not attenuate the inhibitory effects
of an intraperitoneal injection of PYY3–36 on food intake (124).
Furthermore, in obese mice fed a very high-fat diet (58% of
energy as fat), chronic infusion of PYY3–36 for a period of 7 d
resulted in a sustained reduction in energy intake and body
weight, which were associated with an increase in fat metabolism
(10).

No studies have evaluated the effects of a high-fat diet on PYY
secretion or the effects of exogenous PYY3–36 on gastrointestinal
function and energy intake in humans. Both fasting and post-
prandial plasma PYY concentrations have been reported to be
lower in obese than in lean (fasting, obese: 10.2 � 0.7 pmol/L;
lean: 16.9 � 0.8 pmol/L) subjects (53). There is also evidence
that, for a given oral caloric load, plasma PYY is lower in obese
than in lean subjects (105). In contrast, responsiveness to the
anorectic effects of exogenous PYY3–36 appears to be maintained
in obesity (53).

Ghrelin

The secretion of ghrelin has been reported to be modulated by
the ingestion of a high-fat diet. In Long-Evans rats, who gained
weight when fed a hypercaloric, very-high-fat diet (70% of en-
ergy as fat) for 14 wk, fasting plasma ghrelin concentrations

FIGURE 5. Mean (�SEM) plasma cholecystokinin (CCK) concentra-
tions in response to ingestion of a standardized breakfast (3480 kJ, 42 g fat)
after exposure to a high-fat (58% of energy as fat) diet for 2 wk compared with
a prediet condition (left panel). Plasma CCK responses to an intraduodenal
lipid infusion (Intralipid, 2.8 kcal/min for 90 min) after exposure to a high-fat
(40% of energy as fat) or a low-fat (10% of energy as fat) diet for 2 wk (right
panel). After the high-fat diet, plasma CCK responses to orally ingested, but
not intraduodenally administered, lipid increased. n � 12 for both panels.
*Significantly different from the low-fat diet, P � 0.01. Data adapted from
references 7 (left panel) and 6 (right panel).
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decreased by �30% when compared with rats fed a control
(chow) diet (125). Likewise, in Sprague-Dawley rats exposed to
a high-fat diet (48% of energy as fat) for 30 d, ghrelin messenger
RNA concentrations and ghrelin secretion were reduced (9). The
suppression of ghrelin by a high-fat diet may reflect an increased
substrate-(fat-)induced inhibition of ghrelin secretion. This re-
duction in plasma ghrelin may represent an appropriate response
to the increased calorie intake associated with high-fat diet con-
sumption and serve to reduce the drive for further intake. The
mechanisms by which ghrelin suppression occurs after exposure
to a high-fat diet is unclear; however, as discussed, ghrelin is
suppressed by hyperglycemia (55) and hyperinsulinemia (56), 2
common features of increased body weight associated with obe-
sity. No studies have, hitherto, evaluated the response to exog-
enous ghrelin after exposure to a high-fat diet.

In humans, plasma ghrelin concentrations have been reported
to be decreased after exposure to a high-fat diet, although the
observations are inconsistent (126, 127). Healthy males ingest-
ing a high-fat, cafeteria-style diet ad libitum for a period of 16 wk
experienced no changes in fasting plasma ghrelin concentrations
compared with a high-protein or high-carbohydrate diet (126).
Another study reported that after supplementation of the habitual
diet with high-fat products for 3 wk, the suppression of plasma
ghrelin after an oral fat load was greater than at baseline, despite
a mean increase in body weight of only 3% (127).

Ghrelin knockout mice do not have a higher body weight or
energy intake than do wild-type controls (128), which argues
against a role for ghrelin in the pathophysiology of obesity.
Plasma ghrelin concentrations have been shown to be inversely
related to body mass index (1, 55), whereas fasting ghrelin con-
centrations are reduced in obese individuals (1). This may relate,
as suggested by animal studies, to an increase in the suppression
of ghrelin as a result of an increase in caloric intake. The meal-
induced suppression of ghrelin is also less in obese subjects
(129).

Effects of a high-fat diet on appetite and energy intake

In rats fed ad libitum with either an isocaloric (2.3 kcal/mL)
high-fat (60% of energy as fat) or high-carbohydrate (76% of
energy as carbohydrate) liquid diet for 16 d, daily energy intake
is substantially greater with the high-fat (106 kcal/d) than with
the high-carbohydrate (97.2 kcal/d) diet (130). It has been sug-
gested that the increased energy intake associated with high-fat
diets reflects increased palatability; however, it appears that
comparable effects of fat are apparent after direct intragastric and
small intestinal administration of nutrients, which bypasses any
orosensory and hedonic inputs. For example, in rats fitted with
intragastric pumps that allowed self-infusion of either a high-fat
or a high-carbohydrate liquid diet, rats receiving the high-fat
liquid infused a greater amount of calories than did those receiv-
ing the high-carbohydrate liquid (131).

Studies in humans have shown that intake of a high-fat diet
increases energy intake. For example, in healthy females, covert
manipulation of the dietary fat content resulted in a 15.4% in-
crease in total daily energy intake during the consumption of a
high-fat diet (45–50% of energy as fat) when compared with the
consumption of a medium-fat diet (30–35% of energy as fat) for
2 wk, and this was associated with weight gain (12) (Figure 6).
Furthermore, this increase in energy intake occurred in the ab-
sence of any change in perceptions of the palatability of the diets.
Similarly, in healthy male subjects, Tremblay et al (88) reported

that a marked increase in acute energy intake occurred after a
very short-term (2 d) increase in the fat content of the diet. French
et al (7) reported that appetite perceptions were modified after
exposure to a high-fat diet (58% of energy as fat) for a 2 wk, with
hunger increasing and fullness decreasing, in healthy male sub-
jects who had gained �2 kg of weight. They also reported a
modest increase in energy intake from a preselected meal, and an
increase in average daily energy intake, as measured by food
diaries, was maintained over the 2-wk dietary intervention (7).

A positive relation between increased BMI with decreased
fullness and a delayed onset of satiety has been reported (132).
Furthermore, in obese subjects the satiating efficiency of oral
nutrients is decreased (133, 134). Hence, obese subjects may well
have to increase their intake to gain the same satisfaction from
their intake as do lean subjects. In contrast, no differences in the
effects of intraduodenal nutrients on energy intake were evident
in a small cohort of obese and healthy lean subjects (135). This
suggests that differences in gastrointestinal hormone secretion,
perhaps resulting from changes in the rate of delivery of nutrients
to the small intestine, may play an important role in the deregu-
lation of energy intake in obesity. Future studies should, accord-
ingly, determine the influence of previous dietary and nutrient
intakes on energy intake in obese subjects.

The evidence summarized above provides a persuasive ratio-
nale for the hypothesis that consumption of a high-fat diet pro-
motes increased energy intake and the development of obesity. In
general, animal studies suggest that the consumption of a high-fat
diet attenuates the effects of fat on gastrointestinal motor func-
tion and gastrointestinal hormone secretion, which favor a re-
duction in energy intake, particularly when the animal becomes
obese. This adaptation of gastrointestinal function may poten-
tially attenuate the signals involved in the feedback inhibition of
appetite and energy intake, which suggests that changes in the
sensitivity to intestinal fat are likely to contribute to the increased
energy intake and obesity manifested by high-fat diets. In hu-
mans, gastric emptying of fat appears to be accelerated, and the
secretion of gastrointestinal hormones modulated, by a high fat

FIGURE 6. Mean (�SEM) daily energy intake over a 14-d period in
response to covert manipulation of the fat content of the diet in healthy female
subjects. Increasing the fat content of the diet resulted in an increase in the
average daily energy intake. n � 24. *Significantly different from the 15–
20%-fat diet and the 30–35%-fat diet, P � 0.0001. Reproduced with per-
mission (12).
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intake; however, no studies have hitherto determined whether
sensitivity to the actions of these hormones on gastrointestinal
function and energy intake is attenuated.

The changes in gastrointestinal function in obesity would ap-
pear to promote increased energy intake and predispose to weight
gain. Large controlled studies are indicated to determine whether
these factors are, or are not, modulated in obesity and to deter-
mine to what extent any effects contribute to disturbances in
energy intake. Although CCK and GLP-1 appear unlikely to play
a major role in the pathogenesis of human obesity, studies using
specific antagonists would be of interest. The attenuated secre-
tion of PYY associated with obesity may lead to increased energy
intake. These observations suggest that targeting the PYY3–36

pathway may provide a potential therapeutic treatment for obe-
sity. Impaired postprandial responses of ghrelin, ie, a failure to
suppress ghrelin concentrations in response to energy intake may
result in an attenuated suppression of hunger and consequently
promote larger meal sizes and energy intakes in obese subjects.
Future studies should evaluate the effects of interactions between
different gastrointestinal hormones, because the studies dis-
cussed above indicate that the administration of these gut hor-
mones alone is unlikely to be effective at reducing energy intake
in the long term, and the effects of more modest differences in
dietary fat intake in human studies also warrant investigation.

CONCLUSIONS

This review has summarized current knowledge relating to the
effects of fat in the gastrointestinal tract and the effect of both a
high-fat diet and obesity on gastrointestinal function, appetite,
and energy intake. Studies in animals have characterized numer-
ous changes in gastrointestinal function, particularly in the se-
cretion and signaling of gastrointestinal hormones in response to
increased fat intakes, which may predispose to an increase in
energy intake, and consequently, to weight gain and obesity.
Currently, studies evaluating the effects of high-fat diets on gas-
trointestinal function and energy intake in humans are limited,
and their interpretation made difficult, by methodologic issues.
Thus, whether the observed changes in gastrointestinal function
reflect an increase in the fat content of the diet per se, or an
increase in carbohydrate and total energy intakes, remains un-
certain. Hence, although the consumption of a high-fat diet ap-
pears to attenuate the effects of fat on gastrointestinal function
and energy intake, and this may promote increased body weight,
further studies are required to identify the mechanisms underly-
ing the development of obesity, ie, well-controlled studies to
determine gastrointestinal motor and hormonal function should
be conducted under conditions in which the previous dietary
nutrient exposure of an individual is taken into account and
controlled for. It is likely that the signals arising from the distal
small intestine, as evidenced by the impairment of PYY secre-
tion, and the efficacy of Roux-en-Y gastric bypass, play an im-
portant role in the regulation of appetite and energy intake and are
of pathogenic relevance to the development of obesity.

The authors’ responsibilities were as follows—TJL: primarily reviewed
the literature; TJL, MH, and CF-B: wrote the manuscript and approved the
final version. None of the authors had a conflict of interest.
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123. Näslund E, Barkeling B, King N, et al. Energy intake and appetite are
suppressed by glucagon-like peptide-1 (GLP-1) in obese men. Int J
Obes Relat Metab Disord 1999;23:304–11.

124. Challis BG, Coll AP, Yeo GS, et al. Mice lacking pro-opiomelanocortin
are sensitive to high-fat feeding but respond normally to the acute
anorectic effects of peptide-YY(3–36). Proc Natl Acad Sci U S A
2004;101:4695–700.

125. Beck B, Musse N, Stricker-Krongrad A. Ghrelin, macronutrient intake
and dietary preferences in Long-Evans rats. Biochem Biophys Res
Commun 2002;292:1031–5.

126. Paul DR, Kramer M, Rhodes DG, Rumpler WV. Preprandial ghrelin is
not affected by macronutrient intake, energy intake or energy expen-
diture. J Negat Results Biomed 2005;4:2.

127. Robertson MD, Henderson RA, Vist GE, Rumsey RD. Plasma ghrelin
response following a period of acute overfeeding in normal weight
men. Int J Obes Relat Metab Disord 2004;28:727–33.

128. Sun Y, Ahmed S, Smith RG. Deletion of ghrelin impairs neither growth
nor appetite. Mol Cell Biol 2003;23:7973–81.

129. English PJ, Ghatei MA, Malik IA, Bloom SR, Wilding JP. Food fails to
suppress ghrelin levels in obese subjects. J Clin Endocrinol Metab
2002;87:2984–7.

130. Warwick ZS, Synowski SJ, Bell KR. Dietary fat content affects energy
intake and weight gain independent of diet caloric density in rats.
Physiol Behav 2002;77:85–90.

131. Warwick ZS, Weingarten HP. Determinants of high-fat diet hyperpha-
gia: experimental dissection of orosensory and postingestive effects.
Am J Physiol Regul Integr Comp Physiol 1995;269:R30–7.

132. Delgado-Aros S, Cremonini F, Castillo JE, et al. Independent influ-
ences of body mass and gastric volumes on satiation in humans. Gas-
troenterology 2004;126:432–40.

133. Rolls BJ, Kim-Harris S, Fischman MW, Foltin RW, Moran TH, Stoner
SA. Satiety after preloads with different amounts of fat and carbohy-
drate: implications for obesity. Am J Clin Nutr 1994;60:476–87.

134. Speechly DP, Buffenstein R. Appetite dysfunction in obese males:
evidence for role of hyperinsulinaemia in passive overconsumption
with a high fat diet. Eur J Clin Nutr 2000;54:225–33.

135. Chapman IM, Goble EA, Wittert GA, Horowitz M. Effects of small-
intestinal fat and carbohydrate infusions on appetite and food intake in
obese and nonobese men. Am J Clin Nutr 1999;69:6–12.

GASTROINTESTINAL FUNCTION AND HIGH-FAT DIETS 541



Commentary

Nutrigenomics and metabolomics will change clinical nutrition and
public health practice: insights from studies on dietary requirements
for choline1–3

Steven H Zeisel

ABSTRACT
Science is beginning to understand how genetic variation and epi-
genetic events alter requirements for, and responses to, nutrients
(nutrigenomics). At the same time, methods for profiling almost all
of the products of metabolism in a single sample of blood or urine are
being developed (metabolomics). Relations between diet and nu-
trigenomic and metabolomic profiles and between those profiles and
health have become important components of research that could
change clinical practice in nutrition. Most nutrition studies assume
that all persons have average dietary requirements, and the studies
often do not plan for a large subset of subjects who differ in require-
ments for a nutrient. Large variances in responses that occur when
such a population exists can result in statistical analyses that argue
for a null effect. If nutrition studies could better identify responders
and differentiate them from nonresponders on the basis of nutri-
genomic or metabolomic profiles, the sensitivity to detect differ-
ences between groups could be greatly increased, and the resulting
dietary recommendations could be appropriately targeted. It is not
certain that nutrition will be the clinical specialty primarily respon-
sible for nutrigenomics or metabolomics, because other disciplines
currently dominate the development of portions of these fields.
However, nutrition scientists’ depth of understanding of human me-
tabolism can be used to establish a role in the research and clinical
programs that will arise from nutrigenomic and metabolomic pro-
filing. Investments made today in training programs and in research
methods could ensure a new foundation for clinical nutrition in the
future. Am J Clin Nutr 2007;86:542–8.

KEY WORDS Nutrigenomics, epigenetics, metabolomics,
single-nucleotide polymorphism, clinical nutrition

INTRODUCTION

Nutrigenomics (the study of the bidirectional interactions be-
tween genes and diet) and metabolomics (the integrated study of
the many small molecules produced by metabolism) are rapidly
developing new bodies of knowledge that will change future
research and practice in human nutrition. Just as the published
human genome is an average representation of genes in humans,
there is a human metabolome that is an average representation of
metabolic potential for humans. However, there is significant
variation from the average in both genome and metabolome in
any given individual. Nutrigenomic and metabolomic profiling
will help identify mechanisms that underlie individual variations

in dietary requirements as well as in the capacity to respond to
food-based interventions.

Although nutrition clinicians eventually may be able to pro-
vide personalized nutrition recommendations, they are most
likely, in the immediate future, to use this knowledge to improve
dietary recommendations for populations. Currently, estimated
average requirements are used to set dietary reference intakes,
because scientists cannot adequately identify subsets of the pop-
ulation that differ in their requirements for a nutrient. Recom-
mended intakes must exceed the actual required intake for most
of the population to ensure that those persons with the highest
requirement ingest adequate amounts of the nutrient. As a result,
dietary reference intakes often are set so high that diet guidelines
suggest an almost unattainable intake of some foods. Once it is
possible to identify common subgroups that differ in nutrient
requirements by using nutrigenomic and metabolomic profiling,
interventions can be targeted and recommendations can be made
that avoid suggesting that the entire population needs to use
almost all discretionary calories to meet nutrient requirements.
Similarly, nutrigenomic and metabolomic profiling can enhance
nutrition epidemiology and nutrition intervention research.
When a large variance exists in response to a nutrient, statistical
analyses often argue for a null effect. If responders could be
differentiated from nonresponders on the basis of nutrigenomic
and metabolomic profiles, this statistical noise could be elimi-
nated and the sensitivity of nutrition research greatly increased.

It is apparent that a niche will exist for health professionals
who can effectively place the new information generated by
nutrigenomic and metabolomic profiling into a context that

1 From the Nutrition Research Institute, Department of Nutrition, School
of Public Health and School of Medicine, University of North Carolina at
Chapel Hill, Chapel Hill, NC.

2 Supported by grants no. DK55865, AG09525, and ES012997 from the
National Institutes of Health; by a grant from the Gerber Foundation; and by
grants from the National Institutes of Health to the Clinical Nutrition Re-
search Unit (DK56350), Clinical Research Center (RR00046), and the Center
for Environmental Health and Susceptibility (ES10126) at the University of
North Carolina.

3 Address reprint requests and correspondence to Steven H Zeisel, Nutri-
tion Research Institute, Department of Nutrition, School of Public Health and
School of Medicine, University of North Carolina at Chapel Hill, CB# 7461,
Chapel Hill, NC 27599. E-mail: steven_zeisel@unc.edu.

Received June 30, 2006.
Accepted for publication March 8, 2007.

542 Am J Clin Nutr 2007;86:542–8. Printed in USA. © 2007 American Society for Nutrition



enables integration, interpretation, and, subsequently, individu-
alized dietary recommendations. Thus, the field of nutrition
would benefit by establishing itself as the predominant disci-
pline using this knowledge in clinical and public health practice.

Concrete examples can help nutrition scientists to envision
how such new knowledge will change current practice. In this
report, several aspects of nutrigenomic and metabolomic profil-
ing are considered, and concrete examples from current research
are provided that foreshadow how nutrition science and practice
can make use of such data.

Nutrient-gene interactions

There are 3 major conceptual groupings for thinking about
nutrient-gene interactions: 1) direct interactions: nutrients,
sometimes after interacting with a receptor, behave as transcrip-
tion factors that can bind to DNA and acutely induce gene ex-
pression; 2) epigenetic interactions: nutrients can alter the struc-
ture of DNA (or of histone proteins in chromatin) so that gene
expression is chronically altered; and 3) genetic variations: com-
mon genetic variations [single-nucleotide polymorphisms
(SNPs)] can alter the expression or functionality of genes. All of
these mechanisms can result in altered metabolism of and altered
dietary requirements for nutrients.

Acute effects of nutrients on gene transcription

There are many examples of nutrients acting as transcription
factors that modify gene expression. Vitamin A, or rather retinoid
derivatives of vitamin A, interact with retinoic acid receptor
proteins, and these complexes activate or repress transcription
when they bind to motifs (eg, retinoic acid response elements) in
gene promoter regions (1). Dietary fatty acids can interact with
peroxisome proliferator–activated receptors, which then bind to
DNA and modify gene expression (2). Other examples of
nutrient-response element interactions that modify gene expres-
sion include the interactions of vitamin D with the vitamin D
receptor, calcium with calcineurin, and zinc with metal-
responsive transcription factor 1 (3). All of these examples in-
volve a nutrient that acts as a short-term signal to acutely alter
gene transcription; this effect usually stops if the exposure to the
nutrient is removed. Because such examples are familiar to most
nutrition scientists, they are not a focus of this discussion.

Epigenetics and nutrition

It is only relatively recently that science began to understand
epigenetic mechanisms for sustained effects of nutrients on gene
expression. These sustained effects are mediated by methylation
of DNA or by methylation, acetylation, or biotinylation of his-
tones, or by both functions (4). Such epigenetic modifications
can result in changes in gene expression that can last throughout
a person’s life and can even persist across generations.

DNA methylation usually occurs at cytosine bases that are
followed by a guanosine (5�-CpG-3� islands) (5), and it influ-
ences gene transcription and genomic stability (6–8). In mam-
mals, 60–90% of 5�-CpG-3� islands are methylated (9). When
this modification occurs in gene promoter regions, expression is
altered (10). Increased methylation is usually associated with
gene silencing or reduced gene expression (9), because methyl-
ated 5�-CpG-3� islands attract capping proteins that hinder access
to the gene for the transcription factors that normally induce gene
expression (Figure 1) (11). There are some exceptions, in which

gene methylation prevents the binding of inhibitory factors that
results in derepression of the gene, but that is uncommon. Once
5�-CpG-3� islands in genes are methylated, the methylation is
reproduced every time the gene is copied. Thus, the effects of
methylation can persist.

DNA is wrapped on proteins (histones) that, when packed
tightly together, prevent access to the promoter sequences of
genes. Methylation and acetylation [and perhaps biotinylation
(12, 13)] of these histones can uncoil them, creating channels
through which transcription factors can pass and activate gene
promoters. These changes in histones are often triggered subse-
quent to methylation of 5�-CpG-3� islands in gene DNA (4).

Changes in the dietary availability of methyl groups can in-
duce stable changes in gene methylation, altering gene expres-
sion and the resulting phenotype (14, 15). For example, feeding
pregnant pseudoagouti Avy/a mouse dams a methyl-
supplemented diet altered the epigenetic regulation of agouti
gene expression in their offspring, as indicated by increased
agouti or black mottling of their coats (14, 16); hair color was
permanently altered because the pregnant mother ate more or less
of a nutrient that changed the methylation of DNA in the fetus. In
a similar study, maternal dietary intake of methyl groups influ-
enced methylation of the Axin Fused gene and determined
whether offspring had permanently kinked tails (17). Feeding
pregnant mice or rats more or less choline (a methyl donor)
influenced the rate at which brain progenitor cells proliferated in
the fetus; it also influenced the rates of apoptosis (cell suicide) in
these cells (18, 19). Decreased choline availability to pregnant
dams was associated with changes in DNA methylation in fetal
brains that were specific to some CpG islands, and even to spe-
cific CpG sites, within genes that regulate cell cycling (20, 21).
Fetuses of dams fed a low-choline diet during days 11–17 of
gestation had half as much neural progenitor cell proliferation
and twice as much progenitor cell apoptosis in the hippocampus
(memory center) as did fetuses from mothers fed choline-
adequate diets (19, 22), and the former group of fetuses also had

FIGURE 1. DNA methylation can silence gene expression. Methylation
of cytosine located in cytosine-guanosine groupings in gene promoter re-
gions (called 5�-CpG-3� islands) attracts capping proteins that hinder access
to the gene for the transcription factors that normally turn on gene expression
and formation of messenger RNA (mRNA). When the transcription factor
does not bind to the promoter area of the gene, transcription of mRNA does
not occur, and the gene is silenced.
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less visuospatial and auditory memory than did those of the latter
group (23). The feeding of greater amounts of choline (�4 times
dietary levels) to pregnant dams enhanced visuospatial and au-
ditory memory in their offspring by �30% in the adult animals
(23–29). Indeed, adult rodents lose memory function as they age,
and offspring exposed to extra choline in utero did not show this
“senility” (26, 28).

Epigenetic effects of nutritional variation are not restricted to
fetal life, nor are they seen only in the rodent. Investigators found
longer survival and a 75% lower risk of diabetes mellitus in
humans whose paternal grandfathers experienced food scarcity
during the slow growth period just before puberty than in those
whose paternal grandfathers did not (30–32). Pembrey (32) ef-
fectively argued that these effects of nutrition must occur via
epigenetic imprinting of paternal genes and pointed out that the
slow growth period before puberty occurs when the first viable
pools of spermatocytes emerge and when reprogramming of
DNA methylation imprinting begins. In a similar fashion, epi-
genetic events can modulate carcinogenesis in the adult; for
example, a number of single-copy genes whose expression is
restricted to the testes (32) in adults become hypomethylated and
are reexpressed in some cancers (33).

Technology will soon make it practical to catalog epigenetic
changes in many genes at one time (34). Because a significant
portion of human genes are regulated by methylation, many more
examples should accrue of diet-related changes in gene methyl-
ation.

Genetic variation can influence dietary requirements

Although humans share the same genes, there are many indi-
vidual variations in the codon sequences for these genes; in total,
�10 million SNPs exist that occur in �1% of the population (35).
Some common SNPs occur in 5% to �50% of the population.
Most humans are heterozygous for �50 000 SNPs across their
genes (36). Some fraction of these SNPs results either in alter-
ation of gene expression or in changes in the gene product such
that protein structure and function are altered. Mastering the
ways in which millions of SNPs may influence nutrient require-
ments is daunting, but recent advances make this effort more
practical. Even though the costs of genotyping have dropped
markedly, the number of markers now available per gene makes
the genotyping of all markers expensive. Because of this, scien-
tists need to select for genotyping a set of markers that would
eliminate the necessity of measuring all SNPs. Within short re-
gions (ie, �500 kb) of a gene, it is possible to find combinations
of linked SNPs that are found in multiple unrelated persons
(haplotype blocks). These SNPs stay linked to one another and
are inherited over many generations. An international scientific
consortium has recently characterized patterns of SNP linkage in
haplotype blocks (36, 37). The identification of a few alleles of
a haplotype block can unambiguously identify all other polymor-
phic sites in its region within a group of persons of similar race
and ethnicity, thereby making SNP analysis practical for the
nutrition scientist or clinician.

A number of relatively common SNPs are known to influence
nutrient requirements. For example, the enzyme 5,10-
methylenetetrahydrofolate reductase (MTHFR) is involved in
folate metabolism. The MTHFR gene has a common SNP
(C677T allele) that results in reduced enzymatic activity, and

homozygous persons have elevated plasma homocysteine con-
centrations unless they ingest high amounts of folate (38). This
SNP occurs in 15–30% of the population.

Another example comes from work on SNPs that modify the
risk of developing organ dysfunction or damage when humans
are fed diets low in choline (39–42). Some persons developed
fatty liver and liver and muscle damage, whereas others did not.
Premenopausal women who were carriers of a very common
SNP (MTHFD1-G1958A) were �15 times as likely as noncar-
riers to develop signs of choline deficiency on a low-choline diet
(43). It is of interest that the risk of having a child with a neural
tube defect increased in mothers with this SNP (44), and that,
compared with women eating diets in the highest quartile for
choline intake, women eating diets in the lowest quartile had 4
times the risk of having a baby with a neural tube defect (45). It
would be interesting to determine whether those with the greatest
risk have the G1958A SNP in MTHFD1.

The PEMT gene encodes for a protein responsible for endog-
enous formation of choline in the liver (46), and it is induced by
estrogen (47). In studies of organ dysfunction after choline de-
ficiency in humans, an SNP in the promoter region of the PEMT
gene (rs12325817) was associated with greatly increased sus-
ceptibility to choline deficiency in women but not in men (42).
The frequency of this variant allele was 0.74 (this common allele
is called the “variant” one because wild type was determined by
the codon present in lower mammals). Studies are underway to
identify other genetic differences that contribute to individual
variability in dietary requirements for choline.

Although all of the above examples of genetic variation that
change nutrient requirements involved one-carbon metabolism,
SNPs have been identified that affect other metabolic pathways.
For example, an SNP in the SREBP gene affects fructose-induced
hepatic lipogenesis (48). The gene for peroxisome proliferator–
activated receptor-� has an SNP that has been associated with
alterations in total cholesterol, LDL-cholesterol, and apolipopro-
tein B concentrations (49), and this SNP altered the response to
the dietary intake of n–6 polyunsaturated fatty acid. In persons
with the variant allele, increased n–6 polyunsaturated fatty acid
intake was associated with a marked reduction in triacylglycerol
concentration (49).

A database of functionally important SNPs would make it
possible for a nutrition specialist—one who has an understand-
ing of the effects of such changes on metabolism and nutrient
requirements—to use SNP profiling to make practical recom-
mendations as part of clinical practice (eg, a recommendation of
higher dietary choline intake during pregnancy in women with
SNPs that alter PEMT expression).

The challenges in applying nutrigenomic data to nutrition

The above examples show that it is now possible to think about
how individual gene SNPs alter nutrient requirements and about
how methylation of a particular gene is influenced by nutrition.
Obviously, these concepts are just a simplified version of what
nutrition science will have to deal with in the future. It is possible
to detect tens of thousands of SNPs and at least the same number
of epigenetic changes in genes. It is likely that these changes
interact with each other in a complex way. Whereas their se-
quences are known, the functions of many of the genes identified
in the human genome are unknown, as are the functional conse-
quences of most of the identified SNPs in humans. Even when
these functions are known, in order to integrate any differences
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and predict their effects on body function, scientists will need to
overlay each of these changes onto the familiar map of metabolic
pathways. Then algorithms will have to be developed that allow
the identification of patterns in the measured changes—eg,
groupings of related genes that regulate metabolic pathways and
then groupings of related metabolic pathways. Although these
are daunting tasks, managing gene expression data also appeared
difficult 10 y ago, but current off-the-shelf bioinformatics soft-
ware makes such data accessible to the interested scientist. In a
short time, software will make gene expression data accessible to
the clinician. Only the magnitude of the complexity involved in
nutrigenomics makes it harder to develop the bioinformatics
tools needed for these data to be accessible; conceptually, there
is little in the way.

Nutrition and metabolomics

The integrated study of the many small molecules formed by
metabolism has always been a primary domain for nutrition
science. For this reason, most nutrition scientists immediately
grasp the advantages gained from being able to measure many
metabolites rather than a few. In the past, analytic limitations
made life relatively simple, and the nutritional biochemist dealt
with perhaps a half-dozen metabolites, developed an integrated
theory for how they related to each other, and predicted the
effects on cell function or disease. The complexity created by
technology that permits the analysis of thousands of metabolites
simultaneously spawned the new field of metabolomics.

The unique challenges of applying metabolomics methods to
nutrition science have been reviewed elsewhere (50). A blood,
saliva, or urine sample generates thousands of peaks on a mass
spectrometer or nuclear magnetic resonance analysis. A standard
chart of human metabolism lists �800 molecules, and available
databases suggest that there will be 2000 molecules in the human
metabolome (with thousands more if bacterial metabolites are
included). Because the new instruments are so sensitive, it is
likely that previously unsuspected molecules will be detected in
human biofluids, which will lead to a reconsideration of the
understanding of metabolism. The field is limited by the fact that
the chemical identity of these peaks is not yet known, by meth-
odologic problems in quantitation of peaks, and by a lack of
sufficiently refined bioinformatics tools that permit analyses in a
metabolic pathways context.

Many investigators use principal components analysis to de-
tect relations between a given intervention and a measured
metabolome. Principal components analysis reduces multidi-
mensional datasets to lower dimensions for analysis by using the
characteristics of the dataset that contribute most to its variance.
Investigators can then recognize patterns of change, even though
they may not be certain of the identity of the peaks that contribute
to this pattern. For example, a patient with renal disease may have
a pattern of peaks in a chromatogram that is characteristically
different from that of a healthy person. To move beyond principal
components analyses, scientists need to systematically catalog
the chemical identity of the unknown peaks detected in the hu-
man metabolome. The peaks for all the known metabolites of
nutrients are mixed in with peaks derived from the many non-
nutrient molecules that are absorbed, metabolized, passed
through the blood, and secreted in both urine and saliva. The
large-bowel microflora produce many or most of these peaks that

constitute the metabolome of biofluids in humans, and this con-
tribution presents an additional challenge, because our under-
standing of microflora metabolism is not nearly as complete as
our understanding of human metabolism. Eventually, nutrition
scientists will use such measures of microflora metabolism to
develop a better understanding of the role of gut microflora in
human nutrition. For example, metabolomic analyses showed
that the altered availability of choline caused by metabolism by
gut microflora was associated with fatty liver in insulin-resistant
mice (51).

In addition to peak identification, there is a need to verify that
peak areas are proportional to concentrations for each metabo-
lite. In some methods, molecules in neighboring peaks can mod-
ify detector response, thereby altering the relation of area to
concentration. In addition, scientists must establish that data
generated from total-metabolome assay methods correlate with
data generated by using gold-standard single metabolite assays.
Multidisciplinary research teams are currently working to vali-
date methods and catalog the human metabolome, and it is rea-
sonable to expect that this will be accomplished within 5 y. The
commercial sector has already developed platforms for SNP
assessment that are readily available for a reasonable price. It
appears that epigenetic assessment availability is only a year or
so away. Metabolomic methodology is being developed and is
currently at the experimental stage in university, industry, and
government laboratories. Notable among these efforts are the
European Union–funded Network of Excellence (NuGo) and the
Human Metabolome Project funded by Genome Canada. These
efforts can be augmented if the major academic units with nu-
trition expertise aggregate their intellectual mass to work to-
gether to create usable analytic methods.

Making nutrigenomics and metabolomics accessible to
the nutrition clinician

At present, the data-mining and analytic software available is
divided into areas according to the kind of data being analyzed.
Gene expression data are mined with different software than are
epigenetic data, and metabolomic data are analyzed in com-
pletely different ways. Each piece of software requires training in
its use, and each has its special eccentricities. Eventually, a suite
of software needs to be developed that can manage these data in
an integrated platform. Changes in genes, gene methylation, and
metabolism are all related and can be understood only when these
disparate elements are brought together. A reasonable first step
would be to adopt the common metabolic map that nutritional
and biochemical science has developed over the past 6 decades.
After statistical analyses (eg, significance, variance, and false
discovery filters), data would be expressed in relation to the
specific reactions in the metabolic pathways (Figure 2). For
example, in a study in which data on genes and metabolites of
glucose metabolism are collected, one would use existing infor-
mation about metabolism to group the observed changes and
create a graphic presentation that is immediately understandable.
Good software could permit examination of the data by zooming
from a micro level (pathways of gluconeogenesis) to the level of
glucose metabolism as a whole or to the even larger scale of liver
or whole-body metabolism. Eventually, computer algorithms
would identify patterns in these changes and help the user to
develop hypotheses that explain the observation and to make
recommendations for diet change. This process is much more
complex than but not very different conceptually from what a
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clinician does now: measures glucose concentration and insulin
activity, uses an algorithm to decide if insulin insensitivity is
present, and then intervenes as appropriate.

The tools currently available to nutritionists for analysis of
metabolomic data are sparse, difficult to use, or beyond the fi-
nancial means of individual scientists. However, given the de-
mand for such tools, it is reasonable to expect that they will be
refined and will become available within 5 y and that they will
make metabolomic and nutrigenomic data accessible first to nu-
trition scientists and then to nutrition clinicians.

Planning for the future

Although the analytic and informatics capacities to effec-
tively use metabolomics and nutrigenomics are a few years
away, nutrition scientist and educators need to act soon to set
the stage appropriately. A decade from now, science will have
identified complex associations between diet and the expres-
sion of thousands of genes with simultaneous changes in thou-
sands of metabolites. The integration of nutrigenomics and
metabolomics with the metabolic map will be incredibly com-
plex, but there are manageable pieces of this effort that could
be addressed by those who have spent a lifetime developing
expertise in nutrition and metabolism. The ultimate challenge
will be in making sense of what will be a huge, perhaps
overwhelming amount of data so that nutrition clinicians can
use those data to make practical recommendations. On a
smaller scale, nutrition scientists, with their integrative
knowledge of metabolism, do this already. These scientists
should assist with the development of informatics tools to
facilitate the interpretation of exponentially more complex
sets of data. The analytic and informatics tools to be developed
will be of limited utility for nutrition scientists and clinicians

if nutrition science does not play a substantial role in driving
their creation. As a start, nutrition scientists need to give
engineers and software writers a list of the highest-priority
metabolites—those that we think will be most useful to nu-
trition science.

Nutrition experts need to contribute to the science but also
to the training of health professionals, so as to provide them
with the skill sets essential for using nutrigenomic and
metabolomic data sets. The clinical nutrition specialist will
need training in nutrigenomics and metabolomics. The intri-
cacies of the biotechnology involved in measurements may
concern only research scientists, and the catalog of important
gene and metabolite changes will be growing too fast for
clinicians to be expected to master all of the content. However,
there is a critical thinking process that weights information
according to the known weaknesses and strengths of the meth-
ods used to obtain the information and then places it into a
metabolic context. The clinician will have to be trained to
weigh metabolomic and nutrigenomic evidence and convert it
into recommendations. To do this, an understanding of me-
tabolism that is perhaps more extensive than that which cur-
rent training provides will be needed. Finally, clinical nutri-
tion must develop the clinical infrastructure needed to
efficiently perform nutrigenomic and metabolomic profiling.
It may be sufficient to perform SNP and epigenetic profiling
once in a lifetime, but metabolomic measures would be made
acutely at the time of evaluation, and it is likely that multiple
measures made before and after an intervention will be used to
assess metabolite flux. Investments made today in research
methods and in training programs can ensure a new foundation
for clinical nutrition and public health practice in the future.
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FIGURE 2. A theoretical example of what the informatics tools may look like that will make nutrigenomics and metabolomics accessible to nutrition
scientists and clinicians. After appropriate statistical tests and filtering, data from nutrigenomic, epigenetic, and metabolomic platforms can be overlaid on the
metabolic map that we are familiar with. By selecting an area of the metabolic map, the user can zoom in on the region and see a presentation of changes in
metabolite concentrations, enzyme activities, and perhaps flux rates with color coding to indicate direction of change. Information on changes in DNA
expression (E), gene methylation (M), and gene SNPs also can be presented by using similar color coding. By selecting the metabolite, enzyme, or gene box,
an investigator would be able to examine the exact values and variances and perhaps even to examine the raw data. Another level of the informatics program
would summarize all of the related changes by pathway and present information on false discovery and significant difference statistics. Finally, a summary of
appropriate diet recommendations would be presented.
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It is not certain that nutrition clinicians will occupy this im-
portant clinical niche, because geneticists, chemists, engineers,
and pharmacologists currently dominate the development of por-
tions of nutrigenomics and metabolomics. However, before
these new technologies can effectively penetrate into clinical
practice, the information generated by these methods must be
overlaid onto the integrated metabolic pathways matrix that
health professionals already understand. The depth of under-
standing of human metabolism that nutrition scientists have is a
critical asset needed to advance this area of study. This asset
could be used to solidify a place for nutrition clinicians in the
future of nutrigenomics and metabolomics.

SHZ serves on scientific advisory boards for Hershey Foods, Solae, Du-
pont, MetaboAge, and PogoHealth and has received grant funding from
Mead Johnson Nutritionals and the Gerber Foundation. None of these activ-
ities represents a personal or financial conflict of interest with respect to this
commentary.
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Body mass index and waist circumference in midchildhood and
adverse cardiovascular disease risk clustering in adolescence1�3
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ABSTRACT
Background: Body mass index (BMI) may not indicate the level of
central adiposity associated with the clustering of cardiovascular
disease (CVD) risk factors. Hence, it has been recommended that
waist circumference be used as an alternative measure.
Objective: The objective was to investigate whether waist circum-
ference in midchildhood is more effective at predicting cardiovas-
cular disease risk clustering in adolescence than is BMI.
Design: Anthropometric measurements were made in 342 children
aged 8 y. Seven years later, anthropometric measurements were
made in 290 participants, and metabolic profiles were determined in
172 participants.
Results: At 15 y, between 9.4% and 11.0% of adolescents were
defined as having CVD risk clustering. Children who were over-
weight or obese at 8 y of age were 7 times (odds ratio: 6.9; 95% CI:
2.5, 19.0; P � 0.001) as likely to have CVD risk clustering in
adolescence than were their peers who were not overweight or obese.
Those with an increased waist circumference at 8 y were 4 times (3.6;
1.0, 12.9; P � 0.061) as likely to have CVD risk clustering in
adolescence than were children with a smaller waist circumference.
Neither BMI nor waist circumference were predictive of CVD risk
clustering if adiposity was not included as a risk factor.
Conclusions: The association between measures of adiposity in
midchildhood and later adverse CVD risk is a result of the tracking
of adiposity status. Our results do not support the need to measure
waist circumference in children, in addition to BMI, to identify those
at increased risk of CVD risk factor clustering in
adolescence. Am J Clin Nutr 2007;86:549–55.

KEY WORDS Body mass index, waist circumference, meta-
bolic syndrome, longitudinal study, children

INTRODUCTION

The long-term health outcomes of children and adolescents
with different amounts of total body fat are unknown because
most large-scale studies of the effects of childhood obesity have
not used measures of body fat, but rather proxies such as body
mass index (BMI). The use of BMI to classify children and
adolescents as overweight or obese is well established (1). The 2
most widely recommended indicators of overweight and obesity
are 1) age- and sex-specific BMI values presented by the Inter-
national Obesity Task Force (IOTF) that correspond to BMI
values (in kg/m2) of 25 and 30 at 18 y (2) and 2) BMI for age and

sex percentile reference data (eg, US CDC 2000 growth refer-
ence (3), with arbitrary cutoffs, often the 85th and 95th percen-
tiles. Both definitions are strong predictors of metabolic compli-
cations, including a poor lipid profile and increased blood
pressure and insulin resistance in young adulthood and the pre-
dictive capacity of both is similar (4).

However, BMI may not indicate the level of central adiposity,
which is also associated with the clustering of cardiovascular
disease (CVD) risk factors, including dyslipidemia, hyperten-
sion, and insulin resistance. Clusters of risk factors are fairly
stable characteristics that tend to track from adolescence to adult-
hood, hence the early identification of children who are likely to
develop an elevated risk profile is of interest (5). Waist circum-
ference has been recommended as a means of identifying persons
at risk of morbidity associated with central adiposity. For exam-
ple, European adult men and women with a waist circumference
of �102 cm and �88 cm, respectively, are considered to have a
higher risk of obesity-related disorders than do those with smaller
measurements (6).

Only one study to date, from the United States and based on
cross-sectional data from the Bogalusa Heart Study, has pub-
lished age- and sex-specific waist circumference cutoffs for chil-
dren and adolescents on the basis of an adverse CVD risk factor
profile (7). Yet, the long-term health outcomes for children with
large waist circumferences are currently unknown.

The aim of this study was to determine whether waist circum-
ference cutoffs in midchildhood are more effective at predicting
CVD risk factor clustering in adolescence than are IOTF BMI
cutoffs (2). Increased central adiposity was arbitrarily defined as
more than the 91st percentile. This cutoff was chosen because it
was previously used in studies in young people (8, 9) and is
similar to the cutoffs used to define overweight on the basis of
BMI (2).
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SUBJECTS AND METHODS

Subjects

In 1996–1997, 436 healthy 7–8-y-old children (n � 215 girls)
and their parents were recruited for the study. The children were
participants in the longitudinal Nepean Study, which was de-
signed to investigate the effects of birth size, body size, and genes
on blood pressure and bone mass. All were born at term at Nepean
Hospital, in Western Sydney, between August 1989 and April
1990 and were part of a birth cohort whose details and selection
criteria were previously published (10). The children were pre-
dominantly (�96%) of European descent. Between July 2004
and March 2005, the children were recontacted and 290 (67.2%)
agreed to participate in the follow-up and 172 (39% of the orig-
inal cohort) agreed to have a blood sample taken. The median
time between baseline and follow-up was 7.3 (range: 5.9–8.5 y).
At baseline there was no significant difference in mean height
(P � 0.473), weight (P � 0.929), BMI (P � 0.379), or waist
circumference z scores (P � 0.539) between the young people
who were followed up and those who were not. Neither was there
any significant difference at baseline in the number who were
classified as overweight or obese defined by BMI (P � 0.554) or
waist circumference (P � 0.636). Similarly, there were no sig-
nificant differences in mean height, weight, BMI, or waist cir-
cumference z scores in children who gave blood compared with
those who did not. Written informed consent was obtained from
the participants’ parents, and both The Children’s Hospital at
Westmead Ethics Committee and the Ethics Committee of the
Wentworth Area Health Service approved the study.

Anthropometric measures

Height, weight, and waist circumference were measured at
baseline and at follow-up with the use of standard techniques
(11). Waist circumference was measured with a flexible steel
tape at the level of the narrowest point between the lower costal
border and the iliac crest. If there was no obvious narrowing, the
measurement was taken at the midpoint between the 2 landmarks
(11). BMI was calculated as weight/height2 (kg/m2); z scores
from age- and sex-specific reference values were calculated for
height (3), weight (3), BMI (3), and waist circumference (12).
The IOTF BMI criteria were used to define overweight and
obesity (total adiposity) (2). In the absence of a recognized def-
inition of increased waist circumference in young people, in-
creased central adiposity was arbitrarily defined as more than the

91st percentile. This cutoff was chosen because it has been pre-
viously used in studies in young people (8, 9) and is similar to the
cutoffs used to define overweight based on BMI (2).

To examine the utility of using both BMI and waist circum-
ference cutoffs in identifying CVD risk clustering, children were
categorized into 4 groups: acceptable BMI with an acceptable
waist circumference, an acceptable BMI with an increased waist
circumference, overweight or obese with an acceptable waist
circumference, and overweight and obese with an increased
waist circumference (4).

Biochemistry

Morning blood samples were obtained after an overnight fast
by standard venipuncture technique from the 172 children at
follow-up. Lipid and glucose profiles were measured on a Roche
Modular (F Hoffmann-La Roche Ltd, Basel, Switzerland). Glu-
cose concentrations were measured by using the hexokinase
method. Total cholesterol, HDL-cholesterol, and triacylglycerol
concentrations were analyzed by using standard enzymatic col-
orimetric procedures. HDL cholesterol was measured after poly-
ethylene glycol precipitation of other lipoproteins. LDL choles-
terol was calculated as total cholesterol � (HDL cholesterol �
triacylglycerols/2.2). Serum samples for insulin were stored at
�80 °C until assayed by radioimmunoassay with Linco’s ultra-
sensitive human insulin kit (Linco Research Inc, St Charles,
MO). One boy did not have enough blood collected for insulin
analysis.

Blood pressure

An automated blood pressure monitor (Dinamap XL 9301;
Johnson and Johnson Medical Inc, Arlington, TX) was used for
all blood pressure measurements at follow-up. All measurements
were made on the right arm with the arm supported on a pillow.
The readings were performed in an air-conditioned hospital en-
vironment, and the children were encouraged to sit quietly for 5
min before the measurements began. Three readings were taken,
and the mean of the last 2 measurements was used in the analysis.
Twenty participants did not have their blood pressure measured.
Of these 20 participants, 7 gave blood but were not included in the
CVD risk clustering analysis because of the missing data.

Cardiovascular disease risk clustering

Subjects were classified as having CVD risk clustering on the
basis of 2 definitions similar to those previously used in pediatric

TABLE 1
Definitions of cardiovascular disease (CVD) risk clustering1

Glucose Triacylglycerol2 HDL-C2 LDL-C2 BP3 BMI4 Insulin2

mmol/L mmol/L mmol/L mmol/L pmol/L

Risk clustering 15:
�3 of the
following

�6.1 �80th percentile
(male: 1.14;
female: 0.90)

�20th percentile
(male: 1.1;
female: 1.3)

— SBP �90th percentile for
age, sex, and height

Overweight or obese �80th percentile
(male: 112; female:
127)

Risk clustering 26:
�3 of the
following

�6.1 �80th percentile
(male: 1.14;
female: 0.90)

�20th percentile
(male: 1.1;
female: 1.3)

�80th percentile
(male: 2.6;
female: 2.8)

SBP, DBP, or both �90th
percentile for age, sex,
and height

— �80th percentile
(male: 112; female:
127)

1 C, cholesterol; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic pressure.
2 Cutoffs were estimated from the current study population.
3 Cutoffs were based on the National High Blood Pressure Education Program Working Group on Hypertension Control in Children and Adolescents 1996 (14).
4 Cutoffs were defined by the International Obesity Task Force (2).
5 Based on the definition used by Lambert et al (13).
6 Based on the definition used by Katzmarzyk et al (7).
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populations (7, 13) and detailed in Table 1. CVD risk clustering
1 included a measure of adiposity and was defined as �3 of the
following: fasting glucose �6.1 mmol/L; triacylglycerols �80th
percentile; HDL cholesterol �20th percentile; insulin �80th
percentile; systolic blood pressure (SBP) �90th percentile for
age, sex, and height (7); and overweight or obese as defined by
the IOTF (13).

CVD risk clustering 2 was defined as �3 of the following:
glucose �6.1 mmol/L, triacylglycerols �80th percentile, HDL
cholesterol �20th percentile, LDL cholesterol �80th percentile,
insulin �80th percentile, or either an SBP or diastolic blood
pressure (DBP) �90th percentile for age, sex, and height (7).
Percentages for cutoffs used to define risk factors (triacylglyc-
erols, HDL cholesterol, LDL cholesterol, and insulin) were es-
timated from our study population. Previously published cutoffs
were used for glucose (7, 13) and SBP and DBP (14).

Statistical analysis

Data were analyzed by using the Statistical Package for Social
Sciences, version 13.0 (SPSS Inc, Chicago, IL). Differences
between anthropometric characteristics assessed at ages 8 and
15 y were assessed by paired t test. A chi-square test was used as a
measure of association between categorical variables, and Fisher’s
exact test was used as a measure of significance. To quantify the risk
associated with individual explanatory variables, odds ratios were

calculated. Logistic regression models were built to explore the
relation between CVD risk factor clustering, overweight or obese
or increased waist circumference, sex (boys � 1, girls � 2), and
time between visits (5.9–7.3 y � 0, 7.3–8.5 y � 1).

RESULTS

Change in indicators of growth and adiposity

Between 8 y (median; 7.54; range: 7.03–8.97) and 15 y (14.91;
range: 14.30–15.51), there was a significant (P � 0.001) in-
crease in the mean (� SD) z scores for weight (0.25 � 0.67), BMI
(0.22 � 0.67), and waist circumference (0.51 � 0.89), but no
change in the mean z score for height (0.03 � 0.57; P � 0.32)
(Figure 1). Similar results were obtained when boys and girls
were examined separately.

Prevalence of overweight and obesity

At both 8 and 15 y, BMI cutoffs identified a greater number of
children as overweight or obese than did waist circumference
cutoffs (Table 2). At 15 y, 31.7% of adolescents were defined as
overweight or obese on the basis of BMI and 20.0% had in-
creased central adiposity; 78.9% of children who were over-
weight or obese on the basis of BMI at 8 y were still overweight
and obese at 15 y (odds ratio: 14.8; 95% CI: 7.3, 30.3), and 69.2%
of children who had increased central adiposity at 8 y continued
to be so at 15 y (odds ratio: 12.2; 95% CI: 5.1, 30.9). Approxi-
mately 80% of all children who had either an acceptable BMI or
waist circumference at 8 y still had an acceptable BMI or waist
circumference at 15 y.

CVD risk clustering

Anthropometric, blood pressure, and metabolic data are
shown in Table 3. More children were identified as having at
least one risk factor when the markers considered included a
measure of adiposity: 40% (CVD risk clustering 1) compared
with 30% (CVD risk clustering 2) (Figure 2, A and B). One boy
had 5 risk factors; he had a BMI z score of 2.3 at both 8 and 15 y
and waist circumference z scores of 2.0 and 2.8 at 8 and 15 y,
respectively. The proportion of adolescents with CVD risk clus-
tering who were overweight or obese or had an increased waist
circumference at 8 y is shown in Table 4.

CVD risk clustering 1

Similar numbers of boys and girls at 15 y were identified as
having CVD risk clustering: 10 (10.9%) and 9 (11.3%), respec-
tively. As shown in Table 5, children who had CVD risk clus-
tering at 15 y were heavier (mean difference: z score � 0.69, P �
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FIGURE 1. Mean (�SD) height, weight, BMI, and waist circumference
z scores for children between 8 and 15 y of age. Box plots represent the
median and 10th, 25th, 75th, and 90th percentiles. The dots represent the 5th
and 95th percentiles (n � 290). P values were determined by paired t tests.

TABLE 2
Distribution of children who were overweight or obese or had increased central adiposity

8 y of age 15 y of age

Boys
(n � 141)

Girls
(n � 149)

Total
(n � 290)

Boys
(n � 141)

Girls
(n � 149)

Total
(n � 290)

n (%) n (%)

Overweight or obese1 23 (16.3) 34 (22.8) 57 (19.7) 40 (28.4) 52 (34.9) 92 (31.7)
Increased central adiposity2 16 (11.3) 10 (6.7) 26 (9.0) 30 (21.3) 28 (18.8) 58 (20.0)

1 Defined on the basis of BMI according to International Obesity Task Force criteria (2)
2 Defined as �91st percentile of Australian reference waist circumference data (12).
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0.002), had a higher waist circumference (z score � 0.82, P �
0.001), and had a higher BMI (z score � 0.63, P � 0.006) at 8 y of age
than did those who were not at risk. However, there was no significant
difference in height at 8 y between the 2 groups (z score � 0.55, P �
0.129). Children who had CVD risk clustering continued to be heavier
(mean difference: z score � 1.15, P � 0.001), have an increased
waist circumference (z score � 1.55, P � 0.001), and a higher
BMI (z score � 1.08, P � 0.001) at 15 y.

Children who were overweight or obese at 8 y were more likely
(odds ratio: 6.9; 95% CI: 2.5, 19.04; P � 0.001) to have CVD risk
clustering 1 at 15 y than were those who had an acceptable BMI.
Those who had an increased waist circumference were also more
likely to have increased CVD risk clustering 1; however, the odds
ratio was lower than that for BMI (3.6; 1.0, 12.9; P � 0.061).
Logistic regression models were built to adjust for sex and time
between baseline and follow-up. Neither variable was significant
in the equations (data not shown).

When children were categorized into groups on the basis of
BMI and waist circumference cutoffs at 8 y, there was a signif-
icant difference (P � 0.001) in BMI z score between groups at 8 y
of age. The mean (�SD) BMI z scores for children with an
acceptable BMI and waist circumference, overweight or obese
with an acceptable waist circumference, or overweight or obese
with an increased waist circumference were �0.13 � 0.79,
1.36 � 0.20, and 2.00 � 0.38, respectively. No children had an
acceptable BMI and an increased waist circumference. However,
there was no difference (P � 1.0) in the percentage of children
identified as having CVD risk factor clustering 1 between those
who were overweight or obese and had an acceptable waist cir-
cumference (33.3%) and those who were overweight or obese
and had an increased waist circumference (28.6%).

CVD risk clustering 2

Ten (10.9%) boys and 6 (7.5%) girls at 15 y were identified as
having CVD risk clustering on the basis of this definition. There
were no significant differences in weight (P � 0.412), waist
circumference (P � 0.221), BMI (P � 0.431), or height (P �
0.467) z scores at 8 y between those with CVD risk clustering 2
and those without CVD risk clustering. However, at 15 y, those

TABLE 3
Blood pressure and metabolic measures at 15 y of age and the distribution of participants with values above defined cutoffs1

Boys Girls Total

No. of
subjects

Median
(range)

Subjects with values
above cutoffs

No. of
subjects

Median
(range)

Subjects with values
above cutoffs

No. of
subjects

Median
(range)

Subjects with values
above cutoffs

n (%) n (%) n (%)

Glucose (mmol/L) 92 4.8 (4.0–5.9) 0 80 4.6 (3.8–8.8) 2 (2.5) 172 4.7 (3.8–8.8) 2 (1.2)
Triacylglycerols

(mmol/L)
92 0.8 (0.3–3.5) 18 (19.6) 80 0.7 (0.4–2.7) 18 (22.5) 172 0.8 (0.3–3.5) 36 (20.9)

HDL-C (mmol/L) 92 1.3 (0.8–2.2) 27 (29.3) 80 1.4 (0.8–2.1) 14 (17.5) 172 1.4 (0.8–2.2) 41 (23.8)
LDL-C, calculated

(mmol/L)
92 2.3 (1.2–3.5) 23 (25.0) 80 2.3 (0.7–3.9) 17 (21.3) 172 2.3 (0.7–3.9) 40 (23.3)

SBP (mm Hg) 130 111 (86–149) 18 (13.8) 140 105 (87–138) 9 (6.4) 270 107 (86–149) 27 (10)
DBP (mm Hg) 130 55 (39–85) 2 (1.5) 140 56 (45–85) 1 (0.7) 270 56 (39–85) 3 (1.1)
Insulin (pmol/L) 91 87 (32–369) 18 (19.8) 80 97 (33–214) 16 (20.0) 171 91 (32–369) 34 (19.9)

1 The cutoffs used were as follows: glucose, �6.1 mmol/L; triacylglycerols, �80th percentile (boys: 1.14 mmol/L; girls: 0.9 mmol/L); HDL cholesterol
(C), �20th percentile (boys: 1.1 mmol/L; girls: 1.3 mmol/L); LDL-C, �80th percentile (boys: 2.6 mmol/L; girls: 2.8 mmol/L); systolic blood pressure (SBP)
or diastolic blood pressure (DBP), �90th percentile for age, sex, and height (7); insulin, �80th percentile (boys: 112 pmol/L; girls: 127 pmol/L).
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FIGURE 2. Percentage of children (n � 164) with cardiovascular disease
(CVD) risk clustering 1 (A) and 2 (B). CVD risk clustering 1 and 2 are defined
in Subjects and methods.
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identified as having CVD risk clustering 2 were heavier (mean
difference: z score � 0.87, P � 0.001), had an increased waist
circumference (z score � 1.17, P � 0.001), and had a higher BMI
(z score � 0.84, P � 0.001) than did those who did not (Table 5).
There was no significant difference in height (z score � 0.28, P �
0.343). Neither BMI (odds ratio: 1.8; 95% CI: 0.6, 5.5; P �
0.338) nor waist circumference (odds ratio: 0.7; 95% CI: 0.1, 5.7;
P � 1.0) at 8 y of age was predictive of CVD risk clustering 2 at
15 y. The results were unchanged after adjustment for sex and
time (data not shown).

Similar to CVD risk clustering 1, when children were catego-
rized into groups on the basis of BMI and waist circumference
cutoffs, there was no difference (P � 0.622) in the percentage of
children identified as having CVD risk clustering 2 between
those who were overweight or obese and had an acceptable waist

circumference and those who were overweight and obese and had
and increased waist circumference.

DISCUSSION

The results of this study do not support the use of waist cir-
cumference measurements in midchildhood, in addition to BMI,
to identify children at increased risk of later CVD risk factor
clustering. BMI is a well-established measure of relative fatness
in childhood and adolescence and requires measurements of
height and weight, both of which are quick routine measures. In
contrast, waist circumference measurements involve the location
of bony landmarks (lower costal boarder and iliac crest), removal
of clothing, and careful placement of the tape measure to avoid
fat rolls that can be uncomfortable, awkward, or embarrassing for

TABLE 4
Distribution of adolescents with cardiovascular disease (CVD) risk clustering 1 and 2 who were overweight or obese or had an increased waist
circumference (total n � 164)

CVD risk clustering in
nonexposed group

CVD risk clustering
in exposed group P1

n (%) n (%)

CVD risk clustering 1 at 15 y2

Overweight or obese at 8 y 8 (6.2) 11 (31.4) �0.001
Increased waist circumference at 8 y 16 (10.0) 4 (28.6) 0.061

CVD risk clustering 2 at 15 y3

Overweight or obese at 8 y 11 (8.5) 5 (14.3) 0.338
Increased waist circumference at 8 y 15 (10.0) 1 (7.1) 1

1 Fisher’s exact test.
2 Defined as �3 of the following: fasting glucose, �6.1mmol/L; triacylglycerols, �80th percentile (boys: 1.14 mmol/L; girls: 0.9 mmol/L); HDL

cholesterol (C), �20th percentile (boys: 1.1 mmol/L; girls: 1.3 mmol/L); insulin, �80th percentile (boys: 112 pmol/L; girls: 127 pmol/L); systolic blood
pressure (SBP), �90th percentile for age, sex, and height (7) and overweight or obese as defined by the International Obesity Task Force (13).

3 Defined as �3 of the following: fasting glucose, �6.1 mmol/L; triacylglycerols, �80th percentile (boys: 1.14 mmol/L; girls: 0.9 mmol/L); HDL-C,
�20th percentile (boys: 1.1 mmol/L; girls: 1.3 mmol/L); LDL-C, �80th percentile (boys: 2.6 mmol/L; girls: 2.8 mmol/L); insulin, �80th percentile (boys: 112
pmol/L; girls: 127 pmol/L); SBP or diastolic blood pressure, �90th percentile for age, sex, and height (7).

TABLE 5
Anthropometric characteristics of children at 8 and 15 y of age with and without cardiovascular disease (CVD) risk clustering 1 and 2

Children without CVD
risk clustering 11 at

15 y (n � 145)

Children with CVD
risk clustering 11 at

15 y (n � 19) P

Children without CVD
risk clustering 22 at

15 y (n � 148)

Children with CVD
risk clustering 22 at

15 y (n � 16) P

Age 8 y
Height z score 0.18 � 0.963 0.73 � 1.47 0.129 0.22 � 1.00 0.42 � 1.41 0.467
Weight z score 0.27 � 0.89 0.96 � 1.03 0.002 0.33 � 0.91 0.53 � 1.07 0.412
BMI z score 0.20 � 0.93 0.83 � 0.96 0.006 0.25 � 0.96 0.45 � 0.92 0.431
Waist circumference z score �0.15 � 0.94 0.67 � 0.98 0.001 �0.08 � 0.98 0.23 � 0.87 0.221

Age 15 y
Height z score 0.23 � 1.06 0.59 � 1.32 0.180 0.24 � 1.08 0.52 � 1.27 0.343
Weight z score 0.48 � 0.85 1.63 � 0.83 �0.001 0.53 � 0.88 1.40 � 0.98 �0.001
BMI z score 0.36 � 0.90 1.44 � 0.78 �0.001 0.41 � 0.92 1.25 � 0.85 0.001
Waist circumference z score 0.27 � 0.97 1.82 � 0.85 �0.001 0.34 � 1.02 1.51 � 1.01 �0.001

1 Defined as �3 of the following: fasting glucose, �6.1 mmol/L; triacylglycerols, �80th percentile (boys: 1.14 mmol/L; girls: 0.9 mmol/L); HDL
cholesterol (C), �20th percentile (boys: 1.1 mmol/L; girls: 1.3 mmol/L); insulin, �80th percentile (boys: 112 pmol/L; girls: 127 pmol/L); systolic blood
pressure (SBP), �90th percentile for age, sex, and height (7) and overweight or obese as defined by the International Obesity Task Force (13).

2 Defined as �3 of the following: fasting glucose, �6.1 mmol/L; triacylglycerols, �80th percentile (boys: 1.14 mmol/L; girls: 0.9 mmol/L); HDL-C,
�20th percentile (boys: 1.1 mmol/L; girls: 1.3 mmol/L); LDL-C, �80th percentile (boys: 2.6 mmol/L; girls: 2.8 mmol/L); insulin, �80th percentile (boys: 112
pmol/L; girls: 127 pmol/L); SBP or diastolic blood pressure, �90th percentile for age, sex, and height (7).

3 x� � SD (all such values).
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the overweight or obese child. The results of our study are con-
sistent with a small number of pediatric cross-sectional studies
(4, 15, 16). We are not aware of any other longitudinal studies that
have examined the effects of an increased waist circumference in
childhood on CVD risk clustering in adolescence.

We surmise that the stronger association between BMI in
midchildhood than between waist circumference and later ad-
verse CVD risk clustering was a result of the tracking of BMI
status from childhood to adolescence; 78.9% of children who
were overweight or obese (BMI) at 8 y were still overweight and
obese at 15 y. Increased waist circumference was less persistent
than was BMI: 69.2% of the children who had an increased waist
circumference at 8 y continued to have such at 15 y. In addition,
the association between anthropometric measures in midchild-
hood and CVD risk clustering in adolescence was not significant
when the definition did not include adiposity as a risk factor.
Tracking of BMI is well documented, and it is recognized as one
of the most significant long-term consequences of childhood
obesity (17–19). The association between childhood obesity and
traditional atherogenic profiles in adulthood is also well estab-
lished (20–23).

The results presented are in contrast with the evidence from
adult and some pediatric studies, which indicate that fat distri-
bution, as measured by waist circumference, has a stronger re-
lation with CVD risk factors than does total adiposity (24–26).
Waist circumference is considered to be a good predictor of
intraabdominal fat, explaining up to 64% of its variance in chil-
dren aged 7–16 y (27). However, whether the accumulation of
intraabdominal fat confers an excess metabolic risk, including
insulin resistance, in children remains controversial (28, 29).

Several studies have found that abdominal subcutaneous ad-
ipose tissue, and not intraabdominal adipose tissue, is indepen-
dently associated with insulin resistance or that they are both
equally correlated (30–32). In nonobese children, total fat or
subcutaneous adipose tissue may be a primary determinant of
metabolic complications (30, 33). Intraabdominal adipose tissue
may only be positively associated with insulin action and lipid
risk factors among obese children and adolescents (34–36).

We also examined the value of using both BMI and waist
circumference cutoffs in identifying CVD risk clustering in chil-
dren. Recently published results from the Bogalusa Heart Study
indicate that when waist circumference was considered with
BMI (as categorical variables), children and adolescents with
large waist circumferences were more likely to have elevated
CVD risk factors than were those with a smaller waist circum-
ference, within a given BMI category (4). Contrary to these
findings, we found no benefit of using BMI and waist circum-
ference cutoffs together in identifying CVD risk clustering in
adolescents. It is not clear why the results differ, but it may be a
consequence of the smaller number of children in our study, the
different ethnicities of the children, or the use of different waist
circumference cutoffs.

Interpretation of the data presented is dependent on the defi-
nition of CVD risk clustering and anthropometric cutoffs. In the
absence of a recognized definition to define increased waist
circumference in young people, increased central adiposity was
arbitrarily defined as �91st percentile of Australian age- and
sex-specific reference data. This cutoff was chosen because it
was previously used in young people and is similar to the cutoffs
used to define overweight based on BMI (8, 9). Nevertheless,
BMI identified more people as overweight or obese (19.7%) than

did waist circumference (9.0%). This disparity in identification
of those at risk may have led to a reduced power of waist cir-
cumference, and, in part, explain the stronger relation between
BMI and metabolic risk.

However, when the analysis was repeated using age- and sex-
specific waist circumference cutoffs based on data from the
Bogalusa Heart Study (7), which were approximately equivalent
to the 60th percentile of Australian age and sex reference data,
36.2% of young people were defined as having increased central
adiposity, and our findings were similar. Those with an increased
waist circumference at 8 y were still less likely to have CVD risk
clustering 1 (odds ratio: 4.4; 95% CI: 1.6, 12.2) than were young
people who were overweight or obese (odds ratio: 6.9; 95% CI:
2.5, 19.0). Neither increased BMI nor increased waist circum-
ference, irrespective of definition, at 8 y was predictive of CVD
risk clustering 2 at 15 y.

Currently, there is no accepted definition of CVD risk clus-
tering or the metabolic syndrome in children and adolescents,
and agreement between classifying children using existing pub-
lished definitions is poor (37, 38). For many reasons, including
the effects of hormone changes in puberty on insulin sensitivity
and lipid profile and the complexity of diagnosing insulin resis-
tance, defining cutoffs, and hence CVD risk clustering and the
metabolic syndrome, will be difficult in this age group (34).

In the current study we used 2 definitions, similar to those
previously used in pediatric populations (7, 13). The major dif-
ference between the definitions used was that one (CVD risk
clustering 1) included a measure of adiposity. Nevertheless, both
definitions predicted a similar number of children at risk: 11.0%
compared with 9.4%. Although it is difficult to compare preva-
lence between populations, it is interesting to note that the prev-
alence of CVD risk clustering in our study is comparable with
that reported in 16-y-olds participating in the Quebec Child and
Adolescent Health and Social Survey: 15.2% and 12.4% in boys
and girls, respectively, with the use of a similar definition (13).

Neither BMI nor waist circumference was able to identify all
children at risk: 6.2% of children who had an acceptable BMI at
8 y and 10.0% of children who had an acceptable waist circum-
ference at 8 y were classified as having CVD risk factor cluster-
ing 1 at 15 y. It is interesting to note that these children had a mean
increase in BMI z score between 8 and 15 y of 1.19 � 0.7 (weight
gain: 47 � 17 kg) and a mean increase in waist circumference z
score of 1.42 � 0.28 (27 � 10 cm). In comparison, children who
had an acceptable BMI at 8 y and no CVD risk clustering had
mean increases in BMI and waist circumference z scores of
0.29 � 0.3 (33.3 � 8.0 kg) and 0.49 � 0.77 (16 � 5 cm),
respectively.

A limitation of the present study was the number of adoles-
cents who were followed up. There were no significant differ-
ences in anthropometric measurements between those who were
followed up and those who were not followed up or between
those who gave blood compared with those who did not give
blood; hence, we believe that these factors were unlikely to have
influenced the findings of the study. Nevertheless, wide 95% CIs
for the odds ratios for both overweight and obesity, and for
increased waist circumference, in predicting CVD risk clustering
1 were noted; this may be a result of the sample size.

In conclusion, the association between measures of adiposity
in midchildhood and later adverse CVD risk is a result of the
tracking of adiposity status. Our results do not support the need
to measure waist circumference in midchildhood, in addition to
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BMI, to identify children at increased risk of CVD risk factor
clustering in adolescence.
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Obesity and colon and rectal cancer risk: a meta-analysis of
prospective studies1–3

Susanna C Larsson and Alicja Wolk

ABSTRACT
Background: Whereas obesity has been associated with an in-
creased risk of colon cancer in men, a weak or no association has
been observed in women. Results for rectal cancer have also been
inconsistent.
Objective: The objective was to perform a meta-analysis to sum-
marize the available evidence from prospective studies on the asso-
ciations of overall and abdominal obesity with the risk of colon and
rectal cancer.
Design: We searched MEDLINE (1966–April 2007) and the refer-
ences of the retrieved articles. Study-specific relative risks (RRs)
were pooled by using a random-effects model.
Results: Thirty prospective studies were included in the meta-
analysis of body mass index (BMI; in kg/m2). Overall, a 5-unit
increase in BMI was related to an increased risk of colon cancer in
both men (RR: 1.30; 95% CI: 1.25, 1.35) and women (RR: 1.12; 95%
CI: 1.07, 1.18), but the association was stronger in men (P � 0.001).
BMI was positively associated with rectal cancer in men (RR: 1.12;
95% CI: 1.09, 1.16) but not in women (RR: 1.03; 95% CI: 0.99, 1.08).
The difference in RRs between cancer sites was statistically signif-
icant (P � 0.001 in men and P � 0.04 in women). Colon cancer risk
increased with increasing waist circumference (per 10-cm increase)
in both men (RR: 1.33; 95% CI: 1.19, 1.49) and women (RR: 1.16;
95% CI: 1.09, 1.23) and with increasing waist-hip ratio (per 0.1-unit
increase) in both men (RR: 1.43; 95% CI: 1.19, 1.71) and women
(RR: 1.20; 95% CI: 1.08, 1.33).
Conclusions: The association between obesity and colon and rectal
cancer risk varies by sex and cancer site. Am J Clin Nutr 2007;
86:556–65.

KEY WORDS Body mass index, colorectal cancer, meta-
analysis, obesity, prospective studies

INTRODUCTION

Colorectal cancer is the third most common cancer worldwide
(1). Incidence rates vary by �25-fold between countries, with the
highest rates observed in North America, Australia, and Western
Europe and the lowest rates in Africa and Asia (1). Nutritional-
related factors are considered to play a major role in colorectal
cancer development (2). A mounting body of evidence indicates
that insulin resistance and resulting hyperinsulinemia may be
responsible for many of the associations of nutritional factors
with colorectal cancer risk and for the high incidence of this
malignancy in westernized countries (3, 4). Obesity, especially
abdominal obesity, is related to insulin resistance and hyperin-
sulinemia (5, 6). Although body mass index (BMI), as a measure

of overall obesity, is positively associated with the risk of colon
cancer in men, a weaker or no association has been observed in
women (6). Findings for rectal cancer have also been inconsis-
tent. We therefore undertook a meta-analysis of prospective
studies to quantitatively assess the relations between BMI and the
risk of colon and rectal cancer in men and women. In addition, we
conducted a meta-analysis to summarize the prospective data
relating waist circumference and waist-hip ratio, indicators of
abdominal adiposity, to colon and rectal cancer risk.

METHODS

Literature search

We searched MEDLINE (US National Library of Medicine,
National Institutes of Health, Bethesda, MD) for studies pub-
lished in any language from 1966 to April 2007 using the search
terms obesity, body mass index, or BMI combined with colorec-
tal cancer, colon cancer, or rectal cancer. The search was
restricted to studies of human participants. We also reviewed the
reference lists of pertinent articles to search for more studies.

Inclusion criteria

To be included in this meta-analysis, studies had to have a
prospective study design; contain data on colon or rectal cancer
incidence or mortality or both; report relative risks (RRs) with
corresponding 95% CIs for �3 categories of exposure (BMI,
waist circumference, or waist-hip ratio); or provide an RR per
unit increase in exposure. We did not include studies that only
reported estimates that combined colon and rectal cancer or men
and women. When there were multiple published reports from
the same study population, we included the one that had the
longest follow-up.

Data extraction

We extracted the following information from each study: first
author’s last name, year of publication, country where the study
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was performed, sample size, age range of the participants at
baseline, assessment of anthropometric measures (self-reported
compared with measured), duration of follow-up, covariates ad-
justed for in the analysis, and RRs with corresponding 95% CIs
for every exposure category or per unit increase in exposure.
From each study, we extracted the RR estimates that reflected the
greatest degree of adjustment for potential confounders.

Statistical analysis

The cutoffs for the lowest and highest exposure categories
varied between studies included in this meta-analysis. Therefore,
to place studies on a common scale, we calculated, for each study,
the RR per unit increase in the anthropometric measures: a 5-unit
increase for BMI, a 10-cm increase for waist circumference, and
a 0.1-unit increase for waist-hip ratio). This was done by relating
the natural log of RRs for different exposure categories to the
midpoint of the corresponding category. We used the method
described by Greenland et al (7, 8), which takes into account that
the level-specific risk estimates are correlated. This method re-
quires that the number of cases and total subjects (or person-time)
for each category are known. For studies that did not provide this
information, we estimated the dose-response slopes using
variance-weighted least-squares regression analysis. For open-
ended categories (eg, BMI � 30), we estimated the midpoint
using data from the Cohort of Swedish Men (9) and the Swedish
Mammography Cohort (10) or obtained the values from the au-
thors (for studies conducted in Asia; 11–13). Summary RR es-
timates were obtained from random-effects models applied to the
study-specific dose-response slopes (14).

Statistical heterogeneity among studies was tested with the Q
statistic, and inconsistency was quantified with the I2 statistic
(15). Besides analyses of cancer site and sex, we conducted
analyses of BMI stratified by subsite in the colon (proximal
versus distal colon) and geographic region. To assess for publi-
cation bias, funnel plots (ie, plots of study results against preci-
sion) were constructed and the Egger’s regression test was used
to test funnel plot asymmetry (16). The potential influence that
unpublished studies could have on the summary RR estimates
was examined by using trim and fill analysis, which is a method
based on the addition of studies to the funnel plot so that it
becomes symmetrical (17). P � 0.05 was considered statistically
significant. All statistical analyses were performed by using
STATA (version 9.0; StataCorp, College Station, TX).

RESULTS

Our search strategy and inclusion criteria resulted in a total of
31 articles (with data from 30 prospective studies) being included
in our analyses of BMI (9–13, 18–43) (Figure 1). Two addi-
tional studies (44, 45) were included in the analyses of waist
circumference or waist-hip ratio; these 2 studies were not in-
cluded in the analyses of BMI because more recent data were
available (29) The characteristics of the included studies are
summarized in Table 1. Most of the studies were conducted in
the United States (n � 12) or Europe (n � 11). The outcome was
colon or rectal cancer mortality in 5 studies (25, 26, 31, 34, 35)
and incidence of these cancers in all of the other studies.

Body mass index

The estimated RRs of colon cancer per 5-unit increase in BMI
for each study, separately for men and women, are shown in

Figure 2. The studies combined involved 3 128 274 men (22 546
cases) from 24 studies and 2 419 875 women (22 231 cases) from
21 studies. In a meta-analysis, a 5-unit increase in BMI was
associated with a 30% increased risk of colon cancer in men and
with a 12% increased risk in women (Figure 2). This sex differ-
ence for BMI was statistically significant (P � 0.001). BMI was
statistically significantly positively related to risk of proximal
colon cancer in men and with distal colon cancer in both sexes
(Table 2). Although the association between BMI and risk of
colon cancer was observed between studies conducted in both
North America and Europe (Table 2), the summary estimates
were higher in North American studies (P � 0.01 for differences
among men; P � 0.004 for differences among women). In-
creased BMI was also associated with colon cancer risk among in
carried out in Asia, but the association was statistically signifi-
cant in men only (Table 2). The summary estimates were non-
significantly lower for the studies in which weight and height had
been measured (men, RR: 1.27; 95% CI: 1.23, 1.32; women, RR:
1.07; 95% CI: 1.01, 1.15) than for those that relied on self-
reporting (men, RR: 1.36; 95% CI: 1.27, 1.46; women, RR: 1.17;
95% CI: 1.08, 1.26).

Physical activity is potentially the most likely confounder of
the positive relation between BMI and risk of colon cancer. When
we restricted the meta-analysis to studies that controlled for
physical activity, the results were similar to those of the overall
analyses for 10 studies in men (RR: 1.33; 95% CI: 1.24, 1.43) and
for 8 studies in women (RR: 1.16; 95% CI: 1.07, 1.25).

The studies on BMI and rectal cancer risk involved
2 616 503 men (13 830 cases) from 15 studies and 1 802 320
women (8878 cases) from 13 studies. Overall, BMI was sta-
tistically significantly positively related to rectal cancer risk
in men (12% increase per 5-unit higher BMI) but not in women
(Figure 3; P � 0.002 for difference in association between
men and women). A formal test for differences in the associ-
ation with BMI between cancer sites showed that the RR was
statistically significantly higher for colon cancer than for rec-
tal cancer (P � 0.001 in men and P � 0.01 in women). Among

771  Publications identified
from literature search  

726  Articles excluded after title
and abstract review

45  Articles retrieved for more
detailed assessment 

14  Articles excluded after full
text review 
7  multiple publications 
1  no relative risk 
2  insufficient information

to estimate trend
4  colon and rectal cancers

combined 

31  Articles included in meta-
analysis of BMI and colon
and/or rectal cancer risk*

FIGURE 1. Flow diagram of study selection. *Two additional studies
were included in the analyses of waist circumference, waist-hip ratio, or both.
(These studies were excluded from the analyses of BMI because more recent
data were available.)
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TABLE 1
Characteristics of prospective studies of obesity and colon cancer (CC) and rectal cancer (RC) risk1

Reference Country, study name Study participants
No. of case

subjects
Years of

follow-up2

Assessment
of

anthropometric
measures Adjustments

Lee and
Paffenbarger,
1992 (18)

United States, Harvard
Alumni Health
Study

17 595 men 290 CC 1962–1988
(5.6)

Self-reported Age, family history of cancer, physical
activity

Bostick et al,
1994 (19)

United States, Iowa
Women’s Health
Study

35 215 women
aged 55–69 y

212 CC 1986–1990
(4.8)

Self-reported Age, height, parity, vitamin A
supplement use, intakes of energy
and total vitamin E

Chyou et al,
1994 (20)

United States,
Japanese in Hawaii

7840 men 289 CC 1965–1992 Measured Age

Giovannucci
et al, 1995
(44)

United States, Health
Professionals
Follow-Up Study

31 055 men aged
40–75 y

117 CC 1987–1992 Self-reported Age, history of endoscopy, family
history, smoking, physical activity,
aspirin, intakes of red meat, alcohol,
fiber, folate, methionine, and energy

Thune and
Lund, 1996
(21)

Norway 53 242 men and
28 274 women
aged 20–69 y

230 CC (M)
169 RC (M)
99 CC (F)
55 RC (F)

1972–1991
(16)

Measured Age

Martinez et al,
1997 (45)

United States, Nurses’
Health Study

52 687 women
aged 30–55 y

161 CC 1986–1992 Self-reported Age, family history, smoking, physical
activity, PMH use, intakes of red
meat and alcohol

Singh and
Fraser,
1998 (23)

United States,
Adventist Health
Study

32 051 men and
women aged
�25 y

59 CC (M)
83 CC (F)

1976–1982
(5.6)

Self-reported Age, family history

Ford 1999 (22) United States, First
National Health and
Nutrition Survey

5506 men and
7914 women
aged 25–74 y

104 CC (M)
118 CC (F)

1971–1992
(16.2)

Measured Age, race, education, smoking, serum
cholesterol, exercise, alcohol

Kaaks et al,
2000 (24)

United States, New
York Women’s
Health Study

144 controls3

aged 35–65 y
73 CC 1985–1998 Self-reported Age, menopausal status, smoking

Murphy et al,
2000 (25)

United States, Cancer
Prevention Study II

379 167 men and
496 239
women aged
�30 y

1792 CC (M)
1616 CC (F)

1982–1994
(8.8)

Self-reported Age, race, education, family history,
smoking, exercise, PMH use
(women), aspirin, intakes of fat,
vegetables, and fiber

Terry et al,
2001 (10)

Sweden, Swedish
Mammography
Cohort

61 463 women
aged 40–76 y

291 CC
159 RC

1987–1998
(9.6)

Self-reported Age, education, intakes of energy, red
meat, alcohol, fat, folate, vitamin D,
vitamin C, and calcium

Colangelo et
al, 2002
(26)

United States, Chicago
Heart Association
Detection Project in
Industry

20 433 men and
15 149 women

160 CC (M)
108 CC (F)

1967–1997
(26.2)

Measured Age, race, education, height, postload
plasma glucose, insulin resistance

Terry et al,
2002 (27)

Canada, Canadian
National Breast
Screening Study

89 835 women
aged 40–59 y

363 CC
164 RC

1980–1993
(10.6)

Self-reported Age, education, OC use, PMH use,
parity, smoking, physical activity

Shimizu et al,
2003 (28)

Japan 13 392 men and
15 659 women
aged �35 y

104 CC (M)
58 RC (M)
89 CC (F)
41 RC (F)

1993–2000
(7.1)

Self-reported Age, education, height, smoking,
physical activity, alcohol

Wei et al,
2004 (29)

United States, Health
Professionals
Follow-Up Study

46 030 men aged
40–75 y

467 CC
135 RC

1986–2000 Self-reported Age, family history, height, smoking,
physical activity, intakes of red
meat, alcohol, calcium, and folate

Wei et al,
2004 (29)

United States, Nurses’
Health Study

86 857 women
aged 30–55 y

672 CC
204 RC

1980–2000 Self-reported Age, family history, height, smoking,
physical activity, intakes of red
meat, alcohol, calcium, and folate

Moore et al,
2004 (30)

United States,
Framingham Study
cohort

3345 men and
4221 women
aged 30–79 y

140 CC (M)
166 CC (F)

1948–1999
(23.1)

Measured Age, education, height, smoking,
physical activity, alcohol

Tamakoshi et
al, 2004
(31)

Japan, Japan
Collaborative
Cohort

43 171 men and
58 775 women
aged 40–79 y

127 CC (M)
122 CC (F)

1988–1999
(10.0)

Self-reported Age, family history, smoking,
exercise, intakes of meat,
vegetables, and alcohol

(Continued)
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TABLE 1
(Continued)

Reference Country, study name Study participants
No. of case

subjects
Years of

follow-up2

Assessment
of

anthropometric
measures Adjustments

MacInnis et
al, 2004
(32)

Australia, Melbourne
Collaborative
Cohort Study

16 566 men aged
27–75 y

153 CC 1990–2002
(8.8)

Measured Age, country of birth, education

Lin et al, 2004
(33)

United States,
Women’s Health
Study

37 671 women
aged �45 y

158 CC
40 CC

1993–2003
(8.7)

Self-reported Age, family history, history of colon
polyps, aspirin, PMH use, smoking,
physical activity, intakes of red
meat and alcohol

Kuriyama et
al, 2005
(12)

Japan 12 485 men and
15 054 women
aged �40 y

88 CC (M)
67 RC (M)
72 CC (F)
42 RC (F)

1984–1992
(9)

Self-reported Age, smoking, intakes of meat, fish,
fruits, vegetables, and alcohol

Eichholzer et
al, 2005
(34)

Switzerland, Basel
Cohort Study

2974 men aged
20–79 y

22 CC 1971–1990 Measured Age, smoking

Batty et al,
2005 (35)

United Kingdom,
Whitehall Cohort
Study

17 102 men aged
40–64 y

279 CC
104 RC

1967–2002
(28.1)

Measured Age, employment grade, height,
smoking, diabetes, physical activity,
other

Oh et al, 2005
(13)

Korea, Korea National
Health Insurance
Corporation

781 283 men aged
�20 y

953 CC
1563 RC

1992–2001
(9.8)

Measured Age, residency area, family history,
smoking, exercise, alcohol intake

Rapp et al,
2005 (36)

Austria, Vorarlberg
Health Monitoring
and Promotion
Program Study

67 447 men and
78 484 women
aged 19–94 y

260 CC (M)
138 RC (M)
271 CC (F)
133 RC (F)

1985–2001
(9.9)

Measured Age, occupational group, smoking

Engeland et
al, 2005
(37)

Norway 962 901 men and
1 037 077
women aged
20–74 y

13805 CC (M)
9182 RC (M)
16638 CC (F)
7492 RC (F)

1963–2002
(23)

Measured Age, birth cohort

Otani et al,
2005 (11)

Japan, Japan Public
Health Center-based
Prospective Study

45 158 men and
53 791 women
aged 40–69 y

424 CC (M)
202 RC (M)
229 CC (F)
131 RC (F)

1990–2001
(9.4)

Self-reported Age, smoking, Public Health Center
areas, refraining from salty foods
and animal fats, and intakes of miso
soup and alcohol

Lukanova et
al, 2006
(38)

Sweden, Northern
Sweden Health and
Disease Cohort

33 424 men and
35 362 women
aged 29–61 y

73 CC (M)
58 RC (M)
76 CC (F)
31 RC (F)

1985–2003
(8.2)

Measured Age, calendar year, smoking

MacInnis et
al, 2006
(39)

Australia, Melbourne
Collaborative
Cohort Study

24 072 women
aged 27–75 y

212 CC 1990–2003
(10.4)

Measured Age, country of birth, education, PMH
use

Pischon et al,
2006 (40)

Europe, European
Prospective
Investigation into
Cancer and
Nutrition

129 731 men and
238 546
women aged
20–70 y

421 CC (M)
295 RC (M)
563 CC (F)
291 RC (F)

1992–2004
(6.1)

Measured Age, center, education, smoking,
physical activity, and intakes of red
meat, processed meat, fish, fruit,
vegetables, fiber, and alcohol

Bowers et al,
2006 (41)

Finland, Alpha-
Tocopherol, Beta-
Carotene Cancer
Prevention Study

28 983 men aged
50–69 y

227 CC
183 RC

1985–2002
(12.5)

Measured Age, smoking

Samanic et al,
2006 (42)

Sweden, Swedish
Construction
Worker Cohort

362 552 men aged
18–67 y

1795 CC
1362 RC

1971–1999
(19)

Measured Age, smoking

Larsson et al,
2006 (9)

Sweden, Cohort of
Swedish Men

45 906 men aged
45–79 y

309 CC
190 RC

1998–2005
(7.1)

Self-reported Age, family history, education, aspirin,
smoking, diabetes, physical activity

MacInnis et
al, 2006
(43)

Australia, Melbourne
Collaborative
Cohort Study

16 867 men and
24 247 women
aged 27–75 y

134 RC (M)
95 RC (F)

1990–2003
(10.4)

Measured Age, country of birth

1 OC, oral contraceptives; PMH, postmenopausal hormones.
2 Mean or median duration of follow-up in parenthesis.
3 Nested case-control study within a prospective cohort.
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men, the association between BMI and rectal cancer was sim-
ilar among studies conducted in Europe and Asia; only one
study in men from North America precluded calculation of a
summary RR. Among women, there was a statistically signif-
icant positive association between BMI and rectal cancer risk
among studies from North America, but not among studies
from Europe or Asia (P � 0.02 for difference in association

between geographic regions). Among men, the summary es-
timate was similar for studies in which weight and height had
been measured (RR: 1.12; 95% CI: 1.09, 1.15) and for studies
that relied on self-reporting (RR: 1.16; 95% CI: 1.01, 1.34),
whereas among women, the summary estimate was lower
from studies based on measured weight and height (RR: 1.01;
95% CI: 0.98, 1.03) than from those based on self-reporting

FIGURE 2. Relative risk of colon cancer per 5-unit increase in BMI (in kg/m2).
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(RR: 1.16; 95% CI: 1.06, 1.24; 7 studies) (P � 0.003 for
difference). Because physical activity is not associated with
rectal cancer risk (46), it is not a potential confounder of the
association between BMI and rectal cancer.

There was no evidence of publication bias in the literature on
BMI and colon cancer in men or on BMI and rectal cancer in men
or women (Egger’s test: P � 0.2 for all). For BMI and colon
cancer in women, the funnel plot showed some asymmetry (data
not shown), which reflected the relative deficit of small studies
showing no association or an inverse association (Egger’s test: P
� 0.001). According to trim and fill analysis, 4 such studies may
have been missing. When those potentially missing studies were
added to the meta-analysis, the summary RR of colon cancer per
5-unit increase in BMI among women was 1.10 (95% CI: 1.05,
1.16).

Waist circumference and waist-hip ratio

Overall, both waist circumference and waist-hip-ratio was
statistically significantly positively associated with risk of colon
cancer in both sexes (Figure 4). A statistically significant sex
difference was found for waist circumference (stronger associ-
ation in men than in women, P � 0.04) and a nonsignificant sex
difference was found for waist-hip-ratio (stronger association in
men than in women, P � 0.10). We did not detect evidence for
publication bias (P � 0.3).

Only 3 studies provided results on waist circumference and
waist-hip ratio in relation to rectal cancer risk in men (9, 40, 43)
and women (40, 43). In a meta-analysis of these studies, the
summary RR estimates of rectal cancer per 10-cm increase in
waist circumference were 1.12 (95% CI: 1.03, 1.22; P for heter-
ogeneity � 0.93) in men and 1.09 (95% CI: 0.99, 1.20; P for
heterogeneity � 0.86) in women. The corresponding estimates
per 0.1-unit increase in waist-hip ratio were 1.22 (95% CI: 0.81,
1.83; P for heterogeneity � 0.001) in men and 1.15 (95% CI:
0.95, 1.39; P for heterogeneity � 0.22) in women.

DISCUSSION

This meta-analysis of prospective studies indicates that the
association between obesity and risk of colorectal cancer varies

by sex and cancer site. Although colon cancer risk increased with
increasing BMI, waist circumference, and waist-hip-ratio in both
men and women, the associations were stronger in men. The
relation between BMI and colon cancer was similar for proximal
and distal colon cancer. With regard to rectal cancer, the risk
increased with increasing BMI in men, whereas no overall asso-
ciation was observed in women.

Available epidemiologic evidence suggests that abdominal
obesity (as reflected by high waist circumference and waist-hip
ratio) may be more predictive of colon cancer risk than overall
obesity (high BMI). Of the studies that provided results for both
abdominal and overall obesity in relation to risk of colon cancer
(9, 19, 30, 32, 39, 40, 44, 45), most showed that abdominal
obesity was more strongly related to increased colon cancer risk
than was overall obesity (30, 32, 39, 40, 44). Furthermore, these
studies found that the positive association of waist circumference
or waist-hip ratio with colon cancer remained after adjustment
for BMI (30, 32, 40, 44, 45), whereas the relation between
BMI and colon cancer was attenuated, and generally not statis-
tically significant, after adjustment for waist or waist-hip ratio
(30, 32, 40).

The exact biologic mechanisms underlying the association
between obesity and increased risk of colorectal cancer are not
fully understood, but certainly involve alterations in the metab-
olism of endogenous hormones, including insulin, insulin-like
growth factors (IGFs), sex steroids, and possibly adipocyte-
derived factors such as leptin and adiponectin. Obesity, particu-
larly abdominal obesity, is linked to insulin resistance, to hyper-
insulinemia, and to the development of type 2 diabetes (5, 6).
Epidemiologic evidence indicates that high circulating concen-
trations of insulin and C-peptide (a marker of pancreatic insulin
secretion) (24, 47–51) as well as diabetes (52) are associated with
a greater risk of colorectal cancer. IGF binding protein-1
(IGFBP-1) concentrations decrease with increasing adiposity
(53), which may lead to elevated concentrations of free and
bioavailable IGF-I (3). IGFBP-1 concentrations have been
shown to be inversely related to risk of colon cancer (48),
whereas IGF-I concentrations, particularly relative to IGFBP-3,
have been shown to be positively associated with risk of colon or
colorectal cancer in prospective studies (24, 28, 54–56). Obesity

TABLE 2
Summary relative risks of colon cancer and rectal cancer per 5-unit increase in BMI (in kg/m2)

Men Women

No. of
studies

Relative risk
(95% CI)

Heterogeneity1

No. of
studies

Relative risk
(95% CI)

Heterogeneity1

P I2 P I2

% %
Colon cancer

Proximal colon 5 1.29 (1.17, 1.42) 0.41 0 6 1.13 (0.93, 1.36) 0.02 62.8
Distal colon 5 1.35 (1.22, 1.48) 0.75 0 6 1.14 (1.01, 1.28) 0.70 0
North America 8 1.39 (1.31, 1.48) 0.61 0 10 1.17 (1.08, 1.25) 0.04 50.1
Europe 10 1.27 (1.22, 1.32) 0.29 17 6 1.04 (1.02, 1.07) 0.40 3
Asia 5 1.27 (1.08, 1.49) 0.13 43.7 4 1.32 (0.96, 1.83) 0.03 67.4

Rectal cancer
North America 1 —2 —2 3 1.17 (1.05, 1.31) 0.47 0
Europe 9 1.12 (1.09, 1.15) 0.69 0 6 1.01 (0.98, 1.04) 0.64 0
Asia 4 1.16 (1.05, 1.28) 0.46 0 3 1.09 (0.85, 1.40) 0.82 0

1 I2 is interpreted as the proportion of total variation across studies that is due to heterogeneity rather than chance.
2 Because there was only one study of rectal cancer in men in North America, a summary relative risk could not be calculated.
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is also positively associated with serum leptin but inversely as-
sociated with adiponectin concentrations (57). In prospective
studies, high leptin (47, 58, 59) and low adiponectin (60) con-
centrations have been related to an increase in colon or colorectal
cancer risk.

The reasons for the apparent sex difference in associations for
BMI, waist circumference, and waist-hip ratio are unclear but
might be related to differences between men and women in the
association between adiposity and testosterone concentrations.
Adiposity is inversely related to testosterone concentrations in
men (61–63) but positively related to testosterone concentra-
tions in women (64, 65). Several clinical trials have shown that
testosterone therapy decreases adiposity and improves insulin
sensitivity (66–69), whereas androgen deprivation increases ad-
iposity and insulin resistance in men (70, 71). Moreover, a meta-
analysis found that high testosterone concentrations were asso-
ciated with a lower risk of type 2 diabetes in men but with a higher
risk in women (72). If insulin resistance is one of the mechanisms
linking obesity to risk of colon and rectal cancer, an obesity-
induced reduction in testosterone concentrations in men may be
one reason for the stronger association of obesity with colon and
rectal cancer risk in men than in women.

Other potential explanations for the sex difference in associ-
ation with adiposity might be related to a counteracting beneficial

effect of obesity on colorectal cancer risk in women or to post-
menopausal hormone use. BMI is positively associated with
circulating concentrations of estradiol in postmenopausal
women and men (63–65, 73). Exogenous estrogens (in the form
of postmenopausal hormone therapy) have been associated with
a decreased risk of colorectal cancer in observational and inter-
vention studies (74–76). Results of a recent large prospective
cohort study showed that abdominal adiposity was positively
related to risk of colon cancer only in women who did not use
postmenopausal hormones (40). Likewise, a smaller prospective
cohort study found that BMI was significantly positively asso-
ciated with the risk of colorectal cancer in never users of post-
menopausal hormones but not in current users (33). Some (10,
27) but not all (30) prospective studies have found that BMI is
positively related to risk of colorectal cancer in premenopausal
women but not in postmenopausal women.

Results from this meta-analysis indicate that the association
between BMI and cancer risk is stronger for colon cancer than for
rectal cancer. Similarly, another meta-analysis showed that in-
creased leisure-time physical activity, which is related to im-
proved insulin sensitivity (77, 78), was associated with a reduced
risk of colon cancer but not of rectal cancer (46). This may
suggest that insulin resistance, hyperinsulinemia, and other fac-
tors related to obesity are stronger risk factors for colon cancer

FIGURE 3. Relative risk of rectal cancer per 5-unit increase in BMI (in kg/m2).
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than for rectal cancer. Indeed, several prospective studies re-
ported that circulating C-peptide (24, 28, 47, 51) and leptin (47,
58) concentrations were more strongly positively associated with
risk of colon cancer than with overall colorectal cancer or rectal
cancer.

As with any meta-analysis of observational studies, our study
has limitations. First, the possibility that the observed relation
between obesity and colorectal cancer risk was due to unmea-
sured or residual confounding should be considered. The most
likely confounder of the obesity-colon cancer relation is physical
activity, which is inversely associated with colon cancer risk
(46). However, a positive association between BMI and risk of
colon cancer in both men and women persisted when we re-
stricted the meta-analysis to studies that controlled for physical
activity. Second, half of the studies in this meta-analysis relied on
self-reported anthropometric measures, which may have led to
some underestimation of the true associations. The summary RR
estimate for the studies that had measured weight and height was
lower than that for studies that relied on self-reporting. Finally, in
a meta-analysis of published studies, it is possible that an ob-
served association is the result of publication bias, because stud-
ies with null results tend not to be published. There was an
indication of publication bias in the literature relating BMI to
colon cancer risk in women. Nevertheless, the positive associa-
tion remained when we controlled for potential unpublished
studies.

In summary, the results of this meta-analysis showed that
obesity was significantly positively associated with colon cancer
risk in both men and women and with rectal cancer risk in men.
The association between obesity and risk of colon cancer was
stronger in men than in women. Moreover, increased BMI was
more strongly related to risk of colon cancer than to risk of rectal
cancer. The mechanisms accounting for the sex and cancer site
differences need further investigation. This meta-analysis pro-
vides further support to public health efforts aiming to lower the
prevalence of overweight and obesity to reduce the incidence of
cancer and other chronic diseases (79).
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Strength training and adiposity in premenopausal women: Strong,
Healthy, and Empowered study1–4

Kathryn H Schmitz, Peter J Hannan, Steven D Stovitz, Cathy J Bryan, Meghan Warren, and Michael D Jensen

ABSTRACT
Background: American women aged 25–44 y gain 0.5–1 kg yearly,
most of which is fat. Because few midlife women participate in
strength training, this mode of activity may be a novel intervention
for preventing age-associated fat increases in this population.
Objectives: The primary aim was to assess the efficacy of twice-
weekly strength training to avoid increases in percentage body fat
and intraabdominal fat.
Design: A randomized controlled trial was conducted in an ethni-
cally diverse sample of 164 overweight and obese [body mass index
(in kg/m2): 25–35] women aged 25–44 y. The treatment group did
twice-weekly strength training for 2 y. The standard care comparison
group was given brochures recommending aerobic exercise. Assess-
ments at baseline, 1, and 2 y included intraabdominal fat by com-
puted tomography scan and body fat and fat-free mass by dual-
energy X-ray absorptiometry.
Results: During 2 y, percentage body fat changes were �3.68 �
0.99% for the treatment group and �0.14 � 1.04% for the control
group, P � 0.01. Two-year intraabdominal fat changes were 7.05 �
5.07% for the treatment group and 21.36 � 5.34% for the control
group, P � 0.05.
Conclusion: This study suggests that strength training is an effica-
cious intervention for preventing percentage body fat increases and
attenuating intraabdominal fat increases in overweight and obese
premenopausal women. This is relevant to public health efforts for
obesity prevention because most weight gain can be assumed to be
fat, including abdominal fat. Am J Clin Nutr 2007;86:566–72.

KEY WORDS Strength training, visceral fat, exercise,
women, body composition, obesity

INTRODUCTION

American women aged 25–44 y typically gain 0.5–1 kg yearly
(1, 2). These gains contribute to the increase in obesity preva-
lence with increasing age (3) and can be assumed to be mostly fat
(4, 5). Body weight and body mass index (BMI; in kg/m2) are
commonly used as surrogates of body fatness for ease of mea-
surement and reporting. However, it is well established that ex-
cess fat mass, particularly intraabdominal fat mass, links obesity
to excess rates of morbidity and mortality (6). Therefore, behav-
ioral interventions to reduce or prevent increases in body fat,
particularly intraabdominal fat, may be useful for reducing the
high costs of obesity (7).

Physical activity is noted to be associated with reductions in
body fat (8–11), as well as important health benefits independent

of body fatness (12). Numerous intervention trials have shown
that aerobic exercise controls or reduces intraabdominal fat (13–
16). We have previously shown that twice-weekly strength train-
ing is feasible during 9 mo in women and that this program
decreased percentage body fat (17). However, the effect of this
intervention on intraabdominal fat has not been explored, and a
longer study was needed to assess the sustainability of the pre-
viously observed changes to percentage body fat. We hypothe-
sized that strength training would be particularly useful in the
context of preventing body fat increases because it would in-
crease muscle mass and prevent the muscle loss that occurs with
aging, as well as associated decreases in resting energy expen-
diture (18, 19). This may be particularly useful in the context of
avoiding sarcopenic obesity with aging. The improvements in
muscle strength and endurance from strength training may
also allow women to feel more comfortable being physically
active in a variety of domains (eg, recreation, transportation,
and household).

The primary objectives of the Strong, Healthy, and Empow-
ered (SHE) study were to assess the efficacy of twice-weekly
strength training to prevent increases in percentage body fat and
intraabdominal body fat compared with a standard care compar-
ison group among women. These objectives were accomplished
in a 2-group randomized controlled trial.
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SUBJECTS AND METHODS

Volunteers were recruited from the Minneapolis-St Paul area
between July 2002 and June 2003. Recruitment strategies in-
cluded advertisements in print and broadcast media, flyers, and
direct mailings. Advertisements in black media outlets facilitated
targeted recruitment of African American women. Eligibility
criteria included ages of 25–44 y inclusive, BMI of 25–35 in-
clusive with stable body weight (�10% change during the past
year), premenopausal status, sedentary or only modestly physi-
cal active (�3 weekly sessions of moderate aerobic physical
activity), and nonsmoker. Exclusion criteria included participa-
tion in a weight-loss program, physician-diagnosed menstrual
irregularities or significant gynecologic conditions, any positive
response on the Physical Activity Readiness Questionnaire (20),
history of strength training in the past 6 mo, medical conditions
or medications that could limit participation in the exercise pro-
gram or affect study measurements (including cholesterol-
lowering medications, psychiatric medications at dosages
known to alter weight, appetite suppressants), currently or re-
cently pregnant, currently or recently lactating, uncontrolled hy-
pertension (systolic � 160 or diastolic � 99), history of cancer
within the past 5 y, or plans to be out of town for �3 consecutive
weeks during the study. The study protocol was approved by the
University of Minnesota Institutional Review Board.

Within each recruitment wave (n � 40), randomization was
stratified to balance the groups by age (25–34 y compared with
35–44 y) and percentage body fat (above compared with below
the median). A study staff member blinded to treatment status
performed the randomization procedures.

Intervention

Treatment group participants were provided with a 2-y mem-
bership to the Minneapolis Young Women’s Christian Associa-
tion (YWCA) fitness centers. The intervention started with 16 wk
of twice-weekly sessions supervised by certified fitness profession-
als (ratio of participants to trainers � 6:1). During this supervised
intervention, participants were taught stretches, warming up, cool-
ingdown,andabdominalandlowback–strengtheningexercises(for
injury prevention). The first circuit of strength-training exercises
used isotonic variable resistance machines. Free-weight exer-
cises were introduced over time. All weight-training circuits
included 8–10 exercises to work the quadriceps, hamstring, glu-
teal, pectoral, erector spinae, latissimus dorsi, rhomboid, deltoid,
biceps, and triceps muscles. By the end of the first month, the 1-h
sessions included 3 sets of 8–10 repetitions for each exercise.
The weight lifted was progressively increased during year 1.
During year 2, subjects reduced the circuits to 2 sets per exercise
and maintained the highest weight lifted for each exercise, re-
sulting in a session length of �45 min.

The behavioral aspects of the strength-training intervention
were guided by social cognitive theory (21). Throughout the 2-y
intervention, the fitness trainers made weekly reminder calls to
participants who had not completed 2 sessions. Two hours of free
childcare per session were provided. After the first 16 wk, train-
ers led booster sessions every 12 wk, during which new exercises
were introduced. Otherwise, participants exercised unsuper-
vised. The fitness trainers were available by phone or e-mail and
at the gym. Other intervention components included semiannual
social gatherings, a study website, and a monthly newsletter.

Participants in the treatment group were asked to maintain what-
ever amount of aerobic activity they had been doing before study
entry (�3 times weekly, according to eligibility criteria)
throughout the study period.

Women randomly assigned to the standard care comparison
group were mailed American Heart Association brochures that
recommended 30 min of moderate intensity activity on most days
of the week, consistent with current public health recommenda-
tions (12). The advice in those brochures focused mostly on
starting a walking program. The comparison group subjects were
not included in any of the social support components of the
intervention or provided any exercise guidance beyond the 2
brochures.

Regardless of group assignment, participants were asked not
to make any changes in their diets that might result in weight or
fat gain or loss. Seasonal variations in their diets were expected
and allowed. This message was communicated during recruit-
ment, included in the consent document, and reiterated during
measurement visits and strength-training sessions.

Data collection

All assessments occurred at baseline, 1 y, and 2 y. The mea-
surement staff was blinded to group assignment (blinding suc-
cess was not assessed). Measurements were completed with the
use of standard written protocols. Body weight and height were
assessed on a digital scale and scale-mounted stadiometer (Scale-
tronix 5005; Scale-tronix, White Plains, NY). Body composition
was measured by dual-energy X-ray absorptiometry (DXA) with
the use of the Lunar Prodigy DXA apparatus (Lunar Radiation
Corp, Madison, WI). The DXA measurements used a standard
protocol and were conducted by a trained technician. Reproduc-
ibility with the instrument used is 0.6% � 0.5% for fat and lean
mass (22). Monthly calibration was completed with manufac-
turer phantoms. No significant machine drift was noted during
the study period.

Abdominal fat areas (total, subcutaneous, and intraabdominal)
were estimated from a single-slice computed tomography (CT)
scan at the L2–L3 interspace. The methods used for CT analysis
were described elsewhere (23). No significant machine drift was
noted during the study period; the scanner was calibrated weekly.

Muscle strength was assessed with the maximum weight that
was lifted once on the bench press and the leg press with the use
of previously described procedures (17). This testing was re-
peated in 2 appointments within a 2-wk period at each measure-
ment time point to ensure the best possible effort. The best of the
2 measures was used for analysis.

Physical activity was assessed at each measurement time point
with the use of an accelerometer (model 7164, version 2.2; Ac-
tigraph LLC, Fort Walton, FL), worn for at least 4 d (2 weekdays
and 2 weekend days) during waking hours, except when the
subject was in contact with water (ie, showering, swimming). A
treadmill test was completed to determine the threshold acceler-
ometer count above which activity could be counted as nonsed-
entary. Subjects walked on a treadmill for 7 min at 2 miles/h, and
the mean accelerometer counts per minute from those 7 min were
calculated to determine the threshold for nonsedentary activity.
The physical activity level reported is the number of minutes
spent above this individually determined threshold, with week-
days and weekend days weighted to reflect a 1-wk period. This
approach is consistent with best practices guidelines (24).
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Adherence to strength training was assessed by dividing the
number of strength-training sessions attended (according to par-
ticipant exercise logs kept at the YWCA and checked weekly by
fitness trainers) by the total possible sessions for a given time
period. The total number of possible sessions per year was 102
(twice weekly for 51 wk, 1 wk off/y).

The Diet History Questionnaire (DHQ), a food-frequency
questionnaire, was used to estimate usual intake from diet and
nutrient supplements from the prior year (25). A prior study noted
a correlation between the DHQ and three 24-h recalls of r � 0.48
among women (26). Additional measures completed for the SHE
study included standardized interviewer-administered surveys
for demographics, including self-reported race or ethnicity, ed-
ucation, marital status, and number and ages of children living at
home. Race or ethnicity categories were the same as in the 2000
US Census. Because there were few participants in race or ethnic
categories other than white or black, women reporting Asian,
Native American, or other ethnicities were grouped as other.

Sample size

With type I error for 2-sided testing split over the 2 major
outcomes (2.5% for each), power analysis showed that 64 women
per group would provide 90% power to detect the intervention
effect for percentage body fat achieved in the pilot study
(�1.63%), with an effect size of 0.2. Power analysis for intra-
abdominal fat relied on unpublished variance data from our lab-
oratory and showed that 71 women per group would yield 85%
power to detect an effect size of 0.3 (MD Jensen, KH Schmitz,
unpublished observations, 2000). We recruited 82 women per
group to allow for some dropouts.

Statistical analysis

Descriptive statistics by group were generated by cross-
tabulation for categorical variables and by means for continuous

measures. Testing of group differences at baseline was by chi-
square tests or independent t tests. Differences within group
during 2 y (longitudinal changes from baseline) were tested by
repeated measures analysis of variance. For body size and
strength-training improvements, changes during 2 y were as-
sessed as the percentage of the baseline measure. Percentage
rather than absolute changes were used to assess intervention
effects on strength and body size to address the potential of
inappropriately equating relatively large differences in small
women and relatively small differences in large women.

Analysis models used repeated measures analysis of covari-
ance, adjusting for race or ethnicity (categorical), baseline activ-
ity (minutes per week above threshold activity), marital status,
and kilocalorie intake. Specific single df contrasts of adjusted
mean percentage changes were generated to address specific
hypotheses (eg, net group differences at 2 y compared with base-
line). We present P values for year 2 only; the changes at year 1
are presented for information only. Anyone wanting to control
for multiple tests can easily use the Bonferroni method to mul-
tiply the P values by the number of tests being considered. All
analyses were conducted with the use of SAS (version 8.2; SAS
Institute, Cary, NC).

RESULTS

Flow of participants through the study is presented in Figure 1.
An attempt was made to screen 1721 women. The most common
reason for ineligibility was body size outside the eligible range.
The most common reason for not being interested was lack of
willingness to be randomly assigned. At baseline, 164 women
were randomly assigned into 2 equal-sized groups. Loss to
follow-up overall was 19% by the end of the 2-y study. Loss to
follow-up differed by treatment status (23.2% in the comparison
group compared with 14.6% in the treatment group at 2 y) but not

1799 calls received
78 received after recruitment was completed

1721 calls responded to
for recruitment 200 callers: unable to determine eligibility or not interested

after hearing more about the study

1142 ineligible
379 eligible by phone screening 

and interested

183 screened in the clinic
10 ineligible in clinic

9 dropped out before end of baseline measurement 
appointments164 radomly assigned

125 never came to a consenting session

71 did not consent

82 to treatment group 82 to control group  

n = 71 at 1 y

(11 lost to follow-up)

n = 67 at 1 y

(15 lost to follow-up)

n = 70 at 2 y 

(12 lost to follow-up)

n = 63 at 2 y 

(19 lost to follow-up)

FIGURE 1. Flow of participants through the study.
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by ethnicity (black compared with white) or by baseline BMI
status (25–29.9 compared with 30–35).

Participant characteristics at all 3 measurement time points are
shown in Table 1. No differences were observed between groups
at any time point, and no between-group differences were noted
for 1- or 2-y changes in any of the variables presented in Table 1.
Women included in the right-most column of Table 1 were those
who completed the CT scan measurements at year 2. These
women formed the cohort included in the statistical analyses
resulting in the remaining tables.

The adherence data for the participants in the strength-training
treatment group are given in Table 2. Adherence was highest
during the supervised intervention period (data not shown). Av-
erage adherence was 76% in year 1 and 61% in year 2, for an
overall mean of 71% during the full 2 y. Adherence was lower in
year 2 compared with year 1 (P � 0.0001).

The maximum kilograms lifted once in bench press and leg
press at baseline and the percentage changes over time are shown
in Table 3. The maximum that could be lifted once at baseline
was �40 kg for bench press and 130 kg for leg press. During 2 y,
the net treatment effect for bench and leg presses were 9.4% and
9.7%, respectively.

Body size at baseline and the percentage changes over time by
treatment status are shown in Table 4. Despite the differential
increases in strength according to treatment group shown in
Table 3, lean body mass did not increase significantly during 2 y.
Significantly larger decreases in percentage body fat and atten-
uation of intraabdominal fat increases were noted during 2 y, with
net treatment effects (change in treatment group added to change
in standard care group) of �3.5% and �14.3%, respectively.
Treatment effects for total fat mass and subcutaneous abdominal
fat area were marginally significant by 2 y.

DISCUSSION

This 2-y strength-training intervention among an ethnically
diverse sample of overweight and obese, premenopausal, previ-
ously sedentary women decreased percentage body fat and at-
tenuated increases in intraabdominal fat. The decreases in body
fat (total, percentage, and intraabdominal) in the treatment group
were more evident after 1 y than at the end of the second year.
This finding coincides with decreased protocol adherence during
year 2 and the shift from intervention (year 1) to maintenance
(year 2) phase. However, the increases in body fat (total, per-
centage, and intraabdominal) in the standard care control group
were larger in year 2 than in year 1. As a result, larger between-
group differences were noted at 2 y than at 1 y. This finding
supports the potential for strength training to provide sustained
obesity prevention benefits over time. These findings suggest
that strength training is an efficacious mode of physical activity
to expand the repertory of approaches available to women for the
purpose of obesity prevention.

No net treatment effect was observed on total body weight.
This was expected, because strength training primarily alters
body composition (increasing muscle mass and reducing fat
mass), and there was no dietary intervention. However, because
fat mass (specifically intraabdominal fat) is the primary element
of elevated body weight associated with chronic disease risk, the
changes in these outcomes are of equal or greater importance to

TABLE 1
Description of participants1

Variable

Baseline (n � 164) Year 1 (n � 138) Year 2 (n � 133)

Treatment
(n � 82)

Control
(n � 82)

Treatment
(n � 71)

Control
(n � 67)

Treatment
(n � 70)

Control
(n � 63)

Age (y) 36 � 52 36 � 6 37 � 6 36 � 6 37 � 5 36 � 6
Ethnicity

Black [n (%)] 24 (29) 22 (27) 19 (27) 17 (25) 19 (27) 16 (25)
Other [n (%)]3 10 (12) 10 (12) 9 (13) 9 (13) 8 (11) 7 (11)
White [n (%)] 48 (59) 50 (61) 43 (61) 41 (61) 43 (61) 40 (63)

College degree (%) 73 65 70 67 70 68
Married (%) 50 45 48 50 54 51
With children �5 y old (%) 57 56 54 55 53 52
Energy intake (kcal) 2036 � 916 2163 � 1014 1919 � 893 1862 � 686 1926 � 827 1939 � 942
Physical activity4 630 � 372 544 � 320 584 � 325 538 � 307 611 � 337 602 � 442

1 No differences were noted between groups at any time point or within groups across time for any variables, P � 0.15 for all comparisons. Comparisons
of continuous variables were made with t tests; comparisons of categorical variables were made with chi-square tests.

2 x� � SD (all such values).
3 Includes Asian, Native American, and Pacific Islanders.
4 Units are minutes above threshold per week. Threshold was an individually calibrated average accelerometer count per minute while walking at 2 miles/h

on a treadmill for 7 min. Therefore, the physical activity variable reflects minutes spent doing any activity of an intensity � walking 2 miles/h, averaged over
a 1-wk period.

TABLE 2
Adherence to the protocol of twice-weekly strength training

Baseline to year 1
(n � 82)

Year 1 to year 2
(n � 71)

Baseline to year 2
(n � 71)

Adherence (x�) 76 611 71
Attendance

0–20% 1 14 0
21–40% 10 11 14
41–60% 16 21 20
61–80% 21 21 24
81–100% 52 33 42

1 Mean adherence in year 2 was significantly lower than in year 1, P �
0.0001 from mixed-model t test.
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changes in weight. Evidence suggests an association of excess
abdominal fat and chronic disease risk across a wide range of
BMIs (27). Evidence from cross-sectional and longitudinal stud-
ies show that the direct association of obesity with cardiovascular
risk factors, morbidity, and mortality is strongest in those with
disproportionately high intraabdominal fat (13, 28).

We hypothesized that strength training would be particularly
useful in the context of preventing body fat increases because it
would increase muscle mass and prevent the muscle loss that
occurs with aging, as well as associated decreases in resting
energy expenditure (18, 19). In light of our hypotheses, note that,

although the intervention did increase muscle strength, between-
group comparisons of lean body mass increases did not reach
statistical significance.

Aerobic exercise training consistently and preferentially re-
duces abdominal fat (6, 13–16). We are aware of 4 prior shorter
studies that have used imaging technology to measure the
changes in abdominal fat in response to strength training (29–
32). Null findings in 17 nonobese young women (age: 18–35 y;
BMI: �26) in response to 6 mo of strength training (30) are
contrasted by 3 studies in older men and women that have shown
preferential loss of trunk fat tissue as measured by DXA (31) or

TABLE 3
Maximum weight lifted at baseline and change (�) during 1 and 2 y

Baseline � Baseline to year 1 � Baseline to year 2 P1

% %

Bench press
Treatment group (kg)2 40.1 � 0.823 9.85 � 1.69 6.66 � 1.69 0.0003
Control (kg)4 39.3 � 0.86 �1.75 � 1.84 �2.70 � 1.80

Leg press
Treatment (kg) 130 � 3.5 14.38 � 2.95 13.2 � 2.95 0.003
Control (kg) 131 � 3.6 6.33 � 3.16 3.48 � 3.12

1 Values were derived from repeated-measures ANCOVA comparing changes during 2 y, adjusted for ethnicity, baseline physical activity, marital status,
and kilocalorie intake at baseline and 2 ys.

2 n � 82, 71, and 70 at baseline, year 1, and year 2, respectively.
3 x� � SE (all such values).
4 n � 82, 67, and 63 at baseline, year 1, and year 2, respectively.

TABLE 4
Baseline body size measures and percentage change (�) from baseline at year 1 and at year 2 by treatment group

Baseline � Baseline to year 1 � Baseline to year 2 P1

% %

Body mass (kg)
Treatment group2 81.6 � 1.33 1.17 � 0.79 1.72 � 0.79 0.54
Control4 80.7 � 1.3 0.88 � 0.84 2.42 � 0.84

BMI (kg/m2)
Treatment group 29.4 � 0.4 1.07 � 0.81 1.92 � 0.81 0.74
Control 29.4 � 0.4 0.85 � 0.86 2.32 � 0.86

Body fat (%)
Treatment group 44.3 � 0.6 �4.36 � 0.99 �3.68 � 0.99 0.01
Control 43.5 � 0.6 �2.26 � 1.04 �0.14 � 1.04

Fat mass (kg)
Treatment group 34.8 � 0.9 �3.19 � 1.66 �1.61 � 1.66 0.07
Control 33.7 � 0.9 �1.34 � 1.76 2.87 � 1.75

Lean mass (kg)
Treatment group 43.3 � 0.6 4.29 � 0.61 4.17 � 0.61 0.13
Control 43.4 � 0.6 2.61 � 0.65 2.82 � 0.64

Intraabdominal fat (cm2)
Treatment group 71.82 � 4.43 �2.99 � 5.04 7.05 � 5.07 0.05
Control 67.38 � 4.57 2.95 � 5.38 21.36 � 5.34

Subcutaneous abdominal fat (cm2)
Treatment group 269.24 � 9.20 �1.94 � 2.04 0.97 � 2.05 0.08
Control 252.34 � 9.49 �0.88 � 2.17 6.12 � 2.16

1 P for test between group differences during 2 y were derived from repeated-measures ANCOVA adjusted for ethnicity and physical activity at baseline
and for kilocalorie intake and marital status at baseline and 2 y.

2 n � 82, 71, and 70 at baseline, year 1, and year 2, respectively.
3 Adjusted x� � SE (all such values).
4 n � 82, 67, and 63 at baseline, year 1, and year 2, respectively.
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reduced intraabdominal fat (29, 32) after 4 mo of strength training.
The investigators of the null study speculated that strength training
might only affect intraabdominal fat in participants who have
greater fat to lose (eg, older or overweight adults) (30). The present
results indicate that strength training can affect intraabdominal fat in
midlife overweight and obese women.

The choice to provide brochures only to the control group was
intentional, to allow for a group that would be provided with the
current standard public health intervention for physical activity.
Although this choice provides useful information about the ef-
ficacy of such interventions, it is acknowledged that this creates
an imbalance in contact with study personnel across the treatment
compared with control groups. Although this study did experi-
ence differential loss to follow-up across treatment status,
between-group comparisons for demographics and the 2 most
important potential confounders (diet and physical activity) did
not show differences at any measurement time point. The mea-
surement of physical activity by objective monitoring avoided
the potential for desirability bias from self-report that may occur
in intervention studies. No such objective monitoring of dietary
changes was possible. Further, food-frequency questionnaires
such as the DHQ may not be sensitive enough to capture changes
in dietary pattern. The possibility that significant changes in
dietary intake influenced the body composition results reported
cannot be ruled out. The validity of self-completed exercise logs
to determine strength-training adherence is supported by greater
strength gains during 1 and 2 y in the treatment group than in the
comparison group. Strengths of the SHE study include the large
sample size, the ethnic diversity of the participants (nearly 40%
nonwhite), and the long intervention period. To our knowledge,
this study represents the longest exercise intervention to examine
effects on intraabdominal fat with the use of imaging technology.

In summary, US women aged 25–44 y gain 0.5–1 kg annually,
on average. Most of this weight gain can be assumed to be fat (4,
33), including abdominal fat (34), which has particularly adverse
metabolic effects (6, 28, 35, 36). This study observed that twice-
weekly strength training prevents increases in total percentage
body fat and attenuates intraabdominal fat increases in over-
weight and obese premenopausal women. Because these women
are already overweight or obese, weight-loss efforts would be
desirable. That said, obesity prevention interventions such as
twice-weekly strength training are vital to our efforts to slow the
increase in population prevalence of obesity and weight gain
among overweight and obese women. These findings are partic-
ularly relevant to an aging population and the avoidance of the
development of sarcopenic obesity in the elderly.
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Less activation in the left dorsolateral prefrontal cortex in the
reanalysis of the response to a meal in obese than in lean women
and its association with successful weight loss1–3

Duc Son NT Le, Nicola Pannacciulli, Kewei Chen, Arline D Salbe, James O Hill, Rena R Wing, Eric M Reiman, and
Jonathan Krakoff

ABSTRACT
Background: We previously found that obese men have less acti-
vation in the left dorsolateral prefrontal cortex (LDLPFC) in re-
sponse to a meal than do lean men, which indicates an association
between this altered neuronal response and the pathophysiology of
obesity.
Objectives: The objectives of the study were to extend this finding
in obese women and to investigate activity in this region in women
with a history of severe obesity who have successfully lost weight
(ie, formerly obese women, sometimes called postobese women).
Design: We reanalyzed previously collected data to compare post-
meal (after receiving a liquid meal) with premeal (after a 36-h fast)
regional cerebral blood flow, a marker of neuronal activity, by using
15O-water positron emission tomography in 10 lean [26 � 6% body
fat (BF)], 9 obese (39 � 3%BF) and 8 formerly obese (28 � 4%BF)
right-handed women. Data were analyzed by using a 2-level,
random-effect analysis of variance.
Results: The regional cerebral blood flow in the LDLPFC differed
in response to the meal across the 3 groups (P � 0.001, uncorrected
for multiple comparisons). Post hoc group comparisons showed that
obese women had significantly less activation in this area than did
lean and formerly obese women. No significant difference between
formerly obese and lean women was found.
Conclusions: These results extend our previous findings, indicating
that obese women have less activation in the LDLPFC in response to
a meal than do lean or formerly obese women. Neuronal activity in
this region did not differ significantly between the latter 2 groups.
Longitudinal studies are needed to determine whether these differ-
ences in neuronal activity change with or predict weight
change. Am J Clin Nutr 2007;86:573–9.

KEY WORDS Dorsolateral prefrontal cortex, neuronal activ-
ity, fixture of obesity, weight loss, satiety, formerly obese, positron
emission tomography, PET

INTRODUCTION

Obesity has reached epidemic proportions throughout the
world (1). In the United States, �60% of the adult population is
either overweight or obese (2). However, the exact pathophysi-
ology of obesity is still unclear. Excessive food intake seems to
play a central role in the development of the disease (1, 3). Recent

studies have examined the role of the human brain in the regu-
lation of food intake by using functional neuroimaging tech-
niques, eg, functional magnetic resonance imaging (MRI) and
positron emission tomography (PET) (4–9).

We recently showed that, compared with lean men, obese men
had less activation in response to a meal in the left dorsolateral
prefrontal cortex (LDLPFC), an area that has been implicated in
the inhibition of inappropriate behavior, satiety, and meal termi-
nation; this finding indicates that the impairment in this area may
be a feature of obesity (10). However, whether this decreased
activation in the LDLPFC is also present in obese women is not
known. Furthermore, whether this deficit in the DLPFC precedes
weight gain or is an acquired feature of obesity, which may make
weight loss difficult, could not be determined. Studies in persons
who have successfully achieved and maintained a normal body
weight despite a history of severe obesity and who are at high risk
of relapse may provide insight into this question.

A preliminary comparison of differences in regional cerebral
blood flow (rCBF), a marker of neuronal activity, by using a
single-level, fixed-effect modeling statistical approach that ac-
counts only for within-subject variability (thus prohibiting infer-
ences beyond the subjects studied) found that obese and formerly
obese persons have similar brain responses to a meal and differ
from lean persons only in the posterior hippocampus (11). That
study included men and women and right- and left-handed sub-
jects; however, reports indicate that human brain responses to
stimulations (12, 13) and brain structure (14) differ between
left-handed and right-handed persons.
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Given our previous findings obtained in men by using a more
generalizable model and a more stringent statistical approach (ie,
multilevel, random-effect modeling), we reanalyzed the previ-
ously collected data in right-handed women to investigate
whether the same alterations in neuronal activity in the LDLPFC
were present in both obese and lean women and to investigate
rCBF changes in this area in formerly obese women to gain
insight into how changes in rCBF in this area (implicated in the
center of higher cognitive control) may differ with successful
weight loss.

SUBJECTS AND METHODS

Subjects

Thirty right-handed white women (n � 10 lean, 12 obese, and
8 formerly obese) were studied in the follicular phase of the
menstrual cycle. Results in these subjects were reported previ-
ously (11). Subjects were recruited from the Phoenix, AZ, met-
ropolitan area by newspaper advertisement or, for formerly obese
women, by targeted mailing to members of the national Weight
Control Registry. The formerly obese women had achieved sub-
stantial weight loss, defined as a reduction in body mass index (in
kg/m2) from �35 to �25, and who had successfully maintained
their weight loss (by either diet or physical exercise therapy only
or by combining the 2 approaches) for �3 mo before the admis-
sion. All subjects were nonsmokers, were free of medical disor-
ders, and were not taking any medications, as determined by
medical history, physical examination, and screening laboratory
tests. Subjects with a history of substance or alcohol abuse or
addiction; endocrine disorders (including abnormal thyroid
function and type 2 diabetes); or hypertension, pulmonary, car-
diovascular, gastrointestinal, hepatic, renal, or central nervous
system disorders were excluded from the study at screening. The
Structured Clinical Interview for DSM-III-R (15) was used to
screen for behavioral and psychiatric conditions (ie, claustropho-
bia, major depression, the presence of psychotic symptoms, an-
orexia nervosa, or bulimia nervosa) that were incompatible with
safe and successful participation in the study. All subjects were
admitted for 1 wk to the metabolic unit of the Obesity and Dia-
betes Clinical Research Section of the National Institute of Di-
abetes and Digestive and Kidney Diseases in Phoenix. Subjects
were restricted to the research ward and were limited to sedentary
activity for the duration of the study.

Written informed consent was obtained from all subjects be-
fore participation. The protocol was approved by the institutional
review boards of the National Institute of Diabetes and Digestive
and Kidney Diseases and Banner Good Samaritan Regional
Medical Center (Phoenix).

Experimental protocol

The experimental procedures were described previously (8).
In brief, on admission, subjects were placed on a weight-
maintaining diet (50%, 30%, and 2% of energy from carbohy-
drate, fat, and protein, respectively). Body composition was as-
sessed by using dual-energy X-ray absorptiometry (DPX-1;
Lunar Corp, Madison, WI), and resting energy expenditure was
measured for 45 min by using a ventilated-hood system (Delta-
Trac; SensorMedics, Yorba Linda, CA). Before the imaging
session, each subject underwent 2 dress rehearsals of the study to
become familiar with the behavioral tasks. Customized foam

molds were created and used to immobilize the head during the
imaging session. The flavor of the liquid meal (ie, vanilla, choc-
olate, or strawberry) was selected by each subject. After a 36-h
fast, the volunteer underwent the imaging sessions. Water and
noncaloric, noncaffeinated beverages were provided ad libitum
during the fast.

Imaging procedures

MRI and PET procedures were carried out at Banner Good
Samaritan Regional Medical Center as described previously (8).
First, MRI was performed by using a 1.5-Tesla Sigma system
(General Electric, Milwaukee, WI) to rule out gross anatomical
abnormalities and for coregistration in the preprocessing of the
PET images. For the PET procedure, a transmission scan using a
68Ge/68Ga ring source was performed to correct subsequent
emission images for radiation attenuation. During each scan,
subjects rested quietly in the supine position without movement
and were asked to keep their eyes closed and positioned as if
looking straight ahead. PET images of regional brain activity
(counts per pixel per min) were obtained for each subject by using
a scanner (ECAT 951/31; Siemens, Knoxville, TN). For each
scan, a 50-mCi intravenous bolus of 15O-water was injected. Two
scans were obtained at baseline and 2 after feeding, with intervals
of 10 min between the 2 scans in each set. Immediately after each
scan, subjects were asked to rate their desire to eat, the amount of
food they desired, and their feelings of hunger, fullness and thirst
on a 100-mm visual analog scale, ranging from 0 [not at all
hungry (or not at all full, etc)] to 100 [extremely hungry (or
extremely full, etc)] (16). Blood samples were drawn immedi-
ately after each scan in the fasting and postprandial periods for
the measurement of glucose, insulin, and free fatty acids.

Feeding procedures

A satiating amount of a liquid formula meal [Ensure Plus (1.5
kcal/mL); Ross-Abbott Laboratories, Columbus, OH), providing
50% of the individual’s daily resting energy expenditure was
administered orally over 25 min by using a peristaltic pump
(IMED 980 Imed, San Diego, CA). To eliminate possible con-
founding factors, such as tactile stimulation of the tongue and
motor neuron activity, swallowing was consistently induced by
2 mL of water before each PET scans (ie, 2 scans in hunger and
2 scans after consumption of a liquid meal).

Metabolite analysis

Plasma glucose concentrations were measured by using the
glucose oxidase method (Beckman Instruments, Fullerton, CA);
plasma insulin concentrations were measured by using an auto-
mated radioimmunoassay (Concept 4; ICN Biomedicals Inc,
Costa Mesa, CA). Serum concentrations of free fatty acids were
measured by using an enzymatic calorimetric method (Wako
Chemicals, Richmond, VA).

Image processing and statistical analysis

The analysis was performed by using STATISTICAL PARA-
METRIC MAPPING software [(SPM5) version 5; Wellcome
Institute of Neurology, London, United Kingdom; Internet:
http://www.fil.ion.ucl.ac.uk/spm/software/spm5/], which was
released on December 1, 2005. Compared with the version used
for the previous study—SPM96 (17)—SPM5 features several
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differences including changes in image realignment (improve-
ment of motion correction algorithms), coregistration, and nor-
malization (more robust parameter estimations and a better tem-
plate). It also includes a more stringent and more accurate method
of correction for statistical type I errors and the addition of the
random-effects modeling approach for balanced design via mul-
tilevel analyses.

With the use of SPM5, automated algorithms were used to
align each subject’s sequential PET images (18), to rigidly coreg-
ister functional PET to anatomical MRI scans (18, 19), to spa-
tially normalize the coregistered images to the stereotactic space
as defined by the template provided by the Montreal Neurolog-
ical Institute (20), and to smooth these normalized PET images
with a 15-mm full-width-at-half-maximum Gaussian filter.
Voxel size of original individual PET images are 1.9 � 1.9 � 3.4
mm and 2 � 2 � 2 mm for normalized images and the template,
respectively.

Voxelwise statistical analyses were performed by using a
2-level, random-effects approach (21). An individual contrast
image of differences in rCBF in response to satiety (average of
the 2 satiety scans minus the average of the 2 hunger scans) was
first created for each subject by using the “single subject, con-
ditions. and covariates” option, accounting for whole-brain
blood flow by proportional scaling, which basically scales each
image to a reference count (ie, the global brain activity) set at a
physiologically realistic value of 50 mL�dL�1�min�1 (22). Then,
to test for differences in rCBF across the 3 groups, we grouped
and inputted the individual contrast images into analysis of vari-
ance (ANOVA) without global scaling with a P � 0.001 (uncor-
rected for multiple comparisons) as the criterion for statistical
significance in the second-level analysis. To ascertain the direc-
tionality of the significant effects from the ANOVA, a post hoc
pairwise comparison was performed between the groups in the
context of ANOVA (ie, obese compared with lean, obese com-
pared with formerly obese, and lean compared with formerly
obese). On the basis of an a priori hypothesis of the LDLPFC
(10), the small volume correction (SVC) for this area was used in
the post hoc group comparisons. The small volume was deter-
mined by using the anatomically defined LDLPFC obtained from

the automated anatomical labeling (AAL) map in the MRIcro
toolbox (Internet: http://www.sph.sc.edu/comd/rorden/mri-
cro.html). The family-wise error (FWE) P � 0.05 (corrected for
multiple comparisons within the small volume) was considered
statistically significant.

The average of the 2 values of these subjective ratings of
appetite sensations and blood tests in each PET scan session was
used in the analysis. Group differences in anthropometric and
metabolic indexes and subjective ratings of appetite sensations
were analyzed by using analysis of covariance in a general linear
model. Values of P � 0.05 were considered significant. These
analyses were performed by using SAS software (version 8e;
SAS Institute Inc, Cary, NC).

RESULTS

Thirty right-handed white women were enrolled in this study.
However, 3 obese women who felt uncomfortable with the foam
mold and moved their heads excessively during the PET session
or who had an inferior-quality MRI scan were excluded from the
analysis. Thus, data from 27 (10 lean, 9 obese, and 8 formerly
obese) women were available for analysis. The characteristics of
the study population are shown in Table 1. By design, obese
subjects had significantly higher percentages of body fat (%BF),
fasting insulin concentrations and received a larger meal com-
pared with lean and formerly obese women. There were no sig-
nificant differences in the general, anthropometric and metabolic
characteristics between lean and formerly obese women. No
significant differences in the subjective ratings across the 3
groups were observed (Table 2).

Results of the ANOVA (with P� 0.001, uncorrected for mul-
tiple comparisons as the criterion for statistical significance)
indicated that neuronal activity in response to the meal was dif-
ferent across the 3 groups in the left inferior frontal gyrus (be-
longing to the LDLPFC)—peak voxel: x � �50, y � 14, and z �
20; and F value � 11.7 (Figure 1)—and in the inferior tem-
poral gyrus—peak voxel: x � 56, y � �66, and z � �12; and
F value � 14.2.

TABLE 1
Characteristics of the study population1

Study group

P
Lean

(n � 10)
Obese

(n � 9)
Formerly obese

(n � 8)

Age (y) 33 � 102 31 � 8 39 � 73 0.1
Body weight (kg) 61 � 73 113 � 16 65 � 63 � 0.001
Body fat (%) 26 � 63 39 � 3 28 � 43 � 0.001
Meal size (mL) 427 � 533 590 � 147 419 � 553 0.0011
Fasting glucose (mg/dL) 77 � 9 84 � 4 76 � 5 0.06
Postmeal glucose (mg/dL) 97 � 10 99 � 9 92 � 14 0.52
Fasting insulin (�U/mL)4 20 � 2 26 � 6 20 � 1 0.0014
Postmeal insulin (�U/mL)4 55 � 273 90 � 52 48 � 243 0.05
Fasting FFA (mmol/L)4 0.99 � 0.25 0.85 � 0.15 1.18 � 0.36 0.07
Postmeal FFA (mmol/L)4 0.67 � 0.165 0.83 � 0.14 0.97 � 0.47 0.13

1 FFA, free fatty acid. All variables were analyzed with ANCOVA in a general linear model.
2 x� � SD (all such values).
3 Significantly different from lean and formerly obese subjects, P � 0.05.
4 Statistical analyses were performed on log10-transformed values.
5 Significantly different from formerly obese subjects, P � 0.05.
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The post hoc comparisons between the groups are shown in
Table 3. The only region that was consistently different across
the post hoc comparisons between the groups was the left inferior
frontal gyrus. Obese women had less activation in the left inferior
frontal gyrus in response to a meal than did lean (peak voxel: x �
�50, y � 14, and z � 20) and formerly obese (peak voxel: x �
�48, y � 14, and z � 14) women (Table 3 and Figure 1). There
was no significant difference in rCBF in this area between for-
merly obese and lean women (Figure 1 and Table 3).

With the use of the SVC, the difference in neuronal activity in
the left inferior frontal gyrus between obese and lean women
survived the FWE-based correction for multiple comparisons
(P � 0.03). The same trend was found in this area after correc-
tion for multiple comparisons between formerly obese and obese
women (P � 0.1)

DISCUSSION

The present study showed that obese women have less acti-
vation of the LDLPFC in response to a meal than do their lean
counterparts. Notably, this difference survived the FWE-based
correction for multiple comparisons. Because the dorsolateral
prefrontal cortex is a big area that includes 3 subfrontal gyri (ie,
superior, middle, and inferior frontal gyri), coordinates for both
men and women fell within the same brain region. For women,
the local maxima is located in the left inferior prefrontal cortex
(x � �50, y � 14, and z � 20); for men, the local maxima is in
the left middle frontal gyrus (x � �34, y � 58, and z � 14). We
acknowledge that this separation may indicate functional differ-
ences in this large brain area, although there is no clear evidence
for this. However, our findings indicate that, within this area,

neuronal activity differs in response to a meal between lean and
obese persons.

These results also showed that formerly obese women who
successfully achieved weight loss by diet and exercise and main-
tained their weight loss for �3 mo before the study have greater
activation of the LDLPFC in response to a meal than do obese
women; there were no detectable difference between formerly
obese and lean (never-obese) women. This indicates either that
the functional difference in the LDLPFC is a consequence of
obesity and reverses with successful weight loss or that individ-
uals with greater activation in the LDLPFC are more capable of
losing weight and maintaining weight loss than are persons with
lesser activation in the LDLPFC. These findings reinforce the
notion of a role for the prefrontal cortex in the regulation of food
intake and its alteration in obesity. In a structural study using
voxel-based morphology of MRI scans, obese persons also had
significantly lower gray matter density in the LDLPFC than did
lean persons (23).

The prefrontal cortex plays a central role in the inhibition of
inappropriate behaviors. In particular, it is important to the sup-
pression of a course of action that is no longer appropriate and to
the ability to monitor ongoing actions (24). Moreover, Heekeren
et al have proposed that the LDLPFC of the human brain may
contain a general mechanism for integrating perceptual evidence
for decision making (25) and that the LDLPFC in humans may be
a critical component of the decision-making network (26). In
terms of appetite control, previous findings in lean or obese
persons indicated that the LDLPFC also may play an important
role in the central regulation of eating behavior by sending in-
hibitory inputs to orexigenic areas to suppress hunger and ter-
minate a feeding episode (8, 17, 27). Recently, a positive asso-
ciation between changes in rCBF in the LDLPFC in response to
a meal and changes in plasma concentration of GLP-1, a satiety-
inducing hormone, has been shown (28). It is interesting that the
stimulation of the LDLPFC by using repetitive transcranial mag-
netic stimulation resulted in inhibition of the development of
food cravings (29).

Compared with obese women, formerly obese women who
have successfully achieved weight loss had greater activation in
the LDLPFC in response to a meal, but there was no significant
difference in neuronal activation in this area between these
women and their lean counterparts. If less activation of this area
is an acquired feature of obesity, then our results indicate that this
neurofunctional alteration may be reversible. To our knowledge,
investigations of the effect of weight loss on brain responses are
still scarce. As far as the effects of weight loss on psychology and
behavior are concerned, however, studies in formerly obese per-
sons indicate that most of those who have successfully achieved
a weight loss and maintained their normal body weight have a
better quality of life, greater mobility, and improved general
mood and self-confidence than before their weight loss (30).
Persons with successful weight loss report more self-monitoring
of weight and food intake, both of which may be viewed as one
component of successful cognitive control, than do persons who
failed to maintain weight loss (30). It is also possible that the
subjects who maintain their weight loss have greater activation in
the LDLPFC than do subjects who do not. Successful female
dieters have a significantly higher level of dietary restraint than
do female nondieters, and a positive correlation between dietary
restraint level and changes in rCBF in the prefrontal areas in
response to a meal has also been observed (31). Moreover, those

TABLE 2
Subjective ratings of appetite sensation in the 3 study groups

Study group

P1
Lean

(n � 10)
Obese

(n � 9)

Formerly
obese

(n � 8)

Desire to eat
Before meal 67 � 272 80 � 21 82 � 28 0.4
After meal 26 � 32 13 � 16 25 � 30 0.5
Changes �41 � 29 �68 � 30 �57 � 30 0.2

Prospective food consumption
Before meal 61 � 23 75 � 24 77 � 23 0.3
After meal 19 � 21 17 � 14 19 � 25 0.9
Changes �43 � 23 �59 � 26 �58 � 23 0.3

Hunger
Before meal 68 � 30 80 � 21 81 � 28 0.5
After meal 23 � 30 11 � 13 20 � 24 0.6
Changes �45 � 29 �68 � 28 �61 � 27 0.2

Fullness
Before meal 13 � 9 10 � 14 9 � 13 0.8
After meal 73 � 33 86 � 17 74 � 26 0.5
Changes 60 � 35 75 � 27 65 � 21 0.5

Thirst
Before meal 63 � 28 68 � 23 70 � 29 0.9
After meal 33 � 30 26 � 19 30 � 33 0.8
Changes �31 � 33 �42 � 22 �40 � 35 0.7

1 Analyses were done with ANCOVA in a general linear model.
2 x� � SD (all such values).
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who regain lost weight were characterized by decreases in the
level of dietary restraint and cognitive control of food intake and
increases in disinhibition—ie, loss of control while eating (30).

We also found that, in response to a meal, obese women had
greater neuronal activity in the right orbitofrontal cortex (OFC)
than did formerly obese women (Table 3). The OFC has been
implicated in the representation of relative reward value (32, 33),
which may explain the greater activation of the OFC in the obese
women who received a larger meal (based on body size) than in
the formerly obese women.

Subjects in the current study participated in previous studies
(11, 17) that provided somewhat different results. Several factors
can account for these differences. First, in the current study, only
right-handed female subjects without motion-related artifacts
during the PET session were included. Therefore, confounders
such as sex (34, 35), handedness (12–14), and motion-related

artifacts were avoided, whereas both men and women and both
left- and right-handed persons had been included in the previous
analysis (11). Second, the newer analytic methods—ie, the
2-level, random-effects approach, characterized by a more strin-
gent and robust statistical inference—was used in the present
investigation. A detailed explanation of the benefit of using a
2-level, random-effects approach rather than a single-level,
fixed-effect analysis, as used in the previous analyses (11, 17),
has been reported elsewhere (10). In brief, inherent in PET scan
studies are 2 sources of variability: within subject (ie, between
scans) and between subjects. The single-level, fixed-effects ap-
proach takes into account only the within-subject variability, and
thus the inferences relate only to those subjects in the study (21,
36–38). The random-effects analysis, in contrast, accounts for
both sources of variability, thus making the results more robust
and, therefore, more generalizable to the population of which the

FIGURE 1. Top: Statistical parametric maps of the difference in regional cerebral blood flow (rCBF) in response to the consumption of a meal at the level
of the left dorsolateral prefrontal cortex (LDLPFC) (peak voxel: x � �50, y � 14, and z � 20) across the 3 groups (lean, obese, and formerly obese women)
at P � 0.001, (uncorrected for multiple comparisons) by ANOVA [left: horizontal (bottom), coronal (upper right), and sagitall (upper left) sections] and
within-group analysis (right) in the SPM5 software package. Coordinates (x, y, and z) referred to the Montreal Neurological Institute standard brain, such that
x is the distance in millimeters to the right (	) or left (–) of midline, y is the distance in millimeters anterior (	) or posterior (–) to the anterior commissure,
and z is the distance in millimeters superior (	) or inferior (–) to a horizontal plane through the anterior and posterior commissures. Bottom: Changes in rCBF
in the LDLPFC after a meal in lean, obese, and formerly obese women.
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study group is a sample (21, 36–41). Moreover, improvements in
the preprocessing steps and the statistical methods in SPM5 (as
detailed in the Methods section) may have made the analysis
more sensitive to changes in rCBF in the LDLPFC. Finally, we
used a coregistration step in the image processing that improves
localization of neuronal activation loci (18). In this study, we
examined only women (because members of the formerly obese
group were primarily female) to confirm the results previously
obtained in men, but the results of the pooled analysis of men and
women (including some left-handed subjects) were consistent
with our main findings in the LDLPFC (data not shown).

Limitations in the study design also must be acknowledged.
Because of the exploratory nature of the study, subjects under-
went a 36-h fast. This may not be considered a physiologic, fast
but this prolonged fast was designed to maximize the chances of
observing significant differences between the states of hunger
and satiety. The general limitations of PET studies have been
addressed in previous publications (8, 9, 17, 35). They include
the following: 1) limitations in spatial resolution, contrast reso-
lution, and the accuracy of the image deformation algorithm used
to compute statistical maps (now partly minimized with the
coregistration step); 2) potentially confounding effects of scan

order that result from the fact that the satiation condition always
follows the baseline condition; and, 3) the possibility of statisti-
cal type I errors (now minimized in the random-effects approach
and with SVC in the area of our primary hypothesis).

In conclusion, our findings confirm that less activation in the
LDLPFC in response to a meal is a neurofunctional feature of
obesity. In addition, normalized neuronal activity in this area in
women who have successfully lost weight indicates that such a
functional abnormality may be either an acquired feature of obe-
sity that reverses with successful weight loss or an inherent fea-
ture in those persons who are able to successfully maintain
weight loss. These hypotheses require further testing in longitu-
dinal studies.
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TABLE 3
Between-group post hoc comparisons of neuronal activity in response to a meal1

Region BA Cluster size

Coordinate2

z
Scorex y z

Comparisons between lean and obese women3

Less neuronal activity in response to a meal in obese than in
lean women

Left dorsolateral prefrontal cortex (inferior frontal gyrus) 45 251 �50 14 20 4.0
Left hippocampus or parahippocampal gyri 71 �18 �46 �2 3.8

Less neuronal activity in response to a meal in lean than in
obese women

Right dorsolateral prefrontal cortex (middle frontal gyrus) 46 69 44 48 6 3.7
Right anterior cingulate cortex 32 30 24 42 12 3.3

Comparisons between formerly obese and obese women4

Less neuronal activity in response to a meal in obese than in
formerly obese women

Left dorsolateral prefrontal cortex (inferior frontal gyrus) 45 37 �48 14 14 2.8
Less neuronal activity in response to a meal in formerly obese

than in obese women
Right orbitofrontal cortex 47 46 58 34 �6 3.4
Right occipital gyrus 18 47 40 �86 20 3.5

Comparisons between lean and formerly obese women5

Less neuronal activity in response to a meal in formerly obese
than in lean women

Left superior temporal gyrus 22 45 �60 �2 �4 3.7
Left middle temporal gyrus 39 64 �56 �66 �12 3.7

Less neuronal activity in response to a meal in lean than in
formerly obese women

None — — — — —

1 BA, Broadmann’s area. Coordinates (x, y, and z) and z score were from the peak voxel in every cluster and referred to the Montreal Neurological Institute
standard brain. Data were analyzed by ANOVA and post hoc comparison between the groups by a 2-level, random-effect approach in the SPM5 software
package. All brain regions in this table had significant comparisons, P � 0.001 (uncorrected for multiple comparisons), except the left dorsolateral prefrontal
cortex, P � 0.003.

2 x is the distance in millimeters to the right (	) or left (�) of the midline, y is the distance in millimeters anterior (	) or posterior (�) to the anterior
commissure, and z is the distance in millimeters superior (	) or inferior (�) to a horizontal plane through the anterior and posterior commissures.

3 n � 10 lean and 9 obese women.
4 n � 8 formerly obese and 9 obese women.
5 n � 10 lean and 8 formerly obese women.
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Low- and high-carbohydrate weight-loss diets have similar effects
on mood but not cognitive performance1–3

Angela K Halyburton, Grant D Brinkworth, Carlene J Wilson, Manny Noakes, Jonathan D Buckley, Jennifer B Keogh,
and Peter M Clifton

ABSTRACT
Background: Low-carbohydrate diets are often used to promote
weight loss, but their effects on psychological function are largely
unknown.
Objective: We compared the effects of a low-carbohydrate, high-fat
(LCHF) diet with a conventional high-carbohydrate, low-fat
(HCLF) diet on mood and cognitive function.
Design: Ninety-three overweight or obese participants [x� � SEM
age: 50.2 � 0.8 y; body mass index (in kg/m2): 33.6 � 0.4] were
randomly assigned to an energy-restricted (�6–7 MJ, 30% deficit),
planned isocaloric LCHF diet or an HCLF diet for 8 wk. Body weight
and psychological well-being were measured by using the Profile of
Mood States, Beck Depression Inventory, and Spielberger State
Anxiety Inventory instruments at baseline and fortnightly. Cognitive
functioning (working memory and speed of processing) was as-
sessed at baseline and week 8.
Results: The LCHF diet resulted in significantly greater weight loss
than did the HCLF diet (7.8 � 0.4 and 6.4 � 0.4 kg, respectively;
P � 0.04). Both groups showed improvements in psychological
well-being (P � 0.01 for time), with the greatest effect occurring
during the first 2 wk, but there was no significant difference between
groups. There were no significant between-group differences in
working memory (P � 0.68), but there was a significant time � diet
interaction for speed of processing (P � 0.04), so that this measure
improved less in the LCHF than in the HCLF diet group.
Conclusions: Both dietary patterns significantly reduced body
weight and were associated with improvements in mood. There was
some evidence for a smaller improvement in cognitive functioning
with the LCHF diet with respect to speed of processing, but further
studies are required to determine the replicability of this
finding. Am J Clin Nutr 2007;86:580–7.

KEY WORDS Psychological function, weight loss, ketogenic
diet, low-carbohydrate diet, obesity

INTRODUCTION

Whereas current guidelines recommend a high-carbohydrate,
low-fat (HCLF), energy-restricted diet for obesity treatment
(1, 2), there has been considerable public interest in using low-
carbohydrate, high-fat (LCHF) ketogenic diets, such as the At-
kins diet, which are usually high in protein and fat (particularly,
saturated fat), to attain successful weight loss (3). There has
however, been concern that an LCHF diet may alter serotonergic
expression (4) and adversely affect aspects of psychological
function, including mood and cognition (5, 6). Whereas a high

carbohydrate intake can increase serotonin synthesis, fat and
protein intakes can reduce serotonin concentrations in the brain
(4, 7, 8). But the effect of an LCHF diet on psychological func-
tion has been poorly studied, and the effects remain largely un-
known. Thus, many persons adopt this dietary plan without re-
gard for potential negative effects.

Observational studies have shown that diets low in carbohy-
drate and high in fat and protein are associated with higher levels
of anxiety and depression (9, 10), but such studies do not allow
for the drawing of inferences about causation. Acute feeding
studies have shown that participants felt less vigorous and imag-
inative and more dreamy and sociable after consuming an LCHF
meal than after consuming an isoenergetic HCLF meal (11, 12).
However, there is a paucity of well-controlled studies examining
the chronic effects on mood state of altering the entire compo-
sition of a diet—in particular, changing to an LCHF—over a
longer period. Two small studies in healthy, obese females
showed that mood state was not affected by diet composition
after the consumption of a low-energy (800–950 kcal/d) HCLF
or LCHF diet for 4–6 wk (13, 14). However, because of the low
energy intakes, the absolute carbohydrate concentrations in both
diets were relatively low, which limited the generalizability of
the findings. Conversely, compared with an HCLF diet, an LCHF
diet increased the levels of tension, depression, anger, and total
mood disturbance and decreased vigor in trained female cyclists
(15). Butki et al (6) also showed that physically active men and
women experienced greater fatigue, more negative affect, and
less positive affect in response to exercise training after 3 wk of
a carbohydrate-restricted Atkins diet than after 3 wk of an HCLF
diet. However, that study did not control for energy intake, and
both of these latter trials (6, 15) examined normal-weight par-
ticipants, whereas the use of weight-loss diets is more prevalent
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in obese populations. Common methodologic limitations among
previous studies include small sample sizes, brief treatment du-
rations, and limited experimental control, as well as the use of
very low energy intakes in most instances. Consequently, it is
difficult to draw any definite conclusions regarding the chronic
effects on psychosocial health of an LCHF diet combined with
moderate energy restriction, and further studies are warranted.

Other studies also have suggested that dietary intake can in-
fluence cognitive function and performance (16), but, again, few
studies have investigated the chronic effects of diet composition,
in particular an LCHF diet, on cognitive function. A small study
in obese women found impairment of cognitive function after
the consumption of a very-low-energy (�600 kcal), low-
carbohydrate, ketogenic diet but not after the consumption of an
isocaloric nonketogenic diet with higher carbohydrate and lower
fat (17). Impaired cognitive performance has also been observed
in rats fed a high-fat diet, and greater impairment was observed
with greater proportions of saturated fat (18, 19). Epidemiologic
studies also have suggested that diets high in complex carbohy-
drates and low in saturated fat may prevent cognitive decline (20,
21). Together, this evidence suggests that an LCHF diet may
adversely influence cognitive function.

Considering the lack of well-controlled intervention studies,
the purpose of the present study was to compare the effects on
mood and cognitive function of a moderately energy-restricted
LCHF diet with those of an isocaloric, conventional HCLF diet
in overweight and obese persons.

SUBJECTS AND METHODS

Participants and design

Overweight or obese men and women [n � 121; body mass
index (in kg/m2): 26–43; age range: 24–64 y] with abdominal
obesity and �1 other metabolic risk factor, as defined by the
International Diabetes Foundation (22), were recruited by public
advertisement to participate in an 8-wk outpatient clinical trial.
Before study commencement, all participants completed a health
screening questionnaire, and potential participants were ex-
cluded if they had a history of liver, cardiovascular, peripheral
vascular, respiratory, or gastrointestinal disease; diabetes; a ma-
lignancy; or a psychological disorder.

The protocol and the potential risks and benefits of the study
were fully explained to the participants before they provided
written informed consent. All experimental procedures were ap-
proved by the Human Ethics Committee of the Commonwealth
Scientific and Industrial Research Organisation, the University
of Adelaide, and the University of South Australia.

Study design

In a parallel study design, participants were matched for age,
sex, and body mass index and then randomly assigned to con-
sume either an energy-restricted low-carbohydrate ketogenic
(LCHF) diet or an isocaloric conventional high-carbohydrate
(HCLF) diet for 8 wk. At baseline (week 0) and after the inter-
vention (week 8), participants attended the clinical research unit
at the Commonwealth Scientific and Industrial Research Organi-
sation after an overnight fast; at that time, a series of psycholog-
ical mood assessment questionnaires were completed, and cog-
nitive functioning tests assessing working memory and speed of
processing were undertaken. The participants’ height and weight

were measured before a venous blood sample was taken for
measurement of plasma ketone bodies. Throughout the interven-
tion, participants attended the clinic fortnightly for a weight
check and completed the questionnaires to quantify time-course
changes in mood. Apart from the prescribed dietary intervention,
participants were asked to maintain their usual lifestyle through-
out the study.

Dietary intervention

The planned macronutrient profiles of the dietary interven-
tions were as follows: the LCHF diet provided 35% of total
energy as protein, 61% as fat (20% as saturated fat), and 4% as
carbohydrate; the HCLF diet provided 24% of total energy as
protein, 30% as fat (�8% as saturated fat), and 46% as carbo-
hydrate. The diets were designed to be isocaloric and to have a
moderate energy restriction of �30% energy (�6000 kJ for
women and 7000 kJ for men) for 8 wk. Key foods for each diet
representative of the diet’s macronutrient profile were supplied
on a fortnightly basis during the 8 wk to aid compliance. The
foods provided mainly were uncooked but were weighed in ad-
vance to facilitate compliance. The dietary plan was structured to
include specific daily quantities of foods to ensure the correct
macronutrient and energy requirements (Table 1). These foods
were listed in a food record that participants completed on a daily
basis. Detailed dietary advice and information on meal planning
and recipes were provided at baseline and every 2 wk by a
qualified dietitian. Scales for weighing food were provided.
Three consecutive days (1 weekend day and 2 weekdays) from
the semiquantitative food record of each 2-wk period were
analyzed while the volunteer was present to ensure accuracy.
This analysis was conducted with the use of FOODWORKS

TABLE 1
Food profile of the treatment diets1

LCHF diet HCLF diet

125 mL full-fat milk 40 g high-fiber bran cereal
70 g full-fat cheddar cheese 2 slices whole-grain bread (35 g)
100 g (cooked weight) ham,

tuna, beef, chicken, or turkey
300 mL skim milk

300 g (raw protein food) beef,
chicken, or fish

20 g reduced-fat cheese (2�/wk)

1 medium (50–55-g) egg

300 g fruit

�2.5 cups (�400 g) low-starch
vegetables

150 g raw meat, beef, chicken, pork,
or lamb (5�/wk)

25 g (5 tsp) oil or butter

150 g fish (1�/wk)

40 g raw, unsalted mixed nuts

�2.5 cups (�400 g) low-starch
vegetables

2 standard alcoholic drinks/wk
(optional)

1 medium potato (3�/wk)
100 g (dry wt) pasta or rice (4�/wk)
100 g bean lentils (2�/wk)
200 g diet yogurt (3�/wk)
20 g raw unsalted nuts
50 g canned fish (3�/wk)
10 g (2 tsp) polyunsaturated margarine
15 g (3 tsp) vegetable oil, eg, olive

or canola oil
2 standard alcoholic drinks/wk

(optional)

1 LCHF, low-carbohydrate, high-fat; HCLF, high-carbohydrate, low-
fat. Both diets provided 6000 kJ.
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PROFESSIONAL EDITION software (version 4; Xyris Soft-
ware, Highgate Hill, Australia), a computerized database of
Australian foods.

Body height and weight

Body height was measured to the nearest 0.1 cm by using a
stadiometer (SECA, Hamburg, Germany) while participants
were barefoot and in a free-standing position. Body weight was
measured to the nearest 0.05 kg by using calibrated electronic
digital scales (AMZ 14; Mercury, Tokyo, Japan) while partici-
pants wore light clothing and no footwear.

Psychological questionnaires and cognitive tests

Participants completed the mood assessment in a quiet,
temperature-controlled room. Mood was assessed by using 3
validated paper-based questionnaires: Profile of Mood States
(POMS; 23), Beck’s Depression Inventory (BDI; 24), and
Spielberger State Anxiety Inventory (SAI; 25). The POMS
questionnaire is a sensitive measure of mood in normal healthy
participants; it measures several subscales: tension-anxiety,
depression-dejection, anger-hostility, vigor-activity, fatigue-
inertia, and confusion-bewilderment; a higher score represents a
higher level. The POMS global score [total mood disturbance
score (TMDS)] was determined by subtracting the vigor or ac-
tivity score from the sum of the 5 negative mood factors. The
BDI and SAI are well-validated measures that were used to
determine each participant’s state (depression and anxiety, re-
spectively) during the intervention period. For all mood mea-
sures, higher scores indicated higher levels of negative mood,
and these measures were previously used to assess effects of
macronutrient manipulation (9, 15, 26).

Cognitive function was assessed by using the computer-based
digit span backwards (DSB) and inspection time (IT) tests (27),
which assess working memory and speed of processing, respec-
tively. The DSB test is a subtest of the Wechsler Adult Intelli-
gence Scale-III (28) that requires the participant to recall a string
of numbers in an order backwards of that in which they were
presented. Scores represent the maximum number of digits cor-
rectly entered backwards. The IT test involves a simple discrim-
ination task in which participants are required to identify which
1 of 2 lines of a target stimulus displayed for a very short time is
the shorter. A cue is presented for 500 ms, and this appearance is
followed first by the presentation of the stimulus and then by the
presentation of a pattern mask that completely covers the stim-
ulus area. As the test proceeds, each presentation of the stimulus
lasts a progressively shorter time, with the use of a staircase
procedure. Scores represent the minimum amount of time the
participant needs to view the object to achieve a previously
specified level of accuracy. Both tests were conducted with
PRESENTATION software (version 9.13; Neurobehavioral
Systems Inc, Albany, CA).

Biochemical analysis

Fasting blood samples were collected from a forearm vein into
tubes containing either no additive for lipids or sodium fluoride
and EDTA for glucose and ketone body measurements. Plasma
or serum was isolated by centrifugation at 2500 rpm at 4 °C for
10 min (GS-6R centrifuge; Beckman, Irvine, CA) and then stored
at �80 °C until it was analyzed. Biochemical assays were per-
formed at one time at the completion of the study. Serum lipid and

glucose concentrations were measured in one run on a Hitachi
analyzer by using standard enzymatic kits (both: Roche Diag-
nostics Co, Indianapolis, IN). A modified Friedwald equation
was used to calculate LDL cholesterol (29). Plasma ketone con-
centrations were analyzed in duplicate on a Hitachi autoanalyzer
(Roche Diagnostics Co) with the use of a RANBUT D-3-
hydroxybutyrate kit (Randox Laboratories Ltd, Crumlin, United
Kingdom).

Statistical analysis

Before hypothesis testing, data were examined for normality.
Statistical analyses were performed with the use of SPSS for
WINDOWS software (version 14.0; SPSS Inc, Chicago, IL).
Between-group differences in baseline characteristics were com-
pared by using independent t tests for continuous variables and
the Pearson chi-square test for categorical variables. Student’s
independent t tests were used to compare dietary data. The effect
of the dietary intervention was assessed by using repeated-
measures analysis of variance (ANOVA) with time as the within-
subject factor and diet (LCHF versus HCLF diet) and sex as
between-subject factors. When there was a significant main ef-
fect, post hoc comparisons were performed as appropriate with
Bonferroni’s adjustment for multiple comparisons to determine
differences between group means. Analysis of covariance was
used to adjust for differences in weight loss. Age was also used
as a covariate in all analyses. Intention-to-treat analysis with the
last observation carried forward was performed for those who did
not complete the study for the primary outcome measures of
weight, mood, and cognitive function. Correlational analysis was
used to determine relations between variables. Statistical signif-
icance was set at P � 0.05. All data are presented as means �
SEMs. Twenty subjects in the LCHF group and 19 in the HCLF
group were missing data for 1 of the 5 measurement times for the
psychological variables; the missing data point was replaced by
the mean for the subscale.

RESULTS

Participants

Of the 121 participants who were enrolled, 14 withdrew before
commencement of the study and another 12 withdrew during the
intervention. Of those who withdrew during the intervention, 5
withdrew because of an inability to comply with the dietary
protocol (n � 4 and 1 for the LCHF and HCLF diets, respec-
tively), 6 were lost to follow-up and did not attend the follow-up
clinic appointments for assessment (n � 3 for both the LCHF and
HCLF diets), and 1 withdrew from the LCHF group because of
an illness unrelated to the study. An additional 2 people in the
LCHF group who were identified as outliers were also excluded
from analysis, 1 because of an ongoing illness in the family that
affected the participant’s mood state and 1 in whom extreme
scores for the primary outcomes (mood and cognitive function
measures) in the present study were reported. The final analysis
and the data reported are for the 93 remaining participants
(Table 2). There were no significant differences between groups
in baseline, age, weight, body mass index, or cardiovascular
disease risk factors.

Dietary analysis and compliance

The reported dietary intakes are consistent with the prescribed
dietary treatments (Table 3). There was no significant difference
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in total energy intake between the 2 diet groups (P � 0.25).
Carbohydrate intake was significantly higher and fat and protein
intakes were significantly lower in the HCLF than in the LCHF
diet group (P � 0.001). There was no difference in plasma con-
centrations of ketone bodies (D-3-hydroxybutyrate) between the
groups at week 0 (0.07 � 0.01 and 0.06 � 0.01 mmol/L for the
LCHF and HCLF diets, respectively; P � 0.40). There was a
significant (P � 0.001) time � diet effect for plasma ketone
bodies, such that concentrations had increased more in the
LCHF diet group than in the HCLF diet group by week 2 (0.41 �
0.04 and 0.08 � 0.02 mmol/L, respectively), and they remained
higher throughout the intervention, which indicated adherence
to a very low carbohydrate intake in the LCHF diet during the
study.

Body weight

After the intervention, there was a significant (P � 0.02)
time � diet interaction for weight loss: the LCHF diet group had

a significantly (P � 0.005) greater weight loss than did the
HCLF diet group (8.0 � 0.3% and 6.6 � 0.4%, respectively)
(Figure 1). No significant effect of sex or age was observed. A
comparable response was observed with intention-to-treat anal-
ysis: the magnitude of the intervention effect was slightly more
modest (weight loss of 7.6 � 0.3% and 6.3 � 0.4% in the LCHF
and HCLF diets, respectively) but significant (P � 0.01).

Mood measures

At week 0, there was no significant difference between the
groups in scores on the BDI, the SAI, or the TMDS on the POMS
(P � 0.64). All participants were within the normal nonclinical
range for each psychometric measure. There was a significant
reduction in BDI, SAI, and TMDS on the POMS in both groups
during the intervention; most of this effect occurred during the
first 2 wk of the study (P � 0.001 for time; Figure 2). However,
there was no significant differential effect of diet composition for
any of the mood scores (P � 0.49, time � diet interaction). There
was also no statistically significant effect of sex on these vari-
ables. The 6 subscales of the POMS for tension, depression,
anger, vigor, fatigue, and confusion all showed significant im-
provements during the study (P � 0.001 for time), and these
subscales followed the same time course pattern of change as did
the TMDS: no significant effect of diet was evident for these
variables (P � 0.23). Adjustment for weight loss in all of these
analyses had no effect.

The intention-to-treat analysis (ie, that in subjects who did
not complete the study) showed patterns that did not differ
significantly from those in the completers. There were no
correlations between the mood state measures and the nutrient
intake variables.

Cognitive function measures

At week 0, there was no significant difference between the
groups with respect to working memory (DSB test: 4.2 � 0.2 and
3.8 � 0.2 for the LCHF and HCLF diets, respectively; P � 0.26)
or speed of processing (IT test, P � 0.35; Figure 3). After the
intervention, DSB test scores increased in both groups (0.8 � 0.2

TABLE 2
Participant characteristics1

Characteristic
LCHF diet
(n � 48)

HCLF diet
(n � 45)

Age (y) 50.6 � 1.12 49.8 � 1.3
Sex

Men 18 19
Women 30 26

Body weight (kg) 93.6 � 2.1 97.0 � 2.1
BMI (kg/m2) 33.3 � 0.6 33.8 � 0.6
Systolic blood pressure (mm Hg) 133.0 � 2.0 135.8 � 1.8
Diastolic blood pressure (mm Hg) 73.9 � 1.7 77.7 � 1.6
Triacylglycerol (mmol/L) 1.64 � 0.10 1.80 � 0.15
Cholesterol (mmol/L)

Total 5.40 � 0.15 5.37 � 0.11
LDL 3.27 � 0.15 3.23 � 0.12
HDL 1.39 � 0.04 1.33 � 0.05

Glucose (mmol/L) 5.7 � 0.09 5.6 � 0.08

1 LCHF, low-carbohydrate, high-fat; HCLF, high-carbohydrate, low-
fat. There were no significant between-group differences (independent-
sample t test for continuous variables and chi-square test for categorical
variables).

2 x� � SEM (all such values).

TABLE 3
Dietary intake of the study diets assessed by using daily weighted food
checklists1

Nutrient
LCHF diet
(n � 48)

HCLF diet
(n � 45)

Energy (kJ) 6640.6 � 98.2 6471.8 � 107.3
Carbohydrate (% of energy) 5.0 � 0.1 46.7 � 0.52

Protein (% of energy) 35.1 � 0.3 24.0 � 0.32

Fat (% of energy) 58.4 � 0.4 27.8 � 0.52

Saturated fat (% of energy) 20.9 � 0.3 5.9 � 0.12

Monounsaturated fat (% of energy) 25.2 � 0.3 12.3 � 0.32

Polyunsaturated fat (% of energy) 7.9 � 0.1 6.9 � 0.12

1 All values are x� � SEM. LCHF, low-carbohydrate, high-fat; HCLF,
high-carbohydrate, low-fat; Participants completed daily semi-quantitative
food records. Dietary data from 3 d (2 weekdays and 1 weekend day) were
analyzed at weeks 2, 4, 6 and 8.

2 Significantly different from the LCHF diet, P � 0.001 (independent-
sample t test).
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FIGURE 1. Mean (�SEM) body weight before and after 8 wk of energy
restriction with either a low-carbohydrate, high-fat (LCHF; n � 48) or a
conventional high-carbohydrate, low-fat (HCLF; n � 45) diet. There was a
time � diet interaction between the groups (P � 0.02) based on a general
linear model in repeated-measures ANOVA.
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and 0.7 � 0.2, respectively; P � 0.001 for time effect), and the
difference between the groups was not significant (P � 0.67).
Speed of processing improved (ie, IT test scores decreased) in

both treatment groups during the intervention; however, there
was a significant (P � 0.04) effect of diet; that is, the HCLF diet
promoted greater improvements than did the LCHF diet [effect
size (Eta2) � 0.04; Figure 3]. This effect remained significant
after control for weight loss. There were no significant effects of
sex or age on the treatment effects observed. The intention-to-
treat analysis resulted in similar effects for the cognitive function
measures. Correlational analyses, both within each diet group
separately and across the 2 diet groups, showed no significant
associations between the changes in either DSB or IT test scores
with weight loss or change in plasma ketone body concentra-
tions. In addition, there was no significant correlation between
the changes in DSB scores or any of the nutrient intake variables.
The change in IT test scores was significantly positively corre-
lated with the percentages of energy from fat (r � 0.23, P �
0.03), saturated fat (r � 0.21, P � 0.04), and monounsaturated fat
(r � 0.23, P � 0.03) and negatively correlated with the percent-
age of energy from carbohydrate (r � �0.21, P � 0.04). There
were no other significant correlations.

DISCUSSION

The main finding of this study was that, under clinical super-
vision in an outpatient setting, consumption of a hypoenergetic
LCHF diet had effects on mood and working memory similar to
those of an isocaloric, conventional HCLF diet. Participants fol-
lowing either diet improved their speed of processing over 8 wk,
but whether these improvements in cognition reflected outcomes
of weight loss or simply arose from a practice effect is a matter
of interpretation. However, failure to observe a correlation be-
tween IT test scores and weight loss suggests that a practice effect
is more likely. Nonetheless, a significant interaction effect for
speed of processing was observed, which indicated that the im-
provements in the LCHF group were less than those seen in the
HCLF control group. This finding suggests that the usual practice
effect may have been moderated by the LCHF diet. Further work
is required to isolate practice effects from treatment effects.
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FIGURE 2. Mean (�SEM) scores on the Beck Depression Inventory,
Spielberger State Anxiety Inventory, and the Total Mood Disturbance of the
Profile of Mood States before and after 8 wk of energy restriction with either
a low-carbohydrate, high-fat (LCHF; n � 48) or a conventional high-
carbohydrate, low-fat (HCLF; n � 45) diet. Time points within a group with
different letters are significantly different (P � 0.001). The time � diet
interaction was not significant. Analysis was based on a general linear model
in repeated-measures ANOVA, with Bonferroni’s adjustment for multiple
comparisons.
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FIGURE 3. Mean (�SEM) inspection time before and after 8 wk of
energy restriction with either a low-carbohydrate, high-fat (LCHF; n � 48)
or a conventional high-carbohydrate, low-fat (HCLF; n � 45) diet. *Signif-
icantly different from baseline within each group (P � 0.001; time effect);
†significant time � diet interaction for a greater reduction in HCLF than in
LCHF (P � 0.04), based on a general linear model in repeated-measures
ANOVA.
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As in a previous study by our group (30), plasma ketones
remained low throughout the present study in participants con-
suming the HCLF diet but were elevated in those consuming the
LCHF diet. This finding and the data obtained from the daily
weighed-food checklists made us confident that participants in
both groups achieved a high level of adherence to the prescribed
diets and consumed qualitatively different diets.

Both dietary programs resulted in substantial reductions in
body weight, with the LCHF diet producing greater weight
loss than the HCLF diet. This finding confirms the results of
the previous study (30) and is in accordance with other clinical
trials (31, 32).

The principal objective of this study was to evaluate the psy-
chological effects of an LCHF diet in a large, well-controlled trial
over a longer term than was previously used. We found that
participants consuming an LCHF diet had no differences in mood
measures from participants consuming an isocaloric conven-
tional HCLF diet. In direct agreement, previous smaller weight-
loss studies in overweight and obese persons showed no differ-
ence between low-energy HCLF or LCHF diets with respect to
psychological wellbeing after 4–6 wk (13, 14). In contrast, stud-
ies in normal-weight, physically active participants undertaking
concomitant high-intensity exercise training showed that con-
sumption of an LCHF diet over a 1–3-wk period adversely af-
fected mood state (6, 15). Glucose is the primary fuel for intense
exercise (33), and it is possible that undertaking exercise training
with reduced muscle glycogen may have been more difficult and
thus could have affected mood. On the whole, participants in our
study were sedentary and were asked to maintain their habitual
physical activity levels throughout the intervention. Whether any
differential effects of the diets on psychological state would be
observed in obese patients undertaking a concurrent exercise
training program remains unknown, but, because a combination
of energy restriction and increased physical activity is advocated
for weight management (1, 2), this possibility warrants further
investigation.

Another possible explanation for the lack of any effect of diet
composition on mood in the present study is that both diets were
hypocaloric, and, because participants were overweight and
obese, their motivation for participating was weight loss. At the
end of week 8, mood in both groups had improved significantly
from baseline. This finding is consistent with previous research
that showed marked improvements in mood with weight loss via
energy restriction in overweight and obese persons (34–36).
Therefore, it is likely that the effects of weight loss may have had
dominant effects on mood that overshadowed any effect of diet
composition. However, Schweiger et al (37) showed in normal-
weight young women that mood was significantly better after 6
wk of an energy-restricted diet higher in carbohydrate and lower
in fat and protein. Hence, the possible protection of weight loss
against any otherwise negative effects of dietary composition
may be confined to overweight or obese persons. Furthermore, it
should still be recognized that, although the 2 diets produced
similar mood effects during active weight loss, whether similar
effects occur over the long term during weight maintenance
remains to be established.

It is also noteworthy that the treatment environment may have
been a factor in mitigating any moderating effects of the diets. In
the present study, the improvements in mood indexes did not
correlate with the amount of weight lost; most of the effect on
mood occurred within the first 2 wk of caloric restriction, before

substantial weight loss was realized. Studies have reported that
active participation in supervised weight-loss programs, such as
clinical studies, can improve mood, probably by enhancing feel-
ings of self-control (38, 39). Participation in a controlled study
with the associated intensive support for weight loss may have
been responsible for subjects’ positive mood responses. This
participation may provide an alternative explanation for the ab-
sence of any effect of diet on mood or well-being and for the
divergent findings of observational studies showing that diets
low in carbohydrate and high in fat and protein are associated
with higher levels of anxiety and depression (9, 10). Further
studies should evaluate psychological adjustment to LCHF diets
in persons who are self-managing their diet in an environment
without external support.

Cognitive function measures showed significant improve-
ment in both diet groups, which most likely reflected a practice
effect, because changes were not related to the degree of weight
loss. Previous studies showed that following a prescribed diet has
little effect on cognitive performance in overweight or obese
participants (40, 41). However, the IT test score (a measure of the
speed of visual information processing) was affected by diet
composition. The results showed that participants consuming the
LCHF had significantly less improvement in the minimum stim-
ulus time required to make a correct response than did those
consuming the HCLF diet, and analysis indicated a moderate
effect size. Whether this effect was caused by the HCLF diet’s
promotion of greater improvement in processing speed or the
LCHF diet’s moderation of practice effects is difficult to deter-
mine. Our findings are consistent with those of an earlier study in
obese women showing that performance of a complex, cogni-
tively demanding task assessing mental flexibility was signifi-
cantly worse after the consumption of a very-low-energy, low-
carbohydrate, ketogenic diet than after the consumption of an
isocaloric, nonketogenic diet with higher carbohydrate and lower
fat content (17). Similarly, the treatment of young rats with a
ketogenic LCHF diet for 1 mo resulted in severe cognitive im-
pairment (19), and a series of rat studies showed that the chronic
ingestion of a high-fat diet, in particular a high-saturated-fat diet,
can adversely affect cognitive performance (18). Both cross-
sectional and prospective human epidemiologic studies have
shown that a high intake of fat, especially saturated fat, is asso-
ciated with poorer cognitive performance (20, 42). In support of
this, the improvement in processing speed in the present study
was associated with low fat and low saturated fat intakes and a
higher intake of carbohydrate. Collectively, this evidence sug-
gests that the differential change in IT test scores was likely
caused by some detrimental effect of the LCHF diet, and, al-
though the specific mechanism cannot be determined, the high
intake of fat, the restriction of carbohydrate, or a combination of
the 2 was likely responsible. It has been postulated, on the basis
of recent evidence from animal studies, that a high dietary fat
intake may cause cognitive impairment by disrupting neurogen-
esis in the brain through an increase in serum corticosterone
concentrations (43). Alternatively, insulin resistance and glucose
intolerance associated with a high intake of saturated fat have
been identified as important factors (18, 44, 45). Further work is
required to identify the neurobiological mechanisms underlying
cognitive impairment.

The large sample size, the matched energy content of the 2
diets, and the high level of dietary compliance are key strengths
of this study, but the generalizability of the findings is limited to
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healthy, overweight and obese, young to middle-aged adults with
normal mood state and no cognitive impairment who are under-
taking a structured weight-loss program. Whether either of these
diets would produce similar outcomes over longer periods and
under ad libitum conditions or in populations that are more vul-
nerable to adverse effects, such as persons with specific psycho-
logical difficulties, requires further investigation. Moreover, al-
though the DSB and IT tests evaluate components of working
memory and speed of processing, respectively (46), and although
they were previously found to show sensitivity to nutritional
status and manipulation (47–49), they may not evaluate these
cognitive domains in their entirety. Future research could be
extended to include further measures of cognition and others.

In conclusion, the results of the present study indicate that
short-term consumption of a moderately energy-reduced LCHF
diet has an effect on the psychological well-being of overweight
and obese persons similar to that of consumption of an isocaloric
conventional HCLF diet. However, there was evidence of a
somewhat smaller improvement in speed of processing with an
LCHF diet. Further studies are required to determine the repli-
cability of this finding and to determine whether similar out-
comes are evident over the long term.
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Effects of a vegetarian diet and treatment preference on biochemical
and dietary variables in overweight and obese adults: a randomized
clinical trial1–3

Lora E Burke, Alana G Hudson, Melanie T Warziski, Mindi A Styn, Edvin Music, Okan U Elci, and Susan M Sereika

ABSTRACT
Background: A vegetarian diet may lead to numerous health ben-
efits, including weight loss.
Objective: We examined the joint effects of personal preference of
dietary treatment and a calorie-restricted, low-fat lactoovovegetar-
ian diet (LOV-D) compared with a standard calorie-restricted, low-
fat omnivorous diet (STD-D) on changes in weight, total cholesterol,
ratio of LDL to HDL cholesterol (LDL:HDL cholesterol), triacyl-
glycerols, insulin resistance, and macronutrient intake during an
18-mo study.
Design: This was a randomized clinical trial of 176 overweight and
obese adults who were recruited and randomly assigned first to 1 of
2 preference conditions (yes or no). If assigned to Preference-No,
they were randomly assigned to 1 of the 2 diet conditions (STD-D or
LOV-D). If assigned to Preference-Yes, they were assigned to the
diet they indicated as preferred at screening. The 12-mo intervention
was followed by a 6-mo maintenance phase.
Results: Participants were mainly women (86.9%) and white
(70.5%); 75% completed the 18-mo study. A significant interaction
between preference and dietary treatment was not observed for any
of the outcome variables. However, participants in the
Preference-No groups significantly decreased their triacylglycerols
(P � 0.04). The only effect observed for diet was a borderline
significant decrease in LDL:HDL cholesterol for the LOV-D group
(P � 0.06). Within the LOV-D groups, those who were 100% ad-
herent to the LOV-D had significant and marginally significant re-
ductions in monounsaturated fat (P � 0.02) and total fat (P � 0.05)
intakes at 18 mo.
Conclusions: Our findings suggest that neither prescribing a vege-
tarian diet nor allowing persons to choose their preferred diet had a
significant effect on outcome measures. However, all participants
had a significant reduction in total energy and fat intakes and an
increase in energy expenditure, which was reflected in reduced body
weight. This clinical trial was registered at www.clinicaltrials.gov as
NCT00330629. Am J Clin Nutr 2007;86:588–96.

KEY WORDS Vegetarian diet, treatment preference, random-
ized clinical trial, lipids, macronutrients

INTRODUCTION

The prevalence of overweight and obesity has increased dra-
matically in the past decade and is becoming a global epidemic
(1). Studies have shown that excess weight and its associated
comorbidities can be favorably modified through lifestyle

changes such as adopting a healthy diet and increasing energy
expenditure (2–4). However, although marked improvements
have been made in initial and long-term weight losses, research-
ers need to identify more effective strategies that facilitate im-
provements in long-term maintenance (5).

Data suggest that persons who follow a vegetarian diet are
more satisfied and are more likely to follow it for a longer period
than other weight-loss eating plans (6, 7). Moreover, it has long
been posited that a vegetarian diet may be beneficial to general
health and, in particular, cardiovascular health. Indeed, follow-
ing a vegetarian diet was linked to less weight gain (8), improved
lipid profile (9), and increased body leanness (10), compared
with nonvegetarians. One issue that was not examined in those
studies is the potential self-selection effect that may exist among
persons who choose to adopt a vegetarian diet because they may
be more health conscious. Therefore, it is unknown whether
self-selection of a vegetarian option confounds study results.

Permitting participants in a dietary intervention study to select
their type of treatment may be an important factor in long-term
adherence to the diet. The literature suggests that persons who
receive their preferred treatment show greater improvement in
the outcome under assessment; however, in the weight-loss treat-
ment arena, the results have been inconsistent (11–14). We are
unaware of any studies that have examined treatment preference
in combination with a lactoovovegetarian dietary option. This
study, called the PREFER study, was therefore conducted to
determine the independent and combined effects of treatment
preference and a standard behavioral treatment program with a
calorie- and fat-restricted lactoovovegetarian diet (LOV-D)
compared with a calorie- and fat-restricted standard omnivorous
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weight-loss diet (STD-D) on weight, serum lipids, insulin resis-
tance, and macronutrient intake in overweight and obese adults.
We also examined whether these outcomes differed among those
who adhered to the vegetarian diet compared with those who did
not. Recently, we reported preliminary results at 6 mo for this
study (15). The present report provides the 18-mo outcome data
for the PREFER study.

SUBJECTS AND METHODS

The PREFER study was a single-center, randomized clinical
trial designed to evaluate the effects of treatment preference and
2 dietary treatment options on weight loss. The following is a
summary of the recruitment, randomization, and treatment meth-
ods of the PREFER study, which were detailed elsewhere (16).
All participants provided written informed consent. The study
was approved by the Institutional Review Board at the University
of Pittsburgh, and all procedures were followed in accordance
with the ethical standards of this board.

Study population

Between September 2002 and May 2004 a total of 200 partic-
ipants in 3 cohorts spaced 6 mo apart were recruited for the
PREFER study. Modes of recruitment included mass mailings
from purchased lists; a database of persons seeking weight-loss
treatment; and telephone announcements to staff, students, and
faculty at the University of Pittsburgh and University of Pitts-
burgh Medical Center. Eligibility criteria for study participation
were as follows: 1) age between 18 and 55 y, 2) body mass index
(BMI; in kg/m2) of 27–43, 3) willingness to be randomly as-
signed to 1 of 2 treatment-preference conditions and 1 of 2 dietary
conditions, 4) successful completion of a 5-d food dairy, 5) will-
ingness and ability to provide informed consent, 6) no current
medical condition requiring physician supervision of diet or
physical activity, 7) no physical limitation restricting exercise
ability, 8) not pregnant or planning to become pregnant during
the 18-mo study, 9) no current treatment with a medication that
might affect weight, 10) alcohol intake not exceeding 4 drinks/d,
11) no participation in a weight-loss program or use of a weight-
loss medication within 6 mo before study enrollment, and 12)
reported consuming of meat, poultry, or fish in the past month.
Persons eligible for study participation attended an information
session, when they ranked their preference for the 2 calorie- and
fat-restricted dietary options (LOV-D and STD-D); participants
were disqualified from the study if they selected an equal pref-
erence for the 2 dietary options. Before randomization, baseline
measures were performed on all participants at the General Clin-
ical Research Center, and a fasting plasma glucose concentration
was obtained to screen for the exclusion criterion of diabetes.

Study design and randomization

A 2-by-2 factorial experimental design was used that resulted
in 4 group assignments: Preference-Yes�LOV-D, Preference-
Yes�STD-D, Preference-No�LOV-D, and Preference-No�
STD-D. After stratifying by sex, ethnicity, and diet preference,
the 200 participants were randomly allocated by minimization
procedures (17) into the 2 preference groups—Preference-Yes or
Preference-No (Figure 1). In the second stage all Preference-Yes
subjects who chose the LOV-D received this option. However,
only 48 (76%) of the 63 persons in the Preference-Yes group that

chose the STD-D were included to avoid this subset being ex-
cessively larger than the LOV-D group. The Preference-No
group was randomized with equal allocation to the STD-D or
LOV-D groups. After study enrollment 9 participants were ex-
cluded because they no longer met eligibility criteria or were
related to other study participants; 176 participants were in-
cluded in the analyses.

The sample size for the PREFER study of 66 participants in
both diet groups and both preference groups was estimated to
have 80% power to detect a 2.2-kg difference between the
groups, assuming a common SD of 4.4 kg (d � 0.50) when testing
the main effects of diet and preference with the use of 2-sided
2-sample t tests with an � level of 0.05. On the basis of a fixed-
effects analysis of variance (ANOVA), we calculated that 33
participants in each of the 4 groups would provide 80% power at
0.05 significant level to detect a modest effect size for the inter-
action between diet and preference.

Demographics

Self-reported baseline study characteristics were collected
with a standardized questionnaire. Information obtained in-
cluded age, sex, marital status, education, income, and weight
history.

Diet intervention

The intervention lasted 12 mo followed by a 6-mo mainte-
nance period and was previously described (16). All treatment
groups attended sessions weekly for the first 6 mo, biweekly for
months 7–9, and monthly for months 10–12. The maintenance
phase began 12 mo after study enrollment, and no further contact
was made with participants until the final (18-mo) assessment.
Group sessions were led by the same multidisciplinary team that
included a dietitian, exercise physiologist, and nurse-behavioral
scientist. The treatment sessions focused primarily on modifying
behaviors for eating and physical activity and included food
tastings and skill-building exercises (ie, cooking class and gro-
cery shopping field trip).

Participants in all treatment conditions were instructed to re-
duce their maximum daily energy and fat intakes at the first group
session. For those weighing �90.5 kg at baseline, a diet of 1200
kcal daily was prescribed for women and 1500 kcal for men; if
baseline weight was �90.5 kg, a diet of 1500 kcal daily was
prescribed for women and 1800 kcal for men. Participants were
encouraged to reduce fat intake to 25% of total energy intake and
to engage in at least 50 min of physical activity per week, with
gradual increases to at least 150 min of activity per week by 6 wk
and thereafter.

We instructed participants to self-monitor and record in their
paper diaries their daily energy and fat intakes, as well as the type
and amount of physical activity (in min) they performed. Com-
pleted diaries were collected and a new diary was provided at
each treatment session. After review and annotation by the study
interventionists, the diaries were returned to the participants at
the next session. If a participant missed 1 session, the diary and
session materials were mailed to the participant; if 2 consecutive
sessions were missed, a letter was sent to encourage the partic-
ipant’s return.

The sessions were held separately for the 2 dietary treatment
groups, with the primary difference between the STD-D and
LOV-D groups being the elimination of meat, poultry, and fish
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consumption for the 2 vegetarian diet groups. The LOV-D par-
ticipants were instructed to begin to eliminate these foods from
their diet first at breakfast, then lunch, and then dinner, and to
note in their diaries any meat, poultry, or fish that they consumed.
After 6 wk, participants were expected to exclude these foods
completely from their diet. Both groups were taught how to select
appropriate low-fat substitutes for foods high in fat. However, the
focus of the LOV-D group sessions was on the elimination of
meat products as a means to reduce fat intake. Participants in the
LOV-D group were also instructed on how to select appropriate
substitutes for meat products such as vegetable-based protein
products (soy products, legumes). Treatment preference was not
a focus of the intervention.

Dietary and physical activity assessments

At baseline and at each 6-mo assessment, participants com-
pleted a 3-d food record from which we assessed food intake and
determined adherence to dietary goals. Participants were given
verbal and written instructions on how to complete the 3-d food
record and were asked to record dietary intake on 2 workdays and
1 leisure day. They were to provide product labels and recipes
when the content of foods was not obvious to them. The food
record data were entered in the computer and analyzed with the
use of the NUTRITION DATA SYSTEM FOR RESEARCH
(The Minnesota Nutrition Data System for Research, www.nc-
c.umn.edu; accessed 2 April 2007) software by staff at the Obe-
sity/Nutrition Research Center at the University of Pittsburgh

Screened for eligibility by phone (n=932)

Sent screening packets (n=425)

 Returned 5-d Food Diary (n=218)

Invited to Information Session (n=298)

Attended Baseline Assessment (n=204)

Randomized (n=200)

STD-D (n=48)

Completed 6-mo 
assessment

(n=42, 87.5%)

LOV-D (n=35)

  Completed 6-mo
assessment

(n=29, 82.9%)

STD-D (n=48)

  Completed 6-mo
assessment

(n=41, 85.4%)

LOV-D (n=45)

  Completed 6-mo 
assessment

(n=39, 86.7%)

Discarded (n=15)

Ineligible (n=9)

Completed 12-
  mo assessment

(n=35, 72.9%)

Completed 12-
  mo assessment

(n=28, 80.0%)

Completed 12-
  mo assessment

(n=35, 72.9%)

Completed 12-
  mo assessment

(n=32, 71.1%)

Completed 18-
  mo assessment

(n=36, 75.0%)

Completed 18-
  mo assessment

(n=28, 80.0%)

Completed 18-
  mo assessment

(n=34, 70.8%)

Completed 18-
  mo assessment

(n=34, 75.6%)

Attrition:
LTFP (n=9, 18.8%)
MR (n=1, 2.1%)
CM (n =2, 4.1%)

Attrition:
LTFP (n=3, 8.3%)
MR (n=1, 2.8%)
CM (n =3, 8.3%)

Attrition:
LTFP (n=13, 26%)
MR (n=1, 2.0%)

Attrition:
LTFP (n=6, 12.5%)
SC (n=1, 2.1%)
CM (n =4, 8.3%)

PREFER - YES PREFER - NO

FIGURE 1. Participant flow diagram. STD-D indicates standard diet; LOV-D, lactoovovegetarian diet; LTFP, lost to follow-up; MR, medical reasons; CM,
changed mind; SC, schedule conflict.
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who were blinded to the treatment group and assessment period.
Diets were analyzed for total energy intake, and for the percent-
age of total energy provided by fats (monounsaturated, polyun-
saturated, and saturated), carbohydrates, and proteins.

Energy expenditure during physical activity was self-reported
by the Paffenbarger Activity Questionnaire, as the total energy
expenditure during daily living for the past 7 d. This question-
naire consists of 3 items that pertain to stairs climbed, blocks
walked, and other leisure-time activities (18). In previous stud-
ies, the instrument showed good test-retest reliability with r �
0.34–0.72 (19). A metabolic equivalent value was assigned to
each leisure-time activity. On the basis of the energy cost of each
activity (19), we estimated combined energy expenditure (in
kcal/wk) through walking, stair climbing, and all sports and
leisure-time activities.

Anthropometric and biochemical measurements

All measures were obtained at baseline and repeated every 6
mo until the final 18-mo visit. Weight was measured after an
overnight fast in light clothing and without shoes with the use of
the Tanita bioelectrical impedance scale (Tanita Corporation of
America Inc, Arlington Heights, IL). Height was measured on a
wall-mounted stadiometer. BMI was calculated as weight di-
vided by height squared.

Blood was drawn after a 12-h overnight fast and 15-min rest-
ing period and stored at �70 °C until assayed for measurements
of serum glucose, insulin, total cholesterol, HDL-cholesterol,
LDL-cholesterol, and triacylglycerol concentrations. Samples
were measured at the Heinz Nutrition Laboratory, University of
Pittsburgh, by personnel blinded to treatment group. Glucose
concentration was measured with the use of the hexokinase–
glucose 6-phosphate dehydrogenase enzymatic assay (Sigma Di-
agnostics, St Louis, MO), and insulin concentration was mea-
sured by a radioimmunoassay kit (Linco Research, St Charles,
MO). Total cholesterol, HDL cholesterol, and triacylglycerols
were measured enzymatically on an Abbott VP Supersystem
autoanalyzer (Abbott Laboratories, Abbott Park, IL) by stan-
dardized methods according to the Centers for Disease Control
and Prevention (20–23). LDL cholesterol was estimated with the
use of the Friedewald equation for participants whose triacyl-
glycerol concentrations were �400 mg/dL (24); however, when
the value of triacylglycerols was �400 mg/dL, the LDL choles-
terol was measured directly with the use of an automated spec-
trophotometric assay. The homeostasis model assessment insu-
lin resistance index (HOMA-IR) was calculated as fasting insulin
concentration (U/mL) � fasting glucose concentration (mmol/
L)/22.5 (25).

Vegetarian diet adherence

The level of adherence to the LOV-D was dichotomized as
100% adherence or �100% adherence. Only participants who
reported no meals containing meat, poultry, or fish on the 3-d
food record at the 6-, 12-, and 18-mo assessments were included
in the 100% adherence group. Participants were considered
�100% adherent if they reported �1 meal containing meat,
poultry, or fish on the 3-d food records.

Statistical analysis

Statistical analyses were performed with the use of SAS (ver-
sion 9.1.3; SAS Institute Inc, Cary, NC). The intention-to-treat

principle was applied to all analyses; therefore, missing endpoint
data were imputed with the use of the observed value of the
variable at the previous time point. Exploratory data analysis
methods were used to screen for outliers, to assess missing data,
and to evaluate whether underlying statistical assumptions were
satisfied. Group comparative procedures (eg, ANOVA, Kruskal-
Wallis test, chi-square analyses, Fisher’s exact tests) were used
to compare preference and diet groups on participant character-
istics and response variables at baseline. Endpoint data [ie,
weight, triacylglycerols, total cholesterol, ratio of LDL to HDL
cholesterol (LDL:HDL cholesterol), HOMA-IR, and measures
of energy and macronutrient intakes] were analyzed as percent
change scores (ie, change from follow-up to baseline standard-
ized by baseline values expressed as a percentage) with the use of
mixed effects modeling specified as full-factorial with PROC
MIXED. All models initially included a random effect for cohort;
however, this effect was nonsignificant and was subsequently
dropped from models. Baseline values for weight and total cho-
lesterol were included in models as appropriate to control for
baseline differences in preference groups for these variables. On
the basis of residual analyses the underlying assumption of mul-
tivariate normality was supported. One-factor ANOVA proce-
dures were used to compare percent change from baseline to 18
mo between adherent and nonadherent participants in the
LOV-D group on biochemical (total cholesterol, LDL:HDL cho-
lesterol, triacylglycerols, and HOMA-IR) and dietary (energy
and total and different types of fats) outcome measures while
controlling for identified covariates. Data on meat intake (adher-
ence to the vegetarian diet), for those participants who missed the
6-mo assessment, were imputed from their most recent weekly
diary. If participants had any meat consumption, they were cat-
egorized into the nonadherent group, whereas participants with
no meat consumption were categorized into the adherent group.
Wilcoxon’s signed-rank test was used to test for significant
change in reported physical activity over time in the total sample.
We used the Sobel test to examine the potential mediating effects
of physical activity on the biochemical outcomes (26).

RESULTS

Overall, 132 (75%) of the 176 participants completed the
18-mo assessment; attrition in the 4 preference-diet groups did
not differ significantly (P � 0.82). Compared with participants
who completed the final assessment, those who did not complete
were younger (41.30 � 9.01 y compared with 44.95 � 8.52 y;
P � 0.02) and weighed more at baseline (99.95 � 14.60 kg
compared with 93.99 � 14.65 kg; P � 0.02).

Baseline characteristics

Baseline demographic and anthropometric characteristics of
the PREFER study population are given in Table 1. The majority
of participants were women (86.93%), white (70.5%), currently
married or living with a partner (63.06%), and employed
(93.18%). Baseline individual weights ranged from 67.62 to
136.28 kg, and the average BMI was 34.02 � 4.09. None of the
baseline variables were significantly different across the 4
groups at study enrollment; however, baseline differences were
found between the Preference-Yes and Preference-No groups on
baseline body weight (Yes: 97.85 � 12.63 kg; No: 93.36 � 16.32
kg; P � 0.02) and serum total cholesterol (Yes: 210.30 � 42.46
mg/dL; No: 198.42 � 35.91 mg/dL; P � 0.01).
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Changes in anthropometric and biochemical measures

Shown in Table 2 are the percent changes from baseline to the
18-mo assessment in body weight, total cholesterol, triacylglyc-
erols, LDL:HDL cholesterol, and the HOMA-IR values. A sig-
nificant effect for time was observed for change in body weight
(P � 0.01) with a marginal effect for preference (P � 0.06); the
Preference-No groups experienced a greater reduction in weight
(7.9% and 8.0% compared with 3.9% and 5.3%) than did the
Preference-Yes groups. For total cholesterol, a marginal effect of
time was observed across all preference-diet groups (P � 0.05),
and a significant difference was observed between preference
groups in percent change in triacylglycerols over time (P �
0.04). Participants in the Preference-No groups decreased their
triacylglycerols (STD-D by 6.73 � 24.39%; LOV-D by 5.45 �
32.59%). However, participants in the Preference-Yes groups
increased their triacylglycerols (STD-D by 0.95 � 36.47%;
LOV-D by 8.62 � 54.33%). When we combined preference
groups and evaluated the effect of diet only on biological mea-
sures, a borderline significant (P � 0.06) reduction in the LDL:
HDL cholesterol was found among participants in the LOV-D
group compared with participants in the STD-D group at 18 mo.
From baseline to 18 mo, the mean percentage change of LDL:
HDL cholesterol decreased 1.53 � 24.37% in the LOV-D groups
and increased 4.12% � 27.78% in the STD-D groups (P � 0.16
between groups). When the entire sample was evaluated without
regard to treatment group, significant change over time was ob-
served in HOMA-IR (P � 0.01). The change in total cholesterol
and in the LDL:HDL cholesterol were of borderline significance
(P � 0.05).

Changes in physical activity

With the use of the Paffenbarger questionnaire, the average
amount of energy expenditure reported for 7 d at baseline across
the 4 groups was as follows (median reported because of the data
being skewed): Preference-Yes�STD-D, 1566.00 kcal; Pref-
erence-Yes�LOV-D, 1344.00 kcal; Preference-No�STD-D,
1432.50 kcal; and Preference-No�LOV-D, 954.00 kcal. Over time
(18 mo), the self-reported energy expenditure increased to the fol-
lowing levels: Preference-Yes�STD-D, 2214.50 kcal; Preference-
Yes�LOV-D, 1904.00 kcal; Preference-No�STD-D, 2222.50
kcal; and Preference-No�LOV-D, 2323.00 kcal with no significant

differences across groups (P � 0.52). Physical activity had a direct
effect on weight change (P � 0.01). We examined the effect of
energy expenditure on the biochemical outcomes and found that
physical activity had a total effect (P � 0.01) on total cholesterol
values; even after controlling for weight change, physical activity
had a direct effect on total cholesterol (P � 0.02), both observations
occurred only at 0–12 mo. Similarly, physical activity had a total
and direct effect on HOMA-IR only at 6 mo (P � 0.01). The effect
of physical activity on LDL:HDL cholesterol and on triacylglycer-
ols was mediated through weight loss.

Changes in macronutrient intake

Changes in energy and macronutrient intakes over time for the
4 treatment groups are shown in Table 3. A significant effect for
time was noted for percent change in energy, total fat, monoun-
saturated fat, polyunsaturated fat, and saturated fat among the
entire sample regardless of treatment group, P � 0.05 for all.
However, no statistically significant differences in energy and
macronutrient intakes were evident among the 4 treatment
groups at 18 mo (ie, diet � preference � time interaction),
neither was a significant diet � time nor preference � time
interaction observed. Participants in the Preference-No group
reported a reduced consumption of saturated fat than did partic-
ipants in the Preference-Yes group (P � 0.07). Mixed model
analysis showed the estimated mean change (SE) from baseline
in saturated fat consumption as �39.0 (3.44%) and �29.58
(3.69%) for the Preference-No and Preference-Yes groups, re-
spectively.

Adherence

Results by 2 levels of adherence to the LOV-D, 100% adher-
ence and �100% adherence, are shown in Table 4. Adherence to
the LOV-D did not significantly differ between the 2 preference
groups (P � 0.54). At 6, 12, and 18 mo, respectively, 61%, 53%,
and 36% of the LOV-D participants reported complete adherence
to the vegetarian diet. A significant main effect for adherence was
observed on total cholesterol (P � 0.04) and HOMA-IR (P �
0.01) at 6 mo (data not shown) with the adherent group having a
significantly greater reduction in both measures. However, there
was no longer a significant difference at 12 or 18 mo for either
cholesterol or HOMA-IR. Statistically significant differences

TABLE 1
Baseline characteristics of the PREFER study population (n � 176)1

Characteristics

Preference-Yes Preference-No

STD-D
(n � 48)

LOV-D
(n � 35)

STD-D
(n � 48)

LOV-D
(n � 45)

Age (y) 43.3 � 9.52 44.37 � 8.4 43.3 � 8.6 45.4 � 8.5
Formal education (y)3 15.1 � 2.6 14.9 � 2.4 15.5 � 2.5 15.2 � 2.7
Female [n (%)] 42 (87.5) 28 (80.0) 42 (87.5) 41 (91.1)
White [n (%)] 34 (70.8) 25 (71.4) 34 (70.8) 31 (68.9)
Married or living with partner [n (%)]4 28 (59.6) 22 (64.7) 31 (64.6) 30 (66.7)
Employed [n (%)] 47 (97.9) 32 (91.4) 44 (91.7) 41 (91.1)

1 STD-D, standard calorie-restricted, low-fat omnivorous diet; LOV-D, calorie-restricted, low-fat lactoovovegetarian diet. Differences across random-
ization groups were assessed using ANOVA or Kruskal-Wallis for continuous data and chi-square analysis and Fisher’s exact test for categorical data with a
significance level of P � 0.05. No significant differences were found.

2 x� � SD (all such values).
3 Missing education on 1 participant.
4 Missing marital status on 2 participants.
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were not observed between adherent and nonadherent LOV-D
participants for LDL:HDL cholesterol or triacylglycerols at any
of the time points. Participants who adhered to the LOV-D had
significantly lower intake of energy (P � 0.01), total fats (P �
0.01), and monounsaturated fats (P � 0.01) at 6 mo (data not
shown) than did participants who reported intake of meat, poul-
try, or fish. At 18 mo, significant differences remained in mono-
unsaturated fat intake (P � 0.02), whereas a marginally signif-
icant difference in total fats (P � 0.05) was observed between the
nonadherent and adherent groups.

DISCUSSION

We conducted a randomized clinical trial to determine the
independent and combined effects of treatment preference and a
standard behavioral treatment program with a calorie- and fat-
restricted LOV-D compared with a calorie- and fat-restricted

STD-D on weight loss, serum lipids, insulin resistance, and en-
ergy and macronutrient intakes in overweight and obese adults.
Despite the no-contact maintenance phase between the 12- and
18-mo assessments, at 18 mo 75% of participants completed the
final assessment. This retention rate was comparable to rates
reported for previously conducted weight-loss studies. After an
18-mo behavioral weight-loss intervention, Jakicic et al (27)
reported 78% retention, whereas others have reported 83% and
84% retention at the end of a 12-mo intervention (28, 29). Ren-
jilian et al (14) reported a 6-mo retention rate (78%) similar to our
18-mo retention (75%). Moreover, none of those studies in-
cluded a no-contact maintenance phase after the end of the active
intervention as our study did.

To our knowledge, the present study is the first randomized
trial to assess the effect of an LOV-D combined with participant
preference of dietary treatment on weight loss, plasma lipids,

TABLE 2
Anthropometric and biochemical measures at all time points (n � 176)1

Preference-Yes Preference-No P

STD-D
(n � 48)

LOV-D
(n � 35)

STD-D
(n � 48)

LOV-D
(n � 45) Preference Diet Time

Weight (kg)
Baseline2 97.9 � 13.53 97.7 � 11.5 93.7 � 16.6 93.0 � 16.2
6 mo 91.5 � 13.6 89.9 � 13.9 86.4 � 17.6 85.7 � 17.0
12 mo 92.6 � 13.9 90.7 � 14.2 86.1 � 17.5 85.1 � 17.2 0.06 0.41 � 0.01
18 mo 94.6 � 14.2 93.7 � 13.4 87.6 � 17.3 87.1 � 16.8
Percent change, baseline to 18 mo �3.9 � 6.14 �5.3 � 6.24 �8.0 � 7.84 �7.9 � 8.14

Total cholesterol (mg/dL)
Baseline5 207.9 � 44.1 213.5 � 40.5 199.5 � 29.8 197.2 � 41.8
6 mo 202.8 � 43.4 207.5 � 37.0 198.9 � 37.3 187.4 � 39.0
12 mo 202.6 � 43.3 209.5 � 35.2 199.1 � 36.3 190.3 � 37.4 0.80 0.91 0.05
18 mo 203.8 � 43.0 212.3 � 34.8 203.7 � 30.8 195.8 � 42.4
Percent change, baseline to 18 mo �1.4 � 10.4 1.0 � 16.5 2.5 � 10.1 �0.1 � 12.3

LDL:HDL cholesterol
Baseline 2.5 � 1.0 2.8 � 1.1 2.3 � 0.8 2.4 � 0.9
6 mo 2.6 � 1.1 2.7 � 0.9 2.5 � 1.0 2.3 � 0.8
12 mo 2.5 � 1.0 2.6 � 0.8 2.3 � 1.0 2.3 � 0.9 0.63 0.06 0.05
18 mo 2.5 � 1.1 2.7 � 0.9 2.3 � 1.0 2.3 � 0.9
Percent change, baseline to 18 mo 4.9 � 33.9 �1.2 � 26.2 3.4 � 20.2 �1.8 � 23.1

Triacylglycerol (mg/dL)
Baseline 139.2 � 86.2 129.2 � 63.5 132.0 � 66.9 134.3 � 63.7
6 mo 116.8 � 55.8 127.2 � 57.9 125.1 � 63.5 124.9 � 56.4
12 mo 126.8 � 65.1 129.9 � 57.6 119.2 � 57.7 118.6 � 52.0 0.04 0.34 0.37
18 mo 126.8 � 60.8 129.2 � 65.6 117.2 � 58.6 119.8 � 55.5
Percent change, baseline to 18 mo 1.0 � 36.5 8.6 � 54.3 �6.7 � 24.4 �5.5 � 32.6

HOMA-IR
Baseline 4.4 � 2.0 4.4 � 2.0 4.4 � 2.8 4.6 � 2.3
6 mo 3.7 � 1.7 3.4 � 1.7 3.5 � 2.3 3.6 � 1.8
12 mo 3.8 � 1.9 3.8 � 1.5 3.6 � 2.3 3.7 � 2.2 0.49 0.53 � 0.01
18 mo 4.1 � 2.1 3.7 � 1.6 3.6 � 2.4 4.1 � 2.8
Percent change, baseline to 18 mo �1.0 � 38.6 �11.3 � 34.8 �10.8 � 32.76 �6.1 � 41.6

1 STD-D, standard calorie-restricted, low-fat omnivorous diet; LOV-D, calorie-restricted, low-fat lactoovovegetarian diet; HOMA-IR, homeostasis model
assessment insulin resistance index. Mixed effects modeling analysis was conducted. No significant 3-factor interactions were found (P � 0.05, all values). The
only significant 2-factor interaction was preference � time for weight (P � 0.02).

2 Baseline weight differed significantly by preference group, P � 0.05.
3 x� � SD (all such values).
4 Within-group comparison, P � 0.01.
5 Baseline total cholesterol differed significantly by preference group, P � 0.01.
6 Within-group comparison, P � 0.05.
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insulin resistance, and energy and macronutrient intakes in
overweight and obese adults. Contrary to our expectations, the
findings did not show that adopting an LOV-D results in signif-
icantly improved biochemical measures or dietary patterns than
does an STD-D. The null findings are not surprising, given that
most participants in the LOV-D group did not strictly adhere to
the prescribed diet over time and thus may have consumed a diet
similar to that of the STD-D groups as the study continued.
However, all participants reduced their total energy and fat con-
sumption and increased their physical activity as reflected in
significant weight loss and reduced waist circumference (data
not shown).

Barnard et al (30) examined the effects of a 10% fat, vegan diet
on body weight, metabolism, and insulin sensitivity compared
with the National Cholesterol Education Program diet (	30%
fat) in a 14-wk study of 64 overweight, postmenopausal women.
The vegan diet group lost significantly more weight (5.8 com-
pared with 3.8 kg) and had greater reduction in protein, fat, and
cholesterol intakes than did the National Cholesterol Education

Program diet group; however, no significant difference was ob-
served between the groups in caloric intake or improvements in
insulin sensitivity.

Phillips et al (10) measured dietary intake and body compo-
sition of 33 adults in the earliest stages of becoming vegetarian at
baseline and 6 mo. They observed significant reductions in en-
ergy and saturated fat intakes with a significant increase in car-
bohydrate consumption. Significant weight change was not
noted, but body composition changes that supported increased
leanness were found (10). Similarly in 33 adults who self-
selected a vegetarian diet, Robinson et al (9) reported significant
reductions in total energy and energy from saturated fat and
significant increases in carbohydrate intake. HDL cholesterol
was the only significant biological change. Those studies provide
additional support for the health benefits of a plant-based diet.

We have reported the 6-mo results of this study (15). Our
preliminary findings indicated that adherent members of the
LOV-D groups had significantly better outcomes in weight loss,

TABLE 3
Energy and macronutrient intakes at all time points (n � 176)1

Preference-Yes Preference-No P

STD-D
(n � 48)

LOV-D
(n � 35)

STD-D
(n � 48)

LOV-D
(n � 45) Preference Diet Time

Total energy (kcal)
Baseline 1941.3 � 620.92 2110.6 � 784.5 2155.7 � 674.8 1982.7 � 602.1
6 mo 1482.4 � 614.6 1601.2 � 626.4 1576.8 � 560.4 1396.4 � 316.1
12 mo 1570.1 � 646.0 1592.3 � 450.2 1562.4 � 570.0 1434.1 � 380.0 0.08 0.99 0.03
18 mo 1581.6 � 630.7 1668.4 � 524.0 1567.8 � 524.3 1471.1 � 361.7
Percent change, baseline to 18 mo �15.9 � 28.33 �13.9 � 32.44 �22.9 � 28.53 �22.9 � 18.63

Total fat (g)
Baseline 75.9 � 31.3 83.3 � 36.0 87.3 � 34.6 78.6 � 31.2
6 mo 45.9 � 32.3 47.5 � 31.5 50.3 � 26.2 41.4 � 20.9
12 mo 52.1 � 36.8 51.1 � 25.0 51.0 � 26.1 45.3 � 21.5 0.13 0.97 � 0.01
18 mo 54.6 � 33.8 57.6 � 27.2 52.6 � 23.9 46.3 � 21.4
Percent change, baseline to 18 mo �23.3 � 49.83 �18.0 � 52.83 �31.5 � 43.93 �36.6 � 27.13

Monounsaturated fat (g)
Baseline 28.9 � 12.9 31.3 � 13.5 32.7 � 12.6 29.1 � 12.3
6 mo 17.4 � 13.1 17.5 � 13.1 18.1 � 9.7 14.5 � 7.8
12 mo 19.7 � 14.0 18.9 � 10.4 18.5 � 10.1 16.2 � 7.8 0.12 0.80 � 0.01
18 mo 20.4 � 13.4 21.3 � 11.2 19.8 � 10.3 15.9 � 7.4
Percent change, baseline to 18 mo �23.9 � 53.83 �20.2 � 50.94 �31.0 � 50.03 �39.9 � 29.33

Polyunsaturated fat (g)
Baseline 15.5 � 6.5 16.8 � 8.0 18.2 � 9.6 15.8 � 6.5
6 mo 9.8 � 6.6 10.8 � 6.5 11.0 � 5.6 9.9 � 4.8
12 mo 11.0 � 9.1 11.4 � 5.4 10.7 � 5.4 10.2 � 4.8 0.56 0.56 0.02
18 mo 11.7 � 7.4 12.5 � 6.5 10.7 � 5.0 10.9 � 5.2
Percent change, baseline to 18 mo �17.1 � 58.64 �7.7 � 71.8 �23.9 � 70.84 �24.0 � 40.73

Saturated fat (g)
Baseline 25.5 � 11.7 28.6 � 13.7 29.6 � 12.1 27.5 � 13.1
6 mo 14.9 � 11.4 15.4 � 10.5 17.1 � 10.1 13.6 � 9.1
12 mo 17.2 � 12.6 17.1 � 8.3 17.3 � 10.4 15.3 � 9.2 0.07 0.93 � 0.01
18 mo 18.2 � 11.7 19.5 � 8.4 17.9 � 9.3 15.9 � 9.5
Percent change, baseline to 18 mo �23.6 � 48.73 �15.2 � 57.7 �33.7 � 34.83 �37.5 � 29.23

1 STD-D, standard calorie-restricted, low-fat omnivorous diet; LOV-D, calorie-restricted, low-fat lactoovovegetarian diet. Mixed effects modeling
analysis was conducted. No significant 2- or 3-factor interactions were found.

2 x� � SD (all such values).
3 Within-group comparison, P � 0.01.
4 Within-group comparison, P � 0.05.
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total cholesterol, LDL cholesterol, glucose, and HOMA-IR and
reduced intake of total fats than did the nonadherent members of
the LOV-D group. Therefore, these data suggest the LOV-D led
to substantial short-term cardiovascular health benefits. How-
ever, despite implementing measures to promote adherence,
compliance to the LOV-D became a challenge over time, declin-
ing to 36% by the 18th mo. Although not significant by the
standard criterion of �0.05, the 100% adherent LOV-D group
compared with the �100% adherent LOV-D group consumed
fewer total calories and calories from fat and experienced greater
reductions in triacylglycerols and HOMA-IR. Thus, our 18-mo
null results may be a reflection of insufficient statistical power
because there were few 100% adherent LOV-D subjects. These
findings suggest that strategies are needed to improve long-term
adherence to this healthy eating plan to assess the true effects of
an LOV-D intervention on dietary intake and clinical outcomes.

Further, our study results refute the notion that allowing par-
ticipants to choose treatment results in favorable outcomes. Four
studies examined treatment choice in relation to weight loss
among adults (11, 13, 14, 31). Those studies had limitations in
treatment duration, sample size, and retention, making it difficult
to determine whether choice of treatment compared with as-
signed treatment plays a role in successful weight loss. In our
study, those who did not receive their preferred treatment did
better than those who received their treatment of choice. Al-
though an explanation of this finding is not readily apparent,
Preference-No participants’ resolve to succeed despite their as-
signment may have resulted in this assignment having no influ-
ence on their behavior change over the subsequent 18 mo. Other
plausible explanations might be that those who received their
preferred treatment might have expected more or that they were
overly confident and then realized that their treatment of choice
was as difficult as other weight-loss approaches. This may be
particularly relevant to those who selected the STD-D because
they had the least weight change. Our findings show that pro-
viding a study participant his or her preferred choice of treatment
does not necessarily lead to improved adherence or improved
outcomes. It may be more important to explore the role of shared
decision making (32). Studies have shown enhanced adherence

when persons are permitted to participate in their care and treat-
ment decisions, which may be more meaningful than receiving
their preferred treatment (33, 34).

The primary limitation of this study was the declining com-
pliance to the LOV-D diet over time, perhaps limiting our ability
to detect differences between the dietary groups. In addition,
nutritional data were collected by 3-d food records at baseline
and at 6, 12, and 18 mo and may not represent dietary intake
throughout the study. Further, underreporting of energy and fat
intakes is common among persons with a high BMI, and our
study population was selected to have high BMIs (35). However,
although we recognize the limitations of assessing dietary intake
in a free-living environment with the use of self-report measures
(36), we considered the reporting of meat, poultry, and fish in-
takes by participants on the LOV-D to be reliable indicators of
adherence to the LOV-D during the study. Indeed, participants’
reporting of meat products in the 3-d food records was consistent
with what they reported in their weekly diaries. Because of the
small number of men in the study, we cannot generalize our
findings to this population group. Underrepresentation of men, a
common problem in weight-loss studies (29), is reflective of the
smaller proportion of men who seek weight-loss treatment (37).

Nonetheless, this study has substantial strengths. Study
strengths include a population-based cohort and random alloca-
tion to the intervention. In addition, despite the lack of adherence
in the LOV-D group, we did not have difficulty recruiting with
only 8 of 932 (�1%) of screened participants declining partici-
pation because of concern they would be assigned to an LOV-D,
and we had excellent retention at 18 mo. The study is further
strengthened by addressing the methodologic issue of a partici-
pant self-selection effect that may arise if more health-conscious
persons opt for an LOV-D. In summary, neither an LOV-D nor
treatment preference, individually or in combination, resulted in
significant effects on total cholesterol, LDL:HDL cholesterol,
HOMA-IR, or energy and macronutrient consumption in our
study population. Results should be interpreted with consider-
ation of the declining adherence in abstaining from meat, poultry,
and fish in the LOV-D group by the 18-mo assessment. However,
overall, study participants benefited from their participation with

TABLE 4
Change and percent change scores at 18 mo by adherence to calorie-restricted, low-fat lactoovovegetarian diet (n � 80)1

100% Adherent
(n � 29)

�100% Adherent
(n � 51)

PChange Percent change Change Percent change

Biological outcomes
Total cholesterol (mg/dL) �1.9 � 32.72 0.4 � 15.9 �1.0 � 25.5 0.3 � 13.2 0.97
LDL:HDL cholesterol �0.2 � 0.7 �0.5 � 28.4 �0.1 � 0.5 �2.1 � 22.1 0.78
Triacylglycerol (mg/dL) �23.3 � 75.6 �6.6 � 40.3 0.5 � 45.4 4.8 � 45.4 0.27
HOMA-IR �0.9 � 2.0 �14.8 � 29.33 �0.4 � 2.3 �4.7 � 42.9 0.27

Dietary outcomes
Total energy (kcal) �627.4 � 648.1 �24.7 � 22.14 �398.1 � 569.24 �15.7 � 27.3 0.13
Total fat (g) �39.4 � 35.5 �40.2 � 32.74 �23.6 � 30.74 �21.8 � 44.2 0.05
Monounsaturated fat (g) �15.5 � 13.0 �44.9 � 32.14 �9.7 � 12.54 �23.5 � 43.9 0.02
Polyunsaturated fat (g) �6.5 � 8.3 �26.7 � 48.74 �3.6 � 7.1 �11.3 � 60.5 0.25
Saturated fat (g) �14.2 � 14.0 �38.0 � 45.54 �8.4 � 11.24 �21.9 � 44.2 0.12

1 ANOVA and Kruskal-Wallis test were conducted.
2 x� � SD (all such values).
3 Within-group comparison, P � 0.05.
4 Within-group comparison, P � 0.01.
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improvements in dietary and physical activity measures that
were reflected in improved body weight.

We gratefully acknowledge the participants in this study who so willingly
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Vitamin E dietary supplementation significantly affects multiple risk
factors for cardiovascular disease in baboons1–3

David L Rainwater, Michael C Mahaney, John L VandeBerg, and Xing Li Wang

ABSTRACT
Background: Oxidative stress is a widely accepted risk factor for
cardiovascular disease (CVD), but the CVD benefit of dietary anti-
oxidants, such as vitamin E, is controversial.
Objective: Therefore, we have investigated, in the baboon model,
the effects of dietary vitamin E supplementation on risk factors for
CVD.
Design: Pedigreed baboons (n � 251) were fed 2 atherogenic diets,
high in fat and cholesterol, that differed in vitamin E concentrations.
After 7 wk on each diet, blood samples were taken, and a panel of
CVD risk factor traits (ie, indicators of lipoprotein metabolism and
oxidative stress) were measured.
Results: Vitamin E supplementation caused significantly higher
total antioxidant status (TAS) and lower oxidized LDL as expected.
In addition, vitamin E caused 2 paradoxical effects on HDL metab-
olism: higher apolipoprotein A-I (apo A-I) concentrations and lower
HDL sizes. We calculated a difference (�) variable for each trait as
the value on the high-vitamin E diet minus that on the low-vitamin
E diet and determined that several HDL concentration � variables
were significantly correlated with � TAS, but only one, � apo A-I,
was independently correlated. Genetic analyses showed that 2 �
variables, � paraoxonase and � HDL2, were significantly heritable,
but that neither � TAS nor � apo A-I were heritable.
Conclusions: Thus, our data show that dietary vitamin E improves
TAS and LDL quality. They also show 2 apparently paradoxical
effects on HDL metabolism: lower HDL2, which is mediated by
genes, and higher apo A-I, which is not. These effects have contrast-
ing associations with CVD risk and may help account for the mixed
results from clinical trials of dietary vitamin E. Am J Clin Nutr
2007;86:597–603.

KEY WORDS Vitamin E, HDL, high-density lipoprotein, an-
tioxidants, paraoxonase, apo A-I, apolipoprotein A-I, baboons

INTRODUCTION

Atherosclerosis is an inflammatory process (1) that is accel-
erated under circumstances of oxidative stress (2). Oxidative
stress leads to damage of nearly all biological macromolecules
and a cascade of events (including LDL oxidation, endothelial
dysfunction, and enhanced inflammatory response) that con-
tribute to atherosclerosis and ultimately lead to clinical man-
ifestations, such as coronary heart disease. It has long been
suggested that onset and progression of atherosclerotic
lesions might be delayed by an effective supplementation of
the antioxidant system.

Vitamin E is a fat-soluble vitamin that is associated with li-
poproteins. It is an effective terminator of free radical chain
reactions, but it is a relatively poor trapper of singlet oxygen
(compared with �-carotene). Despite several good quality cohort
studies reporting significant associations of vitamin E with lower
rates of cardiovascular disease (CVD) events and mortality (3),
reviews of several randomized clinical trials have concluded that
vitamin E supplementation does not reduce cardiovascular mor-
tality (3, 4). Although the sources for these discordant observa-
tions are unclear, we speculate that efficacy of vitamin E sup-
plementation may depend on individual characteristics, such as
genetic variants, sources of oxidative stress, and other coexisting
biochemical environments, such as lipemia, that are pertinent to
the redox balance. Understanding the bases of these discrepant
findings may provide new insights into the interrelations be-
tween oxidative stress and CVD and potentially target therapies
toward patients who are more likely to be responsive.

Animal models provide a practical means of assessing the
effects of dietary supplements on biological indicators of CVD.
In particular, baboons are an excellent model of complex human
disease because of phylogenetic and physiologic similarities (5).
In addition, our pedigreed baboon colony is structured to effi-
ciently determine whether genes influence the traits we study or
their responses to dietary environment. In this article, we address
the issue of whether vitamin E dietary supplementation affects
lipoprotein metabolism and associated indicators of oxidative
stress and whether genes are involved.

MATERIALS AND METHODS

Animals and diet protocol

Two hundred fifty-one pedigreed baboons (Papio hamadryas)
on a basal diet low in fat and cholesterol were subjected to a
dietary challenge protocol. First, they were fed a diet rich in fat
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(40% of calories from lard) and cholesterol (6 mg/g) (6) for 7 wk
before taking a blood sample (HF sample). The animals were
then returned to the basal diet (washout period) for 7 wk before
feeding them the same high-fat high-cholesterol diet supple-
mented with 1000 IU vitamin E acetate/kg (BioServe, French-
town, NJ) for 7 wk before taking a second blood sample (HF �
E sample). Both HDL- and LDL-cholesterol concentrations were
substantially higher on the HF diet than on the basal diet (7).
Previous studies have shown maximal LDL-cholesterol and
HDL-cholesterol responses to occur by 4 wk on diet (8), and a
pilot study, involving 60 baboons that were sampled on the basal
diet and again after 7 wk on the HF diet plus 7 wk on the basal diet
(9), showed that LDL cholesterol and HDL cholesterol were
similar in the 2 basal diet samples (x� � SD: 48.4 � 18.4 compared
with 49.2 � 19.8 mg/dL for LDL cholesterol and 78.9 � 22.3
compared with 74.0 � 20.6 mg/dL for HDL cholesterol).

Blood samples (serum and plasma) were taken from the fem-
oral vein of overnight-fasted baboons immobilized with ket-
amine. Plasma was collected in heparin tubes and made to
100 �mol diethylenetriaminepentaacetic acid/L and 20 �mol
3,5-di-tert-butyl-4-hydroxytoluene/L (Sigma Chemical, St
Louis, MO). Samples were prepared by low-speed centrifuga-
tion (800 � g, 15 min, 6°C) and stored at �80 °C in small,
single-use aliquots as described previously (10). All animal pro-
cedures were done under supervision of a veterinarian and ap-
proved by the Institutional Animal Care and Use Committee.
Southwest Foundation for Biomedical Research is accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care International.

Biochemical procedures

Serum cholesterol concentrations were measured enzymati-
cally with reagents supplied by Boehringer Mannheim Diagnos-
tics (Indianapolis, IN) and with the use of a Ciba-Corning Ex-
press Plus clinical chemistry analyzer (Norwood, MA).
Cholesterol in HDL was estimated after heparin-Mn2� precipi-
tation of apolipoprotein B (apo B)–containing lipoproteins (11),
and LDL cholesterol was estimated as the difference between
total and HDL cholesterol. Serum triacylglycerol concentrations
were estimated enzymatically with the use of reagents from
Stanbio (San Antonio, TX). Serum concentrations of apo A-I
and apo B were estimated with the use of commercial immuno-
turbidometric assays (DiaSorin, Stillwater, MN). CVs for con-
trol products in these assays were 2.0% for total cholesterol,
6.3% for HDL cholesterol, 5.0% for triacylglycerols, 4.1% for
apo A-I, and 6.3% for apo B. Distributions of cholesterol among
size-resolved lipoprotein classes were estimated by nondenatur-
ing gradient gel electrophoresis and staining with Sudan black B
(12–14). Serum samples were run in duplicate on composite
gels; gels were calibrated, a gel-specific baseline was subtracted,
and size fractions were calculated as described previously (13).
In addition, we estimated a median diameter for HDLs (8.2–24
nm) and for LDLs (24–30 nm), which was defined as the diam-
eter in which half the HDL (or LDL) absorbance was on larger
and half on smaller particles and may be considered to be a
weighted average diameter for HDLs and LDLs (13). CV for a
control run on each gel was 2.9% for HDL median diameter (n �
249 gels) and 0.9% for LDL median diameter (n � 243 gels).
Plasma oxidized LDL concentrations were measured immuno-
logically with the use of a sandwich-style enzyme-linked immu-
noabsorbent assay that uses 2 monoclonal antibodies directed

against different antigenic determinants on oxidized LDL (Mer-
codia Oxidized LDL ELISA; ALPCO Diagnostics, Salem, NH).
Between-plate CV for this assay was 5% for a control product
supplied with the kit.

Total antioxidant status (TAS), reflecting the overall antioxi-
dant capacity of serum, was defined as the ability to prevent
oxidation of 2,2'-azino-di-(3-ethylbenzthiazoline sulfonate) by
metmyoglobin with the use of a kit from Calbiochem (San Diego,
CA). Between-plate CV for this assay was 5.0%. Serum
lipoprotein-associated phospholipase A2 (PLA2; also, platelet-
activating factor acetylhydrolase) enzyme activity was measured
at 30 °C with the use of a kit provided by Cayman Chemical
Company (Ann Arbor, MI). Hydrolysis of the substrate, 2-thio
PAF, produced a free thiol which was quantified with 5,5'-dithio-
bis-(2-nitrobenzoic acid). The reaction was monitored at 405 nm
with a Molecular Devices M4 microplate reader (Sunnyvale,
CA) running in kinetic data acquisition mode. Rates were calcu-
lated from the linear phase during the first 6 min and converted
to �mol � min�1 � L�1 plasma (molar extinction coefficient �
13 600) Each sample was run in duplicate, and the average CV
was 2.3% (n � 989); the between-plate CV, based on a pooled
baboon serum control sample run on each plate, was 4.0% (n �
26). Serum paraoxonase enzyme activity was measured at 30 °C
in a microplate format and followed a published protocol (15).
Paraoxon (Chem Service, West Chester, PA) hydrolysis was
monitored at 405 nm with the use of a Molecular Devices M4
microplate reader running in kinetic data acquisition mode.
Rates were calculated from the linear phase during the first 10
min and converted to �mol � min�1 � L�1 serum (molar ex-
tinction coefficient � 18 000). Each sample was run in du-
plicate, and the average CV was 1.3% (n � 1000); the
between-plate CV, based on a pooled baboon serum control
sample run on each plate, was 3.9% (n � 24).

Statistical analyses

Inferential statistical analyses were performed with the use
of routines implemented in STATA 9.2 statistical
software (StataCorp LP, College Station, TX). A paired t test
was performed to assess the effects of dietary vitamin E supple-
mentation on the means of the measured traits. To assess the
association of change in TAS with change in each of the other
traits, we performed a multiple regression analysis, with robust
estimates of the variance, in a model that included the change
variables and also their baseline values.

Because many of the 251 baboons for which we obtained data
for this study belong to a larger, pedigreed breeding colony, we
could exploit information on their biological relatedness (kin-
ship) to detect the effects of genes on the measured traits. With
the use of a maximum likelihood-based variance decomposition
approach (16) implemented in SOLAR (version 4, copyright
1995–2007, Southwest Foundation for Biomedical Research,
San Antonio, TX) (17), we conducted basic univariate quantita-
tive genetic analyses to simultaneously assess the additive effects
of genes on the traits while accounting for the mean effects of the
covariates age, sex, and weight. With this approach we parti-
tioned the residual phenotypic variance in each trait (�2

P) into
components corresponding to additive genetic effects (�2

G) and
environmental effects (�2

E). The heritability, or proportion of the
residual phenotypic variation that can be attributed to additive
genetic effects, is obtained as h2 � (�2

G)/(�2
P).
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RESULTS

Effect of vitamin E diet supplementation on TAS and
selected indicators of lipoprotein metabolism and
oxidative stress

The average values for a selection of lipoprotein and oxidative
stress measures for the same animals fed 2 diets differing in
concentrations of vitamin E are given in Table 1. A series of
paired t tests indicated that a number of the traits were signifi-
cantly different on the 2 diets. As expected, TAS was signifi-
cantly higher in the HF � E diet. Among the lipid and lipoprotein
phenotypes, apo A-I concentrations were significantly higher
with vitamin E supplementation. However, HDL sizes were gen-
erally smaller, and this was detected by significantly more ab-
sorbance in HDL3, less absorbance in HDL1 and HDL2, and
smaller HDL median diameters (a global assessment of HDL size
distribution). There were no significant effects of vitamin E on
HDL-cholesterol, LDL-cholesterol, or apo B concentrations or
on LDL size fractions (except a modest reduction of LDL2).

For traits related to oxidative stress, we found that paraoxo-
nase 1 (PON1; which is an HDL-associated enzyme) and PLA2
(which is an LDL-associated enzyme) were both reduced by
dietary vitamin E. Finally, oxidized LDL is a specific indicator of
lipoprotein oxidation, and this value was lower by �10% after
the HF � E diet (P � 0.0001).

Correlated changes of TAS with selected indicators of
lipoprotein metabolism and oxidative damage in response
to dietary vitamin E supplementation

To investigate whether responses to vitamin E might be cor-
related, we calculated a difference (�) variable as a value on the
HF � E diet minus that on the HF diet and tested for correlation
of each � trait with � TAS in multiple regression models that also

included the baseline (HF diet) values of each trait. Changes in
HDL-cholesterol and apo A-I concentrations were strongly and
positively correlated with � TAS, and PLA2 showed a marginal
(P � 0.044) positive correlation (Table 2), but none of the
LDL-related � traits, including oxidized LDL, were correlated
with � TAS. However, in a multiple regression model that in-
cluded all 3 significant � traits plus the corresponding baseline
values, only � apo A-I and baseline TAS were significantly
associated with � TAS. A scatterplot for the relation between �
TAS and � apo A-I, which explains �24% of the variance, is
shown in Figure 1.

Effect of genes on response to dietary vitamin E
supplementation

We then subjected each � trait, representing the effect of
vitamin E supplementation, to quantitative genetic analysis to
determine whether genes controlled their individual responses to
dietary vitamin E. Two of the � traits tested were significantly
heritable (Table 3). Approximately 37% of the residual variance
in � HDL2 (P � 0.007) and �22% of the residual variance in �
PON1 (P � 0.030) were explained by the additive effects of
genes. A number of other � traits, including additional markers
of HDL size, had moderate heritabilities (h2: 0.2–0.3) that were
not significant, probably because of the relatively small number
of animals for this type of analysis. In contrast, neither � TAS nor
the HDL-concentration variables, � HDL cholesterol and � apo
A-I, were heritable.

DISCUSSION

In this study, we have fed baboons a high-fat diet enriched in
vitamin E (1000 IU/kg) to identify its effects on CVD risk factor

TABLE 1
Effect of vitamin E dietary supplementation on lipoprotein and oxidative stress measures1

Trait n HF diet HF � E diet P2

TAS (mmol/L) 250 1.096 � 0.0913 1.139 � 0.084 �0.0001
Apo A-I (mg/dL) 249 148.1 � 28.1 151.3 � 25.6 0.0086
HDL cholesterol (mg/dL) 251 90.1 � 24.7 88.5 � 24.9 0.082
HDL1A (%) 251 1.3 � 2.2 1.0 � 1.4 0.0058
HDL1B (%) 251 20.1 � 11.6 17.3 � 10.5 �0.0001
HDL2 (%) 251 62.0 � 9.6 61.2 � 7.9 0.0075
HDL3 (%) 251 16.3 � 7.9 20.6 � 9.6 �0.0001
HDL median diameter (nm) 251 11.37 � 0.75 11.14 � 0.70 �0.0001
Apo B (mg/dL) 250 56.2 � 22.2 56.1 � 22.1 0.46
LDL cholesterol (mg/dL) 251 89.4 � 46.8 91.0 � 49.9 0.20
VLDL1 (%) 251 6.8 � 4.3 6.9 � 4.5 0.37
VLDL2 (%) 251 12.7 � 7.9 13.1 � 7.8 0.13
LDL1 (%) 251 28.1 � 11.7 28.0 � 11.7 0.44
LDL2 (%) 251 32.2 � 10.9 31.1 � 10.3 0.024
LDL3 (%) 251 16.2 � 11.3 16.8 � 12.0 0.16
LDL4 (%) 251 4.1 � 5.4 4.1 � 5.8 0.45
LDL median diameter (nm) 251 27.68 � 0.47 27.66 � 0.49 0.21
Triacylglycerols (mg/dL) 251 64.4 � 28.2 67.7 � 29.7 0.016
PON1 (�mol � min�1 � L�1) 251 67.4 � 27.5 65.0 � 29.2 0.011
PLA2 (�mol � min�1 � L�1) 250 7.81 � 2.16 7.62 � 2.27 0.012
LDLox (U/L) 249 40.7 � 16.2 36.7 � 15.2 �0.0001

1 HF, high fat; E, vitamin E; TAS, total antioxidant status; Apo, apolipoprotein; PON1, paraoxonase 1; PLA2, phospholipase A2; LDLox; oxidized LDL.
2 Determined from paired t tests.
3 x� � SD (all such values).
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variables. Our previous experiment showed a dietary dose-
dependent elevation in plasma �-tocopherol (6); in that experi-
ment, the HF � E diet resulted in �2.5-fold higher concentra-
tions of plasma �-tocopherol than were the concentrations on the
HF diet. This change in plasma �-tocopherol was associated in
the present experiment with a complex pattern of significant
changes in CVD risk factor variables that may help provide a
biochemical basis for the contradictory findings in human clin-
ical trials with the use of vitamin E as an antioxidant to lower
oxidative stress and reduce risk of CVD.

First, as might be expected, TAS was significantly higher in
the HF � E diet than in the HF diet. TAS is a summary variable
that measures the ability of serum to inhibit oxidation, so the
present result suggests that serum is better able to suppress oxi-
dative modification after vitamin E diet supplementation, con-
firming the general results of many previous studies (18–22).

Second, although we noted no significant change in concen-
trations or size properties of apo B-containing lipoproteins, ox-
idized LDLs were lowered substantially (by 10%). Oxidized
LDLs are associated with a higher risk of CVD (23), and the
present result confirms observations in humans of the reduction
in plasma oxidized LDL with dietary vitamin E (24). Coupled
with the lack of change in LDL concentration (ie, LDL choles-
terol and apo B), reduction of oxidized LDL suggests that vitamin
E diet supplementation improves the quality of LDL.

Third, there were modest, but significant, reductions in serum
activities of 2 lipoprotein-associated enzymes, PON1 and PLA2,
that are thought to help lower lipoprotein oxidation. Because the
study used within-animal comparisons, the result suggests a re-
duction in circulating concentrations of active enzymes. In par-
ticular, the presence of PON1 on HDL particles is considered to
be a major source of protection from lipoprotein oxidation (25).
As such, therefore, reduction of PON1 activity may be consid-
ered to be prooxidant and proatherogenic. A number of studies
have reported PON1 concentrations to be responsive to dietary
environment (25), but the present results of a reduction in re-
sponse to vitamin E diet supplementation contradict results in
rabbits and humans (26, 27). This discrepancy may reflect dif-
ferences in HDL size and composition properties among the
species. Alternately, vitamin E-associated reduction in oxidative
stress, and oxidized LDL, may have lowered the metabolic re-
quirements for these enzymes to maintain the redox balance in

TABLE 2
Difference (�) in traits and their relations with the difference in total antioxidant status (� TAS)1

� Trait n x� (IQR)
�

coefficient P

� TAS (mmol/L) 250 0.043 (�0.01 to 0.10) — —
� Apo A-I (mg/dL) 249 3.4 (�10 to 17) 0.3220 �0.0001
� HDL cholesterol (mg/dL) 250 �1.6 (�13 to 10) 0.2756 �0.0001
� HDL1A (%) 250 �0.3 (�0.4 to 0.25) 0.0456 0.50
� HDL1B (%) 250 �2.8 (�6.4 to 1.3) 0.0091 0.88
� HDL2 (%) 250 �1.2 (�5.5 to 2.8) 0.0208 0.77
� HDL3 (%) 250 4.3 (0.5 to 7.8) �0.0840 0.11
� HDL median diameter (nm) 250 �0.23 (�0.41 to 0.00) �0.0143 0.82
� Apo B (mg/dL) 250 �0.1 (�11 to 10) �0.0984 0.16
� LDL cholesterol (mg/dL) 250 1.6 (�16 to 17) �0.0698 0.30
� VLDL1 (%) 250 0.1 (�2.4 to 2.7) 0.0044 0.95
� VLDL2 (%) 250 0.4 (�3.4 to 3.7) 0.0111 0.85
� LDL1 (%) 250 �0.1 (�5.6 to 4.1) 0.0687 0.22
� LDL2 (%) 250 �1.1 (�6.5 to 3.9) �0.0262 0.68
� LDL3 (%) 250 0.6 (�4.0 to 5.4) �0.0580 0.22
� LDL4 (%) 250 0.04 (�1.5 to 1.4) �0.0066 0.89
� LDL median diameter (nm) 250 0.05 (�0.22 to 0.18) 0.0371 0.47
� Tricacylglycerols (mg/dL) 250 3.3 (�9 to 15) �0.0806 0.37
� PON1 (�mol � min�1 � L�1) 249 2.45 (�12.4 to 5.9) 0.0564 0.32
� PLA2 (�mol � min�1 � L�1) 249 �0.19 (�1.03 to 0.75) 0.1134 0.044
� LDLox (U/L) 248 �4.1 (�9.6 to 1.6) �0.1027 0.16

1 Results of multiple regression analyses that also included the baseline (ie, high-fat diet) values for each pair of traits; the standardized � coefficient and
P values are for the indicated trait. IQR, interquartile range; Apo, apolipoprotein; PON1, paraoxonase 1; PLA2, phospholipase A2; LDLox; oxidized LDL.

FIGURE 1. Scatter plot of the difference variable of total antioxidant
status (� TAS) compared with the difference variable of apolipoprotein A-I
(� apo A-I) with best-fit line from linear regression analysis (n � 249).
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the circulation. Then, through feedback mechanisms, the expres-
sion of PON1 and PLA2 may have been down-regulated.

Finally, vitamin E diet supplementation induced 2 seemingly
contradictory changes in HDL phenotypes: smaller HDL size
and higher apo A-I concentrations. The reduction in HDL size
was detected as lower median diameters and corresponding
changes in the various HDL size fractions, including a reduction
in the proportion of cholesterol in HDL2. This result confirms the
findings in 39 persons of a significant reduction in HDL2 con-
centration after taking antioxidant vitamins (28). Reduction of
HDL size is associated with an increase in CVD risk in humans
(29–34), whereas an elevation of apo A-I is associated with a
decrease in CVD risk in humans (35–38). Therefore, on the basis
of these population trends, the 2 effects of vitamin E on HDL
might be expected to have opposite consequences for CVD risk.
Because HDL cholesterol did not change in this experiment, the
effect of vitamin E was to promote accumulation of small
protein-rich HDLs, which may have a greater capability to sup-
port reverse cholesterol transport, a fundamental antiatherogenic
process that lowers peripheral cholesterol stores.

The higher apo A-I concentrations we observed after vitamin
E diet supplementation in baboons confirms findings in human
populations (28, 39). Notably, there was a significant positive
correlation of plasma �-tocopherol and apo A-I concentrations
(39). On the basis of isoelectric point and size with the use of
2-dimensional gel electrophoresis, it appeared that primarily the
proform of apo A-I was responsible for the higher apo A-I
concentrations. Although higher concentrations of the pro-
apo A-I might be responsible for some of the differences we
observed in HDL phenotypes (ie, reduction of HDL size and
PON1), in vitro and in vivo studies have found no qualitative
differences between apo A-I and pro-apo A-I in terms of
reverse cholesterol transport assessments (40, 41).

We attempted to identify the CVD risk factor variables whose
responses to vitamin E were associated with change in TAS. Of
all the traits measured, only � apo A-I was independently cor-
related (r2: �24%). Apo A-I is readily oxidized and, as part of
native HDL, is specifically oxidized at 2 methionine residues
(42). Apo A-I oxidation can increase its immunoreactivity (43),
but this would predict a negative correlation of � apo A-I with �
TAS instead of the positive correlation we have observed. Given
recent interest in apo A-I and its mimetic peptides as antioxidants
(44, 45), it is tempting to speculate that apo A-I is one of the
antioxidant molecules whose effects are detected in the TAS
assay. However, on average, the vitamin E supplementation was
associated with apo A-I concentrations that were �1.3 �mol/L
higher (ie, 3.2 mg/dL), whereas TAS increased by �43 �mol/L
and our previous study would predict that raw plasma
�-tocopherol concentrations were �24 �mol/L higher in this
experiment (6). Therefore, at most, the change in apo A-I can
account only for a modest proportion of the change in TAS.

We also performed analyses to determine whether genes in-
fluence responses of the CVD risk factor variables to vitamin E
diet supplementation. There were �200 baboons in these anal-
yses, so standard errors for heritability were large (ranging from
0.13 to 0.26); a planned expansion of this study will reduce those
standard errors and, therefore, may detect additional traits with
significant genetic effects. Nevertheless, we observed that 2 of
the � traits were significantly heritable in this study: proportion
of cholesterol in HDL2 and PON1. We have previously reported
modest, albeit significant, genetic control of HDL response to
dietary challenges (ie, increasing amounts of dietary fat and
cholesterol) (46), but we are unaware of any report of genes
controlling HDL response to dietary vitamin E concentrations in
any species. In the case of HDL2, we observed that �37% of the

TABLE 3
Difference (�) in traits and heritability (h2) values for effect of vitamin E dietary supplementation on lipoprotein and oxidative stress measures1

� Trait n x� h2 P

� TAS (mmol/L) 196 0.046 0 0.5
� Apo A-I (mg/dL) 196 2.5 0 0.5
� HDL cholesterol (mg/dL) 197 �2.8 0 0.5
� HDL1A (%) 197 �0.3 0.298 � 0.2602 0.099
� HDL1B (%) 197 �2.6 0.090 � 0.160 0.26
� HDL2 (%) 197 �1.2 0.367 � 0.194 0.007
� HDL3 (%) 197 4.1 0.001 � 0.130 0.5
� HDL median diameter (nm) 197 �0.23 0.235 � 0.236 0.13
� Apo B (mg/dL) 196 �0.7 0.019 � 0.168 0.45
� LDL cholesterol (mg/dL) 197 �1.3 0.100 � 0.146 0.22
� VLDL1 (%) 197 0.5 0 0.5
� VLDL2 (%) 197 1.1 0.220 � 0.252 0.16
� LDL1 (%) 197 0.5 0.220 � 0.185 0.072
� LDL2 (%) 197 �1.3 0 0.5
� LDL3 (%) 197 �0.3 0.268 � 0.248 0.099
� LDL4 (%) 197 �0.4 0 0.5
� LDL median diameter (nm) 197 0.01 0.179 � 0.210 0.16
� Triacylglycerols (mg/dL) 197 3.7 0 0.5
� PON1 (�mol � min�1 � L�1) 196 �3.1 0.223 � 0.148 0.030
� PLA2 (�mol � min�1 � L�1) 196 �0.37 0 0.5
� LDLox (U/L) 196 �4.3 0 0.5

1 Quantitative genetic analyses performed in SOLAR (with polygenic routine); P values are for the heritability estimate. TAS, total antioxidant status; Apo,
apolipoprotein; PON1, paraoxonase 1; PLA2, phospholipase A2; LDLox, oxidized LDL.

2 h2 � SEM (all such values).
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residual phenotypic variance in � HDL2 was explained by the
additive effects of genes.

PON1 activity is highly heritable in both humans and baboons
(47, 48), but the present result indicates that the response of
PON1 to vitamin E dietary supplementation is also under genetic
control, with a heritability of �22%. Vitamin E was reported to
regulate transcription or activity of a number of genes involved
in oxidative stress, proliferation, inflammation, and apoptosis
(39, 49, 50). In several instances, the effect on transcription
appears to be independent of antioxidant capacity and is specific
to the �-tocopherol form of vitamin E (51, 52). The present
findings suggest that genes influence the effect of vitamin E on
HDL and PON1 metabolism by unknown mechanisms. These
genetic mechanisms may involve direct effects on gene tran-
scription or indirect effects on the redox environment. Ongoing
experiments are under way to increase the number of animals
available for analysis so that we may identify individual genes
mediating the effects of vitamin E on CVD risk factors. Such
exploration may show novel regulatory pathways linking li-
poprotein and redox metabolisms.

The major finding of this study is a significant effect of vitamin
E dietary supplementation on the metabolism of HDLs. More-
over, the effect appears to be exerted at 2 points in HDL metab-
olism. First, we observe that an effect of vitamin E is to cause
smaller HDL size, including a lesser amount of cholesterol in the
HDL2 subfraction. This effect of vitamin E is under significant
genetic regulation. Second, we observe higher concentrations of
apo A-I. This is not under genetic control but is strongly corre-
lated with change in antioxidant status and may, in part, help
account for it. These 2 effects are oppositely associated with
CVD susceptibility whether vitamin E supplementation might be
proatherogenic or antiatherogenic for an individual may depend
on which of these 2 effects on HDL metabolism predominates.
This observation is consistent with the mixed results of clinical
trials for vitamin E and may help explain the controversial find-
ings to date.
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Coffee drinking induces incorporation of phenolic acids into LDL
and increases the resistance of LDL to ex vivo oxidation in
humans1–3

Fausta Natella, Mirella Nardini, Federica Belelli, and Cristina Scaccini

ABSTRACT
Background: Epidemiologic and intervention studies indicate that
both diet as a whole and single dietary components are involved in
the risk of atherosclerosis. The resistance of LDL to oxidative mod-
ification is an ex vivo indicator of risk, which is modulated by dietary
components. Coffee contains phenolic compounds with antioxidant
activity. These molecules are found in plasma after the consumption
of coffee, and it has been shown that, in vitro, they are able to
decrease the susceptibility of LDL to oxidation.
Objective: The aim of this study was to evaluate the effect of coffee
consumption on the redox status of LDL as modulated by the pos-
sible incorporation of phenolic acids into LDL.
Design: Ten healthy volunteers, after an overnight fast, drank 200
mL filtered coffee. Blood was drawn before and 30 and 60 min after
drinking. Changes in LDL redox status were evaluated by the mea-
sure of LDL resistance to oxidative modification and the concentra-
tion of LDL(�), a mildly modified, electronegative LDL subfrac-
tion. Chlorogenic and phenolic acids concentration in LDL were
measured by electrochemical HPLC.
Results: The resistance of LDL to oxidative modification increased
significantly after coffee drinking, but the LDL(�) concentration
did not increase. The concentration into LDL of conjugated forms of
caffeic, p-coumaric, and ferulic acids increased significantly after
coffee drinking.
Conclusion: Drinking 200 mL (1 cup) coffee induces an increase in
the resistance of LDL to oxidative modification, probably as a result
of the incorporation of coffee’s phenolic acids into LDL. Am J
Clin Nutr 2007;86:604–9.

KEY WORDS Coffee, phenolic acids, LDL oxidation, hu-
mans

INTRODUCTION

In spite of the controversy about the role of cholesterol in the
mechanisms underlying the pathogenesis of atherosclerosis,
there is still consistent evidence that oxidatively modified LDL
plays a key role (1–5). A large number of studies gave rise to the
oxidative hypothesis of atherosclerosis, in which the oxidation of
LDL represents the critical point. Oxidized LDL does have a
wide range of atherogenic properties, from the formation of early
lesions to plaque rupture (6), but the presence in vivo of circu-
lating fully oxidized LDL is improbable. In fact, a complex
defense system can rapidly remove oxidized LDL from the cir-
culation.

Diet per se and single dietary components are involved in
atherosclerotic risk, as evidenced by epidemiologic and inter-
vention studies. Dietary patterns characterized by high fruit and
vegetable intakes appear to be protective against the risk of car-
diovascular disease (CVD) (7), and the susceptibility of LDL to
oxidative modification can be influenced by dietary components.
LDL(�), a mildly modified, electronegative LDL subfraction
found in vivo in human plasma, accounts in vitro for several
biological proatherogenic events (8). LDL(�) is enriched with
oxidized lipids and destabilized in the supramolecular structure
of apolipoprotein B (9, 10). Its concentration can be modulated
by extrinsic factors, such as a meal (11, 12).

Coffee is among the most widely consumed beverages in the
world. The relation between coffee consumption and CVD has
been studied extensively. Several studies conducted in the past
few years found a J-shaped association between coffee consump-
tion and CVD risk (13–16). Coffee contains several phenolic
components (200–550 mg/cup; a cup equals 200 mL) that are
endowed with antioxidant capacity. Chlorogenic acids are a fam-
ily of esters formed between quinic acid and cinnamic acids such
as caffeic, ferulic, and p-coumaric acids; of the chlorogenic ac-
ids, 5�-caffeoylquinic acid is by far the most abundant isomer in
coffee (Figure 1). With the use of 10 g powdered coffee per cup
of brewed coffee, the concentration of 5�-caffeoylquinic acid can
range from 15 to 325 mg/200-mL cup. A value of 200 mg/cup has
been reported for coffee brewed by drip-filtering (17).

Chlorogenic acids are scarcely present in biological fluids,
whereas their metabolites caffeic and ferulic acids reach micro-
molar concentrations (18–23). Caffeic acid possesses a high
antioxidant capacity, it is absorbed and rapidly metabolized in
rats and in humans (23, 24), and it is capable of inhibiting in vitro
the oxidative modification of human LDL (25). The consump-
tion of coffee increases the total plasma antioxidant capacity in
humans (26), but the in vivo effect on LDL is not yet established.
Filtered coffee did not seem to have any detectable short- or
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long-term effect on lipid peroxidation (27) or on the susceptibil-
ity of LDL to oxidation (28) in healthy humans. A contrary result
is reported in a supplementation study in which a 7-d standard-
ized coffee consumption decreased both LDL susceptibility to
oxidation and serum lipid concentrations in humans (29).

The aims of this work were to evaluate tudy the incorporation
of phenolic acids from coffee into human LDL and to evaluate the
possible effect of coffee consumption on the redox status of LDL,
as indicated by the modulation of LDL resistance to oxidative
modification and by the LDL(�) concentrations.

SUBJECTS AND METHODS

Subjects

Ten healthy volunteers (5 M, 5 F) aged 24–35 y who were
moderate coffee drinkers (2–4 cups/d) were recruited. Subjects
acted as their own controls, and they were instructed to avoid
coffee and food and other beverages that are rich in phenolic
acids for 2 d before the experiment. After an overnight (10–12-h)
fast, a venous blood sample was taken at time 0. Immediately
after the first blood collection, subjects drank 200 mL (1 cup) of
freshly prepared American-style coffee. Filtered coffee was pre-
pared by using a commercial automatic brewing machine and
60 g roasted and ground coffee/L water. Further blood collec-
tions were made 30 and 60 min after coffee consumption.

All subjects gave written informed consent. The Ethics Com-
mittee of the National Institute for Food and Nutrition Research
approved all procedures.

Methods

Venous blood samples were collected into evacuated tubes
containing EDTA. LDL (d 1.019–1.063 g/mL) was isolated from
plasma immediately after blood centrifugation by the use of
sequential ultracentrifugation in salt solutions, according to the
method of Havel et al (30), by using a bench-top ultracentrifuge
(model T-100; Beckman Instruments, Irvine, CA) with a T-100.3
rotor (Beckman Instruments). Protein was measured by the
method of Lowry et al (31) with the use of bovine serum albumin
as a standard.

For oxidation experiments, freshly isolated LDL was dialyzed in
the dark for 18 h at 4 °C against 2 L of 0.01 mol phosphate-buffered
saline/L and 0.15 mol NaCl/L at a pH of 7.4. Dialyzed LDL (50 �g
protein/mL)was incubated inphosphate-bufferedsalineat37 °Cfor
3 h in the presence of 2.5 �mol CuCl2/L. The kinetics of conjugated
diene formation was followed by continuous monitoring of the
change in the 234-nm absorbance, conducted with the use of a

spectrophotometer (model DU 70; Beckman Instruments) accord-
ing to the method of Esterbauer et al (32). Susceptibility to oxida-
tion was expressed as lag time and was calculated from the intercept
of lines drawn through the linear portion of the lag and propagation
phases for each samples.

For the in vitro experiments, LDL from healthy subjects in a
fasting condition was oxidized (as described above) in the pres-
ence of increasing concentrations of caffeic acid (0, 1, 10, and
100 nmol/L). For the measurement of LDL(�), freshly isolated
LDL was dialyzed in the dark for 18 h at 4 °C in 5 mmol Tris-
HCl/L (pH 7.2) containing 10 �mol EDTA/L. LDL(�) was
separated from unmodified LDL by anion-exchange HPLC ac-
cording to the method of Hodis et al (33).

Phenolic acids in biological samples are routinely detected in
our laboratory by HPLC with electrochemical detection (HPLC-
ECD) (23, 34). The presence of phenolic acids into LDL was
measured in untreated samples (free phenolic acids) and in sam-
ples subjected to alkaline hydrolysis (total phenolic acids—ie,
free plus bound forms).

No treatment

We added 200 ng m-coumaric acid to dialyzed LDL samples
(0.5 mL each), acidified them to pH 3 with 1 N HCl, added 300
mg NaCl, and then conducted 3 extractions with ethyl acetate
(�4 volumes) by mixing in a vortex for 5 min. After each ex-
traction, samples were centrifuged (3000 � g, 10 min, room
temperature) and supernatants were collected. The organic phase
was dried under nitrogen flow. The residue was dissolved in 0.5
mL of water and mixed in a vortex for 5 min; then the pH was
brought to pH 7–8 with 0.1 N NaOH, and the sample was passed
through a 1-mL tube (Supelclean LC-SAX; Supelco, Bellefonte,
PA) conditioned with 1 mL absolute methanol and 2 mL water.
The tube was then washed with 1 mL water. Phenolic acid elu-
tion was obtained with 1 mL buffer containing 1 N acetic acid
and MeOH at a 90:10 ratio. The eluant was immediately brought
to pH 3 with 6 �L of 4N NaOH and filtered, and an aliquot (100
�L) was injected into the HPLC-ECD system.

Alkaline hydrolysis treatment

To dialyzed LDL samples (0.5 mL each) containing 200 ng
m-coumaric acid were added, in the following order, 32.5 �L
H2O, 62.5 �L 20% ascorbic acid, 25 �L 0.5 mol EDTA/L, and
180 �L of 8 N NaOH; then the samples were incubated at 30 °C
for 30 min. At the end of incubation, the pH was brought at 3.0
with 8 N HCl. After the addition of 600 mg NaCl, the samples
were extracted 3 times with ethyl acetate (4 volumes) as reported
above. The residue was dissolved in 0.5 mL of water, mixed in a
vortex for 5 min, and then processed for solid-phase extraction as
reported above.

Treated and untreated samples were analyzed by HPLC-
ECD as previously described (22). The concentration of phe-
nolic acids is expressed as ng/mg protein. Free forms of phe-
nolic acid in LDL were almost undetectable in our
experimental conditions, so that all results showed represent
the total concentration (free � bound) of each single phenolic
acid. The concentration of phenolic acid in coffee was mea-
sured as described previously (23).

Statistical analysis

Data are presented as means � SDs or � SEMs. Statistical
analysis was carried out by using repeated-measures analysis of

FIGURE 1. Chemical structure of the principal phenolic compound
present in coffee—chlorogenic acid (5�-caffeoylquinic acid). The oval high-
lights the caffeic acid structure.
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variance, which was followed by Tukey’s test for multiple com-
parisons. Analyses were performed by using KALEIDAGRAPH
software (version 3.6; Synergy Software, Reading, PA). P values
� 0.05 were considered statistically significant.

RESULTS

Phenolic acids in coffee

Phenolic acids in filtered coffee are almost exclusively present
as chlorogenic acids, and free forms are undetectable. In the
present sample, the principal form of chlorogenic acid in coffee,
5�-caffeoylquinic acid, reached a concentration of �1.25
mmol/L. After hydrolysis, caffeic acid is most often the main
phenolic acid in coffee, with a concentration of �6 mmol/L,
whereas ferulic acid has a concentration of 1 mmol/L. The reason
that the concentration in coffee of caffeic acid apparently exceeds
that of chlorogenic acid is that 5�-caffeoylquinic acid is the most
representative but not the only bound form of caffeic acid in
coffee. In the present experiment, a cup of coffee corresponded
to an intake of �200, 5, and 35 mg of caffeic, p-coumaric, and
ferulic acid, respectively (Table 1).

Coffee consumption, susceptibility of LDL to oxidative
modification, and the proportion of LDL(�)

The consumption of 200 mL of coffee significantly influenced
the resistance of LDL to Cu(II)-catalyzed oxidative modifica-
tion, extending the lag phase of conjugate diene formation. Cof-
fee consumption induced a significant increase in the lag phase
from 55.6 � 8.6 (time 0) to 61.6 � 10.7 min (time 30 min) and
to 66.8 � 17.0 min (time 60 min) (Figure 2).

In contrast, the proportion of LDL(�) was not significantly
affected by coffee consumption. At time 0, LDL(�) accounted
for 4.7 � 2.4% of all LDL, and the proportion did not change
significantly after coffee consumption (4.6 � 2.8% and 4.5 �
2.8% at time 30 and time 60, respectively) (Figure 3).

Coffee consumption and the incorporation of
hydroxycinnamic acids into LDL

Here we show for the first time that phenolic acids from food
are incorporated into LDL in humans. After LDL was subjected
to alkaline hydrolysis, a statistically significant increase in caf-
feic, p-coumaric, and ferulic acids was observed (Table 2). The
maximum incorporation peak occurred at 60 min after coffee
consumption for caffeic acid and at 30 min after coffee consump-
tion for p-coumaric and ferulic acids. Phenolic acids were present
in LDL mainly as bound forms. In fact, after coffee consumption,
free phenolic acids were undetectable (p-coumaric acid) or
present at the most as traces (caffeic and ferulic acids) in non-
hydrolyzed samples (in these experimental conditions, the de-
tection limit in the injected volume was 200, 30, and 50 pg for
chlorogenic acid, p-coumaric acid, and ferulic and caffeic acids,
respectively. Moreover, the absence in nonhydrolyzed plasma

FIGURE 2. The effect of coffee consumption on the susceptibility of LDL
to oxidative modification. Values are mean � SD, n � 10. LDL, separated at
time 0 and 30 and 60 min after coffee consumption, was oxidized in
phosphate-buffered saline at 37 °C with 2.5 �mol Cu(II)/L. The kinetics of
conjugated diene formation was monitored after the absorbance at 234 nm.
Lag time, expressed in minutes, was calculated from the intercept of lines
drawn through the linear portion of the lag and propagation phases of con-
jugated diene formation. Differences were analyzed by repeated-measures
ANOVA, followed by Tukey’s test. *,**Significantly different from time 0:
*P � 0.05, **P � 0.01.

TABLE 1
Phenolic acids in 1 cup (200 mL) of brewed coffee before and after hydrolysis1

5�-Caffeoylquinic acid Caffeic acid p-Coumaric acid Ferulic acid

mg/cup

Nonhydrolyzed coffee 88.4 � 1.7 ND ND ND
Hydrolyzed coffee ND 214.0 � 13.4 4.7 � 0.4 34.9 � 1.9

1 All values are x� � SEM of 4 independent experiments. ND, not determined.

FIGURE 3. The effect of coffee consumption on LDL(�) concentrations.
Values are mean � SD, n � 10. LDL(�), expressed as the percentage of total
LDL, was measured before and 30 and 60 min after coffee consumption.
Differences were analyzed by repeated-measures ANOVA, followed by
Tukey’s test.
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samples of 5�-caffeoylquinic acid, the most abundant phenolic in
coffee, indicated an extensive metabolism of coffee chlorogenic
acids in humans.

In vitro experiment

To test whether caffeic acid modulates LDL oxidation at the
concentration observed in LDL after coffee consumption, we
conducted an in vitro experiment using caffeic acid concentra-
tions from 1 to 100 nmol/L. These concentrations were calcu-
lated on the basis of the concentration of caffeic acid measured in
LDL after coffee consumption (36.1 pmol/mg protein) that cor-
responds to a concentration of �2 nmol/L in the in vitro exper-
iments (in which the protein concentration was 50 �g/mL). As
shown in Figure 4, even at nanomolar concentrations, caffeic
acid is able to limit the in vitro oxidation of LDL.

DISCUSSION

This study provides novel evidence that specific phenolic ac-
ids are absorbed into the bloodstream and incorporated into LDL
after coffee consumption. In addition, the ex vivo oxidation of
LDL was significantly influenced by acute consumption of cof-
fee, whereas the proportion of LDL(�) remained unchanged.

Combined evidence indicates that phenolic acids from coffee
have extensive antioxidant activity in in vitro systems (25, 35). In
contrast, an effect of caffeine (the other principal bioactive com-
ponent of coffee) on LDL resistance to oxidative modification
has been excluded by several in vitro (36–38) and ex vivo (39)
studies. However, the in vitro antioxidant capacity of an antiox-
idant cannot be directly transposed to an in vivo efficacy, because
both absorption and metabolism must be considered. The first
evidence of the capacity of coffee to transfer in vivo its in vitro
antioxidant potential was offered by the demonstration that cof-
fee consumption increases the total plasma antioxidant capacity
in humans (26). Furthermore, in a previous study by our group
(23), 5�-caffeoylquinic acid, the most abundant phenolic in cof-
fee, was undetectable in human plasma at any time after coffee
consumption, whereas caffeic acid was present in plasma, mainly
in bound forms as sulfates or glucuronides (19, 23); these find-
ings indicated that an extensive metabolism of coffee phenolics
occurs in vivo in humans. Therefore, the compounds responsible
for the in vivo effects of coffee consumption likely are the me-
tabolites of coffee phenolic acids, rather than coffee phenolic
acids themselves.

In the present study, we showed that coffee consumption ex-
tends the lag phase of metal-catalyzed LDL oxidation. A similar
result was obtained by Yukawa et al (29) after 1 wk of coffee
supplementation (3 cups coffee/d, each 200-mL cup made with
8 g powdered coffee). In contrast, McAnlis et al (28) did not find
any modification in the LDL resistance to oxidation after 1 wk of
coffee supplementation (5 cups coffee/d, each cup made with
2.1 g powdered coffee). The discrepancy between these 2 studies
may depend on the difference in the quantity of coffee supplied
per day (24 compared with 10.5 g powdered coffee/d). In the
present study, we provided the subjects with 200 mL filtered
coffee, corresponding to 12 g powdered coffee. The LDL resis-
tance to oxidative modification was measured in particles sepa-
rated from plasma before and 30 and 60 min after coffee con-
sumption; the latter 2 times corresponded to the peak of
absorption of phenolic acids (23).

The increase in the resistance of LDL to oxidation did not
correspond to a decrease in the proportion of LDL with a higher
content of lipid hydroperoxides [ie, LDL(�)]. This result sug-
gests that, in our experimental conditions, coffee consumption
does not affect the concentrations of already oxidized lipids.
Similarly, Mursu et al (27) reported no changes in serum LDL-
conjugated dienes after acute or chronic coffee consumption.

The susceptibility of LDL to oxidative modification is deter-
mined by the concentrations of 1) baseline conjugated dienes and
lipid hydroperoxides and 2) antioxidant species. In the present
study, we showed for the first time that phenolic acids from
coffee are incorporated into the LDL particle, which strongly
suggests their role in the increased protection of LDL against
metal-catalyzed oxidation.

One hour after coffee consumption, the concentrations in LDL
of caffeic, p-cumaric, and ferulic acids were 36.1, 9.1, and 12.9

TABLE 2
Total phenolic acid content in LDL1

Caffeic
acid

p-Coumaric
acid

Ferulic
acid

Isoferulic
acid

pmol/mg protein

time 0 17.8 � 6.1 1.8 � 1.2 1.5 � 1.5 ND
time 30 min 31.1 � 8.32 9.7 � 3.6 21.6 � 6.12 TR
time 60 min 36.1 � 7.22 9.1 � 1.82 12.9 � 2.12 TR

1 All values are x� � SEM; n � 10. ND, not determined; TR, traces.
Values represent the total amount of each phenolic acid measured after
alkaline hydrolysis (free � bound forms). Differences were analyzed by
repeated-measure ANOVA, followed by Tukey test.

2 Significantly different from time 0, P � 0.01.

FIGURE 4. Dose-response effect of caffeic acid on in vitro LDL oxida-
tion. Values are mean � SD, n � 3. LDL was oxidized, in the absence or
presence of caffeic acid (from 1 to 100 nmol/L), in phosphate-buffered saline
at 37 °C with 2.5 �mol Cu(II)/L. The kinetics of conjugated diene formation
was monitored after the absorbance at 234 nm. Lag time, expressed in min-
utes, was calculated from the intercept of lines drawn through the linear
portion of the lag and propagation phases of conjugated diene formation.
Differences were analyzed by repeated-measures ANOVA, followed by
Tukey’s test. *Significantly different from control subjects, P � 0.05.
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pmol/mg protein, respectively. Incorporation into LDL was al-
ready shown for only a few other phenolic compounds—ie, quer-
cetin and catechin (40), daidzein and genistein (41), rutin and
quercetin (42), and tyrosol (43). In 2 of these studies, the con-
centration of phenolic compounds in LDL was �1000 pmol/mg
protein (40, 43). These high concentrations could depend on the
methods used, because LDL samples were not subjected to any
kind of purification (by filtering or dialyzing), and thus, the
unbound phenolic compounds could remain in the aqueous
phase, as shown by Tikkanen et al (41).

To test whether caffeic acid, at the concentration observed in
LDL after coffee consumption, is able to modulate LDL oxida-
tion, we conducted an in vitro experiment using caffeic acid
concentrations from 1 to 100 nmol/L. As shown in Figure 4, even
at concentrations similar to those we observed in vivo (nanomo-
lar concentrations), caffeic acid is capable of modulating the in
vitro LDL oxidation. It is important to underline that caffeic acid
is not the only phenolic acid incorporated into LDL after coffee
consumption.

We are aware that phenolic acids incorporated in vivo in LDL
are not in free form but are in bound form. Because at the moment
we do not know the nature of these bound forms, we cannot
speculate on whether these forms are more or less active than
their respective free forms, even if polyphenol metabolites have
been reported to have lower in vitro antioxidant activities than the
parent molecules (44). Further studies will be necessary to iden-
tify the bound forms and the nature of the bonds of phenolic acids
to LDL particle.

Data presented here indicate that the consumption of 200 mL
(1 cup) coffee improves the resistance to oxidative modification
of LDL in humans, and this effect can be explained by the quick
incorporation of phenolic acids in LDL. The role of coffee in
CVD risk is controversial. Some epidemiologic studies indicate
a J-shaped relation between coffee consumption and CVD risk
(13, 14, 16). This relation is probably the result of the opposite
action of “positive” and “negative” molecules present in coffee.
Through their antioxidant action, phenolic acids can represent
one of the positive contributors to the beneficial effects of coffee.
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Folic acid improves vascular reactivity in humans: a meta-analysis of
randomized controlled trials1,2

Angelika de Bree, Linda A van Mierlo, and Richard Draijer

ABSTRACT
Background: The effect of folic acid on endothelial function, a
prognostic factor for cardiovascular diseases, is not well established.
We calculated this effect in a meta-analysis of randomized, double-
blind, placebo-controlled trials in humans.
Objective: The objective of the study was to quantify the effect of
folic acid on endothelial function, as measured with the use of flow-
mediated dilatation (FMD).
Design: We conducted a meta-analysis of randomized, double-
blind, placebo-controlled folic acid trials evaluating endothelial
function. Trials were identified through MEDLINE (1966–15 Sept
2005), by hand-searching of references, and by contact with inves-
tigators for unpublished results. Two of us (AdB and RD) indepen-
dently extracted trial data. A pooled estimate was calculated by using
random-effects meta-analysis. Previously defined stratified analy-
ses were conducted to explore the influence of study characteristics.
Results: Of 163 identified studies, 14 met inclusion criteria and
provided data on 732 persons. Evidence for publication bias was not
obvious. In the overall pooled estimate, folic acid improved FMD by
1.08 (95% CI: 0.57,1.59; P � 0.0005) percentage points over pla-
cebo. Of the study characteristics, only folic acid dose significantly
influenced the outcome. Post hoc analysis, which should be inter-
preted with caution, seemed to indicate a dose-response effect: the
change in FMD was �0.07 (95% CI: �0.37, 0.22) percentage points
at doses between 400 and 800 �g/d, 1.37 (95% CI: 1.12, 1.54)
percentage points at doses of 5000 �g/d, and 2.04 (95% CI: 1.43,
2.65) percentage points at doses of 10 000 �g/d.
Conclusion: This study indicates that high doses of folic acid im-
prove endothelial function, which could potentially reduce the risk
of cardiovascular disease. Am J Clin Nutr 2007;86:610–7.

KEY WORDS Folic acid, homocysteine, flow-mediated dila-
tation, FMD, endothelial function, randomized trial, meta-analysis

INTRODUCTION

A large amount of epidemiologic evidence links elevated ho-
mocysteine concentrations to an increased risk of cardiovascular
disease (CVD) (1, 2). This linkage has initiated the execution of
secondary prevention trials testing whether homocysteine-
lowering therapy reduces the risk of recurrent CVD events (3).
Because the B vitamin folic acid and, to a lesser extent, vitamin
B-6 and vitamin B-12 lower homocysteine concentrations (4),
they are used in such trials. Many of these trials are ongoing, and
data from 4 of them have been published, showing disappointing
results (5–8). A combined analysis of these 4 trials lacked the
power to detect significant differences. However, the CIs around

the summary risk estimates of these 4 trials were compatible with
a 10% lower risk of ischemic heart disease and a 20% lower risk
of stroke associated with a 25% lower homocysteine concentra-
tion (9). Furthermore, we should also bear in mind that these
secondary prevention trials typically look at risk reduction after
short-term treatment in high-risk subjects, and thus these results
should not be generalized to the overall population. Indeed, a
beneficial effect of folic acid fortification on stroke mortality in
the United States and Canada was recently reported (10).

Although folic acid may not be able to reverse advanced athero-
sclerosis in CVD patients, it may affect the early stages of the CVD
process, such as endothelial dysfunction (11). This possibility has
not been investigated in a systematic way. Endothelial function can
be measured by the degree of flow-mediated dilatation (FMD) (12).
FMDrepresents theabilityof thebrachial artery todilate in response
to ischemia-inducedhyperemia in theforearm,andassuch it reflects
the bioavailability of the endogenous vasodilator nitric oxide (NO).
In the present study, we systematically evaluated the effect of folic
acid (with or without vitamin B-6, vitamin B-12, or both) on FMD
in humans by performing a meta-analysis of randomized, placebo-
controlled clinical trials.

STUDY METHODS

Strategy to search randomized trials

The Quality of Reporting of Meta-analyses standards (13)
were followed during all phases of the design and implementa-
tion of the present analysis. Included studies were randomized
clinical trials that measured vascular reactivity by using the per-
centage of FMD (%FMD) after folic acid supplementation with-
out a vascular challenge (such as a methionine or fat load). Trials
were identified by searching the MEDLINE database from 1966
to 15 September 2005 with the use of the search terms homocys-
teine OR folate OR folic acid OR vitamin B-12 OR cobalamin
OR vitamin B-6 OR B-6 and flow mediated OR flow-mediated OR
endothelium-dependent OR vasomotor OR vasoacti* OR “blood
flow” OR brachial* OR intima OR vasodilat* OR dilat* OR circu-
lation OR endothel* OR distensibility OR microcirculat* OR
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micro-circulation OR vascular resistance OR wave OR plethys-
mography OR “blood supply” OR claudication OR cold hands.

We limited the search to clinical trials conducted in humans
aged �19 y and published in the English language. Furthermore,
we hand-searched the reference lists of the articles obtained
through MEDLINE and of conference abstract books for addi-
tional studies.

Trial review

A flow chart of the selection of the included trials is given in
Figure 1. The MEDLINE search identified 158 studies. The
abstracts of these studies were screened independently by 2 of us
(AdB and RD). After the exclusion of 127 studies, the remaining
31 studies were assessed more specifically, including a review of
their reference lists. This resulted in the identification of 4 addi-
tional studies for inclusion (14–17). Finally, 1 other trial was
identified in a conference abstract book, for a total of 36 studies.
Two of us (AdB and RD) independently evaluated these studies
in detail—reviewing the complete publication, if available—
which left 13 published trials (18–30) and 1 then-unpublished
trial (M Olthof, personal communication, 22 November 2005;
now: 31) that met the inclusion criteria. The inclusion and ex-
clusion decisions were unanimous.

Data extraction

For each of the 14 studies meeting the inclusion criteria, data
on study design, population, sample size and number of dropouts,
intervention type, dose, and duration were independently ex-
tracted (by AdB and RD). Standard forms in EXCEL were used
to calculate the net change in %FMD after folic acid supplemen-
tation compared with that after administration of placebo and
also to calculate the SE of this change (see Statistical analysis).
Study quality was also independently assessed (by AdB and RD)
according to the criteria for quality assessment of randomized
clinical trials developed by Delphi consensus (32). The 9 criteria
were treatment allocation (randomized � 1 point), similarity of
groups at baseline with respect to the most important prognostic

indicators (1 point), eligibility criteria (specified � 1 point),
blinding (treatment allocation blinded � 1 point, outcome assess-
ment blinded � 1 point, care provided blinded � 1 point, and
patients blinded � 1 point), measures of variability presented for
FMD measurement (yes � 1 point), and intention-to-treat analysis
(yes � 1 point; studies with no drop-outs received 1 point for this
criterion). Thus, the highest score a trial could get was 9 points.

We assessed the validity of data extraction by comparing the
independently abstracted results for concordance. Discussion and
review of the original manuscript resolved any discrepancies be-
tween the results abstracted by the 2 independent investigators.

Exposure and outcome variables

Supplementation with folic acid, vitamin B-6, and vitamin
B-12

As exposure variable, we used the dose of folic acid and
vitamin B-6 or vitamin B-12 (or both) rather than the plasma
concentration of these B vitamins or of homocysteine. We did
this because the absence of a gold standard method makes it very
difficult to compare plasma concentrations between studies, and
thus there are great variations between different laboratories (33,
34). In addition, circulating concentrations of B vitamins are
known to vary and therefore are not very stable markers for actual
intake (35–37).

Flow-mediated dilatation

As outcome variable, we used the net change in FMD. In most
of the articles, FMD was presented as the %FMD, which is
calculated by the following equation:

%FMD � [(maximum diameter � baseline diameter)/

baseline diameter] � 100% (1)

For consistency, we have used that formulation throughout as the
unit of FMD measurement.

Potentially relevant studies 
identified and screened (n =158) Excluded: 127

82 no folic acid intervention
30 no endothelial function
8   patient group 
3   cointervention with other ingredients
1   no control group
1   description of a trial
1   no intervention
1   duplicateStudies retrieved for more 

detailed evaluation
31 from first selection

4 from scanning reference lists 
1 from abstract book

Excluded: 22 
8 not randomized
1 vascular function not measured
5 vascular function not measured with FMD 
1 no placebo 
2 duplicates
1 FMD after fat load
1 infusion of folates
3 washouts at <4 wkStudies included in meta-analysis

(n =14)

FIGURE 1. Flow diagram of showing the process (and the reasons) of selecting and excluding studies for this meta-analysis.
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Statistical analysis

Net change in flow-mediated dilatation

Our primary outcome was the net change in FMD due to folic
acid (with or without vitamin B-6 and vitamin B-12) treatment
—ie, %FMD after folic acid � %FMD after placebo. For the 6
included crossover trials, %FMD at the end of the control period
was subtracted from vascular reactivity at the end of the treat-
ment period. For parallel design trials, the %FMD change from
baseline to study end in the control group was subtracted from the
%FMD change from baseline to study end in the treatment group.

Standard error of the net change in flow-mediated dilatation

For the crossover trials, the SE of the net change in %FMD was
derived from the P value (18, 19), from the SD (20), or directly
from the author of one of the studies (31). Two crossover trials
did not report %FMD but reported the baseline diameter (in mm)
and the increase (in �m) after occlusion (24, 26). For these
studies we estimated the %FMD for the end of the control period
and the end of the treatment period. Then we calculated the
variance in these %FMD values by using the following equation:

VarianceFMD �

[varianceincrease � FMD2 � variancebaseline diameter � 2

� FMD � covariancebaseline diameter increase]/(baseline diameter2)

(2)

An estimate of the covariance between the baseline diameter and
the increase after occlusion for these calculations was obtained
from unpublished FMD data (ie �16, based on 316 data points;
R Draijer, personal communication, 16 November 2005). The SE
at the end of the control period (SEC) and the SE at the end of the
treatment period (SET) were calculated by taking the square root
of the estimated variance in %FMD at the end of the control
period and at the end of the treatment period. The pooled SE of
the net difference was then calculated according to the equation
of Follmann et al (38):

SE of the net difference �

�[(SET
2 � SEC

2) � 2(r)(SET)(SEC)] (3)

where r is the within-subject correlation in %FMD between the
treatment and control period, which is estimated to be 0.5.

For the 8 included parallel designs, the SE of the net change in
%FMD was estimated with the P value for 2 studies (23, 30). Six
of the parallel trials provided either the SE (27) or the SD (17, 21,
22, 29, 30) at baseline and at the end of the study for the control
and treatment groups. Respective SEs were calculated by using
the following equation (17, 21, 22, 29, 30):

SE � SD/�(n) (4)

The SEs were used to calculate the SE for the change within the
treatment group (SETG) and within the control group (SECG),

again with the method of Follmann et al (38). For example, for the
treatment group, we used the following equation:

SETG �

� [(SET baseline
2 � SET end of study

2) � 2(r)(SET baseline)(SET end of study)]

(5)

where r was estimated to be 0.5. Finally, the SE of the net change
was calculated by using the following equation:

SE of the net change � � [(SETG
2 � SECG

2) (6)

One parallel trial (28) did not report %FMD values, but re-
ported the baseline diameter (in mm) and the increase (in �m)
after occlusion. The %FMD values and respective SEs were
calculated as described above for the crossover trials. We used
these values and equations 5 and 6 to calculate the SE of the net
change. Data for the calculation of the change in %FMD and the
SE of this change were not missing from any trial.

Because this meta-analysis brings together studies that are
diverse both clinically (eg, dose and type of subjects) and
methodologically (eg, design and quality), heterogeneity in
their results is expected. We calculated that the proportion of
total variation between studies due to heterogeneity rather
than to chance was 26% (39). Although a value �50% is
considered to represent substantial heterogeneity, we used a
random-effects model (SAS PROC MIXED) with inverse-
variance weighting for each trial (40). In this way, we ad-
dressed the question “What is the average effect of folic acid
supplementation on %FMD?” rather than using a fixed-effects
model that addresses the question “What is the best estimate
of the effect of folic acid on %FMD?” In addition, a random-
effects model results in a more conservative estimate of sta-
tistical significance than does a fixed-effects model.

We performed defined stratified meta-analyses to roughly ex-
plore the potential effect of study design (crossover or parallel),
mean population age (�55 or �55 y old), general health (healthy
or at greater risk of CVD), folic acid dose (400–800, 5000, or
10 000 �g/d), duration of treatment (�8 or �8 wk), additional
vitamin B-6 or vitamin B-12 or both (no or yes), and study quality
(�7 or �7 Delphi criteria).

To assess publication bias, a funnel plot of the treatment effect
versus 1/SE2 was visually inspected as described earlier (41). In
addition, the symmetry of the funnel plot was judged by regress-
ing the standard normal deviate (ie, effect of folic acid supple-
mentation on %FMD/SE of this effect) against the estimate pre-
cision (1/SE) (standard normal deviate � � � � � precision). A
symmetrical funnel plot should give a regression equation in
which � is close to 0 and � indicates the size and direction of
effect (41).

We used SAS software (version 8.2; SAS Institute, Cary, NC)
for the statistical analyses. The effect of folic acid on %FMD was
reported with the use of 95% CIs. Two-sided P values � 0.05
were considered significant.

RESULTS

Trial characteristics

Of the 14 trials meeting inclusion criteria, 1 trial (29) had 2
separate intervention groups, and thus 15 intervention groups are
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presented in Table 1. Six of these trials had a crossover design,
and 8 had a parallel design. In total, this meta-analysis was based
on 732 persons treated with folic acid (with or without vitamin
B-6 or vitamin B-12 or both) or placebo for a median of 8 wk,
with a median study size of 34 participants. Most trials included
middle-aged male subjects: the mean age in the individual stud-
ies ranged from 29.3 to 69.1 y (overall median: 55.8 y), and the
median percentage of males was 86%. Seven intervention groups
were composed of populations with CVD or high cholesterol
concentrations, 5 groups were generally healthy, and 3 were
healthy but with slightly elevated plasma homocysteine concen-
trations. The median folic acid dose was 5000 �g/d (range: 400–
10 000 �g/d). In 5 studies, additional vitamin B-6 and vitamin
B-12 were supplied. All studies that supplied information on the
plasma homocysteine concentration showed a drop in this con-
centration after intervention. The lowest Delphi score was 7
points; 5 trials had that score. Three trials fullfilled all 9 Delphi
criteria.

Effect of folic acid on flow-mediated dilatation

The individual trial results and the pooled estimate are shown
in Figure 2. In the overall pooled estimate, compared with pla-
cebo, folic acid improved FMD with 1.08%FMD (95% CI: 0.57,
1.59; P � 0.0005). There was no effect of design, mean age of the
study population, study duration, or the addition of vitamin B-6
or vitamin B-12 on the estimated change in %FMD due to folic
acid (Table 2). However, there was a tendency that subjects at
greater risk of CVD had a larger improvement in %FMD, and

studies that met a higher number of Delphi criteria had a smaller
improvement in %FMD. The dose of folic acid was clearly im-
portant. The trials using a lower dose—ie, �5000 �g—did not
show a beneficial effect of folic acid on FMD (�0.07%FMD;
95% CI: �0.37, 0.22%FMD), whereas the studies with a dose
�5000 �g/d did (1.42%FMD; 95% CI: 1.25, 1.58%FMD). In a
post hoc analysis, a dose-response effect became apparent when
we created 3 strata: a low-dose stratum with folic acid doses
between 400 and 800 �g/d (4 intervention groups), an interme-
diate stratum with studies using a folic acid dose of 5000 �g/d (9
intervention groups), and a high-dose stratum with studies using
a folic acid dose of 10 000 �g/d (2 intervention groups). At folic
acid intakes �800 �g/d, FMD did not change [�0.07%FMD
(95% CI: �0.37, 0.22%FMD)]; at 5000 �g/d, it improved
[1.37%FMD (1.12, 1.54%FMD)]; and, at 10 000 �g/d, it im-
proved further [2.04%FMD (1.43, 2.65%FMD)].

Evaluation of the funnel plot showed little evidence for pub-
lication bias (Figure 3). In addition, the funnel plot was quite
symmetric, as � � �0.05 and � � 1.09 (42).

DISCUSSION

This meta-analysis of randomized, double-blind, placebo-
controlled clinical trials showed that supplementation with high
doses of folic acid for �4 wk improves FMD assessment of
endothelial function. The result of a meta-analysis depends on
the studies included. In the present review, we used a broad
specified search and also contacted investigators for unpublished

TABLE 1
Characteristics of the 15 intervention groups (14 trials) included in the meta-analysis1

Reference Design

Subjects2

Age Male General health

Folic
acid
dose

Vitamin
B-6
dose

Vitamin
B-12
dose

tHcy

Duration Dropouts
Delphi

criteria met3

Folic
acid

group
Control
group

Placebo
group

Folic acid
group

n n y % �g/d mg/d �g/d �mol/L �mol/L wk % n

Bellamy et al, 1999 (19) CO 18 19 NA NA Healthy tHcy �
13 �mol/L

5000 — — 	11 	7 6 10 7

Woo et al, 1999 (20) CO 17 17 54 88 Healthy 10.000 — — 9.5 
 2.54 8.1 
 3.05 8 0 9
Title et al, 2000 (21) P 25 25 58.9 80 CAD 5000 — — 11.8 10.9 16 0 9
Chambers et al, 2000 (22) P 59 30 56 100 CAD 5000 — 1000 14.9 
 6.5 9.3 
 1.95 8 0 7
Thambyrajah et al, 2001 (23) P 43 43 63 87 CAD 5000 — — 12.3 9.35 12 4.4 7
Pullin et al, 2001 (24) CO 106 106 39 42 Healthy 400 — — 10.9 
 6.9 8.5 
 3.16 16 15.9 8
Van Dijk et al, 2001 (25) P 63 67 45.3 51 Healthy 5000 250 — 12.3 
 5.5 7.5 
 1.96 52 6.5 8
Doshi et al, 2001 (26) CO 48 48 57 88 CAD 5000 — — 10.8 
 2.4 9.3 
 2.45 6 3.8 7
Sydow et al, 2003 (27) P 8 8 69.1 78 PAOD 10.000 20 200 NA NA 8 11 8
Doshi et al, 2002 (28) P 16 17 55.5 91 CAD 5000 — — 10.8 
 2.1 8.3 
 1.35 6 0 7
Hirsch et al, 2002 (29)7 P 9 11 29.3 100 Healthy 600 2 800 	9 	8 8 0 8
Hirsch et al, 2002 (29) P 9 11 29.3 100 Healthy, tHcy

� 15 �mol/L
600 2 800 	22 	10 8 0 8

Woodman et al, 2004 (18) CO 26 26 49 69 Healthy, mean
tHcy 15.6
�mol/L

5000 — — 	12.8 	8.4 8 0 9

Lekakis et al, 2004 (30) P 17 17 56.5 85 HCHOL, 50%
with CAD,
all taking
statins

5000 — — NA NA 4 0 8

Olthof et al, 2006 (31) CO 39 39 59 58 Healthy 800 — — 9.9 
 1.6 8.0 
 1.35 6 2.5 8

1 tHcy, total homocysteine; CO, crossover; NA, not available; P, parallel; CAD, coronary artery disease; PAOD, peripheral arterial occlusive disease;
HCHOL, hypercholesterolemia.

2 Subjects who completed the trial.
3 Total Delphi criteria � 9.
4 x� 
 SD (all such values).
5 Significantly different from tHcy value in placebo group, P � 0.05. The tHcy concentration was estimated from data given in the referenced article.
6 Significance level of difference not available.
7 Half of the study population had high concentrations of homocysteine.
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results to prevent any possible publication bias. In addition, we
avoided the inclusion of studies on the basis of their outcome by
defining inclusion and exclusion criteria. The use of these criteria
led to 14 eligible trials. The number of studies is not large, but our
methods ensured that the trials had a high internal validity and
were reasonably comparable. To account for any heterogeneity,
we used a random-effects model, and we assessed characteris-
tics, as described in Table 1. To ensure comparability of the trials,
we had to exclude some trials (42–51) even though they were
randomized, double-blind, placebo-controlled trials; were not
conducted in a specific patient population; and assessed the effect
of folic acid on endothelial function. All but one (50) of these
studies support the findings of our meta-analysis.

Although several review articles have indicated that folic acid
could beneficially affect endothelial function as measured with
FMD (11, 52), a comprehensive meta-analysis that takes into
account both within- and between-study variability was lacking.
Thus, our analysis is the first that provides a quantitative estimate
of the improvement in FMD after folic acid supplementation, in
which the overall effect showed a favorable change of
1.08%FMD. A (statistically nonsignificant) larger improvement
was seen in subjects at a higher risk of CVD (1.34%FMD) than
in healthy subjects (0.84%FMD). Because the average FMD
value in populations at greater risk of CVD was 	3.6%FMD and
that in healthy populations was 	5.6%FMD, our findings indi-
cate potential significant improvements of 	37% in subjects at
CVD risk and 	9% in healthy populations.

An important question is the extent to which FMD can be used
as a predictor of long-term CVD risk? It is clear that FMD is a

predictor of this risk in a selected group of patients, such as those
with coronary heart disease, heart failure, and hypertension (53–
57). However, the extent to which FMD can be used to predict the
risk of CVD in the general population is less clear. Nevertheless,
preliminary epidemiologic data showed a modest, positive cor-
relation between FMD and the Framingham Study risk score in
a general population sample of 1016 elderly persons (58).

The FMD value indicates the bioavailability of endothelium-
derived NO, which is essential to cardiovascular health (59).
High homocysteine concentrations are postulated to reduce NO
availability in several ways. Indeed, homocysteine may induce
the formation of free radicals, as shown by in vitro studies (60,
61). A certain proportion of these free radicals can be neutralized
by NO, but other free radicals may directly damage endothelial
cells (60), and both processes would lead to a smaller amount of
available NO. Oxidative stress may also increase as homocys-
teine inhibits glutathione peroxidase (61, 62), a potent cellular
defense mechanism against free radicals. Homocysteine can also
reduce NO availability by forming S-nitrosohomocysteine com-
plexes (63, 64). Finally, homocysteine may induce the formation
of asymetric dymethyl arginine, which is a competitive inhibitor
of enzymatic nitric oxide synthase (eNOS) (65, 66). Therefore,
we postulate that folic acid administration beneficially affects
FMD by lowering the plasma homocysteine concentration.

It is conceivable that folic acid could also improve the FMD
value independently of homocysteine lowering. This possibility
is supported by 3 mechanisms that would result in a greater
availability of NO: 1) folic acid may act as an antioxidant (48); 2)
it may regenerate the cofactor for eNOS (49, 54); and 3) it may

FIGURE 2. Change (and 95% CIs) in the percentage of flow-mediated dilatation (%FMD) due to folic acid supplementation per included intervention group
and the overall estimated change (and 95% CI). Half of the participants in the study by Hirsch et al had high concentrations of homocysteine.
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directly stimulate eNOS (67). Two indications from the present
study support an independent effect of folic acid. First, post hoc
analysis hinted toward a favorable effect with higher doses of
folic acid (�5000 �g/d). A folic acid dose of 400 to 800 �g/d is

typically required to achieve an almost-maximal homocysteine-
lowering effect over an 8-wk period (4), but the present analysis
showed that such large homocysteine reductions apparently do
not result in enhanced %FMD (24, 29, 31). In contrast, this
observation is based on only 3 studies involving a small number
(ie, 185) of subjects. In addition, one of these studies may have
been performed against the background of folic acid fortification
(29), although the amount of folic acid provided by the supple-
ments will have been much higher than that provided by the
fortification program. Finally, all 3 studies involved healthy
young (mean age: 	31 y) persons, who probably have the least
to gain from supplementation with folic acid. Thus, before we
discard a beneficial effect of low doses of folic acid on FMD, we
would like to see large studies in healthy older persons or subjects
with (reversible) vascular dysfunction (eg, overweight or smok-
ing). Second, the combination of folic acid supplementation with
vitamin B-12 results in an additional 7% reduction in homocys-
teine (4), yet our analysis indicates no additional benefit with
vitamin B-12 and vitamin B-6. In addition, because the study
duration had no significant effect on our study outcome, our
result would point to an acute effect of folic acid. Taken together,
the findings of the studies considered in this meta-analysis sug-
gest that the effect of folic acid is largely independent of a
homocysteine-lowering effect. Yet, we must be careful with this
interpretation because of the small number of studies in the low-
and high-dose strata. Therefore, it would be worthwhile to in-
vestigate acute effects of several doses (low and high) of folic
acid or dietary folate or both on FMD values in subjects with
suboptimal folate status.

In conclusion, this meta-analysis indicates that a high dose of
folic acid can improve endothelial function as measured with
FMD after 4 wk of supplementation, and this effect would seem
to be independent of a reduction in homocysteine. Restored en-
dothelial function in subjects with CVD may, in the short term,
not prevent another CVD event, as can be deduced from pub-
lished secondary prevention trials (5–8). However, an optimized
FMD may be crucial to prevent a first-ever CVD event.

-1 -0.5 0 0.5 1 1.5 2 2.5 3

FIGURE 3. Funnel plot of trial weight against change in percentage of flow-mediated dilatation (%FMD) in the 14 intervention trials included in the
meta-analysis. The vertical line indicates a mean change in all studies.

TABLE 2
Effect of folic acid supplementation on flow-mediated dilatation stratified
by previously defined study characteristics

Characteristic
Intervention

groups Effect (95% CI) P1

n
Design

Crossover 6 0.99 (0.38, 1.59) 0.6
Parallel 9 1.21 (0.50, 1.92)

Mean age (y)2

�56 7 1.01 (0.28, 1.73) 0.8
�56 8 1.13 (0.53, 1.74)

Health
Generally healthy 8 0.84 (0.22, 1.46) 0.3
Chronic condition 7 1.34 (0.71, 1.98)

Folic acid dose (�g/d)
�5000 4 �0.07 (�0.37, 0.22) 0.0001
� 5000 11 1.42 (1.26, 1.58)

Study duration (wk)
�8 5 1.16 (0.49, 1.84) 0.7
� 8 10 1.01 (0.37, 1.65)

Addition of other
B vitamins

No vitamin B-6, or
Vitamin B-12

10 1.11 (0.60, 1.62) 0.8

Vitamin B-6,
vitamin B-12, or
both

5 0.93 (�0.25, 2.12)

Study quality
Delphi �8 5 1.34 (0.73, 1.94) 0.2
Delphi �8 10 0.81 (0.20, 1.43)

1 Difference between strata.
2 One trial (19) did not provide data on this variable. We set the mean age

in this trial at 56 y, which was the median age for all trials.
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Fetal programming of body dimensions and percentage body fat
measured in prepubertal children with a 4-component model of
body composition, dual-energy X-ray absorptiometry, deuterium
dilution, densitometry, and skinfold thicknesses1–3

Marinos Elia, Peter Betts, Diane M Jackson, and Jean Mulligan

ABSTRACT
Background: Intrauterine programming of body composition [per-
centage body fat (%BF)] has been sparsely examined with multiple
independent reference techniques in children. The effects on and
consequences of body build (dimensions, mass, and length of body
segments) are unclear.
Objective: The study examined whether percentage fat and relation
of percentage fat to body mass index (BMI; in kg/m2) in prepubertal
children are programmed during intrauterine development and are
dependent on body build. It also aimed to examine the extent to
which height can be predicted by parental height and birth weight.
Design: Eighty-five white children (44 boys, 41 girls; aged 6.5–9.1
y) had body composition measured with a 4-component model (n �
58), dual-energy X-ray absorptiometry (n � 84), deuterium dilution
(n � 81), densitometry (n � 62), and skinfold thicknesses (n � 85).
Results: An increase in birth weight of 1 SD was associated with a
decrease of 1.95% fat as measured by the 4-component model (P �
0.012) and 0.82–2.75% by the other techniques. These associations
were independent of age, sex, socioeconomic status, physical activ-
ity, BMI, and body build. Body build did not decrease the strength of
the associations. Birth weight was a significantly better predictor of
height than was self-reported midparental height, accounting for
19.4% of the variability at 5 y of age and 10.3% at 7.8 y of age (17.8%
and 8.8% of which were independent of parental height at these ages,
respectively).
Conclusions: Consistent trends across body-composition measure-
ment techniques add strength to the suggestion that percentage fat in
prepubertal children is programmed in utero (independently of body
build and BMI). It also suggests birth weight is a better predictor of
prepubertal height than is self-reported midparental height. Am
J Clin Nutr 2007;86:618–24.

KEY WORDS Programming, body composition, birth weight,
fat, protein, mineral, water, lean mass, 4-component model, height,
parental height, shape, body build, leg, trunk, length

INTRODUCTION

A consistent link has been found between poor fetal growth,
manifested by reduced birth weight and reduced height in both
children (1–3) and adults (4–8). However, those studies have not
taken into account the confounding effects of parental height
(1–3), which is related to the height of the offspring through

genetic and environmental factors (9–11). One way in which
maternal height can influence birth weight is by its relation to
pelvic shape and size (12), which is known to influence fetal
growth and birth characteristics (13). Nutritional status and pla-
cental function also influence fetal growth and birth character-
istics (14), but the overlap and relative importance of parental
height on the one hand and other factors involved in program-
ming of childhood or adult height on the other hand are unclear.

Body composition, including percentage fat and fat distribu-
tion, may also be programmed during early development and
may contribute to the risk of cardiovascular disease, type 2 dia-
betes, and the metabolic syndrome in later life (15–18). Studies
that investigated these influences in humans have largely relied
on simple body-composition techniques, especially skinfold
thicknesses, which have limitations (6), especially if program-
ming alters the distribution of fat between subcutaneous and
internal sites (19) or between body segments. Furthermore, al-
though some studies have found a positive relation between birth
weight and one or more skinfold-thickness measurements in
preadolescent children (20), others have not (21). Three pread-
olescent studies have used dual-energy X-ray absorptiometry
(DXA), which also has some limitations (22–24). One study
found a significant relation between birth weight and fat-free
mass but not fat mass (percentage fat was not reported) (25).
Another study found a negative association between birth weight
SD score (SDS) and percentage body fat (%BF), after adjusting
for current weight SDS, but it did not adjust for other variables,
such as age, sex, and physical activity (26). The third study found
a positive relation between birth weight and both fat and fat-free
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mass [but again %BF was not reported or adjustments made for
body mass or body mass index (BMI; in kg/m2), which might
suggest subtle effects of programming on body composition]
(27). Densitometry and deuterium dilution techniques assume a
constancy of the density and hydration fraction of fat-free mass,
respectively, which varies between persons and during growth
and development (28), but they have not been used to examine
the fetal programming hypothesis. A 4-component model of
body composition (water, mineral, fat, and protein) (24, 29) is
more robust than the individual reference methods (30), but it too
has not been used to examine the fetal programming hypothesis.
Therefore, although some of the classic body-composition tech-
niques, which are based on independent principles, have not been
used to examine the fetal programming hypothesis, techniques
that were used have not always produced consistent results. Fi-
nally, although body build (or body shape, which can be defined
in terms of length and mass per centimeter of various body
segments) was implicated in altering relations of BMI to per-
centage fat (31, 32), its role in the fetal programming hypothesis
has not been examined.

This study aimed to examine the following 2 interrelated hy-
potheses about programming: 1) birth weight, an endpoint of
fetal growth, is a better predictor of height in preadolescent
children than is midparental height, and 2) birth weight predicts
percentage fat of prepubertal children independently of body
build, BMI, and body-composition technique.

SUBJECTS AND METHODS

The study involved 85 white children (44 boys, 41 girls)
6.5�9.1 y of age, who were recruited from a larger sample of
children (n � 786) participating in a school surveillance project
on growth in the Southampton region of England. The surveil-
lance project included all school classes of children with the
desired age range. These children had routine records kept of
their birth (including gestational age and birth weight) and of
their weight and height at 1.5, 3, and 5 y of age, in accordance
with the policy of the Local Health Authority. Only children who
volunteered to participate in the study and who had a gestational
age of �37 wk were included. The SDSs were calculated with the
use of the 1990 UK growth charts as reference (33). The SDSs of
the following variables did not differ significantly between the
sample population and the surveillance population: birth weight
(0.046 and 0.056, respectively; P � 0.50), current weight (0.61
and 0.35; P � 0.08), height (0.27 and 0.08; P � 0.11), and BMI
(0.52 and 0.62; P � 0.50). The mean gestational age was the same
(39.6 and 39.6 wk). The mean (�SD) measured weight of the 85
children at 7.8 y of age was 28.92 � 6.83 kg, and their height was
1.277 � 0.069 m.

The children, and their parents, were asked to attend the Clin-
ical Research Facility at Southampton General Hospital. A ques-
tionnaire was used to obtain information about the socioeco-
nomic status (SES) (34) and activity level [scored as 1) lower
than their peers, 2) similar to their peers, and 3) more than their
peers]. This 3-point scale is a simplified version of a 5-point
scale, which was validated in children (35). Self-reported pater-
nal and maternal heights were also recorded. SDSs were calcu-
lated (33) and midparental height (average of maternal and pa-
ternal SDSs) were established. The children had their weight
measured electronically to the nearest 0.1 kg with the use of a
Seca708 electronic weighing machine (Seca Medical Scales and

Measurement Systems, Birmingham, United Kingdom), and
height was measured to the nearest 0.1 cm with the use of a
Leicester stadiometer (Invicta Plastics Ltd, Leicester, United
Kingdom). Body composition was measured with 5 separate
methods. DXA was undertaken with the use of Hologic Delphi
and software version 12.2 (Vertec Scientific Ltd, Reading,
United Kingdom). Air densitometry (use of whole-body air dis-
placement plethysmography to establish body density compared
with hydrodensitometry, which involves underwater weighing)
was undertaken with the use of the BODPOD S/T system (Life
Measurement Inc, Cranlea and Co, Birmingham, United King-
dom). Calculations assumed, first, that thoracic gas volumes
(FRC � 1/2 tidal volume) were the mean values predicted by 3
child-specific equations (36–38) and, second, that the density of
the fat-free body was 1.087 kg/L (30). Measurements of skinfold
thickness (triceps � subscapular) were used to calculate %BF by
using the equations of Slaughter et al (39). Deuterium dilution
was used to measure total body water, assuming that deuterium
oxide space is �1.04 water space (to account for exchangeable
deuterium), and then converted to fat-free mass, assuming that it
contains 76% water (30). Finally, body composition was as-
sessed with the use of a 4-component model (29), which was
applied to 58 children. The precision (1 SD) for measurement of
body fat and fat-free mass was estimated to be 0.28 kg by deu-
terium dilution (�1% body weight), 0.33 kg by air densitometry,
and 0.39 kg by DXA. By using the 4-component model, the
precision for measuring water was estimated to be 0.21 kg, 0.02
kg for mineral, and 0.22 kg for fat and protein.

Body dimensions were calculated with the use of DXA scans,
which were photo-enlarged approximately 3-fold. Distances be-
tween specific points were measured to the nearest 0.5 mm with
the use of a ruler and converted to absolute values by relating
them to the dimensions of the scanned area. The following seg-
ment lengths were established: head and neck, from the top of the
skull to the midpoint of a line joining the top of the acromial
processes; trunk, from the lower end of the neck to the midpoint
of a line joining the top of the midshaft of the femurs; and legs,
as the difference between measured height and length of head,
neck, and trunk. Leg length was also calculated as the sum of the
upper leg (distance between upper end of the midshaft of the
femur to the knee joint) and the lower leg (�1.15 distance from
the knee joint to the ankle joint). This result was based on 14
measurements (1.15 � 0.02; 10 boys, 4 girls; 7.8 � 0.5 y of age)
in children in which the position of the foot relative to the tibia
allowed measurements between the bottom of the calcaneus and
the ankle joint. The value agrees closely with that obtained in
adults (6) (anthropometric measurements of knee joint to ankle
joint and ankle joint to heal) and skeletons. The mean of the left
and right sides were used in the calculations of lengths of body
segments. The intraobserver CV for lengths of body segments,
which were established with the measurements on separately
photo-enlarged scans, were as follows: head and neck, 1.53%;
trunk, 0.98%; femur, 1.93%; tibia, 1.53%; bihumeral breadth,
1.46%; and bifemoral breadth, 1.8%. The validity of the tech-
nique was assessed by scanning metal rods of known length
(0.5–1.5 m). Body build, defined as the length and mass per
centimeter of the legs and trunk (or head, neck, and trunk) and the
bifemoral width, was accessed from the above-mentioned mea-
surements of the various body segments.

Written informed consent was obtained from a parent of each
subject. The study was approved and conducted according to the
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requirements of the South West Hampshire Local Ethics Com-
mittee.

Regression of body composition or body dimensions on birth
weight was undertaken with and without adjustments for covari-
ates, such as current weight, height, age, sex, SES, and physical
activity. Graphical inspection of the relation between birth
weight and percentage fat did not show a U-shaped curve, and,
when each body-composition method was examined with linear
and quadratic equations, the former were associated with better
P values. Therefore, only linear regression results are reported
here. The effect of body build was examined by adjusting body
composition for trunk (or head, neck, and trunk) and leg charac-
teristics (length and mass per centimeter of these segments) and
for frame size (bifemoral breadth). To examine the relative im-
portance of midparental height and birth weight on the height of
the children (SDSs), correlations and semipartial correlations
were calculated (40). The variables involved in calculating the
semipartial correlation were height SDSs of the children (depen-
dent variable) and birth weight SDSs and midparental height
SDSs (independent variables). The difference between 2 non–
independent regression coefficients was established as described
by Steiger (41).

Analyses were performed with the use of the STATISTICAL
PACKAGE FOR THE SOCIAL SCIENCES (version 12.0;
SPSS Inc, Chicago, IL). A P value 	 0.05 was considered to be
significant. Values are reported as mean � SD, except where
otherwise stated.

RESULTS

The characteristics of the children studied and their weight,
height, and BMI SDS at 1.5, 3, 5, and 7.8 y of age are shown in
Table 1. Their current measured weight at 7.8 y of age (28.9 �
6.9 kg), height (1.28 � 0.07 m), and BMI (17.6 � 3.2) were all
associated with positive SDSs. The mean height SDSs at 1.5, 3.5,
and 6.5 y of age ranged from �0.136 to 0.271 m. The SDSs for
birth weight, current weight, and current BMI did not differ
significantly between sexes (44 boys, 41 girls). They also did not
differ significantly between the group of 58 children (28 boys, 30
girls) whose body composition was measured with the
4-component model and the total group of 85 children. The %BF,
measured by various techniques, and the density and hydration
fraction of the fat-free mass are shown in Table 2.

Birth weight SDS was a significant positive predictor of height
at all these ages, explaining an increasing proportion of the vari-
ability up to 5 y of age (r2 � 0.194; r � 0.440; P 	 0.001) and
decreasing thereafter (r2 � 0.103 at 7.8 y of age; r � 0.320; P �
0.003). In bivariate analysis birth weight was found to be a
stronger predictor of childhood height than was midparental
height at all ages studied. The prediction based on parental height
improved with age, from r2 of 	0.01 (r 	 0.1) at 1.5 y of age (NS)
to r2 of �0.06 (r � 0.247; P � 0.037) at �5 y of age, when an
apparent plateau was reached (P 	 0.05) (Figure 1). The relation
between birth weight SDS and height SDS was significantly
better at 5 y of age than at 7.8 y (P 	 0.05) and 1.56 y of age
(P 	 0.05). The relation between midparental height and height
SDS at �5 y of age was not significantly stronger than at 1.5 and
3 y of age. No significant linear or quadratic trends over time
were observed in the mean r2 values (between birth weight or
parental height on the one hand and height on the other hand),
except for the linear relation between birth weight and height of

the offspring (r2 � 0.835; P � 0.030). Birth weight was not only
found to be a better predictor of children’s height than was mid-
parental height SDS in bivariate regression analysis but also in
multiple regression analysis involving both predictor variables;
the semipartial r2 values at 7.8 y of age are shown in Figure 2. At
7.8 y of age, the relations with maternal SDSs (r2 � 0.045; r �
0.211; P � 0.050) were stronger than were paternal SDSs (r2 �
0.027; r � 0.165; P � 0.132).

Measured height (127.7 � 6.8 cm) at a mean age of 7.8 y
correlated well (r � 0.95) with height (127.2 � 6.7 cm) estimated
by DXA. The length of all body segments tended to be greater in

TABLE 1
Characteristics of children studied1

n x� � SD Range

Current age (y) 85 7.784 � 0.587 6.56 to 9.14
Gestational age (wk) 85 39.647 � 1.325 37 to 42
Weight (SDs)

Birth 85 �0.046 � 1.005 �2.44 to 2.08
1.5 y 72 0.419 � 1.042 �3.24 to 3.65
3 y 73 0.356 � 1.097 �1.97 to 3.82
5 y 73 0.483 � 1.113 �1.70 to 3.83
7.8 y 85 0.619 � 1.271 �2.51 to 3.65

Height (SDs)
1.5 y 71 �0.136 � 1.036 �2.23 to 1.64
3 y 74 0.170 � 0.996 �1.72 to 2.43
5 y 72 0.030 � 0.963 �2.16 to 1.63
7.8 y 85 0.271 � 1.034 �2.16 to 2.41

BMI (SDs) at 7.8 y
Measured weight 85 0.650 � 1.310 �2.41 to 4.13
DXA weight 84 0.522 � 1.323 �2.63 to 4.09

Body composition at
7.8 y with 4-
component model

Body weight (kg) 58 28.76 � 6.43
Fat (%) 58 20.97 � 9.23 4.20 to 43.53
Fat (kg) 58 6.42 � 4.27 1.05 to 17.89
Fat-free mass (kg) 58 22.34 � 3.49 11.87 to 30.34
Water (kg) 58 16.98 � 2.6 9.70 to 23.51
Protein (kg) 58 4.22 � 1.09 2.43 to 6.47
Mineral (kg) 58 1.14 � 0.16 0.74 to 1.54

1 SDS, SD score; DXA, dual-energy X-ray absorptiometry.

TABLE 2
Percentage fat by various body composition techniques and density and
hydration fraction of fat-free mass calculated with the 4-component
model1

Measurement n x� � SD

Fat (% of body weight)
4-Component model 58 20.97 � 9.23
DXA2 84 26.89 � 7.23
Air densitometry2 62 17.41 � 11.75
Deuterium dilution 81 20.99 � 9.23
Skinfold thickness2 85 18.69 � 8.8

Fat-free mass (4-
component model)

Density (kg/L) 58 1.084 � 0.009
Hydration fraction 58 0.76 � 0.03

1 In children in whom the 4-component model was undertaken (n � 58),
the mean weight was 28.7 � 6.4 kg, and the mean height was 127.8 � 6.1 cm.

2 P 	 0.001 (paired t test with 4-component model; n � 58).
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children with higher birth weight (Table 3). At 7.8 y of age, birth
weight (SDS) was significantly related to leg length (height �
length of head, neck, and trunk) and to bifemoral breadth (after
adjustment for age and sex) but not to trunk length or to head,
neck, and trunk length (Table 3). None of the relations between
birth weight SDS and length of body segments remained signif-
icant after further adjustment for height or height SDS.

The %BF was inversely related to birth weight, both before
and after adjustment for BMI, age, sex, physical activity, and
SES. It remained inversely related to birth weight even when
body build was included as an independent variable in multiple
regression analysis (Table 4). Inverse relations between %BF
and birth weight SDS were found with all body-composition
techniques, and all these relations were significant, except for the
technique involving deuterium dilution.

The %BF (4-component model; n � 55) was not significantly
related to changes in height SDS (from 1.5 to 3, 5, and 7.8 y of
age) either before or after adjustment for age, sex, and current
BMI. In addition, %BF was not significantly related to changes

in weight SDS (from birth to 1.5, 3, 5, and 7.7.8 y of age) after
adjustment for BMI SDS or for age, sex, and BMI SDS, except
for the change in weight SDS between birth and 7.8 y of age [an
increase of 1.447% (SE: 0.698%) body fat for each increase in
weight SDS; P � 0.042; partial r � 0.274].

The effect of birth weight on fat mass, fat-free mass, and
components of fat-free mass (total body water, protein, and min-
eral) were also examined (Table 5). With increasing birth weight
an increase was observed in all the components of fat-free mass
and a decrease in the fat mass. However, only some of these
relations were statistically significant [ie, for fat mass and min-
eral mass in bivariate analysis and for fat-free mass in multiple
regression analysis (see Table 5; protein mass was of borderline
significance independently of age, sex, weight, height, physical
activity, SES, and body build)].

DISCUSSION

This study suggests that birth weight is an important predictor
of height in 6.5–9.1-y-old children and quantitatively more im-
portant than self-reported midparental height. The poorer pre-
diction by midparental height may be due to the use of self-
reported rather than measured height. Midparental height,
however, may still be a better predictor of final adult height than
that in early childhood. It is also possible that technical errors
associated with measurement of height contribute to this possi-
bility, because the same measurement error will result in a stron-
ger relation in older children, who are taller, than younger chil-
dren, who are shorter.

This study also shows that the relation between birth weight
and %BF is already established as early as 6.5�9.1 y of age and
is quantitatively similar to relations found in older men (6). Thus,
in a study of older men (6), which used the same DXA and air
densitometry machines as in this study, there was 4.4% more fat
(as percentage of body weight) (mean of DXA and air densitom-
etry results) in the low- than in the high-birth-weight groups
(�10th and �90th centiles of birth weight, respectively). This
result was obtained after adjusting for differences in BMI be-
tween groups, which did not differ significantly in SES and
physical activity. In this study involving prepubertal children,
there was 5.0% more fat (as percentage of body weight) when
birth weight was on the 10th than on the 90th centile (�1.65 and
1.65 SDSs), after adjusting for age, sex, BMI, physical activity,
and SES. This is equivalent to �3.6% fat/kg difference in birth
weight. These considerations have at least 2 implications. First,
although BMI alone is frequently used as an indicator of adipos-
ity or of %BF, it may provide misleading information about
programming of body composition. For example, in a study of

TABLE 3
Regression analysis for change in length of body dimensions by increase
in birth weight SD score, adjusted for age and sex (n � 85)

Regression
coefficient SE P

Partial
correlation (r)

Length of leg (cm) 1.097 0.373 0.004 0.311
Length of trunk (cm) 0.316 0.245 0.201 0.142
Length of head � neck �

trunk (cm)
0.566 0.327 0.087 0.189

Bifemoral breadth (cm) 0.322 0.116 0.007 0.294
1 2 3 4 5 6 7 8
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 Midparental height

Birth weight

Birth weight and
midparental height
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Age  (y)

FIGURE 1. The extent to which midparental height SD scores (SDSs),
birth weight SDSs, and the 2 in combination predict height SDSs of children
at different ages (regression analysis; n � 71, 74, 72, 83, and 85 at consecutive
time points). The r2 values � 0.0455 (n � 85) to 0.0545 (n � 71) are
significant (P 	 0.05; 2 tailed).

8.8% 4.6%1.5%

Total (100r2) = 14.9%

10.3%
6.1%

Birth weight Midparental height

FIGURE 2. Venn diagram shows the extent to which birth weight SD
scores (SDSs) and midparental height SDSs predict height SDSs of children
at 7.8 � 0.6 y of age (n � 85). The diagram shows the values for r2 � 100 for
bivariate analyses [10.3% (P � 0.003) and 6.1% (P � 0.023) of the vari-
ability, respectively], the associated semipartial r2 � 100 [8.8% (P � 0.005),
4.6% (P � 0.037) of the variability], and the multiple r2 � 100 [14.9% (P �
0.001) of the variability].
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7-y-old English children a positive relation was found between
birth weight and obesity, which was defined according to BMI
(42). Our study in children of a similar age provides evidence that
children with a lower birth weight have more percentage fat than
do children with a higher birth weight, after adjustment for cur-
rent weight and height. Second, this information can help explain
the increased risk of cardiovascular disease in persons with lower
birth weight who, in comparison with persons with higher birth

weight, are shown to have a greater %BF after controlling for
BMI and other confounding variables (43, 44).

Previous studies that examined the association between birth
weight and body composition have typically relied on simple
body-composition techniques, which also have potentially im-
portant limitations. For example, it is possible for programming
to alter the distribution of fat between subcutaneous and internal
sites of the body (19) or the distribution between different

TABLE 4
Regression analysis for change in percentage fat by increase in birth weight SD score1

n
Regression
coefficient SE P

Partial
correlation (r)

Unadjusted
4-Component model 58 �3.224 1.107 0.005 �0.363
Air densitometry 62 �3.791 1.333 0.006 �0.345
DXA 84 �1.636 0.766 0.036 �0.230
Deuterium dilution 81 �1.839 0.934 0.052 �0.216
Skinfold thicknesses 85 �1.925 0.858 0.028 �0.239

Adjusted for age, sex, BMI SDS, physical
activity, SES

4-Component model 55 �1.744 0.695 0.016 �0.341
Air densitometry 59 �2.265 0.994 0.027 �0.301
DXA 80 �0.738 0.333 0.030 �0.251
Deuterium dilution 77 �0.753 0.491 0.130 �0.180
Skinfold thicknesses 81 �1.191 0.396 0.004 �0.330

Adjusted for age, sex, BMI SDS, physical
activity, SES, body build2

4-Component model 55 �1.963 0.745 0.012 �0.373
Air densitometry 58 �2.750 1.109 0.017 �0.343
DXA 80 �0.826 0.365 0.027 �0.265
Deuterium dilution 76 �0.823 0.520 0.118 �0.194
Skinfold thicknesses 80 �1.251 0.386 0.002 �0.366

1 DXA, dual-energy X-ray absorptiometry; SES, socioeconomic status.
2 Body build is defined by the lengths of the legs and of the trunk, by the mass per centimeter of legs and of the trunk, and by the bifemoral breadth.

TABLE 5
Regression analysis for change in body composition (4-component model) by increase in birth weight SD score 1

n
Regression
coefficient SE P

Partial
correlation (r)

Unadjusted
Fat (kg)2 58 0.076 0.033 0.024 �0.296
Fat-free mass (kg) 58 0.413 0.445 0.358 0.123
Water (kg) 81 0.242 0.314 0.443 0.086
Mineral (kg) 84 0.043 0.017 0.016 0.263
Protein (kg) 58 0.236 0.137 0.092 0.224

Adjusted for age, sex, weight,3 height,3

activity, SES
Fat (kg)2 55 �0.024 0.022 0.273 �0.160
Fat-free mass (kg) 55 0.396 0.191 0.044 0.290
Water (kg) 77 0.052 0.127 0.682 0.049
Mineral, whole body (kg) 80 0.021 0.012 0.083 0.203
Protein 55 0.201 0.127 0.120 0.225

Adjusted for age, sex, weight,3 height,3

activity, SES,2 body build4

Fat (kg)2 55 �0.022 0.024 0.368 �0.139
Fat-free mass (kg) 55 0.510 0.210 0.020 0.351
Water (kg) 76 0.086 0.134 0.521 0.081
Mineral, whole body (kg) 80 0.019 0.013 0.125 0.187
Protein (kg) 55 0.288 0.145 0.054 0.293

1 SES, socioeconomic status.
2 Log10 transformed.
3 Adjusted for weight and height z scores.
4 Adjusted for length and mass per centimeter of the legs and of the trunk and for bifemoral breadth.
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subcutaneous sites, both of which could invalidate the use of
skinfold thicknesses when used in a standard way to predict body
composition (6). Similarly, it is theoretically possible for pro-
gramming to alter the relative lengths and dimensions of body
segments, which, in turn, could invalidate the use of bioimped-
ance orbioresistancemeasurements.Approximately90%ofwhole-
bodybioimpedancearises fromthe limbs (45,46),whichmeans that
changes in the composition or mass of the trunk may have little
overall effect on the results. Even reference body-composition tech-
niques, such as densitometry and deuterium dilution techniques,
have their limitations (30). The 4-component model of body com-
position is more robust, because it does not depend on assumptions
about the density or hydration fractions of the fat-free mass (47),
which change during growth and which affect interpretation of clas-
sic densitometry and deuterium dilution techniques, respectively.
The concerns about methods are emphasized by the significant dif-
ferences in results found between several techniques. For example,
%BF (see Results), which in some cases, was greater than the effect
of birth weight SDSs (10th–90th centiles) on %BF, which was
discussed earlier. This study is the first to apply the 4-component
modelofbodycomposition toassess the fetalprogramminghypoth-
esis, and it has used more independent body-composition tech-
niques than any other previous study. However, despite the differ-
ences between methods, consistent trends on the effect of birth
weight on body composition were found across a range of reference
body-composition techniques that depend on different principles,
including the 4-component model, which is difficult to obtain, and
measurements of skinfold thicknesses, which are easy to obtain.
This adds confidence to the findings of the study. The findings also
add confidence to the use of skinfold-thickness measurements alone
for measuring %BF in a population of this age rather than the need
for other more complicated techniques. Quantitative differences
between methods, in the relations between birth weight and percent-
age fat, reflect a combination of biological assumptions and techni-
cal errors associated with measuring body composition by various
methods. The study also adds information on the relation of birth
weight SDSs and components of the fat-free body, which do not
necessarily change in the same proportions, reflecting biological
differences between persons as well as some measurement im-
precision.

Accelerated growth during early childhood was also proposed
to increase risk of cardiovascular disease in later life (48, 49).
However, this study found no significant association between
%BF at 7.8 y of age and changes in height SDS (from 1.5 y of age
onward) or weight SDS (from birth onward), after adjusting for
age, sex, and BMI, apart from the weak relation with the increase
in weight SDS between birth and 7.8 y of age. The lack of length
measurements at birth is a limitation to this analysis, because
accelerated growth in the first 1.5 y of life could be important.

Finally, because during growth and development important
changes in segment lengths and body proportions occur, it can be
hypothesized that relation of BMI to percentage fat in children
(50) are at least partly explained by differences in body build,
which may, in turn, be due to fetal programming (31, 32). Babies
with a low birth weight not only end up being shorter and lighter
adults than babies with high birth weight, but they also end up
having a different body build, because of preferential preserva-
tion of the upper-body segment (and preferential loss in the legs
which make up the lower-body segment). Malnutrition during
postnatal life was also reported to preferentially shorten leg
length rather than head and trunk length (51–55). A change in

height as a result of shortening or lengthening of the trunk (with-
out associated change in body composition) might be expected to
alter BMI to a greater extent than the same change in height
produced by lengthening or shortening the leg. This is because
the change in height resulting from alterations in trunk length
might be expected to be associated with a greater change in mass
than are the same change in height because of alterations in the
leg length. However, this approach is simplistic because it does
not take into account important associations that may alter the
BMI in subtle and unpredictable ways, such as associations be-
tweenchanges in lengthofsegment lengthsandmassperunit length.
In this study, adjustment for such variables, as well as for frame size,
did not reduce the strength of the relation between birth weight and
% BF (even when adjustments for BMI were made). This suggests
that the relations are independent of body build.

The study has a number of limitations. It involved a relatively
small number of children, who volunteered to participate rather
than being randomly selected from the general population; it did
not examine sequential changes in body composition; it consid-
ered only white children; and it used self-reported parental
height, which is not as accurate as measured height. However, the
study has used a more robust method of body composition and a
wider range of body-composition techniques than any previous
study to examine the fetal programming hypothesis. The results
support the concept that percentage fat is programmed, and it shows
for the first time that body build is not responsible for this effect in
children. It also suggests that programming of height of children
6.5–9.1 y of age occurs independently of midparental height.
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The 24-h carbohydrate oxidation rate in a human respiratory
chamber predicts ad libitum food intake1–3

Nicola Pannacciulli, Arline D Salbe, Emilio Ortega, Colleen A Venti, Clifton Bogardus, and Jonathan Krakoff

ABSTRACT
Background: The 24-h respiratory quotient (24-h RQ) and 24-h
carbohydrate balance (24-h CHO-Bal) are predictors of weight
change. Whether these relations are mediated by the effects of sub-
strate oxidation and balance on food intake is not known.
Objective: We tested whether substrate oxidation and balance pre-
dict future ad libitum food intake.
Design: Substrate oxidation and balance were measured in a respi-
ratory chamber in 112 normoglycemic subjects (83 Pima Indians and
29 whites; 67 men and 45 women) in energy balance for 3 d before
tests were performed. The subjects then self-selected their food ad
libitum for the following 3 d.
Results: The 24-h RQ, 24-h carbohydrate oxidation (24-h CHO-
Ox), and 24-h CHO-Bal in the respiratory chamber predicted sub-
sequent ad libitum food intake over 3 d (as a percentage of weight
maintenance energy needs; %EN-WM). The 24-h CHO-Ox ex-
plained 15% of the variance in %EN-WM. The weight change
over the 3-d ad libitum period was associated positively with 24-h
CHO-Ox and negatively with 24-h CHO-Bal in the chamber;
these associations were no longer significant after adjustment
for %EN-WM.
Conclusion: Carbohydrate oxidation and balance predict subse-
quent ad libitum food intake and can influence short-term weight
changes, which indicates that carbohydrate balance is a contributing
metabolic factor affecting food intake. Am J Clin Nutr 2007;86:
625–32.

KEY WORDS Substrate oxidation, nutrient balance, food in-
take, body weight regulation

INTRODUCTION

Obesity has reached epidemic proportions in the United States
and is threatening to become a global epidemic (1). Metabolic
predictors of future weight gain include lower 24-h and resting
energy expenditure (2), reduced spontaneous physical activity
(3), lower nonexercise activity thermogenesis (4), higher fasting
(5) and 24-h (6) respiratory quotient (RQ), lower carbohydrate
balance (7), higher insulin action (8, 9), lower plasma leptin
concentrations (10), reduced levels of sympathetic nervous sys-
tem activity (11, 12), and lower plasma glucose response during
an oral-glucose-tolerance test (OGTT; 13).

RQ is an indicator of the carbohydrate-to-fat oxidation ratio
(14). Its positive association with the change in body weight has
been interpreted as an indication that subjects who rely less on fat
oxidation as a substrate for energy production may have a greater

tendency to gain weight, possibly because they are more prone to
store excess energy as fat (5, 6). Evidence indicates, however,
that substrate oxidation rates can also affect food intake.

The negative association between postload blood glucose re-
sponse and weight change provides support for the role of glu-
cose, with the likely involvement of insulin, as a satiety signal, in
that a delayed decline in blood glucose can postpone meal initi-
ation or prompt meal termination, or both, thus leading to a lower
overall food intake, as previously suggested (15).

Recently, carbohydrate balance was found to be a much stron-
ger predictor of weight and fat gains in adults than was fat balance
(7). This finding may indicate that persons with higher carbohy-
drate oxidation relative to intake may have a greater tendency to
deplete glycogen stores and to experience more hunger, thereby
causing the ingestion of more total energy, as previously hypoth-
esized, mainly on the basis of animal studies (16, 17). Whether
substrate oxidation rates can affect spontaneous food intake in
humans, however, has not yet been explored.

The objective of the present study was to investigate the hy-
pothesis that substrate oxidation rates on a weight maintenance
diet, as measured in a 24-h respiratory chamber (18), predict ad
libitum energy intake during 3 subsequent days, as evaluated by
an automated food-selection system (19). The hypothesis that the
previously reported relation between postload glucose response
and weight change is mediated by the effects of substrate oxida-
tion rates on energy intake was also tested.

SUBJECTS AND METHODS

Subjects

One hundred twelve subjects (age: 33 � 8 y; body fat: 31 �
8%) were included in this analysis: 83 Pima Indians (47 men and
36 women) were recruited from the Gila River Indian Commu-
nity (40 miles southeast of Phoenix, AZ), and 29 whites (20 men
and 9 women) were recruited from the greater Phoenix area
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through an advertisement. Before participation, volunteers were
fully informed of the nature and purpose of the study, and written
informed consent was obtained. The experimental protocol was
approved by the Institutional Review Board of the National In-
stitute of Diabetes and Digestive and Kidney Diseases and by the
Tribal Council of the Gila River Indian Community. All subjects
were found to be free of disease according to physical examina-
tions, medical histories, and laboratory tests. Glucose tolerance
was assessed by a 75-g OGTT. Only nondiabetic subjects, ac-
cording to the American Diabetes Association diagnostic criteria
(20), participated in the present study.

Study protocol

On admission to the metabolic ward, the subjects were given
a standard weight maintenance diet (20%, 30%, and 50% of daily
calories were provided as protein, fat, and carbohydrate, respec-
tively) for 3 d before any tests were performed. The weight
maintenance energy needs (EN-WM) on the metabolic ward
were calculated for each subject on the basis of weight and sex:
for men, EN-WM � 9.5 � weight (in kg) � 1973; for women,
EN-WM � 9.5 � weight (in kg) � 1745 (21). To determine the
foodstuffs that would be made available for the measurement of
ad libitum food intake by an automated food-selection system
(see below), the subjects were asked to complete a food-
preference questionnaire, which consisted of a listing of 80 food
items presented in random order. On the basis of a model devel-
oped by Geiselman et al (22), typical breakfast, lunch, dinner,
and snack food items were categorized according to a macronu-
trient self-selection paradigm that varied the fat content of the
foods as a percentage of calories with other macronutrients.
Foods were categorized as being high in fat (�45% kcal) or low
in fat (�20% kcal), and within each of these categories, foods
were categorized as being high in simple sugar (�30% kcal),
complex carbohydrate (�30% kcal), or protein (�13% kcal). In
completing this self-administered questionnaire, individuals
were asked to assign each food a hedonic rating by using a 9-point
Likert scale with the following anchors: never tasted; 1, dislike
extremely; 5, neutral; 9, like extremely. Several foods on the list
are among the top 10 sources of dietary fat in the United States
and include hamburgers, French fries, ham and other luncheon
meats, doughnuts, cookies, cakes, candies, bread products, muf-
fins, eggs, and cheeses; the list also reflects items of intake
common to Pima Indians (23) and to individuals living in the
southwestern United States. During the final 3 d of the study on
the metabolic ward and after having spent 24 h in the respiratory
chamber, the subjects were asked to self-select all their food with
the use of a computer-operated vending machine system.

Automated food-selection system

The measurement of ad libitum food intake by an automated
food-selection system was previously described, validated, and
tested for reproducibility (intraclass correlation for energy
intake � 0.90, P � 0.0001; 19, 24–27). Briefly, an automated
food-selection system is made up of a refrigerated vending ma-
chine (model 3007; U-Select-It, Des Moines, IA) that contains
40 trays. The 40 food items made available to the subjects on
each of the 3 d consisted of those foods to which the subject had
assigned an intermediate high (between 4 and 8) hedonic rating
on the food-preference questionnaire. In addition, a core group
of condiments and foods was provided to each subject on each

day, which included butter, peanut butter, cream cheese, jams,
salad items, salad dressings, crackers, bread, tortillas, Indian fry
bread, spices, salsa, orange juice, apple juice, milk, and a 6-pack
of soda of the subject’s choice. The same selection was offered
each day and accommodated the appropriateness of certain
foods for breakfast, lunch, dinner, and evening snacks. The sub-
jects had unrestricted access to the vending machine for 23.5 h/d
and were asked to follow their typical eating pattern as closely as
possible. The refrigerated machines were housed in a separate
eating area equipped with a table, a chair, a microwave oven, and
a toaster. The subjects were instructed to eat only in the vending
room, to eat whatever they wished whenever they desired, and to
return the food wrappers and unconsumed food portions to the
vending machine. Television viewing during food consumption
was prohibited. Daily energy intake (DEI) and protein, fat, and
carbohydrate intakes were calculated from the actual weights of
the food and condiments consumed by using the CBORD Pro-
fessional Diet Analyzer Program (version 4.1.11; CBORD Inc,
Ithaca, NY). The database was modified to reflect the nutrient
content of specific food items as indicated by the manufacturer.
The results are presented in Table 1 as the means � SDs of the
3 d. DEI is expressed as mean kcal/d and mean percentage of
EN-WM (%EN-WM) on the metabolic ward [(mean daily en-
ergy consumed/EN-WM) � 100].

Respiratory chamber

The method for measuring energy expenditure and substrate
oxidation in the respiratory chamber was previously described
(18). In brief, volunteers entered the chamber at 0745 after hav-
ing fasted overnight and remained therein for 23 h. Meals were
provided at 0800, 1130, 1700, and 2000 (evening snack). Be-
cause of the confinement within the chamber, only 80% of
EN-WM on the metabolic ward were provided in the respiratory
chamber, as previously described (18). The rate of energy ex-
penditure was measured continuously, calculated for each 15-
min interval, and then extrapolated for the 24-h interval (24-h
EE). Spontaneous physical activity was detected by radar sensors
and expressed as the percentage of time over the 24-h period in
which activity was detected. Sleeping metabolic rate was defined
as the average energy expenditure of all 15-min periods between
2330 and 0500 during which spontaneous physical activity
was �1.5%. Carbon dioxide production (V̇CO2) and oxygen
consumption (V̇O2) were calculated for every 15-min interval
and were extrapolated for the 24-h interval. The 24-h RQ was
calculated as the ratio of 24-h V̇CO2 and 24-h V̇O2. The substrate
balances were calculated from the 24-h energy intake, 24-h EE,
and 24-h RQ. Carbohydrate and fat oxidation rates were calcu-
lated from the 24-h RQ, accounting for protein oxidation (cal-
culated from the measurement of 24-h urinary nitrogen excre-
tion; 28). To calculate DEI, energy expenditure and substrate
oxidation were measured after �3 d on the weight maintenance
diet and �1 d before the 3-d unrestricted access to the vending
machines. Body weights before and after the chamber stay were
recorded (x� � SD change in body weight: �0.82 � 0.86 kg).

Dual-energy X-ray absorptiometry

Body composition was measured by dual-energy X-ray ab-
sorptiometry (DPX-L; Lunar Corp, Madison, WI). Percentage
body fat (%BF), fat mass (FM), and fat-free mass (FFM) were
calculated as previously described (29).
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Analytic measurements

Plasma glucose concentrations were measured with the glu-
cose oxidase method (Beckman Instruments, Fullerton, CA).
Plasma insulin concentrations were measured by automated ra-
dioimmunoassay (Access; Beckman Instruments).

Statistical analysis

Statistical analyses were performed by using the procedures of
the SAS statistical package (version 8.2; SAS Institute Inc, Cary,
NC). Unless otherwise specified, all data are expressed as
means � SDs. The areas under the curve (AUC) for the plasma
glucose and insulin concentrations during the OGTT (AU-
COGTT) were calculated by the trapezoidal method. Race and sex
differences in the general, anthropometric, metabolic, and en-
ergy intake characteristics were evaluated by Student’s t test and
chi-square analyses for continuous and categorical variables,
respectively. During the ad libitum period, a repeated-measures
analysis of variance was used to detect any effect of time on
energy intake. The relations between variables were assessed by
Spearman’s correlation, linear regression analyses, or both. The
amount of variance in the dependent variable (ie, DEI or %EN-
WM) accounted for by the independent variables (ie, general,
anthropometric, and metabolic characteristics) was quantified
by stepwise multiple regression analyses. On the basis of the
results of previous studies, the 24-h EE and sleeping metabolic
rate were adjusted for age, sex, FFM, FM, and race (18, 30),
whereas the 24-h RQ was adjusted for age, sex, energy balance,
%BF, and race (6) by using general linear regression models
before correlation analyses. Similarly, the 24-h carbohydrate
and fat oxidation rates (24-h CHO-Ox and 24-h Fat-Ox, respec-
tively) were adjusted for race, sex, age, FM, FFM, and energy

balance by using general linear regression models before corre-
lation analyses.

RESULTS

General, anthropometric, metabolic, and energy intake and
expenditure characteristics of the study population are shown in
Table 1. There was no difference in the sex distribution between
the races (chi-square analysis: P � 0.2). There were no racial
differences in the anthropometric and metabolic variables, ex-
cept for fasting plasma insulin concentrations and insulin AU-
COGTT, which were higher in Pima Indians (x� � SD: 39.6 � 12.6
�U/mL and 21206.3 � 9492.4 �U/mL�180 min, respectively)
than in whites (31.7 � 7.9 �U/mL and 14696.5 � 6113.5 �U/
mL�180 min, respectively) both before and after adjustment for
sex, age, and %BF (P � 0.01 and P � 0.002, respectively). After
adjustment for body weight and sex, there were no racial differ-
ences in DEI (4546 � 1371 kcal/d for whites compared with 4272
� 1154 kcal/d for Pima Indians) or in %EN-WM (158 � 42% for
whites compared with 154 � 41% for Pima Indians). In contrast,
both DEI and %EN-WM were higher in men than in women; this
was also true after adjustment for race and body weight (P �
0.0001 and P � 0.003, respectively), as previously reported in a
smaller sample of the same population (26).

There were no significant differences in DEI across the 3-d ad
libitum period (x� � SD: day 1, 4456 � 1436; day 2, 4331 � 1415;
and day 3, 4256 � 1423 kcal/24 h; P � 0.4, analysis of variance).
Therefore, energy intake variables are expressed as means � SDs
of the 3 d. Body weight was significantly correlated with ad
libitum energy intake expressed as DEI (r � 0.21, P � 0.02) but
not as %EN-WM (r � �0.05, P � 0.6). Body weight was also

TABLE 1
General, anthropometric, metabolic, and energy intake and expenditure characteristics of the study population1

Whole
population

Men
(n � 67)

Women
(n � 45) P2

Race (n)
Pima Indians 83 47 36 NS
Whites 29 20 9 NS

Age (y) 33 � 83 33 � 8 33 � 8 NS
Body weight (kg) 94 � 24 97 � 25 89 � 20 NS
Body fat (%) 31 � 8 27 � 6 38 � 5 � 0.0001
Fasting plasma glucose (mg/dL) 89 � 8 88 � 8 91 � 9 NS
2-h Plasma glucose (mg/dL) 121 � 30 117 � 27 128 � 34 NS
24-h Energy expenditure (kcal/d) 2422 � 397 2598 � 342 2160 � 322 � 0.0001
24-h Sleeping metabolic rate (kcal/d) 1738 � 288 1845 � 277 1580 � 227 � 0.0001
24-h Respiratory quotient 0.84 � 0.03 0.85 � 0.03 0.84 � 0.03 NS
24-h Carbohydrate oxidation (kcal/d) 1069 � 276 1173 � 278 915 � 189 � 0.0001
24-h Fat oxidation (kcal/d) 1032 � 321 1098 � 297 933 � 333 � 0.01
24-h Energy balance (kcal/d) �188 � 268 �201 � 252 �169 � 292 NS
EN-WM (kcal/d) 2800 � 270 2919 � 251 2622 � 187 � 0.0001
DEI

(kcal/d) 4343 � 1213 4776 � 1162 3698 � 988 � 0.0001
%EN-WM (%) 155 � 41 164 � 39 142 � 41 0.005

24-h Carbohydrate intake (kcal/d) 2162 � 604 2366 � 573 1859 � 521 NS
24-h Fat intake (kcal/d) 1698 � 542 1875 � 509 1436 � 483 NS
24-h Protein intake (kcal/d) 606 � 188 662 � 184 521 � 163 NS

1 EN-WM, weight maintenance energy needs; DEI, ad libitum daily energy intake; %EN-WM, an expression of DEI as a percentage of EN-WM.
2 Sex differences were evaluated by Student’s t test for independent samples except race (chi-square analysis).
3 x� � SD (all such values).
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significantly correlated with daily ad libitum fat (r � 0.29, P �
0.002) and protein (r � 0.24, P � 0.01) intakes, but not with
carbohydrate intake (r � 0.12, P � 0.2). Owing to the observed
effect of body size on energy intake variables and the established
effect of body size on energy metabolism and substrate oxidation
rates (6, 18, 30), the associations between these variables were
all adjusted for body size. Correlation analyses of substrate ox-
idation rates in the respiratory chamber with energy intake vari-
ables during the subsequent 3-d ad libitum period are reported in
Table 2 and Figure 1. The adjusted 24-h RQ and 24-h CHO-Ox
in the respiratory chamber were positively associated with DEI,
%EN-WM, and daily carbohydrate, fat, and protein intakes dur-
ing the ad libitum period. Further adjustment for weight changes
before or during the chamber stay did not change these results
(data not shown). Consistently, the 24-h carbohydrate balance
(24-h CHO-Bal) in the respiratory chamber was negatively as-
sociated with DEI and %EN-WM (Figure 2). Neither the 24-h
Fat-Ox nor the 24-h Fat-Bal was associated with either DEI or
%EN-WM.

When 24-h CHO-Ox and 24-h Fat-Ox in the respiratory cham-
ber were both entered in a general linear regression model (Table
3) to determine significant predictors of DEI or %EN-WM dur-
ing the ad libitum period, 24-h CHO-Ox, but not 24-h Fat-Ox,
was an independent determinant of the dependent variable; this
was also true after adjustment for race, sex, age, FM, FFM, and
24-h energy balance. With the use of a stepwise multiple regression
approach (data not shown), the 24-h CHO-Ox explained the largest
amount of variance in DEI (ie, 32%) and in %EN-WM (ie, 15%).

During the 3 d of ad libitum feeding, subjects gained 1.0 � 1.1
kg (range: �1.2–4.9 kg; Figure 3 and Figure 4), which corre-
sponds to a relative weight change of 1.2 � 1.2% (range:
�1.5%–5.4%; Figures 3 and 4). Both the absolute change and
percentage change in body weight over the 3-d ad libitum period
were positively associated with the adjusted 24-h CHO-Ox in the
respiratory chamber (Figure 3) and were negatively associated
with the 24-h CHO-Bal in the respiratory chamber (Figure 4).
These associations were not significant after adjustment for DEI
or %EN-WM (data not shown).

TABLE 2
Spearman’s correlation analyses of substrate oxidation and energy expenditure rates in the respiratory chamber with energy intake variables during the 3-d
ad libitum period (n � 112)1

DEI %EN-WM Daily carbohydrate intake Daily fat intake Daily protein intake

24-h RQ2 0.283 0.273 0.224 0.244 0.244

24-h CHO-Ox5 0.406 0.406 0.347 0.347 0.293

24-h CHO-Bal �0.347 �0.347 �0.293 �0.283 �0.224

24-h Fat-Ox5 �0.14 �0.11 �0.09 �0.12 �0.14
24-h Fat-Bal 0.01 0.08 �0.001 �0.04 0.06
24-h EE8 0.269 0.347 0.269 0.234 0.214

24-h SMR8 0.001 0.07 0.05 0.02 0.01

1 DEI, ad libitum daily energy intake; %EN-WM, DEI as a percentage of weight maintenance energy needs; RQ, respiratory quotient; CHO-Ox,
carbohydrate oxidation; CHO-Bal, carbohydrate balance; Fat-Ox, fat oxidation; Fat-Bal, fat balance; EE, energy expenditure; SMR, sleeping metabolic rate.

2 Adjusted for race, sex, age, percentage body fat, and 24-h energy balance.
3 P � 0.005.
4 P � 0.05.
5 Adjusted for race, sex, age, fat-free mass, fat mass, and 24-h energy balance.
6 P � 0.0001.
7 P � 0.001.
8 Adjusted for race, sex, age, fat-free mass, and fat mass.
9 P � 0.01.

FIGURE 1. Daily energy intake (DEI) expressed as kcal/d and as a percentage of weight maintenance energy needs (%EN-WM) in the study population
(n � 112) during the 3-d ad libitum period as a function of the 24-h carbohydrate oxidation (24-h CHO-Ox) rate in the respiratory chamber. 24-h CHO-Ox values
were adjusted for race, sex, age, fat-free mass, fat mass, and energy balance by using general linear regression.
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Correlations of glucose and insulin AUCs during an OGTT
(performed before the chamber stay) with the substrate oxidation
rates (measured in the respiratory chamber) and with the energy
intake variables (evaluated during the subsequent 3-d ad libitum
period) are shown in Table 4. The glucose AUCOGTT was neg-
atively associated with the adjusted 24-h RQ and 24-h CHO-Ox
in the respiratory chamber; this was also true after further ad-
justment for fasting plasma concentrations of glucose and insulin
(partial r � �0.24, P � 0.01) and insulin AUCOGTT (partial r �
�0.30, P � 0.002). No association was found between glucose
AUCOGTT and 24-h Fat-Ox in the respiratory chamber. With the
use of a general linear regression model adjusted for race, sex,
age, %BF, 24-h energy balance, fasting plasma glucose and in-
sulin concentrations, and insulin AUCOGTT (model R2 � 0.39,
P � 0.0001), the 24-h CHO-Ox in the respiratory chamber was
a negative, independent determinant of glucose AUCOGTT (P �
0.002). Glucose AUCOGTT was negatively associated with DEI
(r � �0.23, P � 0.02) and %EN-WM (r � �0.26, P � 0.006)
during the ad libitum period. After adjustment for race, sex, age,

%BF, and insulin AUCOGTT, the significance of these associa-
tions was attenuated (DEI: partial r � �0.18, P � 0.08;
%EN-WM: partial r � �0.16, P � 0.11). Notably, the associa-
tions of glucose AUCOGTT with DEI and with %EN-WM during
the ad libitum period were no longer significant after further
adjustment for 24-h CHO-Ox in the respiratory chamber (partial
r � �0.04 and �0.05, respectively, P � 0.6).

DISCUSSION

The present study tested the hypothesis that substrate oxida-
tion rates, as measured during a weight maintenance diet in a
respiratory chamber, predict subsequent ad libitum food intake,
as measured by a previously validated automated food-selection
system, used in our laboratory (21, 24–26). The 24-h RQ in the
respiratory chamber was a positive predictor of subsequent en-
ergy intake during the 3-d ad libitum period, independent of race,
sex, age, %BF, and 24-h energy balance, ie, the major determi-
nants of 24-h RQ (18, 30). This result is consistent with the
finding that a relatively high RQ is associated with weight gain
in long-term follow-up (5, 6). This observation was interpreted as
an indication that subjects with a low ratio of fat to carbohydrate
oxidation may tend to store more energy in their fat depots and,
therefore, gain more weight over time (5, 6). Interestingly, a high
24-h RQ was correlated with subsequent gain in body weight
independent of 24-h energy expenditure (5). In light of this ob-
servation, the results of the present study raise the possibility that
the positive relation between RQ and weight change can be a
consequence of the effects of the macronutrient oxidation ratio
on energy intake.

The 24-h RQ reflects the overall ratio between 24-h CHO-Ox
and 24-h Fat-Ox. Some evidence points to a role for fat oxidation
in the regulation of energy intake. The inhibition of fat oxidation
by etomoxir stimulated food intake in men (31), and an increase
in fat oxidation by diglyceride-rich oil decreased appetite in
women (32). When using 24-h CHO-Ox and 24-h Fat-Ox in place
of 24-h RQ in the regression analyses with energy intake, 24-h
CHO-Ox in the respiratory chamber, but not 24-h Fat-Ox, was a
strong, independent predictor of subsequent DEI and %EN-WM
during the 3-d ad libitum period. This finding is consistent with
a recent report showing that 24-h CHO-Bal was a negative pre-
dictor of long-term gains in weight and fat mass (7). Our data

FIGURE 2. Daily energy intake (DEI) expressed as kcal/d and as a percentage of weight maintenance energy needs (%EN-WM) in the study population
(n � 112) during the 3-d ad libitum period as a function of the 24-h carbohydrate balance (24-h CHO-Bal) in the respiratory chamber. Relations between
variables were assessed with Spearman’s correlation analysis.

TABLE 3
Determinants of absolute ad libitum daily energy intake (DEI) and ad
libitum DEI as a percentage of 24-h weight maintenance energy needs
(%EN-WM) in the study subjects (n � 112)1

Dependent variable

DEI2 %EN-WM3

� P � P

Intercept 1329.4 0.08 109.2 0.0001
Race (white) 342.2 0.13 9.5 0.26
Sex (male) �360.5 0.42 �22.8 0.16
Age (y) �17.2 0.14 �0.7 0.11
Fat-free mass (kg) 13.6 0.48 0.03 0.96
Fat mass (kg) �39.8 0.02 �1.8 0.005
24-h Energy balance (kcal/d) �0.3 0.48 �0.01 0.42
24-h Fat oxidation (kcal/d) 0.8 0.21 0.02 0.32
24-h Carbohydrate oxidation

(kcal/d)
3.0 � 0.0001 0.1 � 0.0001

1 Determinants evaluated by using general linear regression analysis.
2 Model R2 � 0.46, P � 0.0001.
3 Model R2 � 0.35, P � 0.0001.
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indicate that the relation between 24-h CHO-Bal and weight
change is mediated by the effects of carbohydrate balance on
food intake (7). The change in body weight over the 3-d ad
libitum period in the present analysis was positively correlated
with 24-h CHO-Ox and was negatively associated with 24-h
CHO-Bal in the respiratory chamber. These associations were no
longer significant after adjustment for DEI or for %EN-WM,
which indicates that the effects of carbohydrate balance on short-
term weight change are mediated by the effects of carbohydrate
balance on food intake.

However, Eckel et al (7) examined the predictive role of sub-
strate balance in a respiratory chamber on long-term weight and
fat changes by feeding the study subjects an isocaloric diet that
provided 55% of the calories as carbohydrate. In the present
study, the predictive role of substrate balance on subsequent,
short-term ad libitum food intake was tested, and the subjects
were fed a diet that provided 50% of the calories as carbohydrate
and 80% of EN-WM as overall calories to account for the reduced
physical activity in the respiratory chamber. Although our results
support the prospective observations of Eckel et al (7), these
differences in study design and purposes must be acknowledged.

It must also be acknowledged that the lack of an association of
fat oxidation and balance with ad libitum food intake and short-
term weight change may have been due to the short observation
period and to the fact that the energy balance and, consequently,

the fat balance were somewhat clamped in the respiratory cham-
ber, which may have dampened the possibility of finding a sig-
nificant effect of fat oxidation and balance on either subsequent
ad libitum food intake or short-term weight change. Further stud-
ies are needed to appropriately address this point.

The physiologic mechanism responsible for the association of
carbohydrate balance with food intake may be related to the
glycogenostatic model, developed by Flatt (16, 17), which is
based on the negative relation between carbohydrate balance on
one day and food intake on the following day in mice fed a mixed
diet ad libitum. According to this model, food intake is stimulated
by low glycogen stores to produce a carbohydrate intake that will
maintain or replenish glycogen stores (16, 17, 33). Therefore, a
higher 24-h CHO-Ox would lead to a greater tendency to deplete
glycogen stores, thereby prompting the ingestion of more total
energy. On the other hand, short-term studies conducted in hu-
mans with dietary manipulation of muscle glycogen stores have
produced inconsistent, mostly negative, effects on food intake
(34, 35). A comprehensive reconciliation between these incon-
sistent results is difficult and beyond the scope of this work. The
above studies that failed to report an association between glyco-
gen stores and food intake were conducted by manipulating the
muscle glycogen content. It may well be that it is changes in liver
glycogen content, as opposed to muscle glycogen content, that
play the central role in the regulation of food intake. In addition,

FIGURE 3. Absolute weight change and percentage weight change in the study population (n � 112) during the 3-d ad libitum period as a function of the
24-h carbohydrate oxidation (24-h CHO-Ox) rate in the respiratory chamber. 24-h CHO-Ox values were adjusted for race, sex, age, fat-free mass, fat mass, and
energy balance by using general linear regression.

FIGURE 4. Absolute weight change and percentage weight change in the study population (n � 112) during the 3-d ad libitum period as a function of the
24-h carbohydrate balance (24-h CHO-Bal) in the respiratory chamber. Relations between variables were assessed with Spearman’s correlation analysis.
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the energy intake on day 2 was inversely related to the carbohy-
drate balance on day 1 also in humans (34–36), which confirmed
the findings from animal studies (16, 17) and indicated that a
higher carbohydrate oxidation relative to intake prompts subse-
quent food intake, possibly with the aim of reestablishing ade-
quate glycogen stores.

Other mechanisms may have been operating to explain the
positive association of 24-h RQ and 24-h CHO-Ox in the respi-
ratory chamber with subsequent ad libitum food intake. Several
central and peripheral peptides involved in the regulation of food
intake also have an effect on substrate oxidation. For example,
fasting plasma concentrations of glucagon-like peptide-1, a
satiety-inducing gut peptide, were negatively correlated with
fasting RQ in adult patients (37), and it has been proposed that an
increase in RQ is a pivotal mediator of the orexigenic action of
neuropeptide Y (38).

One surprising finding in our study was the negative associa-
tion between fat mass and DEI in the full model in Table 3. The
explanation for this is not clear, but perhaps fat mass, after other
metabolic variables are accounted for (fat-free mass in particu-
lar), acts as a brake on increased food intake.

The glucose AUCOGTT, which was recently shown to be a
negative predictor of long-term changes in body weight (13), was
negatively associated with both energy intake during the 3-d ad
libitum period and with carbohydrate oxidation in the respiratory
chamber. The correlation between glucose AUCOGTT and ad
libitum energy intake was no longer significant after adjustment
for carbohydrate oxidation in the respiratory chamber. Con-
versely, the association between 24-h CHO-Ox in the respiratory
chamber and subsequent DEI (or %EN-WM) during the 3-d ad
libitum period was still significant after adjustment for glucose
AUCOGTT (data not shown). This indicates that carbohydrate
oxidation may mediate the relation between the postload glucose

response and food intake, thus explaining the reported role of the
postload glucose response as a negative predictor of long-term
weight changes (13).

The results of the present analysis are to be considered in the
context of some potential limitations. When offered unlimited
access to a variety of palatable and familiar foods for 3 d, most
subjects overfed themselves by 55% above EN-WM (mean
%EN-WM: 155%; range: 54–250%). This observation is con-
sistent with previous reports (19, 24, 25) and has been named
“opportunistic voracity” (39). This consideration warrants some
caution in viewing food intake under these experimental condi-
tions as mirroring the actual eating behavior in free-living con-
ditions. On the other hand, the automated food-selection system
is a useful tool that affords accurate and reliable measurements of
food intake on a metabolic ward, with a much higher degree of
accuracy than that afforded by techniques based on self-report, as
extensively discussed (40, 41). Moreover, the within-person re-
liability of this method across multiple visits was highly signif-
icant (intraclass correlation coefficient for both DEI and
%EN-WM � 0.9), which indicates that this model is valid and
reliable for assessing energy intake when food is abundant and
freely available (27). Nonetheless, these observations must be
interpreted with caution owing to the massive overfeeding seen
in the study subjects, and replication and confirmation in a more
physiologic setting are required.

Both spontaneous (24) and experimental (42) overfeeding are
associated with increased carbohydrate oxidation rates. Hence,
the hypothesis that higher food intake may be the cause rather
than the consequence of higher 24-h carbohydrate oxidation rates
cannot be positively ruled out. However, this hypothesis is less
likely for several reasons. The pretest conditions were highly
controlled, and, although the subjects had been in slightly neg-
ative energy balance (��188 kcal/d) on the day of substrate
oxidation assessment in the respiratory chamber and had expe-
rienced small changes in body weight during the weight main-
tenance period, neither this small weight change between the
time of admission and the testing days (�0.02 � 1.3 kg) nor the
time spent on the metabolic ward before testing (5 � 3 d) was
correlated with the adjusted 24-h substrate oxidation rates in the
respiratory chamber (P � 0.99 and P � 0.13 for 24-h CHO-Ox;
P � 0.74 and P � 0.49 for 24-h Fat-Ox), which indicates that the
effect of the change from free-living conditions to the metabolic
ward was negligible. Therefore, any overeating before admission
is unlikely to have influenced the substrate oxidation rates in the
present study. Finally, measurements of energy metabolism and
substrate oxidation in the respiratory chamber were always per-
formed before the 3-d ad libitum food intake period in all sub-
jects.

In conclusion, the present study showed that carbohydrate
oxidation and balance, as measured in a respiratory chamber, are
strong predictors of subsequent ad libitum food intake and short-
term changes in body weight, which lends support to Flatt’s (17)
hypothesis that food intake is driven primarily to maintain car-
bohydrate balance. Whether diet composition, via its effects on
substrate oxidation, can, in turn, affect food intake could not be
addressed by the present study. The mechanisms responsible for
the observed effects and the possibility of regulating food intake
by changing substrate oxidation should be explored.

Critical review of the manuscript by Jean-Pierre Flatt (Department of
Biochemistry and Molecular Pharmacology, University of Massachusetts

TABLE 4
Spearman’s correlation analyses of glucose and insulin areas under the
curve during the 3-h oral-glucose-tolerance test (AUCOGTT) with the
energy expenditure and intake variables in the study subjects (n � 112)1

Glucose AUCOGTT Insulin AUCOGTT

24-h RQ2 �0.213 0.04
24-h CHO-Ox4 �0.275 �0.01
24-h Fat-Ox4 0.08 �0.11
24-h EE6 �0.05 �0.223

24-h SMR6 0.09 �0.09
DEI �0.233 �0.10
%EN-WM �0.267 �0.18
Carbohydrate intake �0.257 �0.15
Fat intake �0.16 �0.04
Protein intake �0.213 �0.203

1 RQ, respiratory quotient; CHO-Ox, carbohydrate oxidation; Fat-Ox,
fat oxidation; EE, energy expenditure; SMR, sleeping metabolic rate; DEI, ad
libitum daily energy intake; %EN-WM, ad libitum DEI as a percentage of
weight maintenance energy needs.

2 Adjusted for race, sex, age, percentage body fat, and 24-h energy
balance.

3 P � 0.05.
4 Adjusted for race, sex, age, fat-free mass, fat mass, and 24-h energy

balance.
5 P � 0.005.
6 Adjusted for race, sex, age, fat-free mass, and fat mass.
7 P � 0.01.
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Obese sarcopenia in patients with end-stage renal disease is
associated with inflammation and increased mortality1�3

Hirokazu Honda, Abdul Rashid Qureshi, Jonas Axelsson, Olof Heimburger, Mohamed E Suliman, Peter Barany,
Peter Stenvinkel, and Bengt Lindholm

ABSTRACT
Background: Adipose tissue in overweight patients with end-stage
renal disease (ESRD) is a source of proinflammatory mediators,
which could contribute to protein-energy wasting (PEW), cardio-
vascular disease, and increased mortality. Overweight in ESRD pa-
tients, however, is reported to be associated with better survival.
Objective: We investigated the associations between overweight
[body mass index (BMI; in kg/m2) � 25], inflammation, PEW, and
mortality in ESRD patients starting dialysis.
Design: In 328 ESRD patients (age: 53 � 12 y; 201 men), inflam-
matory biomarkers, nutritional status, and dual-energy X-ray ab-
sorptiometry data were analyzed close to the start of treatment. We
compared clinical and laboratory data in patients in 3 BMI groups,
with and without PEW.
Results: The prevalence of PEW was high in patients in all 3 BMI
groups. PEW was associated with both high fat body mass index
(FBMI) and low lean body mass index (LBMI). Both PEW and high
BMI were associated with inflammation. The highest concentrations
of inflammatory mediators and the highest FBMI were seen in over-
weight patients with PEW. BMI as such did not predict clinical
outcome; however, for each BMI group, the presence of PEW was
associated with increased mortality. With BMI 20–25 as the refer-
ence group, BMI � 20 did not predict mortality, overweight (BMI �
25) was associated with a survival advantage, and low FBMI was
found to be an independent predictor of mortality.
Conclusions: PEW is common in overweight ESRD patients and is
associated with high FBMI, low LBMI, and inflammation. PEW
was a predictor of mortality in both obese and nonobese sarcopenia
patients. BMI as such, however, was a poor predictor of mortality,
but after adjustment for various confounders, including PEW, a
high BMI and a high FBMI were associated with survival
advantage. Am J Clin Nutr 2007;86:633–8.

KEY WORDS Protein-energy wasting, inflammation, body
composition, body mass index, mortality, end-stage renal disease

INTRODUCTION

Protein-energy wasting (PEW; also referred to as malnutri-
tion) and inflammation are associated with atherosclerotic car-
diovascular disease (CVD; 1) and contribute to higher morbidity
and mortality in patients with end-stage renal disease (ESRD; 2,
3). The prevalence of inflammation, as assessed by elevated
C-reactive protein (CRP) and interleukin-6 (IL-6) concentra-
tions, is higher in ESRD patients than in nonuremic subjects

(4, 5), and inflammation is one of several important contributors
to PEW in ESRD patients (3, 6, 7).

In the nonrenal population, overweight is associated with dys-
lipidemia and type 2 diabetes mellitus and is a strong risk factor
for higher CVD-related mortality (8). The mechanisms behind
the development of CVD in overweight patients are not fully
understood but are likely associated with metabolic and hor-
monal changes as well as higher circulating concentrations of
proinflammatory adipokines, including IL-6, which are released
from adipose tissue (9, 10). Overweight is also associated with an
inflammatory state in ESRD patients (11).

Whereas overweight is an independent risk factor for mortality
in the general population (12), the survival of overweight ESRD
patients is reported to be better than that of nonoverweight ESRD
patients, presumably because a high body mass index (BMI) is
usually linked to improved nutrition, which is associated with
better survival (13–17). However, because overweight is linked
to inflammation, this could be a contributing factor to PEW and
the increased mortality in overweight ESRD patients.

The aims of the present study were to investigate the relations
between systemic inflammation, PEW [assessed by subjective
global assessment (SGA)], and body composition [assessed by
dual-energy X-ray absorptiometry (DXA)] in nonoverweight
[BMI (in kg/m2) � 25] and overweight (BMI � 25) ESRD
patients and to analyze how these factors were associated with
the clinical outcome in these patients.

SUBJECTS AND METHODS

Subjects

The study comprised 328 ESRD patients (201 men) with a
mean age of 53 � 12 y (range: 22–70 y) who were investigated
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in conjunction with the planned start of renal replacement ther-
apy (RRT). Most of the subjects (227 patients; 69%) were inves-
tigated before the start of RTT (median predialysis time: 21 d),
whereas 101 patients (31%) were investigated after the start of
RTT (median postdialysis time: 9 d). Patients above the age of
70 y, patients who had clinical signs of overt infection, acute
vasculitis, or liver disease, and patients who were unwilling to
participate were not included in the study. The causes of ESRD
were chronic glomerulonephritis in 94 patients (29%), diabetic
nephropathy in 97 patients (30%), polycystic kidney disease in
31 patients (9%), interstitial nephritis in 6 patients (2%), nephro-
sclerosis in 6 patients (2%), and other or unknown etiologies in
94 patients (28%). One hundred twelve patients (34%) had CVD,
as defined by medical history or clinical symptoms of athero-
sclerosis, cerebrovascular (stroke), and CVD or peripheral vas-
cular disease, or both. As initial RRT, 174 patients started peri-
toneal dialysis, and 151 patients started hemodialysis. Only 3
patients did not initiate RRT during the observation period. Most
of the peritoneal dialysis patients were on a schedule of 4 to 5
exchanges per day of 2 L glucose-based standard dialysis solu-
tions. Hemodialysis was performed 3 times a week (4–5 h per
session) by using bicarbonate dialysate and standard cellulose
acetate or polysulfone dialysis membranes. Most (81%) of the
patients were taking antihypertensive medications and other
drugs commonly used in ESRD, such as phosphate and potas-
sium binders, diuretics, and supplements of vitamins B, C, and D.
The study protocol was approved by the Ethics Committee of the
Karolinska Institute, Karolinska University Hospital Huddinge,
Stockholm, Sweden, and informed consent was obtained from
each patient.

Methods

At baseline, after the patients had fasted overnight, blood
samples were drawn for analyses of serum creatinine, urea, al-
bumin, CRP, IL-6, tumor necrosis factor-� (TNF-�), insulin-like
growth factor I, and leptin. The median glomerular filtration rate,
as estimated by the mean of creatinine and urea clearance from a
24-h collection of urine, was 7.0 mL/min (range: 1.5-16.5 mL/
min; n � 209). IL-6 was measured by enzyme-linked immu-
nosorbent assay (R&D System Inc, Minneapolis, MN). High-
sensitivity CRP was measured by means of nephelometry
(Department of Clinical Chemistry, Karolinska University Hos-
pital Huddinge, Stockholm, Sweden). TNF-� and insulin-like
growth factor I were analyzed with an Immulite system (Diag-
nostic Products Corp, Los Angeles, CA) according to the instruc-
tions of the manufacturer. Leptin was measured by using a com-
mercially available enzyme-linked immunosorbent assay (IBL
Immuno-Biological Laboratories, Hamburg, Germany). Con-
centrations of serum creatinine, urea, albumin (bromcresol pur-
ple), and urinary excretion of creatinine and urea were measured
by routine methods at the Department of Clinical Chemistry,
Karolinska University Hospital Huddinge.

Nutritional status

SGA was used to evaluate the overall protein-energy nutri-
tional status of the patients. SGA includes 6 subjective assess-
ments: 3 that are based on the patient’s history of weight loss,
incidence of anorexia, and incidence of vomiting and 3 that are
based on the physician’s grading of muscle wasting, presence of

edema, and loss of subcutaneous fat. On the basis of these as-
sessments, each patient was given a score that reflected the nu-
tritional status as follows: 1, no PEW (PEW�); 2, mild PEW; 3,
moderate PEW; and 4, severe PEW. Patients with an ordinal
SGA score between 2 and 4 were grouped together as wasted
(PEW�; 3). BMI was calculated. Lean body mass (LBM) and fat
body mass (FBM) were evaluated (n � 242) by DXA with the use
of LUNAR software (version 3.4; Lunar Corp, Madison, WI).
With this technique, bone mineral, fat, and LBM distribution are
directly estimated without making assumptions about the
2-compartment model. The CV for the DXA measurement is
2.0 � 0.7%. FBM index (FBMI) and LBM index (LBMI) were
calculated according to the method of Kyle et al (18) and ex-
pressed as kg/m2. Protein intake was estimated from the protein
equivalent of nitrogen appearance, which was calculated on the
basis of urea kinetic modeling, which measures urea excretion in
a 24-h urine collection (n � 209) as 6.25 �{[0.028 � urea
excretion rate (in mmol/24 h)] � [0.031 � body weight (in kg)]}.
Energy intake was not assessed. Urine was collected from all of
the patients before the start of dialysis therapy. The protein equiv-
alent of nitrogen appearance was normalized to actual body
weight and to standard body weight with calculations based on
the patient’s height, sex, age, and frame size with the use of
National Health and Nutrition Examination Survey tables (19).

Survival analysis

Survival was measured from the day of examination and was
analyzed after a median follow-up period of 20.9 mo (range:
0.7–72 mo), with no loss of follow-up of any patient. Patients
were censored at transplantation or on completion of the study. In
the patients who died (n � 88), the primary cause of death was
recorded, as obtained from the death certificate or from the pa-
tient’s records. One hundred thirty-one patients received kidney
transplants subsequent to entering the study and were censored
from the time of transplantation.

Statistical analyses

All values are expressed as means � SDs, means � SEMs, or
medians (ranges) as appropriate. A P value � 0.05 was consid-
ered statistically significant. Comparisons between 2 groups
were performed by using Wilcoxon’s rank-sum test. Compari-
sons between �2 groups were made by nonparametric analysis
of variance. To measure the degree of association between vari-
ables in Table 1, a 2-factor multivariate analysis of variance with
Wilks lambda was used. The general linear model procedure was
used to identify significant interactions between factors. A
Tukey-Kramer post hoc test was used when an interaction was
detected. Correlations were performed by Spearman’s rank test
(�). Receiver operating characteristics (ROC) analysis was per-
formed to estimate the cutoffs of continuous variables (20, 21).
To evaluate the factors associated with malnutrition, logistic
regression analysis was performed with forward stepwise anal-
ysis. The variables included in the stepwise analysis were se-
lected from the variables significantly associated with PEW and
BMI. Cox proportional hazards models were performed to ana-
lyze survival. The multivariate Cox models included the vari-
ables that in the univariate analysis had a significant association
with mortality; however, the number of selected variables was
restricted to equal the square root of the number of events (death)
divided by 2. All analyses were performed by using SAS statis-
tical software (version 9.1; SAS Institute Inc, Cary, NC).
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RESULTS

The patients were divided into 6 groups on the basis of BMI
and the presence of PEW (SGA � 1) in each BMI group (Table
1). BMI was classified according to World Health Organization
criteria (22): BMI � 25 (overweight) and BMI � 20 and BMI
20–25 (both considered as nonoverweight). As shown in Table 1,
the prevalence of diabetes mellitus and CVD was significantly
different between the patient groups and was more common in
patients with BMI 20–25 and BMI � 25 than in patients with
BMI � 20. The prevalence of diabetes mellitus and CVD and
serum concentrations of CRP and IL-6 were significantly higher
in patients with PEW than in patients with normal nutritional
status. FBMI was higher in patients with BMI � 25 and in
patients with BMI 20–25 than in patients with BMI � 20 (Table
1). FBMI was significantly higher in overweight patients with
PEW than in overweight patients with normal nutritional status
(Table 1). Moreover, LBMI was significantly associated with
PEW but had no interaction with BMI (Table 1). Also, LBMI was
lower in male overweight patients with wasting than in non-
wasted male overweight patients. In both women and men, the
ratio of FBMI to LBMI was significantly higher in overweight
patients than in nonoverweight patients and was higher in wasted
patients than in well-nourished patients. Interestingly, the high-
est FBMI was found in the overweight patients with wasting.

CRP and IL-6 concentrations were higher in wasted patients
than in nonwasted patients for all 3 BMI groups (Table 1). Our
results showed that the overweight patients with wasting had a
higher prevalence of inflammation and a higher FBMI than did

the other patient groups, whereas LBMI did not differ signifi-
cantly between the 6 patient groups. Because this pattern was
similar in men and women, we showed only the combined data
for men and women. In a subanalysis that included only the
overweight patients (BMI � 25), FBMI and concentrations of
inflammatory markers (CRP, IL-6, and TNF-�) were signifi-
cantly higher in wasted patients than in nonwasted patients,
whereas LBMI and insulin-like growth factor I were signifi-
cantly lower in overweight patients with wasting than in over-
weight patients without wasting. In the same patients, serum
albumin and leptin concentrations did not differ significantly
between wasted patients and overweight patients without
wasting.

Factors contributing to PEW

To estimate the association between body composition and
PEW, ROC curves were calculated and a logistic regression
multivariate analysis was performed (Table 2 and Table 3).
According to the ROC curves (Table 2), BMI, LBMI, and FBMI
predicted PEW in both men and women, although this associa-
tion was stronger in men than in women. Moreover, logistic
regression multivariate analysis (Table 3) showed that low LBMI
and low FBMI were associated with PEW.

Clinical outcome in overweight and nonoverweight
ESRD patients

Eighty-eight of the patients died during the observation pe-
riod, and fifty-seven (65%) of these patients were malnourished.

TABLE 1
Clinical characteristics and variables that reflect the inflammation and nutritional status in 328 end-stage renal disease patients starting dialysis in relation
to BMI and protein-energy wasting (PEW)1

BMI �20 BMI 20–25 BMI �25

MANOVA and
chi-square test2

PEW� PEW� PEW� PEW� PEW� PEW�
(n � 18) (n � 26) (n � 87) (n � 56) (n � 119) (n � 22)

Age (y) 39 � 93,4 55 � 12 49 � 12 56 � 10 53 � 12 59 � 94 A, B, A � B
Sex (% men) 44 42 63 68 66 45 0.05
Diabetes mellitus (%) 11 23 21 43 34 59 0.0001
Cardiovascular disease (%) 6 35 15 63 36 50 0.0001
Serum albumin (g/L) 37 � 6 32 � 6 34 � 6 31 � 7 34 � 6 31 � 6 B
Leptin (ng/mL) 11.1 � 16.1 6.6 � 4.2 16.9 � 20.4 17.1 � 18.7 34.7 � 42.4 53.1 � 52.7 A
IGF-I (ng/mL) 186 � 71 114 � 64 197 � 101 158 � 102 210 � 94 142 � 102 B
Serum CRP (mg/L) 7.5 � 22.4 16.7 � 23.3 6.8 � 9.8 23.0 � 33.0 12.8 � 27.2 25.2 � 21.9 B
IL-6 (pg/mL) 6.7 � 10.3 9.9 � 7.4 5.5 � 3.8 12.5 � 10.5 8.8 � 12.1 12.8 � 9.7 B
TNF-� (pg/mL) 9.3 � 2.6 12.4 � 4.1 11.4 � 6.4 12.9 � 10.2 13.0 � 20.9 14.5 � 6.6 NS
nPNA (g � kg ABW�1 � d�1) 0.74 � 0.13 0.72 � 0.18 0.72 � 0.15 0.73 � 0.16 0.68 � 0.16 0.65 � 0.17 NS
nPNA (g � kg SBW�1 � d�1) 0.65 � 0.17 0.61 � 0.19 0.69 � 0.15 0.67 � 0.18 0.71 � 0.17 0.70 � 0.18 NS
GFR (mL/min) 6.4 � 2.3 6.2 � 3.6 6.3 � 2.1 5.9 � 1.8 6.8 � 2.4 7.4 � 1.9 A
Serum creatinine (�mol/L) 730 � 228 526 � 201 748 � 219 593 � 138 783 � 251 513 � 163 B
FBMI (kg/m2)5 3.7 � 1.7 3.6 � 1.54 6.1 � 2.7 6.3 � 1.94 9.7 � 3.14 12.1 � 4.1 A, B, A � B,
LBMI (kg/m2)5 14.4 � 1.8 14.5 � 2.1 16.4 � 1.9 15.8 � 1.9 17.9 � 2.3 16.4 � 2.1 B
LBMI/FBMI 0.27 � 0.14 0.26 � 0.124 0.39 � 0.20 0.42 � 0.17 0.55 � 0.224 0.76 � 0.30 A, B, A � B

1 PEW�, presence of PEW (subjective global assessment score �1); PEW�, no signs of PEW; MANOVA, multivariate analysis of variance; IGF-I,
insulin-like growth factor I; CRP, C-reactive protein; IL-6, interleukin-6; TNF-�, tumor necrosis factor-�; nPNA, normalized protein equivalent of nitrogen
appearance; ABW, actual body weight; SBW, standard body weight; GFR, glomerular filtration rate; FBMI, fat body mass index; LBMI, lean body mass index.

2 2-Factor MANOVA. Significant (P � 0.05) effects are given for BMI (marked as A); PEW� (marked as B), and BMI � PEW interaction (marked as
A � B).

3 x� � SD (all such values).
4 Significantly different from normal nutritional status (BMI: 20–25; PEW�), P � 0.01, Tukey-Kramer post hoc test.
5 Calculated according to Kyle et al (18).
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On the basis of the 3 BMI groups, Kaplan-Meier analysis did not
show an association between BMI and mortality, although pa-
tients with BMI � 25 tended to have the best survival (Figure 1,
top). However, when the BMI groups were further divided into 6
groups on the basis of the presence of PEW, Kaplan-Meier anal-
ysis showed that, in each BMI group, the patients with wasting
had a worse survival than did the patients with normal nutritional
status (Figure 1, bottom).

With the use of a multivariate Cox proportional hazards model
(Table 4), which was adjusted for age (�55 compared with �55
y), sex, diabetes mellitus state, CVD state, and CRP (�10 com-
pared with �10 mg/L), we found that PEW (hazard ratio: 1.9)
and low fat mass (hazard ratio: 2.2) were independent risk factors
for high mortality, whereas overweight (BMI � 25) patients had
significantly better survival than did the patients with normal
BMI. There was no significant difference in the mortality rate
between patients with low BMI (BMI � 20) and patients with
normal BMI. Moreover, LBMI was not associated with mortality
in the multivariate Cox regression analysis (Table 4).

DISCUSSION

Clinical characteristics of PEW in ESRD patients are usually
presumed to include a decrease in BMI, FBMI, and LBMI (23).

In the present study, the prevalence of PEW in patients with BMI
� 20 was high (60%); however, PEW was common also in the
BMI 20–25 (39%) and BMI � 25 (16%) patient groups. Inter-
estingly, PEW in patients with BMI � 25 was associated with a
high FBMI, and the ratio of FBMI to LBMI in wasted patients
with BMI � 25 was higher than that in the other groups. Thus, a
higher FBMI may, in fact, be one of the characteristics of PEW
in overweight ESRD patients, a condition that can be called obese
sarcopenia. It should be noted that these patients tended to be
elderly patients (although patients above the age of 70 y were not
included in the study) with a high prevalence of comorbidities, in
particular, CVD and diabetes mellitus (Table 1).

PEW in ESRD patients is induced by several factors (3, 6, 7,
23) and may be divided into at least 2 different types: one linked
to uremia per se and one linked to the presence of inflammation

TABLE 2
Areas under the curve (AUCs) and cutoffs from the receiver operating
characteristic curves of BMI, lean body mass index (LBMI), and fat body
mass index (FBMI) as predictors of protein-energy wasting in 328 end-
stage renal disease patients starting renal replacement therapy1

AUC Sensitivity Specificity Cutoff

% % kg/m2

BMI 0.69 � 0.042 69.0 65.2 23.5
LBMI3 0.67 � 0.042 67.2 62.4 16.3
FBMI3 0.60 � 0.032 62.1 56.9 6.8

1 All values are x� � SEM.
2 Significantly different from AUC � 0.50, P � 0.05.
3 Calculated according to Kyle et al (18).

TABLE 3
Contributing factors to protein-energy wasting in 328 end-stage renal
disease patients starting renal replacement therapy1

Variables Odds ratio 95% CI P

CVD (yes compared with no) 1.9 1.1, 3.8 � 0.0001
DM (yes compared with no) 2.23 1.1, 4.5 0.05
FBMI (high tertile compared with

others)2
0.19 0.09, 0.39 0.003

LBMI (low tertile compared with
others)2

5.4 2.6, 11.5 0.008

Inflammation (yes compared with
no)3

4.1 2.1, 8.1 0.005

Sex (women compared with men) 0.78 0.4, 1.6 0.92
Age (high compared with low)4 3.2 1.6, 6.4 � 0.0001

1 The model included protein-energy wasting as the dependent variable
and all factors significantly associated with the dependent variable in uni-
variate analysis. CVD, cardiovascular disease; DM, diabetes mellitus FBMI,
fat body mass index; LBMI, lean body mass index. r2 � 0.28.

2 Calculated according to Kyle et al (18).
3 Defined as C-reactive protein concentrations 	10 mg/L.
4 Median: 55 y. High, � 55 y; low, � 55 y.
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FIGURE 1. The survival rate of 328 ESRD patients during a 6-y
follow-up with regard to all-cause mortality in relation to BMI and nutritional
status, as assessed by subjective global nutritional assessment. Survival was
determined from the day of examination before the start of renal replacement
therapy, with no loss of follow-up of any patient. Patients were censored at
transplantation or on completion of the study. Top: Kaplan-Meier survival
curves do not show a difference in mortality between the 3 BMI patient
groups. Bottom: The patients were classified into 6 groups according to BMI
and the presence of protein-energy wasting (PEW). Groups 0, 2, and 4 (solid
lines) represent patients with BMI � 20, BMI 20–25, and BMI � 25,
respectively, who had no signs of PEW. Groups 1, 3, and 5 (broken lines)
represent patients with BMI � 20, BMI 20–25, and BMI � 25, respectively,
who had signs of PEW. The Kaplan-Meier survival curves show that, in each
BMI group, the wasted patients had a worse survival rate than did the patients
with no signs of PEW.
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and comorbidity (24). In the present study, inflammation (ele-
vated concentrations of CRP, IL-6, and TNF-�) was more prev-
alent in wasted than in nonwasted patients and was more prom-
inent in patients with BMI � 25 than in patients with BMI � 20.
Because proinflammatory cytokines contribute to anorexia, to
the inhibition of protein synthesis, and to catabolism (23, 25), the
higher IL-6 concentrations in patients with BMI � 25 may con-
tribute to PEW in this group of ESRD patients. Interestingly, in
wasted overweight patients in the present study, the higher con-
centrations of inflammation biomarkers were associated with the
presence of higher fat mass.

In the present study, LBMI in wasted patients with BMI � 25
was similar to LBMI in patients with BMI � 20 and BMI 20–25
(Table 1), although the logistic regression analysis showed that a
low LBMI predicted PEW. The mechanisms behind changes in
LBMI in ESRD patients are complex. In ESRD patients, defi-
cient plasma amino acid and protein pools may contribute to a
negative protein balance as well as influence the concentrations
of hormones and cytokines (26, 27). Aging is also associated with
a low LBM as a consequence of muscle reduction (28). In the
present study, a low LBMI was associated with inflammation and
also with high age, and the results of the present study suggest
that high IL-6 concentrations, concomitant with high fat mass,
are a typical finding in wasted overweight patients (obese sar-
copenia), who tended to be elderly patients with a high preva-
lence of CVD and diabetes mellitus.

PEW is known to be a strong predictor of clinical outcome, and
the mortality of ESRD patients with a low BMI (BMI � 20) who
have a higher prevalence of PEW has repeatedly been reported to
be significantly worse than that of patients with a high BMI. A
high BMI in ESRD patients is therefore thought to have a “pro-
tective” effect (13, 15–17). Although overweight is an indepen-
dent risk factor for mortality in the general population, a high
BMI in ESRD patients seems to contribute to better survival,
presumably because it is associated with better maintained nu-
tritional status. Beddhu et al (13) showed in a large retrospective
study that the appearance of CVD in hemodialysis patients was
associated with higher mortality in “malnourished” patients, de-
fined as a low BMI (�18.5) and low urinary excretion of creat-
inine; however, inflammation was not analyzed. In the present
study, the Kaplan-Meier survival analysis showed that BMI as

such was not associated with mortality (Figure 1, top). However,
when the BMI groups in the present analysis were further strat-
ified by PEW (Figure 1, bottom), the wasted patients had a worse
survival rate in each of the 3 BMI groups. Moreover, the Cox
proportional hazards model showed that, whereas BMI (BMI �
20) did not predict mortality, PEW and low fat mass were inde-
pendent predictors of mortality. Interestingly, overweight (BMI
� 25) as compared with BMI 20–25 was associated with a
survival advantage (Table 4).

Notably, the overweight patients with PEW, ie, patients with
obese sarcopenia, had a higher degree of inflammation, a greater
fat mass, and a lower LBM than did the patients without signs of
PEW. In a previous study, it was suggested that patients with a
high BMI and low muscle mass, estimated by a low urinary
excretion of creatinine, may have a higher FBM, which could
contribute to a higher CVD prevalence and higher mortality (29).
This may suggest that wasted overweight ESRD patients have a
high FBM and a low LBM because of the effects of inflammatory
mediators released from excess fat mass, which may contribute
to poor survival. However, one conclusion from the present study
is that the association of obese sarcopenia with higher mortality
in ESRD patients is due to the sarcopenia component and not to
the increased FBM, even though higher fat mass in these patients
is linked to inflammation. In a recent study in 808 hemodialysis
patients, increased fat mass was found to be associated with
better clinical outcomes (30). Furthermore, Kalantar-Zadeh et al
(31) reported that a low baseline fat percentage was associated
with higher mortality in 535 maintenance hemodialysis patients.
One might speculate that the adipose tissue in ESRD patients is
also a source of antiinflammatory cytokines or other protective
substances that may counterbalance the presumed negative ef-
fects of the higher degree of inflammation in the obese ESRD
patients.

Some limitations of the present study should be noted. First,
the findings are limited to a relatively small number of patients
and thus may not have provided enough statistical power to show
these associations fully. Second, because both body weight and
DXA can be affected by the hydration state, fluid status may have
influenced the estimates of BMI and LBMI. However, in a pre-
vious analysis of serial measurements of multiple-frequency

TABLE 4
Variables associated with high relative risk of mortality [hazard risk ratio (HR)] according to multivariate Cox proportional hazards model1

Variable (reference) HR 95% CI P

Age (high compared with low)2 1.037 1.008, 1.067 0.0113
Sex (men compared with women) 1.330 0.754, 2.346 0.3248
DM (yes compared with no) 2.725 1.628, 4.562 0.0001
CVD (yes compared with no) 2.184 1.313, 3.633 0.0026
Inflammation (yes compared with no)3 0.860 0.514, 1.439 0.5656
PEW� compared with PEW� 1.892 1.091, 3.282 0.0233
BMI (�20 compared with BMI 20–25), kg/m2 1.543 0.740, 3.217 0.2475
BMI (�25 compared with BMI 20–25), kg/m2 0.329 0.156, 0.693 0.0034
FBMI (low tertile compared with others) 2.179 1.058, 4.488 0.0345
LBMI (low tertile compared with others) 1.026 0.588, 1.791 0.9273

1 PEW�, protein-energy wasting defined as subjective global assessment score �1; PEW�, no signs of PEW; DM, diabetes mellitus; CVD, cardiovascular
disease; FBMI, fat body mass index; LBMI, lean body mass index.

2 Median: 55 y. High, � 55 y; low, � 55 y.
3 Defined as C-reactive protein concentrations 	10 mg/L.
4 Calculated according to Kyle et al. (18).
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bioimpedance in peritoneal dialysis patients, the changes in hy-
dration status were not associated with the observed changes over
time (27). Third, because patients aged �70 y were not enrolled
in the study, the results may not reflect the situation in the whole
cohort of ESRD patients starting dialysis therapy. Finally, nutri-
tional status was assessed by SGA, which is a reproducible and
reliable method to distinguish malnutrition (in the present study
referred to as protein-energy wasting) from normal nutritional
status (32, 33); however, it is not an ideal method for grading the
severity of malnutrition (23).

In conclusion, PEW is not uncommon in overweight ESRD
patients and is associated with high FBM and low LBM. This
condition, ie, obese sarcopenia, is associated with inflammation
and with higher mortality; however, the poor prognosis in these
patients appears to be entirely due to the sarcopenia component
and not to the increased FBM, despite the relation of FBM with
higher concentrations of proinflammatory cytokines.
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Effects of dietary calcium intake on body weight and prevalence of
osteoporosis in early postmenopausal women1,2

Massimo Varenna, Lucia Binelli, Silvia Casari, Francesca Zucchi, and Luigi Sinigaglia

ABSTRACT
Background: High calcium intakes seem to be ineffective at reduc-
ing bone loss in early postmenopausal women. However, the inverse
relation between calcium intake and body weight can attenuate the
negative effect of a low dietary calcium intake.
Objective: The objective was to assess the role of dietary calcium
and body mass index (BMI) on osteoporosis, defined according to
World Health Organization criteria as a lumbar bone density �2.5
SD below the T score.
Design: This was a cross-sectional, retrospective, observational
study conducted in 1771 healthy, early postmenopausal women,
who were not taking calcium supplements at the first densitometric
evaluation. Weekly frequency of dairy food consumption was used
to estimate the relative intake of dietary calcium. Total dairy intake
was classified into 4 categories by quartile cutoffs. Multiple logistic
regression analyses were used to study this sample.
Results: BMI and prevalence of overweight showed significant
inverse trends with increasing dairy intake. Calcium intake was not
associated with osteoporosis when overweight was not considered.
However, when overweight was considered in the analysis, women
with the lowest calcium intake were more likely to have osteoporosis
(odds ratio: 1.46; 95% CI: 1.12, 1.89; P � 0.008) than were women
with the highest calcium intake.
Conclusions: In early postmenopausal women, a low dietary cal-
cium intake may increase the risk of osteoporosis, but its negative
effect can be offset by the greater BMI found in women with a low
calcium intake. Am J Clin Nutr 2007;86:639–44.

KEY WORDS Body weight, body mass index, dairy intake,
early menopause, osteoporosis, women

INTRODUCTION

A predominant contributing factor to fracture risk is the sub-
stantial decline in bone mineral density (BMD) that occurs with
age. Many investigations have examined the influence of cal-
cium intake on rates of change in BMD. The positive effect of
calcium in maximizing peak bone mass during childhood and
adolescence (1, 2), in women during early adult life (3), in pre-
venting vertebral bone loss in premenopausal women (4), and in
the late postmenopausal period (5, 6) seems to be well docu-
mented, whereas calcium does not appear to prevent bone loss in
the first years after menopause (7, 8). Many variables could have
influenced the results of studies in early postmenopausal women,
such as the time span of the observation, basal daily calcium

intakes, the source of calcium (dairy products instead of supple-
ments and the type of calcium salts), and the site of BMD mea-
surement; trabecular sites are generally less responsive than are
cortical sites; however, the general view is that the rapid phase of
bone loss in early menopause is due to a loss in the direct action
of estrogens on bone cells and that this phase is not responsive to
higher calcium intakes.

Besides its role as a main component of the inorganic phase of
bone, calcium plays a role as a second messenger in cell signaling
processes and as an activator of intracellular functional proteins
involved in a wide range of cellular activities. In recent years,
several clinical and epidemiologic studies have reported a con-
sistent inverse association between calcium intake and body
weight (9–13). A possible physiologic mechanism explaining
this relation was recently proposed by Zemel et al (14, 15), who
showed that an increase in intracellular calcium concentrations in
human adipocytes after stimulation with parathyroid hormone
(PTH) and 1,25-dihydroxyvitamin D [1,25(OH)2D] is able to
switch lipid metabolism from lipolysis to lipogenesis, which
results in an increase in triacylglycerol storage. Consistently,
1,25(OH)2D, and PTH have been found to be positively associ-
ated with body mass index (BMI) (16–18). Because serum PTH
and 1,25(OH)2D concentrations are regulated by calcium intake,
this metabolic pathway would be responsible for the higher risk
of overweight and obesity in subjects with a low calcium intake
and for the weight loss after increases in dietary calcium intake.
Because body weight affects both bone turnover and BMD
through several mechanisms (19), the purpose of this study was
to assess the role of dietary calcium by its effect on body weight
in influencing BMD values in early postmenopausal women.

SUBJECTS AND METHODS

Study population and instruments

From March 1998 to February 2004, we recruited 1771 sub-
jects from women referred to the open-access bone densitometry
service of our hospital for their first densitometry evaluation.
These women were all within 5 y of spontaneous menopause, as
defined by the last episode of menstrual bleeding. For women

1 From the Department of Rheumatology, Gaetano Pini Institute, Univer-
sity of Milan, Milan, Italy.

2 Address reprint requests to M Varenna, Day Hospital di Reumatologia,
Istituto Gaetano Pini, Via Gaetano Pini, 9, 20122 Milano, Italy. E-mail:
varenna@gpini.it.

Received February 21, 2007.
Accepted for publication April 5, 2007.

639Am J Clin Nutr 2007;86:639–44. Printed in USA. © 2007 American Society for Nutrition



who reported amenorrhea for �12 mo, menopausal status was
confirmed by testing for elevated concentrations of follicle-
stimulating hormone (�50 mIU/mL). Women with early meno-
pause (before the age of 45 y) were excluded because this con-
dition has been shown to be associated with an increased rate of
bone loss (20). Subjects were interviewed by a consultant using
a structured questionnaire, and data were collected directly by
using MEDLOG software (IAC, Mountain View, CA) tailored
for medical data management. The questionnaire covered the
following areas: socioeconomic status, reproductive variables,
medical and drug use history, and lifestyle habits, including
smoking, consumption of alcohol and coffee, and physical ac-
tivity (21). Smoking was categorized as a dichotomous variable:
nonsmokers (never smokers and ex-smokers, such as responders
who stopped smoking �1 y before the study) and current smok-
ers. Spare-time physical activity was assessed by inquiring about
the reported number of 20-min sessions of leisure-time physical
activity per week, and physically active behavior was defined as
participation in �2 sessions/wk. Occupational physical activity
was assessed for employed women and was classified as light
(office clerks and other sedentary jobs) or heavy (manual work).
Fracture incidence after menopause was investigated and con-
firmed, where possible, by medical record. All fracture sites were
considered, but fractures after severe trauma (a fall from a height
or a staircase and traffic accidents) were excluded. Altogether,
88% of self-reported fractures were confirmed by medical
record.

All subjects completed a weekly food-frequency question-
naire, which was used in previous studies (22), to estimate cal-
cium intake. On the basis of tables of nutrient values issued by the
Italian National Institute of Nutrition (23), calcium intakes from
some selected calcium-rich foods (milk and dairy products) were
assessed with a 7-d food-frequency questionnaire. The foods
checked represent the major sources of daily calcium intake in
the Italian diet (24), including milk, aged cheese, soft cheese,
cottage cheese, and yogurt. Portion sizes were quantified by
using means of household measures (slices, cups, and glasses).
To standardize the slice weight, 3 cardboard samples of different
size were used (�100, 50, and 25 g). The number of standardized
servings was assessed, each containing �300 mg Ca (a glass of
milk, a cup of yogurt, �100 g cottage cheese, a 50-g slice of soft
cheese, and a 25-g slice of aged cheese). Women were catego-
rized according to quartiles of weekly servings (�7, 8–11, 12–
15, and �16). Before the hypothesis testing began, we excluded
191 women who had diseases or who were taking drugs able to
influence body weight or known to affect calcium metabolism,
including women reporting a past or current use of calcium and
vitamin D supplements in any form and women who were taking
or had taken hormone replacement therapy. Subjects who re-
ported a transmenopausal change in body weight or who reported
consuming diets that induced a weight change �10% of the
actual weight were excluded as well. The study was approved by
the local Ethics Committee, and informed consent was obtained
from all subjects.

Measures

Study personnel assessed height and body weight using pre-
viously calibrated conventional stadiometers. Body weight was
measured to the nearest 0.1 kg with a calibrated balance beam
scale. Height was measured with a vertical ruler to the nearest 0.5
cm. Subjects were measured while wearing light clothes and no

shoes. BMI was calculated as weight (kg)/height2 (m), and over-
weight was defined as a BMI � 25 on the basis of international
obesity classification (25). BMD measurements were carried out
at the lumbar level (L2–L4) by dual-energy X-ray absorptiometry
(Hologic QDR 4500, Waltham, MA). The CV in our laboratory
is 0.5% in vitro and 1.0% in vivo. Osteopenia and osteoporosis
were defined according to World Health Organization criteria
(26) as a BMD below 0.909 and 0.759 g/cm2, respectively, such
as �1 SD and �2.5 SD below the T score. The methodology used
to identify this value was described elsewhere (27).

Statistical analysis

After testing for normality of the distribution (Shapiro-Wilks
test), the baseline variables were compared between quartile
groups by one-factor ANOVA and by chi-square test for linear
trend when dealing with continuous variables or categorical vari-
ables, respectively. To assess the role of recorded variables on the
risk of being overweight (yes versus no), a stepwise multiple
logistic regression analysis was performed. All the variables that
were statistically significant in a univariate analysis, together
with some basic variables such as age, age at menopause, and
smoking, were considered. In a multivariable analysis, a gener-
alized linear model was used to assess the predictors of BMD. To
identify the factors associated with the probability of having
osteoporosis, further stepwise multiple logistic regression anal-
yses were performed. In the first model, all variables found to be
significantly associated with osteoporosis in a univariate analy-
sis as well as age, age at menopause, smoking, but not the over-
weight variable, were included; the second model included all of
the variables included in the first model with the addition of the
overweight variable.

In both models, the outcome variable was an ordinal multilevel
response (osteoporosis, osteopenia, and normal) and an ordered
logistic regression using the proportional odds model was then
applied. All of the statistical tests were 2-sided at the 5% level and
were performed by using SAS software (release 8.2; SAS Insti-
tute Inc, Cary, NC)

RESULTS

The demographic and clinical findings of the study popula-
tion, by dairy intake quartiles, are shown in Table 1. No differ-
ences in mean age, age at menarche, and menopause were ob-
served between the quartiles. Significant differences were
observed when mean BMIs between the dairy intake quartiles
were compared; significant decreases from the lowest to the
highest quartile and the prevalence of overweight subjects in the
lowest quartile (36.9) was nearly 3 times that in the highest
quartile (13.5). Regarding health practice variables, no differ-
ences were found in the prevalence of current smokers or of high
caffeine intake. No difference was found in occupational phys-
ical activity among the quartiles, whereas the proportion of
women physically active in their leisure-time increased along
with calcium intake. A significant positive trend was found be-
tween lumbar densitometric values and dairy intake, but the
prevalence of osteopenia and osteoporosis as well as the number
of subjects reporting low energy fractures after menopause did
not show statistically significant differences between the quar-
tiles.

The prevalence of overweight was assessed according to dairy
intake quartiles and by BMD level (osteoporosis, osteopenia, or
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normal). Both the calcium intake and the lumbar BMD variables
were found to be statistically and inversely associated with over-
weight status. Within each BMD class, in fact, the proportion of
overweight women increased as dairy intake decreased. This
relation was nearly significant when women with osteoporosis
were considered (P � 0.067) (Table 2). In the logistic regression
analysis on the risk of being overweight (Table 3), spare-time
physical activity and smoking were significant and independent
explanatory variables for overweight. When the highest quartile
of dairy intake was used as a reference category, the 2 lowest
quartiles were significant predictors of overweight; the odds for
individuals in the lowest quartile were 3.7-fold higher than those
in the highest quartile.

A generalized linear model was then applied to identify inde-
pendent predictors of lumbar BMD in our sample (Table 4). In
this model, the level of dairy intake was a significant independent

predictor of BMD together with age, age at menopause, and
overweight, and the strength of the association increased along
with a decreased consumption of dairy products.

In Table 5, results from the multiple logistic regression anal-
yses are reported; in these models the outcome variable was
lumbar BMD (classified as osteoporosis, osteopenia, or normal).
In model 1, the overweight variable was not included: only age
and age at menopause acted as significant predictive factors for
osteoporosis compared with osteopenia or normal, and not the
level of dairy intake. However, when overweight was examined
together with the same variables (model 2), consistent with the
results of the previous model, age and age at menopause were still
significant predictors of osteoporosis compared with osteopenia
or normal; little difference in the estimated odds was found. As

TABLE 1
Demographic and health characteristics of 1771 early postmenopausal women by quartiles of dairy intake

Dairy intake quartile (times/wk)

P1
1, � 7

(n � 467)
2, 8–11

(n � 440)
3, 12–15
(n � 438)

4, � 16
(n � 426)

Age (y) 54.0 � 2.72 54.0 � 2.9 54.0 � 2.8 54.0 � 2.9 0.973
Age at menarche (y) 13.0 � 1.5 12.9 � 1.5 12.8 � 1.6 12.9 � 1.5 0.314
Age at menopause (y) 51.3 � 2.2 51.4 � 2.2 51.3 � 2.1 51.3 � 2.2 0.994
Height (cm) 160.3 � 6.2 159.8 � 5.7 160.3 � 6.4 160.6 � 5.6 0.260
Weight (kg) 62.1 � 9.6 61.0 � 9.1 60.1 � 8.8 60.1 � 9.3 0.005
BMI (kg/m2) 24.1 � 3.4 23.9 � 3.5 23.4 � 3.3 23.2 � 3.4 0.001
Overweight [n (%)]3 155 (36.9) 132 (30.1) 108 (24.5) 63 (13.5) � 0.001
Spare-time physical activity [n (%)]4 61 (14.5) 96 (21.9) 98 (22.3) 151 (32.3) � 0.001
Workers [n (%)]5 149 (35.5) 159 (36.3) 167 (37.9) 173 (37.0) 0.990

Light 116 (68.7) 123 (77.4) 133 (79.6) 134 (77.5)
Heavy 33 (22.1) 36 (22.6) 34 (20.4) 39 (22.5) 0.908

High caffeine intake [n (%)]6 40 (9.6) 34 (7.8) 34 (8.1) 34 (7.5) 0.307
Current smokers [n (%)] 79 (19.0) 79 (18.2) 86 (19.5) 70 (15.0) 0.179
Lumbar bone mineral density (g/cm2) 0.862 � 0.12 0.869 � 0.11 0.872 � 0.11 0.890 � 0.13 0.003

Osteoporosis [n (%)]7 88 (20.9) 79 (18.0) 76 (17.3) 82 (17.6)
Osteopenia [n (%)]8 182 (43.3) 195 (44.5) 180 (40.9) 189 (40.5) 0.369

Patients with postmenopausal fractures [n (%)] 17 (4.0) 12 (2.7) 8 (1.8) 12 (2.6) 0.137

1 One-factor ANOVA or chi-square test for linear trend.
2 x� � SD (all such values).
3 Defined as a BMI � 25.
4 Defined as � 2 sessions/wk.
5 Defined as employed women doing light (office clerks and other sedentary) or heavy (manual) work.
6 Defined as � 4 cups/d; 1 cup � 237 mL.
7 Defined as a BMD � 0.759 g/cm2.
8 Defined as a BMD � 0.759 to � 0.909 g/cm2.

TABLE 2
Overweight distribution by quartiles of dairy intake and classes of bone
mineral density

Dairy intake quintile (times/wk)

P1
1, � 7

(n � 467)
2, 8–11

(n � 440)
3, 12–15
(n � 438)

4, � 16
(n � 426)

n (%)

Osteoporosis 18 (20.4) 16 (20.2) 14 (18.4) 8 (9.8) 0.067
Osteopenia 64 (35.2) 55 (28.2) 41 (22.8) 23 (12.2) � 0.0001
Normal 73 (48.7) 61 (37.2) 53 (28.8) 32 (16.3) � 0.0001

1 Chi-square test for linear trend.

TABLE 3
Adjusted risks of overweight in 1771 early postmenopausal women

Odds
ratio 95% CI P1

Age (1-y increment) 1.064 1.001, 1.132 0.048
Age at menopause (1-y increment) 0.950 0.877, 1.027 0.201
Spare-time physical activity (no vs yes) 1.458 1.100, 1.951 0.010
Smoking (no vs yes) 1.403 1.041, 1.914 0.029
High caffeine intake (�4 vs �4 cups/d) 0.939 0.636, 1.410 0.756
Dairy intake �0.0001

Quartile 1 vs quartile 4 3.717 2.637, 5.238 �0.0001
Quartile 2 vs quartile 4 2.845 2.025, 4.036 0.004
Quartile 3 vs quartile 4 2.070 1.456, 2.967 0.661

1 Stepwise multiple logistic regression.
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expected, the overweight variable was a significant factor (OR:
1.95; 95% CI: 1.57, 2.41; P � 0.0001), and dairy intake was
associated with osteoporosis compared with osteopenia or nor-
mal: women in the lowest quartile of dairy intake had an OR of
having osteoporosis that was 1.46 times that in women in the
highest quartile of dairy intake (OR: 1.46; 95% CI: 1.12, 1.89;
P � 0.008). No differences in risk of osteoporosis were found
between the intermediate quartiles and the highest quartile of
dairy intake.

DISCUSSION

The results of our study suggest that the negative effect of a
low dietary calcium intake on BMD values in the first years after
menopause can be attenuated by a greater BMI found in women
with a low calcium intake. The effect of calcium seems to vary
with years after menopause. There is a general consensus that
dietary calcium moderately reduces the rate of cortical bone loss
in late menopause (5, 6, 28, 29), whereas it seems to be ineffec-
tive in the first years after menopause. In this period, a high
dietary intake or calcium supplementation cannot offset the ef-
fect of estrogen deficiency that is considered the dominant mech-
anism for the accelerated phase of bone loss involving mainly
trabecular bone (30). In these women, the benefits of an increased
calcium intake on vertebral bone loss, if any, seem to be limited
to the first year, but no added effect was seen in subsequent years
(7, 31).

A positive association between bone density and BMI or body
weight has been well documented in many large epidemiologic
studies (32, 33). Bone-protective effects of BMI may increase
weight bearing (34), increase aromatization of androgen to es-
trogen in adipose tissue (35), lower concentrations of sex hor-
mone–binding globulin (36), or directly increase bone formation
induced by high circulating concentrations of insulin (37) and
other hormones secreted by the � cells of the pancreatic islets
(19). More recently, leptin and other hormones secreted by adi-
pose tissue, such as adiponectin, have been investigated as pos-
sible links between adipose tissue and bone metabolism (38).

In recent years, a growing body of observational and clinical
studies supports a role for dietary calcium and dairy foods in
controlling body weight and excess adiposity. Several cross-
sectional and longitudinal investigations have shown an inverse
relation between calcium intake and body weight in children, in
men, and in younger and older women (9–14). The inverse re-
lation between body weight or BMI and the level of calcium
intake (both dietary and from supplements) can also be inferred
from the results of some cross-sectional (39) and longitudinal
(40) studies focused on bone density. Davies et al (41) and
Heaney et al (42) reanalyzed data from 9 studies (3 intervention
and 6 observational studies) originally designed to evaluate the
effect of calcium on a primary skeletal endpoint. These authors
reported a negative association between calcium intake and body
weight, body fat, and weight gain in young, middle-aged, and
older women and calculated that a 300-mg increase in daily
calcium intake was associated with a 3-kg difference in body
weight.

As shown by the logistic regression analysis reported in Table
3, the level of dietary calcium intake had an independent predic-
tive power toward overweight, with estimates quite similar to
those found in the third National Health and Nutrition Examina-
tion Survey (14). The same variable also acted as an independent
predictor of BMD values (Table 4), and women belonging to the
lowest quartile of dietary calcium intake showed a significantly
greater risk of having osteoporosis than did subjects in the high-
est quartile when the overweight variable was entered in the
analysis (Table 5).

Data from the questionnaire used to evaluate dairy food intake
indicated a median value of 12 servings/wk in the whole sample
of 1771 women, which corresponded to 3600 mg Ca/wk. Be-
cause milk and dairy products account for 66–75% of the total

TABLE 4
Predictors of lumbar bone mineral density in 1771 early postmenopausal
women

� Coefficient P1

Age (1-y increment) �0.015 � 0.0001
Age at menopause (1-y increment) 0.013 � 0.0001
Overweight (no vs yes) �0.044 � 0.0001
Spare-time physical activity (no vs yes) �0.008 0.243
Smoking (no vs yes) 0.0004 0.955
High caffeine intake (�4 vs �4 cups/d) 0.013 0.198
Dairy intake � 0.0001

Quartile 1 vs quartile 4 �0.037 � 0.0001
Quartile 2 vs quartile 4 �0.027 0.0006
Quartile 3 vs quartile 4 �0.024 0.0022

1 Generalized linear model.

TABLE 5
Adjusted risks of lumbar bone mineral density (classified as osteoporosis,
osteopenia, or normal) in 1771 early postmenopausal women1

Odds ratio 95% CI P2

Model 1
Age (1-y increment) 1.24 1.18, 1.30 � 0.0001
Age at menopause (1-y increment) 0.83 0.78, 0.89 � 0.0001
Spare-time physical activity (no vs

yes)
1.12 0.91, 1.39 0.288

Smoking (no vs yes) 0.98 0.77, 1.23 0.836
High caffeine intake (�4 vs �4

cups/d)
0.81 0.59, 1.12 0.211

Dairy intake 0.263
Quartile 1 vs quartile 4 1.24 0.96, 1.61
Quartile 2 vs quartile 4 1.11 0.86, 1.42
Quartile 3 vs quartile 4 0.99 0.77, 1.28

Model 23

Age (1-y increment) 1.25 1.19, 1.32 � 0.0001
Age at menopause (1-y increment) 0.83 0.78, 0.88 � 0.0001
Spare-time physical activity (no vs

yes)
1.17 0.94, 1.45 0.152

Smoking (no vs yes) 1.02 0.80, 1.29 0.879
High caffeine intake (�4 vs �4

cups/d)
0.80 0.58, 1.11 0.179

Overweight (no vs yes) 1.95 1.57, 2.41 � 0.0001
Dairy intake 0.022

Quartile 1 vs quartile 4 1.46 1.12, 1.89 0.008
Quartile 2 vs quartile 4 1.24 0.96, 1.59 0.525
Quartile 3 vs quartile 4 1.06 0.82, 1.37 0.195

1 Osteoporosis is defined as lumbar bone mineral density with a T score
� 2.5.

2 Stepwise multiple logistic regression.
3 All the variables considered in model 1 and overweight were entered.
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daily calcium intake in postmenopausal women living in north-
ern Italy (24, 43), the mean daily calcium intake was estimated to
be between 642 and 689 mg/d after correction for the percentages
of extra-dairy calcium sources. These values are consistent with
those identified in more accurate studies performed with the use
of validated instruments (44, 45) and found in large epidemio-
logic studies of postmenopausal Italian women (46).

Even if the results of the generalized linear model shown in
Table 4 were more consistent with a dose-response or linear
effect of dietary calcium on BMD values, in the logistic analysis
given in Table 5 only the lowest quartile of dairy intake showed
a greater and significant risk of osteoporosis compared with the
highest quartile. This result supports a threshold effect of calcium
on bone mass, so that only intakes below a certain level would be
expected to have a negative effect on bone metabolism (47, 48).
Women in the lowest quartile can probably be identified with
those with a daily calcium intake �400 mg, such as women who
lose bone mass from the spine at a greater rate (5).

The possibility that different sources of calcium will have
different effects remains to be determined. It has been suggested
that the beneficial role of dietary calcium on both bone metabo-
lism and body weight is markedly greater for dairy than for
nondairy sources or calcium supplements. Because a decrease in
PTH and 1,25(OH) 2D concentrations is not influenced by cal-
cium source, it has been hypothesized that other bioactive dairy
substances could play a functional role in bone remodeling and in
body weight regulation. Milk whey proteins seem to decrease the
rate of lumbar bone resorption in menopausal women, indepen-
dently of calcium intake (49). With regard to fat tissue metabo-
lism, a greater reduction in BMI has been reported when calcium
is derived from dairy products rather than from supplements (13).
Several metabolic mechanisms have been proposed to account
for this difference. Milk contains conjugated linoleic acid, which
has been shown to reduce body weight and adiposity in mice (50).
In addition, inhibitors of angiotensin I–converting enzyme that
are recognized to be present in whey proteins (51) may inhibit
angiotensin II stimulation of adipocyte lipogenesis (52). Last,
calcium itself and dairy proteins impair fat absorption, which
increases fecal fat excretion and thereby reduces calorie intake
and body weight (53).

Our study has some weaknesses. The main limitation is related
to its retrospective and observational nature. Measurement of
dietary calcium intake at a single time point may not reflect
long-term exposure. On the contrary, if we assume that our sam-
ple had consolidated dietary habits, we cannot rule out the pos-
sibility that differences in dietary calcium intake from childhood
to menopause account for BMD values in postmenopausal years.
Similarly, even if we had excluded women who reported greater
body weight changes, transmenopausal weight gain may have
biased our results. Furthermore, nutritional studies showed that
dairy consumption is associated with many other nutrients (54),
and, in general, with healthier eating habits and perhaps healthier
lifestyle habits, for example a greater level of physical activity
(11), as we found in our sample in which the proportion of women
physically active increased from the lowest to the highest quartile
of dairy intake (Table 1).

In conclusion, our data suggest that, in a healthy sample of
early postmenopausal women, a low dietary calcium intake may
increase the risk of osteoporosis, but its negative effect can be
offset by the greater BMI found in women with usual low dietary
calcium intakes. Because the aim in these women is to prevent,

rather than to treat, osteoporosis and safer alternatives to estro-
gens need to be sought, an adequate understanding of the role of
potentially modifiable lifestyle factors such as nutrition must be
addressed further. Because accumulating data support a benefi-
cial role for dietary calcium in preventing not only osteoporosis,
but also other diseases such as obesity, hypertension, and colon
cancer, a relatively simple dietary modification at the population
level could play an important role in reducing morbidity and
mortality in postmenopausal women.
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Safety of vitamin D3 in adults with multiple sclerosis1–3

Samantha M Kimball, Melanie R Ursell, Paul O’Connor, and Reinhold Vieth

ABSTRACT
Background: Vitamin D3 may have therapeutic potential in several
diseases, including multiple sclerosis. High doses of vitamin D3 may
be required for therapeutic efficacy, and yet tolerability—in the
present context, defined as the serum concentration of 25-
hydroxyvitamin D [25(OH)D] that does not cause hypercalcemia—
remains poorly characterized.
Objective: The objective of the study was to characterize the cal-
cemic response to specific serum 25(OH)D concentrations.
Design: In a 28-wk protocol, 12 patients in an active phase of
multiple sclerosis were given 1200 mg elemental Ca/d along with
progressively increasing doses of vitamin D3: from 700 to 7000
�g/wk (from 28 000 to 280 000 IU/wk).
Results: Mean (� SD) serum concentrations of 25(OH)D initially
were 78 � 35 nmol/L and rose to 386 � 157 nmol/L (P � 0.001).
Serum calcium concentrations and the urinary ratio of calcium to
creatinine neither increased in mean values nor exceeded reference
values for any participant (2.1–2.6 mmol/L and �1.0, respectively).
Liver enzymes, serum creatinine, electrolytes, serum protein, and
parathyroid hormone did not change according to Bonferroni
repeated-measures statistics, although parathyroid hormone did de-
cline significantly according to the paired t test. Disease progression
and activity were not affected, but the number of gadolinium-
enhancing lesions per patient (assessed with a nuclear magnetic
brain scan) decreased from the initial mean of 1.75 to the end-of-
study mean of 0.83 (P � 0.03).
Conclusions: Patients’ serum 25(OH)D concentrations reached
twice the top of the physiologic range without eliciting hypercalce-
mia or hypercalciuria. The data support the feasibility of pharmaco-
logic doses of vitamin D3 for clinical research, and they provide
objective evidence that vitamin D intake beyond the current upper
limit is safe by a large margin. Am J Clin Nutr 2007;86:645–51.

KEY WORDS Vitamin D, safety, 25-hydroxyvitamin D,
25(OH)D, multiple sclerosis

INTRODUCTION

The safety of vitamin D remains contentious, especially in the
United Kingdom, where the guidance level (the publicly stated
safe limit) is exceptionally conservative at 25 �g/d (1000 IU/d)
(1, 2). In Canada and the United States, the upper limit of intake
(UL) for vitamin D is 50 �g/d (2000 IU/d) (3). These values were
obtained by determining an intake that functioned as the no-
observable-adverse-effects-level (NOAEL) and then adjusting
this level downward by dividing the NOAEL by an uncertainty
factor (UF) (4). Evidence from studies conducted since the es-
tablishment of the UL value suggests that it is much too low.

Intakes of 100 �g/d (4000 IU/d) (5) and 250 �g/d (10 000 IU/d)
(6) have been shown to be safe. In fact, fracture prevention
studies suggest that the desirable serum 25-hydroxyvitamin D
[25(OH)D] concentration exceeds 75 nmol/L (7–9). To attain
and sustain these concentrations throughout the year, many
adults require vitamin D intakes of �20–25 �g/d (800–1000
IU/d) (10, 11).

There is much interest in the role of vitamin D3 in many aspects
of health and disease. The rationale for vitamin D3 treatment in
multiple sclerosis (MS) is that metabolites of vitamin D3 function
as paracrine immune modulators (12), decreasing the prolifera-
tion of proinflammatory T lymphocytes and decreasing the pro-
duction of cytokines, both of which contribute to the pathogen-
esis of MS (13–15). In experimental allergic encephalomyelitis
(EAE), the mouse model of MS, treatment with 1,25-
dihydroxyvitamin D3 [1,25(OH)2D3] (the active form of vitamin
D) prevented EAE in asymptomatic mice and lessened the se-
verity of disease in mice with active EAE (16–18). In patients
with congestive heart failure, vitamin D3 treatment (50 �g/d or
2000 IU/d) affected cytokine profiles (19) in a way that would be
desirable for patients with MS. The seasonal fluctuation in the
number of gadolinium-enhancing lesions determined by mag-
netic resonance imaging (MRI) tend to be fewest at the times
when serum 25(OH)D concentrations are highest (20, 21). Taken
together, the data suggest that vitamin D3 may play a role in the
regulation of clinical disease activity.

The therapeutic use of pharmacologic doses of vitamin D3 for
MS or for any other disease requires tolerability studies, but they
remain lacking (2, 22–24). To this end, we conducted a phase I
trial to characterize the tolerability of the serum 25(OH)D con-
centrations achieved through administration of pharmacologic
doses of vitamin D3 to patients with MS.

The primary purpose of this study was to show the tolerability
of high serum concentrations of 25(OH)D for future efficacy
studies of vitamin D treatment in MS. The known toxicity of
vitamin D relates solely to calcium metabolism. As a group,
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patients with MS do not have a primary abnormality in bone and
mineral homeostasis.

SUBJECTS AND METHODS

Subjects

Between December 2003 and January 2005, we enrolled 12
patients with clinically definite relapsing remitting (RR) MS or
secondary progressive (SP) MS as determined by the criteria of
McDonald et al (25). All subjects were patients at the MS Clinic
at St Michael’s Hospital (Toronto, Canada). Inclusion criteria
included Expanded Disability Status Scale (EDSS) scores of 0 to
7 and �1 gadolinium-enhancing lesion found by MRI of the
brain. Subjects were allowed to continue using 1 of the 4 MS
disease-modifying drugs (Avonex; Biogen Idec, Cambridge,
MA; Rebif; Serono, Rockland, MA; Betaseron; Berlex,
Montville, NJ; or Copaxone; Teva, North Wales, PA) if already
receiving this therapy. Exclusion criteria included a history of
renal stones or dysfunction, cardiac disease, and comorbid gran-
ulomatous disease (including sarcoidosis, tuberculosis, silicosis,
chronic or active fungal infections, or lymphoma).

Written informed consent was obtained from each subject.
The St Michael’s Hospital Research Ethics Board approved this
study.

Outcome measures

Once screened for the presence on MRI of a gadolinium-
enhancing lesion, patients with positive scans underwent base-
line neurologic examination with EDSS scoring (a measure of
disability in MS in which 8 functional systems are scored) and
ambulation index [(AI) a 25-foot timed walk and measure of
disability in MS] scoring. We screened 24 subjects to identify 12
patients with active disease. These tests, including MRI, were
repeated at trial completion.

Serum biochemical analysis was conducted at screening and at
each study visit for the following: calcium, 25(OH)D, parathy-
roid hormone (PTH), and renal function (creatinine). As an ad-
junct to safety testing, we periodically measured electrolytes and
liver function enzymes [ie, amylase, alanine transaminase
(ALT), aspartate transaminase (AST), and alkaline phosphatase
(ALP)]. For every urine test, one random urine sample was ob-
tained the evening before, and another was obtained the morning
of each study visit. Ratios of calcium to creatinine (Ca:Cr) were
calculated on the basis of molar concentrations of calcium and
creatinine. The average of each pair of ratios is presented in the
Results section.

We measured PTH by using the Immulite 2000 analyzer
(DPC, Los Angeles, CA). A radioimmunoassay kit (DiaSorin,
Stillwater, MN) was used to measure serum 25(OH)D concen-
trations. Other serum and urine biochemical analysis were mea-
sured on the Synchron LX-20 analyzer (Beckman, Fullerton,
CA) in the clinical laboratory at St Michael’s Hospital.

Toxicity of vitamin D3 manifests as hypercalcemia or hyper-
calcuria and can be detected by monitoring urine and serum
calcium concentrations. For the present study, toxicity of vitamin
D3 was defined as the presence of hypercalcemia; ie, serum total
calcium �2.75 mmol/L on one occasion, and a molar Ca:Cr
urinary concentration �1.0 on more than one occasion. Nuclear
MRI scans of the brain were quantified by using tools embedded

in MAGICWEB MRI software (Siemens Medical Solutions,
Malvern, PA).

Interventions

Vitamin D3 supplementation, begun at 700 �g/wk (28 000
IU/wk) and escalating to 7000 �g/wk (280 000 IU/wk), was
given according to the schedule shown in Table 1. Vitamin D3

doses were given as a once-weekly oral dose in ethanol solution
added to a drink (26, 27). Participants were given a supply of
1200 mg powdered Ca/d to be taken orally throughout the study.

Vitamin D3 supplementation was started after 2 wk of supple-
mentation with calcium alone. The first dose, 700 �g/wk, was
given for only 2 wk to rule out hypersensitivity to vitamin D3; all
subsequent doses were given for 6 wk before the dose was in-
creased.

Materials

US Pharmacopoeia (USP)–grade vitamin D3 (cholecalciferol)
was purchased in crystalline form from Sigma (St Louis) and
dissolved in USP-grade ethanol. Ultraviolet absorption spectra
obtained on a diode array spectrophotometer (Hewlett-Packard,
Palo Alto, CA) were used for the measurement of the molar
concentration of vitamin D3 (which was made by using an ex-
tinction coefficient of 18 300 AU � mol�1 � L�1) as described
previously (28). Quality-control testing of each vitamin D3 batch
was performed before administration and again on study com-
pletion. Vitamin D3 doses were prepared as one concentration of
700 �g/mL (28 000 IU/mL) to be taken once a week. At higher
doses, participants took multiple-milliliter doses of 700 �g vi-
tamin D3/mL (eg, participants took 4-mL doses of 700 �g vita-
min D3/mL 1 time/wk). The ultraviolet absorptivity at 265 nm
was 31.7 AU/cm path length. Tricalcium phosphate powder
(Rhodia, Cranbury, NJ) was provided for subjects to mix with
food or a beverage; this yielded 1200 mg elemental Ca/d.

Statistical analysis

We used SPSS software (version 12.0; SPSS Inc, Chicago, IL)
for statistical analysis and graphic presentation of results. De-
scriptive statistics, paired t testing, and Wilcoxon’s sign-ranked
comparisons were used to analyze the results. For repeated mea-
surements [eg, serum 25(OH)D at baseline compared with that at
visits 1–7], paired t testing was used in conjunction with Holm’s

TABLE 1
Vitamin D3 dose-escalation schedule

Study visit1 Stage of the study

Supplementation

Vitamin D3

Calcium (mg/d)�g/wk IU/wk

1 1–2 wk 0 0 1200
2 3–4 wk 700 28 000 1200
3 5–10 wk 1400 56 000 1200
4 11–16 wk 2800 112 000 1200
5 17–22 wk 5600 224 000 1200
6 23–28 wk 7000 280 000 1200
72 �3 mo later — — —

1 Each study visit occurred on the first day of the week.
2 Vitamin D3 and calcium supplementation were discontinued after 28

wk.
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adjusted Bonferroni for significance testing. Mean � SD values
are given.

RESULTS

The demographic characteristics of the patients in this study at
baseline are shown in Table 2. Baseline and end-of-study mean
serum 25(OH)D, calcium, PTH, and creatinine concentrations
and urinary Ca:Cr are shown in Table 3. Paired t testing at every
follow-up time point indicated no significant change in serum
calcium concentrations from pretreatment values during the
28-wk protocol of escalating doses of vitamin D3. None of the
patients developed hypercalcemia. Serum calcium concentra-
tions remained within the reference range (2.1–2.6 mmol/L).
Likewise there was no significant change in urinary Ca:Cr.
The urinary Ca:Cr did not exceed 1.0 for any participant over
the course of the dose-escalation schedule (Figure 1). In one
subject, the urinary Ca:Cr reached 1.0 on 2 separate occasions,
at baseline and again at the final visit. In both instances, the
patient was brought back a week later to repeat the urinary
Ca:Cr measurement; both times, the high ratio had resolved.
Serum 25(OH)D concentrations were significantly increased
from the mean baseline values of 78.2 � 35.3 nmol/L to
385.5 � 157.0 nmol/L at trial completion (P � 0.001)
(Figure 2). PTH concentrations at trial completion were
lower than those at baseline (Figure 3), but the difference
was not statistically significant according to the statistical
method appropriate for post hoc comparisons among repeated
measures. As should be expected, baseline and final PTH
values were significantly different according to the paired t
test (P � 0.02). Serum creatinine concentrations, a reflection

of kidney function, remained stable and within the reference
ranges throughout the trial in all participants.

Serum protein, electrolytes, urea, and liver function enzymes
were also measured (See Table S1 under “Supplemental data” in
the current online issue at www.ajcn.org). All remained within
clinical reference ranges, and there were no significant differ-
ences by paired t test between baseline values and values after the
last dose of vitamin D3 (7000 �g/wk or 280 000 IU/wk).

No adverse clinical effects were seen in any patient throughout
the 28-wk trial. MRI studies of the brain with and without gad-
olinium contrast were obtained for each participant at the begin-
ning and end of the study to ensure that the pharmacologic doses
of vitamin D3 together with calcium did not result in measurable
changes consistent with a worsening of disease activity in the
form of new or enlarged gadolinium-enhancing lesions (See Ta-
ble S2 under “Supplementary data” in the current online issue at
www.ajcn.org). At baseline, each MRI scan showed �1
gadolinium-enhancing lesion as an inclusion criterion (median:
1; range: 1–6). The median number of gadolinium-enhancing
MRI lesions, new and enlarged, remained unchanged after 28 wk
of therapy (median: 1; range: 0–2). In 4 patients with
gandolinium-enhancing lesions at baseline, these had resolved
entirely by study completion. The remaining 8 patients had
gadolinium-enhancing lesions on MRI, but the number of lesions
per patient had declined. The mean number of gadolinium-
enhancing lesions in the 12 study subjects was significantly
lower at trial completion (0.83 � 0.72) than at baseline (1.75 �
1.42) (P � 0.03, Wilcoxon’s signed-ranks test).

Relapse activity was monitored for the 12 mo before enroll-
ment, during the 28-wk trial period, and for up to 4 mo after study
completion (See Table S2 under “Supplemental data” in the
current online issue at www.ajcn.org). Eight patients experi-
enced a total of 11 relapses in the year before the beginning of the
trial. Five participants experienced a total of 9 relapses during the
28-wk study period; 4 of those 9 relapses occurred in 1 patient.
Relapses were treated as deemed appropriate by the neurologist.
In one case, pulse steroid therapy was used. Seven participants
did not experience any relapse events during the study period or
follow-up (total, 10 mo). There was no statistically significant
difference between annualized relapse rates at baseline and com-
pletion of the study.

Disease progression was monitored through measurements of
the EDSS and AI at baseline and study completion (See Table S2
under “Supplemental data” in the current online issue at www.

TABLE 2
Demographic characteristics of subjects at study enrollment1

Male
(n � 5)

Female
(n � 7)

Overall
(n � 12)

Mean age (y) 38.0 � 6.02 39.3 � 10.2 38.8 � 8.4
Mean EDSS 4.3 � 2.7 3.7 � 2.2 4.0 � 2.3
RRMS (n) 4 3 7
SPMS (n) 1 4 5
DMD (n) 2 3 5

1 EDSS, expanded disability status scale; RRMS, relapsing remitting
multiple sclerosis; SPMS, secondary progressive multiple sclerosis; DMD,
disease-modifying drug.

2 x� � SD (all such values).

TABLE 3
Effect of the full protocol of vitamin D3 supplementation on biochemical measures: comparison of baseline values and values after a 28-wk vitamin D3

treatment (100–1000 �g/d)1

Subjects
Serum

25(OH)D
Serum

calcium
Urinary calcium:

creatinine PTH Creatinine

n nmol/L mmol/L pmol/L �mol/L

Baseline 12 78.2 � 35.3a,2 2.36 � 0.09a 0.42 � 0.31a 2.75 � 1.54a 69.08 � 22.75a

Trial completion 12 385.5 � 157.0b 2.23 � 0.43a 0.47 � 0.28a 1.81 � 1.15a 70.42 � 15.23a

Reference values3 �250 2.1–2.6 �1.0 1.3–5.4 50–110

1 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone. Values in a column with different superscript letters are significantly different, P � 0.001
(paired t test with Holm’s adjusted Bonferroni correction).

2 x� � SD (all such values).
3 The normal distribution as obtained in the clinical laboratory at St Michael’s Hospital (Toronto, Canada).
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ajcn.org). EDSS remained unchanged for 4 patients. There were
no significant changes in either EDSS or AI.

DISCUSSION

The present protocol was designed to test the tolerability of the
specific 25(OH)D concentrations attained—and not the long-
term effects of the vitamin D3 doses used. Even though vitamin

D per se is cleared from the circulation within 2 or 3 d, its effect
on serum 25(OH)D concentration exhibits a half-life that is on
the order of 2 mo, which makes the complete attainment of a
plateau in the 25(OH)D concentration impractical for a study of
this nature (29, 30).

Concerns about the safety of vitamin D and calcium have been
raised recently, because the Women’s Health Initiative study
showed a 17% greater hazard ratio for kidney stones in women
randomly assigned to receive calcium and vitamin D than in
those receiving placebo (31). The dose of vitamin D used for that
trial was 10 �g/d (400 IU/d), which was too small to produce a
convincing change in serum 25(OH)D. Furthermore, the mean
background intake of calcium in that study was 1100 mg/d, onto
which the intervention added 1200 mg Ca/d. In the Women’s
Health Initiative study, the increase in risk of kidney stones was
attributable to calcium intakes near the UL of 2500 mg/d, and not
to the vitamin D. In fact, across more modest calcium intakes,
calcium and vitamin D are associated with a lower risk of kidney
stone formation (32).

The circulating 25(OH)D concentrations that have convinc-
ingly manifested toxicity as hypercalcemia and increased urinary
calcium exceed 700 nmol/L (33–35). For the patients in the
present study who have MS and no underlying disorder of bone
and mineral metabolism, serum 25(OH)D concentrations aver-
aged 386 nmol/L, and there was no detrimental sign of calcium
metabolism. Although it is well known that vitamin D increases

0.00

0.20

0.40

0.60

0.80

1.00

e
ni

nitaer
c:

m
uicla

c
yra

nir
U

2.0

2.1

2.2

2.3

2.4

2.5

2.6

L/l
o

m
m(

muiclac
m

ure
S

Vitamin D3 dose schedule (µg/wk)

FIGURE 1. Serum and urinary calcium concentrations in response to
supplementation with oral vitamin D3. Boxes represent the range of the
central 50% of the sample population, the whiskers show the highest and
lowest values, and the bold line indicates the median value. E, outliers. The
calcium measurement represents the calcium concentrations after a 2-wk
supplementation with calcium (1200 mg/d) alone. Vitamin D3 supplemen-
tation was taken for 6 wk at each dose after the first dose; that dose, 700 �g/wk
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cally significant effects were detected between time points. There was no
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baseline, P � 0.001.
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the intestinal absorption of calcium, that effect is subject to phys-
iologic regulation (36). Once the 25(OH)D concentration ex-
ceeds 80 nmol/L, higher concentrations have no further effect on
intestinal calcium absorption (11). In adults, calcium balance is
essentially neutral; therefore, urinary calcium excretion approx-
imates the net calcium absorption from the gut. The steady values
for urinary calcium shown in Figure 1 are consistent with the
findings of Heaney et al (36) that calcium absorption attains a
plateau once the circulating 25(OH)D concentrations exceed
80 nmol/L.

It has been postulated for some time that vitamin D3 supple-
mentation could benefit patients with MS and, potentially, a
variety of autoimmune diseases (37). Goldberg et al (38) treated
10 MS patients with 125 �g (5000 IU) vitamin D3/d in the form
of cod liver oil. They found a significant decrease in the number
of relapses. Others assessed the effects of 25 �g (1000 IU) vita-
min D3/d on the cytokine profiles in patients with MS and found
higher concentrations of antiinflammatory tumor growth factor
�1 with lower concentrations of inflammatory interleukin-2
(39). Use of 2.5 �g/d of the hormone calcitriol [1,25(OH)2D] for
48 wk produced an outcome similar to that found by Goldberg et
al—a 27% lower incidence of relapse rates during the study
period (40). A key limitation in the design of all these studies is
that the doses of vitamin D3 were chosen arbitrarily. The ratio-
nale for the use of vitamin D3 is to increase the concentration of
25(OH)D, which serves as the substrate for extrarenal, autocrine
production of 1,25(OH)2D without affecting the plasma
1,25(OH)2D concentration. In fact, a previous clinical trial (27)
and studies in rats (41), both by our group, found that vitamin D

supplementation tended to lower the serum 1,25(OH)2D concen-
tration. We did not measure 1,25(OH)2D in the present study
because the focus was on parameters of clinical tolerability.

As a Phase I trial, this study was not powered to detect changes
in clinical outcomes in the patients. The evidence for tolerability
to high intakes of vitamin D3 is not relevant to MS patients only.
Clinical testing of the subjects in the present study found no
statistically significant increase in annualized relapse rate, dis-
ability score, or ambulatory index. We also established that high
intakes of vitamin D3 do not lead to an increase in gadolinium-
enhancing lesions on MRI brain studies. In fact, the overall num-
ber of lesions per patient decreased significantly from baseline to
the end of the trial. In the context of MS, the requirement of an
active lesion at baseline for inclusion in this study could in part
explain the reduction in the number of gadolinium-enhancing
lesions on MRI and the lack of worsening of the relapse rate (not
an inclusion criterion). Regression to the mean, because of the
inclusion criteria, could account for the desirable clinical change
during the study. EDSS scores would not naturally change over
the course of a short-term study such as this; noise is the best
explanation for all of the changes (either worsening or improve-
ment) in EDSS that were seen.

Our rationale for studying higher doses of vitamin D3 is to
improve the paracrine production of 1,25(OH)2D. The mecha-
nisms by which 25(OH)D could affect brain and immune func-
tion have been shown in laboratory studies. 25-hydroxyvitamin
D-1-�-hydroxylase has been found in the cerebrospinal fluid
(42). The activity of extrarenal 1-�-hydroxylase follows first-
order reaction kinetics in vivo, so that a greater supply of sub-
strate should increase the production of 1,25(OH)2D (43). Vita-
min D receptor (VDR) has been found in the central nervous
system (44, 45). 1,25(OH)2D stimulates the production of neu-
rotrophins (46) and suppresses neurotoxicity (47). Therefore, an
adequate supply of substrate for paracrine production and the use
of 1,25(OH)2D in the central nervous system may improve im-
mune regulation in an autoimmune disease such as MS.

The present findings should facilitate other investigations with
higher doses of vitamin D3. Furthermore, the present data justify
a revision of the UL, or the guidance level for vitamin D (2).
There is no evidence that adults with MS are different from
healthy adults with respect to their tolerance of vitamin D; their
disease is due to an inflammatory response. Serum 25(OH)D
concentrations represent the combined contributions of cutane-
ous synthesis and oral ingestion of dietary sources of vitamin D.
Within 15 min of full-body exposure at midday during the sum-
mer, white adults can produce vitamin D equivalent to an intake
of 250 �g (10 000 IU) (30). A recent publication provided no
evidence of toxicity resulting from such intakes (48), nor has a
serum 25(OH)D concentration that is toxic been determined,
although it is believed to be in excess of 250 nmol/L. It is there-
fore reasonable to expect that oral intakes of vitamin D3 that
produce serum concentrations of 25(OH)D such as those
achieved with sun exposure will not cause hypercalcemia or
hypercalciuria. That is what we have shown in this small popu-
lation of patients whose 25(OH)D concentration at baseline al-
ready was relatively high. Our objective was not to determine the
long-term safety of the vitamin D3 doses per se but to assess the
safety of the resulting serum 25(OH)D concentrations. Longer
treatment with 7000 �g/wk (280 000 IU/wk) will produce higher
concentrations of 25(OH)D than were observed here. If we apply
the estimate of Heaney et al (6) that a 1-�g/d increase in intake
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the sample population, the whiskers show the highest and lowest values, and
the bold line indicates the median value. E, outliers. The calcium measure-
ment represents the corresponding PTH concentration after a 2-wk supple-
mentation with calcium (1200 mg/d) alone. Vitamin D3 supplementation was
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raises 25(OH)D by 0.7 nmol/L, then the average final increase in
25(OH)D observed here—ie, 308 nmol/L—represents a plateau
25(OH)D concentration equivalent to that resulting from the
long-term intake of 440 �g (17 600 IU) vitamin D3/d.

In summary, we have shown that serum concentrations of
25(OH)D in the range of 400 nmol/L can be attained without
causing hypercalcemia or hypercalcuria, and they do not cause
adverse clinical or paraclinical effects. These findings are en-
couraging for larger-scale clinical trials in MS and in other med-
ical conditions that may respond to vitamin D. The widespread
use of vitamin D supplements [25 �g (1000 IU)/d] has been
advised as a simple way to improve many aspects of public health
(7, 10). Because the guidance level for vitamin D in the United
Kingdom remains at 25 �g/d (1000 IU/d), the British public may
not be able to benefit from that advice. The present study pro-
vides an objective confirmation that the recent proposal by
Hathcock et al is appropriate—ie, a UL of 250 �g/d (10 000
IU/d) for vitamin D intake can be justified (48).
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Genetic and environmental determination of tracking in
subcutaneous fat distribution during adolescence1�3

Maarten W Peeters, Gaston P Beunen, Hermine H Maes, Ruth JF Loos, Albrecht L Claessens, Robert Vlietinck, and
Martine A Thomis

ABSTRACT
Background: The distribution of fat and adipose tissue is an im-
portant predictor of disease risk. Variation in fat distribution during
adolescence is correlated with fat distribution in adulthood.
Objective: The objective was to gain insight into the relative con-
tribution of genes and environment to the stability of subcutaneous
fat distribution from early adolescence into young adulthood.
Design: Ratio of trunk to extremity skinfold thickness (TER) data
from the Leuven Longitudinal Twin Study (n � 105 Belgian twin
pairs followed from 10 to 18 y of age) was entered into a longitudinal
path analysis.
Results: The best-fitting model included additive genetic sources of
variance and nonshared environment. Heritabilities ranged between
84.3% (95% CI: 63.9–92.3%) and 88.6% (95% CI: 76.5–94.1%) in
boys and between 78.4% (95% CI: 59.3–88.3%) and 88.3% (95%
CI: 77.0–93.8%) in girls. The majority of the phenotypic tracking
(boys: 0.40–0.78; girls: 0.38–0.72) could be attributed to the
moderate-to-high genetic correlations (rG) (between 0.27–0.84 and
0.38–0.80 for the various age intervals in boys and girls, respec-
tively). This rG could be attributed to both genetic sources of vari-
ance, which are the same throughout adolescence, as well as genetic
sources of variance that are “switched-on” at a certain age, the effect
of which is then transmitted to subsequent observations. Environ-
mental correlations (rE) in boys ranged between 0.51 and 0.70 but
contributed relatively little to phenotypic tracking because the
amount of variance explained by the environment was low (11.4–
15.7%). In girls rE was low to moderate at best (0.09–0.48).
Conclusion: Phenotypic tracking in subcutaneous fat distribution
during adolescence is predominantly explained by additive genetic
sources of variance. Am J Clin Nutr 2007;86:652–60.

KEY WORDS Heritability, stability, subcutaneous adipose
tissue distribution, growth, twins

INTRODUCTION

In addition to the degree of overall fatness the distribution of
fat and adipose tissue is an important predictor of disease risk (1).
Three types of fat distribution are generally distinguished: excess
subcutaneous truncal abdominal fat (android obesity), excess
abdominal visceral fat, and excess gluteofemoral fat (gynoid
obesity). These 3 types of fat distribution have been anatomically
identified and are differentially associated with health risks (1).
Android obesity is associated with cardiovascular risk factors
and disease in adults and with cardiovascular risk factors in

children and adolescents (2–5). Rice et al (6) found that among
several indicators of body fat and fat distribution upper-body fat
had the strongest genetic correlation with blood pressure, partic-
ularly for the ratio of trunk to extremity skinfold thickness (TER)
with diastolic blood pressure.

Obese and overweight children and adolescents have consid-
erable higher risks of becoming obese or overweight adults (7–
9). The stability of fat distribution from childhood to adolescence
and into adulthood has been less studied (10, 11). For Canadian
males and females aged 7–69 y the 7-y stability coefficients for
the TER ranged from 0.23 to 0.73. Furthermore, the average
percentage of participants remaining in the upper TER quintiles
ranged from 29% to 50% in males and from 29% to 80% in
females (10). In the Québec Family Study tracking coefficients
of the TER, adjusted for the sum of 6 measurements of skinfold
thickness, from childhood and adolescence into adulthood (12-y
follow-up, starting at ages between 8 and 18 y) were 0.41 and
0.47 for boys and girls, respectively (11). These tracking coef-
ficients are the outcome of underlying genetic and environmental
determinants.

In a recent review Katzmarzyk and Bouchard (12) concluded
that the TER is under genetic control (transmission of 40–50%
and heritabilities between 25% and 50%), with higher heritabil-
ities (40–50%) when total body fat was taken into account.
Beunen et al (13) showed that for Belgian twins from the Leuven
Longitudinal Twin Study (LLTS) from 10 to 14 y of age, the
heritability for TER was 85% (95% CI: 79–89%). The remaining
variance was explained by unique environmental factors with no
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evidence for a common environmental factor. Results from a few
studies even suggest the influence of major genes on regional fat
distribution (12), and in the human obesity gene map (14) genetic
association is reported between the ADRA2A gene (10q24–q26)
and TER (15, 16), as well as modest linkage with the GYPA gene
(4q31.1) (17) and the D7S495 marker (7q34) (18).

Until now it has, to our knowledge, never been investigated
whether the tracking or stability during adolescence is caused by
genetic or environmental factors or both. Therefore, the main
research question of the present study is whether the stability
(tracking) of fat distribution during adolescence as measured by
TER is caused by a stable environment, by the same genes af-
fecting the fat distribution over that period, or by a combination
of both.

SUBJECTS AND METHODS

Sample

Participants are from the LLTS (19). All twins in the LLTS
belong to the East Flanders Prospective Twin Survey (EFPTS)
(20). The twins (n � 105 pairs, equally divided among 5 zygosity
groups, see “Zygosity”), first participated in the testing program
at 10 y of age and were followed at semiannual intervals between
10 and 16 y of age and again at 18 y of age. For the present
analyses data from observations at 10, 12, 14, 16, and 18 y of age
were included. This selection was made to cover the whole ad-
olescent age span and yet not to include too many parameters to
be estimated with the relatively modest sample size. All twins
were informed about the study, its longitudinal character, and the
tests and measurements that were to be taken, after which the
parents gave written informed consent for their children’s par-
ticipation. Furthermore, the children gave their assent. The
project was approved by the Ethics Committee of the Faculty of
Kinesiology and Rehabilitation Sciences of the Katholieke Uni-
versiteit Leuven and approved by the Belgian Fund for Medical
Research.

Zygosity

In each twin of the EFPTS fetal membranes were examined
and placental morphometry was performed. Placental alkaline
phosphates were assayed by electrophoresis, and umbilical cord
blood was used to determine the ABO, Rh, MNs, Duffy, and Kell
blood groups by routine methods. DNA restriction fragment
polymorphisms were also studied. Zygosity was determined
through sequential analysis (20). Twins of opposite sex were
classified as dizygotic opposite-sex (DZO) twins. Same-sexed
dichorionic (DC) twins with at least one different marker were
classified as dizygotic (DZ) twins. Monochorionic twins were
classified as monozygotic (MZ) twins. The probability of
monozygosity based on the genetic markers was calculated for all
same-sexed DC twins with identical genetic markers. All DC
twins of the same sex and same markers, reaching a probability
of monozygosity of �0.90, were classified as MZ. The remain-
ing DZ twins in the EFPTS were classified as “unknown” zy-
gosity and are excluded from this study (LLTS).

Measurements

Four measurements of skinfold thickness were included in the
analyses: 2 on the extremities (triceps and medial calf) and 2 on
the trunk (suprailiac and subscapular). These measurements

were all taken on the left side of the body with a Harpenden
skinfold caliper (Baty Int, West Sussex, United Kingdom) and
followed the procedures as described by Claessens et al (21). The
4 measurements of skinfold thickness were used to calculate the
TER as follows: TER � (subscapular � suprailiac)/(triceps �
medial calf). This ratio was logarithmically transformed to im-
prove normality of the input data for further analyses.

Statistical analysis

Although some evidence suggests that adiposity and fat dis-
tribution are related to biological maturation (22, 23), the TERs
in our data were not aligned on age at peak height velocity
because the correlations between the TER values at different ages
and age at peak height velocity were nonsignificant at most ages
and did not exceed r � �0.28 in boys and r � �0.20 in girls.
Sex-specific interage correlations (Pearson) were calculated as
an index of tracking or stability.

To determine the relative contributions of genetic and envi-
ronmental factors to the variation in TER and to simultaneously
allow for tracking and thus for covariation between the consec-
utive measurements, longitudinal path models were fitted to the
data (24, 25). First, the assumptions for these models were tested,
including tests for normality (Shapiro-Wilk test), and for differ-
ences between means (t test) and variances (F test) in birth order
and zygosity. MX (Medical College of Virginia, Richmond,VA),
a structural equation modeling package, was used to compute the
goodness of fit and maximum likelihood estimates for the path
coefficients (26). The log-transformed raw data were used as input,
allowing a maximal use of the available data in MX.

In structural equation modeling, the structural linear equations
can be visually represented in path diagrams (Figure 1). In these
diagrams the latent variables are enclosed in circles and the
observed variables (TER values) in squares. In the classic twin
study, with data of MZ and DZ twins reared together, the latent
variables can be additive (A) genetic, dominant (D) genetic,
unique (ie, nonshared) environmental (E), and common (ie,
shared) environmental (C) factors. These unmeasured, latent fac-
tors are the causes of the variation in and covariation between the
consecutive observed variables (ie, TER). The causal paths be-
tween the latent and observed variables are specified and de-
picted as single-headed arrows. The correlation paths between
the latent variables are depicted by 2-headed arrows. Because
MZ twins are genetically identical, the correlation between the A
factors equals 1.00. The correlation between their D factors also
equals 1.00. For DZ twins the corresponding values are 0.50 for
A and 0.25 for D. In addition, the correlation between the C
factors is by definition 1.00 both for MZ and DZ twins, because
the C factor represents shared environment. There is no correla-
tion between the E factors. In the classic twin study, with the use of
data of MZ and DZ twins reared together, models that include both
C and D sources of variation are not identified such that the presence
of C and D factors cannot be tested in the same model (25).

In the longitudinal models tested in the present analysis the
respective sources of variance (A, C, D, and E) are further di-
vided into “common” sources of variance (eg, Ac, Cc, Dc, and
Ec), “innovation” sources of variance (eg, Ai, Ci, Di, and Ei),
“transmission” sources of variance (eg, At, Ct, Dt, and Et), and
“residual” sources of variance (eg, Ar, Cr, Dr, and Er). Ac rep-
resents additive genetic sources of variance common to all mea-
surement occasions and hence represents a group of genes that
causes variation at all measurement occasions and can account
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for covariation and therefore stability over time. Innovation
sources of variance are, in the case of genes (Ai), a group of genes
that switches on at a certain measurement occasion and hence can
cause discontinuity or instability with previous and subsequent
measurement occasions. If innovation sources of variance are
combined with transmission sources of variance (eg, At), how-
ever, together they can also cause correlations (and hence track-
ing) with subsequent measurement occasions (but not with pre-
vious measurement occasions). More details about the model-
fitting procedures can be found in Appendix A.

The percentages of variance in TER values explained by the
different latent variables were calculated from the parameter
estimates of the best-fitting and most parsimonious model. The
95% maximum likelihood CIs of these percentages were also
estimated (27). The phenotypic correlations (tracking) recovered
under the best-fitting model were decomposed into their genetic
(rG) and environmental (rE) correlations (28).

RESULTS

The average TER values are given in Figure 2. For girls,
average values increase almost linearly from 0.59 (�SD: 0.13) at

10 y to 0.84 (�0.23) at 18 y of age. In boys in contrast, average
TER values are almost constant from 10 (0.61 � 0.13) to 12 y
(0.59 � 0.13) with a pronounced increase to 1.19 (�0.28) at 18 y
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FIGURE 1. Visual representation of the full nonscalar model for additive genetic (A) and unique environmental (E) factors with 61 estimated path
coefficients (1–60, �). Latent (unmeasured) variables are enclosed in circles. Observed variables are enclosed in squares. Single-headed arrows represent causal
paths. Double-headed arrows represent correlational paths. � � 1.0 or 0.5 in monozygotic (MZ) and dizygotic (DZ) same-sexed twins, respectively. � �
estimated freely between 0 and 0.5 in DZ opposite-sex twins to allow nonscalar sex differences, which is also why the model is referred to as nonscalar. T1,1–5

indicates variance of the ratio of trunk to extremity skinfold thicknesses (TER) of twin 1 at measurement occasions 1–5; T2,1–5, variance of TER of twin 2 at
measurement occasions 1–5; A1–A5, additive genetic innovation factor (innovation paths 1–5 and 21–25, and transmission paths 6–9 and 26–29); Ac, common
additive genetic factor, allowing for covariation between measurement occasions (common paths 41–45 and 51–55); Ec, common unique environmental paths
allowing for covariation between measurement occasions (common paths 46–50 and 56–60); Ar, residual additive genetic factor (paths 10 and 30); Er, residual
additive genetic factor (paths 20 and 40). Note that the figure represents a DZ opposite-sex twin pair with different path coefficients for each member of the
twin pair. In the classic twin study with MZ and DZ twins reared together, this model can also include shared environmental factors (C) or dominant genetic
sources of variance (D), yielding a total of 91 estimated path coefficients.

FIGURE 2. Ratio of trunk to extremity skinfold thicknesses (TER) of
Belgian twins in the Leuven Longitudinal Twin Study. Error bars represent
�1 SD. Overall age effects, sex effects, and age � sex interaction effects are
significant (P � 0.05). The * indicates post hoc age-specific sex effects
significant at P � 0.05. n � 210, 206, 204, 182, and 184 persons at ages 10,
12,14,16, and 18 y, respectively. At 10 y of age TER values of drop outs did
not differ significantly from those of twins continuing their participation in
the study (P � 0.05, t test).
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of age. Values differ significantly (P � 0.05) at 12 (TER for girls
greater than TER for boys), 16, and 18 y of age, with boys having
a higher TER than girls at the latter 2 measurement occasions.

With the exception of the distribution for boys at 16 y of age,
all log-transformed TER distributions were normally distributed
(P � 0.10, Shapiro-Wilk). In same-sexed twins no differences in

means and variances were found for birth order or zygosity cat-
egories (except for mean TER differences of MZ and DZ twins
in boys at 10 y of age and in girls at 10 and 18 y of age between
MZ and DZ; P � 0.05). For this longitudinal analysis it was
deemed that the basic assumptions for structural equation mod-
eling were sufficiently met.

Tracking coefficients (Pearson interage correlations) for 2-y
periods varied between r � 0.65 and r � 0.78 in boys and
between r � 0.52 and r � 0.72 in girls (Table 1). With increasing
intervals (4, 6, and 8 y) correlations tended to be lower, but no
clear simplex structure was present. The intrapair twin correla-
tions at the different ages varied between r � 0.79 and r � 0.89
for MZ boys, between r � 0.82 and r � 0.91 for MZ girls,
between r � 0.30 and r � 0.60 for DZ boys, between r � 0.49 and
r � 0.66 for DZ girls, and between r � 0.13 and r � 0.47 for the
DZO twins. These intrapair correlations indicate a strong genetic
effect, possible sex specificity, and the possibility of a C effect.

The best-fitting and most parsimonious model is represented
in Figure 3. This is the model that explains the covariance
between subsequent measurement occasions in both boys and
girls with the fewest number of parameters without significantly
worsening the fit of the model. Parameter estimates could not
be constrained to be equal in boys and girls (for details, see

TABLE 1
Interage correlations (tracking coefficients) for ratio of trunk to extremity
skinfold thicknesses in boys (above diagonal) and girls (below diagonal)
in the Leuven Longitudinal Twin Study1

Age (y)

10 12 14 16 18

Age (y)
10 / 0.75 0.40 0.40 0.59
12 0.52 / 0.65 0.52 0.62
14 0.52 0.65 / 0.78 0.61
16 0.51 0.56 0.65 / 0.78
18 0.55 0.38 0.52 0.72 /

1 Pearson correlations; n � 105, 102, 102, 94, and 93 boys at the ages 10,
12, 14, 16, and 18 y, respectively; n � 105, 104, 102, 88, and 91 girls at the
respective ages.
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FIGURE 3. Visual representation of the specific scalar-AitcrEic model. Best-fitting and most parsimonious model with 50 estimated path coefficients.
Latent (unmeasured) variables are enclosed in circles. Observed variables are enclosed in squares. Single-headed arrows represent causal paths. Double-headed
arrows represent correlational paths. Aitcr indicates additive genetic sources of variance (A) including innovation (i), transmission (t), common (c), and residual
(r) paths; Eic, unique environmental sources of variance including i and c paths; � � 1.0 or 0.5 in monozygotic (MZ) and dizygotic (DZ) twins, respectively;
T1,1–5, variance of the ratio of trunk to extremity skinfold thicknesses (TER) of twin 1 at measurement occasions 1–5; T2,1–5, variance of TER of twin 2 at
measurement occasions 1–5; A1–A5, additive genetic innovation factor; Ac, common additive genetic factor; Ec, common unique environmental paths; Ar,
residual additive genetic factor (equated over all measurement occasions).
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Appendix A and Table A1). Only A and E factors were required
to explain the variation in TER values at the different ages.
Moreover, At paths were present, and also Ai paths at each age
and an Ar path, constrained to be equal across ages, were retained
in this model. Finally, an Ac factor completed the genetic part of
the model. Besides age-specific Ei factors, only an Ec (to all ages)
factor was incorporated in the model. In Figure 4 the contribu-
tions to the explained variance in the TER values of each of these
factors are given. Total heritabilities, including Ai, At, Ar, and
Ac, varied between h2 � 0.84 (95% CI: 0.64–0.92) and h2 � 0.89
(95% CI: 0.77–0.94) in boys and between h2 � 0.78 (95% CI:
0.59–0.88) and h2 � 0.88 (95% CI: 0.77–0.93) in girls. In boys,
the genetic innovation paths explained between 12% and 43% of
the total variance. It should be noted that the Ai at 10 y of age
includes an unknown amount of At variance from previous un-
measured occasions. The At variance explained between 14%
and 66%. The variance explained by the Ac factors varied be-
tween 0.04% and 42%. The Ar variance was estimated to be 0.
There were no clear age trends in these different genetic factors.
The proportion of the variance explained by Ec and Ei factors
ranged between 6% and 12% and between 3% and 7%, respec-
tively. In girls, the relative contributions of the different genetic

factors included Ai paths, ranging from 14% to 61%, again in-
cluding an unknown amount of transmitted variance from pre-
vious (unmeasured) ages at age 10 y, At paths, ranging from 18%
to 49%, and Ac factors, ranging from 8% to 52%. The Ec and Ei
factors ranged between 1% and 17% and between 4% and 14%,
respectively, with low contributions for the Ec factor for girls
aged 12–18 y.

The genetic and environmental correlations recovered under
the best-fitting model are represented in Table 2. rG results from
both At and Ac factors, whereas rE is solely based on a unique
environmental source of variance shared by all measurement
occasions (Ec). rG is moderate to high in both boys (0.37–0.84)
and girls (0.37–0.80). rE is also moderate to high in boys (0.51–
0.70) but low to moderate at best in girls (0.09–0.48).

DISCUSSION

This longitudinal study of 105 twin pairs who were followed
between 10 and 18 y of age, over the entire adolescent growth
period, shows that phenotypic tracking in the TER values is to a
large extent explained by genetic sources of variation. These
genetic sources include both sets of genes that are the same for
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Aitcr-Eic model for boys (A) and girls (B). Ai indicates additive genetic innovation variance; Ac, common additive genetic variance; Ar, additive genetic
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each measurement occasion (Ac) and sets of genes that are ac-
tivated at a specific measurement occasion (Ai), the effects of
which are subsequently (in part) transmitted to all subsequent
observations (At). The modest contribution of environmental
factors to the tracking in TER is limited to environmental factors
that are the same for each measurement occasion (Ec). In both
boys and girls, the heritabilities are high (�78%) with rather
small 95% CIs, which however overlap between sexes and mea-
surement occasions. No Et or C (familial) factors are identified in
the most parsimonious model.

The growth curve for TER values corresponds quite closely to
the curve reported by Malina and Bouchard (29) for the ratio
between measurements of 5 trunk (pectoral, subscapular, mid-
axillary, paraumbilical, and suprailliac) and 5 extremity (triceps,
biceps, forearm, medial thigh, and medial calf) skinfold thick-
nesses. The steep increase between 12 and 18 y of age in boys
marks the typical male adipose tissue distribution. It starts from
around the onset of the growth spurt in height and tapers off in
approaching adulthood.

The heritabilities found for this sample of Belgian twins are
rather high compared with what is reported in the literature (12).
Estimates in the latter report vary between 	30% and 50%. But
in most of the studies TER values are adjusted for total fat mass
or body mass index. It can be questioned whether this adjustment
is the most appropriate procedure to deal with the association
between adipose tissue distribution and fat mass. In a previous
analysis based on the same sample of twins, Beunen et al (13)
showed that there is good evidence that skinfold thicknesses at
different sites of the body are under control of the same set of
genes with an additional extremity skinfold genetic factor. Katz-
marzyk and Bouchard (12) also report a maximal heritability of
h2 � 0.68 for abdominal adipose tissue assessed by computed
tomography and of h2 � 0.42 after adjustment for fat mass. The
unadjusted heritability corresponds more closely to the values
reported herein. Note also that in the LLTS a sample of adoles-
cents is investigated and age-specific heritabilities are estimated,
whereas in most other studies adult samples are considered with
a wide age range, which is adjusted for in the analyses. As
indicated earlier, genetic pleiotropy for body fat phenotypes was
shown with data from the Quebec family study (30) and the LLTS
(13). Furthermore Rice et al (6) found that among several indi-
cators of body fat and fat distribution upper-body fat (TER) had
the strongest genetic correlation with blood pressure, particularly
diastolic blood pressure.

Because heritabilities are high, the environmental sources of
variance (Ei and Ec) only explain a small amount of variance in

both boys and girls (between 11% and 22%; Figure 4) with no
evidence for transmission. The most parsimonious model did not
include a C (familial) effect. The absence of a C effect, which
may include growing up in the same household with similar
nutritional habits, may seem surprising. However, these effects
can only be identified if the effect is rather large or if the sample
size is large to identify small effects. Statistical power to detect
these effects is, however, increased in multivariate analyses of
correlated variables (31), of which the longitudinal study is a
special case. Simulations with the current sample size and inter-
age correlations show a statistical power of 	65% to detect a
shared environmental variation that explains 30% of the total
variation. If smaller Ec effects are present and go undetected
because of insufficient power, this will result in a somewhat
lesser fit of the model (albeit not significant) and an overestima-
tion of the total heritability because variance shared by both
members will be included in the additive genetic variance rather
than the unique environmental variance.

The TER tracking coefficients over a period of 6 or 8 y (r �
0.40–0.62 in boys and r � 0.38–0.51 in girls; Table 1) are
generally somewhat higher than the 7-y interage correlations
reported by Katzmarzyk et al (10) for 9–10-y-old Canadians.
This discrepancy might be attributed to the adjustment for body
mass index in the Canadian data. An advantage of the longitu-
dinal analysis on genetically related persons as presented in the
present study is that the phenotypic tracking (interage correla-
tions) can be decomposed into its genetic (rG) and its environ-
mental (rE) parts (Table 2). According to the criteria proposed by
Malina (32), environmental interage correlations in boys are
moderate to high for all 2-, 4-, 6- and 8-y time intervals, suggest-
ing rather stable unique environmental influences on TER during
adolescence in boys. In girls, however, these environmental cor-
relations are low to moderate at best, suggesting that their unique
environmental influences are less stable during adolescence as is
also evidenced by the somewhat larger relative contribution
(compared with boys) of time-specific Ei variance, which is not
correlated between measurement occasions (Figure 4). One may
speculate on the nature of this latent time-specific Ei variance in
terms of a culturally inspired preoccupation with weight and
nutrition in girls; however, no data on food intake are available in
the LLTS data to support this suggestion. Because the total vari-
ance explained by unique environmental sources of variance is
rather small (compared with the heritabilities), the contribution
of the environmental correlations to the total phenotypic corre-
lations is rather small, even in boys. The genetic correlations

TABLE 2
Genetic correlations (rG, above diagonal) and environmental correlations (rE, below diagonal) based on the best-fitting model1

Boys (age in y) Girls (age in y)

10 12 14 16 18 10 12 14 16 18

Age (y)
10 1.0 0.76 0.40 0.27 0.51 1.0 0.65 0.62 0.47 0.38
12 0.70 1.0 0.70 0.51 0.69 0.48 1.0 0.70 0.66 0.53
14 0.63 0.56 1.0 0.77 0.68 0.24 0.14 1.0 0.75 0.61
16 0.70 0.62 0.56 1.0 0.84 0.29 0.17 0.09 1.0 0.80
18 0.64 0.57 0.51 0.58 1.0 0.33 0.20 0.10 0.12 1.0

1 Note that rG is the result of both common additive genetic covariation (Ac) and additive genetic transmission (At). Pearson correlations; n � 105, 102,
102, 94, and 93 boys at the ages 10, 12, 14, 16, and 18 y, respectively; n � 105, 104, 102, 88, and 91 girls at the respective ages. Diagonal is made by 1.0 values.
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under the best-fitting model (Table 2, above diagonal) are mod-
erate to high in both boys and girls for all lengths of age intervals.
In combination with the high heritabilities, these results suggest
that stable genetic influences are the main cause of the pheno-
typic tracking in TER during adolescence. This biological sta-
bility arises from 2 different sources of genetic variance, Ac and
At, neither of which could be dropped from the full model with-
out significantly worsening the fit (Table A1, Appendix A).
Thus, the present data suggest that there is a set of genes which
plays a role in explaining variation at all ages between 10 and 18 y
(Ac) and that there are sets of genes that are possibly switched on
at a certain age (Ai), potentially causing discontinuity from pre-
vious measurement occasions but the effects of which are sub-
sequently (in part) transmitted (At) to the following occasions
and hence also contribute to the tracking of the TER during
adolescence. These results therefore suggest that the subcutane-
ous fat distribution with its potential associated negative health
outcomes in adulthood is relatively stable from early adolescence
into young adulthood and that this stability is mainly due to a
person’s genetic makeup.

In summary, distribution of trunk to extremity adipose tissue
is under strong genetic control (�75%) in adolescent boys and
girls, and the tracking in TER during the adolescent period is
principally caused by genetic sources of variation. In males there
is also a modest contribution of stable environmental causes of
variance to the phenotypic stability in TER during adolescence.
There is no evidence for a common environmental effect on the
interindividual variation in TER and no indication for significant
transmission of environmental factors.
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APPENDIX A

Description of the models and model-fitting procedures

Longitudinal path models were fitted to the data by following
a strictly predetermined strategy. The full model (Figure 1) al-
lows for tracking and hence stability by combining an indepen-
dent pathway (IP) model (25) and a (quasi) simplex structure
(24). The IP structure, represented in the lower part of Figure 1
(ie, Ac and Ec), explains covariation by a single set of genes (Ac)
which causes variation in the trait at each age without imposing
a specific structure on the correlation matrix because the mag-
nitude of these sources of variance (Ac, Ec, Cc, or Dc) may differ
for each time point. The simplex model imposes a stricter pattern
on the correlational structure which cannot be modeled by an IP
structure. It implies that the further 2 measurement occasions are
separated in time, the lower the correlations (tracking) will be. It
includes both innovation (sources of variance; eg, Ai) and trans-
mission paths (eg, At). The innovation models a new set of genes
which starts causing variation at a specific age, thus causing some
instability (lowering the tracking) with the previous measure-
ments. However, the variation of the innovation may then sub-
sequently be, totally or in part, transmitted to the next measure-
ment occasion through the transmission paths which cause the
tracking in the trait over time. The higher the amount of trans-
mitted variance from one occasion to the next, the higher the
interage correlations are and, hence, the higher the stability or
tracking of the TER. Residual, time-specific variance is modeled
in the full models as well (time-specific sources of variation Ar,
Er, Cr, or Dr). These sources of variation need to be constrained
to be equal across time to be distinguishable from the innovation
sources of variance.

In the present analyses, the fit of all tested models is compared
with that of the saturated model which imposes no specific struc-
ture on the data and provides a baseline fit. The fit of these models
is evaluated by the likelihood ratio test and a parsimony-based
index: Akaike’s information criterion [AIC � (diff. �2lnL) �
(2diff.df), where diff. �2lnL is the difference in the �2 times
log likelihoods between the tested and the saturated model,
and diff.df is the difference in the df of the 2 models]. AIC
favors a simpler model that has fewer estimated parameters
and hence more df and a lower value of AIC over a more
complex model.

The strategy used in model fitting and dropping of the param-
eters was as follows. First, a set of nonscalar (NS) sex-limitation
models, which are the most general type of sex-limitation mod-
els, was tested to determine what combination of general sources
of variance (A, E, C, D) were needed to explain variation in TER.
Subsequently, nested models of the favored NS model, including
the appropriate general sources of variance (eg, C and E), were

tested to determine, if present, the nature of sex differences [NS,
specific scalar (SS), or general scalar (GS), and models without
sex-specific parameter estimates].

The NS sex-limitation models allow nonidentical sets of genes
(A differs between sexes; Figure 1: � � 0.5 in DZO twins) to
cause variation in TER values in boys and girls. In this model the
C and E factors are assumed to be the same for both sexes, but
their magnitude may differ. This allows the absolute and relative
contributions of A, E, and C or D to differ between sexes. In the
SS sex-limitation models, it is assumed that the same set of genes
influences the trait in both sexes. The magnitude of the effects of
A, E, and C or D, however, does not have to be the same across
both sexes. In the general scalar models all parameters are set
equal across sexes. Only a general scalar difference is allowed to
accommodate a difference in total variance between both sexes.
In the most stringent models, all parameters are constrained to be
equal across sexes (25). Subsequently, from the model that included
the appropriate general sources of variance and the favored type of
sex differences, the sources of variation needed to explain the co-
variation (eg, At or Et, Ac or Ec) between the subsequent observa-
tions were tested. Note that when transmission paths are dropped
from the model, the residual paths (eg, Ar) become redundant and
hence are dropped as well because the innovation paths then strictly
become time-specific residual paths, only contributing to the vari-
ation at one measurement occasion and not to the covariation be-
tween successive measurement occasions.

Model-fitting results

The results of the model fitting are shown in Table A1. The fit
of all tested models was significantly worse than the fit of the
saturated model (P � 0.05) in which no structure is imposed on
the data. This is probably due to the relatively small sample size
and the multivariate structure of the data. On the basis of likeli-
hood ratio test both C and D could be dropped from the NS-ACE
and NS-ADE models, respectively. Furthermore, there was no
evidence for a NS sex effect because the genetic correlation
between DZO twins could be constrained to 0.5 in the SS-AE
model. However, constraining all parameters for boys and girls
to be equal significantly worsened the fit (AE model) even when
differences in total variance between boys and girls at each time
point were allowed (GS-AE model). This implies that, although
the same genes and environmental factors cause variation in TER
in boys and girls, their absolute and relative contribution to this
variation differs significantly between sexes. In the last step the
importance of different sources of covariation (transmission
compared with common paths) were tested for A and E, respec-
tively. Only Et and Er variance could be dropped from the full
SS-AE model without significantly worsening the fit leading to
the selection of the SSAitrc-Eic model (Figure 3) as the best-
fitting and most parsimonious model.
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TABLE A1
Overview of tested models and their fit indexes1

Models Parameters2
Difference df

NS-ACE
Difference �2Lnl

NS-ACE P (LRT)
AIC relative to
saturated model

NS-ACE 141 NA NA �67.377
NS-ADE 141 NA NA �46.050
NS-AE 111 30 34.842 0.25 �92.535
SS-CE 110 31 70.680 �0.05 �58.697
SS-E 80 61 287.353 �0.05 97.976
SS-AE 110 31 34.842 0.29 �94.535
GS-AE 85 26 98.676 �0.05 �80.701
AE3 80 61 100.947 �0.05 �88.430
SS-AitrEitcr 100 41 62.941 �0.05 �86.436
SS-AitcrEitr 100 41 56.062 0.06 �93.315
SS-AitrEitr 90 51 75.047 �0.05 �94.330
SS-AicEitcr 100 41 91.646 �0.05 �57.731
SS-AitcrEic 100 41 38.991 0.56 �110.386
SS-AicEic 90 51 107.113 �0.05 �62.264

1 Note that all models tested fitted the data significantly worse than did the saturated model (P � 0.05). All models include i, innovation; c, common; t,
transmission; and r, residual paths for every source of variation [additive genetic (A), dominant genetic (D), unique environmental (E), and common
environmental (C)] included in the model, unless stated otherwise (eg, SS-AitrEitr does not include Ac or Ec). Also note that NS-CE and NS-E models are not
applicable because no genetic correlation is present in these models; thus, they are SS-CE and SS-E models. �2LnL, �2 times the log likelihood; LRT,
likelihood-ratio test; AIC, Akaike’s information criterion; NS, nonscalar model; SS, specific scalar model; GS, general scalar model.

2 Number includes 50 means (10 per zygosity group) that were estimated in the raw data approach in MX (Medical College of Virginia, Richmond, VA).
Thus, the actual number of free parameters can be found by substracting 50 from these numbers.

3 Model with all paths constrained to be equal across sexes.
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Nitrosative stress predicts the presence and severity of nonalcoholic
fatty liver at different stages of the development of insulin resistance
and metabolic syndrome: possible role of vitamin A intake1–3

Giovanni Musso, Roberto Gambino, Franco De Michieli, Giampaolo Biroli, Alberto Premoli, Gianfranco Pagano,
Simona Bo, Marilena Durazzo, and Maurizio Cassader

ABSTRACT
Background: Although nonalcoholic fatty liver disease (NAFLD)
is associated with the metabolic syndrome, the mechanisms respon-
sible for the development of NAFLD at different stages of the de-
velopment of insulin resistance are unknown. Diet, adipokines, and
nitrosative stress have been linked to both NAFLD and insulin re-
sistance.
Objective: We aimed to identify the factors that are specifically
associated with NAFLD at different stages in the development of
insulin resistance and the metabolic syndrome.
Design: Circulating concentrations of adipokines (ie, tumor necro-
sis factor-�, adiponectin, resistin, leptin, and interleukin-6), markers
of nitrosative stress (nitrotyrosine), dietary habits, and MTP
�493G/T polymorphism were cross-sectionally related to the pres-
ence and severity of insulin resistance (homeostasis model assess-
ment index for insulin resistance: �2), the metabolic syndrome, and
fatty liver in 64 nonobese nondiabetic patients with NAFLD (33
insulin-sensitive and 31 insulin-resistant subjects) and 74 control
subjects without liver disease who were matched for sex, BMI,
homeostasis model assessment index for insulin resistance status,
and the various features of the metabolic syndrome.
Results: Persons with NAFLD had greater systemic nitrosative
stress and a lower intake of vitamins A and E than did control
subjects, but the 2 groups did not differ significantly in any other
features. Nitrotyrosine and adiponectin concentrations and vitamin
A intakes independently predicted alanine aminotransferase concen-
trations in NAFLD patients and liver histology in a subgroup of 29
subjects with biopsy-proven nonalcoholic steatohepatitis.
Conclusions: Oxidative stress is operating in NAFLD and nonal-
coholic steatohepatitis, even in the absence of insulin resistance, the
metabolic syndrome, and hypoadiponectinemia, which aggravate
liver histology at more severe stages of metabolic disease. The pos-
sible pathogenetic role of reduced vitamin A intake in NAFLD
warrants further investigation. Am J Clin Nutr 2007;86:661–71.

KEY WORDS Retinoid, microsomal triacylglycerol transfer
protein, MTP polymorphism, nitrotyrosine, adipokines

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon chronic liver disease, with a prevalence of 20% among
Western adult population (1). Approximately 20% of patients
with NAFLD will develop nonalcoholic steatohepatitis (NASH),

which may progress to cirrhosis and hepatocellular carcinoma.
NAFLD is associated with the metabolic syndrome, and it is
present in lean glucose-tolerant subjects as well as in obese di-
abetic subjects (2). Nevertheless, this association is not univer-
sal: several studies show that only 30–55% of diabetic and 30–
40% of obese subjects have NAFLD and that not every patient
with fatty liver is insulin resistant (IR) (1, 3, 4).

Factors responsible for NAFLD at different stages of the de-
velopment of insulin resistance and the metabolic syndrome are
poorly understood. Most studies compared NAFLD patients with
insulin-sensitive (IS) healthy control subjects. Because adipo-
kines and oxidative balance are altered in NAFLD as well as in
the metabolic syndrome (5), their specific role in the pathogen-
esis of liver disease would be better elucidated by comparing
NAFLD patients with control subjects matched for the severity of
insulin resistance, metabolic syndrome, and adipose tissue ac-
cumulation (1). Furthermore, the selection of nonobese nondia-
betic subjects would be useful, because different mechanisms
may intervene as the metabolic syndrome and hepatic disease
progress, and the adipokines that are altered in overt obesity,
diabetes, and cirrhosis may differ from those triggering the whole
metabolic and inflammatory cascade.

Dietaryfactorsmayalsopredisposeapersontodevelopfatty liver
independently of the factors’ effects on body fat and insulin resis-
tance. Retinol deficiency, in particular, has been experimentally
linked to steatohepatitis and hepatocellular carcinoma (6, 7).

Among genetic factors, a functional polymorphism of micro-
somal triacylglycerol transfer protein (MTP) gene has been
linked to NAFLD, but the interaction of MTP polymorphism
with acquired factors in the pathogenesis of liver disease is un-
known (8). Identification of the factor or factors specifically
responsible for the development of NAFLD would help us to
understand its pathogenesis and ascertain the individual risk for
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liver disease and would allow individualized therapeutic inter-
ventions.

The aims of the study were to investigate MTP �493G/T
polymorphism, dietary habits, adipokines, and markers of nitro-
sative stress in nonobese nondiabetic patients with NAFLD and
in nonobese nondiabetic subjects without liver disease who had
varied severities of insulin resistance and metabolic syndrome
and to assess the combined effect of genetic and metabolic fac-
tors on the development and severity of liver disease in NAFLD
patients.

SUBJECTS AND METHODS

Subjects

On the basis of available data (8–11), we considered 0.05 to be
a type I error and 0.20 to be a type II error: �60 subjects with
NAFLD and �30 subjects per arm were needed to detect a
significant between-group difference in plasma nitrotyrosine,
adipokines, metabolic syndrome, dietary intake of antioxidant
vitamins, and �493G/T MTP polymorphism.

Insulin resistance was estimated by using the homeostasis
model assessment index for insulin resistance (HOMA-IR),
which was closely correlated with clamp measures in nondia-
betic subjects in a large Italian cohort study (12). A HOMA-IR
cutoff �2 was chosen [defining as IR those subjects with a
HOMA-IR �2], because it predicted insulin resistance in an
Italian population (12). This cutoff also identified subjects with
a significantly increased risk of cardiovascular disease (CVD) in
previous studies (13–15).

For the abovementioned reasons, we excluded obese subjects
[obesity was defined by a body mass index (BMI; in kg/m2) �30
for males and �28 for females, based on the sex-related differ-
ences in total body fat (16)] and diabetic subjects [diabetes was
defined as a fasting plasma glucose �126 or �200 mg/dL after
2 h on a standard oral-glucose-tolerance test (OGTT)]. NAFLD
was defined as a persistent (for �6 mo) elevation in aminotrans-
ferases, ultrasonographic presence of bright liver without any
other liver or biliary tract disease, and a daily alcohol consump-
tion � 20 g/d in men and � 10g/d in women (1), as assessed by
a detailed questioning of patients and relatives and daily com-
pletion of a validated questionnaire for 1 wk by the patients.
Exclusion criteria for other causes of fatty liver were positive
markers of viral, autoimmune, or celiac disease; abnormal cop-
per metabolism, serum concentrations of �1-antitripsin, or thy-
roid function tests; or exposure to occupational hepatotoxins or
to drugs known to be steatogenic or to affect glucose or lipid
metabolism. Mutations in the hemochromatosis HFE and TRF2
genes were detected in patients and control subjects by using a
single, multiplex amplification reaction and previously made,
ready-to-use test strips (Nuclear Laser Medicine, Milan, Italy).
Twenty-nine NAFLD patients (14 IS and 15 IR patients) under-
went a biopsy of liver tissue the results of which were compatible
with a diagnosis of NASH (steatosis involving �5% of hepato-
cytes, lobular inflammation, and zone 3 ballooning degenera-
tion), as blindly assessed by a single pathologist (ED) using the
score proposed by Brunt (17). Liver iron concentration was mea-
sured in 2 mg dry-weight tissue by using atomic absorption
spectroscopy, and the hepatic iron index (HII) was calculated by
dividing the liver iron concentration (�mol/g) by age (y).

The �493G/T MTP gene polymorphism was also assessed by
using polymerase chain reaction–restriction fragment length
polymorphism in a 2-step nested polymerase chain reaction. To
further rule out subclinical liver disease in control group, an
alcohol intake �20 g/d in men and �10 g/d in women and normal
liver enzymes and abdomen ultrasound were inclusion criteria.
To increase negative predictive value of a normal result, the
healthy upper limit for ALT in controls was lowered to � 30 U/L
for men and � 20 U/L for women (18, 19).

Of 1600 subjects taking part in a large population-based cohort
study, 170 IS and 170 IR sex-matched nonobese nondiabetic
subjects were randomly identified. In each group, 61 IS subjects
with NAFLD and 73 IR subjects with NAFLD were extracted; in
each of the 4 arms, subjects were subsequently split according to
the presence or absence of abdominal obesity, of different fea-
tures of the metabolic syndrome, and of the metabolic syndrome
overall. At the end of the selection, 68 patients with NAFLD (35
IS subjects) and 79 control subjects (45 IS subjects) without liver
disease remained.

Sixty-four subjects with NAFLD (31 IS) and 74 control sub-
jects (42 IS) (Table 1) gave written informed consent. The study
was conducted according to the Helsinki Declaration and ap-
proved by the local Ethics Committee.

Dietary intake

During an individual training session with a nutritionist, pa-
tients and controls were instructed to fill in a 7-d extensively
validated and reproducible diet record, a list of foods was de-
signed, and different portion sizes were specified for each item
according to the European Prospective Investigation into Cancer
and Nutrition (20, 21). The recorded period included a complete
week. The diet record was analyzed by using the WINFOOD
database (1997 version; Medimatica, Teramo, Italy) according to
the table of food consumption of the Italian National Institute of
Nutrition (22) and the Food Composition Database for Epidemi-
ologic Study in Italy (23).

Oxidative stress

Nitrotyrosine was chosen as a marker of oxidative stress, be-
cause it correlated with the severity of liver oxidative injury in
NAFLD and because nitrosative stress is a key feature of insulin
resistance and diabetes (5, 24). Fasting plasma concentrations of
nitrotyrosine were measured by using a commercial enzyme-
linked immunosorbent assay kit (HyCult Biotechnology, Uden,
Netherlands).

Cytokines

Serum concentrations of TNF-�, leptin, IL-6, and adiponectin
were measured by using a sandwich enzyme-linked immunosor-
bent assay (R&D System Europe Ltd, Abingdon, United King-
dom). Resistin was measured by using a biotin-labeled antibody-
based sandwich enzyme immunoassay (Bio Vendor Laboratory
Medicine Inc, Brno, Czech Republic).

Serum concentrations of TNF-� and adiponectin were mea-
sured by using the sandwich enzyme-linked immunosorbent as-
say (R&D System Europe Ltd). For TNF-�, the kit has a sensi-
tivity of 0.12 pg/mL in a 200-�L sample size and a range of 0.5
to 32 pg/mL. The intraassay and interassay CVs were 5.9% and
12.6%, respectively. For adiponectin, the kit has a sensitivity of
0.25 pg/mL in a 50-�L sample size and a range of 3.9 to 250
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TABLE 1
Main characteristics of nonalcoholic fatty liver disease (NAFLD) patients and control subjects grouped according to homeostasis model assessment index
of insulin resistance (HOMA-IR) status1

Control subjects NAFLD patients MANOVA2

Age (y)
IS 52 � 23 48 � 3 IR, N
IR 50 � 2 45 � 3

Sex (M/F)
IS 32/10 23/10 NS
IR 28/4 27/4

BMI (kg/m2)
IS 24.5 � 0.4 24.4 � 0.4 IR
IR 26.1 � 0.5 25.9 � 0.4

Smoker (%)
IS 33 30 NS
IR 40 39

Waist (cm)
IS 87 � 1 87 � 1 IR, N
IR 93 � 2 92 � 1

Systolic BP (mm Hg)
IS 129 � 3 131 � 3 NS
IR 134 � 3 130 � 5

Diastolic BP (mm Hg)
IS 80 � 1 82 � 1 NS
IR 86 � 2 86 � 2

Triacylglycerol (mg/dL)
IS 112 � 9 111 � 12 IR, N, IR � N
IR 153 � 15 135 � 10

Total cholesterol (mg/dL)
IS 217 � 6 216 � 9 NS
IR 211 � 7 199 � 8

HDL cholesterol (mg/dL)
IS 59 � 2 58 � 2 IR, N
IR 53 � 2 49 � 2

LDL cholesterol (mg/dL)
IS 133 � 5 132 � 7 NS
IR 127 � 6 121 � 6

Glucose (mg/dL)
IS 101 � 3 102 � 4 NS
IR 104 � 3 99 � 3

Insulin (�U/mL)
IS 4.3 � 0.6 5.6 � 1.2 IR, N
IR 12.2 � 1.1 12.9 � 1.7

HOMA-IR
IS 0.73 � 0.14 0.87 � 0.22 IR, N, IR � N
IR 3.48 � 0.404 3.64 � 0.424

AST (U/L)
IS 10 � 1 35 � 3 IR, N
IR 12 � 5 55 � 3

ALT (U/L)
IS 19 � 1 53 � 25 IR, N, IR � N
IR 19 � 6 78 � 45

GGT (U/L)
IS 19 � 2 58 � 11 N
IR 23 � 3 96 � 17

MTP �493G/T (%)
IS NS

GG 50 43
GT 36 48
TT 14 9

IR
GG 54 62
GT 29 26
TT 17 12

HFE H63D heterozygotes (%)
IS 15 17 NS
IR 18 16

(Continued)
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ng/mL. The intraassay and interassay CVs were 3.4% and 5.8%,
respectively. All samples were diluted 1/100.

Statistical analysis

Data were expressed as means � SEMs. A 2-factor multivar-
iate analysis of variance (ANOVA) with Wilks � was used to
measure the degree of correlation among variables. When a sig-
nificant interaction was found between factors (A � B), those
factors were identified with simple main-effects tests: differ-
ences across groups were analyzed by ANOVA and then by
followed by Bonferroni correction, when variables were nor-
mally distributed; otherwise the Kruskal-Wallis test, followed by
the post hoc Dunn test, was used to compare nonparametric
variables. Normality was evaluated by using the Shapiro-Wilk
test. The chi-square test or Fisher’s exact test was used for cat-
egorical variables as appropriate. Univariate analysis (Spearman
rank correlation coefficient, rs) was used to estimate the relation
between different variables. Multiple linear regression analysis
was applied when multiple associations between continuous
variables were detected, after log transformation of skewed data.

Logistic regression analysis was applied to identify indepen-
dent predictors for necroinflammation grade 2–3 or fibrosis stage
2–3. The covariates were age, waist circumference, HOMA-IR,
serum concentrations of adiponectin, presence of metabolic syn-
drome, plasma concentrations of nitrotyrosine, dietary vitamin A
or E intake, and HII. Differences were considered statistically
significant if P � 0.05 (STATISTICA software, version 5.1;
StatSoft Italia, Padua, Italy).

RESULTS

Subject characteristics

Main features of NAFLD patients and control subjects, along
with the multivariate ANOVA interactions, are shown in
Table 1. IR NAFLD patients had higher plasma nitrotyrosine
concentrations than did IS NAFLD patients, who in turn had
higher nitrotyrosine concentrations than did either IR or IS con-
trol subjects (Figure 1).

NAFLD patients (n � 64) did not differ significantly from the
subgroup of patients with biopsy-proven NASH (n � 29) for all

TABLE 1 (Continued)

Control subjects NAFLD patients MANOVA2

Resistin (ng/mL)
IS 3.26 � 0.213 3.79 � 0.28 N
IR 3.70 � 0.20 3.95 � 0.44

IL-6 (pg/mL)
IS 1.23 � 0.11 1.36 � 0.12 NS
IR 1.29 � 0.11 1.40 � 0.10

Adiponectin (ng/mL)
IS 8488 � 537 7885 � 1024 IR, N, IR � N
IR 5033 � 4384 5107 � 6004

Leptin (pg/mL)
IS 7380 � 1314 7572 � 1572 NS
IR 8440 � 1831 6835 � 828

TNF-� (pg/mL)
IS 1.32 � 0.14 1.34 � 0.16 NS
IR 1.59 � 0.21 1.51 � 0.27

Abdominal obesity (%)
IS 14 16 IR
IR 59 63

IGR (%)
IS 16 20 IR
IR 50 53

Hypertension (%)
IS 28 33 IR
IR 71 82

Dyslipidemia (%)
IS 14 13 IR, N, IR � N
IR 384 404

Subjects with MS (%)
IS 0 0 I, N, IR � N
IR 594 604

1 MANOVA, multivariate ANOVA; IS, insulin-sensitive; IR, insulin-resistant; N, NAFLD; BP, blood pressure; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; GGT, �-glutamyltransferase; MTP, microsomal triacylglycerol transfer protein; IL-6, interleukin-6; TNF-�, tumor necrosis factor-�;
IGR, impaired glucose regulation; MS, metabolic syndrome. n � 42, 32, 33, and 31 for IS and IR control subjects and IS and IR NAFLD patients, respectively.
Between-group comparisons were made by ANOVA or Kruskal-Wallis test for continuous variables, and by chi-square or Fisher’s exact test for discrete
variables.

2 MANOVA with HOMA-IR status and NAFLD status as the 2 factors was used to compare values. Significant (P � 0.05) effects are given for N, IR,
and the IR � N interaction.

3 x� � SEM (all such values).
4 Significantly different from IS control group and IS NAFLD patients, P � 0.05.
5 Significantly different from control group, P � 0.01.
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of the main HFE and TRF2 gene mutations or in �493G/T MTP
polymorphism, both when considered overall (NAFLD patients
compared with control subjectss) and when grouped according to
HOMA-IR status (Table 1). NAFLD patients did not differ sig-
nificantly from the subgroup of patients with biopsy-proven
NASH in any of the main anthropometric, dietary, and biochem-
ical features (data not shown).

Dietary intake

IS and IR NAFLD patients had significantly lower daily vita-
min A intakes than did IS and IR control subjects, whereas there
was no difference in the dietary intake of macronutrients or other
micronutrients between the 4 groups (Table 2). There was no
significant difference in any anthropometric, dietary, or bio-
chemical variables between alcohol-abstinent subjects (overall
prevalence: 71% of males and 85% of females) and the remaining
study population (range of daily ethanol consumption: 0.3–19.5
g/d in males and 0.2–9.8 g/d in females).

The dietary habits of the control subjects did not differ signif-
icantly from those of the general population of the Italian Pied-
mont, as assessed by a recent alimentary survey (21). Vitamin A
and E intakes of the NAFLD patients were lower than the rec-
ommended intakes for the Italian adult population (ie, vitamin E:
8 mg/d; vitamin A: 700 �g/d for males and 600 �g/d for non-
pregnant females) (25).

Metabolic syndrome

According to the Adult Treatment Panel III criteria, the prev-
alence of each feature and that of MS overall were higher in the
IR control subjects and NAFLD patients than in the IS control
subjects (�3 criteria fulfilled) (Table 1). Adult Treatment Panel
III criteria for the diagnosis of metabolic syndrome were hyper-
tension (systolic and diastolic blood pressure �130/85 mm Hg,
respectively, or taking antihypertensive therapy); hypertriglyc-
eridemia (fasting plasma triacylglycerols �150 mg/dL or taking
lipid-lowering therapy); low plasma HDL cholesterol (HDL cho-
lesterol � 40 mg/dL in men and � 50 mg/dL in women); im-
paired glucose regulation (impaired fasting glycemia—ie, fast-
ing plasma glucose �100 mg/dL but � 126 mg/dL; or impaired

glucose tolerance—ie, plasma glucose �140 mg/dL at �2 h on
OGTT); and abdominal obesity (waist circumference � 102 cm
in men and � 88 cm in women) (26). When patients and control
subjects were grouped according to the number of features of
metabolic syndrome present in each subject, NAFLD patients
had higher plasma nitrotyrosine concentrations and lower dietary
vitamin A and E intakes than did their respective control subjects
(Table 3).

Cytokines

Serum adiponectin concentrations were significantly lower in
IR than in IS subjects. However, they did not differ significantly
between NAFLD patients and their respective control subjects
matched for HOMA-IR status (Table 1).

Biopsy-proven nonalcoholic steatohepatitis

In the 29 patients with biopsy-proven NASH, fatty infiltration
was mild (involving 5–33% of hepatocytes) in 10 patients (6 IS),
moderate (33–66%ofhepatocytes) in10control subjects (6 IS), and
severe (�66% of hepatocytes involved) in 9 patients (3 IS). Necro-
inflammatory activity was grade 1 in 9 patients (7 IS), grade 2 in 10
(5 IS), and grade 3 in 10 (5 IS). Fibrosis was stage 0 in 5 patients (4
IS), stage 1 in 7 patients (5 IS), stage 2 in 9 (5 IS), and stage 3 in 8
patients (4 IS). In the 29 patients with NASH, liver iron concentra-
tion was 15 � 3 �mol/g dry weight and HII was 0.50 � 0.04.

IS NASH had milder histologic severity than did IR NASH
(mean steatosis: 31 � 3% and 55 � 4% hepatocytes, respec-
tively; P � 0.002; mean necroinflammatory grade: 1.8 � 0.2 and
2.4 � 0.1, respectively; P � 0.015; and mean fibrosis stage: 1.3
� 0.3 and 2.3 � 0.2, respectively; P � 0.028). The IS NASH and
IR NASH groups did not differ significantly from the IS and IR
NAFLD groups, respectively, in any of the main anthropometric,
dietary, and biochemical features (data not shown). Adiponectin
and nitrotyrosine concentrations in IS and IR NASH patients and
in IS and IR control subjects are shown in Figure 2.

Correlative analysis

In the 64 NAFLD patients, ALT concentrations correlated
significantly with adiponectin (rs � �0.42; P � 0.0008),
HOMA-IR (rs � 0.34; P � 0.003) and HDL cholesterol (rs �
�0.42; P � 0.0008) concentrations, the number of criteria for the
metabolic syndrome (rs � 0.36; P � 0.001), dietary vitamin A
(rs � �0.58 P � 0.0001; Figure 3) and vitamin E (rs � �0.48
P � 0.0004) intakes, and plasma concentrations of nitrotyrosine
(rs � 0.59; P � 0.00009). On multiple regression analysis
(adjusted R2 � 0.65; F � 15.7), ALT concentrations were inde-
pendently predicted by nitrotyrosine concentrations (� � 0.53;
P � 0.001), vitamin A intake (� � �0.51; P � 0.003), and
adiponectin concentrations (� � �0.22; P � 0.02).

Plasma concentrations of nitrotyrosine were correlated signif-
icantly with age (rs � 0.30; P � 0.02), HOMA-IR (rs � 0.27;
P � 0.039), ALT (rs � 0.58; P � 0.0001) and HDL cholesterol
(rs � �0.33; P � 0.011) concentrations, and dietary vitamin A
intake (rs � �0.42; P � 0.0008). On multiple regression anal-
ysis (adjusted R2 � 0.51; F � 12.9), only dietary vitamin E (� �
�0.27; P � 0.01) independently predicted plasma nitrotyrosine
concentrations. All of these correlations held in NAFLD patients
who had and had not undergone liver biopsy (data not shown).
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FIGURE 1. Mean (�SEM) plasma nitrotyrosine concentrations in pa-
tients with nonalcoholic fatty liver disease (NAFLD; n � 64) and control
subjects (n � 74), grouped according to homeostasis model assessment index
of insulin resistance status. IS, insulin-sensitive; IR, insulin-resistant. Sig-
nificant effects were found for IR and NAFLD and an IR � N interaction.
Between-group comparisons were made by using the Mann-Whitney test. �,
IR NAFLD patients compared with IS NAFLD patients (23.9 � 3.7 and
17.8 � 1.5 nmol/mL, respectively; P � 0.00003); �, IR NAFLD patients
compared with IR control subjects, P � 0.0001; �, IR control subjects
compared with IS control subjects (8.7 � 2.0 and 4.8 � 1.1 nmol/mL,
respectively; P � 0.009).
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TABLE 2
Daily intake of main dietary constituents in nonalcoholic fatty liver disease (NAFLD) patients and control subjects grouped according to homeostasis
model assessment index of insulin resistance (HOMA-IR) status1

Control subjects NAFLD patients MANOVA2

Total energy intake
(kcal)

IS 2381 � 1573 2470 � 139 IR, IR � N
IR 2595 � 209 2526 � 142

(kcal/kg BW)
IS 31 � 1 32 � 1 IR, IR � N
IR 33 � 1 32 � 1

Alcohol (g)
IS 4.1 � 0.7 4.3 � 1.0 NS
IR 3.8 � 0.9 4.5 � 0.9

Fat (% of energy)
IS 34.8 � 0.9 35.0 � 1.2 NS
IR 36.7 � 1.0 33.7 � 1.0

Total carbohydrate (% of energy)
IS 49.8 � 1.1 49.6 � 1.3 NS
IR 49.6 � 1.1 50.0 � 1.4

Simple carbohydrate (% of total)
IS 40.0 � 1.4 39.3 � 1.3 NS
IR 36.8 � 1.1 34.1 � 0.9

Fiber (g)
IS 26.9 � 2.2 21.4 � 1.4 NS
IR 28.9 � 1.8 21.2 � 1.6

Protein (% of energy)
IS 15.9 � 0.4 16.1 � 0.4 NS
IR 16.0 � 1.4 15.6 � 0.5

Cholesterol (mg)
IS 374 � 22 418 � 25 NS
IR 454 � 39 389 � 35

SFA (% of total energy)
IS 11.6 � 0.4 11.9 � 0.5 NS
IR 12.1 � 0.4 11.7 � 0.6

MUFA (% of total energy)
IS 16.9 � 0.6 16.3 � 0.7 NS
IR 16.2 � 0.5 16.3 � 0.7

PUFA (% of total energy)
IS 4.4 � 0.2 4.8 � 0.2 NS
IR 4.4 � 0.3 4.1 � 0.1

SFA (% of total fat)
IS 33.2 � 0.8 33.8 � 0.9 NS
IR 34.8 � 0.7 34.9 � 0.9

MUFA (% of total fat)
IS 48.2 � 0.9 46.7 � 1.1 NS
IR 47.1 � 0.9 49.0 � 1.0

PUFA (% of total fat)
IS 12.8 � 0.5 13.6 � 0.6 NS
IR 12.6 � 0.06 12.2 � 0.5

P:S
IS 0.39 � 0.02 0.41 � 0.02 NS
IR 0.37 � 0.02 0.36 � 0.02

Vitamin A (�g)
IS 708 � 48 331 � 384 IR, N, IR � N
IR 727 � 56 230 � 384

Vitamin C (mg)
IS 158 � 10 123 � 9 IR
IR 158 � 13 110 � 14

Vitamin E (mg)
IS 9.5 � 0.5 6.8 � 0.4 IR, N
IR 9.2 � 0.7 5.0 � 0.2

1 MANOVA, multivariate ANOVA; IS, insulin-sensitive; IR, insulin-resistant; N, NAFLD; BW, body weight; SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; P:S, ratio of PUFAs to SFAs. n � 42, 32, 33, and 31 for IS and IR control subjects and IS and
IR NAFLD patients, respectively. Between-group comparisons were made by ANOVA or Kruskal-Wallis test as appropriate.

2 Multivariate ANOVA with HOMA-IR status and NAFLD status as the 2 factors. Significant (P � 0.05) effects are given for N, IR, and IR � N interaction.
3 x� � SEM (all such values).
4 Significantly different from control group, P � 0.0001.
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In the 29 patients with biopsy-proven NASH, fatty infiltration,
expressed as the percentage of hepatocytes involved, correlated
significantly with adiponectin (rs � �0.60; P � 0.005) and
nitrotyrosine (rs � 0.59; P � 0.008) concentrations, vitamin A
intake (rs � �0.59; P � 0.008), HOMA-IR status (rs � 0.45; P �
0.03), and waist circumference (rs � 0.50; P � 0.025) but not with

other variables. On multiple regression analysis, only serum con-
centrations of adiponectin (� � �0.40; P � 0.024), dietary vitamin
A (� � �0.32; P � 0.04), and plasma concentrations of
nitrotyrosine (� � 0.50; P � 0.01) predicted liver fatty infil-
tration. On logistic regression analysis, adiponectin and nitro-
tyrosine concentrations and vitamin A intake independently

TABLE 3
Main characteristics of nonalcoholic fatty liver disease (NAFLD) patients and control subjects grouped according to the number of features of the
metabolic syndrome1

Criteria

MANOVA2

0–1 2 �3

Control
subjects
(n � 30)

NAFLD
patients
(n � 23)

Control
subjects
(n � 25)

NAFLD
patients
(n � 21)

Control
subjects
(n � 19)

NAFLD
patients
(n � 20)

Age (y) 50 � 23 46 � 2 52 � 1 47 � 3 51 � 1 50 � 3 N, M

Sex (M/F) 25/5 19/4 20/5 19/2 16/3 15/5 NS

BMI (kg/m2) 24.2 � 0.6 24.2 � 0.5 25.3 � 0.5 24.9 � 0.6 26.2 � 0.7 25.6 � 0.6 NS

Smoker (%) 36 38 38 36 47 39 NS

Waist (cm) 85 � 1 85 � 1 92 � 2 91 � 2 95 � 2 94 � 2 M

Systolic BP (mm Hg) 125 � 3 125 � 3 134 � 4 133 � 3 135 � 3 136 � 4 NS

Diastolic BP (mm Hg) 79 � 2 82 � 2 82 � 2 86 � 2 84 � 2 87 � 2 M

Triacylglycerol (mg/dL) 101 � 10 102 � 10 122 � 9 106 � 10 164 � 20 122 � 16 N, M

Total cholesterol (mg/dL) 203 � 6 203 � 8 212 � 7 206 � 10 219 � 10 228 � 11 NS

HDL cholesterol (mg/dL) 60 � 2 60 � 2 50 � 2 54 � 2 54 � 3 53 � 3 N, M

LDL cholesterol (mg/dL) 121 � 5 122 � 6 141 � 7 133 � 9 138 � 8 139 � 8 NS

Glucose (mg/dL) 95 � 2 93 � 1 110 � 5 106 � 5 105 � 5 101 � 4 M

Insulin (�U/mL) 4.5 � 0.9 4.4 � 1.0 6.9 � 0.7 8.1 � 1.2 16.4 � 1.7 15.9 � 2.0 N, M

HOMA-IR 0.59 � 0.20 0.63 � 0.19 1.86 � 0.254 1.77 � 0.664 4.37 � 0.664 4.45 � 0.654,5 N, M, N � M

AST (U/L) 10 � 1 36 � 4 12 � 1 49 � 2 11 � 1 69 � 3 N

ALT (U/L) 17 � 1 45 � 36 21 � 1 61 � 66 20 � 1 87 � 24–6 N, M, N � M

GGT (U/L) 19 � 2 92 � 18 21 � 2 68 � 10 21 � 3 83 � 13 N

MTP �493G/G carrier (%) 67 66 35 45 37 44 NS

Resistin (ng/mL) 3.10 � 0.16 3.50 � 0.58 3.6 � 0.29 3.85 � 0.29 3.20 � 0.34 3.66 � 0.29 N

IL-6 (pg/mL) 1.13 � 0.11 1.07 � 0.05 1.27 � 0.06 1.10 � 0.09 1.67 � 0.23 1.21 � 0.08 N

Adiponectin (ng/mL) 8868 � 493 8732 � 977 7021 � 627 6924 � 460 4134 � 672 4037 � 216 N, M

Leptin (pg/mL) 8079 � 2011 7047 � 1017 5990 � 904 7261 � 1848 10639 � 2493 6750 � 977 NS

TNF-� (pg/mL) 1.65 � 0.21 1.26 � 0.19 1.30 � 0.17 1.41 � 0.26 1.44 � 0.20 1.78 � 0.42 M

Nitrotyrosine (nmol/mL) 3.6 � 1.7 15.4 � 3.26,7 6.1 � 0.9 19.2 � 2.96,7 9.5 � 2.5 28.3 � 4.04,5,7 N, M, N � M

Abdominal obesity (%) 10 19 38 43 63 72 N, M

IGR (%) 6 5 46 57 47 50 M

Hypertension (%) 26 47 61 80 59 72 NS

Dyslipidemia (%) 13 10 15 24 48 50† N, M

Dietary vitamin A (�g) 711 � 109 348 � 346,7 554 � 59 262 � 314,7 546 � 52 232 � 254,5,7 N, N � M

Dietary vitamin C (mg) 166 � 26 133 � 14 145 � 13 141 � 20 112 � 18 130 � 21 NS

Dietary vitamin E (mg) 10.5 � 1.1 6.8 � 0.52,5 9.2 � 0.6 6.0 � 0.52,5 8.8 � 0.9 5.0 � 0.44,5 N, N � M

1 MANOVA, multivariate ANOVA; BP, blood pressure; N, NAFLD; HOMA-IR, homeostasis model assessment index of insulin resistance; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; GGT, �-glutamyltransferase; IL-6, interleukin-6; TNF-�, tumor necrosis factor-�; IGR, impaired
glucose regulation. Adult Treatment Panel III (ATP III) criteria were hypertension: �130/85 mmHg or on antihypertensive therapy; hypertriglyceridemia:
fasting plasma triacylglycerol �150 mg/dL or on lipid-lowering therapy; low HDL: HDL � 40 mg/dL in men and � 50 mg/dL in women; IGR: impaired fasting
glycemia (fasting plasma glucose �100 mg/dL but �126 mg/dL (5.6–7.0 mmol/L) or impaired glucose tolerance (plasma glucose �140 mg/dL after 2 h on
oral-glucose-tolerance test); abdominal obesity: waist circumference �102 cm in men and �88 cm in women. Between-group comparisons were made by
ANOVA or Kruskal-Wallis test for continuous variables and by chi-square or Fisher’s exact test for discrete variables. Tukey’s post hoc test was used when
between-group differences were significant.

2 MANOVA with NAFLD status and each category of the number of the features of metabolic syndrome as the 2 factors. Significant (P � 0.05) effects
are given for N, category of metabolic syndrome criteria (M), and the interaction of the 2 factors (N � M).

3 x� � SEM (all such values).
4 Significantly different from NAFLD patients meeting 0–1 ATP criteria, P � 0.05.
5 Significantly different from NAFLD patients meeting 2 ATP criteria, P � 0.05.
6 Significantly different from control subjects matched for the number of ATP criteria, P � 0.01.
7 Significantly different from all control subjects, P � 0.05.
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predicted both necroinflammatory grade 2–3 and fibrosis stage 2–3
(Table 4).

DISCUSSION

Insulin resistance and the metabolic syndrome have been as-
sociated with NAFLD, and the number and severity of features of
the syndrome predict the severity of liver disease. Nevertheless,
the sequence of events initiating and perpetuating metabolic and
liver disease is unclear, beause only some of the IR subjects
develop fatty liver, and not every patient with NAFLD is IR (3).
Consistently, dietary manipulation induced hepatic fat accumu-
lation and lipid peroxidation without primarily modifying insulin
sensitivity in animal and human models (7, 27). Because steato-
sis and insulin resistance can cause or potentiate each other, the
question remains as to whether steatosis or insulin resistance is
the initiating step in NAFLD (1). Altered adipokine signaling and
oxidative balance have been implicated in the pathogenesis of
both NAFLD and insulin resistance, and so it is not clear which

factor is specifically linked to the development of fatty liver
rather than being associated with the metabolic syndrome. By
comparing NAFLD patients with control subjects matched for
the severity of insulin resistance, adiposity, and metabolic syn-
drome, we found 1) that an increased systemic nitrosative stress
characterizes NAFLD even in the absence of insulin resistance,
metabolic syndrome, and hypoadiponectinemia; 2) that the de-
gree of nitrosative stress correlates with the severity of liver
disease in both IS and IR NAFLD patients; 3) that hypoadi-
ponectinemia is not a feature of IS NAFLD, but, rather, that it
intervenes in IR subjects to aggravate both liver and metabolic
disease; and 4) that a reduced intake of vitamin A independently
correlates with the severity of liver disease.

An increased nitrosative stress is the common feature of
NAFLD in our subjects: plasma nitrotyrosine concentrations in
IS and IR NAFLD patients were, in fact, 2 and 3 times, respec-
tively, those in IR control subjects without liver disease. Further-
more, the degree of nitrosative stress correlated with liver his-
tology in biopsy-proven NASH, which suggested that this
association may be a cause of liver disease. Because of its cross-
sectional nature, our study cannot ascertain whether fatty liver or
increased nitrosative stress comes first, or whether IS NAFLD
patients will develop insulin resistance and metabolic syndrome.
Nevertheless, it provides evidence that oxidative stress is oper-
ating in NAFLD even in the absence of insulin resistance, met-
abolic syndrome, and hypoadiponectinemia, which in turn, in-
tervene at more advanced stages of metabolic and liver disease.

Increased oxidative stress can modulate both hepatic necroin-
flammation and fibrogenesis and the extent of triacylglycerol
accumulation in NAFLD. An increased intracellular oxidative
stress impaired VLDL secretion by reducing the expression of
ApoB100 and acyl-coenzyme-A:cholesterol-acyltransferase2
mRNA, which led to triacylglycerol accumulation in cultured
hepatocytes and mouse models, an effect totally reversed by
antioxidant treatment (28, 29). Furthermore, oxidation products
can activate cultured Kupffer and stellate cells and trigger in-
flammatory cascade and extracellular matrix deposition; their
hepatic expression parallels the severity of liver fibrosis in
NAFLD (30).

Hepatic steatosis and oxidative stress may eventually lead
to hepatic insulin resistance, necroinflammation, and fibro-
genesis via activation of protein kinase C and of the c-Jun
N-terminal kinase pathway, thus perpetuating liver and met-
abolic disease (1).

Consistently, available evidence suggests that the direction of
the association between NAFLD and insulin resistance is mutual,
in which NAFLD predisposes a person—even normal-weight,
glucose-tolerant persons—to develop metabolic syndrome or
diabetes, and diabetes aggravates liver disease. Elevated liver
enzymes prospectively predicted incident diabetes independent-
lof the metabolic syndrome and of classic risk factors, whereas
diabetes substantially increased the risk of cirrhosis and in-
creased liver-related mortality in NAFLD patients (1, 31).

The pathogenesis of oxidative stress in NAFLD patients most
likely is multifactorial. An impaired mitochondrial �-oxidation
is likely to have a role, increasing hepatocyte production of
reactive oxygen species (ROS) and storage of free fatty acids
(FFA), both directly and indirectly, by peroxisomal and micro-
somal FFA oxidation (32). Poor dietary habits also may have
contributed to oxidative stress in the patients in the present study,
because they consumed lower amounts of antioxidant vitamins
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FIGURE 2. Mean (�SEM) plasma nitrotyrosine and adiponectin con-
centrations in patients with nonalcoholic steatohepatitis (NASH; n � 29) and
control subjects (n � 74), grouped according to homeostasis model assess-
ment index of insulin resistance status. IR, insulin-resistant; IS, insulin-
sensitive; N, NASH. Significant effects were found for IR and N and an
IR � N interaction for both adiponectin and nitrotyrosine. Between-group
comparisons were made by using the Mann-Whitney test. �, IR NASH
patients compared with IS NASH patients, P � 0.01; �, IS NASH patients
and IR NASH patients compared with IR control subjects, P � 0.0001; �,
IS NASH patients compared with IS control subjects, P � 0.01.
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than did control subjects, and vitamin E intake predicted plasma
concentrations of nitrotyrosine.

A novel and intriguing finding is the association of reduced
dietary vitamin A intake with the presence and the severity of
liver disease. Although data on dietary intake of vitamin A in
NAFLD patients are sparse, transgenic mice lacking retinoid
acid receptor function developed severe steatohepatitis and he-
patic carcinoma that were accompanied by a decreased hepatic
mitochondrial FFA �-oxidation and an increased peroxisomal
and microsomal FFA oxidation and ROS production. Such effects
were totally reversed by dietary all-trans retinoic acid supplemen-
tation (6, 33). Furthermore, retinoid acid supplementation reversed
hepatic lipid peroxidation and carbon tetrachloride–induced liver
fibrosis in mouse models (34–36).

The molecular basis for these antioxidant, antisteatotic, and
antifibrotic activities of retinoids may be provided by the direct
antioxidant scavenger activity of �-carotene (37) and by the
function of retinoid as nuclear receptor ligands: liver retinoid X
receptor-� plays a key role in the regulation of hepatic peroxi-
somal FFA �-oxidation and glutathione homeostasis (38, 39);
furthermore, retinoids were able to suppress transforming
growth factor-�1–induced proliferation and the migration of cul-
tured hepatic stellate cells (40). Consistently, retinoid X receptor
� agonists reduced lipid peroxidation and enhanced glucose and
lipid oxidation in human skeletal muscle (41, 42).

Taking available data together, we propose that IR NAFLD
may be the final step of both IS NAFLD and metabolic syndrome
that is initially free of liver disease. If these findings are con-
firmed by larger prospective studies, the correction of oxidative
stress at early stages of fatty liver may help stop the progression
of liver disease in these subjects.

As is consistent with previously reported findings (11), serum
adiponectin concentrations predicted the severity of liver disease
in NAFLD patients but were comparable to those in control
subjects matched for the degree of insulin resistance. This find-
ing suggests either that hypoadiponectinemia is absent at mild or
early stages of liver disease, whereas it characterizes IR NAFLD
patients, or that hepatic adiponectin or adiponectin receptor ex-
pression are more tightly related to liver injury than are plasma
concentrations in NAFLD patients (43).

Some limitations of this study should be mentioned. Its cross-
sectional nature prevents any causal inference. Although the
diagnostic accuracy of modern ultrasound techniques for fatty
liver is good (44), several control subjects may have NAFLD
despite normal ultrasound and liver enzymes. Even in such a
case, however, misclassification would attenuate the magnitude
of the difference observed toward the null hypothesis, and these
results can therefore be considered a conservative estimate of the
relation between NAFLD and oxidative stress.

Although plasma concentrations of different antioxidant vita-
mins were not measured, a reproducible dietary record may re-
flect body stores and long-term consumption of these vitamins
more reliably than do plasma concentrations (45–47).

rs = -0.58; P=0.0001
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FIGURE 3. Correlation between concentrations of alanine aminotransferase (ALT) and daily intake of vitamin A in patients with nonalcoholic fatty liver
disease (n � 64). rs: Spearman correlation coefficient.

TABLE 4
Multiple logistic regression analysis for factors associated with
necroinflammatory grade 2–3 and fibrosis stage 2–3, respectively, in
patients with biopsy-proven nonalcoholic steatohepatitis1

Odds ratio 95% CI P

Necroinflammatory grade 2–3
Nitrotyrosine (per 5-mmol/mL increase) 4.5 1.2, 8.3 0.009
Vitamin E (per 3-mg/d decrease) 1.5 0.4, 6.1 0.70
Vitamin A (per 150-mg/d decrease) 2.3 1.1, 10.4 0.02
Age (per 5-y increase) 1.3 0.8, 2.6 0.47
Presence of metabolic syndrome 1.6 0.5, 4.1 0.42
HII (per 0.1-unit increase) 1.0 0.7, 1.8 0.87
Waist (per 3-cm increase) 0.7 0.4, 1.9 0.59
HOMA-IR (per 1-unit increase) 1.5 0.5, 3.9 0.38
Adiponectin (per 1000-ng/mL decrease) 4.1 1.3, 9.7 0.01

Fibrosis stage 2–3
Nitrotyrosine (per 5-mmol/mL increase) 3.9 1.3, 7.8 0.008
Vitamin E (per 3-mg/d decrease) 1.6 0.5, 5.9 0.71
Vitamin A (per 150-ug/d decrease) 2.1 1.1, 8.3 0.01
Age (per 5-y increase) 1.5 0.6, 2.2 0.28
Presence of metabolic syndrome 1.7 0.7, 4.3 0.28
HII (per 0.1-unit increase) 1.4 0.8, 3.1 0.34
Waist (per 3-cm increase) 0.8 0.3, 1.8 0.60
HOMA-IR (per 1-unit increase) 1.5 0.6, 4.8 0.25
Adiponectin (per 1000-ng/mL decrease) 4.5 1.4, 9.8 0.004

1 HII, hepatic iron index; HOMA-IR, homeostasis model assessment
index of insulin resistance.
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In conclusion, nitrosative stress may initiate hepatic injury in
NAFLD—it is detectable in IS subjects with a normal plasma
adipokine profile—and also may contribute to its progression,
behaving as both first and second hit. The association of insulin
resistance and hypoadiponectinemia with more advanced liver
disease confirms that those conditions may intervene and aggra-
vate liver damage in NAFLD patients once the process has be-
gun. If these data are prospectively confirmed, antioxidants
would be a useful therapy in IS NAFLD patients, who fail to or
do not need to lose weight. They also may be synergistic to
insulin sensitizers in IR subjects.

The use of vitamin A supplementation warrants further eval-
uation, given the controversial liver toxicity of an excessive
intake of its synthetic analogues, especially in alcoholic liver
disease (48). With respect to this issue, the possibility of a lower
threshold for ethanol-induced liver toxicity in cannot be dis-
carded in NAFLD. According to our data, a diet rich in antiox-
idant vitamins may be more effective in protecting against the
development of NAFLD than is supplementation with a single
vitamin at different stages of the development of insulin resis-
tance and metabolic syndrome.
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Plasma carotenoids, retinol, and tocopherols and the risk of prostate
cancer in the European Prospective Investigation into Cancer and
Nutrition study1–3

Timothy J Key, Paul N Appleby, Naomi E Allen, Ruth C Travis, Andrew W Roddam, Mazda Jenab, Lars Egevad,
Anne Tjønneland, Nina F Johnsen, Kim Overvad, Jakob Linseisen, Sabine Rohrmann, Heiner Boeing,
Tobias Pischon, Theodora Psaltopoulou, Antonia Trichopoulou, Dimitrios Trichopoulos, Domenico Palli, Paolo Vineis,
Rosario Tumino, Franco Berrino, Lambertus Kiemeney, H Bas Bueno-de-Mesquita, J Ramón Quirós,
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ABSTRACT
Background: Previous studies suggest that high plasma concentra-
tions of carotenoids, retinol, or tocopherols may reduce the risk of
prostate cancer.
Objective: We aimed to examine the associations between plasma
concentrations of 7 carotenoids, retinol, �-tocopherol, and
�-tocopherol and prostate cancer risk.
Design: A total of 137 001 men in 8 European countries participated.
After a mean of 6 y, 966 incident cases of prostate cancer with plasma
were available. A total of 1064 control subjects were selected and
were matched for study center, age, and date of recruitment. The
relative risk of prostate cancer was estimated by conditional logistic
regression, which was adjusted for smoking status, alcohol intake,
body mass index, marital status, physical activity, and education
level.
Results: Overall, none of the micronutrients examined were signif-
icantly associated with prostate cancer risk. For lycopene and the
sum of carotenoids, there was evidence of heterogeneity between the
associations with risks of localized and advanced disease. These
carotenoids were not associated with the risk of localized disease but
were inversely associated with the risk of advanced disease. The risk
of advanced disease for men in the highest fifth of plasma concen-
trations compared with men in the lowest fifth was 0.40 (95% CI:
0.19, 0.88) for lycopene and 0.35 (95% CI: 0.17, 0.78) for the sum of
carotenoids.
Conclusions: We observed no associations between plasma con-
centrations of carotenoids, retinol, or tocopherols and overall pros-
tate cancer risk. The inverse associations of lycopene and the sum of
carotenoids with the risk of advanced disease may involve a protec-
tive effect, an association of dietary choice with delayed detection of
prostate cancer, reverse causality, or other factors. Am J Clin
Nutr 2007;86:672–81.

KEY WORDS Carotenoids, retinol, tocopherols, lycopene,
prostate cancer, nested case-control study

INTRODUCTION

Previous studies indicated that dietary carotenoids, retinol,
and tocopherols may affect the development of prostate cancer

(1, 2). Overall, this research was inconclusive, but it suggested
that any associations may be more marked for advanced than for
localized prostate cancer, and there was particular interest in the
possibility that high concentrations of lycopene may be associ-
ated with a reduction in risk (2). The present study examined

1 From the Cancer Research UK Epidemiology Unit, University of Ox-
ford, Oxford, United Kingdom (TJK, PNA, NEA, RCT, and AWR); the
Nutrition and Hormones Group (MJ, NS, PF, and S Rinaldi) and the Pathol-
ogy Group (LE), International Agency for Research on Cancer, Lyon,
France; the Institute of Cancer Epidemiology, Danish Cancer Society,
Copenhagen, Denmark (A Tjønneland and NFJ); the Department of Epide-
miology and Social Medicine, University of Aarhus, Aarhus, Denmark (KO);
the Division of Clinical Epidemiology, German Cancer Research Centre,
Heidelberg, Germany (JL and S Rohrmann); the German Institute of Human
Nutrition, Potsdam-Rehbücke, Germany (HB and T Pischon); the Depart-
ment of Hygiene, University of Athens Medical School, Athens, Greece (T
Psaltopoulou, A Trichopoulou, and DT); the Molecular and Nutritional Ep-
idemiology Unit, Scientific Institute of Tuscany, Florence, Italy (DP); the
Centro di Prevenzione Oncologica, University of Turin, Turin, Italy (PV); the
Department of Epidemiology and Public Health, Imperial College London,
London, United Kingdom (PV and ER); the Cancer Registry, Azienda
Ospedaliera, Civile MP Arezzo, Ragusa, Italy (RT); the Epidemiology
Unit, Istituto Tumori, Milan, Italy (FB); the Radboud University
Nijmegen Medical Centre, Nijmegen, Netherlands (LK); the Centre for
Nutrition and Health, National Institute of Public Health and the Environ-
ment, Bilthoven, the Netherlands (HBBdM); the Public Health and Health
Planning Directorate, Asturias, Spain (JRQ); the Department of Epidemiol-
ogy, Catalan Institute of Oncology, Barcelona, Spain (CAG); the Andalusian
School of Public Health, Granada, Spain (CM); the Public Health Depart-
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these associations by using plasma measures of micronutrients
within the European Prospective Investigation into Cancer and
Nutrition (EPIC), a large cohort study in men in 8 European
countries (3) who had a wide range in plasma carotenoid con-
centrations (4). We previously reported that the risk of prostate
cancer in EPIC was not associated with the total consumption of
fruit or vegetables (5).

The carotenoids studied were �- and �-carotene, lycopene,
lutein, zeaxanthin, �-cryptoxanthin, and canthaxanthin and the
sum of carotenoids and retinol. Some of these carotenoids can be
converted in the body to retinol, whereas others cannot but may
have biological effects independent of vitamin A activity (6). The
�- and �-carotenes are carotenes that can be converted to retinol;
in Europe, carrots are the major source of �-carotene, and both
carrots and green vegetables are major sources of �-carotene (7).
Lycopene is a carotene that cannot be converted to retinol; in
European diets, tomatoes and tomato products are the major
source of lycopene (7, 8). The other carotenoids studied are
xanthophylls. Lutein and its stereoisomer zeaxanthin are not
converted to retinol; major food sources are green vegetables
and, to a lesser extent, eggs, because lutein is added to chicken
feed to enhance the yellow color of egg yolks (7, 9).
�-Cryptoxanthin can be converted to retinol; citrus fruit, espe-
cially oranges, is the major food source in Europe (7). Canthax-
anthin may be converted to retinol; it occurs naturally in some
plants and mushrooms, but most of the canthaxanthin in Euro-
pean diets is derived from its use as a feed additive to color foods
such as eggs and farmed salmon. Canthaxanthin is also an ingre-
dient in pills that are taken to make the skin look tanned (10).

The tocopherols studied were �- and �-tocopherols, both of
which have vitamin E activity. �-Tocopherol occurs in a wide
range of foods, especially in vegetable oils such as sunflower
seed oil, whereas the major sources of �-tocopherol are specific
vegetable oils such as soy and corn (maize) oil. �-Tocopherol is
the predominant tocopherol in European diets, whereas
�-tocopherol is more predominant in the United States owing to
the greater use of soy and corn oils. �-Tocopherol is generally

present in the plasma at higher concentrations than is
�-tocopherol (11).

SUBJECTS AND METHODS

Study population

The EPIC recruitment procedures and collection of question-
naire data, anthropometric measurements, and blood samples
were described in detail elsewhere (3). In brief, standardized
questionnaire data on dietary and nondietary variables were col-
lected between 1992 and 2000 from 519 978 individuals across
Europe, including 153 457 men, of whom 137 001 provided a
blood sample. The present study includes the cases of prostate
cancer that occurred after blood collection and the matched con-
trol subjects from 8 of the 10 participating countries: Denmark,
Germany, Greece, Italy, Netherlands, Spain, Sweden and the
United Kingdom (UK). France and Norway were not included in
the present study because these cohorts included only women.

A 30-mL (20 mL in the Umeå cohort) blood sample was
collected according to a standardized protocol. Filled syringes
were kept at 5–10 °C, protected from light, and transferred to a
local laboratory for further processing and the preparation of
aliquots. An exception to this procedure was blood collection
from the subjects who were recruited through the Oxford center.
For those subjects, blood samples were collected throughout the
United Kingdom and were transported to a laboratory in Norfolk
by mail at ambient temperature. Blood fraction aliquots (serum,
plasma, red blood cells, and buffy coat) in 0.5-mL straws were
heat-sealed and stored in liquid nitrogen tanks at �196 °C, ex-
cept in Denmark, where samples were stored in 1-mL tubes in
nitrogen vapor at �150 °C, and Umeå, Sweden, where samples
were stored in 1.8-mL plastic tubes in �80 °C freezers.

Follow-up for cancer incidence and vital status

In Denmark, Italy, Netherlands, Spain, Sweden, and the
United Kingdom, the incident cancer cases were identified
through the linkage of records with regional or national cancer
registries. In Germany and Greece, follow-up was based on a
combination of methods, which included health insurance
records, cancer and pathology registries, and active follow-up
through study subjects and their next of kin. Data on vital status
in most EPIC study centers were collected from mortality regis-
tries at the regional or national level, in combination with data
collected by active follow-up (Greece). For each EPIC study
center, closure dates of the study period were defined as the latest
dates of complete follow-up for both cancer incidence and vital
status (dates varied between centers, from June 1999 to January
2003).

Selection of case and control subjects

In total, the 8 subcohorts contributing to the present study
included 1111 men diagnosed with incident prostate cancer by
the end of each center’s follow-up period. The cases with no
available blood sample and those subjects who had missing in-
formation on the date of the blood donation or who had a history
of another cancer (except nonmelanoma skin cancer) at the time
of the blood donation were excluded. After these exclusions,
laboratory measurements for the current analysis were available
for 966 cases: 292 cases in Denmark, 62 in Italy, 205 in Germany,
9 in Greece, 25 in Netherlands, 95 in Spain, 98 in Sweden, and
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180 in the United Kingdom. For each case, one male control
subject (in Umeå, an EPIC-associated cohort, 2 male control
subjects) was chosen at random from appropriate risk sets that
consisted of all cohort members alive and free of cancer (except
nonmelanoma skin cancer) at the time of diagnosis of the index
case. Matching criteria were the study center, the age at the time
of enrollment (�6 mo), the time of day of the blood collection
(�1 h), and the time between the blood drawing and the last
consumption of food or drink (�3, 3–6, or �6 h).

All participants gave written informed consent to participate in
the study. The research was approved by the local ethics com-
mittees in the participating countries and by the Internal Review
Board of the International Agency for Research on Cancer
(Lyon, France).

Data on stage and grade were collected from each center when
possible. The sources of this information varied between indi-
vidual cases and between centers and included both clinical and
surgical staging and grade information from both biopsies and
prostatectomies. When data were available from more than one
source, the most advanced stage or highest grade was used to
categorize individuals. Tumor stage was categorized as localized
[tumor (T)-node (N)-metastasis (M) categories T0 or T1 or T2
and N0 or NX and M0, or stage-coded in the recruitment center
as localized], advanced (T3 or T4, N1�, M1, or some combina-
tion of these, or stage-coded in the recruitment center as meta-
static), or unknown. Histologic grade was categorized as Gleason
sum �7 or equivalent (cases were coded as well differentiated or
as moderately differentiated), Gleason sum �7 or equivalent
(cases were coded as poorly differentiated or as undifferenti-
ated), or unknown.

Laboratory assays

Plasma concentrations of carotenoids, retinol, and tocopherols
were measured by using HPLC at the International Agency
for Research on Cancer (12, 13). Briefly, plasma samples
were analyzed for 7 carotenoids (�-carotene, �-carotene,
�-cryptoxanthin, canthaxanthin, lutein, lycopene, and zeaxan-
thin) and for retinol, �-tocopherol, and �-tocopherol by using a
reverse-phase HPLC method on an HPLC-1100 system
(Hewlett-Packard, Wilmington, IL) with a C18-Adsorbosphere
column (Alltech, Deerfield, IL). There were 69 assay batches.
Two samples of a quality-control pool (created by mixing
plasma from 3 subjects) were run per analysis batch, and no
significant between-day drift was observed. At mean concentra-
tions similar to the mean concentrations in controls, overall CVs
(between- and within-assay variations combined) for these
quality-control samples ranged from 3% to 12% with a median
of 4%. Cases were analyzed in the same batch as their matched
controls (with the exception of 5 matched sets). All assays were
performed by laboratory personnel who were blinded to the
case-control status of the blood samples.

Statistical analysis

Differences in baseline characteristics between cases and con-
trols were compared by using the 2-sample t test for continuous
variables and the chi-square test for categorical variables. Odds
ratios as estimates of relative risk (RR) of prostate cancer in
relation to plasma concentrations of carotenoids, retinol, and
tocopherols were calculated by using conditional logistic regres-
sion models. Micronutrient concentrations were categorized into

fifths with cutoffs based on the quintiles in the control subjects.
Trends in RRs were assessed by replacing the categorical vari-
able with the logarithm of concentration. The 95% CIs were
computed by using the SEs of the pertinent regression coeffi-
cients. The effects of potential confounders, other than the
matching criteria that are controlled for by design, were exam-
ined by including additional terms in the logistic regression mod-
els. Potential confounders included smoking status (never, past,
or current), alcohol intake (�8, 8–15, 16–39, or �40 g/d), body
mass index (BMI; in kg/m2; in fourths), physical activity (index
of combined recreational, household, and occupational physical
activity: inactive, moderately inactive, or active), marital status
[married (or cohabiting) or unmarried (or not cohabiting)], and
education level (primary school or equivalent, secondary school,
and university degree or equivalent). For each of these variables,
a small proportion of values were unknown; these values were
included in the analyses as a separate category.

Likelihood ratio chi-square tests were used to examine the
heterogeneity of the trends in prostate cancer risk with the log-
arithm of plasma micronutrient concentrations between catego-
ries of tumor stage (localized or advanced), histologic grade
(Gleason sum �7, �7, or equivalent), lag time between blood
collection and diagnosis (�2 or �2 y), age at blood collection
(�60 or �60 y), smoking status at time of blood collection (no
or yes), and country of recruitment (8 countries). All P values
presented are 2-sided, and P � 0.05 was considered statistically
significant. Analyses were performed with STATA software
(version 9; Stata Corp, College Station, TX).

To put the results of the present study into the context of
previous research, we conducted a meta-analysis of our results
together with the results of previously published studies. Studies
were identified by searching PubMed and the reference lists of
relevant articles by using the search terms carotene, carotenoid,
lycopene, retinol, tocopherol, and prostate cancer. Summary
RRs were estimated as the weighted average of the study-specific
RRs for men in the highest category of micronutrient concentra-
tions compared with those in the lowest category, with weights
determined by the inverse of the variance of each RR.

RESULTS

Baseline characteristics of cases and controls are shown in
Table 1. There were no large differences between cases and
controls, but there were some small differences that were statis-
tically significant or of borderline statistical significance: when
compared with controls, cases had a slightly lower weight and
BMI, were less likely to smoke, and were less physically active.
Similar analyses were conducted to compare the characteristics
of men subsequently diagnosed with localized or advanced pros-
tate cancer. The mean (�SD) BMI was 26.6 � 3.2 and 27.1 � 3.6
in cases with localized disease and advanced disease, respec-
tively. For the other characteristics, the mean proportions in cases
with localized and advanced disease, respectively, were 26.2%
and 25.6% for current smokers, 20.2% and 22.8% for alcohol
consumption of �40g/d, 42.6% and 44.6% for physically active,
88.7% and 86.2% for married or cohabiting, and 28.8% and
26.5% for education to degree level or equivalent. None of these
differences between cases of localized and advanced disease
were statistically significant.

In the cases, the median time between blood collection and
diagnosis was �4 y, and the mean age at diagnosis was �65 y
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(Table 1). The stage of disease at diagnosis was known for 71%
of cases; of these, 70% were localized and 30% were advanced.
The grade of disease at diagnosis was known for 76% of cases; of
these, 61% were low grade (Gleason sum �7 or equivalent) and
39% were high grade (Gleason sum �7 or equivalent). The
proportion of advanced-stage disease in cases with known high-
grade disease was 65%.

Geometric mean plasma concentrations of carotenoids, reti-
nol, and tocopherols in cases and controls are shown in Table 2.
The only difference that was statistically significant was that
for zeaxanthin, which was 5.5% higher in cases than in controls
(P � 0.04). In the carotenoids, the highest mean plasma concen-
trations were for lycopene, followed by lutein and then
�-carotene (geometric mean concentrations in controls of 27.0,
17.7 and 15.2 �g/dL, respectively); lycopene was the carotenoid
with the highest plasma concentrations in the control men in all
8 countries (data not shown). All of the plasma concentrations of

the individual carotenoids were positively correlated with one
another (results not shown). Geometric mean concentrations of
�-tocopherol were approximately tenfold those of �-tocopherol.

The RR of prostate cancer associated with plasma concentra-
tions of carotenoids, retinol, and tocopherols, both unadjusted
and after adjustment for BMI, smoking status, alcohol intake,
physical activity, marital status, and education level, is shown in
Table 3. The only statistically significant association was ob-
served in the unadjusted analysis for zeaxanthin: compared with
men in the lowest fifth of zeaxanthin, the men in the highest fifth
of zeaxanthin had a RR of disease of 1.41 (95% CI: 1.03, 1.83; P
for trend � 0.07); this association was attenuated and was not
statistically significant in the fully adjusted model.

Analyses were also conducted with the cases subdivided by
stage (localized or advanced), grade (Gleason sum �7, �7, or
equivalent), time between blood collection and diagnosis (�2 or
�2 y), age at blood collection (�60 or �60 y), smoking at time

TABLE 1
Baseline characteristics by case and control status

Characteristic Cases (n � 966) Controls (n � 1064) P1

All participants
Age at blood collection (y) 60.4 � 5.82 60.1 � 5.7 NA3

Weight (kg)4 80.1 � 11.2 81.1 � 11.9 0.05
Height (cm)4 173.6 � 6.9 173.8 � 6.9 0.51
BMI (kg/m2)4 26.6 � 3.3 26.8 � 3.6 0.08
Smoking [n (%)]4

Never 307 (32.5) 317 (31.2)
Former 408 (43.2) 407 (40.1)
Current 230 (24.3) 291 (28.7) 0.09

Alcohol consumption (g/d)4

�8 [n (%)] 326 (34.6) 381 (37.4)
8–15 [n (%)] 187 (19.9) 211 (20.7)
16–39 [n (%)] 251 (26.6) 235 (23.1)
�40 [n (%)] 178 (18.9) 191 (18.8) 0.29

Physical activity [n (%)]4

Inactive 196 (21.6) 179 (18.6)
Moderately inactive 319 (35.1) 307 (31.9)
Active 394 (43.3) 475 (49.4) 0.03

Marital status [n (%)]4

Married or cohabiting 501 (89.0) 572 (88.1)
Unmarried or not cohabiting 62 (11.0) 77 (11.9) 0.64

Educational attainment [n (%)]4

Primary or equivalent 354 (38.1) 411 (40.6)
Secondary 331 (35.6) 376 (37.1)
Degree 245 (26.3) 226 (22.3) 0.11

Cases only
Year of diagnosis 2000 (1994–2005)5 —
Age at diagnosis (y) 64.9 (5.7) —
Time from blood collection to diagnosis (mo) 50 (0–181)5 —
Stage [n (%)]

Localized 484 (50.1) —
Advanced 205 (21.2) —
Unknown 277 (28.7) —

Grade [n (%)]
Gleason sum �7 or well or moderately differentiated 445 (46.1) —
Gleason sum �7 or poorly differentiated or undifferentiated 286 (29.6) —
Unknown 235 (24.3) —

1 Independent sample t tests of equality of the means, or chi-square tests of association, as appropriate.
2 x� � SD (all such values).
3 Significance test was not applicable because this was a matching criterion.
4 Unknown for some subjects; the calculations of percentages exclude missing values.
5 Median; range in parentheses.
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of blood collection (no or yes; analyzed both in matched sets and
in an unmatched analysis to increase power), and country (8
countries). Heterogeneity in the associations between prostate
cancer risk and the 11 micronutrients in subgroups of these 6
variables was assessed: of the 66 significance tests conducted, 3
were statistically significant or were of borderline statistical sig-
nificance. These included the associations subdivided by stage of
disease for lycopene (P for heterogeneity � 0.01) and for the sum
of carotenoids (P for heterogeneity � 0.06).

The estimated RRs associated with plasma concentrations of
lycopene and the sum of carotenoids, subdivided by stage of
disease, are shown in Table 4. The RRs were adjusted for BMI,
smoking status, alcohol intake, physical activity, marital status,
and education level; however, the unadjusted RRs were similar
(data not shown). For these carotenoids, plasma concentrations
were not significantly associated with risk of localized disease,
but there was a significant inverse association with risk of ad-
vanced disease. The risk of advanced disease for men in the top
fifth of plasma concentrations relative to those in the lowest fifth
was 0.40 for lycopene (95% CI: 0.19, 0.88; P for trend � 0.05)
and 0.35 for the sum of carotenoids (95% CI: 0.17, 0.78; P for
trend � 0.04). Restriction of these analyses to the 161 advanced
cases diagnosed at �2 y after blood collection slightly attenuated
the RR; the risk for men in the top fifth of plasma concentration
relative to those in the lowest fifth was 0.48 for lycopene (95%
CI: 0.20, 1.11; P for trend � 0.10) and 0.52 for the sum of
carotenoids (95% CI: 0.21, 1.28; P for trend � 0.22). To inves-
tigate whether the association of the sum of carotenoids with risk
of advanced disease may have been largely explained by the
association with lycopene, we calculated the RR of prostate can-
cer associated with the sum of carotenoids minus lycopene; the
RRs in ascending fifths of this variable were 0.87 (95% CI: 0.48,
1.56), 0.80 (95% CI: 0.42, 1.55), 0.77 (95% CI: 0.37, 1.58), and
0.76 (95% CI: 0.37, 1.56) (P for linear trend � 0.15).

The only other test for heterogeneity that approached statisti-
cal significance was that for �-cryptoxanthin by grade: P for
heterogeneity � 0.06, with a nonsignificant positive association

of �-cryptoxanthin with the risk of low-grade disease (RR for top
fifth: 1.34; 95% CI: 0.82, 2.19) and a nonsignificant inverse
association with risk of high-grade disease (RR for top fifth: 0.57;
95% CI: 0.28, 1.17).

Previous prospective studies of plasma or serum micronutri-
ents and prostate cancer risk, together with the overall results for
the current study, are summarized in Table 5 (14–23). Of the 65
RRs in Table 5, only 2 were statistically significant: inverse
associations were found for retinol in the study by Reichman et
al (15) and for �-tocopherol in the study by Huang et al (21).
Furthermore, for none of the micronutrients studied was there a
consistent pattern of lower risks with higher plasma concentra-
tions. Summary RRs are shown in the last row of Table 5. The
summary RRs range from 0.84 to 1.20, and none of the risks were
significantly different from 1.0, although those for lycopene and
for �-tocopherol were of borderline statistical significance.

DISCUSSION

To our knowledge, this is the largest prospective study to date
of plasma carotenoids, retinol, tocopherols, and prostate cancer
risk. Overall, we observed no significant associations between
plasma micronutrient concentrations and prostate cancer risk.
However, we did observe significant heterogeneity between lo-
calized and advanced prostate cancer for the associations with
lycopene and for the sum of carotenoids, both of which were
significantly associated with a reduction in risk of advanced
prostate cancer. Analysis of the association of risk of ad-
vanced prostate cancer with the sum of carotenoids minus
lycopene suggested that the association of risk with the sum of
carotenoids is partly but not completely driven by the associ-
ation with lycopene.

The study sample size of �1000 cases was estimated to pro-
vide �80% power to detect RRs of �0.7 in the highest category
of exposure. However, for the subgroup analyses, the numbers of
cases in each subgroup were smaller, and the power to detect
heterogeneity or associations within subgroups was modest. A
priori, we were most interested in analyses subdivided by the
stage of disease. We had data on stage for 71% of the cases, of
which 30% (n � 205) were advanced; this is a higher proportion
than that in recent North American studies, but it provided only
a moderate sample size. Testing for prostate cancer by using the
serum concentration of prostate-specific antigen (PSA) became
more widely used during the follow-up period of the present
study. Data on PSA use in the EPIC cohort are not available, but
studies of annual rates of PSA testing in older middle-aged men
in some of the participating countries suggest rates of 6% in
England and Wales, 7% in Netherlands, 9% in Spain, and 16% in
Italy, compared with �38% in US whites (24–28).

Our analyses were based on single measures of plasma micro-
nutrient concentrations. The repeatability of serum carotenoids
over 1 to 2 y is high, with intraclass correlations of �0.6 to 0.8
(29). An examination of the repeatability of carotenoids, retinol,
and �-tocopherol over 15 y showed that repeatability was similar
to that for blood pressure, with Spearman’s correlation coeffi-
cients of �0.3 to 0.5, which suggested that these measures should
be reliable enough to detect moderate or strong associations,
should they exist (30).

TABLE 2
Concentrations of carotenoids, retinol, and tocopherols in cases and
controls

Micronutrient
Cases

(n � 966)1
Controls

(n � 1064)1
P for

difference2

�g/dL

�-Carotene 5.45 (5.18, 5.74)3 5.36 (5.10, 5.63) 0.63
�-Carotene 14.9 (14.2, 15.6) 15.2 (14.5, 15.8) 0.53
Lycopene 27.1 (25.9, 28.3) 27.0 (25.9, 28.2) 0.95
Lutein 17.9 (17.4, 18.4) 17.7 (17.2, 18.2) 0.57
Zeaxanthin 3.99 (3.85, 4.14) 3.78 (3.65, 3.92) 0.04
�-Cryptoxanthin 6.49 (6.15, 6.85) 6.29 (5.97, 6.63) 0.42
Canthaxanthin 1.71 (1.64, 1.79) 1.63 (1.56, 1.70) 0.12
Sum of carotenoids 86.1 (83.6, 88.7) 86.4 (84.0, 88.9) 0.86
Retinol 54.9 (54.1, 55.6) 54.6 (53.9, 55.4) 0.67
�-Tocopherol 1351 (1330, 1373) 1381 (1360, 1402) 0.06
�-Tocopherol 97.6 (94.0, 101.2) 100.5 (97.0, 104.1) 0.26

1 Data were missing for 1 case and 1 control for lycopene and for the sum
of carotenoids.

2 Independent sample t tests of equality of the log-transformed mean
concentrations.

3 Geometric x�; 95% CI in parentheses (all such values).
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TABLE 3
Relative risks (and 95% CIs) of prostate cancer in relation to plasma concentrations of carotenoids, retinol, and tocopherols1

Micronutrient quintile cutoffs Cases/controls

Relative risk (95% CI)

Unadjusted Adjusted2

n

�-Carotene (�g/dL)
�2.59 156/213 1.0 1.0
2.59 to �4.43 211/213 1.41 (1.06, 1.88) 1.34 (1.00, 1.79)
4.43 to �6.70 214/213 1.45 (1.08, 1.93) 1.29 (0.96, 1.75)
6.70 to �10.51 193/213 1.34 (0.99, 1.81) 1.21 (0.88, 1.66)
�10.51 192/212 1.41 (1.05, 1.89) 1.20 (0.87, 1.66)
P for trend — 0.17 0.89

�-Carotene (�g/dL)
�8.21 179/213 1.0 1.0
8.21 to �13.12 209/213 1.23 (0.92, 1.63) 1.17 (0.87, 1.56)
13.12 to �18.52 207/213 1.24 (0.93, 1.66) 1.14 (0.84, 1.54)
18.52 to �27.28 198/213 1.21 (0.89, 1.63) 1.06 (0.77, 1.45)
�27.28 173/212 1.08 (0.80, 1.46) 0.92 (0.66, 1.28)
P for trend — 0.99 0.24

Lycopene (�g/dL)
�15.04 159/213 1.0 1.0
15.04 to �24.32 220/213 1.39 (1.04, 1.85) 1.36 (1.02, 1.83)
24.32 to �34.75 216/212 1.32 (0.99, 1.75) 1.25 (0.93, 1.68)
34.75 to �49.37 196/213 1.18 (0.89, 1.57) 1.11 (0.83, 1.49)
�49.37 174/212 1.03 (0.76, 1.41) 0.97 (0.70, 1.34)
P for trend — 0.77 0.41

Lutein (�g/dL)
�12.22 201/213 1.0 1.0
12.22 to �15.82 174/213 0.89 (0.67, 1.18) 0.85 (0.64, 1.14)
15.82 to �19.84 171/213 0.88 (0.66, 1.17) 0.81 (0.61, 1.08)
19.84 to �26.41 226/213 1.19 (0.90, 1.57) 1.11 (0.83, 1.49)
�26.41 194/212 1.01 (0.75, 1.37) 0.91 (0.67, 1.25)
P for trend — 0.49 0.99

Zeaxanthin (�g/dL)
�2.37 178/213 1.0 1.0
2.37 to �3.40 189/213 1.07 (0.80, 1.43) 0.99 (0.74, 1.34)
3.40 to �4.50 185/213 1.05 (0.78, 1.40) 0.96 (0.71, 1.30)
4.50 to �6.20 166/213 0.95 (0.70, 1.28) 0.88 (0.65, 1.21)
�6.20 248/212 1.41 (1.03, 1.83) 1.30 (0.96, 1.74)
P for trend — 0.07 0.22

�-Cryptoxanthin (�g/dL)
�2.99 180/213 1.0 1.0
2.99 to �2.99 202/213 1.17 (0.88, 1.56) 1.09 (0.81, 1.47)
5.23 to �8.24 197/213 1.16 (0.86, 1.55) 1.04 (0.76, 1.42)
8.24 to �13.04 188/213 1.07 (0.79, 1.45) 0.95 (0.69, 1.31)
�13.04 199/212 1.15 (0.84, 1.58) 1.02 (0.73, 1.44)
P for trend — 0.31 0.79

Canthaxanthin (�g/dL)
�0.90 182/213 1.0 1.0
0.90 to �1.27 171/213 0.94 (0.71, 1.26) 0.93 (0.69, 1.25)
1.27 to �1.81 194/213 1.01 (0.75, 1.36) 0.97 (0.72, 1.32)
1.81 to �2.90 202/213 1.05 (0.77, 1.45) 1.03 (0.74, 1.42)
�2.90 217/212 1.15 (0.80, 1.67) 1.16 (0.80, 1.69)
P for trend — 0.42 0.43

Sum of carotenoids (�g/dL)
�59.82 186/213 1.0 1.0
59.82 to �79.56 214/213 1.15 (0.88, 1.50) 1.03 (0.77, 1.36)
79.56 to �99.48 190/212 1.05 (0.79, 1.40) 0.93 (0.69, 1.26)
99.48 to �127.31 189/213 1.02 (0.76, 1.37) 0.89 (0.65, 1.21)
�127.31 186/212 1.00 (0.74, 1.35) 0.84 (0.61, 1.16)
P for trend — 0.94 0.24

(Continued)
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Meta-analysis of our results together with the results of pre-
vious prospective studies suggested that none of these micronu-
trients were likely to be strongly related to overall prostate cancer
risk. Only 2 of the previous studies reported on these associations
after subdivision of the cases according to whether the prostate
cancer was localized or advanced at the time of diagnosis. No-
mura et al (16) reported simply that excluding nonaggressive
cases did not alter the results. Gann et al (19) reported analyses
restricted to aggressive cases, defined as those diagnosed with
extraprostatic disease or with a histologic grade of Gleason score

�7 or equivalent, or both; in these cases, they observed a signif-
icant trend of decreasing risk for increasing plasma lycopene,
with a RR in the top fifth of 0.56 (95% CI: 0.34, 0.92), which is
similar to the results of the current study.

The associations of carotenoids and tocopherols with the risk
of prostate cancer were also examined in observational studies of
dietary intake (2, 31, 32). Some of these studies suggested that
lycopene, other carotenoids, and tocopherols may be associated
with a lower risk of prostate cancer, but the results have not been
consistent (2).

TABLE 3 (Continued)

Micronutrient quintile cutoffs Cases/controls

Relative risk (95% CI)

Unadjusted Adjusted2

n
Retinol (�g/dL)

�46.22 204/213 1.0 1.0
46.22 to � 52.31 180/213 0.93 (0.70, 1.23) 0.92 (0.69, 1.23)
52.31 to �58.18 202/213 1.07 (0.81, 1.40) 1.07 (0.80, 1.42)
58.18 to �64.58 170/213 0.90 (0.68, 1.20) 0.88 (0.65, 1.18)
�64.58 210/212 1.14 (0.86, 1.51) 1.12 (0.83, 1.44)
P for trend — 0.23 0.27

�-Tocopherol (�g/dL)
�1132 224/213 1.0 1.0
1132 to �1294 207/213 0.95 (0.72, 1.26) 0.96 (0.72, 1.27)
1294 to �1442 181/213 0.85 (0.64, 1.13) 0.86 (0.65, 1.15)
1442 to �1680 196/213 0.95 (0.72, 1.25) 0.95 (0.72, 1.26)
�1680 158/212 0.81 (0.61, 1.08) 0.82 (0.61, 1.11)
P for trend — 0.37 0.48

�-Tocopherol (�g/dL)
�62.52 199/213 1.0 1.0
62.52 to �94.06 238/213 1.26 (0.93, 1.72) 1.29 (0.94, 1.77)
94.06 to �121.80 168/213 0.94 (0.68, 1.30) 0.98 (0.70, 1.37)
121.80 to �161.11 165/213 0.96 (0.68, 1.36) 0.99 (0.70, 1.41)
�161.11 196/212 1.24 (0.88, 1.76) 1.33 (0.93, 1.90)
P for trend — 0.61 0.34

1 P for trend is associated with the logarithm of micronutrient concentration.
2 Adjusted for BMI, smoking status, alcohol intake, physical activity level, marital status, and educational level.

TABLE 4
Relative risks (and 95% CIs) of prostate cancer in relation to plasma concentrations of lycopene and the sum of carotenoids, subdivided according to stage
of disease1

Micronutrient quintile cutoffs

Localized disease Advanced disease

Cases/controls Relative risk (95% CI) Cases/controls Relative risk (95% CI)

n n
Lycopene (�g/dL)

�15.04 77/115 1.0 48/49 1.0
15.04 to �24.32 113/126 1.31 (0.87, 1.97) 45/38 1.35 (0.67, 2.74)
24.32 to �34.75 115/116 1.36 (0.90, 2.05) 44/38 1.19 (0.62, 2.29)
34.75 to �49.37 83/108 1.05 (0.69, 1.59) 43/42 0.93 (0.47, 1.85)
�49.37 95/95 1.40 (0.89, 2.21) 25/51 0.40 (0.19, 0.88)
P for trend 0.50 0.05

Sum of carotenoids (�g/dL)
�59.82 83/110 1.0 57/51 1.0
59.82 to �79.56 118/116 1.27 (0.87, 1.87) 46/47 0.66 (0.34, 1.28)
79.56 to �99.48 92/107 1.09 (0.70, 1.69) 37/35 0.74 (0.37, 1.49)
99.48 to �127.31 90/121 0.89 (0.59, 1.37) 37/37 0.62 (0.28, 1.35)
�127.31 100/106 1.02 (0.65, 1.60) 28/48 0.35 (0.17, 0.78)
P for trend 0.56 0.04

1 P for trend is associated with the logarithm of micronutrient concentration. P for heterogeneity by stage � 0.01 (lycopene) and 0.06 (sum of carotenoids).
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There are also data on some of these micronutrients from large
randomized controlled trials. In the Alpha-Tocopherol, Beta-
Carotene Cancer Prevention Study (ATBC), the RR of prostate
cancer for men taking �-carotene (20 mg/d for a median of 6 y)
compared with placebo was 1.26 (95% CI: 0.98, 1.62), which was
attenuated in the posttrial period (33). In the Physicians’ Health
Study, treatment with 50 mg �-carotene on alternate days for an
average of 12 y did not alter the risk of prostate cancer (RR: 0.99;
34), although there was some evidence for a protective effect in
the men with the lowest plasma concentrations at the beginning
of the trial (35). In the Carotene and Retinol Efficacy Trial, men
in the intervention arm were given 30 mg �-carotene/d together
with retinol for a mean of 4 y, and the RR of prostate cancer was
1.01 (95% CI: 0.80, 1.27), in comparison with the placebo group
(36). For �-tocopherol, the ATBC trial reported that supplements
of 50 mg/d reduced prostate cancer risk by 34% (95% CI: 14, 48),
although this reduction in risk was no longer present after ex-
tended follow-up (33). However, the Heart Outcomes Prevention
Evaluation trial showed no effect of 268 mg �-tocopherol/d for
a median of 7 y (RR: 0.98; 95% CI: 0.76, 1.26; 37). The Heart
Protection Study tested the effect of a combination of daily
�-carotene (20 mg), �-tocopherol (600 mg), and vitamin C
(250 mg) for 5 y and found no significant effect on prostate
cancer (RR: 0.91; 38). Together, these trials provide strong
evidence that supplementation with �-carotene for a few years
does not reduce the risk of prostate cancer and moderately
strong evidence that vitamin E does not reduce risk. The trials
did not report on risk subdivided according to the stage of
prostate cancer.

For lycopene and for the sum of carotenoids, there was weak
evidence for a difference in association according to the stage of
disease, which corresponded to an inverse association for ad-
vanced disease but no association with localized disease. One
possible explanation for this observation is that these carote-
noids, or associated dietary factors, actively reduce the risk of
advanced prostate cancer; several potential mechanisms by
which lycopene may reduce prostate cancer risk have been dis-
cussed (39). Given the known effect of the 5-�-reductase inhib-
itor finasteride in reducing risk (40), the possibility that lycopene
may inhibit 5-�-reductase warrants attention (41). Alternatively,
there may be little or no biological association between these
carotenoids and the risk of disease, but low consumption of
certain foods rich in lycopene or all carotenoids may be associ-
ated with lifestyles that lead to the detection of cancer at an
advanced stage. Finally, the results may be related to reversed
causality; the advanced cancers may have been present subclin-
ically at the time of blood collection and may have influenced the
plasma concentrations of some of the micronutrients. Our data do
not enable us to choose between these interpretations. If lycopene
or total carotenoids reduce the risk of advanced disease, it would
be expected that, unless these carotenoids affect only disease
progression, there would also be some reduction in risk of local-
ized disease.

Further research on the effects of lycopene and other carote-
noids on the prostate would be valuable. Although this is the
largest prospective study of plasma carotenoids, retinol, toco-
pherols, and prostate cancer risk published so far, more data are
needed to clearly differentiate the associations of lycopene and
total carotenoids with localized and advanced disease, to exam-
ine whether these associations vary according to time between
blood collection and diagnosis, and to examine whether these

associations are confounded or modified by other potential risk
factors for prostate cancer. Overall, the results from this and other
studies have not established that these micronutrients have any
clear effect on prostate cancer risk.
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Long-chain n�6 polyunsaturated fatty acids in breast milk decrease
the risk of HIV transmission through breastfeeding1�3

Eduardo Villamor, Irene N Koulinska, Jeremy Furtado, Ana Baylin, Said Aboud, Karim Manji, Hannia Campos, and
Wafaie W Fawzi

ABSTRACT
Background: Breastfeeding accounts for a sizable proportion of
infant HIV infections. Some fatty acids (FAs) are potent immuno-
modulators with virucidal activity, and their primary source in
breastfed children is breast milk.
Objectives: The aims of the study were to examine whether the
percentage weight concentration of FAs in breast milk was associ-
ated with the risk of mother-to-child transmission (MTCT) of HIV
by breastfeeding and with shedding of cell-free virus (CFV) or cell-
associated virus (CAV) in breast milk.
Design: We conducted a case-control study nested within a cohort of
HIV-infected Tanzanian women and children. We matched 59 inci-
dent breastfeeding MTCT cases to 59 nontransmitting controls
based on the child’s age at sample collection. We quantified FAs,
CFV, and CAV in a breast milk sample collected before the infant’s
first positive HIV test.
Results: After adjustment for indicators of maternal HIV disease
stage, the risk of MTCT was inversely related to 11c,14c-
eicosadienoic acid [odds ratio (OR) for quartile 4 compared with
quartile 1: 0.21; P for trend � 0.04], arachidonic acid (OR: 0.21;
P for trend � 0.03), and dihomo-�-linolenic acid (OR: 0.24; P for
trend � 0.03); the latter 2 were also linearly, inversely related to virus
shedding in breast milk. Lauric acid and pentadecanoic acid were
associated with increased MTCT, whereas trans FAs were related to
higher CAV and CFV.
Conclusion: Increasing concentrations of long-chain n�6 polyun-
saturated FAs in breast milk might reduce the risk of MTCT. Am
J Clin Nutr 2007;86:682–9.

KEY WORDS Fatty acids, breast milk, HIV, mother-to-child
transmission, arachidonic acid, breastfeeding, viral load

INTRODUCTION

By the end of 2006 there were 2.3 million HIV-infected chil-
dren in the world, at least 2 million of whom were living in
sub-Saharan Africa (1). In the absence of interventions, up to
40% of all infant infections in this region is due to mother-to-
child transmission (MTCT) through breastfeeding. Although
complete avoidance of breastfeeding would theoretically prevent
MTCT by breast milk, this option is usually not acceptable,
feasible, affordable, sustainable, or safe in the countries most
heavily hit by the HIV epidemic. In such settings, exclusive
breastfeeding appears to carry a lower risk of postnatal HIV
transmission than does early mixed feeding (2). Thus, the World

Health Organization (WHO) has recently recommended that
HIV-infected women exclusively breastfeed for up to 6 mo or
until the conditions for optimal replacement feeding are met
(WHO, HIV and Infant Feeding Technical Consultation, Ge-
neva, Switzerland, October 25–27, 2006). In the context of this
recommendation, it is critical to identify potentially modifiable
factors that contribute to the risk of HIV transmission through
breast milk.

Fatty acids (FAs) are milk constituents with strong immuno-
modulating potential (3). In breastfed children, breast milk is the
main source of essential polyunsaturated FAs (PUFAs;
�-linolenic acid and linoleic acid) and their n�3 and n�6 long-
chain derivatives (LCPUFAs). Studies indicate that LCPUFAs,
including docosahexaenoic acid and arachidonic acid, are essen-
tial for the development of T cell function in infants (4). In
addition, several experiments have suggested that arachidonic
acid and other free FAs exhibit virucidal activity against encap-
sulated viruses in vitro (5, 6). Given that HIV shedding in breast
milk is a strong predictor of transmission (7–10) and considering
the noted immunomodulatory and virucidal potential of FAs, we
hypothesized that the percentage weight concentration of FAs in
breast milk could be associated with the risk of MTCT, possibly
through modulating the concentration of cell-free or cell-
associated HIV in milk. We examined this hypothesis by con-
ducting a nested case-control study among HIV-infected women
and their children in Tanzania.

SUBJECTS AND METHODS

Study population

We conducted a case-control study nested within the cohort of
women and children who participated in the Tanzania Trial of
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Vitamins. In that randomized, double-blind, placebo-controlled
trial, 1078 HIV-infected women were recruited during preg-
nancy to investigate the effects of daily vitamin A, multivitamin
(B, C, and E), or both supplements on MTCT and HIV disease
progression. The study design and methods were previously de-
scribed in detail (10, 11). At recruitment, we obtained informa-
tion on the women’s sociodemographic characteristics, clinical
and immunologic HIV disease stage, including a CD4 cell count,
and potential risk factors for transmission of HIV. During follow-
up, we collected data on the outcome of pregnancy, clinical
progression of HIV disease, morbidity, and mortality of both the
mothers and their children.

Information on vertical transmission of HIV was obtained by
testing blood samples collected from the child at birth, 6 wk after
birth, and every 3 mo thereafter. In children who were �18 mo
of age, HIV status was tested by polymerase chain reaction with
the use of the Amplicor HIV detection kit (Roche Diagnosis
Systems, Branchburg, NJ). When children became �18 mo of
age, we determined HIV status with the use of enzyme-linked
immunosorbent assay and confirmed positive results by Western
blot. Children who tested negative by 6 wk and positive thereafter
were presumed to have been infected by breastfeeding. At de-
livery and at 3 monthly intervals thereafter, we collected 10 mL
breast milk from either breast by manual expression. It was not
possible to standardize the time from collection since the last
nursing; however, the FA composition of breast milk does not
change during feeding, between breasts, or by time from nursing,
and a single sample taken at any time is deemed to be adequate
for FA composition analyses (12, 13).

The study was approved by the Human Subjects Committee of
the Harvard School of Public Health and the Research and Pub-
lications Committee of Muhimbili University College of Health
Sciences. All participants provided informed consent before
enrollment.

Study design

We defined cases to be women who transmitted HIV-1 to their
infants through breast milk. Sixty-one such incident cases were
identified. We selected one breast milk sample per case to be
tested for FA concentrations and for cell-free and cell-associated
HIV-1. We aimed to select samples that had been collected be-
fore the child’s first HIV-positive test. Such samples were not
available in 2 cases; therefore, the final number of cases consid-
ered was 59. In 38 cases, a sample was available between 4 and
24 wk before the first positive test; in 11 cases, the only breast
milk sample available was at the same time as the child’s first
positive test (n � 8) or within the prior 4 wk (n � 3) and in another
10 cases, the sample was collected �24 wk before the first
positive test.

We selected one control per case from the pool of mothers
whose child’s final HIV status was negative after the end of
breastfeeding. Controls were individually matched to cases on
the time since delivery at which the breast milk sample was
collected � 1 wk. Typically, 2–3 potential control samples per
case were identified, from which one was randomly selected.

Laboratory methods

Breast milk samples were immediately separated into two
5-mL aliquots on collection. One aliquot was centrifuged at
1500 � g for 12 min at 4 °C to obtain a cell-free aqueous milk

fraction and a milk-cell pellet, and the other was kept as whole
milk. All samples were stored in Dar es Salaam at �70 °C and
later transported in hermetic containers filled with liquid nitro-
gen to the Harvard School of Public Health in Boston.

FAs were quantified in the whole-milk aliquots. The samples
were thawed at room temperature for �30 min and shaken to
ensure homogeneity. FAs were extracted from a hexane and
isopropanol (3:2 by vol) and sodium sulfate (6%) mixture con-
taining the sample and were esterified with methanol and acetyl
chloride as described by Lillington et al (14). After esterification,
the methanol and acetyl chloride were evaporated, and the FA
methyl esters were redissolved in isooctane. The methyl esters
were measured by gas-liquid chromatography under the follow-
ing conditions: fused silica, capillary cis or trans column (100 m
� 250 mm internal diameter, with a 0.20-�m film; SP2560;
Supelco, Bellefonte, PA); splitless injection port at 240 °C; hy-
drogen carrier gas at a constant flow of 1.3 mL/min; Hewlett-
Packard (now Agilent) Model GC 6890 FID gas chromatograph
with 7673 Autosampler injector (Palo Alto, CA); 1 �L injected
sample; temperature program of 90–170 °C at 10 °C/min,
170 °C for 5 min, 170–175 °C at 5 °C/min, 175–185 °C at 2 °C/
min, 185–190 °C at 1 °C/min, 190–210 °C at 5 °C/min, 210 °C
for 5 min, 210–250 °C at 5 °C/min, and 250 °C for 10 min. Peak
retention times and area percentages of total FAs were identified
by injecting known standards (NuCheck Prep, Elysium, MN) and
were analyzed with CHEMSTATION A.08.03 software (Agilent
Technologies, Santa Clara, CA). Fifty-one known FAs were
identified.

Cell-associated HIV load in milk was quantified from the
milk-cell pellet. We washed the cell pellets with phosphate-
buffered saline solution and extracted genomic DNA with the use
of the QIAamp Blood Kit (Qiagen, Valencia, CA). Real-time
polymerase chain reaction that used the FastStart DNA Master
SYBR Green I mix and the LightCycler instrument (Roche Di-
agnostics) was performed to quantify cell-associated HIV, ac-
cording to a previously described protocol (7). Proviral load was
expressed as the proportion of HIV-infected cells per 10 000
cells. Cell-free viral RNA was isolated from the aqueous milk
fraction with the use of the high Pure Viral RNA Kit (Roche
Diagnostics, Indianapolis, IN). We implemented an ultrasensi-
tive protocol of the Amplicor HIV Monitor test, version 1.5
(Roche Diagnostics) to quantify cell-free HIV, as detailed pre-
viously (7).

Statistical analyses

We compared the baseline characteristics of cases and controls
with the signed-rank test for continuous variables and the
McNemar test for categorical variables. The associations be-
tween breast milk FAs and breastfeeding transmission of HIV
were examined by fitting conditional logistic regression models
with case-control status as the outcome. Predictors included or-
dinal categories representing quartiles for each FA, expressed as
the percentage of total fat. Adjusted odds ratios and 95% CIs
were estimated from models that included CD4 cell counts and
clinical stage of HIV disease at baseline according to the WHO
staging system (15). Given that vitamin A supplementation in-
creased the risk of breastfeeding transmission in this population
(11), assignment to the vitamin A arm of the trial was also intro-
duced as an adjustment variable. To test for dose-response asso-
ciations between the concentration of FAs in breast milk and
transmission, we introduced an ordinal variable representing the
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distribution quartiles as continuous into the regression models
and tested its statistical significance by use of the Wald test.

To examine the associations between FA percentage weight
concentrations and HIV shedding in milk, we defined high cell-
free or high cell-associated HIV concentrations dichotomously,
with the use of the median among the cases as the cutoff (7). The
proportions of women with high cell-free virus (CFV) or cell-
associated virus (CAV) were compared across FA quartiles, ir-
respective of case-control status, with the use of the Cochran-
Armitage test for trend. Adjusted tests for trend were derived
from multivariate binomial regression models that included an
ordinal predictor representing FA quartiles and indicator vari-
ables for baseline CD4 cell counts, clinical stage of HIV disease,
and assignment to vitamin A supplements. SAS software (ver-
sion 9.1; SAS Institute, Cary, NC) was used for all analyses.

RESULTS

Compared with controls, cases had significantly lower CD4
cell counts at baseline and shed greater amounts of both CVF and
CAV in the index breast milk sample before transmission
(Table 1). The mean percentage weight concentration of penta-
decanoic acid (15:0) was significantly higher in cases than in
controls, whereas concentrations of several n�6 LCPUFAs,
including 11c,14c-eicosadienoic acid (20:2n�6), dihomo-�-
linolenic acid (20:3n�6), and arachidonic acid (20:4n�6), were
significantly higher in controls (Table 2).

In multivariate analyses, the risk of MTCT was positively
associated with percentage weight concentrations of lauric acid
(12:0) and pentadecanoic acid (15:0) in milk (Table 3). By
contrast, higher percentage weight concentrations of gondoic
acid (20:1n�9), 11c,14c-eicosadienoic acid (20:2n�6), dihomo-
�-linolenic acid (20:3n�6), and arachidonic acid (20:4n�6) were
significantly and strongly related to lower MTCT risk. For the
latter n�6 PUFAs, the risk of MTCT was between 76% and 79%

lower in the fourth quartile than in the first quartile. A nonstatis-
tically significant protective trend was observed with eicosapen-
taenoic acid (EPA).

Breast milk percentage weight concentrations of total n�3
PUFAs, dihomo-�-linolenic acid and arachidonic acid, were
inversely related to high CFV shedding, whereas only
dihomo-�-linolenic was negatively associated with shedding
of CAV (Table 4). A significant positive trend was observed
between total trans FAs in breast milk and CAV and a mar-
ginally significant positive trend with CFV. High CFV shed-
ding was higher in breast milk samples with the lowest per-
centage weight concentration of EPA than in samples �25th
percentile, but the trend by quartiles did not reach statistical
significance.

DISCUSSION

Our results suggest that the percentage weight concentra-
tion of several FAs in breast milk is associated with the risk of
MTCT of HIV by breastfeeding. Some saturated FAs, includ-
ing lauric and pentadecanoic acids, were related to increased
risk, whereas one monounsaturated acid (gondoic acid) and
several n�6 LCPUFAs (11c,14c-eicosadienoic, dihomo-�-
linolenic, and arachidonic acids) were related to lower risk of
transmission. In addition, dihomo-�-linolenic acid, arachi-
donic acid, and total n�3 PUFAs were related to decreased
HIV shedding in milk, whereas trans fats were associated with
greater shedding.

Breast milk FAs are known to have strong immunomodulating
properties, some of which could be relevant to explain the ap-
parent protective effect of gondoic acid and n�6 LCPUFAs on
HIV transmission that we currently report. Individual breast milk
FAs, released from triacylglycerols by the infant’s gastric and
lingual lipases, may exhibit direct antimicrobial activity in the
intestinal tract (16). Some in vitro and ex vivo studies indicate

TABLE 1
Characteristics of cases and controls

Cases
(n � 59)

Controls
(n � 59) P1

Maternal characteristics at recruitment
Age (y) 25.4 � 5.02 26.0 � 4.9 0.61
Lacks primary schooling [n (%)] 7 (11.9) 8 (13.6) 0.74
BMI (kg/m2) 23.8 � 3.2 23.3 � 3.5 0.36
Midupper arm circumference (cm) 25.8 � 3.1 25.3 � 3.0 0.25
Symptomatic HIV disease [n (%)] 15 (25.4) 8 (13.6) 0.12
CD4 count (cells/mm3) 376 � 230 452 � 196 0.02
Hemoglobin (g/L) 94 � 16 96 � 19 0.59
Assigned to vitamin A [n (%)] 35 (59.3) 28 (47.5) 0.17
Assigned to multivitamins [n (%)] 31 (52.5) 27 (45.8) 0.43

Pregnancy outcomes
Low birth weight (�2500 g) [n (%)] 6 (11.1) 7 (12.5) 0.99
Preterm delivery (�37 wk) [n (%)] 18 (30.5) 10 (17.0) 0.10

Breast milk sample characteristics
Age of child at time of breast-milk sample (d) 305 � 168 292 � 164 0.31
Cell-free viral load (copies/mL) 2049 � 4016 660 � 1847 0.004
Cell-associated viral load (copies/10 000 cells) 59 � 203 12 � 43 0.001

1 Values derived from Wilcoxon matched-pairs rank-sum test for continuous variables and McNemar test for categorical variables.
2 x� � SD (all such values).

684 VILLAMOR ET AL



that LCPUFAs, including arachidonic acid, could effectively
inactivate enveloped viruses possibly by dissolving the virions’
fatty envelopes (5, 6, 17). In addition, n�6 LCPUFAs inhibited
HIV-1 reverse transcriptase in one experiment (18). The micro-
bicidal potential of breast milk lipids is not limited to viruses but
also includes bacteria and other microorganisms (19). In addition
to a potential direct anti-HIV effect in the infant’s gastrointestinal
tract, FAs might decrease the risk of MTCT through protection
against other pathogens that could disrupt mucosal barriers and

facilitate HIV infection (20). This mechanism would be partic-
ularly relevant in the context of mixed feeding, which is associ-
ated with the highest risk of MTCT (21).

If the protective effect of FAs on MTCT is likely to occur in the
infant’s gastrointestinal tract, the associations between breast
milk FA percentage weight concentrations and transmission may
not necessarily be accompanied by decreases in breast milk HIV
shedding. However, we did observe significant inverse associa-
tions between CFV and the percentage weight concentrations of

TABLE 2
Distribution of fatty acids (FAs) in breast milk among cases and controls1

Cases
(n � 59)

Controls
(n � 59) P2

Saturated FAs (%)
12:0 4.26 � 3.143 3.35 � 3.15 0.13
14:0 10.98 � 5.43 10.74 � 5.47 0.95
15:0 0.17 � 0.06 0.15 � 0.05 0.006
16:0 27.06 � 3.19 27.82 � 3.66 0.23
17:0 0.27 � 0.13 0.26 � 0.11 0.83
18:0 5.54 � 2.04 5.53 � 1.76 0.73
20:0 0.19 � 0.12 0.18 � 0.09 0.82
22:0 0.03 � 0.04 0.03 � 0.03 0.21
Total saturated FAs 48.49 � 7.27 48.00 � 7.51 0.68

Monounsaturated FAs (%)
14:1(n�5) 0.11 � 0.06 0.10 � 0.07 0.30
16:1(n�7) 2.22 � 0.84 2.26 � 1.06 0.89
18:1(n�9) 30.94 � 5.17 30.50 � 5.90 0.68
18:1(n�7) 1.41 � 0.36 1.54 � 0.42 0.08
20:1(n�9) 0.27 � 0.08 0.28 � 0.08 0.32
Total monounsaturated FAs 34.96 � 5.35 34.70 � 6.07 0.83

n�3 Polyunsaturated FAs (%)
18:3(n�3) 0.58 � 0.29 0.63 � 0.38 0.85
20:5(n�3) 0.04 � 0.05 0.06 � 0.06 0.20
22:5(n�3) 0.14 � 0.09 0.14 � 0.06 0.53
22:6(n�3) 0.40 � 0.25 0.44 � 0.21 0.18
Total n�3 FAs 1.18 � 0.48 1.28 � 0.50 0.22

n�6 Polyunsaturated FAs (%)
18:2(n�6) 12.28 � 4.34 12.70 � 4.50 0.85
18:3(n�6) 0.08 � 0.04 0.08 � 0.05 0.66
20:2(n�6) 0.24 � 0.09 0.28 � 0.10 0.02
20:3(n�6) 0.37 � 0.10 0.43 � 0.15 0.01
20:4(n�6) 0.52 � 0.12 0.58 � 0.15 0.001
22:4(n�6) 0.09 � 0.05 0.10 � 0.05 0.10
Total n�6 FAs 13.60 � 4.48 14.20 � 4.67 0.68

n�7 Polyunsaturated FAs (%)
18:2(n�7)ct 0.09 � 0.08 0.07 � 0.07 0.14
Total polyunsaturated FAs 14.78 � 4.69 15.47 � 4.88 0.52

trans FAs (%)
16:1(n�7)t 0.07 � 0.07 0.06 � 0.06 0.35
18:1(n�12)t 0.33 � 0.18 0.38 � 0.32 0.32
18:1(n�9)t 0.16 � 0.10 0.19 � 0.20 0.75
18:1(n�7)t 0.18 � 0.16 0.17 � 0.21 0.57
18:2(n�6)tt 0.01 � 0.02 0.02 � 0.03 0.73
18:2(n�6)ct 0.18 � 0.05 0.19 � 0.07 0.91
18:2(n�6)tc 0.16 � 0.06 0.18 � 0.07 0.59
Total 18:1 trans FAs 0.67 � 0.38 0.74 � 0.68 0.91
Total 18:2 trans FAs 0.36 � 0.11 0.38 � 0.15 0.68
Total trans FAs 1.36 � 0.58 1.45 � 0.99 0.80

1 FAs are expressed as a percentage of total fatty acids. 18:2(n�7) ct, 9c, 11t-octadecadienoic acid (conjugated linoleic acid); 18:2(n�6) tt, 9t, 12
t-octadecadienoic acid; 18:2(n�6) ct, 9c, 12t-octadecadienoic acid; 18:2(n�6) tc, 9t, 12c-octadecadienoic acid.

2 Values derived from Wilcoxon matched-pairs rank-sum test.
3 x� � SD (all such values).
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TABLE 3
Odds ratios (ORs) for mother-to-child transmission of HIV by quartile (Q) of fatty acid (FA) percentage weight concentrations in breast milk1

Q1 Q2 Q3 Q4 P for trend2

Saturated FAs
12:0, Lauric acid

Median 0.13 2.16 4.43 7.86
Controls:Cases 19:11 14:15 14:15 12:18 0.05
Adjusted OR (95% CI) 1.00 3.58 (0.60, 21.3) 7.35 (0.93, 58.4) 6.91 (1.06, 45.2) 0.05

15:0, Pentadecanoic acid
Median 0.10 0.13 0.17 0.23
Controls:Cases 21:9 14:15 13:17 11:18 0.01
Adjusted OR (95% CI) 1.00 3.72 (0.97, 14.2) 4.79 (1.14, 20.2) 9.29 (1.86, 46.3) 0.007

16:0, Palmitic acid
Median 23.91 26.52 28.15 31.11
Controls:Cases 14:15 13:17 13:16 19:11 0.20
Adjusted OR (95% CI) 1.00 2.25 (0.54, 9.43) 1.67 (0.40, 6.91) 0.58 (0.12, 2.70) 0.45

Monounsaturated FAs
18:1(n�9), Oleic acid

Median 24.85 28.87 31.67 37.09
Controls:Cases 15:15 14:15 16:13 14:16 0.93
Adjusted OR (95% CI) 1.00 0.85 (0.30, 2.35) 0.50 (0.14, 1.71) 0.70 (0.20, 2.51) 0.46

20:1(n�9), Gondoic acid
Median 0.19 0.24 0.28 0.36
Controls:Cases 11:18 15:15 16:14 17:12 0.08
Adjusted OR (95% CI) 1.00 0.44 (0.13, 1.54) 0.29 (0.08, 1.07) 0.22 (0.05, 1.01) 0.04

n�3 Polyunsaturated FAs
18:3(n�3), �-Linolenic acid

Median 0.32 0.45 0.55 0.86
Controls:Cases 16:14 18:11 9:20 16:14 0.44
Adjusted OR (95% CI) 1.00 0.66 (0.22, 1.93) 2.24 (0.75, 6.73) 0.96 (0.28, 3.26) 0.59

20:5(n�3), EPA
Median 0.00 0.04 0.06 0.11
Controls:Cases 19:25 7:8 14:15 19:11 0.15
Adjusted OR (95% CI) 1.00 0.68 (0.20, 2.32) 0.57 (0.18, 1.81) 0.44 (0.16, 1.22) 0.11

22:6(n�3), DHA
Median 0.23 0.32 0.40 0.63
Controls:Cases 16:14 7:22 18:11 18:12 0.17
Adjusted OR (95% CI) 1.00 4.96 (1.04, 23.6) 0.35 (0.08, 1.47) 0.58 (0.16, 2.13) 0.17

Total n�3 polyunsaturated FAs
Median 0.74 1.01 1.24 1.78
Controls:Cases 13:17 16:13 12:18 18:11 0.33
Adjusted OR (95% CI) 1.00 0.78 (0.24, 2.51) 1.22 (0.41, 3.67) 0.51 (0.16, 1.60) 0.41

n�6 Polyunsaturated FAs
18:2(n�6), Linoleic acid

Median 8.91 10.46 12.52 16.26
Controls:Cases 16:14 14:15 14:16 15:14 0.86
Adjusted OR (95% CI) 1.00 0.86 (0.29, 2.53) 0.86 (0.24, 3.09) 0.80 (0.25, 2.58) 0.73

20:2(n�6), 11c, 14c-Eicosadienoic acid
Median 0.18 0.22 0.26 0.37
Controls:Cases 11:18 14:16 15:14 19:11 0.05
Adjusted OR (95% CI) 1.00 0.36 (0.10, 1.39) 0.43 (0.13, 1.41) 0.21 (0.05, 0.85) 0.04

20:3(n�6), Dihomo-�-linolenic acid
Median 0.26 0.34 0.40 0.52
Controls:Cases 11:19 13:16 16:13 19:11 0.04
Adjusted OR (95% CI) 1.00 0.87 (0.21, 3.61) 0.61 (0.18, 2.04) 0.24 (0.06, 0.87) 0.03

20:4(n�6), Arachidonic acid
Median 0.40 0.49 0.59 0.71
Controls:Cases 11:18 14:16 13:16 21:9 0.02
Adjusted OR (95% CI) 1.00 1.06 (0.26, 4.28) 0.64 (0.21, 2.03) 0.21 (0.05, 0.84) 0.03

trans FAs
Median 0.76 1.07 1.39 2.10
Controls:Cases 16:13 17:13 12:18 14:15 0.29
Adjusted OR (95% CI) 1.00 1.05 (0.33, 3.27) 2.45 (0.66, 9.05) 1.81 (0.47, 6.96) 0.29

1 EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. ORs and 95% CIs are derived from conditional logistic regression models with case-control
status as the outcome and predictors that included indicator variables for Q2, Q3, and Q4 of each FA in milk; maternal CD4 cell counts at recruitment; clinical
stage of HIV disease; and assignment to vitamin A supplementation. All women were included in the determination of quartiles.

2 Values are derived from Wald test for an indicator variable representing the ordinal quartiles of FA that was introduced as a continuous predictor in
univariate (for the unadjusted ratio of controls to cases) and multivariate conditional logistic regression models (for the adjusted models).
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dihomo-�-linolenic acid and arachidonic acid. These FAs, re-
leased from milk triacylglycerols by milk lipoprotein lipase,
could have exerted some virucidal activity in the milk samples
after collection; however, a negative association between lauric
acid and viral load was not observed, in contrast to previous in
vitro experiments (22). It is unclear whether a virucidal effect of
FAs in milk is in the causal pathway of the observed associations
with MTCT, because viral load and FAs were measured in the
same sample, opening a possibility for reverse causality. In ad-
dition, not all the associations between FAs and viral load in milk
were consistent with those previously reported in vitro. Alterna-
tively, an LCPUFA-mediated decrease in viral load could rep-
resent beneficial effects of these FAs on the immunologic status
of the mother. Although no evidence from intervention trials is
found on the effect of LCPUFAs on HIV disease progression, one
observational study suggested that advanced HIV disease stage
was associated with significant decreases in the content of lino-
leic acid and arachidonic acid in cell membranes of CD4 lym-
phocytes (23).

We observed an increase in the risk of HIV transmission in
relation to higher breast milk percentage weight concentrations
of 2 saturated FAs, lauric acid and pentadecanoic acid. The na-
ture of these associations is uncertain, particularly because lauric
acid (22) and its monoglyceride form, monolaurin (24), were
reported to exhibit virucidal activity against encapsulated viruses
in vitro. Breast milk lauric acid and other 10–14-carbon FAs are
thought to be primarily synthesized de novo in the mammary
gland (25), and their production appears to be stimulated by
low-fat and high-carbohydrate diets (26). However, odd-carbon
saturated fats in milk, including pentadecanoic acid, could orig-
inate from maternal diet and indicate higher consumption of
dairy products (27). We cannot rule out that the associations
observed between these 2 FAs and MTCT be confounded by
dietary factors on which we do not have information.

Whether the protective associations between n�6 LCPUFAs
and MTCT could also be confounded by unmeasured dietary

factors is less likely, given that the amounts of LCPUFAs in milk
are metabolically regulated, as suggested by studies showing
similar or greater breast milk concentrations of n�6 LCPUFAs in
women with low dietary intake of preformed n�6 LCPUFA
sources compared with those with higher consumption of such
foods (28). Thus, compared with other FAs, secretion of n�6
LCPUFAs in milk seems to depend less on maternal dietary
intake and more on mobilization from adipose stores and endog-
enous synthesis.

The adverse effects of trans FAs on blood lipids, inflammatory
markers, and cardiovascular health are well documented (29).
We found that the trans FA percentage weight content of breast
milk was directly related to increased CAV shedding, and we also
observed a marginally significant positive association with CFV.
Although trans FAs were not linearly related to the risk of
MTCT, the point estimate odd ratios for the third and fourth
quartiles of trans FAs in breast milk seemed to be in the direction
of increased risk compared with the lower categories. trans FAs
in breast milk are considered to be a direct reflection of maternal
dietary intake (30), and their concentrations vary across popula-
tions according to the amount of partially hydrogenated fats
consumed. In the Tanzanian women, total trans FAs accounted
for �1.4% of milk FAs, which is less than the 4.4% and 5.3%
averages reported from Germany (31) and Canada (30), respec-
tively. It is possible that an increase in MTCT because of trans
fats in breast milk could be detectable at higher concentrations of
trans fats than those found in our study population.

Evidence suggests that trans fats could interfere with the syn-
thesis of arachidonic acid and other LCPUFAs by inhibiting �6-
and possibly �5-desaturases (32). It is tempting to speculate that
the greater risk of MTCT observed in women with lower LCPU-
FAs could represent an adverse effect of trans FAs; however,
negative relations between trans FAs and LCPUFAs in milk
have not been shown (33). Whether trans FAs could directly
impair cellular immunity or accelerate HIV disease progression
through their proinflammatory activity is yet to be determined.

TABLE 4
Cell-free virus (CFV) and cell-associated virus (CAV) shedding of HIV in breast milk according to quartile (Q) of fatty acid (FA) percentage weight
concentrations in breast milk1

Q1 Q2 Q3 Q4
Adjusted P
for trend2

20:5(n�3), EPA (n) 44 15 29 30
High CFV (%) 43.2 20.0 27.6 20.0 0.07
High CAV (%) 40.9 33.3 31.0 26.7 0.25

Total n�3 polyunsaturated FAs (n) 30 29 30 29
High CFV (%) 40.0 37.9 33.3 10.3 0.008
High CAV (%) 43.3 24.1 50.0 17.2 0.18

20:3(n�6), Dihomo-�-linonenic acid (n) 30 29 29 30
High CFV (%) 40.0 37.9 24.1 20.0 0.05
High CAV (%) 50.0 34.5 27.6 23.3 0.02

20:4(n�6), Arachidonic acid (n) 29 30 29 30
High CFV (%) 34.5 46.7 24.1 16.7 0.03
High CAV (%) 41.4 33.3 34.5 26.7 0.23

trans FAs (n) 29 30 30 29
High CFV (%) 17.2 30.0 33.3 41.4 0.06
High CAV (%) 17.2 33.3 36.7 48.3 0.02

1 EPA, eicosapentaenoic acid. High CFV or CAV was defined as a concentration above the median of the distribution in the cases.
2 Values are derived from Wald test for an indicator variable representing the ordinal quartiles of FAs that was introduced as a continuous predictor in a

multivariate binomial regression model with high CFV or high CAV as the outcome. Adjustment covariates were CD4 cell counts, clinical stage of HIV disease,
and assignment to vitamin A supplements.
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In summary, we found that MTCT was associated with the
percentage weight concentration of several FAs in breast milk.
Of note, 3 n�6 LCPUFAs, including dihomo-�-linolenic acid
and arachidonic acid, were strongly related to lower risk. The
extent to which these associations have a causal interpretation is
uncertain, given the observational nature of our study. One ques-
tion raised by the findings is whether the FA profile in breast milk
could have been affected by maternal HIV disease progression,
and whether the observed relations with MTCT could be partly
confounded by advanced stage of HIV, a strong predictor of
transmission. Previous studies in adults showed that HIV infec-
tion (34) or advanced AIDS (35) were related to lower concen-
trations of linoleic acid (34), dihomo-�-linolenic acid, and ara-
chidonic acid (34, 35) and higher concentrations of saturated FAs
in plasma (34). It is therefore conceivable that HIV-related
changes in maternal diet or body composition could alter the FA
profile in breast milk. Although we cannot completely rule out
residual confounding, our analyses were controlled for maternal
CD4 cell counts and clinical stage of disease in an effort to
decrease variability in the FA profile of breast milk that was
potentially due to advanced maternal disease stage.

If these associations are found to be causal, the public health
implications could be substantial. Despite the existence of reg-
ulatory mechanisms to keep the secretion of n�6 LCPUFAs in
breast milk relatively constant, one intervention study suggests
that supplementation of lactating women with combined arachi-
donic acid, EPA, and docosahexaenoic acid increases the con-
centration of arachidonic acid in milk (36). Among HIV-infected
women, the WHO currently recommends exclusive breastfeed-
ing for up to 6 mo when replacement feeding is not acceptable,
feasible, affordable, sustainable, or safe (WHO, HIV and Infant
Feeding Technical Consultation, Geneva, Switzerland, October
25–27, 2006). Therefore, interventions aimed at increasing n�6
PUFAs in milk during the first 6 mo of lactation might contribute
to further decrease the burden of MTCT among HIV-infected
women who choose to exclusively breastfeed. The efficacy and
safety of such interventions need to be tested in randomized
clinical trials.

Identifying sources of variability in the breast milk concen-
tration of n�6 LCPUFAs among HIV-infected women will be a
relevant future research question. Although some of those
sources of variability may be environmental, genetic differences
in the metabolic efficiency of the enzymes that intervene in the
synthesis of LCPUFAs also need consideration (37). Additional
studies are also warranted to elucidate the potential role of other
FAs on HIV transmission. We noted protective trends against
transmission and CFV shedding for EPA, but our statistical
power may have been limited to detect statistically significant
associations. It is also relevant to study whether the FA status of
the children is related to their risk of becoming infected with
HIV. At the time of our study, the majority of infants were likely
to be receiving mixed feeding; therefore, the concentration of
breast milk FAs may not completely reflect their total dietary
intake. Additional research efforts are needed to examine the
impact of FAs on HIV disease progression and immunity.
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Low energy density and high nutritional quality are each associated
with higher diet costs in French adults1–3

Matthieu Maillot, Nicole Darmon, Florent Vieux, and Adam Drewnowski

ABSTRACT
Background: Low-energy-density diets are associated with higher
diet costs per 10 MJ. Are diets of higher nutritional quality also
associated with higher costs per 10 MJ?
Objective: The objective was to determine the relations between
energy-adjusted diet costs, dietary energy density, and nutritional
quality of diets.
Design: This was a cross-sectional study of a nationally represen-
tative sample of 1332 French adults in the 1999 Enquête Individuelle
et Nationale sur les Consommations Alimentaires (INCA) data set.
Analyses were based on data from 7-d food records. The monetary
cost of each diet was estimated by using mean retail prices for 620
foods. Nutritional quality was estimated by calculating the mean
adequacy ratio (MAR), based on 23 nutrients. Energy density was
based on solid foods only.
Results: In a bivariate analysis, low-energy-density diets were of
higher nutritional quality but also cost more. Participants in the
highest tertile of MARs had the lowest dietary energy density and the
highest diet costs, calculated both per day and per 10 MJ. In a
multivariate model, dietary energy density was negatively linked to
diet costs (€/10 MJ), whereas MAR values were positively linked to
diet costs after adjustment for age and energy intake. For a given
energy intake and energy density, each 10% increase in MAR led to
a 13% increase in estimated diet costs per 10 MJ.
Conclusions: In this study of self-selected diets of French adults,
lower energy density and higher nutritional quality were associated
with higher energy-adjusted diet costs. Higher-quality diets cost
more not only because they have a low energy density but also
because they are nutrient rich. Am J Clin Nutr 2007;86:690–6.

KEY WORDS Dietary energy density, nutritional quality,
mean adequacy ratio, diet cost

INTRODUCTION

Food choices are influenced by taste, convenience, concerns
with nutrition and body weight, and food costs (1, 2). Limited
budgets (3–5) may help explain why the consumption of vege-
tables and fruit known to be associated with dietary quality is
strongly and inversely linked to indexes of socioeconomic status
(6–10). If higher-quality diets also cost more (11, 12), then the
ability to adopt healthier diets may be an economic and a behav-
ioral challenge (13–15).

To reduce dietary energy density, individuals are encouraged
to select diets that are high in lean meats, low-fat dairy products,
and fresh vegetables and fruit (16). However, lower-energy-
density diets were associated in past studies with higher monetary

costs, after adjustment for energy intakes (17–20). This may be
because the more nutrient-dense foods are expensive sources of
dietary energy, whereas added sugars and fats typically are not (15).

Low-energy-density diets tend to have a higher nutrient con-
tent than do energy-dense diets (21, 22). In past studies, the
highest diet costs were associated with the consumption of anti-
oxidant phytonutrients found in vegetables and fruit (23). This
study examined the relations between estimated diet costs per 10
MJ, energy density, and nutritional quality. The latter was as-
sessed by using a previously described global index of nutrient
adequacy—the mean adequacy ratio (MAR) (24). The hypoth-
esis was that both dietary energy density and nutrient content are
each independent predictors of diet cost at a given dietary energy.

SUBJECTS AND METHODS

Study population

The study was based on a dietary survey of a nationally rep-
resentative sample of 1985 French adults aged 15–92 y that was
conducted in 1999 by the French National Agency for Food
Safety. Quota sampling was used to ensure that the demographic
makeup of the study sample corresponded to that of the French
population. All participants completed 7-d food records, aided by
a photographic manual of portion sizes (25). After under- and
overreporters were excluded by using standard procedures (26),
dietary data for 1332 participants (596 men and 736 women)
were available for analysis.

Alcoholic beverages, tea, coffee, and drinking water were
excluded from all analyses because their consumption is gener-
ally not well reported in epidemiologic studies and also because
the variability in prices is very high for these beverages.

1 From the UMR Human Nutrition Research Unit INSERM 476
/INRA1260, Marseille, France (MM, ND, and FV), and the Nutritional Sci-
ences Program, School of Public Health and Community Medicine, Univer-
sity of Washington, Seattle, WA (AD).

2 MM was supported by the French National Research Agency’s 2005-
2008 “Nutritional Policies” project, and AD was supported by the National
Research Initiative of the USDA Cooperative State Research Education and
Extension Service grant 2004-35215-14441.

3 Reprints not available. Address correspondence to N Darmon, Nutrition
Research Unit 476 INSERM/1260 INRA, 27 Bd Jean Moulin, 13385 Mar-
seille Cedex 05, France. E-mail: nicole.darmon@medecine.univ-mrs.fr.

Received October 6, 2006.
Accepted for publication April 9, 2007.

690 Am J Clin Nutr 2007;86:690–6. Printed in USA. © 2007 American Society for Nutrition



Dietary energy density

Daily food weights (FIi; in kg/d) and daily energy intakes (EIi;
in MJ/d) were calculated for each individual (i) by summing the
edible weight and the energy content of all foods consumed daily
and dividing by the number of days of data collected for that
person. Calculations of dietary energy density were based on
“food only” as described by Ledikwe et al (27). Only items
typically consumed as foods, including soups, were included in
the calculation, whereas items typically consumed as beverages,
such as milk, juices, and soft drinks, were excluded. Energy
density (EDi; in MJ/kg) was calculated by dividing daily energy
intakes provided by foods (EIFi) by the daily weights of foods
(FIFi) as follows:

EDi � EIFi/FIFi (1)

Additional calculations of energy density were based on foods and
calorie-containing beverages only (including milk, juices, and soft
drinks)butexcludingnoncalorie-containingbeveragesanddrinking
water. Procedures used to determine energy density were reported
previously (27).

Nutritional quality measure

MARi was used as an indicator of nutritional quality. The
MAR was initially described as a truncated index of the percent
of daily recommended intakes for 8 nutrients, including energy
and protein (24, 28). The MAR has been used to estimate the

nutrient adequacy of the total diet (29). Although multiple ver-
sions of this index exist, MAR has been repeatedly shown to be
positively associated with other indexes of diet quality, notably
those estimating dietary diversity or variety (28, 30–34). Positive
relations with health indicators have been also reported (35, 36).
Following earlier models, the present version of the MAR was
not weighted to reflect the differential importance of different
nutrients, and no attempt was made to correct for the bioavail-
ability of a given nutrient when present in different food sources.
All the nutrients available in our food-composition database
were included in the MAR score. The present adaptation of MAR
was based on the mean percentage of the recommended intakes
for 23 key nutrients and was calculated as follows:

MARi � 100/23 � �
p�1

p�23

(Intakep /RDAp) (2)

where Intakep is the daily intake of each nutrient p, and RDAp is
the French Recommended Dietary Allowance (37) for that nu-
trient. As in past studies, each ratio (Intakep/RDAp) was trun-
cated at 1, so that a high intake of one nutrient could not com-
pensate for the low intake of another nutrient (24). The list and
reference values for the 23 recommended nutrients are given in
Table 1. Unlike energy density, MAR was calculated for the
whole diet (including milk, juice, and soft drinks) but excluding
alcoholic beverages, tea, coffee, and drinking water.

TABLE 1
Recommended Dietary Allowances (RDA), median nutrient intakes, and mean adequacy ratio (MAR) in men and women in the INCA study1

Nutrients

Men
(n � 596)

Women
(n � 736)

RDA Median SD RDA Median SD

Proteins (g/d) 70 1062 24 50 802 19
Fiber (g/d) 30 192 6.4 30 162 5.1
Linoleic acid (g/d) 10 112 4.1 8.0 9.22 3.6
Linolenic acid (g/d) 2.0 0.92 05 1.6 0.72 0.3
DHA (g/d) 0.12 0.132 0.2 0.10 0.10 0.2
Vitamin A (�g/d) 800 12902 1074 600 10782 927
Thiamine (mg/d) 1.3 1.3 0.4 1.1 1.12 0.3
Riboflavin (mg/d) 1.6 1.72 0.5 1.5 1.52 0.4
Niacin (mg/d) 14 192 5.3 11 142 4.4
Vitamin B-6 (mg/d) 1.8 1.92 0.5 1.5 1.5 0.4
Folates (�g/d) 330 3032 90 300 2542 80
Vitamin B-12 (�g/d) 2.4 6.32 4.8 2.4 4.82 4.1
Ascorbic acid (mg/d) 110 732 63 110 772 54
Vitamin E (mg/d) 12 12.62 4.7 12 11.02 4.6
Vitamin D (�g/d) 5.0 1.82 1.6 5.0 1.42 1.6
Calcium (mg/d) 900 7952 313 900 7272 254
Potassium (mg/d) 3100 27352 609 3100 23412 554
Iron (mg/d) 9.0 132 3.3 16.0 102 2.8
Magnesium (mg/d) 420 2572 56 360 2112 48
Zinc (mg/d) 12 12.72 3.6 10 9.72 2.8
Copper (mg/d) 2.0 1.32 0.6 1.5 1.02 0.5
Iodine (mg/d) 150 1282 48 150 1112 40
Selenium (�g/d) 60 662 23 50 51 19
MAR (% adequacy/d) 84.43 7.8 79.93 8.9

1 INCA, Enquête Individuelle et Nationale sur les Consommations Alimentaires; DHA, docosahexaenoic acid.
2 Significantly different from the RDA, P � 0.05 (univariate sign test).
3 Significantly different from 100%, P � 0.05 (univariate sign test).
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Estimated diet costs

The food-composition database, developed for the Enquête
Individuelle et Nationale sur les Consommations Alimentaires
(INCA) (38) and SU.VI.MAX (39) studies, was supplemented
with other data (40–42), including the USDA food-composition
data (43) for zinc, copper, iodine, and selenium. The food price
vector paralleled the nutrient composition vectors. Food prices
were based on the mean 1997 retail prices in France, as obtained
from marketing research (SECODIP), from the French National
Institute of Statistics (INSEE), and from supermarket websites.
Because these were the prices paid by a representative panel of
French consumers (SECODIP), the mean price reflected the
most frequently purchased forms of each food. After adjustment
for preparation and waste, food costs were expressed in euros per
100 g edible portion. Diet costs per day (€/d) were then estimated
by multiplying the reported edible weight of each food by its unit
cost and summing over all foods consumed by that individual.
Unlike energy density, diet cost was calculated for the whole diet
(ie, including milk, juice, and soft drinks), but excluding alco-
holic beverages, tea, coffee, and drinking water. Diet costs per
10 MJ (€/10MJ) were also calculated.

Statistical analyses

The relations between dietary energy density, MAR, and es-
timated diet costs were analyzed separately for men and women.
First, the strength of the association was tested by using both
simple and partial Pearson’s correlation coefficients with adjust-
ment for energy intake. Second, general linear model (GLM)
analysis was used to compare the means of each variable within
tertiles of the other variables, after adjustment for age and energy
intake. Third, potential predictors of diet cost per 10 MJ were
tested by using multivariate linear regression models. Because
the risk of multicolinearity of independent variables with energy
intake was high, we also tested the same multivariate models by
using the residual method proposed by Willett and Stampfer (44).
All analyses were stratified by sex. Median intakes of nutrients
and of MAR were compared with their corresponding recom-
mended values with the univariate sign test. An � level of 0.05
was used to determine statistical significance. Statistical analy-
ses were performed by using SAS software version 9.1 (SAS
Institute, Cary, NC).

RESULTS

Participant characteristics

Mean (�SD) age was 43.7 � 17.6 y for men and 43.0 � 17.7 y
for women (Table 2). Estimated daily diet costs were higher for
men (5.26 €/d) than for women (4.26 €/d). The mean estimated
cost (4.71 €/d) was similar to the French national estimates of
expenditures for food, with the exclusion of restaurants and al-
coholic drinks (ie, 4.85 €/d) (45).

Men had higher energy intakes and consumed diets of higher
energy density than did women. However, dietary energy costs
were lower in men than in women (5.35 compared with 5.51 €/10
MJ). MAR values were 84.4 � 7.8%/d for men and 79.9 �
8.9%/d for women, which indicated that the diets met, on aver-
age, 84% and 80% of the RDA value for the 23 nutrients included
in the MAR score (Table 1).

Energy density and nutritional quality

The crude and energy-adjusted correlation coefficients be-
tween dietary energy density, nutritional quality, and estimated
diet cost per 10 MJ are shown in Table 3. The directions of the
associations were the same with and without energy adjustment.
Low energy density was associated with higher MAR scores
(men: �0.55; women: �0.59) after energy adjustment. Low
energy density was associated with higher estimated diet costs
per 10 MJ (men: �0.52; women: �0.49) after energy adjust-
ment. High nutritional quality, as indexed by MAR scores, was
also associated with higher diet costs per 10 MJ (men: 0.58;
women: 0.58) after energy adjustment. As expected (data not
shown), in bivariate analysis, higher dietary energy density was
positively associated with energy intakes (r � 0.36, P � 0.0001).

Participants in the highest tertile of nutritional quality had the
lowest energy density and the highest diet costs, calculated both
per day and per 10 MJ (Table 4). GLM analysis confirmed that
a reduction in dietary energy density was associated with an
increase in nutritional quality as well as an increase in estimated
diet costs. This relation held for both men and women after
adjustment for age and energy intakes (Figure 1).

A multivariate linear model was used to estimate the indepen-
dent effects of low energy density and high nutritional quality on

TABLE 2
Daily energy intake, energy density, diet cost per day, diet cost per 10 MJ,
and age of men and women participating in the INCA study1

Men
(n � 596)

Women
(n � 736)

Age (y) 43.7 � 17.6 43.0 � 17.7
Daily energy intake (MJ/d) 9.92 � 1.99 7.80 � 1.532

Energy density (MJ/kg) 7.31 � 122 6.78 � 1.122

Diet cost per day
(€/d) 5.26 � 1.24 4.26 � 1.012

(€/10 MJ) 5.35 � 0.99 5.51 � 1.022

1 All values are x� � SD. INCA, Enquête Individuelle et Nationale sur les
Consommations Alimentaires.

2 Significantly different from men, P � 0.05 (Student’s t test).

TABLE 3
Simple and partial Pearson correlations between dietary energy density,
diet cost, and the nutritional quality measure [mean adequacy ratio
(MAR)] in men and women in the INCA study1

Men
(n � 596)

Women
(n � 736)

Diet cost
(€/10 MJ)

Energy density
(MJ/kg)

Diet cost
(€/10 MJ)

Energy density
(MJ/kg)

Energy density
Not adjusted �0.552 �0.512

Energy-adjusted �0.522 �0.492

Nutritional quality
(MAR)

Not adjusted 0.292 �0.162 0.252 �0.212

Energy-adjusted 0.582 �0.552 0.582 �0.592

1 INCA, Enquête Individuelle et Nationale sur les Consommations
Alimentaires.

2 Significantly different from 0, P � 0.001.
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diet costs per 10MJ (Table 5). Models 1 and 2 confirmed that
energy density was negatively associated with diet cost per 10
MJ, whereas MAR scores were positively associated with diet
cost per 10 MJ. These relations persisted when both variables
were entered into model 3. In this model, the unadjusted � co-
efficients for MAR values were 0.070 in men and 0.072 in
women. A 10% increase in MAR values (from 80% to 90% for
instance), at constant energy density and energy intake levels,
would therefore lead to an increase in diet costs equal to 0.70 €/10
MJ in men and 0.72 €/10 MJ in women. That is equivalent to a
13% increase in diet costs per 10 MJ. In model 3, the standardized
� for MAR was higher than that for energy density. This showed
that nutrient adequacy, as indexed by MAR scores, was not only
an independent predictor of diet costs per 10 MJ, but was a
stronger predictor of diet cost than was energy density. In mul-
tivariate analysis, energy intake was negatively associated with
diet cost per 10 MJ.

These data indicate that individuals with lower energy density
and higher nutritional quality diets had higher diet costs per
10 MJ, despite lower energy intakes. The findings were un-
changed when we used residuals of independent variables in-
stead of the crude variables, according to Willett and Stampfer
(44).

On average, dietary energy provided by fluid milk, juices, and
soft drinks represented 5% of total energy intake (and 4% of total

daily cost), �3–4 times lower than the corresponding value for
the United States in 2001 (46). The inclusion of calorie-
containing beverages in the energy density calculation had a
minimal effect on the present results. The only difference was
that the inverse association found between energy density and
energy diet cost per 10 MJ in the multivariate model 3 (Table 5)
lost statistical significance in women (but not in men) when the
calculation of energy density included milk, juices, and soft
drinks (� � �0.020, P � 0.5402; data not shown).

DISCUSSION

Dietary energy density and the nutritional quality of the diet
were each independent predictors of estimated diet cost, calcu-
lated per 10 MJ. Whereas the more energy-dense diets cost less,
the more nutrient-dense diets were found to cost more. These
associations were independent of each other and were not influ-
enced by age, sex, or energy intakes.

A reduction in the energy density of the diet is one strategy to
stem the obesity epidemic (16). This can be accomplished in
practice by decreasing the consumption of dietary fat or by in-
creasing the consumption of vegetables and fruit (47). However,
diets high in vegetables and fruit were found to cost more per MJ
than did diets that were high in fats and sweets (19, 20). The cost

TABLE 4
Mean energy density and diet costs for tertiles 1, 2, and 3 of the nutritional quality measure [mean adequacy ratio (MAR)] score for men and women in the
INCA study1

Men Women

MAR1 MAR2 MAR3 MAR1 MAR2 MAR3

MAR (% adequacy/d) 75.3 (74.8, 75.9) 84.5 (84.0, 85.0) 89.9 (89.3, 90.4) 70.2 (69.7, 70.7) 80.0 (79.6, 80.4) 86.8 (86.3, 87.3)
Energy density (MJ/kg) 7.88 (7.74, 8.02) 7.46 (7.32, 7.59) 6.62 (6.48, 6.76) 7.42 (7.29, 7.54) 6.81 (6.68, 6.93) 6.13 (6.01, 6.25)
Diet cost per day

(€/d) 4.58 (4.46, 4.71) 5.25 (5.14, 5.36) 5.93 (5.80, 6.07) 3.70 (3.60, 3.80) 4.22 (4.14, 4.31) 4.85 (4.75, 4.95)
(€/10 MJ) 4.61 (4.48, 4.75) 5.39 (5.27, 5.51) 6.01 (5.87, 6.15) 4.77 (4.64, 4.89) 5.49 (5.38, 5.60) 6.25 (6.12, 6.38)

1 95% CIs are in parentheses. INCA, Enquête Individuelle et Nationale sur les Consommations Alimentaires. Significantly different from 0, P � 0.001.
The interaction between sex and MAR score was significant; hence, the data for men and women were analyzed separately. Means were adjusted for age and
energy intake. For each dependent variable, means by tertile of MAR were significantly different (P � 0.01). All P values for trend (increasing or decreasing
by tertiles of MAR score) were significant (P � 0.01).
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FIGURE 1. Nutritional quality, estimated by calculating the mean adequacy ratio (MAR), and diet cost, adjusted for energy intake and age, in each tertile
of energy density (MJ/kg) in men and women in the Enquête Individuelle et Nationale sur les Consommations Alimentaires (INCA) study. Bars represent the
95% CI. The decreasing trend of nutritional quality by tertile of energy density was significant (P � 0.05) in men and women. The decreasing trend of diet cost
by tertile of energy density was significant (P � 0.05) in men and women.
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differential was attributed to the high water content and very low
energy density of vegetables and fruit (48).

Another strategy for a healthier diet is to replace refined grains,
fatty meats, and full-fat dairy products with more nutrient-dense
options (16, 47, 49). Replacing energy-rich foods with more
nutrient-dense equivalents will have the desired effect of lower-
ing dietary energy density, increasing nutrient intakes, or both.
However, some of these substitution strategies have also been
shown to result in higher diet costs (17, 50). The present analyses
indicate one reason for this observation: reductions in energy
density and increases in nutrient density were each indepen-
dently associated with higher diet costs.

Arguably, not all high-quality diets are inevitably associated
with higher diet costs. There are numerous examples, notably the
US Department of Agriculture (USDA) Thrifty Food Plan (51),
showing that nutritionally adequate diets can be obtained at min-
imum cost (52–56). However, USDA researchers themselves
have acknowledged that the suggested recipes fell short when it
came to variety, enjoyment, and convenience (57). In other cases,
food patterns of specific immigrant and ethnic groups have been
identified as “healthy” (58). However, such diets often deviate
considerably from the typical food habits of the general popula-
tion (59) and may not be acceptable to the majority of consumers.
In other words, high-quality diets need not cost more, but, on the
basis of a large sample of self-selected diets, they do under
normal circumstances (17–20, 23, 60).

Some limitations of the present study must be noted. One
limitation was that the cost of dietary energy was estimated from
the unit price of each food, adjusted for preparation and waste.
However, the use of food prices to estimate the monetary cost of
each diet is a relatively common approach (12, 18, 23, 61, 62). In

the absence of food expenditure data, the Economic Research
Service of the USDA used national food prices to devise the
Thrifty Food Plan, a model of a low-cost but optimally nutritious
diet (51). The present prices reflected the price of foods as typ-
ically purchased by the French population. For example, the price
of green beans was mainly based on the canned rather than the
fresh product, because that is how beans are purchased by the
typical French consumer. This led to realistic estimates of diet
costs, as shown by the similarity with the French national esti-
mates of expenditures for food (45).

Dietary energy density is mainly driven by the water content of
foods and beverages (63, 64). Energy density values can vary
widely, depending on whether water and noncalorie-containing
and calorie-containing beverages have been included or ex-
cluded from analysis (27, 65). On the basis of past research (27),
we based the present calculations on foods only, largely because
energy density of the solid part of the diet is reported to be a better
indicator of dietary quality than is energy density based on food
and energy-yielding beverages (21). This is probably explained
by the large within-person variation relative to between-person
variation that occurs for energy density when all calorie-
containing beverages are included in the analysis (27), which
attenuates its association with outcome variables. Accordingly,
in the present study, including milk, juices and soft drinks in the
calculation of energy density, attenuated its relation with energy
cost in multivariate models.

In addition, individuals drinking primarily water have rela-
tively high energy density values when calorie-containing bev-
erages are included, although they are likely to have diets of
better quality than are individuals drinking primarily calorie-
containing beverages (21, 22). Thus, absolute nutrient intakes,

TABLE 5
Partial correlation coefficients (�) of multivariate linear regression models with diet cost (per 10 MJ) as the dependent variable and energy density (MJ/
kg), nutritional quality, mean adequacy ratio (MAR), or both as independent variables, adjusted for energy intake and age in men and women in the INCA
study1

Men
(n � 596)

Women
(n � 736)

� (SD) Standardized � P � (SD) Standardized � P

Model 12

Intercept 8.733 (7.356) 0 � .0001 8.607 (7.715) 0 � .0001
Energy density (MJ/kg) �0.446 (0.776) �0.547 � .0001 �0.410 (0.809) �0.486 � .0001
Energy intake (MJ/d) �0.012 (0.440) �0.025 0.4979 �0.051 (0.595) �0.076 0.0211
Age (y) �0.0001 (0.051) �0.052 0.9585 0.002 (0.055) 0.030 0.39041

Model 23

Intercept 0.538 (8.801) 0 0.1376 1.989 (7.560) 0 � .0001
MAR (%) 0.094 (0.134) 0.738 � .0001 0.089 (0.129) 0.774 � .0001
Energy intake (MJ/d) �0.333 (0.536) �0.669 � .0001 �0.491 (0.768) �0.733 � .0001
Age (y) 0.007 (0.046) 0.124 0.0002 0.007 (0.047) 0.126 � .0001

Model 34

Intercept 4.439 (13.478) 0 � .0001 3.875 (12.372) 0 � .0001
Energy density (MJ/kg) �0.235 (0.847) �0.288 � .0001 �0.171 (0.897) �0.203 � .0001
MAR (%) 0.070 (0.155) 0.552 � .0001 0.072 (0.155) 0.626 � .0001
Energy intake (MJ/d) �0.233 (0.631) �0.467 � .0001 �0.393 (0.914) �0.587 � .0001
Age (y) 0.002 (0.045) 0.066 0.0388 0.004 (0.050) 0.066 0.0388

1 INCA, Enquête Individuelle et Nationale sur les Consommations Alimentaires. The interaction between sex and MAR score was significant; hence, the
data for men and women were analyzed separately.

2 R2 � 30.8% for men and 27.6% for women.
3 R2 � 38.2% for both men and women.
4 R2 � 42.6% for men and 40.4% for women.
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calculated for both foods and beverages, were found to be greater
for subjects with a low-energy-density diet, calculated for foods
only (21, 66). Likewise, in the present study, low energy density,
calculated for foods only, was associated with higher MAR
scores, calculated for both foods and beverages.

The higher cost of healthier diets may help explain the often-
reported association between higher diet quality and better
health. In a number of studies, the consumption of higher qual-
ity—and very likely, more costly—diets has been associated
with lower BMI values (67), improved health outcomes (68), and
reduced mortality (69, 70). In contrast, the consumption of low-
cost refined grains, sweetened beverages, and fried potatoes has
been associated with higher BMI values and increased chronic
disease risk (16, 71). Encouraging participants to adopt healthier
lifestyles may not be effective if the higher cost of healthier diets
represents a barrier to dietary change (59, 61, 72, 73). If the more
nutrient-dense diets are necessarily more expensive, then the
current attempts to improve diet quality of the population need to
take economic issues into account. It is not a coincidence that
diet-related diseases, including obesity, type 2 diabetes, the met-
abolic syndrome, and cardiovascular disease risk, all seem to
follow a strong socioeconomic gradient (74).
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Assessment of the diet quality of US adults in the Lower Mississippi
Delta1–3

Beverly J McCabe-Sellers, Shanthy Bowman, Janice E Stuff, Catherine M Champagne, Pippa M Simpson, and
Margaret L Bogle

ABSTRACT
Background: The Lower Mississippi Delta (LMD) is a region at
high risk of nutritionally related diseases. Assessing LMD diet qual-
ity is important in policy making, monitoring service outcomes, and
designing sustainable research interventions.
Objective: The purpose was to assess the diet quality of LMD adults
by using the Healthy Eating Index (HEI) to 1) identify potential and
needed interventions, 2) determine population subgroups needing
special attention, and 3) compare regional intakes with national
intakes.
Design: Data were obtained from a representative cross-sectional
telephone survey (n � 1699), Foods of our Delta Study 2000, by
using the US Department of Agriculture’s multiple-pass 24-h recall
methodology and random-digital-assisted dialing with selection of
one adult per household. The diet quality of LMD adults was com-
pared with that of white and African American adults in the National
Health and Nutrition Examination Survey (NHANES), 1999–2000.
Results: Age, race, and income of LMD adults affected overall diet
quality. African Americans had lower grain, vegetable, milk, and
variety scores than did whites. The consumption of grains and veg-
etables was associated with lower odds ratios for being overweight.
The LMD adults had a lower HEI score than did the adults in
NHANES 1999–2000 (60.1 compared with 63.4), and more LMD
adults ate a poor diet (24.8% compared with 18.3%).
Conclusion: Low-income and young-adult households in the LMD
are in need of nutrition interventions with an emphasis on increasing
grain, fruit, and vegetable intakes. Because socioeconomic factors
affect diet quality, a multimodal, longitudinal approach appears
needed to improve nutritional health. Am J Clin Nutr 2007;86:
697–706.

KEY WORDS Lower Mississippi Delta, dietary assessment,
diet quality, Healthy Eating Index, African American

INTRODUCTION

The assessment of diet quality in a population is important in
policy making, in monitoring service outcomes, and in designing
research interventions (1–3). Many factors influence diet quality,
including variability in the nutrient content of foods (4–6) and in
the daily intake of individuals (7). The assessment of diet quality
increases in complexity as the number of nutrients and other food
constituents believed critical to normal nutritive health and to
chronic disease prevention increases (8, 9). The introduction of
4 Dietary Reference Intake (DRI) reference values has led to

shifts in their use in dietary assessment (9–14). The Recom-
mended Dietary Allowance (RDA) is no longer valid as the target
intake for a group but is recommended only for individual intakes
(15–18). Despite improved methods of nutrient assessment, im-
portant gaps remain in the assessment of overall diet quality.

For recently recognized nutrients and other food constituents,
available food-composition data may not be sufficient to assess
intakes in free-living humans (19, 20). Translation of 90 plus
nutrient intakes into a comprehensive and meaningful nutritional
assessment remains a challenge (21). Because people eat foods,
not nutrients, an index that addresses servings of foods and that
can be used by clinicians or consumers has its advantages. One
such index is the Healthy Eating Index (HEI), which is available
from the US Department of Agriculture (USDA) website and
allows the entry and evaluation of a day’s intake (22, 23). The
HEI was validated with the use of plasma biomarkers in women
in a diet and breast cancer study (24). Other practical HEI appli-
cations include the evaluation of dietary practices of food shop-
pers’ attitudes (25), assessment of diet quality in pregnant
women (26), measurement of dietary changes in school-based
interventions (27), monitoring of dietary quality of low-income
populations (28), evaluation of longitudinal adherence per Di-
etary Guidelines for Americans by American nurses (29) and
male health professionals (30), examination of diet quality in
prevention of eye disease (31), evaluation of diet quality with
markers of inflammation and endothelial dysfunction (32), and
monitoring of changes in diet quality in national nutrition sur-
veys (7, 33–36).

The purpose of this study was to apply the HEI to assess diet
quality in a regional high-risk population not previously studied
in a nationwide survey—adults in the Lower Mississippi Delta
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(LMD). The objectives were to identify potential food interven-
tions that are most needed, determine population subgroups
needing specific attention, and compare dietary intakes in the
LMD with dietary intakes in the nation. These objectives further
the mission of the LMD Nutrition Intervention (NIRI) to improve
nutrition and subsequently health in the region through nutrition
research and intervention methodology research.

METHODS

The HEI was chosen as a validated tool for overall diet quality
assessment. The HEI has a maximum score of 100 based on 10
components of the Dietary Guidelines for Americans: 5 major
food groups address the food pyramid servings (meat, fruit, veg-
etables, grains, and dairy products), 3 components address the
reduction of fat, saturated fat, and cholesterol; 1 component
addresses sodium intake; and 1 component addresses a variety of
foods consumed (2). Each component is scored from 0 to 10, and
all component scores are summed to yield a score between 0 and
100. A score of 10 means that the dietary guideline for that
component has been fully met, and a score of 0 suggests a com-
plete lack of adherence. Details for intermediate scoring of com-
ponent scores that fall between 0 and 10 were previously de-
scribed (2, 3, 22).

Data were drawn from the Foods of our Delta Study 2000
(FOODS 2000), conducted in 2000, and are described elsewhere
(37, 38). In brief, FOODS 2000 was a baseline cross-sectional
telephone survey of dietary intake in a representative sample of
the population aged �3 y in 36 counties or parishes defining the
LMD region. The dietary interview method used was drawn from
the USDA Continuing Survey of Food Intakes by Individuals
(CSFII) 1994–1996 and 1998. FOODS 2000 (37) used the same
food coding used by the CSFII (39, 40), except that the recipes
used were those without sodium added. The multiple-pass recall
method used was designed to reduce the underreporting of foods
consumed (40). Estimating the amount of salt used in recipes
requires several additional trailer items and increases the burden
of the respondent in the telephone interviews. Salt added at the
table was not included in the computation of sodium intake.

In addition to dietary recalls, FOODS 2000 also asked partic-
ipants to self-report whether they had ever been told by a physi-
cian that they had certain disease conditions, ie, cardiovascular
disease, obesity, hypertension, diabetes, or osteoporosis (41).
Participants also gave self reports of height and weight for body
mass index (BMI) calculations to address body weight status.

This study also used data from the National Health and Nu-
trition Examination Survey (NHANES), conducted from 1999 to
2002 by the Centers for Disease Control and Prevention, Na-
tional Center for Health Statistics (34, 35) to compare the HEI
and its components scores with that of the respective LMD NIRI
population scores. The NHANES 1999–2000 has the same food
coding system as that of the CSFII. In the NHANES, dietary
intake information was collected through an interviewer-
assisted, 24-h dietary recall method.

The HEI scores for LMD adults aged �18 y were calculated by
the USDA Center for Nutrition Policy and Promotion, Alexan-
dria, VA. Non-Hispanic whites and African Americans who had
complete dietary intake records for day 1 of the survey were
included in the comparison.

Statistical analysis

In the FOODS 2000, a household base weight equal to the
inverse probability of selection was assigned to each sampled
telephone number. Data were adjusted to compensate for tele-
phone numbers with unknown residential or eligibility status, the
number of residential telephones in the household, and screener
nonresponse. To account for nonresponse to the dietary inter-
view, the weight of the nonparticipants was distributed to the
participants within adjustment cells defined by age, race, and sex.
Finally, estimates were calibrated to the 1990 Census Bureau
estimates (1990). Jacknife weights were used in FOODS 2000
analyses (37, 42).

The NHANES survey design is a stratified, multistage prob-
ability sample of the civilian, noninstitutionalized US population
(34, 35). The stages of sample selection are as follows: selection
of Primary Sampling Units (PSUs), which are counties or small
groups of contiguous counties; segments within PSUs consisting
of a block or group of blocks containing a cluster of households;
households within segments; and one or more participants per
household. Survey design effects including full sample weights
were used in the analyses of NHANES data to represent the
population studied.

The study included adults aged �18 y, who had provided
height and weight information. The socioeconomic characteris-
tics analyzed included sex (males, females), age groups (18–39,
40–59, and �60 y), race (non-Hispanic whites or whites and
non-Hispanic blacks or African Americans), educational level
(less than high school, high school, general education develop-
ment, trade school completed, college-level education), and an-
nual household income (�$15 000, $15 000–$29 000, and
�$30 000). For logistic regression analyses, the adults were
grouped into body-weight categories on the basis of BMI values:
normal weight (BMI: 19–25) or overweight (BMI: �25). BMI is
defined as weight (in kg)/height squared (in m).

The percentages of adults in each socioeconomic group were
estimated. The mean HEI and the HEI component scores (Table
1) and the percentages of adults in each socioeconomic group
meeting the dietary recommendations (getting the maximum
score of 10 for the respective component) (Table 2) were esti-
mated. Pairwise mean comparisons were made within socioeco-
nomic groups in Tables 1 and 2 to examine the differences in
eating patterns and overall diet quality within socioeconomic
groups. A multiple logistic regression model having the 10 com-
ponent scores and adjusting for variation among socioeconomic
groups was used to examine the association between HEI com-
ponents and overweight status (Table 3).

The percentages of adults in each socioeconomic group eating
either a good diet or a poor diet were estimated (Table 4).
Pairwise mean comparisons were made within each socioeco-
nomic group to examine possible differences. Also, multiple
logistic regression models adjusting for socioeconomic variables
were used to estimate the odds ratios for eating a good diet or
eating a poor diet to examine which socioeconomic groups were
more likely to eat a good diet or a poor diet (Table 4).

A comparison of the dietary status of FOODS 2000 adults with
the white and African American adults in the US population was
made (Table 5). Mean HEI and its component scores, percent-
ages of whites and African Americans meeting the dietary rec-
ommendations, and percentages of participants eating either a
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good diet or a poor diet were estimated. Mean comparisons were
made between FOODS 2000 and NHANES 1999–2000.

Survey design effects were used in the data analyses so that the
results would be representative of the population subgroups stud-
ied; therefore, all statistics reported in this paper are weighted. A
priori � � 0.05 level of significance was used to compare means
reported in the study. Because multiple comparisons were made
in the pairwise mean comparisons, the 97% CIs for means and
percentages are reported in the tables. The SURVEY DATA
ANALYSIS SYSTEM software was used for the data analyses
(SAS-Callable SUDAAN release 9.0.1 for WINDOWS, Re-
search Triangle Institute, Research Triangle Park, NC).

RESULTS

Sex

No differences were noted between males and females in over-
all diet quality measured as HEI (Table 1). Males had a greater
variety in their diets and had better meat scores than did females.
Although females tended to eat more fruit than did males (Table
1) and more females than males met fruit recommendations (Ta-
ble 2), fruit intakes of both sexes were very low (3.3 and 2.7,
respectively). Females also ate a diet lower in cholesterol and,
hence, had a higher cholesterol score than did males (8.1 � 0.12
compared with 6.3 � 0.19). The total fat, saturated fat, and
sodium scores not shown in Tables 1-4 did not differ by sex.

Age

Adult aged �60 y ate a better-quality diet than did the younger
adults (Table 1). They also ate more fruit, ate more dairy prod-
ucts, and ate a greater variety of foods than did the other age

groups. A higher percentage of older adults met the dietary rec-
ommendations for fruit and dairy products (Table 2).

Race

African American adults had significantly lower HEI, vege-
table, dairy, and variety scores than did white adults in the LMD
(Table 1). No significant differences were noted in grain, fruit,
cholesterol, total fat, meat, and saturated fat scores between
races. Also, a higher percentage of white Americans met the
recommendations for vegetable and dairy groups than did Afri-
can Americans (Table 2). No significant differences were noted
between races in the percentages of adults meeting grain, fruit,
meat, and dietary variety recommendations.

Household income

Higher household income was associated with eating a diet
high in variety (Table 1). Households with incomes of $30 000
had a significantly higher mean variety score than did those with
an income �$15 000. Also, the high-income households had a
higher vegetable score than did the medium- and low-income
households. Overall HEI scores and all other components were
not significantly different by household income. Except for the
vegetable recommendations in the highest income group, the
percentages of those scoring 10 points did not differ significantly
by income grouping, as shown in Table 2.

Education

LMD adults with a college education had a significantly higher
HEI, vegetable, fruit, and variety score than did those with less
education (Table 1). The other components scores did not differ

TABLE 1
Mean Healthy Eating Index (HEI) and selected component scores of adults aged �18 y by socioeconomic group: FOODS 20001

Socioeconomic
subgroup

HEI and component scores

HEI
97%
CI

Grain
score

97%
CI

Vegetable
score

97%
CI

Fruit
score

97%
CI

Dairy
score

97%
CI

Meat
score

97%
CI

Variety
score

97%
CI

All adults (n � 1699) 60.0 59.2, 60.7 5.9 5.7, 6.0 5.4 5.2, 5.6 3.0 2.8, 3.2 4.0 3.8, 4.2 7.1 7.0, 7.3 6.9 6.7, 7.1
Sex

Males (n � 628) 59.2a 58.0, 60.3 6.1a 5.9, 6.3 5.5a 5.2, 5.9 2.7a 2.3, 3.0 4.3a 3.9, 4.7 7.6a 7.4, 7.8 7.3a 7.0, 7.5
Females (n � 1071) 60.7a 59.6, 61.7 5.7a 5.5, 5.9 5.3a 5.0, 5.5 3.3a 3.0, 3.6 3.8a 3.6, 4.0 6.7b 6.5, 7.0 6.6b 6.3, 6.9

Age
18–39 y (n � 633) 58.6a 57.5, 59.7 5.8a 5.6, 6.1 5.3a 5.0, 5.7 2.4a 2.0, 2.7 4.0a,b 3.6, 4.3 7.2a 6.9, 7.5 6.7a 6.4, 7.1
40–59 y (n � 608) 58.9a 57.6, 60.2 5.6a 5.3, 6.0 5.4a 5.1, 5.8 2.8a 2.4, 3.2 3.7a 3.4, 4.0 7.3a 7.0, 7.5 6.7a 6.4, 7.1
�60 y (n � 457) 64.0b 62.4, 65.6 6.3a 6.0, 6.6 5.4a 5.1, 5.8 4.3b 3.9, 4.7 4.6b 4.2, 5.0 6.8a 6.5, 7.1 7.5b 7.2, 7.9

Race
Whites (n � 842) 61.0a 60.0, 62.1 6.1a 5.8, 6.3 5.9a 5.7, 6.2 2.7a 2.4, 3.0 4.7a 4.4, 5.0 7.1a 7.0, 7.3 7.2a 7.0, 7.5
African Americans (n � 857) 58.7b 57.5, 59.8 5.6a 5.4, 5.8 4.8b 4.4, 5.1 3.4a 3.0, 3.7 3.2b 2.9, 3.5 7.1a 6.9, 7.4 6.6b 6.2, 6.9

Income
$0–$14 999 (n � 480) 58.6a 57.1, 60.1 5.6a 5.3, 5.9 4.8a 4.4, 5.3 3.0a 2.6, 3.5 3.7a 3.3, 4.1 6.8a 6.5, 7.1 6.2a 5.8, 6.7
$15 000–$29 999 (n � 409) 60.3a 58.8, 61.9 6.1a 5.8, 6.4 5.0a 4.5, 5.5 3.0a 2.5, 3.4 3.9a 3.4, 4.3 7.1a,b 6.8, 7.5 7.0a,b 6.5, 7.4
�$30 000 (n � 604) 60.9a 59.7, 62.0 6.0a 5.8, 6.3 6.0b 5.7, 6.3 2.9a 2.6, 3.2 4.3a 3.9, 4.7 7.4b 7.2, 7.7 7.4b 7.0, 7.7

Education
Less than high school (n � 423) 59.3a 57.7, 60.9 5.8a 5.4, 6.1 4.8a 4.4, 5.2 2.8a 2.3, 3.3 3.8a 3.3, 4.2 7.2a 6.8, 7.5 6.7a 6.3, 7.1
High school, GED, trade

school (n � 625)
59.2a 58.3, 60.1 5.8a 5.6, 6.0 5.4a 5.1, 5.7 2.8a 2.5, 3.1 4.0a 3.7, 4.3 7.0a 6.8, 7.3 6.7a 6.5, 7.0

College (n � 630) 64.5b 62.7, 66.3 6.4a 6.0, 6.8 6.4b 5.9, 6.8 4.1b 3.6, 4.7 4.7a 4.2, 5.2 7.5a 7.1, 7.8 8.1b 7.8, 8.5

1 n � 1699. Only non-Hispanic whites and non-Hispanic African Americans are included in the analyses. There were 206 adults with no data on household
income, 1 adult with no age data, and 21 adults with no data on education. FOODS 2000, Foods of our Delta Study 2000; GED, General Educational
Development. Means in a column with different superscript letters are significantly different (P � 0.03) based on correction for multiple comparisons.
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significantly between educational groups. Only the percentage of
participants scoring a perfect 10 for dietary variety appeared to
differ by education level, as shown in Table 2.

Self-reported health and disease

Adults who reported poor health conditions had lower vege-
table and dietary variety scores than did those who reported being
in good to excellent health, but neither overall HEI nor any other
component showed any other relation to self-reported health
(data not shown in tables). Adults who had been told that they had
a disease by a doctor had a higher HEI and fruit scores than did
those with who reported no disease and were more likely to have
a good diet and meet the recommended number of servings of
vegetables (data not shown).

HEI and overweight status

BMI computed on the basis of self-reported height and weight
showed that there were 31.7% normal-weight (BMI � 25),
33.8% overweight (BMI �25 to �30), 30.1% obese (BMI �30
to �40), and 4.4% extremely obese (BMI � 40) adults the in
LMD. The results of the logistic regression analyses of over-
weight status by HEI component scores, adjusted for socioeco-
nomic and demographic groups, are shown in Table 3. Eating
more grains and vegetables was associated with a lower likeli-
hood of being overweight, and eating more meat and foods high
in saturated fat and cholesterol was associated with a higher
likelihood of being overweight. No significant associations were
noted between fruit, dairy, dietary variety, total fat, and sodium
scores and overweight status.

TABLE 2
Percentages of adults aged �18 y meeting food group and food variety recommendations by socioeconomic groups; FOODS 20001

Socioeconomic
subgroup

Adults meeting food group recommendations

Grain 97% CI Vegetable 97% CI Fruit 97% CI Dairy 97% CI Meat 97% CI Variety 97% CI

%
Sex

Men 17.5a 14.2, 20.9 26.2a 22.2, 30.1 8.8a 6.4, 11.2 19.6a 16.1, 23.1 40.9a 36.9, 44.9 45.7a 41.4, 50.0
Women 13.4a 10.9, 15.9 20.7a 17.7, 23.8 13.6b 11.6, 16.2 12.8b 10.4, 14.7 29.9b 26.3, 33.4 38.5a 34.8, 42.3

Age
18–39 y 16.2a 12.7, 19.8 23.9a 20.3, 27.5 6.7a 4.0, 9.3 14.8a,b 11.6, 17.9 35.6a 31.5, 39.8 39.9a 35.3, 44.6
40–59 y 14.6a 11.4, 17.9 23.3a 19.1, 27.4 10.3a 7.4, 13.2 14.1a 11.4, 16.8 36.9a 32.2, 41.5 39.5a 34.5, 44.6
�60 y 14.8a 11.0, 18.6 22.1a 18.0, 26.3 21.1b 16.3, 25.8 20.9b 16.9, 24.8 30.8a 25.2, 36.4 48.9a 42.9, 54.8

Race
African

Americans
14.0a 11.4, 16.7 18.8b 15.3, 22.3 12.7a 10.2, 15.2 9.2b 6.8, 11.6 35.0a 31.4, 38.5 38.4a 33.9, 42.9

White 16.4a 13.6, 19.1 26.9a 23.6, 30.3 10.3a 8.0, 12.5 21.5a 17.9, 25.1 35.0a 31.3, 38.6 44.7a 41.0, 48.4
Income

$0–$14 999 14.7a 10.3, 19.0 17.6a 13.4, 21.8 12.2a 8.8, 15.6 12.8a 8.8, 16.8 32.7a 27.5, 37.9 34.0a 28.5, 39.4
$15 000–

$29 999
16.4a 12.0, 20.9 17.9a 12.6, 23.3 11.6a 7.8, 15.5 13.9a 8.8, 19.0 31.8a 25.8, 37.8 38.2a,b 31.1, 45.3

�$30 000 16.7a 13.7, 19.7 29.2b 24.3, 34.1 10.7a 8.0, 13.5 18.6a 15.1, 22.1 38.1a 34.0, 42.3 48.1b 43.2, 53.0
Education

Less than
high school

13.8a 9.4, 18.1 18.7a 13.7, 23.8 9.7a 6.2, 13.1 16.4a 11.6, 21.2 34.9a 29.6, 40.1 34.3a 28.4, 40.1

High school,
GED, trade

school

15.2a 12.9, 17.6 23.6a 20.0, 27.3 10.9a 8.4, 13.4 15.5a 12.5, 18.5 33.9a 29.9, 37.9 40.1a 36.7, 43.5

College 19.5a 13.6, 25.3 29.4a 23.0, 35.8 16.5a 11.6, 21.3 18.6a 12.5, 24.7 38.9a 32.9, 44.9 61.3b 54.2, 68.3

1 n � 1699; specific n values for each socioeconomic subgroup are given in Table 1. Only non-Hispanic whites and non-Hispanic African Americans were
included in the analyses. There were 206 adults with no data on household income, 1 adult with no age data, and 21 adults with no data on education. FOODS
2000, Foods of our Delta Study 2000; GED, General Education Development. Means in a column with different superscript letters are significantly different
(P � 0.03) after adjustment for multiple comparisons.

TABLE 3
Multiple logistic regression analyses of the overweight status of adults
aged �18 y, by Healthy Eating Index (HEI) component scores, adjusted
for socioeconomic and demographic characteristics: FOODS 20001

HEI component

Dependent variable � being overweight

Odds ratio 95% CI P

Grain score 0.93 0.88, 0.98 0.01
Vegetable score 0.92 0.88, 0.97 0.002
Fruit score 1.02 0.98, 1.06 NS
Milk score 1.00 0.97, 1.04 NS
Meat score 1.07 1.03, 1.13 0.006
Total fat score 0.96 0.92, 1.01 NS
Saturated fat score 1.06 1.01, 1.11 0.01
Cholesterol score 1.05 1.01, 1.09 0.02
Sodium score 0.97 0.92, 1.01 NS
Variety score 1.03 0.99, 1.08 NS

1 n � 1672; 27 adults did not have BMI values. The model was adjusted
for sex, age, race, education, income, and region. HEI component scores for
odds ratios with 95% CIs that do not include 1.00 had a significant effect on
overweight status at an � � 0.05 level of significance. Being overweight was
the dependent variable and was defined as having a BMI of �25. FOODS
2000, Foods of our Delta Study 2000.
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Food Guide Pyramid recommendations

The percentages of LMD adults, in different socioeconomic
groups, whose diets were rated as good (HEI score �80) or poor
(HEI score �51) and the odds ratios for eating a good or poor diet
are shown in Table 4. The analyses showed that sex did not affect
the percentages of males and females who ate a good or a poor
diet or the likelihood of eating a good or a poor diet. Adults aged
�60 y were 8 times as likely to eat a good diet and 38% were less
likely to eat a poor diet compared with young adults between the
ages of 18 and 39 y. Adults having less than a college level
education, as compared with adults having a college education,
were only half as likely to eat a good diet but were twice as likely
to eat a poor diet Compared with adults living in Arkansas, adults
living in Mississippi were 39% less likely to eat a good diet.
Nevertheless, about a fourth of those living in the 3 regions
(Louisiana, Mississippi, and Arkansas) ate a poor-quality diet,
especially adults aged �60 y.

Comparison of FOODS 2000 and NHANES 1999–2000

A comparison of the diet quality of non-Hispanic whites and
African American adults aged �18 y in the FOODS 2000 survey,
conducted in the 36 counties designated as the LMD, and the
NHANES 1999–2000 national survey is shown in Table 5. The

total adult population and the white adult population in the LMD
had significantly lower mean HEI and dietary component scores
for vegetable, fruit, dairy products, and variety than did their
NHANES counterparts. In contrast, the African American adult
population in the LMD had no significant differences in mean
HEI and dietary component scores from their NHANES coun-
terparts, except for their poorer total fat scores. A lower percent-
age of the LMD adults met grain recommendations overall, but
this difference was not sustained in race comparisons. Mean
sodium scores in the FOODS 2000 survey were significantly
higher than those in their NHANES counterparts, but this finding
may have been an artifact of the different methods related to salt
used in recipes in the 2 surveys.

The most striking difference in diet quality between all LMD
adults and their national counterparts was in not meeting the
grain, dairy, or dietary variety recommendations. The percentage
of LMD adults who had HEI scores �51 but �80, which sug-
gested that their diets “need improvement” (68.6%; 97% CI:
65.7, 71.4%), was not significantly different from their
NHANES counterparts (71.5%; 97% CI: 69.2, 73.9%). A signif-
icantly higher percentage of the total LMD adult population than
of the NHANES adults had diets rated as poor (24.8% compared
with 18.3%). The percentage of LMD adults rated as having a

TABLE 4
Socioeconomic and demographic characteristics of adults aged �18 y eating a good diet or a poor diet and multiple logistic regression analysis of eating a
good diet or a poor diet adjusted for socioeconomic and demographic characteristics: FOODS 20001

Socioeconomic variable
and subgroup

Adults eating a
good diet2

Dependent variable � eating a
good diet2

Adults eating a
poor diet3

Dependent variable � eating a
poor diet3

Weighted
percentage 97% CI

Odds
ratio 97% CI P

Weighted
percentage 97% CI

Odds
ratio 97% CI P

% %
Sex

Men 4.9a 3.0, 6.8 0.69 0.38, 1.24 0.66 25.4a 21.0, 29.9 1.01 0.72, 1.41 0.95
Women 8.1a 5.9, 10.3 1.00 24.3a 20.8, 27.7 1.00

Age
18–39 y 2.2c 0.78, 3.7 1.00 24.9a,b 20.5, 29.3 1.00
40–59 y 6.3b 4.1, 8.5 2.08 0.93, 4.64 0.046 29.2b 24.8, 33.6 1.46 1.06, 2.01 0.011
�60 y 14.3a 9.9, 18.8 8.56 3.67, 19.9 � 0.0001 17.7a 12.9, 22.4 0.62 0.41, 0.93 0.012

Race
African Americans 5.4a 3.6, 7.2 1.07 0.54, 2.1 0.83 28.0a 23.1, 32.9 1.16 0.79, 1.69 0.39
White 7.6a 5.4, 9.8 1.00 22.2a 19.0, 25.3 1.00

Income
$0–$14 999 4.9a 2.6, 7.3 0.56 0.27, 1.18 0.09 28.1a 22.2, 33.9 1.25 0.82, 1.90 0.24
$15 000–$29 000 5.9a 2.6, 9.3 0.69 0.32, 1.48 0.29 23.6a 17.5, 29.7 1.06 0.72, 1.55 0.74
�$30 000 8.0a 4.9, 11.1 1.00 21.6a 18.0, 25.2 1.00

Education
Less than high school 4.6a 2.3, 6.9 0.26 0.11, 0.58 0.0004 28.0a 22.0, 34.1 2.16 1.17, 4.01 0.0073
High school, GED,

trade school
6.0a,b 4.2, 7.9 0.47 0.28, 0.79 0.0018 25.7a 22.4, 29.1 1.87 1.06, 3.30 0.0168

College 12.9b 7.6, 18.1 1.00 15.3b 9.2, 21.4 1.00
Region

Louisiana 7.4a 4.4, 10.3 0.67 0.33, 1.35 0.21 23.4a 16.7, 30.1 1.07 0.67, 1.69 0.76
Mississippi 5.2a 3.7, 6.8 0.61 0.38, 0.96 0.0183 26.6a 22.6, 30.5 1.19 0.84, 1.70 0.27
Arkansas 8.0a 5.4, 10.5 1.00 23.7a 19.0, 28.4 1.00

1 n � 1699. Only non-Hispanic whites and non-Hispanic African Americans were included in the analysis. In the multiple logistic regression analyses,
women aged 18–39 y, whites, adults living in households with an income �$30 000, adults with a college education, and adults living in Arkansas were the
reference categories. FOODS 2000, Foods of our Delta Study 2000; GED, General Educational Development. Means in a column with different superscript
letters are significantly different (P � 0.03) adjusted for multiple comparisons.

2 A good diet is defined as having a Healthy Eating Index (HEI) score of �80.
3 A poor diet is defined as having an HEI score of �51.
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TABLE 5
Pairwise comparison of mean Healthy Eating Index (HEI) scores, mean HEI component scores, and percentage of adults meeting food recommendations
for a good diet or a poor diet between adult participants aged �18 y in the Lower Mississippi Delta (LMD) FOODS 2000 survey and in the NHANES
1999–2000 survey1

Data source and HEI and its components

All adults Whites African Americans

Mean 97% CI2 Mean 97% CI2 Mean 97% CI2

Mean HEI and mean HEI component scores
HEI

LMD 60.0 59.2, 60.7 61.0 60.0, 62.1 58.7 57.5, 59.8
NHANES 63.13 61.9, 64.4 63.74 62.2, 65.2 59.8 58.7, 60.8

Grain
LMD 5.9 5.7, 6.0 6.1 5.8, 6.3 5.6 5.4, 5.8
NHANES 6.43 6.2, 6.6 6.54 6.3, 6.7 5.7 5.4, 6.0

Vegetables
LMD 5.4 5.2, 5.6 5.9 5.7, 6.2 4.8 4.4, 5.1
NHANES 6.43 6.1, 6.6 6.55 6.3, 6.8 5.2 4.9, 5.6

Fruit
LMD 3.0 2.8, 3.2 2.7 2.4, 3.0 3.4 3.0, 3.7
NHANES 3.64 3.2, 4.0 3.63 3.2, 4.1 3.6 3.3, 3.9

Dairy products
LMD 4.0 3.8, 4.2 4.7 4.4, 5.0 3.2 2.9, 3.5
NHANES 5.73 5.5, 6.0 6.03 5.8, 6.3 3.7 3.3, 4.0

Meat
LMD 7.1 7.0, 7.3 7.1 7.0, 7.3 7.1 6.9, 7.4
NHANES 6.94 6.7, 7.0 6.84 6.6, 7.0 7.2 7.0, 7.5

Total fat
LMD 6.0 5.8, 6.2 6.0 5.7, 6.2 6.1 5.8, 6.4
NHANES 6.73 6.4, 6.9 6.63 6.3, 6.9 7.15 6.6, 7.5

Saturated fat
LMD 6.5 6.2, 6.7 6.3 5.9, 6.6 6.7 6.4, 7.0
NHANES 6.5 6.2, 6.7 6.4 6.1, 6.6 7.2 6.8, 7.6

Cholesterol
LMD 7.2 7.0, 7.5 7.4 7.1, 7.6 7.1 6.8, 7.4
NHANES 7.5 7.3, 7.7 7.6 7.3, 7.8 7.1 6.7, 7.4

Sodium
LMD 7.9 7.7, 8.0 7.7 7.4, 7.9 8.1 7.9, 8.4
NHANES 5.73 5.5, 5.9 5.63 5.4, 5.9 6.43 6.0, 6.7

Variety
LMD 6.9 6.7, 7.1 7.2 7.0, 7.5 6.6 6.2, 6.9
NHANES 7.85 7.6, 8.1 8.03 7.7, 8.3 6.7 6.4, 6.9

Adults meeting Food Guide Pyramid
recommendations (%)

Grain
LMD 15.3 13.5, 17.1 16.4 13.6, 19.1 14.0 11.0, 17.0
NHANES 20.15 17.5, 22.6 20.7 17.8, 23.7 15.6 11.9, 19.3

Vegetables
LMD 23.2 20.7, 25.8 26.9 23.6, 30.3 18.8 15.3, 22.3
NHANES 30.93 28.2, 33.5 32.44 29.5, 35.4 20.7 17.0, 24.4

Fruit
LMD 11.4 9.7, 13.0 10.3 8.0, 12.5 12.7 10.2, 15.2
NHANES 15.64 12.8, 18.4 15.44 12.2, 18.5 16.9 14.0, 19.8

Dairy products
LMD 15.9 14.0, 17.9 21.5 17.9, 25.1 9.2 6.8, 11.6
NHANES 28.73 25.8, 31.6 31.13 27.8, 34.4 13.2 10.2, 16.2

Meat
LMD 35.0 32.4, 37.5 35.0 31.3, 38.6 35.0 31.4, 38.5
NHANES 33.1 30.7, 35.5 32.3 29.7, 34.9 38.2 34.4, 42.1

Total fat
LMD 29.3 26.7, 31.8 30.7 27.2, 34.1 27.6 23.4–31.8
NHANES 35.65 32.8, 38.5 34.8 31.9, 37.8 41.03 35.3, 46.7

Saturated fat
LMD 37.9 35.0, 40.8 37.8 34.0, 41.5 38.1 33.5, 42.7
NHANES 41.1 38.2, 43.9 39.6 36.6, 42.6 50.53 45.2, 55.9

Cholesterol
LMD 63.7 61.2, 66.3 64.1 60.7, 67.6 63.2 59.6, 66.8
NHANES 66.6 64.3, 68.8 67.2 64.7, 69.7 62.3 58.4, 66.3

Sodium
LMD 55.0 52.2, 57.7 50.6 47.2, 54.0 60.2 56.1, 64.2
NHANES 29.73 27.4, 32.1 28.63 26.1, 31.1 37.13 32.9, 41.3

(Continued)
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good diet did not differ significantly from that of the NHANES
adults (6.6% compared with 10.1%, respectively). The differ-
ences in scores and percentages were significant between the
total LMD population and their NHANES counterparts and be-
tween the white LMD population and their NHANES counter-
parts. No differences were found between the African American
LMD population and their NHANES counterparts. Neverthe-
less, the overall diet quality of the LMD African Americans was
still lower than that of the LMD whites.

Another indicator to assess whether a dietary recommendation
has been met is a value of 10 on a component score, ie, the food
pyramid recommended number of servings was met. In national
data, the dietary component score most frequently scored as a 10
was the cholesterol score, which was met by 66.6% of the overall
population followed by the variety score that was met by 56.2%
(Table 5). LMD adults also most frequently met the cholesterol
score followed by the sodium score (Table 5). Only 41.9% of the
LMD adults met the variety recommendation, only 35.0% met
the meat recommendation, �25% met the vegetable recommen-
dation, and �16% met the fruit, dairy, and grain recommenda-
tions. No racial differences existed in perfect grain, fruit, meat,
sodium, or cholesterol scores. Approximately 1 in 5 LMD whites
met the dairy recommendations compared with less than 1 in 10
of African American LMD adults (Table 5). Significant differ-
ences exist between the percentage of white and African Amer-
ican LMD adults meeting the recommended number of servings
of vegetables (26.9% and 18.8%, respectively).

DISCUSSION

A dietary quality assessment based on HEI scores indicated a
lower overall diet quality in the LMD, particularly concerning
grains, vegetables, fruit, dairy products, meats, and dietary va-
riety. Furthermore, the mean HEI scores for all demographic
groups within the LMD fell well below the desired score of �80.

With only half the percentage of LMD respondents rated as
having a good diet and nearly twice as many being rated as having
a poor diet compared with NHANES respondents, the lower
overall diet quality in the LMD was evident. Scores for African
Americans in the LMD were not significantly lower than those
for the NHANES counterparts, but their HEI scores were still
lower than those for whites in the LMD. Thus, the differences in
the total population in the LMD from national surveys were due
largely to the lower scores of the LMD whites. It is notable that
African Americans had a higher fruit component score, but a
substantial part of the difference was attributed to a higher con-
sumption of citrus drinks (36% compared with 30% of food
pyramid fruit servings).

Whereas older adults, persons in higher-income households,
and adults with a college education are more likely to eat a
nutritious diet, older rural adults are likely to have a lower income
and less education and are more likely to be the primary care-
givers of their grandchildren than are their urban counterparts
(43–47). These data suggest that, although unhealthy diets are
not limited to one race, sex, age group, or educational level,
demographic factors such as age, income, and educational level
do influence the overall diet quality. An urgent need exists to
promote nutritional health.

Low-income adults and adults with less than a college educa-
tion were only half as likely to have a good diet than were adults
with a higher income and adults who had completed high school.
Household income influences the ability to purchase a variety of
foods. Adults who had less than a high school education or who
had received federal nutrition assistance were more likely to be
living in low-income households. This may explain why these
adults had lower fruit, vegetable, and variety scores and a low
overall diet quality. Similar patterns were observed in national
data (34, 35).

TABLE 5 (Continued)

Data source and HEI and its components

All adults Whites African Americans

Mean 97% CI2 Mean 97% CI2 Mean 97% CI2

Variety
LMD 41.9 38.9, 44.9 44.7 41.0, 48.4 38.4 33.9, 42.9
NHANES 56.23 51.7, 60.6 58.83 53.7, 63.8 39.0 35.4, 42.7

Adults eating a good diet, a diet in need of
improvement, or a poor diet (%)6

Eating a good diet
LMD 6.6 5.1, 8.2 7.6 5.4, 9.8 5.4 3.7, 7.2
NHANES 10.1 7.7, 12.6 11.0 8.2, 13.9 4.2 2.4, 6.0

Eating a diet in need of improvement
LMD 68.6 65.7, 71.4 70.2 67.0, 73.5 66.6 61.5, 71.6
NHANES 71.5 69.2, 73.9 71.8 68.9, 74.8 69.7 65.3, 74.1

Eating a poor diet
LMD 24.8 22.1, 27.6 22.2 19.0, 25.3 28.0 23.1, 32.9
NHANES 18.35 15.6, 21.0 17.14 13.9, 20.4 26.1 22.3, 29.8

1 Only non-Hispanic whites and non-Hispanic African Americans in the Foods of our Delta Study 2000 (FOODS 2000) and the National Health and
Nutrition Examination Survey (NHANES) 1999–2000 were included in the analyses. The 2 surveys were treated as independent samples. Pairwise mean
comparisons were made within groups (all adults, whites, and African Americans) in the 2 surveys. All adults in the LMD were compared with whites in
NHANES 1999– 2000 and African American adults, LMD whites with whites in NHANES 1999–2000, and LMD African Americans with African Americans
in NHANES 1999–2000.

2 No differences existed if the 97% CIs of 2 means overlapped in the pairwise mean comparisons.
3–5 Significantly different from LMD (unadjusted): 3P � 0.0001, 4P � 0.01, 5P � 0.001.
6 A good diet is defined as having an HEI score �80. A poor diet is defined as having an HEI score �51. The percentage of participants eating a diet in

need of improvement was computed by subtracting the percentage of those having a good diet and the percentage of those having a poor diet from 100.
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In support of our findings, a low income and a low educational
level were associated with poor dietary practices in a study using
South Carolina’s 1994 Behavioral Risk Factor Surveillance Sys-
tem data (47). Others have noted that rural elderly are more likely
to be poor than are their metropolitan counterparts (43–46). In
rural areas, individuals aged �65 y account for 25% of the
population but represent 40% of the nation’s poor (44). Eco-
nomic status is partly due to a lack of education and to fewer
economic opportunities over a lifetime (46).

Despite receiving food assistance, adults in the lowest income
level consistently had lower HEI scores. Lower income could be
one reason for this finding because food assistance programs are
intended to help a family acquire a healthy diet and not to provide
a complete diet. A lack of nutrition knowledge and, hence, an
inability to identify nutritious foods may be another reason for
the lower intakes of fruit and vegetables. Limited availability of
fruit and vegetables and a lack of accessibility to supermarkets
may also be contributing factors (48–51). Other researchers have
documented that the poor pay more for food because of a lack of
large-chain supermarkets in their communities (52, 53). These
findings underscore a need for nutrition interventions that help
promote fruit, vegetable, and low-fat dairy consumption among
these vulnerable populations. Low-income individuals in the
NHANES and the LMD had lower intakes of fruit and vegetables
and drank more whole milk that reduced or low-fat milk. The
availability of skim and nonfat milk in rural areas can be prob-
lematic (54, 55). Nutrition interventions should include strate-
gies that assist low-income adults in choosing nutritious foods
while grocery shopping and promote environmental and public
policies to improve availability and accessibility.

About half of the adults were told by their physicians that they
had one or more health conditions, such as diabetes, high cho-
lesterol, hypertension, osteoporosis, stroke, or heart disease,
which indicated that a high proportion of the adult population
needed immediate health and nutrition interventions (40, 56).
Not surprisingly, these adults had relatively good diets, indica-
tive of self-interest to improve their diet quality. The adverse
effects of food insecurity on health have been well documented
among adults in the LMD (56) and, subsequently, in the FOODS
2000 Survey (57–59). This population is defined as high risk,
with 1 in 5 being food insecure and more than 1 in 4 having a
household incomes �$15 000/y. These economic and demo-
graphic factors can easily lead to poorer food intake and lower
HEI scores, and in turn, lead to poorer health.

Limitations

This study involved only one 24-h dietary recall rather than
traditional 3-d dietary recalls. Basiotis et al (7) reported that HEI
scores calculated from a 1-d dietary recall were lower than those
calculated from a 3-d dietary recall, but not significantly so. The
1999–2000 NHANES used only 1 d of dietary intakes (36).

The FOODS 2000 trailer questions did not solicit specific
information on the inclusion of salt in cooking. This decision was
made to reduce respondent burden. The difficulty of collecting
valid and reliable sodium intake data in a free living population
has been recognized (60) and is perhaps the major obstacle in
telephone surveys. Salt added at the table has never been used in
the calculation of the HEI scores in national surveys.

Although baseline estimates of dietary intake are established
from the FOODS 2000, the survey cannot provide trend analysis.
The nationwide surveys from 1989 to 2000 suggest that Amer-
icans’ eating patterns improved slightly from 1989 to 1996 but
did not change from 1996 to 1999–2000 (2, 3, 36). Whether this
same pattern has occurred in the LMD cannot be determined
from these data.

The mode of survey administration differed. FOODS 2000
data were collected through a telephone survey, and the
NHANES 1999–2000 were collected through in-person inter-
views. Some of the differences or lack of differences between the
analyses shown in Table 5 could be attributed to these differences
in administration. Although the HEI is currently under revision to
more closely reflect the 2005 Dietary Guidelines for Americans,
this study used the HEI criteria applicable to the 2000 Dietary
Guidelines for Americans in existence at the time these data were
collected.

Conclusion

A need for nutrition intervention is indicated among the low-
income and younger households in the LMD. Food recommen-
dations that need greater emphasis in nutrition interventions and
among some subgroups include increased intakes of vegetables,
fruit, and dairy products and a greater dietary variety; increased
intakes of whole grains, vegetables, fruit, and dairy products are
specifically recommended for African Americans and younger
adults. Reductions in intakes of meat, saturated fat, and choles-
terol are especially needed in the LMD, compared with national
intakes, and in the overweight subpopulation of the LMD. Many
factors appear to contribute to the poor diets in the LMD, includ-
ing income, education, culture, and food availability and acces-
sibility. A multimodal, longitudinal approach is likely needed to
address the many challenges to healthy food choices. With half
of the adults in this region reporting diet-related health condi-
tions, interventions should target low-income and other vulner-
able groups to improve diet quality and, thereby, promote better
health.
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An 18-mo randomized trial of a low-glycemic-index diet and weight
change in Brazilian women1–3

Rosely Sichieri, Anibal S Moura, Virginia Genelhu, Frank Hu, and Walter C Willett

ABSTRACT
Background: Despite interest in the glycemic index diets as an
approach to weight control, few long-term evaluations are available.
Objective: The objective was to investigate the long-term effect of
a low-glycemic-index (LGI) diet compared with that of a high-
glycemic-index (HGI) diet; all other dietary components were equal.
Design: After a 6-wk run-in, we randomly assigned 203 healthy
women [body mass index (in kg/m2): 23–30] aged 25–45 y to an LGI
or an HGI diet with a small energy restriction. The primary outcome
measure was weight change at 18 mo. Secondary outcomes included
hunger and fasting insulin and lipids.
Results: Despite requiring a run-in and the use of multiple incen-
tives, only 60% of the subjects completed the study. The difference
in glycemic index between the diets was �35–40 units (40 com-
pared with 79) during all 18 mo of follow-up, and the carbohydrate
intake from energy remained at �60% in both groups. The LGI
group had a slightly greater weight loss in the first 2 mo of follow-up
(�0.72 compared with �0.31 kg), but after 12 mo of follow-up both
groups began to regain weight. After 18 mo, the weight change was
not significantly different (P � 0.93) between groups (LGI: �0.41
kg; HGI: �0.26 kg). A greater reduction was observed in the LGI
diet group for triacylglycerol (difference � �16.4 mg/dL; P � 0.11)
and VLDL cholesterol (difference � �3.7 mg/dL; P � 0.03).
Conclusions: Long-term weight changes were not significantly dif-
ferent between the HGI and LGI diet groups; therefore, this study
does not support a benefit of an LGI diet for weight control. Favor-
able changes in lipids confirmed previous results. Am J Clin
Nutr 2007;86:707–13.

KEY WORDS Low-glycemic-index diet, weight change, Bra-
zilian women

INTRODUCTION

In prospective studies, a diet with a high glycemic load, the
combination of a high glycemic index (HGI) and a high carbo-
hydrate intake, has been an important risk factor for high fasting
triacylglycerol concentrations (1), type 2 diabetes (2, 3), and
coronary heart disease (4). However, intervention studies in
healthy persons are limited. In a nonrandomized follow-up (av-
erage: 4 mo) of children attending a program of obesity treat-
ment, children assigned to a low-glycemic-index (LGI) diet (n �
64) experienced a greater reduction in BMI than did those as-
signed to a reduced-fat, HGI diet (n � 43) (5). In a randomized
study in healthy overweight women aged 20–40 y, ad libitum
LGI and HGI diets with similar carbohydrate contents were com-
pared, and no differences in weight and hunger were found after

a 10-wk follow-up (6). The difference in the GI of the 2 diets in
this study was 20 units.

The purpose of this study was to investigate the effect of a
larger difference in GI of 2 diets (�40 units)—all other dietary
components held equal—on weight and satiety in healthy Bra-
zilian women. Dried beans, a frequent component of the Brazil-
ian diet, have an exceptionally low blood glucose response (7),
which allows a larger contrast between diets and a longer trial.
The trial also aimed to increase adherence to the diets, a major
problem in obesity trials, by recruiting young overweight women
instead of obese women, by including a run-in period, and by
aiming for a small weight loss.

SUBJECTS AND METHODS

Subjects

From October 2003 to September 2004, 414 healthy women
with a body mass index (BMI; in kg/m2) of 23–29.9, who were
aged 25–45 y, not pregnant, not breastfeeding, had at least one
child, and did not anticipate a pregnancy in the next year, were
recruited for the study. Women with physician-diagnosed thy-
roid disease or diabetes or who were menopausal were not eli-
gible to participate; we also excluded those who could not eat
beans on a daily basis or who had a particular dislike for them.
Recruitment was conducted in 2 primary care centers of the State
University of Rio de Janeiro, Brazil. The progress of the women
during the study is shown in Figure 1.

All participants received information about the goals of the
study, which aimed at a small weight loss during the follow-up.
The study was approved by the Institutional Review Boards of
Harvard School of Public Health and State University of Rio de
Janeiro. A sample calculation made before the beginning of the
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study was based on a mean (�SD) difference in BMI of 1.2 �
2.5, assuming 90% power and a 5% significance level. The
needed total sample size was 148 (8). Allowing for noncompli-
ance in both groups (9), the estimated sample size was 172; after
further adjustment for an estimated 20% loss during follow-up,
the total sample size was estimated to be 206.

Study design

Dietary counseling was based on a small energy restriction (ie,
100–300 kcal), and skipping the diet 1 d/wk was allowed. Indi-
vidual nutritionist counseling every month with menus and ex-
change lists was provided. Both diets were designed with 26–
28% of energy as fat. For each meal (Table 1), the LGI diets were
designed to maintain an average difference of 40 GI units com-
pared with the HGI diet. Calculations were based on published GI
values for healthy individuals (10), with white bread as the stan-
dard GI of 100%. The overall GI was calculated by multiplying
the carbohydrate intake of each food by its GI, summing up the

products for all foods and dividing the sum by the total carbo-
hydrate intake. Because sticky rice versus parboiled rice was one
of the major determinants of the difference in GI between the 2
diets, beyond the amount of beans, we determined the hydrolysis
of the most-reported brand of rice consumed by the women via
vitro hydrolysis analysis (11) (Figure 2). The difference in GI

Women screened (n = 644)
Ineligible (n = 230)

 Initiated run-in phase 1 (n = 414)
2 wk LGI diet

Did not return (n = 184)

 Initiated run-in phase 2 (n = 230)
2– 4 wk HGI diet

Did not return (n = 27)

Randomization (n = 203)

LGI (n = 101) HGI (n = 102)

Withdrawn (n = 39)
Tired of the diet (n = 13)

Pregnancy (n = 4)
Moving from the city (n = 6)

Death (n = 1)
Other reasons (n = 9)

Withdrawn (n = 41)
Tired of the diet (n = 20)

Pregnancy (n = 1)
Moving from the city (n = 5)

Other reasons (n = 15)

Completed treatment (n = 61)
Drop out (<10 

appointments) but returned 
for last visit 

(n = 2)

Completed treatment (n = 46)
Drop out (<10 

appointments) but returned 
for last visit 

(n = 14)

Weight: monthly for 18 mo
Hunger: monthly for 18 

mo
Blood collection: 3, 6, 12, 18 

mo

FIGURE 1. Progress of women during the study.

TABLE 1
Food in the high- and low-glycemic-index diets

High glycemic index Low glycemic index

Breakfast and snacks Breakfast and snacks
Milk products Milk products

Cottage or white cheese Cottage or white cheese
Ricotta Ricotta
Cream cheese light Cream cheese light
Yogurt Yogurt
Porridge Garbanzos cream

Breads Breads
French bread Whole bread (oat, fiber,

bran)White bread, crackers, and
toast with jelly Corn or oat cookies

Fruit and fruit shakes
Fruit and avocado shakeMango, papaya, banana

watermelon, grapes,
pineapple, and kiwi

Plums, apple, strawberry,
orange, tangerine, pear,
peach, fig, and guavaLunch and dinner

Lunch and dinnerCereals (every day)
Cereals (every day)Sticky rice

Parboiled riceRice with broccoli or other
greens Corn purée

Rice with chicken or tuna fish Pasta
Rice with raisins Sweet corn

Beans (twice a week) Beans (everyday)
Beans Beans
Peas, garbanzos, soya, or

lentil
Peas, garbanzos, soya, or

lentil
Green vegetables (2 portions/d) Green vegetables all (2

portions/d)
Others vegetables Others vegetables

Beetroots Carrots
Chayote Okra
Pumpkin Zucchini
Mashed potatoes Cauliflower
Potato pies Eggplant
Boiled potatoes Cabbage
Roasted potatoes Tomato

Sweet potatoes
Cassava/yam

Meats, eggs, and fish Meats, eggs, and fish
Beef or ground meat, lean Beef or ground meat, lean
Chicken Chicken
Baked turkey hamburger Baked turkey hamburger
Nuggets Nuggets
Boiled or scrambled egg Boiled or scrambled egg
Tuna fish, cod fish, and other

fishes
Tuna fish, cod fish, and

other fishes
Desserts Desserts

Diet jelly Fruit or diet jelly, chocolate
mousse, mix of soya and
nuts, yogurt pudding, and
nut cake

Fruit mousse
Cakes

Soups Soups
Blended vegetables with or

without rice
Vegetables, garbanzos,

beans, peas, and lentil

708 SICHIERI ET AL



between the 2 types of rice (�25%) was of a magnitude similar
to GI values previously reported (116 compared with 91, with
white bread as reference) (10). In vitro analyses were also con-
ducted for foods commonly used in Brazil for which no GI was
available, such as okra, guava, cheese bread, and manioc bread.

Subjects were instructed to eat 3 meals and 3 snacks according
to a 6-d menu plan. Instructions also included limiting to a min-
imum all candies, added sugar, and sodas, except for the weekly
day free of diet. Every month, the portions of staple foods were
reduced if the participants reported that they were prescribed too
much food.

The initial phase of the study was a 6-wk run-in period,
which consisted of 2 wk of an LGI diet followed by 4 wk of an
HGI diet (Figure 1). Of the 414 women recruited, 203 com-
pleted the 2 run-in periods and were randomly assigned to an
LGI or an HGI diet. The randomization list was computer-
generated with blocking.

Measurements

Hunger was measured according to a Likert scale from 1 to 10
(12). Weight and hunger were measured every month, and fasting
blood samples were collected at baseline and after 3, 6, 12, and
18 mo. Blood was collected after the subjects had fasted for 10 h,
and all measurements were performed in the morning. Height
was measured to the nearest 0.5 cm with a wall-mounted stadi-
ometer, and body weight was measured by using the same cali-
brated digital scale for all participants.

Plasma lipids and glucose were measured by using GoldAnalisa
kits with an intraassay CV ranging from 0.9% to 1.2% and an
interassay CV ranging from 1.9% to 2.7%. LDL- and VLDL-
cholesterol concentrations were calculated according to the
Friedewald equation (13), based on triacylglycerol measures.
Serum insulin concentration was determined by radioimmuno-
assay with an ImmuChem 125/RIA kit with an intraassay CV
ranging from 4.2% to 8.2% and an interassay CV ranging from
6.4% to 8.8%. Relative insulin resistance [homeostasis model
assessment of insulin resistance (HOMA-IR)] was estimated ac-
cording to the formula [glucose (in mmol/L) � insulin (in �IU/
mL)/22.5]. A HOMA-IR � 2.5 was considered to indicate insu-
lin resistance.

Food intake, based on a food frequency questionnaire devel-
oped for and validated in the adult Brazilian population (14), was
measured at the beginning of the run-in period and after 3, 6, 12,
and 18 mo of follow-up.

Data analysis

The intention-to-treat analysis included all subjects, regard-
less of compliance. Hunger and weight changes over time for
parallel groups with repeated measurements were determined by
using PROC MIXED in SAS, including the baseline measure as
a covariate (version 8.2; SAS Institute Inc, Cary, NC). Baseline
characteristics of the 2 groups were compared by using Student’s
t test or the chi-square test. Hunger scales at each main meal and
the sum of the 3 scales were compared between the 2 groups.
Because of the nonlinear weight change observed, the model
incorporated a quadratic term (time � time) variable. Change
over time was measured by the interaction between time and type
of diet. Because diet � time interactions for weight change were
not significantly different, models were reduced. A secondary
analysis excluded the 18-mo follow-up, when women who were
not actively attending returned for the last visit. Blood lipids in
this secondary analysis changed linearly; therefore, the quadratic
term was not incorporated in the models. When more than one
measurement was available per person per period, only the first
measurement was included in the analysis.

Residual plots of all models were examined, and their distri-
bution did not show major deviations from regression assump-
tions. Energy intake, average GI, average glycemic load, fiber,
and selected food items related to compliance were estimated by
using a food-frequency questionnaires. Baseline intake was com-
pared by using Student’s t test. Statistical analysis for changes
during follow-up tested the time � diet variable, with time � 0
for baseline and time � 1 for follow-up.

RESULTS

The 414 women who initiated the run-in had a race distribution
not significantly different from those who were ultimately ran-
domly assigned, but were less educated. Race distribution among
those who initiated the run-in was 51% white, 30% mulatto, and
18% black; 33% had �4 y of schooling. Characteristics of those
women randomly assigned to the 2 diet groups are shown in
Table 2. No significant differences in any of the characteristics
were observed between groups. The LGI group reported a
significantly higher glycemic load and GI during follow-up
(Table 3). Mean values of the other dietary components were not
significantly different between the LGI and HGI groups (Table 3).

Losses to follow-up during the 18-mo period were 38% in the
LGI group and 41% in the HGI group; 5 losses (6%) were due to
pregnancy (Figure 1). All women not showing up at scheduled
appointments were called and invited to be rescheduled. The
main reason given for not returning was an overly restricted diet.
The average number of appointments in the 2 dietary groups was
13. Dropouts were younger (35.6 compared with 38.2 y; P �
0.001), lost less weight during the run-in period (0.52 compared
with 1.10 kg; P � 0.005), were less educated (P � 0.06), had a
lower income (P � 0.07), and had a greater total hunger score at
baseline (11.6 compared with 10.3; P � 0.04). However, drop-
outs were not significantly different from those followed in re-
lation to race and BMI at baseline. Adherence to treatment (com-
pleting �10 appointments) was greater in women in the LGI
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FIGURE 2. In vitro starch hydrolysis of the most reported brand of rice
consumed by the women in the study. Mean (�SD) of 3 measurements. The
P value is for the area under the curve.
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TABLE 3
Dietary changes from baseline between the low-glycemic-index (LGI) and high-glycemic-index (HGI) diet groups1

Baseline 3-mo follow-up 6-mo follow-up 12-mo follow-up 18-mo follow-up

Energy (MJ)
LGI 14.3 � 9.3 10.3 � 5.9 9.6 � 6.1 12.9 � 9.4 11.2 � 7.0
HGI 16.2 � 12.9 12.1 � 7.8 11.8 � 6.4 14.7 � 10.9 14.0 � 9.1
P 0.152 0.973

Carbohydrate (% of energy)
LGI 58.9 � 7.7 60.4 � 6.3 58.3 � 6.7 59.7 � 5.8 59.5 � 6.3
HGI 60.3 � 6.6 61.2 � 5.6 60.7 � 6.4 60.7 � 6.4 61.6 � 6.2
P 0.18 0.98

Lipid (% of energy)
LGI 28.2 � 5.9 26.8 � 4.5 28.2 � 5.6 27.3 � 4.8 27.2 � 4.6
HGI 27.6 � 5.3 26.5 � 4.5 26.6 � 4.4 27.0 � 5.2 26.1 � 4.7
P 0.45 0.98

Glycemic load
LGI 288 � 66 144 � 97 114 � 99 141 � 110 104 � 118
HGI 284 � 71 293 � 64 300 � 58 294 � 59 280 � 60
P 0.66 0.007

Glycemic index
LGI 74 � 38 46 � 49 42 � 52 44 � 57 30 � 54
HGI 64 � 33 86 � 47 83 � 35 79 � 41 72 � 40
P 0.05 0.02

Daily portion of beans
LGI 1.61 � 1.0 1.44 � 1.1 1.44 � 1.1 1.42 � 0.9 1.10 � 1.0
HGI 1.58 � 1.3 1.30 � 1.2 1.23 � 0.9 0.97 � 0.6 1.20 � 0.6
P 0.87 0.49

Fiber (g)
LGI 43.5 � 26 35.9 � 20 30.5 � 17 39.8 � 25 36.0 � 21
HGI 50.4 � 35 39.9 � 22 38.3 � 22 43.3 � 30 44.5 � 27
P 0.12 0.86

1 The GI reference was white bread (10).
2 Student’s t test.
3 Time � diet interaction.

TABLE 2
Demographic and anthropometric characteristics of the 203 participants at baseline by diet1

Experimental LGI diet
(n � 101)

Control HGI diet
(n � 102) P

Age (y) 37.2 � 5.42 37.5 � 5.6 0.65
Weight (kg) 67.7 � 6.6 68.5 � 7.5 0.11
Stature (cm) 159.7 � 5.9 160.9 � 6.6 0.20
BMI (kg/m2) 26.9 � 1.8 26.7 � 2.1 0.49
Triacylglycerol (mg/dL) 88.3 � 46.0 88.9 � 44.7 0.64
Total cholesterol (mg/dL) 188 � 35 194 � 36 0.43
VLDL cholesterol 17.7 � 9.0 18.2 � 9.5 0.72
HDL cholesterol 42.5 � 15.9 42.6 � 15.9 0.96
Likert hunger scale mean

Before breakfast 3.8 3.2 0.09
Before lunch 4.6 4.2 0.11
Before dinner 3.0 2.8 0.63
All 11.5 10.3 0.13

Race (%)
White 54.5 52.0 0.44
Black 19.8 15.0
Mulatto 25.7 33.0

Schooling (%)
� 8 y 24.0 28.3 0.67
9–12 y 47.0 45.4
�12 y 29.0 26.3

1 LGI, low glycemic index; HGI, high glycemic index.
2 x� � SD (all such values).
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group than in the HGI group (61% compared with 46%; P �
0.0006).

The number of women followed up at specific visits and crude
mean changes in weight loss and the hunger scale from baseline
are shown in Table 4. Mean weight loss and reduction in hunger
(sum of Likert scale ratings completed before all main meals)
were not significantly different between the LGI and HGI
groups. Similar findings were seen for the reduction in hunger at
each meal (data not shown). Estimated changes based on the
crude data in Table 4 during the 18 mo of follow-up are shown in
Figure 3. The P values in Figure 3 for the time � diet variable
indicate changes over time, whereas the P values in Table 4
reflect differences at the 18-mo time point. Both analyses indi-
cated that the effects of diet were not significantly different.
Exclusion of those who were dropouts but were weighed at the
last visit did not change the results substantially (weight change
before exclusion: 0.31 kg compared with 0.21 kg, P � 0.18;
weight change after exclusion: 0.68 kg compared with 0.96 kg,
P � 0.10). Thus, in models that excluded the time � diet inter-
action (P � 0.30) and excluded women who were not actively
attending, the constant difference over time between the LGI
and HGI groups was �0.013 kg (P � 0.94).

The LGI diet reduced triacylglycerol at all measurement time
points until 12 mo, but the only statistically significant effect of
the diet was the lower VLDL-cholesterol concentration with the
LGI diet (P � 0.03; Table 5). After the last observations were
excluded, these effects were even stronger (Table 5). When fiber
intake at 3 mo was included in the model and the data analysis
was restricted to 12 mo, the reductions in total cholesterol and
LDL cholesterol became statistically significant (P � 0.009 for
total cholesterol and P � 0.01 for LDL cholesterol).

At baseline, 3.7% of the women had insulin values �20 �U/
mL. No significant differences in fasting serum glucose, insulin,
and HOMA-IR were observed between dietary interventions at 3
mo (Table 6).

DISCUSSION

In the nonobese women in the present study, an LGI diet did
not facilitate long-term weight loss compared with an HGI diet.
After an initial small weight loss, both dietary groups began to
regain weight by 12 mo, and the LGI group had regained almost

all of the weight lost by the end of the study. The magnitude of
weight loss was small, possibly because the study aimed at a
small slow weight loss, with the rationale that a small long-term
negative energy balance would not elucidate metabolic changes
for weight regain, and, as a consequence, compliance would be
facilitated. However, compliance in our study was only slightly
greater than adherence rates observed in trials with popular diets
such as Atkins (carbohydrate restriction), Zone (macronutrient bal-
ance), Weight Watchers (calorie restriction), and Ornish (fat restric-
tion) (15). For all 4 of these diets, self-rated adherence after 4 mo of

TABLE 4
Weight changes and mean changes in hunger scale during follow-up, according to low-glycemic-index (LGI) and high-glycemic-index (HGI) diet

Follow-up (mo)
P for main

effect1

1 2 3 6 9 12 15 18 Diet Time

Sample size (n)
LGI 89 68 60 55 47 44 49 63
HGI 78 56 53 50 49 46 44 60

Weight (kg)
LGI �0.24 � 1.1 �0.72 � 1.9 �0.62 � 2.2 �0.87 � 2.2 �1.05 � 2.5 �1.00 � 2.4 �1.04 � 3.0 �0.41 � 2.9 0.65 0.0001
HGI �0.22 � 1.2 �0.31 � 3.9 �0.70 � 1.8 �1.27 � 2.6 �0.87 � 2.9 �1.25 � 3.2 �0.95 � 3.2 �0.26 � 3.6

Hunger scale2

LGI �0.07 � 3.8 �0.26 � 4.1 �0.47 � 4.4 �1.05 � 5.2 �1.04 � 5.7 �1.21 � 5.7 �1.00 � 5.5 �1.31 � 6.3 0.74 0.0031
HGI 0.09 � 3.5 �1.16 � 1.4 0.04 � 4.3 �1.60 � 5.0 �0.92 � 4.3 �0.87 � 5.1 �0.52 � 4.9 �0.98 � 4.3

1 P values from a repeated-measures analysis (PROC MIXED in SAS) and adjusted for baseline weight, age, center, time, and time � time interaction.
The time � diet interactions were not significant for either variable.

2 Sum of Likert scale ratings for interaction before breakfast, before lunch, and before dinner.
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FIGURE 3. Estimated changes in weight and hunger scales based on a
repeated-measurement analysis with baseline values as covariables. Models
also included age, center, time, and time � time and time � diet interactions.
The P values represent the time � diet interaction.
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follow up was �50%. Also, only 65% of those on the Zone and
Weight Watchers diet and only 50% of those on the other 2 diets
finished 1 y of follow-up. In our study, �60% of the subjects fin-
ished the 18-mo follow-up for both diets, and adherence (complet-
ing �10 appointments) was greater in women in the LGI diet group.

A major limitation of the study was the high rate of losses to
follow-up, which was greater than expected in this selected pop-
ulation. We anticipated a higher adherence rate because a weight-
loss program was not readily available at public primary health
clinics, and the diets were based on commonly used foods. After
3 mo of follow-up we incorporated group activities and rewards
for those who kept appointments, but even these strategies had no
further effect. Losses to follow-up may not explain the lack of

long-term effect of the LGI diet given that results were un-
changed when we excluded the 18-mo follow-up, which in-
cluded women who had stopped active participation. Also, the
difference in the GI of diets in the 2 arms of the trial was �35
units over time, according to the food-frequency questionnaires,
and favorable changes in serum lipids confirmed previous results
(6), which indicated that the pattern of dietary intervention pro-
posed was maintained in both arms of the trial. Weight regain
after the 12-mo follow up was associated with an increase in
energy intake. This finding has been seen repeatedly in weight-
loss trials.

As expected, the mean reported consumption of women in the
HGI diet group had a GI and a glycemic load only slightly higher

TABLE 5
Fasting serum blood lipids during the low-glycemic-index (LGI) and high-glycemic-index (HGI) diets in women1

Baseline 3 mo 6 mo 12 mo 18 mo

P2

Estimated
difference Time Diet

Diet �
time

Sample size (n)
LGI 101 73 59 41 64
HGI 102 60 60 42 53

Triacylglycerol (mg/dL)
LGI 88.9 � 46.23 83.2 � 44.8 76.9 � 36.5 88.0 � 48.5 113.5 � 57.2
HGI 89.1 � 44.2 89.6 � 49.7 79.6 � 36.5 111.2 � 80.9 120.5 � 60.4 �16.4 0.0007 0.78 0.10

�16.94 0.0003 0.89 0.06
Total cholesterol (mg/dL)

LGI 188.8 � 34.7 189.1 � 33.5 184.1 � 34.8 185.0 � 35.4 199.9 � 40.9
HGI 194.1 � 37.0 200.9 � 43.2 186.5 � 37.8 200.7 � 37.1 208.7 � 41.6 �12.6 0.0001 0.78 0.66

�13.04 0.09 0.81 0.13
VLDL cholesterol (mg/dL)

LGI 18.0 � 9.4 17.4 � 9.4 15.5 � 7.5 17.6 � 9.7 22.6 � 11.5
HGI 17.8 � 8.7 18.2 � 10.0 16.6 � 7.7 22.8 � 15.9 24.1 � 12.2 �3.7 0.009 0.76 0.03

�4.04 0.007 0.78 0.008
LDL cholesterol (mg/dL)

LGI 127.7 � 32.8 124.8 � 33.6 117.3 � 35.2 113.0 � 33.6 125.8 � 34.8
HGI 133.1 � 36.8 138.0 � 41.3 120.7 � 36.6 122.6 � 37.2 132.0 � 38.4 �7.6 �0.001 0.50 0.76

�8.04 0.001 0.83 0.27
HDL cholesterol (mg/dL)

LGI 43.0 � 15.4 46.9 � 11.4 51.2 � 12.7 54.4 � 13.6 51.2 � 11.5
HGI 43.2 � 15.9 44.7 � 10.2 51.6 � 12.3 55.5 � 15.5 52.5 � 12.4 0.5 �0.001 0.53 0.79

�0.14 �0.001 0.62 0.68

1 Lipid values were log transformed.
2 Repeated-measures analysis (PROC MIXED, in SAS) with baseline values included in the analysis.
3 x� � SD (all such values).
4 18-mo follow-up excluded.

TABLE 6
Serum fasting insulin, glucose, and homeostasis model assessment of insulin resistance (HOMA-IR) with the low-glycemic-index (LGI) and high-
glycemic-index (HGI) diets

Baseline 3-mo follow-up Change from baseline

LGI (n � 94) HGI (n � 93) P1 LGI (n � 72) HGI (n � 58) LGI (n � 70) HGI (n � 56) P1

Glucose (mmol/L) 4.72 � 0.72 4.80 � 0.9 0.53 4.71 � 0.7 4.66 � 0.7 �0.01 �0.29 0.13
Insulin (�U/mL) 11.6 � 4.2 11.7 � 4.4 0.79 12.4 � 4.5 11.3 � 3.3 0.42 �0.20 0.39
HOMAR-IR 2.4 � 1.0 2.5 � 1.0 0.69 2.6 � 1.1 2.3 � 0.7 0.08 �0.09 0.13

1 Student’s t test.
2 x� � SD (all such values).
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than the GI and the glycemic load at baseline. The LGI diet
appeared to be more beneficial than did the HGI diet with regard
to weight loss and appetite, measured by the Likert scale only in
the first 2 mo of follow-up. Hunger increased in the HGI diet
group in the first month, and, curiously, there was a statistically
significant reduction in hunger over time with both diets, even
after 12 mo when energy intake increased. A possible explana-
tion is that women felt less hungry because they were eating
more.

Few studies that manipulated the GI or glycemic load had
isocaloric meals differing only in the GI, as in the present study.
One of these isocaloric studies was a 10-wk randomized study of
45 subjects with ad libitum intake. Subjects in this study lost 1.9
kg with the LGI diet and 1.3 kg with the HGI diet, but the
difference was not statistically significant. However, large fa-
vorable changes in lipids were found and insulin and HOMA
showed a nonsignificant decline with both the LGI and HGI diets
(6). Our results from a much larger sample indicated no signif-
icant change in insulin or HOMA. The characteristics of our
study population may explain the lack of change in insulin con-
centrations. Obese women were excluded, and only 3.7% of
women had high insulin values at baseline. Wolever and Mehling
(16) showed that an LGI diet increased insulin secretion in sub-
jects with impaired glucose tolerance, and weight loss was
greater with an HGI diet after a 4-mo follow-up. These findings
may explain why the initial greater change in weight observed
with the LGI diet was followed by a resistance to further weight
loss. Insulin is an anabolic hormone, and its increase poses an
extra difficulty for weight loss.

The low frequency of insulin resistance at baseline in our study
population also may explain the lack of efficacy of the LGI diet.
In a small clinical trial (17), participants with high baseline in-
sulin concentrations lost more weight with the LGI diet, and the
reverse was observed in those with low insulin concentrations at
baseline.

Our results do not support the hypothesis that an LGI diet
enhances weight-loss success, and existing evidence of other
benefits was confirmed. The possibility that LGI diets would be
effective for weight control mainly among insulin-resistant in-
dividuals could not be tested and will require further study with
a greater percentage of insulin-resistant individuals.
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An association of serum vitamin D concentrations � 40 nmol/L with
acute respiratory tract infection in young Finnish men1–3

Ilkka Laaksi, Juha-Petri Ruohola, Pentti Tuohimaa, Anssi Auvinen, Riina Haataja, Harri Pihlajamäki, and Timo Ylikomi

ABSTRACT
Background: The effects of vitamin D in regulating bone mineral-
ization are well documented. The action of vitamin D as a key link
between Toll-like receptor activation and antibacterial responses in
innate immunity has recently been shown. The data suggest that
differences in the ability of human populations to produce vitamin D
may contribute to susceptibility to microbial infection.
Objective: We aimed to explore whether an association exists be-
tween vitamin D insufficiency and acute respiratory tract infection in
young Finnish men.
Design: Young Finnish men (n � 800) serving on a military base in
Finland were enrolled for this study. Their serum 25-hydroxyvitamin
[25(OH)D] concentrations were measured in July 2002. They were
followed for 6 mo, and the number of days of absence from duty due to
respiratory infection were counted.
Results: The mean (� SD) serum 25(OH)D concentrations were
80.2 � 29.3 nmol/L (n � 756). Subjects with serum 25(OH)D
concentrations � 40 nmol/L (n � 24) had significantly (P � 0.004)
more days of absence from duty due to respiratory infection (median:
4; quartile 1–quartile 3: 2–6) than did control subjects (2; 0–4; n �
628; incidence rate ratio 1.63; 95% CI: 1.15, 2.24). We found a
significant (P � 0.004) association between serum 25(OH)D con-
centrations and the amount of physical exercise before induction into
military service. We also found significantly (P � 0.001) lower
serum 25(OH)D concentrations in subjects who smoked (72.8 �
26.6 nmol/L; n � 192) than in control subjects (82.9 � 29.7 nmol/L;
n � 537).
Conclusion: Clinical trials of vitamin D supplementation are needed
to investigate whether it enhances immunity to microbial
infections. Am J Clin Nutr 2007;86:714–7.

KEY WORDS Vitamin D, respiratory infection, insufficiency,
men, public health, 25-hydroxyvitamin D

INTRODUCTION

Vitamin D is produced in the skin through a photolytic reaction
of 7-dehydrocholesterol induced by ultraviolet B (UVB) radia-
tion (290–315 nm). It also occurs naturally in foods. The metab-
olite formed in the skin and the vitamin D absorbed in the gut
must be hydroxylated in the liver to form 25-hydroxyvitamin D
[25(OH)D] and then hydroxylated in the kidney to form 1�,25-
dihydroxyvitamin D [1,25(OH)2D] (1). After these transforma-
tions, vitamin D is a biologically active substance, a hormone that
is chemically akin to steroid hormones. The main function of
vitamin D in the body is to regulate calcium and phosphorous

homeostasis, a process essential for bone mineralization (2).
Vitamin D deficiency is known to lead to secondary hyperpara-
thyroidism, which causes rickets in children and osteomalacia
and osteoporosis in adults (3).

To determine vitamin D status, the serum concentration of
25(OH)D, the major circulating form of the hormone, must be
measured (4). Vitamin D insufficiency is usually determined by
parathyroid hormone (PTH) secretion, which increases when
serum 25(OH)D concentrations fall below 78 –100 nmol/L (5,
6). There is a growing scientific consensus that vitamin D
insufficiency is reached at serum 25(OH)D concentrations
� 80 nmol/L (7, 8).

In northern climates, diet is the most important source of
vitamin D in the winter months, because exposure to sunlight is
limited, which results in inadequate endogenous production of
vitamin D. In Finland, with its geographical location between 60°
and 70° N, vitamin D insufficiency is common in all age groups
between October and March (9, 10).

New, diverse roles of vitamin D have also been discovered,
including its antiproliferative, differentiative, and apoptotic ef-
fects on prostate cancer cells in vitro and its effects on cancer
invasion and angiogenesis. Recently, Liu et al (11) showed that
the action of vitamin D was a key link between Toll-like receptor
(TLR) activation and antibacterial responses in innate immunity.
They showed a dose-dependent up-regulation of one known
antimicrobial peptide (cathelicidin) in human monocytes. The
addition of 1,25(OH)2D to primary human macrophages in-
fected with Mycobacterium tuberculosis reduced the number of
viable bacilli. The addition of either 25(OH)D or TLR alone had
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no effect, but their simultaneous addition up-regulated catheli-
cidin mRNA. Furthermore, the specific inhibition of
1-hydroxylase enzyme reduced this antimicrobial activity by
70%, which suggests that 1,25(OH)2D is the active form of vi-
tamin D. Liu et al also found that the induction of cathelicidin
mRNA was significantly lower in serum from African Ameri-
cans, which contained less 25(OH)D, than in the serum from
white persons. However, 25(OH)D supplementation of serum
from African Americans restored the TLR induction of catheli-
cidin mRNA (11).

Clarification of the role of vitamin D in relation to infections,
such as acute respiratory tract infections, deserves a high priority
(12). The aim of the present study was to explore whether an
association exists between vitamin D insufficiency and acute
respiratory tract infections in young Finnish men.

SUBJECTS AND METHODS

Subjects

Young Finnish men serving on a military base in southwestern
Finland (n � 800) in July 2002 were enrolled for this study. When
they entered military service, their medical examination found
them to be healthy. Conscripts taking vitamin D supplements
or having traveled in sunny countries during the preceding 3
mo were excluded from the study. The study population and
the military conditions with respect to physical activity, nu-
trition, clothing, living quarters, and exposure to sunlight
were homogenous.

All volunteers provided written informed consent. The Ethics
Committee of Pirkanmaa Hospital District approved the study.

Identification of respiratory infections

Medical records for all participants covering the first 6 mo of
military service were abstracted, and physician-diagnosed respi-
ratory tract infections (ie, sinusitis, tonsillitis, otitis, bronchitis,
pneumonia, pharyngitis, and laryngitis) were recorded, and the
number of days of absence from duty due to respiratory tract
infection were counted.

Background information

We used a structured questionnaire to elicit information on
age, smoking, amount of physical exercise before military ser-
vice (h/wk), physician-diagnosed lactose intolerance, education,
geographical location (northern or southern Finland), and area of
residence (urban or rural). The height and weight were measured
to determine the body mass index (BMI; in kg/m2).

Serum 25-hydroxyvitamin D concentrations

Blood specimens for the measurement of serum 25(OH)D
concentrations were drawn from 800 male conscripts at their
entry into military service in the beginning of July 2002. Because
of failed samples, incomplete follow-up data, and terminated
military service, the total study population comprised 756 sub-
jects. After coagulation at room temperature for 1 h, the samples
were centrifuged at 2000 � g for 20 min at room temperature for
serum separation. The serum samples were frozen and stored at
�20 °C for later analysis. Total serum 25(OH)D concentrations
were measured with the OCTEIA enzyme immunoassay (Immu-
nodiagnostic Systems Inc, Fountain Hills, AZ). According to the

manufacturer, the cross-reactivities obtained for 25(OH)D3 and
25(OH)D2 are 100% and 75%, respectively (13).

Statistical analysis

Serum 25(OH)D concentration were expressed as means �
SDs. Differences in means between independent samples were
tested by using Student’s t test or one-way analysis of variance
(ANOVA). The number of days of absence from duty due to
respiratory infection was expressed as medians and lower and
upper quartiles (Q1 and Q3, respectively) because the distri-
bution was skewed. Poisson regression analysis was used to
explain this variable plus 0.5, because the variable included
zeros. Overdispersion was estimated by the deviance divided
by its df. Serum 25(OH)D concentrations were categorized as
�40 nmol/L and �40 nmol/L for the regression analysis.

The limit for statistical significance was set to be equal to 0.05
for a 2-sided test. We used SAS for WINDOWS software (ver-
sion 8.2; SAS Institute, Cary, NC) for Poisson regression anal-
ysis and SPSS for WINDOWS software (version 11.0; SPSS
Institute, Chicago, IL) for other data analysis.

RESULTS

In July 2002, the mean serum 25(OH)D concentration was
80.2 � 29.3 nmol/L (n � 756). Serum 25(OH)D concentrations
� 40 nmol/L were found in 3.6% of the subjects. The subjects
with 25(OH)D concentrations � 40 nmol/L (n � 24) had signif-
icantly (P � 0.004) more days of absence from duty due to
respiratory infections (median: 4; Q1–Q3: 2–6) than did control
subjects (n � 628) (2; 0–4; incidence rate ratio: 1.63; 95% CI:
1.15, 2.24). The model was adjusted for smoking (n � 169)
(Figure 1).

We found a significant (P � 0.004) association between serum
25(OH)D concentrations and the amount of previous physical
exercise. Subjects who exercised � 5 h/wk before induction into
the military service had higher serum 25(OH)D concentrations
(85.8 � 30.6 nmol/L) than did subjects reporting no preinduction
physical exercise (71.3 � 32.0 nmol/L). There was no significant
association between the amount of physical exercise before in-
duction and the number of days of absence from duty due to
respiratory infection (P � 0.388; n � 264) (Table 1).

Significantly (P � 0.001) lower serum 25(OH)D concentra-
tions were found in subjects who smoked (72.8 � 26.6 nmol/L;
n � 192) than in control subjects (82.9 � 29.7 nmol/L; n � 537),
and there was a trend toward a significant association (P � 0.065)
between smoking (n � 169) and number of days of absence from
duty due to respiratory infection (incidence rate ratio: 1.18; 95%
CI: 0.988, 1.40; n � 629).

There was a nonsignificant association between BMI and se-
rum 25(OH)D concentration, but no association was found be-
tween serum 25(OH)D concentration and lactose intolerance. No
differences were found in vitamin D status between subjects from
southern and northern Finland or between subjects living in ur-
ban and rural areas. Education level was not associated with
vitamin D status (Table 1).

DISCUSSION

Our study contains several major findings. In July 2002, vita-
min D insufficiency was identified in 3.6% of young Finnish men
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who were followed for 6 mo during military service. Further-
more, the findings of the present study showed a significant
negative association of serum 25(OH)D concentration with the
number of days of absence from duty due to physician-diagnosed
respiratory tract infection, a negative association with smoking,
and a positive association with physical exercise.

All Finnish men are required to complete a 6-, 9-, or 12-mo
military service between the ages of 18 and 29 y. (Military ser-
vice is voluntary for women.) Each year, on average, 26 500
conscripts and 500 enlisted women undergo military training.
Our study population of 756 conscripts represents homogeneity
with respect to age and the conditions for physical activity, nu-
trition, clothing, living area, and exposure to sunlight in the
military environment. Because the recruits live in close quarters,
respiratory infections are common in garrisons.

The accuracy of the outcome data (the number of respiratory
infections identified) with respect to absence from duty can be
considered a strength of this study. Despite the fact that a rela-
tively small number of the men had vitamin D concentrations
� 40 nmo/L, we were able to show a statistically significant
effect on the absence from duty due to infectious disease. Our
results show that the statistical power was sufficient. Further-
more, we were able to adjust for the effect of smoking on respi-
ratory infections. The validity of our findings was also enhanced
by the comparability of the conditions during the study for all
subjects.

However, the present study had several potential limitations.
Because we obtained only one vitamin D measurement, the per-
sistence of differences in vitamin D status during the study was
not evaluated. The present study was not randomized, and the
validity requires comparability of the groups with different con-
centrations of vitamin D. Although vitamin D was also correlated
with the amount of previous physical exercise, the latter was not
associated with infections and therefore did not confound the
results.

TABLE 1
Summary of the associations of serum 25-hydroxyvitamin D [25(OH)D]
concentrations with BMI, smoking, alcohol use, physical exercise, lactose
intolerance, location of residence, area of residence, and education

Subjects

25(OH)D
concentration

(nmol/L) P

n

BMI (kg/m2) 0.092
�20.0 63 76.5 � 31.01

20.0–24.9 345 83.0 � 30.9
25.0–30.0 127 79.7 � 25.8
�30.0 29 71.4 � 21.8

Smoker �0.0012

Yes 192 72.8 � 26.6
No 537 82.9 � 29.7

Alcohol use 0.306
�1 time/mo 39 74.2 � 28.1
1 time/mo 99 82.3 � 35.6
�1 time/mo 152 77.6 � 27.5

Amount of physical exercise
before military service

0.0042

�5 h/wk 99 85.8 � 30.6
�5 h/wk 96 79.6 � 27.6
No physical exercise 92 71.3 � 32.0

Lactose intolerance diagnosed 0.474
Yes 30 82.9 � 33.5
No 255 78.7 � 30.4

Location of residence 0.632
Northern Finland 35 81.1 � 28.4
Southern Finland 255 78.4 � 30.9

Area of residence 0.275
Urban 208 80.0 � 30.1
Rural 82 75.6 � 31.6

Education 0.716
No high school 127 79.3 � 32.6
High school or more 154 78.0 � 29.4

1 x� � SD (all such values).
2 Significantly associated with serum 25(OH)D concentrations (Stu-

dent’s t test and ANOVA).

FIGURE 1. The subjects with serum concentrations of 25-hydroxyvitamin D [25(OH)D] � 40 nmol/L (n � 24) had significantly (P � 0.004) more days
of absence from duty due to respiratory infections (median: 4; quartile 1–quartile 3: 2–6) than did controls (2; 0–4; incidence rate ratio: 1.63; 95% CI: 1.15,
2.24; n � 628). The model was adjusted for smoking (n � 169) (Poisson regression analysis).
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There is also strong evidence that, to avoid secondary hyper-
parathyroidism and the resulting increase in calcium release and
bone turnover rate, serum 25(OH)D concentrations should be
� 100 nmol/L (5, 9, 14, 15). Only 20.1% of the subjects in the
present study population fulfilled that criterion in July 2002. The
evidence that serum 25(OH)D concentrations decrease some-
what with aging is suggestive of a potential risk of osteoporosis
later in life (9, 16).

According to the findings from the present study, it seems
likely that, in terms of adequate sunlight exposure, cutaneous
synthesis of vitamin D is sufficient in Finland during the summer.
In the winter months, however, vitamin D insufficiency in Fin-
land is very common (9, 10). Since February 2003, on the basis
of recommendations of the Ministry of Social Affairs and Health,
vitamin D has been added to commercial milk and dairy products
(0.5 �g/100 mL) and to margarine (10 �g/100 g) in Finland. This
fortification is part of a national health policy aimed at increasing
vitamin D intake through diet to 280 IU/d. In a recent study, we
(17) showed that the mean wintertime serum 25(OH)D concen-
trations increased by 50% after implementation of the vitamin D
fortification recommendations. Correspondingly, the prevalence
of serum 25(OH)D concentrations � 40 nmol/L decreased by
50%, from 78% to 35%. Despite these efforts, however, vitamin
D concentrations remained low in one-third of young Finnish
men during the winter months. It should be noted that the present
study was conducted before the fortification recommendations
were implemented.

On the basis of the present study’s finding that low vitamin D
status at initial entry into military service and subsequent respi-
ratory infections are statistically significantly related, it seems
evident that vitamin D insufficiency contributes to proneness to
these diseases. Taking into account the geographical position of
Finland, which extends from the 60th to the 70th northern par-
allel, we expected to see regional differences in the subjects’
vitamin D concentrations. However, we found no significant
differences in serum 25(OH)D concentrations between subjects
from northern and southern Finland.

The findings from the present study contribute to the diversity
of consequences already known to result from vitamin D insuf-
ficiency and recognized as carrying significant global public
health implications. In the context of immune function, clarifi-
cation of the role of vitamin D in relation to infections, such as
acute respiratory tract infections, represents a high priority for
future research. Furthermore, consideration must be given to
clinical trials of vitamin D supplementation to investigate
whether it enhances immunity to microbial infections.
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Trends in blood folate and vitamin B-12 concentrations in the United
States, 1988–20041–3

Christine M Pfeiffer, Clifford L Johnson, Ram B Jain, Elizabeth A Yetley, Mary Frances Picciano, Jeanne I Rader,
Kenneth D Fisher, Joseph Mulinare, and John D Osterloh

ABSTRACT
Background: Monitoring the folate status of US population groups
over time has been a public health priority for the past 2 decades, and
the focus has been enhanced since the implementation of a folic acid
fortification program in the mid-1990s.
Objective: We aimed to determine how population concentrations
of serum and red blood cell (RBC) folate and serum vitamin B-12
have changed over the past 2 decades.
Design: Measurement of blood indicators of folate and vitamin B-12
status was conducted in �23 000 participants in the prefortification
third National Health and Nutrition Examination Survey (NHANES
III; 1988–1994) and in �8000 participants in 3 postfortification
NHANES periods (together covering 1999–2004).
Results: Serum and RBC folate concentrations increased substan-
tially (by 119–161% and 44–64%, respectively) in each age group
in the first postfortification survey period and then declined slightly
(by 5–13% and 6–9%, respectively) in most age groups between the
first and third postfortification survey periods. Serum vitamin B-12
concentrations did not change appreciably. Prevalence estimates of
low serum and RBC folate concentrations declined in women of
childbearing age from before to after fortification (from 21% to �1%
and from 38% to 5%, respectively) but remained unchanged there-
after. Prevalence estimates of high serum folate concentrations in-
creased in children and older persons from before to after fortifica-
tion (from 5% to 42% and from 7% to 38%, respectively) but
decreased later after fortification.
Conclusions: The decrease in folate concentrations observed longer
after fortification is small compared with the increase soon after the
introduction of fortification. The decrease is not at the low end of
concentrations and therefore does not raise concerns about inade-
quate status. Am J Clin Nutr 2007;86:718–27.

KEY WORDS Nutrition survey, age, sex, race, ethnic groups,
National Health and Nutrition Examination Survey, NHANES, for-
tification, neural tube defects

INTRODUCTION

Folate is essential for optimal growth, development, and
health maintenance throughout all stages of life. Low serum
concentrations of folate have been associated with atheroscle-
rotic diseases (1), various cancers (2), psychiatric disorders (3),
and cognitive impairment in the elderly (4, 5); a chronic defi-
ciency of folate in the diet can cause anemia (2). Vitamin B-12 is
an important cofactor in folate metabolism. Severe vitamin B-12

deficiency causes anemia; however, hematologic signs of defi-
ciency are not always present, and hematologic and neurologic
abnormalities are inversely correlated in vitamin B-12 defi-
ciency (6). There is some concern that high folate intakes could
mask vitamin B-12 deficiency, particularly in the elderly, who
often have vitamin B-12 malabsorption (7). Monitoring the fo-
late status of the US population over time has been a priority since
the results for serum and red blood cell (RBC) folate concentra-
tions from the second National Health and Nutrition Examina-
tion Survey (NHANES II; 1976–1980) suggested that the folate
status of some population groups may be a public health concern
(8, 9) and since data from the third NHANES (NHANES III;
1988–1994) confirmed these findings (10).

Subsequently, several initiatives to improve the folate status of
the US population were undertaken because it was shown that,
for women of childbearing age, dietary supplements containing
folic acid reduced the risk that a fetus would be affected by a
neural tube defect (NTD) (11). These initiatives included signif-
icantly increasing the folic acid content of the US food supply by
the mandatory fortification of enriched cereal–grain products
concurrent with the application of folate-related health and nu-
trient content claims on food and dietary supplement products
(12–15). In 1999, NHANES became a continuous survey pro-
viding the opportunity to monitor blood folate and vitamin B-12
concentrations over consecutive 2-y survey periods to assess the
net effect on folate status of changes in both folate composition
of the food supply and changes in consumer food and supplement
selection patterns. Since the introduction of fortification, several
reports from regional (16, 17) and nationally representative (18–
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20) populations have shown that serum and RBC folate concen-
trations have increased in the general US population and in
women of childbearing age (21) and that NTD rates have de-
clined (22).

The focus of this report is to document trends in folate and
vitamin B-12 status in the US population over a span of almost 2
decades that included a change in fortification practice. We ex-
tend the recent findings of Ganji and Kafai (20) by including a
third postfortification survey period, which allows the examina-
tion of time trends. This report provides a singular source of
comprehensive folate and vitamin B-12 data for multiple popu-
lation strata over the extended period noted above. In addition,
given that the same analytic technique was used throughout this
period and that it will be changed in the near future because of the
discontinuation of the Quantaphase II assay, the current time
offers a unique opportunity for evaluating the data. Changes over
time in blood concentrations of homocysteine and methylma-
lonic acid (MMA), which may be superior to serum vitamin B-12
as a marker of vitamin B-12 status, are not the subject of this
report, because methodologic changes across survey periods pre-
clude a direct comparison, and the 2003–2004 MMA data are not
yet available.

SUBJECTS AND METHODS

Survey design and subjects

NHANES constitutes a series of nationally representative
cross-sectional probability survey periods of the noninstitution-
alized civilian population of the United States. Conducted by the
National Center for Health Statistics (NCHS) at the Centers for
Disease Control and Prevention, NHANES obtains a stratified,
multistage probability sample designed to represent the US pop-
ulation on the basis of age, sex, and race-ethnicity. During each
survey period, certain subpopulations are oversampled to allow
for more precise estimates. The procedures for selecting partic-
ipants and conducting interviews and examinations for
NHANES 1999–2000, 2001–2002, and 2003–2004 were similar
to those used for NHANES III (1988–1994) (23). Race-ethnicity
categories [non-Hispanic white (NHW), non-Hispanic black
(NHB), and Mexican American (MA)] are based on self-reported
data (24). The biochemical indicators of B-vitamin status were
measured for participants aged �4 y in 1988–1994 (for vitamin
B-12 only in 1991–1994), �3 y in 1999–2000 and 2001–2002,
and �1 y in 2003–2004.

All respondents gave written informed consent. The
NHANES protocol for each survey period was reviewed and
approved by the NCHS Institutional Review Board.

Laboratory methods

All analyses were conducted on samples of venous serum
(folate for 1988–1994 and 1999–2004; vitamin B-12 for 1991–
1994 and 1999–2004) or whole blood hemolysate (RBC folate
for 1988–1994 and 1999–2004) that were frozen and shipped on
dry ice to the laboratory conducting the B-vitamin analyses (25).
A radioassay (Quantaphase I; BioRad, Hercules, CA) was used
for the serum and RBC folate measurements in NHANES 1988–
1991, and Quantaphase II was used in 1991–2004 for serum and
RBC folate and for serum vitamin B-12 measurements (25).
Appropriate adjustments have been made to NHANES 1988–
1991 folate data before their public release to account for method

differences between the Quantaphase I and II and to make the
data comparable to those from NHANES 1991–1994 (26). To
ensure unbiased results over time, our laboratory used well-
characterized quality-control pools to bridge the transition from
old to new quality-control material, analyzed World Health Or-
ganization reference material when available (RBC folate and
serum vitamin B-12), and continuously participated in profi-
ciency testing programs of the College of American Pathologists.
Long-term CVs for each 2-y postfortification period were 4–7%
for serum folate at 2.30–13.2 ng/mL, 3–6% for serum vitamin
B-12 at 381–1570 pg/mL, and 4–6% for RBC folate at 63.0–494
ng/mL.

Statistical analysis

Statistical analyses were performed by using SAS (version 9;
SAS Institute Inc, Cary, NC) and SUDAAN (version 9; RTI,
Research Triangle Park, NC) software. In each survey period,
sample weights were used to account for differences in nonre-
sponse or noncoverage and to adjust for planned oversampling of
some groups. The 95% CIs for all survey periods were estimated
with SUDAAN software by using Taylor series linearization, a
method that incorporates the sample weights and accounts for the
sample design. We used the following age breakdown: ages 4–11
y (children), 12–19 y (adolescents), 20–59 y (adults), and �60 y
(older persons). We did not exclude any participants from our
analyses. Sample sizes for the biochemical indicators of folate
and vitamin B-12 status in each of the 4 survey periods are shown
in Table 1. We evaluated the influence of fasting on serum folate
concentrations during the prefortification survey period and
found that length of fasting (�1 h to �12 h) had no appreciable
influence on serum folate concentrations, regardless of the ses-
sion (morning, afternoon, or evening) in which participants were
examined. During the postfortification period, slightly higher
serum folate concentrations were observed in the morning ses-
sion participants who fasted �4 h; however, this was no longer
true when data from all participants (regardless of the examina-
tion session) were compared for different durations of fasting.
Approximately 60% of all participants fasted for �9 h before
they were examined.

To illustrate changes in the distribution of folate concentra-
tions over time, we generated frequency distributions for serum
and RBC folate concentrations in the entire population for each
survey period (Figure 1). Because the distributions of these
biomarkers were skewed, medians or geometric means (log10-
transformed data) should be evaluated. We opted to present me-
dians and 95% CIs by sex, race-ethnicity, and age group for the
4 survey periods because those measures describe the population
better than do geometric means (Table 2). Prevalence estimates
(%) and 95% CIs of subjects at risk of low or high concentrations
of folate and vitamin B-12 were determined for specific groups
of public health interest who are at risk of either low or high
intakes, such as women of childbearing age (15–45 y old), chil-
dren, and older persons (Table 3). Prevalence estimates of per-
sons at risk of low or high concentrations of folate and vitamin
B-12 by standard subgroups of sex, race-ethnicity, and age are
shown elsewhere (See Table S1 under “Supplemental data” in the
current online issue at 222.ajcn.org.). We used the following
standard cutoffs: �3 ng/mL for low serum folate (27), �140
ng/mL for low RBC folate (27), and �200 pg/mL for low serum
vitamin B-12 (28). We used a cutoff of �20 ng/mL for high
serum folate. Although arbitrary, this concentration is the highest
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calibration point in the BioRad assays before samples need to be
diluted with protein diluent. Coincidentally, this concentration is
also close to the 95th percentile for the US population before
fortification in 1988–1994—ie, 17.1 ng/mL (10). In addition,
Lawrence et al (29) used this concentration when they evaluated
the effect of fortification by using data from Kaiser Permanente.

To assess whether blood folate and vitamin B-12 concentra-
tions (Table 2) and prevalence estimates (Table 3) changed be-
tween consecutive survey periods (ie, 1988–1994 compared
with 1999–2000, 1999–2000 compared with 2001–2002, and
2001–2002 compared with 2003–2004), we first tested for sex �
survey period, race � survey period, and age � survey period
interactions by using an analysis of variance model that included
age (4 age groups), sex (male or female), racial-ethnic group
(NHW, NHB, MA, or other), and the abovementioned interac-
tion terms. We used geometric means to test for significant dif-
ferences in our subgroup analysis (Table 2) because no satisfac-
tory parametric approach exists for a statistical analysis of

complex survey data that compares medians. We found a signif-
icant (P � 0.05) age � survey period interaction for serum and
RBC folate and significant age � survey period and race �
survey period interactions for serum vitamin B-12. Because of
the age � survey period interaction, neither crude nor age-
adjusted indexes can be used to summarize trends. We therefore
restricted our time trend analysis (using a 2-tailed, 2-group t test)
to age-specific subgroups (4–11, 12–19, 20–59, and �60 y old).
To adjust for multiple comparisons, the P value of each compar-
ison was considered significant if it was � 0.017 (0.05 divided by
3, the total number of comparisons). This Bonferroni multiple
comparison adjustment is known to be slightly conservative, but
alternative procedures are not applicable to complex survey data.
For subgroups that comprised the entire age range (all, males,
females, NHW, NHB, and MA), we reported only medians (Ta-
ble 2) or prevalence estimates (Table 3; also see Table S1 under
“Supplemental data” in the current online issue at www.ajcn.org)

TABLE 1
Sample sizes for biochemical folate and vitamin B-12 concentrations in children, adolescents, and adults examined during the National Health and
Nutrition Examination Survey (NHANES) 1988–1994, 1999–2000, 2001–2002, and 2003–2004 by sex, race-ethnicity, and age group1

Race-ethnicity Sex Age group

Survey period

1988–19942 1999–2000 2001–2002 2003–2004

y n

Serum folate
All Both All 23 361 7411 8242 7692
All M All 11 130 3613 3981 3793
All F All 12 231 3798 4261 3899
NHW Both All 8 534 2575 3575 3277
NHB Both All 6 813 1714 1994 2056
MA Both All 7 017 2525 2088 1887
All Both 4–11 4 627 1131 1317 1147
All Both 12–19 2 957 2124 2208 2058
All Both 20–59 10 726 2669 3189 2831
All Both �60 5 051 1487 1528 1656

Red blood cell folate
All Both All 23 402 7491 8336 7700
All M All 11 144 3644 4019 3792
All F All 12 258 3847 4317 3908
NHW Both All 8 574 2600 3611 3261
NHB Both All 6 869 1738 2032 2086
MA Both All 6 956 2545 2096 1885
All Both 4–11 4 660 1155 1348 1153
All Both 12–19 2 955 2136 2226 2063
All Both 20–59 10 720 2687 3217 2828
All Both �60 5 067 1513 1545 1656

Serum vitamin B-12
All Both All 11 860 7409 8245 7692
All M All 5 380 3611 3977 3793
All F All 6 480 3798 4268 3899
NHW Both All 3 989 2574 3579 3277
NHB Both All 3 903 1714 1991 2057
MA Both All 3 365 2525 2088 1886
All Both 4–11 2 204 1131 1316 1147
All Both 12–19 1 593 2123 2208 2059
All Both 20–59 5 556 2668 3193 2831
All Both �60 2 507 1487 1528 1655

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately.
2 In NHANES III, serum vitamin B-12 concentrations were measured only in persons aged �4 y for 1991–1994.
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without performing subgroup analysis to test for significant dif-
ferences between survey periods.

We determined selected population percentile values (2.5th,
50th, and 97.5th) and their 95% CIs for serum and RBC folate and
for serum vitamin B-12 from 6 y of data covering the postforti-
fication period 1999–2004 and from either 3 y (for serum vitamin
B-12) or 6 y (for serum and RBC folate) of data covering the
prefortification period 1988–1994 (Table 4). We determined
these values for the entire population and for population sub-
groups by sex, race-ethnicity, and age group. The outer tail per-
centiles are not necessarily comparable to clinical reference
ranges, but they enable us to estimate circulating concentrations
of folate and vitamin B-12 for 95% of the US population and to
compare the US population with other populations. For selected

population percentile values for various age-sex and age–race-
ethnicity combinations, see Table S2 under “Supplemental data”
in the current online issue at www.ajcn.org.

RESULTS

Trends in circulating folate and vitamin B-12
concentrations, 1988–2004

Frequency distributions for serum and RBC folate for the
entire population in each of the 4 survey periods illustrate how the
distribution in blood concentrations changed (Figure 1).
Whereas a remarkable upward shift occurred in the entire distri-
bution of serum and RBC folate concentrations from before
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FIGURE 1. Frequency distribution of serum and red blood cell (RBC) folate among the entire population of the United States according to the National
Health and Nutrition Examination Surveys spanning 1988–1994, 1999–2000, 2001–2002, and 2003–2004. The vertical dotted lines in the top and bottom panels
indicate the cutoff for low values of serum folate and RBC folate, respectively.
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fortification to the first postfortification survey period, an appar-
ent decline was seen mainly at the upper end of the distribution
in the 2 most recent postfortification survey periods with no
apparent decline at the lower end of the distribution. The lowest
postfortification distributions of serum and RBC folate concen-
trations were seen for 2003–2004, and yet the distribution curve

for that survey period was still much higher than that for the
prefortification survey. Frequency distributions for serum vita-
min B-12 for the entire population for each of the 4 survey
periods did not appear to change significantly (data not shown).

Median concentrations of serum and RBC folate and serum
vitamin B-12 by sex, race-ethnicity, and age group in 1988–

TABLE 2
Trends in biochemical folate and vitamin B-12 concentrations in the US population by sex, race-ethnicity, and age group during the National Health and
Nutrition Examination Survey (NHANES), 1988–20041

Race-ethnicity Sex Age group

Median (95% CIs)

1988–19943 1999–2000 2001–2002 2003–2004

P2

1988–1994
vs

1999–20004

1999–2000
vs

2001–20025

2001–2002
vs

2003–20046

y
Serum folate

(ng/mL)7

All Both All 5.5 (5.2, 5.7) 14.1 (13.3, 14.9) 13.0 (12.5, 13.4) 11.9 (11.4, 12.3) — — —
All M All 5.3 (5.0, 5.5) 13.3 (12.5, 14.2) 12.5 (12.0, 12.9) 11.5 (11.0, 11.9) — — —
All F All 5.7 (5.5, 6.0) 14.7 (14.0, 15.9) 13.5 (13.1, 13.9) 12.5 (11.9, 12.9) — — —
NHW Both All 5.8 (5.5, 6.1) 14.8 (13.8, 16.2) 13.5 (13.0, 14.0) 12.6 (12.0, 13.3) — — —
NHB Both All 4.6 (4.4, 4.7) 11.6 (10.9, 12.3) 10.8 (10.1, 11.3) 10.1 (9.30, 10.8) — — —
MA Both All 5.1 (4.7, 5.3) 13.4 (12.8, 13.9) 11.7 (10.9, 12.5) 11.1 (10.7, 11.6) — — —
All Both 4–11 8.8 (8.3, 9.3) 19.3 (18.5, 19.9) 17.0 (16.4, 17.7) 15.6 (15.0, 16.3) �0.001 �0.001 0.01
All Both 12–19 5.1 (4.9, 5.5) 13.3 (12.7, 14.0) 12.6 (11.9, 13.3) 11.0 (10.4, 11.4) �0.001 0.014 0.002
All Both 20–59 4.8 (4.5, 5.0) 12.5 (11.6, 13.6) 11.8 (11.2, 12.2) 11.0 (10.5, 11.3) �0.001 NS 0.011
All Both �60 6.9 (6.6, 7.3) 17.4 (16.4, 18.2) 16.6 (15.4, 17.5) 15.6 (14.8, 16.4) �0.001 0.009 NS

Red blood cell
folate (ng/mL)

All Both All 174 (169, 180) 276 (266, 289) 274 (265, 282) 254 (246, 262) — — —
All M All 172 (166, 176) 270 (258, 280) 265 (254, 276) 248 (239, 258) — — —
All F All 177 (169, 184) 286 (272, 299) 281 (273, 291) 262 (251, 271) — — —
NHW Both All 184 (177, 189) 293 (275, 308) 287 (282, 295) 268 (257, 279) — — —
NHB Both All 135 (132, 139) 226 (219, 232) 214 (209, 220) 210 (205, 214) — — —
MA Both All 164 (156, 170) 255 (250, 261) 252 (240, 264) 236 (230, 244) — — —
All Both 4–11 200 (190, 210) 287 (279, 292) 274 (263, 284) 256 (247, 266) �0.001 NS 0.002
All Both 12–19 150 (143, 156) 244 (237, 256) 237 (226, 248) 224 (215, 230) �0.001 NS 0.003
All Both 20–59 164 (160, 171) 269 (256, 285) 271 (260, 280) 248 (239, 258) �0.001 NS �0.001
All Both �60 211 (204, 220) 344 (323, 363) 335 (325, 349) 321 (310, 337) �0.001 NS NS

Serum vitamin
B-12 (pg/mL)

All Both All 466 (453, 478) 482 (472, 492) 483 (472, 492) 483 (466, 499) — — —
All M All 464 (449, 479) 484 (474, 497) 483 (467, 495) 483 (468, 497) — — —
All F All 466 (449, 484) 476 (465, 493) 484 (473, 493) 484 (462, 504) — — —
NHW Both All 444 (427, 460) 465 (452, 476) 471 (458, 485) 466 (447, 486) — — —
NHB Both All 567 (553, 579) 578 (566, 597) 551 (535, 566) 545 (520, 581) — — —
MA Both All 495 (471, 522) 525 (502, 539) 492 (465, 529) 517 (496, 535) — — —
All Both 4–11 667 (636, 703) 710 (677, 747) 714 (687, 745) 724 (708, 748) NS NS NS
All Both 12–19 480 (464, 507) 506 (494, 518) 515 (496, 537) 504 (481, 528) NS NS NS
All Both 20–59 436 (423, 456) 447 (438, 457) 449 (439, 459) 452 (435, 470) NS NS NS
All Both �60 413 (398, 430) 469 (458, 482) 480 (465, 493) 477 (453, 494) �0.001 NS NS

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately. Serum and red
blood cell folate concentrations were measured in ng/mL; serum vitamin B-12 concentrations were measured in pg/mL. SI conversion: to convert serum folate
to nmol/L, multiply by 2.266; to convert red blood cell folate to nmol/L, multiply by 2.266; to convert serum vitamin B-12 to pmol/L, multiply by 0.7378.

2 For serum and red blood cell folate, time trend analysis of groups comprising the entire age range could not be performed because of a significant age
� survey period interaction. For serum vitamin B-12, time trend analysis of groups comprising the entire age range and all races could not be performed because
of significant age � survey period and race � survey period interactions.

3 In NHANES III, serum vitamin B-12 concentrations were measured only for all persons aged �4 y in 1991–1994.
4 Pairwise comparison (t test) of geometric means from 1988–1994 and 1999–2000.
5 Pairwise comparison (t test) of geometric means from 1999–2000 and 2001–2002.
6 Pairwise comparison (t test) of geometric means from 2001–2002 and 2003–2004.
7 Folate measurements were performed by using the Quantaphase II radioassay (BioRad Diagnostics, Hercules, CA), which measures, on average, �35%

lower than does the microbiologic assay.
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1994, 1999–2000, 2001–2002, and 2003–2004 are shown in
Table 2. Because of the age � survey period interaction, we
present only the findings from time trend analysis for the age-
specific subgroups. Concentrations of serum and RBC folate
increased substantially in every age group after the introduction
of folic acid fortification in 1998: serum folate concentrations
more than doubled and RBC folate concentrations increased by
�50%. Serum vitamin B-12 concentrations showed a small in-
crease (14%) from before fortification to the first postfortifica-
tion survey period in older persons. From the first to the second
postfortification survey period, we saw a small decrease in serum
folate concentrations in children (12%), adolescents (5%), and
older persons (5%); from the second to the third postfortification
period, we saw a small decrease in children (8%), adolescents
(13%), and adults (7%). We saw no change in RBC folate from
the first to the second postfortification survey period, but we saw
a small decrease from the second to the third postfortification
period in children (7%), adolescents (6%), and adults (9%).
Overall, serum folate concentrations decreased more than did

RBC folate concentrations (by 10–20% and 7–11%, respec-
tively); however, decreases in both analytes were highest in chil-
dren and adolescents. Serum vitamin B-12 concentrations re-
mained unchanged between the first and third postfortification
survey periods.

Trends in prevalence estimates for persons at risk of low
or high blood folate and vitamin B-12 concentrations,
1988–2004

Prevalence estimates for the 4 survey periods covering 1988–
2004 in age-specific groups of special public health interest are
shown in Table 3. For prevalence estimates in subgroups by
standard sex, race-ethnicity, and age group breakdown, see Table
S1 under “Supplemental data” in the current online issue at
www.ajcn.org. The prevalence of low serum folate concentra-
tions (�3 ng/mL) decreased substantially for women of child-
bearing age (from 21% to �1%) after fortification was intro-
duced. No change occurred between the first and second or
between the second and third postfortification periods in women

TABLE 3
Trends in the prevalence of the risk of low or high blood folate and vitamin B-12 concentrations in the entire US population and in groups of special public
health interest during the National Health and Nutrition Examination Survey (NHANES), 1988–20041

Race-ethnicity Sex
Age

group

Prevalence (95% CI)

1988–19942 1999–2000 2001–2002 2003–2004

P

1988–1994
vs

1999–20003

1999–2000
vs

2001–20024

2001–2002
vs

2003–20045

y %

Serum folate � 3
ng/mL

All F 15–45 20.6 (18.6, 22.8) 0.8 (0.3, 1.7) 0.3 (0.1, 1.0) 0.6 (0.2, 1.5) �0.001 NS NS
NHW F 15–45 20.0 (17.4, 22.8) 1.1 (0.5, 2.4) 0.4 (0.1, 1.6) 0.7 (0.2, 2.1) �0.001 NS NS
NHB F 15–45 29.7 (27.6, 31.9) 0.4 (0.1, 2.7) 0.4 (0.1, 1.8) 0.8 (0.2, 3.2) �0.001 NS NS
MA F 15–45 21.7 (18.6, 25.2) 0.0 0.4 (0.1, 2.3) 0.3 (0.0, 2.4) �0.001 NS NS

Red blood cell folate
� 140 ng/mL

All F 15–45 37.6 (34.4, 40.9) 5.1 (3.4, 7.5) 4.0 (2.6, 5.9) 5.5 (4.5, 6.6) �0.001 NS NS
NHW F 15–45 34.5 (30.6, 38.6) 4.4 (2.3, 8.4) 2.7 (1.3, 5.7) 3.5 (2.7, 4.6) �0.001 NS NS
NHB F 15–45 59.6 (56.5, 62.6) 11.9 (7.6, 18.3) 14.1 (9.7, 20.1) 14.3 (10.8, 18.8) �0.001 NS NS
MA F 15–45 38.7 (33.4, 44.2) 1.6 (0.6, 3.8) 2.8 (1.4, 5.7) 4.7 (3.0, 7.5) �0.001 NS NS

Serum folate � 20
ng/mL

All Both 4–11 5.4 (3.7, 7.6) 42.4 (35.7, 49.3) 26.8 (23.4, 30.6) 18.6 (15.2, 22.5) �0.001 �0.001 0.002
All Both �60 7.1 (5.8, 8.8) 38.0 (34.5, 41.7) 31.5 (28.4, 34.9) 31.8 (28.2, 35.6) �0.001 0.009 NS
All M �60 5.0 (3.6, 6.9) 29.2 (25.2, 33.6) 25.3 (22.0, 28.9) 27.5 (22.8, 32.8) �0.001 NS NS
All F �60 8.8 (7.0, 11.1) 45.2 (41.2, 49.3) 36.2 (31.6, 41.0) 35.1 (31.5, 38.9) �0.001 0.005 NS

Serum vitamin B-12
� 200 pg/mL

All Both �60 4.8 (3.6, 6.2) 2.7 (2.0, 3.7) 3.6 (2.8, 4.6) 3.9 (2.9, 5.2) 0.012 NS NS
All M �60 5.2 (3.7, 7.4) 2.6 (1.7, 4.0) 3.4 (2.6, 4.5) 3.8 (2.4, 5.9) NS NS NS
All F �60 4.4 (2.9, 6.5) 2.8 (1.9, 4.1) 3.7 (2.3, 5.7) 4.0 (2.4, 6.4) NS NS NS
NHW Both �60 5.1 (3.8, 6.8) 2.7 (1.8, 4.1) 3.6 (2.8, 4.6) 4.1 (3.1, 5.3) NS NS NS
NHB Both �60 1.8 (0.9, 3.7) 1.4 (0.6, 3.2) 1.0 (0.3, 3.3) 2.0 (1.0, 3.9) NS NS NS
MA Both �60 6.3 (4.0, 9.8) 4.0 (2.0, 7.8) 1.9 (0.6, 5.9) 1.7 (1.1, 2.8) NS NS NS

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately. Folate measure-
ments were performed by using the Quantaphase II radioassay (BioRad Diagnostics, Hercules, CA), which measures, on average, �35% lower than does the
microbiologic assay.

2 In NHANES III, serum vitamin B-12 concentrations were measured only for all persons aged �4 y in 1991–1994.
3 Pairwise comparison (t test) of prevalence estimates from 1988–1994 and 1999–2000.
4 Pairwise comparison (t test) of prevalence estimates from 1999–2000 and 2001–2002.
5 Pairwise comparison (t test) of prevalence estimates from 2001–2002 and 2003–2004.
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TABLE 4
Selected population percentile values for biochemical folate and vitamin B-12 concentrations by sex, race-ethnicity, and age group during the National
Health and Nutrition Examination Survey (NHANES), 1988–1994 and 1999–20041

Race-ethnicity Sex Age group Survey Subjects

Percentile (95% CI)

2.5th 50th 97.5th

y n

Serum folate2

All Both All 1988–1994 23 361 1.7 (1.6, 1.8) 5.5 (5.2, 5.7) 21.3 (19.9, 22.6)
1999–2004 23 345 4.6 (4.5, 4.9) 13 (12.7, 13.2) 34.8 (34.1, 36.0)

All M All 1988–1994 11 130 1.8 (1.6, 1.9) 5.3 (5.0, 5.5) 18.6 (17.6, 20.2)
1999–2004 11 387 4.5 (4.3, 4.7) 12.3 (12.0, 12.7) 32.2 (31.2, 33.6)

All F All 1988–1994 12 231 1.7 (1.6, 1.8) 5.7 (5.5, 6.0) 23.2 (21.6, 25.7)
1999–2004 11 958 4.8 (4.6, 5.1) 13.6 (13.2, 13.9) 37.3 (35.7, 39.5)

NHW Both All 1988–1994 8534 1.7 (1.6, 1.8) 5.8 (5.5, 6.1) 22.4 (20.6, 24.2)
1999–2004 9427 4.9 (4.6, 5.1) 13.6 (13.1, 13.9) 36.5 (35.0, 37.8)

NHB Both All 1988–1994 6813 1.6 (1.5, 1.6) 4.6 (4.4, 4.7) 16.3 (15.3, 16.8)
1999–2004 5764 4.1 (3.8, 4.4) 10.7 (10.4, 11.1) 30.1 (27.7, 32.8)

MA Both All 1988–1994 7017 1.7 (1.7, 1.8) 5.1 (4.7, 5.3) 17.0 (15.1, 19.3)
1999–2004 6500 4.7 (4.2, 4.9) 11.9 (11.4, 12.2) 28.7 (27.2, 30.6)

All Both 4–11 1988–1994 4627 3.3 (3.1, 3.6) 8.8 (8.3, 9.3) 26.9 (22.6, 29.5)
1999–2004 3595 8.6 (8.2, 9.0) 17.2 (16.9, 17.6) 37.7 (34.7, 41.0)

All Both 12–19 1988–1994 2957 1.7 (1.6, 1.9) 5.1 (4.9, 5.5) 16.1 (14.3, 18.1)
1999–2004 6390 5 (4.8, 5.2) 12.1 (11.7, 12.5) 27.2 (25.6, 28.2)

All Both 20–59 1988–1994 10 726 1.6 (1.4, 1.6) 4.8 (4.5, 5.0) 18.5 (17.1, 20.4)
1999–2004 8689 4.4 (4.1, 4.5) 11.6 (11.3, 11.9) 31.0 (30.1, 32.6)

All Both �60 1988–1994 5051 2.1 (1.9, 2.3) 6.9 (6.6, 7.3) 28.1 (25.2, 30.3)
1999–2004 4671 5.6 (5.2, 5.9) 16.6 (16.0, 17.0) 45.8 (43.7, 48.4)

Red blood cell folate2

All Both All 1988–1994 23 402 77 (74, 79) 174 (169, 180) 438 (423, 456)
1999–2004 23 527 135 (131, 138) 269 (263, 274) 600 (581, 618)

All M All 1988–1994 11 144 79 (74, 82) 172 (166, 176) 412 (393, 439)
1999–2004 11 455 136 (131, 140) 260 (255, 266) 566 (545, 580)

All F All 1988–1994 12 258 75 (71, 77) 177 (169, 184) 455 (439, 473)
1999–2004 12 072 132 (128, 136) 276 (272, 282) 630 (598, 657)

NHW Both All 1988–1994 8574 79 (76, 84) 184 (177, 189) 455 (437, 473)
1999–2004 9472 145 (138, 150) 284 (277, 290) 636 (608, 657)

NHB Both All 1988–1994 6869 58 (53, 60) 135 (132, 139) 317 (305, 330)
1999–2004 5856 111 (108, 114) 216 (213, 219) 433 (411, 462)

MA Both All 1988–1994 6956 79 (74, 82) 164 (156, 170) 368 (342, 401)
1999–2004 6526 135 (129, 141) 247 (242, 252) 519 (494, 539)

All Both 4–11 1988–1994 4660 101 (95, 107) 200 (190, 210) 386 (358, 409)
1999–2004 3656 172 (164, 176) 271 (266, 275) 507 (473, 523)

All Both 12–19 1988–1994 2955 72 (67, 76) 150 (143, 156) 360 (332, 384)
1999–2004 6425 131 (127, 135) 235 (230, 240) 454 (425, 490)

All Both 20–59 1988–1994 10 720 74 (70, 77) 164 (160, 171) 414 (395, 433)
1999–2004 8732 131 (127, 134) 263 (256, 269) 567 (539, 595)

All Both �60 1988–1994 5067 83 (80, 88) 211 (204, 220) 573 (525, 611)
1999–2004 4714 145 (140, 152) 333 (325, 344) 744 (718, 789)

Serum vitamin B-123

All Both All 1991–1994 11 860 196 (181, 212) 466 (453, 478) 1070 (1020, 1120)
1999–2004 23 346 209 (206, 212) 483 (475, 490) 1180 (1150, 1210)

All M All 1991–1994 5380 200 (179, 220) 464 (449, 479) 1050 (993, 1100)
1999–2004 11 381 219 (212, 226) 484 (476, 491) 1100 (1080, 1140)

All F All 1991–1994 6480 196 (179, 214) 466 (449, 484) 1090 (1030, 1160)
1999–2004 11 965 202 (199, 207) 482 (473, 491) 1260 (1200, 1300)

NHW Both All 1991–1994 3989 200 (183, 213) 444 (427, 460) 986 (918, 1070)
1999–2004 9430 203 (201, 208) 469 (460, 476) 1100 (1080, 1140)

NHB Both All 1991–1994 3903 237 (218, 260) 567 (553, 579) 1280 (1200, 1360)
1999–2004 5762 238 (226, 252) 561 (547, 574) 1340 (1310, 1390)

MA Both All 1991–1994 3365 205 (193, 228) 495 (471, 522) 1290 (1160, 1470)
1999–2004 6499 234 (219, 243) 513 (498, 524) 1450 (1240, 1760)

All Both 4–11 1991–1994 2204 346 (321, 377) 667 (636, 703) 1350 (1250, 1460)
1999–2004 3594 337 (326, 350) 715 (700, 732) 1470 (1380, 1540)

All Both 12–19 1991–1994 1593 248 (224, 274) 480 (464, 507) 1010 (909, 1150)
1999–2004 6390 236 (228, 243) 508 (497, 520) 1050 (1000, 1080)

All Both 20–59 1991–1994 5556 188 (172, 207) 436 (423, 456) 935 (870, 1030)
1999–2004 8692 207 (203, 211) 451 (443, 458) 1060 (1010, 1100)

All Both �60 1991–1994 2507 158 (145, 179) 413 (398, 430) 1060 (977, 1200)
1999–2004 4670 184 (168, 194) 474 (467, 483) 1250 (1170, 1330)

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately.
2 Folate measurements (in ng/mL) were performed by using the Quantaphase II radioassay (BioRad Diagnostics, Hercules, CA), which measures, on

average, �35% lower than does the microbiologic assay.
3 In NHANES III, serum vitamin B-12 concentrations were measured (in pg/mL) only for all persons aged �4 y in 1991–1994.
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of childbearing age, whether they were considered as an entire
group or by racial-ethnic groups. Similarly, the prevalence of low
RBC folate concentrations (�140 ng/mL) decreased signifi-
cantly from 38% before fortification to 5% after fortification. As
with serum folate, we saw no change during the years spanning
the 3 postfortification survey periods.

The prevalence of high serum folate concentrations (�20 ng/
mL) increased substantially—from 5% to 42% in children and
from 7% to 38% in older persons—after fortification was intro-
duced. We saw a significant decrease in the prevalence of high
serum folate concentrations from the first to the second postfor-
tification survey period in children and older persons (women
only) but a further decrease from the second to the third period
only in children. Overall, children experienced a greater decrease
in the prevalence of high serum folate concentrations between
1999 and 2004 (from 42% to 19% prevalence) than did older
persons (from 38% to 32% prevalence). The prevalence of low
serum vitamin B-12 concentrations (�200 pg/mL) changed only
for older persons from before fortification to after fortification
(from 5% to 3%).

Selected population percentile values for blood folate and
vitamin B-12 concentrations in the prefortification and
postfortification periods

The 2.5th, 50th, and 97.5th percentiles for 6 y of prefortifica-
tion and postfortification survey periods by sex, race-ethnicity,
and age group are shown in Table 4. The same percentiles by
sex–age group and race-ethnicity–age group combinations are
shown in Table S2 under “Supplemental data” in the current
online issue at www.ajcn.org. The upward shift in the entire
distribution after fortification is readily apparent.

DISCUSSION

We present here the history of blood folate and vitamin B-12
concentrations in a nationally representative sample of the US
population over a long enough period of time and across enough
different survey periods that both the trends associated with
implementation of folate fortification and the subsequent trends
unrelated to this fortification program can be assessed. The
present study offers a unique opportunity to assess these trends,
because the same analytic technique was used from 1988 to 2004,
but a new technique will, of necessity, be introduced later in
2007.

Our analyses significantly expand on an earlier report by Ganji
and Kafai (20) by including a third postfortification survey pe-
riod, which allows the assessment of time trends; presenting the
results in a format more useful to practitioners and the public
health community (medians rather than geometric means); and
providing selected population percentile values for sex-age
groups to document the skewed nature of the distributions and
how they changed over time. Modeling of fortification scenarios
before the implementation of fortification suggested that it would
have a greater effect on intakes at the upper end of the distribution
curve than at the lower end (30). Our results are consistent with
this prediction. The prefortification (1988–1994) to postfortifi-
cation (1999–2000) increases in serum folate were 2.7, 8.7, and
15.9 ng/mL at the 2.5th, 50th, and 97.5th percentiles, respec-
tively, and the corresponding increases in RBC folate were 59,
102, and 182 ng/mL (data not shown). Comparisons of postfor-
tification trends show that the changes in serum folate from the

first to the third survey period at the same percentiles were 0.1,
�2.3, and �4.2 ng/mL, respectively; corresponding changes in
RBC folate were �4, �23, and �63 ng/mL (data not shown). We
saw no changes in the prevalence of low serum folate concen-
trations during the overall downward trend from 1999–2004 but
substantial changes in high serum folate concentrations. It is also
noteworthy that we did not see appreciable changes in vitamin
B-12 status over this extended period. Because there is contro-
versy as to whether the serum vitamin B-12 concentration is a
sensitive indicator of vitamin B-12 status, that question should be
revisited when the 2003–2004 MMA data become available.

The marked increase in blood folate concentrations after for-
tification has generated considerable interest. Before implement-
ing folate fortification, FDA noted that the effect of fortification
on folate intakes likely was underestimated because of survey
participants’ underreporting of foods consumed, food-
composition table underestimates of the folate content of foods,
increased consumer selection of folate-rich foods because of
health claims and other publicity, and increasing availability of
the numbers and types of nonstandardized folate-fortified
foods—eg, breakfast cereals (13). The effects of these factors
likely are cumulative and interactive in nature, which illustrates
the value of monitoring the prefortification and postfortification
biochemical indicators of folate status that reflect the net effect of
a number of uncertainties surrounding the fortification decisions.

The recent decreases in blood folate concentrations may be
due in part to changes in consumer behaviors. For example, US
per capita data on the disappearance of wheat flour from the US
food supply showed steady increases from �1985 to 2000 (from
124.6 pounds per capita in 1990 to 146.3 pounds in 2000) and a
reversal of this trend after 2000, to 134.3 pounds per capita in
2004 (31). This change may have been a response to publicity
about the purported benefits of low-carbohydrate diets in weight
loss or due to more general concerns about calorie reduction
because of publicity about the obesity epidemic. The number of
low-carbohydrate products introduced increased year-by-year
from 15 products in 2000 to 661 through 9 April 2004 (32). There
has been no recent systematic analysis of enriched cereal–grain
products, but one study suggested that the mean folate content of
enriched breads may have been reduced during 2000–2003 (33).

Currently, we do not know whether the slight downward post-
fortification trend in serum and RBC folate concentrations is
functionally important. In evaluating this question, method dif-
ferences between the BioRad and the microbiologic assay have
to be considered. The BioRad assay gives results that are, on
average, �35% lower than those obtained with the microbio-
logic assay (26). Therefore, when cutoffs derived from the mi-
crobiologic assay are applied to results produced by the BioRad
assay, the prevalence of the risk of folate inadequacy is overes-
timated. In the present analyses, we used cutoffs for low serum
and RBC folate that were based on microbiologic assay results
derived through an expert consultation process (27). When we
applied adjusted cutoffs (10) to our prevalence analysis (ie, cut-
offs of �2 ng/mL for low serum folate and of �95 ng/mL for low
RBC folate), we found �4 participants with low serum folate and
�40 participants with low RBC folate out of �8000 participants
in each of the 3 postfortification survey periods. Thus, from the
perspective of nutritional adequacy relative to generally ac-
cepted nutritional status criteria, the slight downward trend after
fortification seems unlikely to be functionally important.
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An evaluation of whether this slight downward trend after
fortification may have any effect on the risk of NTDs is con-
founded by observations that the rank order of NTD incidence
rates among racial-ethnic groups—ie, NHB � NHW � MA
(34)—differs from that for serum and RBC folate concentra-
tions—ie, NHW � MA � NHB—which makes it problematic to
use RBC folate concentrations to predict NTD rates for the US
population. Moreover, there was no apparent decline in blood
folate concentrations at the low end of the distribution curves,
where women are presumably at the greatest risk of suboptimal
folate status. Even after the modest decrease in biochemical
folate concentrations, serum folate concentrations in 2003–2004
were still approximately twice prefortification concentrations,
and RBC folate concentrations were �50% higher.

Fortification programs must balance the need to increase the
intakes of target groups (eg, women of childbearing age) with the
need to guard against excessive intakes for other consumers (eg,
children and older persons). Yet, fortification decisions almost
always have to be made with some uncertainties in the available
data. We still lack population-based data on dose-response rela-
tions between folate intake and the risk of NTDs, systematic
evaluations of potential safety problems, and data on the poten-
tial role of folate intakes and status with respect to the risk of
certain chronic diseases. Observational studies have suggested
potential benefits of folic acid fortification with respect to de-
clines in the incidence of stroke (35) and neuroblastoma (36).
Conversely, early results from randomized clinical trials on folic
acid supplements and reduced risk of cardiovascular disease
have not been promising (37–41). Potentially greater risks as-
sociated with very high folic acid intakes have also been sug-
gested. In a preliminary cross-sectional study of postmenopausal
women, an inverse U-shaped relation was found between plasma
folic acid from dietary sources and supplements and natural killer
cell toxicity (42). Folate appears to possess dual modulatory
effects on colorectal carcinogenesis, depending on the timing
and dose of the folate intervention (43, 44). There is controversy
over the effects of folate and vitamin B-12 as they relate to
cognition. In a prospective cohort of elderly who participated in
the Chicago Health and Aging Project, those in the highest quin-
tile of folate intake (who mostly were supplement users) had a
significantly more pronounced cognitive decline over the course
of 6 y than did those in the lowest quintile (45). Among seniors
participating in NHANES 1999–2002, a high serum folate con-
centration was associated with anemia and cognitive impairment
in those with low vitamin B-12 status, whereas it was associated
with protection against cognitive impairment in those with nor-
mal vitamin B-12 status (46). In the Folic Acid and Carotid
Intima-media Thickness trial, daily oral folic acid supplementa-
tion for 3 y beneficially affected global cognitive function in
older adults (47). Finally, in the Sacramento Area Latino Study
on Aging, the risk of cognitive decline increased in subjects with
elevated baseline homocysteine concentrations, especially in
conjunction with low serum vitamin B-12 concentrations (48).
Results from ongoing research on the relation between folate
intake, folate and vitamin B-12 status, and an altered risk of some
chronic diseases should be carefully considered within the con-
text of population-monitoring results.

We have presented a detailed history of folate and vitamin
B-12 status in the US population from the years before and after
folate fortification. After the relatively large initial increase in
serum and RBC folate concentrations that followed fortification,

blood concentrations decreased by �10% between 1999 and
2004, mainly at the high end of the distribution curves. It is too
early to tell whether concentrations will stabilize. However,
these changes underscore the need for further monitoring of the
fortified-food supply as well as blood concentrations.
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Plasma folate concentration and cognitive performance: Rotterdam
Scan Study1�3

Lonneke ML de Lau, Helga Refsum, A David Smith, Carole Johnston, and Monique MB Breteler

ABSTRACT
Background: Evidence is increasing for beneficial and independent
effects of folate on cognitive function, but the underlying biologic
mechanism is as yet unknown.
Objective: We examined the independent association of plasma
folate concentration with cognitive performance and explored the
nature of this association by evaluating brain-imaging markers for
cerebrovascular disease and brain cell loss.
Design: In the population-based Rotterdam Scan Study, 1033 non-
demented participants aged 60–90 y underwent extensive cognitive
testing and brain imaging. We cross-sectionally examined the asso-
ciation between plasma folate concentration and cognitive test per-
formance by multivariate linear regression. To evaluate the role of
vascular or other mechanisms in this association, we subsequently
studied whether plasma folate was related to the presence of white
matter lesions and hippocampal and amygdalar volumes.
Results: After multivariate adjustment, the mean change in test
score per 1-SD increase in plasma folate was 0.05 (95% CI: 0.01,
0.09) for global cognitive function, 0.08 (95% CI: 0.04, 0.13) for
psychomotor speed, and 0.02 (95% CI: �0.04, 0.07) for memory
function. Adjustment for homocysteine concentration only slightly
diminished these associations. The odds ratio relating a 1-SD in-
crease in plasma folate to the presence compared with the absence of
severe white matter lesions was 0.79 (95% CI: 0.66, 0.94), whereas
no relation was seen between folate status and hippocampal or amyg-
dalar volume.
Conclusions: Higher plasma folate concentrations are associated
with better global cognitive function and better performance on
tests of psychomotor speed, regardless of homocysteine concen-
tration. These associations may be mediated by vascular
mechanisms. Am J Clin Nutr 2007;86:728 –34.

KEY WORDS Folate, cognition, white matter lesions, epide-
miology, cohort study

INTRODUCTION

High concentrations of total homocysteine were associated
with cognitive decline and an increased risk of dementia in many
cross-sectional and prospective studies, although some studies
failed to replicate this finding (1–7). However, it is still unclear
whether these associations are explained by homocysteine itself,
or rather by other factors closely related to homocysteine metab-
olism, such as vitamin B-12 or folate (8, 9). Interest in the role of
folate in relation to cognition has grown since several studies
reported an association between low plasma folate and worse

cognitive performance (4, 9–16), which in some cases appeared
independent of homocysteine concentration (4, 11–15). Al-
though several hypotheses were proposed, a definite biological
explanation for these findings is as yet lacking, and it is not
known whether folate affects cognitive function through direct
effects on brain tissue, through vascular mechanisms, or both.
Analysis of the relation between folate concentration and struc-
tural brain measures that are generally considered markers for
cerebrovascular disease or for brain cell loss may help to eluci-
date the nature of the link between folate and cognition. In a large
population-based study among nondemented elderly in which
we had brain imaging for all participants, we examined the re-
lation between plasma folate and cognitive performance, as well
as the association between folate concentration and the presence
of white matter lesions (WMLs) and hippocampal and amygdalar
volumes.

SUBJECTS AND METHODS

Study population

In 1995–1996, the cohort for the Rotterdam Scan Study, a
prospective study on causes and consequences of age-related
brain changes in the elderly (17), was assembled by random
selection of 1904 participants aged 60–90 y from 2 ongoing
population-based cohort studies, the Rotterdam Study (18) and
the Zoetermeer Study (17). Selected subjects who were blind,
had contraindications for magnetic resonance imaging (MRI)
scanning, or were diagnosed with dementia were excluded (n �
187). Dementia was assessed through a stepwise procedure (5).
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All participants were initially screened with the Mini-Mental
State Examination (MMSE) and the Geriatric Mental Schedule,
organic section. Subsequently, participants who scored below a
cutoff of 26 on the MMSE or above 0 on the Geriatric Mental
Schedule were further evaluated with more extensive neuropsy-
chological tests, an informant interview, and review of medical
records. Of the 1717 persons eligible for inclusion, 1077 (63%)
agreed to participate. All included subjects, 563 of whom came
from the Rotterdam Study and 514 of whom came from the
Zoetermeer Study, gave written informed consent to the proto-
col, which was approved by the Medical Ethics Committee of the
Erasmus Medical Center Rotterdam. The current study involves
cross-sectional analyses on data and measurements from blood
samples collected at baseline (1995–1996). Complete data on
MRI measures, cognitive test results, and folate measurements
were available for 1033 of the 1077 participants.

Measurement of plasma folate concentration

Nonfasting blood samples were collected into citrate tubes at
baseline, put on ice immediately, and centrifuged (2000 � g,
4 °C, 10 min) within 60 min. Aliquots of plasma were stored at
�80 °C. Plasma folate concentrations were measured 7 y after
storage by microbiological assays with the use of a
chloramphenicol-resistant strain of Lactobacillus casei. The as-
say was adapted to a microtiter plate format and performed by a
robotic workstation (Microlab AT plus 2; Hamilton, Bonadus
AG, Switzerland) (19)

Neuropsychological testing

Several neuropsychological tests were administered at base-
line of the Rotterdam Scan Study. An abbreviated Stroop test, the
Letter-Digit Substitution Task, and a verbal fluency test were
used to assess executive function. Attention was measured by a
Paper-and-Pencil Memory Scanning Task consisting of 4 sub-
tasks. Memory function was assessed with the use of a 15-word
verbal learning test, consisting of 3 immediate recall trials and a
delayed recall of words. Individual test scores were transformed
into standardized z scores [z score � (individual test score �
mean test score)/SD of the baseline tests]. From these z scores,
compound scores were constructed for psychomotor speed,
memory performance, and global cognitive function (5). Com-
pound scores for psychomotor speed were calculated by averag-
ing the z scores of the reading subtask of the Stroop test, the
one-letter subtask of the Paper-and-Pencil Memory Scanning
test, and the Letter-Digit Substitution Task. Compound scores
for memory function were calculated by averaging the z scores of
the total 3 immediate recall trials and the delayed recall trial of the
15-word verbal learning tests. Compound scores for global cog-
nitive performance were calculated by averaging the z scores of
the reading subtask of the Stroop test, the one-letter subtask of the
Paper-and-Pencil Memory Scanning Test, the Letter-Digit Sub-
stitution Task, and the immediate and delayed recall of the 15-
word verbal learning test.

MRI procedure

All 1077 participants underwent axial T1, T2, and proton-
density weighted brain MRI scanning in a 1.5-T unit to assess the
presence of WMLs (5, 17), which are considered indicators of
cerebral small vessel disease (20, 21). Periventricular WMLs
were scored semiquantitatively for locations at the frontal and

occipital horns and at the lateral walls of the ventricles, which
resulted in a total periventricular score (range: 0–9). For subcor-
tical WMLs, a total volume was approximated on the basis of the
number and size of the lesions in the frontal, parietal, temporal,
and occipital lobes (range: 0–29.5 mL). Subjects originating
from the Rotterdam Study additionally underwent a
3-dimensional half-Fourier acquisition single-shot turbo spin
echo (HASTE) sequence that was used to reconstruct a series of
coronal brain slices (contiguous 1.5-mm slices) perpendicular to
the long axis of the hippocampus. All reconstructed slices were
transferred to a Magic View 1000 workstation (Siemens, Erlan-
gen, Germany) for volumetric assessment of the left and right
hippocampi and amygdalae. The boundaries of both hippocampi
and amygdalae were manually traced with the use of a mouse-
driven cursor based on a reference atlas, and outline surface areas
on each side were multiplied by slide thickness to yield estimates
of left and right hippocampal and amygdalar volumes (5), which
are thought of as markers of brain cell loss and presymptomatic
Alzheimer disease (22). Of the 563 participants originating from
the Rotterdam Study, 52 persons developed claustrophobia dur-
ing scanning, so the HASTE sequence could not be completed, or
had severe movement artifacts on their HASTE scans, leaving
511 participants with complete data for the analyses on hip-
pocampal and amygdalar volumes.

Covariates

We obtained information on the following covariates by in-
terview and physical examination in 1995–1996: pack-years of
cigarette smoking, alcohol consumption, use of vitamin supple-
ments, serum creatinine (enzymatic assay), diabetes mellitus,
systolic blood pressure, use of antihypertensive medication,
presence of depressive symptoms [determined with the Center of
Epidemiologic Studies Depression Scale and defined as a score
� 16], and highest levels of education achieved. Plasma total
homocysteine concentrations were measured 3 y after storage by
fluorescence polarization immunoassay on an IMx analyzer (Ab-
bott Laboratories, Chicago, IL) in nonfasting blood samples ob-
tained at baseline. Plasma cobalamin (vitamin B-12) was mea-
sured 7 y after storage by a microbiologic assay with the use of
a colistin sulfate-resistant strain of Lactobacillus leishmannii
(23). The assay was adapted to a microtiter plate format and
performed by a robotic workstation (Microlab AT plus 2; Ham-
ilton) (19). Intima-media thickness (IMT) of the common carotid
artery, a marker of atherosclerotic disease, was measured by
longitudinal 2-dimensional ultrasound scans. We calculated the
mean common carotid artery IMT as the mean of 4 locations: the
near and far walls of both the right and the left common carotid
arteries (7).

Data analysis

We evaluated the relation between folate concentration and
cognitive performance by multivariate linear regression, with
plasma folate as a continuous variable (expressed per SD in-
crease) and in quintiles of the distribution (by creating dummy
variables for each quintile). All analyses were initially adjusted
for age and sex. We subsequently adjusted for cigarette smoking
(in pack-years), alcohol consumption, use of vitamin supple-
ments, serum creatinine concentration, vitamin B-12 concentra-
tion, diabetes mellitus, systolic blood pressure, use of antihyper-
tensive medication, presence of depressive symptoms,
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education, and IMT, because these covariates were considered
potential confounders of the association between folate concen-
tration and cognitive performance. In a third model, all analyses
were additionally adjusted for total plasma homocysteine con-
centration, to study whether the effects of folate were indepen-
dent or merely explained through its effect on homocysteine
concentration. Finally, to evaluate whether and to what extent the
association between folate and cognitive performance is ex-
plained by WMLs, we also adjusted all analyses for grade and
volume of periventricular and subcortical WMLs.

We subsequently studied the association between folate con-
centration and WMLs and hippocampal and amygdalar volumes,
again with plasma folate as a continuous variable and in quintiles
of the distribution. Periventricular and subcortical WMLs were
first evaluated as separate outcomes and subsequently were com-
bined into a measure for the presence of severe WMLs, defined
as periventricular or subcortical WMLs in the upper quintile of
their distribution (periventricular WMLs grade � 4 or volume of
subcortical WMLs � 1.5 mL). We used multivariate linear re-
gression to study the association between folate and subcortical
and periventricular WMLs and multivariate logistic regression to
evaluate the association with the presence of severe WMLs. The
analyses for structural brain measures were initially adjusted for
age and sex and additionally for the same set of potential con-
founders that was used in the analyses on cognitive performance.
All analyses were performed with the use of SPSS software
(version 12.0; SPSS Inc, Chicago, IL).

RESULTS

Characteristics of the study population

Baseline characteristics of the study population are shown in
Table 1. Use of vitamins and B-vitamin status in our cohort were
relatively low. Homocysteine concentrations (mean total homo-
cysteine concentration: 11.5 �mol/L) are well within the range of

what would be expected for a nonfortified elderly population but
higher than those typically found in fortified populations as in the
United States (24). Plasma folate ranged from 0.9 nmol/L to 55
nmol/L, and 12% of the participants had a plasma vitamin B-12
concentration below the conventional cutoff for deficiency of
148 pmol/L. Diabetes and depressive symptoms were infrequent
in our cohort.

Folate concentration and cognitive performance

Increasing folate concentration was associated with higher
scores for global cognitive function and psychomotor speed (Ta-
ble 2). Analyses in quintiles suggested a concentration-response
relation. The results remained virtually unchanged after adjust-
ing for all selected potential confounders. When we additionally
adjusted for total homocysteine concentration, the associations
were just slightly attenuated and remained statistically signifi-
cant. At the same time, this mutual adjustment still yielded sta-
tistically significant results on the association between plasma
homocysteine and global cognitive function and psychomotor
speed (Table 2). Controlling the analyses for WMLs attenuated
the results, although the association between folate and psy-
chomotor speed remained statistically significant. No associa-
tion was seen between plasma folate and memory function. Anal-
yses with scores for the individual neuropsychological tests as
endpoints showed a significant association between folate con-
centration and the reading subtask of the Stroop test and the
one-letter subtask of the Paper-and-Pencil Memory Scanning
test, whereas no significant association was observed for the
Letter-Digit Substitution Task and the 15-word verbal learning
test.

Folate concentration and brain-imaging measures

The volume of subcortical WMLs and the presence of severe
WMLs decreased significantly with increasing plasma folate
concentration (Table 3). Results for subcortical WMLs re-
mained statistically significant after adjustment for all selected
potential confounders. However, for periventricular WMLs, ad-
ditional adjustment for homocysteine resulted in associations
that were no longer statistically significant, although size and
direction of the estimates did not substantially change. No rela-
tion was seen between folate and hippocampal or amygdalar
volume (Table 4).

DISCUSSION

In this large population-based study, we observed that a higher
plasma concentration of folate was associated with better cog-
nitive performance, in particular psychomotor speed. The asso-
ciation slightly diminished but remained significant after adjust-
ment for total homocysteine concentration. Furthermore, a
significant inverse association between plasma folate and the
presence of severe WMLs was found, whereas no association
was seen with hippocampal and amygdalar volumes. Because
periventricular and subcortical WMLs are generally considered
markers for cerebral small vessel disease (20, 21) and hippocam-
pal and amygdalar volume losses are early indicators of presymp-
tomatic Alzheimer disease (22), these findings suggest that folate
status is related to cognition through vascular mechanisms rather
than through a primary neurodegenerative process.

Methodologic strengths of our study are its size, population-
based design, and the large number of potential confounders,

TABLE 1
Baseline characteristics of the study population (n � 1033)

Characteristic Value

Women [n (%)] 532 (51.5)
Age (y) 72.2 � 7.41

Folate (nmol/L) 14.2 � 8.6
Homocysteine (�mol/L) 11.5 � 4.1
Vitamin B-12 (pmol/L) 259 � 138
Serum creatinine (�mol/L) 88.9 � 18.5
Diabetes [n (%)] 59 (5.7)
Use of vitamins [n (%)] 59 (5.7)
Depressive symptoms [n (%)]2 78 (7.3)
Intima-media thickness (mm) 0.87 � 0.14
Alcohol use (units/d) 0.3 (0.0–2.0)3

Smoking (pack-years) 10.0 (0.0–31.4)3

Primary education only [n (%)] 358 (34.7)
Periventricular white matter lesions (grade) 2.4 � 2.2
Subcortical white matter lesions (mL) 1.4 � 2.9
Hippocampal volume (mL)4 6.4 � 0.9
Amygdalar volume (mL)4 4.6 � 0.7

1 x� � SD (all such values).
2 Center of Epidemiologic Studies Depression Scale score � 16.
3 Median; interquartile range in parentheses.
4 Measurements were based on 511 participants.
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including homocysteine concentration, that were assessed.
Moreover, all participants underwent both extensive cognitive
testing and brain imaging. A potential limitation of the current
study is its cross-sectional design and hence the possibility of
reverse causality. Although it might be argued that cognitive
impairment may affect dietary habits and thus plasma folate
concentration, we think it is unlikely that this influenced our
results, given that only nondemented persons were included in
our study. Another issue to consider is the relatively low overall
response rate of 63%. Persons who agreed to participate were
significantly younger, had a lower prevalence of hypertension,
and had higher MMSE scores than did nonresponders, whereas
cholesterol concentrations, body mass indexes, and proportion of
women were equal (17). However, this nonresponse would only
have biased our results if it led to a disproportionate loss of

persons with the combination of low folate status and good cog-
nition or of high folate status and poor cognition, which we
consider unlikely. Finally, because our study population did not
include demented persons, we were not able to examine the
cross-sectional association between plasma folate concentration
and the risk of dementia.

Our finding that higher plasma concentrations of folate were
associated with better cognitive performance is in agreement
with previously published results. Low folate has been associ-
ated with worse cognitive performance, cognitive decline, or an
increased risk of dementia in several cross-sectional (3, 4, 9, 10,
15, 16, 25, 26) and prospective (11, 12, 14, 27) studies. However,
looking at specific cognitive domains, we found that plasma
folate was associated with global cognitive function and psy-
chomotor speed but not with memory performance. This finding

TABLE 2
Association between folate and homocysteine concentrations and cognitive performance1

Q1 Q2 Q3 Q4 Q5 Per 1-SD increase P for trend

Global cognitive
function2

Folate3

Model 14 (ref) 0.02 (�0.10, 0.14)5 0.11 (�0.01, 0.23) 0.05 (�0.08, 0.17) 0.17 (0.05, 0.30) 0.05 (0.01, 0.09) 0.007
Model 26 (ref) 0.05 (�0.07, 0.17) 0.13 (0.01, 0.25) 0.07 (�0.05, 0.18) 0.19 (0.07, 0.31) 0.05 (0.01, 0.09) 0.004
Model 37 (ref) 0.02 (�0.10, 0.14) 0.10 (�0.03, 0.22) 0.02 (�0.10, 0.15) 0.14 (0.01, 0.26) 0.04 (0.00, 0.08) 0.054
Model 48 (ref) 0.01 (�0.11, 0.14) 0.08 (�0.04, 0.21) 0.00 (�0.12, 0.14) 0.11 (0.00, 0.23) 0.02 (�0.02, 0.07) 0.087

Homocysteine9

Model 510 (ref) �0.02 (�0.14, 0.10) �0.01 (�0.14, 0.11) �0.01 (�0.14, 0.11) �0.17 (�0.31, �0.02) �0.05 (�0.09, 0.00) 0.107
Psychomotor speed11

Folate3

Model 14 (ref) 0.03 (�0.11, 0.17) 0.15 (0.01, 0.289) 0.13 (�0.01, 0.27) 0.25 (0.11, 0.39) 0.08 (0.04, 0.13) 0.000
Model 26 (ref) 0.05 (�0.09, 0.19) 0.16 (0.03, 0.30) 0.14 (0.00, 0.28) 0.26 (0.12, 0.40) 0.08 (0.04, 0.13) 0.000
Model 37 (ref) 0.03 (�0.12, 0.17) 0.13 (0.01, 0.27) 0.10 (�0.05, 0.24) 0.21 (0.07, 0.36) 0.07 (0.02, 0.11) 0.004
Model 48 (ref) 0.02 (�0.13, 0.17) 0.11 (�0.03, 0.26) 0.08 (�0.07, 0.23) 0.19 (0.04, 0.35) 0.05 (0.00, 0.11) 0.010

Homocysteine9

Model 510 (ref) �0.02 (�0.16, 0.12) �0.05 (�0.20, 0.10) �0.03 (�0.18, 0.13) �0.22 (�0.39, �0.05) �0.06 (�0.11, �0.01) 0.047
Memory function12

Folate3

Model 14 (ref) 0.01 (�0.15, 0.18) 0.04 (�0.12, 0.21) �0.08 (�0.24, 0.09) 0.07 (�0.10, 0.24) 0.01 (�0.04, 0.07) 0.774
Model 26 (ref) 0.05 (�0.12, 0.22) 0.08 (�0.09, 0.25) �0.03 (�0.19, 0.14) 0.09 (�0.08, 0.26) 0.02 (�0.04, 0.07) 0.581
Model 37 (ref) 0.02 (�0.15, 0.19) 0.05 (�0.13, 0.22) �0.07 (�0.24, 0.11) 0.04 (�0.14, 0.22) 0.00 (�0.06, 0.06) 0.928
Model 48 (ref) 0.01 (�0.16, 0.19) 0.04 (�0.15, 0.21) �0.08 (�0.26, 0.10) 0.02 (�0.16, 0.21) 0.00 (�0.06, 0.05) 0.851

Homocysteine9

Model 510 (ref) �0.02 (�0.19, 0.15) 0.02 (�0.16, 0.20) �0.01 (�0.19, 0.18) �0.08 (�0.29, 0.13) �0.03 (�0.09, 0.04) 0.677

1 Q, quintile; ref, reference.
2 Compound scores were calculated from the reading subtask of the Stroop test, the one-letter subtask of the Paper-and-Pencil Memory Scanning Test, the

Letter-Digit Substitution Task, and immediate and delayed recall of the 15-word verbal learning test.
3 Folate concentration was �8.1 nmol/L for Q1, 8.2–10.9 nmol/L for Q2, 11.0–13.4 nmol/L for Q3, 13.5–17.2 nmol/L for Q4, and �17.3 nmol/L for Q5.
4 Adjusted for age and sex.
5 Mean increase in z score; 95% CI in parentheses (all such values).
6 Adjusted for age, sex, alcohol consumption, pack-years of cigarette smoking, serum creatinine, vitamin B-12 concentration, diabetes, score on the Center

of Epidemiologic Studies Depression scale, education, intima-media thickness, use of vitamins, use of antihypertensive medication, and systolic blood pressure.
7 Adjusted as in model 2 with additional adjustment for plasma total homocysteine concentration.
8 Adjusted as in model 3 with additional adjustment for periventricular and subcortical white matter lesions.
9 Homocysteine concentration was �8.5 �mol/L for Q1, 8.6–9.8 �mol/L for Q2, 9.9–11.4 �mol/L for Q3, 11.5–13.9 �mol/L for Q4, and �14.0 �mol/L

for Q5.
10 Adjusted for age, sex, alcohol consumption, pack-years of cigarette smoking, serum creatinine, vitamin B-12 concentration, folate concentration,

diabetes, score on the Center of Epidemiologic Studies Depression scale, education, intima-media thickness, use of vitamins, use of antihypertensive
medication, and systolic blood pressure [analyses of the association between homocysteine concentration and cognitive performance without adjustment for
vitamin B-12 and folate concentrations were published previously (5)].

11 Compound scores were calculated from the reading subtask of the Stroop test, the one-letter subtask of the Paper-and-Pencil Memory Scanning test, and
the Letter-Digit Substitution Task.

12 Compound scores were calculated from a total of 3 immediate recall trials and a delayed recall trial of the 15-word verbal learning tests.
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is in contrast with most of the previous studies, in which folate
was linked specifically to memory function and Alzheimer dis-
ease (3, 9, 10, 16). A potential explanation for this discrepancy
might be provided by differences in methods of assessing mem-
ory function or in composition of the study populations.

In almost all previous studies, a detrimental effect of low folate
on cognition was seen, which appeared confined to folate con-
centrations below a chosen cutoff or in the lowest quintile of the
distribution. In agreement with Nurk et al (4), our data provide
evidence of a concentration-response relation between folate and
cognitive function, showing a clear trend toward better cognitive

performance with higher plasma folate concentrations. Our re-
sults did not change after adjusting for multiple potential con-
founders. Furthermore, when we additionally adjusted the anal-
yses for total plasma homocysteine concentration, the
associations were only modestly weakened and remained statis-
tically significant. This suggests that the effect of folate on cog-
nition is not, or not solely, through lowering plasma homocys-
teine. Findings from several previous studies also point toward
an independent effect of folate on cognitive performance, con-
tributing to the notion that low folate itself might be a risk factor
for cognitive impairment (9, 11–15). It is notable that a recent

TABLE 3
Association between folate concentrations and white matter lesions (WMLs)1

Q1 (�8.1
nmol/L)

Q2 (8.2–10.9
nmol/L)

Q3 (11.0–13.4
nmol/L)

Q4 (13.5–17.2
nmol/L)

Q5 (�17.3
nmol/L) Per 1-SD increase P for trend

Subcortical WMLs2

Folate
Model 13 (ref) �0.41 (�0.94, 0.12) �0.67 (�1.19, �0.15) �0.67 (�1.19, �0.14) �0.78 (�1.30, �0.25) �0.27 (�0.43, �0.10) 0.003
Model 24 (ref) �0.53 (�1.06, 0.01) �0.68 (�1.21, �0.14) �0.68 (�1.22, �0.14) �0.72 (�1.26, �0.18) �0.25 (�0.43, �0.07) 0.009
Model 35 (ref) �0.47 (�1.02, 0.08) �0.60 (�1.15, �0.06) �0.59 (�1.15, �0.04) �0.62 (�1.19, �0.05) �0.21 (�0.40, �0.03) 0.043

Periventricular
WMLs6

Folate
Model 13 (ref) 0.05 (�0.33, 0.43) �0.32 (�0.70, 0.05) �0.25 (�0.62, 0.13) �0.36 (�0.74, 0.02) �0.16 (�0.28, �0.04) 0.018
Model 24 (ref) �0.07 (�0.45, 0.31) �0.37 (�0.75, 0.00) �0.26 (�0.64, 0.12) �0.35 (�0.73, 0.04) �0.15 (�0.28, �0.02) 0.044
Model 35 (ref) �0.01 (�0.40, 0.37) �0.30 (�0.69, 0.09) �0.17 (�0.57, 0.22) �0.24 (�0.64, 0.17) �0.12 (�0.25, 0.01) 0.176

Severe WMLs7,8

Folate
Model 13 1.00 (ref) 0.80 (0.52, 1.24) 0.58 (0.37, 0.91) 0.72 (0.46, 1.12) 0.55 (0.35, 0.86) 0.83 (0.71–0.97) 0.010
Model 24 1.00 (ref) 0.70 (0.44, 1.11) 0.53 (0.33, 0.86) 0.68 (0.43, 1.09) 0.50 (0.31, 0.81) 0.79 (0.66, 0.94) 0.010
Model 35 1.00 (ref) 0.72 (0.45, 1.17) 0.56 (0.34, 0.92) 0.72 (0.44, 1.18) 0.53 (0.32, 0.89) 0.81 (0.68, 0.97) 0.035

1 Q, quintile; ref, reference.
2 Values are mean increase in volume; 95% CI in parentheses (except for P values).
3 Adjusted for age and sex.
4 Adjusted for age, sex, alcohol consumption, pack-years of cigarette smoking, serum creatinine, vitamin B-12 concentration, diabetes, score on the Center

of Epidemiologic Studies Depression Scale, education, intima-media thickness, use of vitamins, use of antihypertensive medication, and systolic blood pressure.
5 Adjusted as in model 2 with additional adjustment for plasma total homocysteine concentration.
6 Values are mean increase in grade; 95% CI in parentheses (except for P values).
7 Severe WMLs include periventricular WMLs of grade � 4, subcortical WMLs � 1.5 mL, or both.
8 Values are odds ratio; 95% CI in parentheses (except for P values).

TABLE 4
Association between folate concentrations and hippocampal and amygdalar volumes (n � 511)1

Q1 (�8.4
nmol/L)

Q2 (8.4–10.9
nmol/L)

Q3 (11.0–13.4
nmol/L)

Q4 (13.5–17.4
nmol/L)

Q5 (�17.4
nmol/L) Per 1-SD increase P for trend

Hippocampal volume
Model 12 (ref) �0.05 (�0.28, 0.18) 0.17 (�0.06, 0.40) �0.02 (�0.25, 0.21) 0.08 (�0.16, 0.31) �0.01 (�0.09, 0.07) 0.511
Model 23 (ref) �0.04 (�0.28, 0.20) 0.19 (�0.05, 0.43) �0.02 (�0.26, 0.22) 0.10 (�0.15, 0.35) 0.01 (�0.07, 0.10) 0.449
Model 34 (ref) �0.07 (�0.31, 0.18) 0.15 (�0.10, 0.39) �0.07 (�0.32, 0.18) 0.03 (�0.24, 0.30) �0.01 (�0.10, 0.08) 0.865

Amygdalar volume
Model 12 (ref) �0.01 (�0.20, 0.18) 0.15 (�0.04, 0.33) 0.08 (�0.11, 0.26) �0.01 (�0.20, 0.18) �0.01 (�0.08, 0.05) 0.656
Model 23 (ref) �0.01 (�0.20, 0.18) 0.19 (�0.01, 0.38) 0.05 (�0.14, 0.24) �0.04 (�0.20, 0.20) �0.01 (�0.08, 0.06) 0.737
Model 34 (ref) �0.02 (�0.21, 0.18) 0.18 (�0.02, 0.37) 0.04 (�0.16, 0.24) �0.02 (�0.23, 0.20) �0.02 (�0.09, 0.06) 0.858

1 Q, quintile; ref, reference.
2 Adjusted for age and sex.
3 Adjusted for age, sex, alcohol consumption, pack-years of cigarette smoking, serum creatinine, vitamin B-12 concentration, diabetes, score on the Center

of Epidemiologic Studies Depression Scale, education, intima-media thickness, use of vitamins, use of antihypertensive medication, and systolic blood pressure.
4 Adjusted as in model 2 with additional adjustment for plasma total homocysteine concentration.
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trial of folic acid treatment during a 3-y period found an improve-
ment in memory, information processing speed, sensorimotor
speed, and global cognitive function compared with the placebo
group (28). A significant association between plasma homocys-
teine and cognitive performance was previously reported in the
Rotterdam Scan Study (5). Associations were particularly pro-
nounced for psychomotor speed and less so for memory function,
which is similar to the findings from the present study. At the time
the analyses on homocysteine and cognition were done, mea-
surements of plasma folate were not yet available. Given that in
the current study the relation between plasma folate and cogni-
tive performance appeared independent of total homocysteine
concentration, the question is raised whether the previously re-
ported association between homocysteine and cognition may be
explained by plasma folate. However, when both folate and ho-
mocysteine were included in the model, the associations between
homocysteine and global cognitive function and psychomotor
speed remained statistically significant. This suggests that folate
and homocysteine may have effects on cognition, independent
of each other and possibly through different pathways. Mech-
anisms that were proposed to explain the association between
homocysteine and cognition include the effect of homocys-
teine on cerebrovascular disease, direct neurotoxic effects of
homocysteine, or the possibility that elevated homocysteine is
merely a marker for deficiency of B vitamins, which may be
related to cognition (6).

The biologic mechanisms that might underlie the relation be-
tween plasma folate and cognition are as yet unclear. Most re-
searchers point out the central role of folate in one-carbon me-
tabolism and methylation reactions. Folate is required for the
conversion of homocysteine to methionine, which is then con-
verted to S-adenosylmethionine. S-adenosylmethionine is the
primary methyl donor in many reactions required for normal
brain function, such as the production of cell membrane phos-
pholipids, neurotransmitters, and myelin. Folate deficiency is
hypothesized to cause cognitive dysfunction through impaired
methylation reactions in the central nervous system (9, 12).

Alternatively, a vascular explanation was proposed. There is
evidence for a beneficial effect of folate on endothelial dysfunc-
tion, a key process in atherosclerosis that is considered a surro-
gate endpoint for cardiovascular risk (29–31). Interestingly, in a
number of studies reporting beneficial effects of folate on endo-
thelial function, these effects appeared independent of plasma
homocysteine concentration (31, 32), which fits our observation
of an independent effect of folate on cognition. Folate deficiency
reportedly is also associated with increased carotid IMT, a
marker of atherosclerosis and vascular disease (33, 34). Again,
this association was independent of homocysteine concentration.
Although our data showed no clear trend for the association
between plasma folate and carotid IMT, mean IMT was signif-
icantly lower in participants in the highest quintile of folate than
in those in the lowest quintile (mean difference: �0.03 mm; 95%
CI: �0.06, �0.01 mm). Cerebrovascular disease is an estab-
lished risk factor for cognitive impairment and dementia (17, 35,
36), and the effect of folate on cognition might thus be through
reducing vascular risk. We tried to elucidate the nature of the
observed association between folate and cognitive performance
by evaluating the relation between folate concentration and
structural brain measures on MRI scans. WMLs are considered
subtle markers for cerebrovascular disease and are associated

with an increased risk of dementia and cognitive decline in sev-
eral studies (17, 20, 37, 38). Consequently, our findings that link
folate status to both cognitive test performance and WMLs sup-
port the hypothesis that low folate status is linked to cognitive
impairment by a vascular mechanism. The association between
folate concentration and cognition diminished, but it did not
disappear after control of the analyses for WMLs, which suggests
that the relation is at least partially mediated through a vascular
pathway. Also consistent with our findings, psychomotor speed
is known to be adversely affected by vascular disease, whereas
memory function supposedly is more influenced by neuronal
function and hippocampal size (39). In conclusion, our results
indicate that high plasma folate concentrations are associated
with better cognitive performance, regardless of homocysteine
concentration, and that this association might be explained by
effects of folate on vascular pathology.
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APPLE Project: 2-y findings of a community-based obesity
prevention program in primary school–age children1–3

Rachael W Taylor, Kirsten A McAuley, Wyn Barbezat, Amber Strong, Sheila M Williams, and Jim I Mann

ABSTRACT
Background: Developing effective strategies for obesity preven-
tion in children is urgently required.
Objective: We determined the effectiveness of a 2-y controlled
community-based intervention to prevent excessive weight gain in
5–12-y-old children by enhancing opportunities for healthy eating
and noncurricular physical activity.
Design: Children (n � 730) from 4 intervention and 3 control
schools underwent measurements of height, weight, waist circum-
ference, blood pressure, diet, and physical activity at baseline and at
1 and 2 y. Intervention components included nutrition education that
targeted reductions in sweetened drinks and increased fruit and veg-
etable intake and activity coordinators who managed an activity
program that focused on noncurricular lifestyle-based activities (eg,
community walks).
Results: Body mass index (BMI; in kg/m2) z score was significantly
lower in intervention children than in control children by a mean of
0.09 (95% CI: 0.01, 0.18) after 1 y and 0.26 (95% CI: 0.21, 0.32) at
2 y, but the prevalence of overweight did not differ. Waist circum-
ference was significantly lower at 2 y (�1 cm), and systolic blood
pressure was reduced at 1 y (�2.9 mm Hg). An interaction existed
between intervention group and overweight status (P � 0.029), such
that mean BMI z score was reduced in normal-weight (�0.29; 95%
CI: �0.38, �0.21) but not overweight (�0.02; 95% CI: �0.16, 0.12)
intervention children relative to controls. Intervention children con-
sumed fewer carbonated beverages (67% of control intake; P �
0.04) and fruit juice or drinks (70%; P � 0.03) and more fruit (0.8
servings/3 d; P � 0.01).
Conclusion: A relatively simple approach, providing activity coordi-
nators and basic nutrition education in schools, significantly reduces the
rate of excessive weight gain in children, although this may be limited
to those not initially overweight. This trial was registered at Australian
Clinical Trials Registry as #12605000578606. Am J Clin Nutr
2007;86:735–42.

KEY WORDS Obesity prevention, body mass index, BMI,
weight gain, child, physical activity, healthy eating

INTRODUCTION

Determining effective strategies for the prevention of child-
hood obesity is paramount, given the rising prevalence world-
wide (1). To date, many obesity prevention initiatives in children
have reported beneficial changes to behaviors for nutrition and
physical activity, although few show significant improvement in
anthropometric indexes (2–4). Moreover, debate continues as to

the relative importance of alterations in energy intake compared
with energy expenditure for managing obesity at the population
level (5).

Several recent school-based interventions offer promise,
showing significant benefits in population subgroups with a va-
riety of interventions. Studies targeting increases in the amount
or intensity of structured physical education (with or without
nutrition components) have shown improvements in anthropom-
etry in some (6–8) but not all (6, 9) interventions in preschool or
school-age children. However, increasing pressures on curricu-
lum time and teachers in schools worldwide suggest the need for
approaches that do not place further demands on staff or teaching
programs (10). Surprisingly, few studies have evaluated the ef-
fectiveness of noncurricular approaches (11, 12). We report here
on the results of a 2-y controlled community intervention de-
signed to prevent obesity in children by enhancing extracurric-
ular opportunities for physical activity and reinforcing simple
dietary messages in the school and local community. Preliminary
findings relating to the first year of the intervention were previ-
ously published (13).

SUBJECTS AND METHODS

Subjects

The APPLE (A Pilot Programme for Lifestyle and Exercise)
Project was a 2-y community-based obesity prevention initiative,
based in Otago, New Zealand. Ethical approval was obtained
from the University of Otago Ethics Committee, and all parents
or guardians and the older children themselves gave informed
consent. Design and reporting procedures followed the Trans-
parent Reporting of Evaluations with NonRandomized Designs
statement (14). Our control and intervention communities were
not randomly selected. Rather, we chose 2 semirural geograph-
ically separate areas to reduce contamination. The most recent
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census information (2001 New Zealand Census, Department of
Statistics) confirmed that sociodemographic variables were
broadly comparable in these areas. All 7 primary schools serving
these 2 communities agreed to be involved in the study. They had
Ministry of Education 2003 School Decile ratings of 3–7 [indi-
cator of socioeconomic status in which possible range is from 1
(highest) to 10 (lowest)]. All children enrolled at the 4 interven-
tion and 3 control schools as of August 2003, 2004, and 2005
were invited to participate. Figure 1 refers to the number of
children available at each time point (2003, 2004, 2005). Sub-
jects who had their first measurement in 2005 were not included
in the analysis because they did not have any follow-up measures.
Subjects recruited in 2003 were followed up at 2004 and 2005.
Subjects recruited in 2004 were followed up in 2005, with the
2004 measure being treated as baseline. Response rates at each
measurement point were uniformly high, ranging from 81% to
89% in control schools and from 85% to 92% in intervention
schools. Subjects were predominantly white (82.6%, 16.5%
Maori, and �1% Pacific Islander), and ethnic distribution did not
differ according to intervention allocation (P � 0.133, chi-square
test) or sex (P � 0.108, chi-square test). Control schools received
payment of $500–$1000 (depending on school size) for the pur-
chase of school equipment as a reimbursement for the time re-
quired to conduct measurements on children at school.

Physical measurements

All measurements were made in duplicate during school hours
at baseline, 1 y, and 2 y. Height was measured with the use of a
portable stadiometer (Wedderburn, Dunedin, New Zealand) to
the nearest 0.1 cm, and weight was measured with the use of
electronic scales (Tanita TI1618; Tanita, Tokyo, Japan) to the
nearest 0.1 kg. Waist circumference was measured with the use
of a metal diameter tape (Rabone, Sheffield, United Kingdom) at
the highest point of the right iliac crest at minimal expiration. All

measurements were completed with the children wearing light
clothing and no shoes, with the use of the same equipment and
procedures as used in the New Zealand National Children’s Nu-
trition Survey (15). Duplicate measures of pulse rate and blood
pressure were obtained with the use of an automated sphygmo-
manometer (Dinamap; GE Medical Systems, Waukesha, WI)
(16) with children in a sitting position after a 5-min rest. Body
mass index (BMI) was calculated as weight divided by height
squared (kg/m2), and z scores were calculated according to the
2000 Centers for Disease Control and Prevention reference
norms (CDC) (17). Children with a BMI � 85th percentile for
age and sex were classified as overweight.

Dietary intake was assessed during 3 d (including one week-
end day) by validated short food questionnaire (SFQ) (18).
Briefly, the SFQ elicited the frequency and portion size (standard
size provided) of 33 specific foods, food groups, or beverages.
Our SFQ was adapted for the New Zealand diet from a similar
questionnaire used in the Pathways study (19). Because no nu-
trition interventions were introduced until the second year of the
intervention, we compared the intake of specific foods of interest
(beverages, fruit, and vegetables) from children completing the 3
questionnaires at 1 y (62% response rate) and 2 y (66% response
rate).

Physical activity was measured with the use of unidirectional
Actical accelerometers (Mini-Mitter Co, Bend, OR) worn
around the waist which provide an objective independent assess-
ment of physical activity (20). Because of funding constraints,
the accelerometers were worn by each child from 1 (74%) to 2
(26%) d at baseline and from 2 (68%) to 5 (32%) d at 1 and 2 y,
respectively. Children were instructed to put the accelerometer
on as soon as they woke and to take it off just before bed. Several
belts were provided for each child so that the accelerometers
could still be worn during bathing and swimming. Because of
variation in sleeping patterns in children, accelerometry data

Intervention

Eligible to participate
2003: n = 302

Measurements
Baseline: n = 279
Response rate: 92%

Eligible to participate
2003: n = 279 − 72*
2004: n = 86

Measurements
Y1: n = 207
Baseline: n = 55
Response rate: 89%

Eligible to participate
2003: n = 207 − 60* + 4†
2004: n = 55 − 15*
2005: n = 93

Measurements
Y2: n = 151
Y1: n = 40
Baseline: n = 50
Response rate: 85%

Analysis
Baseline: n = 251
Y1: n = 247
Y2: n = 151

* Lost to follow-up
† Baseline and Y2
measures

Control

Eligible to participate
2003: n = 270

Measurements
Baseline: n = 234
Response rate: 87%

Eligible to participate
2003: n = 234 − 57*
2004: n = 108

Measurements
Y1: n = 177
Baseline: n = 55
Response rate: 81%

Eligible to participate
2003: n = 177− 42* + 2†
2004: n = 55 − 15*
2005: n = 107

Measurements
Y2: n = 137
Y1: n = 40
Baseline: n = 57
Response rate: 82%

Analysis
Baseline: n = 219
Y1: n = 217
Y2: n = 137

FIGURE 1. Flow of participants in the study.
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were analyzed for each child from 0800 to 2000, and the average
accelerometry counts during this period are presented. Physical
activity and television viewing times were also assessed by 7-d
recall questionnaire (Physical Activity Questionnaire for Older
Children), which sums participation in a variety of activities to
provide an overall activity rating that ranges from 1 (low) to 5
(high). Time spent watching television was assessed separately
for Saturday, Sunday, and weekdays, and a weekly score was
calculated (15).

Intervention components

Extensive community consultations were held (21), leading to
the development of several intervention initiatives introduced at
various stages of the 2-y intervention. The focus of the interven-
tion was on encouraging healthy eating and increased levels of
physical activity in all children rather than highlighting weight or
obesity as issues, although participants (children, families, and
schools) were not blinded to the fact that it was an obesity pre-
vention initiative. The main intervention in both years was the
provision of community activity coordinators (ACs) attached to
each intervention school (0.5 full-time equivalent per school).
Their main role was to encourage all children to be a little more
physically active every day by increasing the variety and oppor-
tunities for physical activity beyond that which was currently
provided in each school. They were used to increase noncurricu-
lar activity at recess, lunchtimes, and after school, with a partic-
ular focus on less traditional sports and more lifestyle-based
activities such as outdoor games, household chores, gardening,
beach hikes, and children’s games from different countries. A
full description of the role of the ACs was presented elsewhere
(13). Other intervention initiatives in the first year included the
development of a resource for teachers to facilitate short bursts of
activity in class called “snacktivity” and the provision of cooled
water filters to each intervention school.

Additional initiatives in the second year of the intervention
were predominately nutrition based and focused on reducing the
intake of sugary drinks and on increasing fruit and vegetable
consumption. Students received science lessons highlighting the
adverse health effects of sugary drinks, a healthy eating resource
was developed and made available to all members of the inter-
vention community, and a novel interactive card game, “GoTri,”
was developed. GoTri simulated completing a triathlon, and stu-
dents were provided with a starter set of cards. They then had to
complete specific physical activities, often with friends or a fam-
ily member, or to follow particular dietary guidelines to earn 10
“missing” cards. Once students had obtained a complete set,
they were able to play the game against each other. All re-
sources were pretested, refined, and pilot tested before intro-
duction into the intervention (A Strong, unpublished data,
2005). The remaining activity intervention introduced in year
2 was the increased promotion and availability of a variety of
sport and play equipment at school breaks to enhance the level
of “free” play in intervention children.

Statistics

Because this was a pilot study, power calculations were based
on the number of students available in the 7 participating schools
(250 in each area), an estimate of the intraclass correlation, and
the correlation between repeated measures of BMI from an ear-
lier study in Dunedin (22). These suggested that our study had the

potential to detect an effect size of 0.3 in any of our measures with
80% power with the use of the 5% level of significance. Because
the SD of BMI increases with age, we used z scores for BMI-
]derived from the CDC tables (17)], which take into account age
and sex as the principal outcome measure. Means (�SDs) are
presented for variables which were not normally distributed; the
data were transformed before analysis. Because schools and not
students were the sampling unit, generalized estimating equa-
tions with an exchangeable covariance matrix were used to an-
alyze the data (23). Robust standard errors were used to estimate
the CIs and P values. Generalized estimating equations, with the
use of the Poisson distribution and robust SEs, were used to
obtain relative risks for the variables based on counts and the
categorical variable overweight obtained by using the CDC cut-
off of the 85th percentile (17). The results are presented as rel-
ative risks. The model adjusted for age, sex, baseline television
viewing, baseline participation in physical activity, and recruit-
ment in 2004 rather than in 2003. The only subgroup analysis
compared differences between the intervention and control
groups for the BMI z score in normal and overweight children for
both time periods. All data were analyzed with the use of STATA
161 software (Release 8.0; Stata Corp, College Station, TX).

RESULTS

Measurements were available on 384 intervention and 346
control children in total; 133 intervention and 127 control chil-
dren who were only present at one measurement point were
excluded. Only 3 participants dropped out of the study (one
intervention family). The majority of the remainder left primary
school to attend high school, and a small proportion shifted away
from the area and could not be traced. Consequently, children
with no follow-up measures were significantly older than those
with follow-up data (8.4 compared with 7.7 y; P � 0.001), but
their sex distribution (51% compared with 48%; P � 0.439) and
z scores for height (0.23 compared with 0.13; P � 0.169), weight
(0.52 compared with 0.53; P � 0.859), and BMI (0.63 compared
with 0.70; P � 0.355) did not differ. This analysis concerns those
children with at least 1 y of follow-up. Anthropometric and
clinical measurements were obtained on 94–99% of children at
each time point, and measurements of physical activity and tele-
vision viewing were completed by 74–83% of the children.

The characteristics of the study population at baseline, year 1,
and year 2 are shown in Table 1. At baseline, intervention and
control children did not differ in age, sex distribution, height,
pulse, and blood pressure. However, intervention children were
leaner (P � 0.004) with smaller waist circumferences (P �
0.001).

The effect on outcome variables after 1 and 2 y of intervention,
adjusting for baseline, is also shown in Table 1. Mean BMI z
score was significantly lower in intervention children than in
control children by 0.09 (95% CI: 0.01, 0.18) after 1 y and 0.26
(95% CI: 0.21, 0.32) at 2 y. Changes in BMI did not result from
variation in height z scores but rather from differences in relative
weight between intervention and control children over time.
Waist circumference was also significantly lower at 2 y in inter-
vention children (�1.0 cm), and systolic blood pressure was
lower at 1 year, although this was no longer significant at 2 y.
Although the prevalence of overweight was lower in intervention
children in univariate analyses (data not shown), differences
were not significant once adjusted for baseline values (Table 1).
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Analyses conducted with only those children who were present
at each of the 3 measurement points reported similar effects as the
overall analysis (Table 2). The mean BMI z scores at each time

point in intervention and control children according to weight
status at baseline are shown in Figure 2. The subgroup analysis
(adjusted for age, sex, clustering, baseline z score, and 1-y z

TABLE 1
Characteristics of the study population at each time point and adjusted differences in outcome variables at 1 and 2 y1

Characteristics Adjusted difference2

Baseline Year 1 Year 2 Year 1 Year 2

n
Control group 219 217 136
Intervention group 250 246 151

Age (y)
Control group 7.7 � 1.63 8.7 � 1.6 9.5 � 1.2
Intervention group 7.7 � 1.8 8.8 � 1.8 9.7 � 1.6

Sex (n)
Control group

Male 108 107 64
Female 111 110 72

Intervention group
Male 138 134 91
Female 112 112 60

Height (cm)
Control group 126.5 � 11.6 132.4 � 11.7 136.6 � 9.8
Intervention group 125.8 � 11.6 132.4 � 11.5 137.7 � 10.4

Height z score
Control group 0.17 � 0.97 0.17 � 0.97 0.14 � 0.93
Intervention 0.09 � 0.99 0.12 � 0.96 0.10 � 0.93 0.05 (0.01, 0.09) 0.01 (�0.05, 0.06)

Weight (kg)
Control group 29.8 � 8.7 33.9 � 11.6 37.3 � 11.0)
Intervention group 28.1 � 8.3 31.9 � 9.4 35.3 � 11.1

Weight z score
Control group 0.65 � 0.97 0.64 � 0.99 0.72 � 0.92
Intervention group 0.44 � 0.91 0.42 � 0.89 0.37 � 0.96 �0.03 (�0.10, 0.05) �0.17 (�0.21, �0.13)4

BMI (kg/m2)
Control group 18.2 � 3.3 18.9 � 3.8 19.7 � 3.8
Intervention group 17.4 � 2.4 17.9 � 2.7 18.3 � 3.1

BMI z score
Control group 0.80 � 0.87 0.79 � 0.86 0.89 � 0.81
Intervention group 0.61 � 0.825 0.53 � 0.84 0.45 � 1.00 �0.09 (�0.18, �0.01) �0.26 (�0.32, �0.21)4

Overweight (%)6

Control group 42.5 40.6 47.8
Intervention group 32.4 28.0 28.5 0.92 (0.71, 1.18) 0.88 (0.69, 1.14)

Waist (cm)
Control group 61.4 � 9.6 64.2 � 10.8 65.8 � 10.3
Intervention group 58.9 � 7.55 62.0 � 8.5 62.2 � 8.1 0.1 (�1.0, 1.0) �1.0 (�2.0, �0.0)

Systolic BP (mm Hg)
Control group 102 � 14 104 � 13 107 � 12
Intervention group 103 � 14 102 � 11 104 � 11 �2.9 (�5.2, �0.6) �4.8 (�10.4, 0.8)

Diastolic BP (mm Hg)
Control group 58 � 8 59 � 8 62 � 7
Intervention group 59 � 8 59 � 6 60 � 7 �1.1 (�2.4, 0.2) �2.8 (�6.1, 0.4)

Pulse rate (beats/min)
Control group 88 � 12 87 � 11 85 � 10
Intervention group 90 � 12 89 � 10 85 � 12 1.4 (�0.7, 3.5) �1.4 (�4.2, 1.4)

1 BP, blood pressure. All children with at least one repeat measurement were included.
2 Data are expressed as mean difference between intervention and control groups (95% CI) except for prevalence of overweight [BMI � 85th percentile

according to Centers for Disease Control and Prevention reference norms (17)], which is expressed as a ratio of intervention to control. Data were analyzed with
generalized estimating equations, and the model was adjusted for baseline value, clustering, age, sex, activity rating, and television viewing.

3 x� � SD (all such values).
4 Significant time-by-treatment interaction, P � 0.05.
5 Intervention children were significantly different than control children (P � 0.05) at baseline when analyzed with generalized estimating equations to

account for clustering within the schools.
6 Overweight refers to children with a BMI � 85th percentile.
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score) showed a significant interaction between intervention
group and classification of overweight (P � 0.029). Mean BMI
z score was significantly lower at both 1 (�0.08; 95% CI: �0.12,
�0.04) and 2 (�0.29; 95% CI: �0.38, �0.21) y in the interven-
tion children than in the control normal-weight children. By
contrast, no intervention effect was observed in overweight chil-
dren at either time point [�0.02 (95% CI: �0.11, 0.07) at 1 y and
�0.02 (95% CI:�0.16, 0.12) at 2 y].

The differences in reported dietary intake at year 2 between
intervention and control children adjusted for age, sex, and
year-1 intakes are shown in Table 3. Intervention children con-
sumed significantly fewer carbonated beverages (67% of that
consumed by control children; P � 0.04) and fruit juice or drinks
(70%; P � 0.03), whereas intake of flavored milk and water did
not differ. Intervention children also consumed 0.8 more serv-
ings of fruit during 3 d (P � 0.01), whereas no intervention effect
was observed for vegetable intake.

At baseline, intervention and control children reported similar
amounts of television viewing and their physical activity scores
did not differ (data not shown), although mean accelerometry

counts were significantly higher in the intervention children
(1165 compared with 944; P � 0.001). No intervention effect
was observed for television viewing time, but average acceler-
ometry counts were significantly higher in the intervention chil-
dren then in the controls at 1 y (mean difference: 167; 95% CI: 4,
329), although differences were no longer significant at 2 y (�75;
95% CI: �215, 65). By contrast, data from the Physical Activity
Questionnaire for Older Children showed that the intervention
children reported less physical activity than did the control chil-
dren at both 1 (�0.2; 95% CI: �0.4, �0.1) and 2 (�0.2; 95% CI:
�0.4, �0.0) y.

The intraclass correlation for BMI, or the ratio of the between-
school variance to the total variance, was 0.04. The SDs for the
changes in BMI and BMI z score were 1.2 and 0.4, respectively.

DISCUSSION

This controlled community intervention has shown that en-
hancing opportunities for noncurricular physical activity com-
bined with simple messages promoting healthy eating can slow
the rate of excessive weight gain in primary school-age children,
although possibly only in those who were initially of normal
weight. At 2 y, significant differences were observed between
intervention and control children in both BMI z score (�0.26)
and waist circumference (�1.0 cm). Although the differences
might appear relatively small, such a difference in BMI z score
between 2 population groups has the potential to translate to large
benefits in terms of population health (24). It is difficult to trans-
late the difference in BMI z score into weight because variation
in age and height affects the estimates. However, assuming a
child is of median height, a difference of 0.26 BMI z score
between intervention and control groups equates to a difference
of �0.5 BMI value in a 7-y-old and 0.7 BMI value in an 11-y-old.

Most of the recent school-based interventions have predomi-
nantly targeted improvements in healthy eating and physical
activity by curriculum initiatives. Two studies in preschool-age
children provided additional activity sessions each week (7, 9),
and one study held a concurrent nutrition education program (7).

TABLE 2
Adjusted differences in outcome variables at year 1 and year 2 in those
children present at all 3 measurement points (n � 135 for control group,
n � 147 for intervention group)1

Year 1 Year 2

Height z score 0.06 (0.02, 0.11) 0.00 (�0.06, 0.07)
Weight z score �0.04 (�0.12, 0.03) �0.18 (�0.22, �0.13)2

BMI z score �0.11 (�0.20, �0.02) �0.26 (�0.31, �0.22)2

Waist circumference (cm) 0.0 (�0.7, 0.7) �1.0 (�2.0, 0.0)2

Systolic BP (mm Hg) �2.8 (�5.7, 1.0) �4.9 (�10.7, 1.0)
Diastolic BP (mm Hg) �0.0 (�2.4, 0.8) �2.7 (�6.1, 0.6)
Pulse rate (beats/min) 2.5 (0.1, 4.8) �1.3 (�4.0, 1.4)

1 BP, blood pressure. Data are expressed as the difference between
intervention and control groups (95% CI) and were analyzed with general-
ized estimating equations. The model was adjusted for baseline value, clus-
tering, age, sex, activity rating, and television viewing.

2 Significant time-by-treatment interaction, P � 0.05.
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FIGURE 2. Mean BMI z score in normal-weight (f) and overweight (F) intervention (solid line) and control (dotted line) children at baseline, 1 y, and 2 y.

A significant interaction effect existed between intervention group and weight status (P � 0.029).
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No intervention effect was observed by Reilly et al (9), whereas
significant reductions in BMI z score of the intervention children
were apparent at 1- and 2-y follow-ups in Fitzgibbon et al (7).
Studies in school-age children which used multifaceted ap-
proaches to improving physical education and school food pro-
vision provide encouragement; one study reported significant
effects on BMI in boys but not in girls (6), whereas the other study
showed a reduction in obesity prevalence but no change in rel-
ative BMI (8). Few studies have evaluated the effectiveness of
noncurricular approaches for obesity prevention (11, 12), al-
though some have included components such as active recess or
short exercise breaks in the classroom (6, 25). One-year results
from the FitKid project showed that higher attendance at an
after-school activity program was associated with favorable
changes in percentage body fat and fat-free mass but not in BMI
(12). The APPLE project was designed to concentrate on ap-
proaches that would not involve an increased workload for teach-
ers but use the schools as a physical base for community inter-
vention. The ACs were primarily charged with developing
activity sessions for noncurricular times, focusing on lifestyle-
based activity rather than on traditional sports whenever possi-
ble. Such activities included golf, tae kwondo, community walks,
beach hikes, school triathlons, line dancing, and children’s
games from other countries and were run by the ACs, older
children, or other community volunteers (13). We observed a
significant benefit to BMI after only 1 y, which was considerably
enhanced at 2 y, perhaps in part because of the introduction of
several simple messages that highlighted healthy eating.

The commitment of the wider school community to the
APPLE project was shown by the high response rates in both
control and intervention schools at each time point. Feedback

from the school communities highlighted the importance of hav-
ing an additional staff member dedicated to improving opportu-
nities for activity for children, being a “face” for activity in the
school, acting as a point of contact for parents and other com-
munity members to volunteer their time and expertise, being an
initiator of ideas and activities, and contributing to the reported
reduction in bullying in intervention schools. Although the focus
was intended to be on noncurricular activity, so that ACs simply
did not replace what teachers were currently doing, in practice,
some of the ACs did contribute to curricular-based activities.
Results from the concurrent process evaluation showed that
these schools felt this contribution enhanced rather than lessened
active opportunities for their children (J Bassett, J Simpson,
unpublished data, 2006). Follow-up analyses are planned to de-
termine the sustainability and reach of APPLE initiatives in the
wider community after the cessation of the intervention. How-
ever, initial impressions are encouraging. Informal feedback
from food outlet operators not formally involved in the interven-
tion suggest that sales of healthier fast-food options increased
during the intervention, despite no specific targeting of this be-
havior, and that such practice has continued.

Interestingly, subgroup analyses showed that beneficial
changes to BMI were only observed in children who were not
overweight at baseline. Outcome in relation to initial weight
status has been examined infrequently (6, 7). One study in
preschool-age children reported similar benefit in those above
and below the 85th percentile of BMI (7), whereas an interven-
tion in older Chilean children showed a more favorable benefit in
those who were overweight (6). It is conceivable that more in-
tensive intervention than was offered in the present study or a
longer period of follow-up is required before benefit is apparent

TABLE 3
Three-day intakes of beverages, fruit, and vegetables and differences in intake at study end1

Food or beverage Year 1 Year 2 Difference2 P

Carbonated beverages (servings)
Intervention group 0.9 � 1.43 0.8 � 1.3 0.67 (0.46, 0.98)4 0.04
Control group 0.9 � 1.3 1.1 � 1.5

Fruit drinks or juice (servings)
Intervention group 2.6 � 3.1 2.7 � 3.5 0.70 (0.51, 0.97)4 0.03
Control group 3.0 � 2.9 3.5 � 3.3

Flavored milk (servings)
Intervention group 1.3 � 1.6 1.2 � 1.6 0.84 (0.64, 1.12)4 0.22
Control group 1.0 � 1.6 1.4 � 1.9

Water (servings)
Intervention group 5.7 � 3.6 7.8 � 3.6 0.7 (�0.1, 1.3)5 0.07
Control group 5.1 � 3.7 6.9 � 4.0

Total sweet drinks6 (servings)
Intervention group 4.8 � 4.6 4.6 � 4.8 �1.2 (�2.3, �0.2)5 0.02
Control group 4.8 � 4.0 6.0 � 4.2

Fruit (servings)
Intervention group 3.7 � 2.9 5.4 � 2.8 0.8 (0.5, 1.1)5 �0.01
Control group 3.4 � 2.4 4.5 � 2.8

Vegetables (servings)
Intervention group 3.6 � 2.9 5.4 � 2.8 0.3 (�0.4, 1.0)5 0.42
Control group 3.8 � 2.7 5.2 � 2.7

1 Data were analyzed with generalized estimating equations.
2 Difference (95% CI) between intervention and control groups at year 2 adjusted for age, sex, and year 1 intake.
3 x� � SD (all such values).
4 Presented as a ratio because the analysis was based on the Poisson distribution.
5 Presented as an absolute value because the intakes of these drinks or foods were normally distributed.
6 Includes soft drinks, fruit drinks or juice, and flavored milk.
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for children who are already overweight. It seems unlikely that
differences in physical activity or diet are responsible, given that
both normal-weight and overweight children in both intervention
groups made similar changes in terms of physical activity
(whether measured by questionnaire and accelerometry) and diet
(intake of fruit, vegetables, and sugary drink). The ACs did not
monitor attendance at sessions by individual children but were
briefed to encourage less-active children to get involved. Alter-
natively, our study is relatively small as befitting a demonstration
project. However, given the general lack of success in treating
obesity in children even with the use of intensive individualized
approaches (26), it is perhaps not surprising that community-
based approaches such as APPLE may be insufficient in reducing
relative weight in children who are overweight. However, al-
though the intervention did not appear to significantly affect BMI
z score in overweight children, the findings nevertheless provide
some encouragement even for this group. Given rising obesity
rates both in New Zealand (27) and internationally (28), an in-
crease in relative weight might have been expected in overweight
as well as normal weight children. This did not occur.

Assessing physical activity patterns and dietary intake in large
numbers of children is exceptionally difficult. This multifaceted
intervention was neither designed nor powered to identify
whether individual components were likely to explain the
changes in the primary outcome measures. The dietary data sug-
gested that intervention children consumed fewer sweet drinks
than did control children at follow-up, primarily as a result of
increases in intake by control children rather than declining con-
sumption by intervention children. Interestingly, these differ-
ences are similar to those observed by James et al (29) in their
campaign to reduce consumption of carbonated beverage. Sim-
ilarly, the increases in fruit intake we observed (0.8 of a serving
during 3 d) reflect typical intervention efforts seen elsewhere
(30–32). It is possible that these differences contributed to ben-
efits observed in BMI, although interpretation of the dietary data
should be made with some caution, given that our poor response
rates for this measure (62–66%) and the relatively crude nature
of the assessment tool. Similarly, although we used accelerom-
etry, an objective measure of physical activity in children (20,
33), funding constraints meant we collected limited data for each
participant which may be insufficient to represent their habitual
activity (34). Regardless of these potential limitations, the fact
remains that some combination of initiatives in our intervention
did have an impact on body weight in children, a reliable and
valid outcome measure.

Studies with nonrandomization of intervention and control
groups are susceptible to bias from differences between groups
which might otherwise be eliminated or at least reduced with
randomization. However, randomized controlled studies are not
always feasible or indeed appropriate in public health (35). In
practice, community interventions such as ours are complex, and
developing community-driven partnerships and initiatives take
considerable time (36). Others have published guidelines (Trans-
parent Reporting of Evaluations with NonRandomized Designs
statement) that assist researchers with the design and reporting of
nonrandomized interventions (14), in a similar way to the Con-
solidated Standards of Reporting Trials statement (37).

Several different approaches have been suggested to reduce
the epidemic of childhood obesity (28). Legislative and policy
measures have been widely advocated as those most likely to

succeed. However, these are generally unattractive to govern-
ments, regardless of their political persuasion (38). Thus, it is
reassuring to discover that a relatively simple approach, the pro-
vision of ACs dedicated to promoting increased extracurricular
physical activity combined with basic nutrition education, can
significantly have an impact on the rate of weight gain in children
during a relatively short time period.
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The relation of magnesium and calcium intakes and a genetic
polymorphism in the magnesium transporter to colorectal
neoplasia risk1–3

Qi Dai, Martha J Shrubsole, Reid M Ness, David Schlundt, Qiuyin Cai, Walter E Smalley, Ming Li, Yu Shyr,
and Wei Zheng

ABSTRACT
Background: Mean magnesium intake in the US population does
not differ from that in East Asian populations with traditionally low
risks of colorectal cancer and other chronic diseases, but the ratio
of calcium to magnesium (Ca:Mg) intake is much higher in the US
population. Transient receptor potential melastatin 7 (TRPM7)
is a newly found gene essential to magnesium absorption and
homeostasis.
Objective: We aimed to test whether the association of colorectal
polyps with intake of calcium, magnesium, or both and Thr1482Ile
polymorphism in the TRPM7 gene is modified by the Ca:Mg intake.
Design: Included in the study were a total of 688 adenoma cases, 210
hyperplastic polyp cases, and 1306 polyp-free controls from the
Tennessee Colorectal Polyp Study.
Results: We found that total magnesium consumption was linked to
a significantly lower risk of colorectal adenoma, particularly in those
subjects with a low Ca:Mg intake. An inverse association trend was
found for hyperplastic polyps. We also found that the common
Thr1482Ile polymorphism was associated with an elevated risk of
both adenomatous and hyperplastic polyps. Moreover, this polymor-
phism significantly interacted with the Ca:Mg intake in relation to
both adenomatous and hyperplastic polyps. The subjects who carried
�1 1482Ile allele and who consumed diets with a high Ca:Mg intake
were at a higher risk of adenoma (odds ratio: 1.60; 95% CI: 1.12,
2.29) and hyperplastic polyps (odds ratio: 1.85; 95% CI: 1.09, 3.14)
than were the subjects who did not carry the polymorphism.
Conclusion: These findings, if confirmed, may provide a new av-
enue for the personalized prevention of magnesium deficiency and,
thus, colorectal cancer. Am J Clin Nutr 2007;86:743–51.

KEY WORDS Magnesium, calcium, ratio of magnesium to
calcium intake, vitamin D, colorectal adenoma

INTRODUCTION

Magnesium, the second most abundant intracellular cation in
the body, plays an essential role in � 300 biological activities (1).
Growing evidence from studies conducted in Western societies
has linked a low intake of magnesium to insulin resistance (2) and
systemic inflammation (3) and, thus, to the risk of diseases com-
mon in Western countries, such as colorectal cancer (4–6), type
2 diabetes (7, 8), and coronary heart disease (9, 10). According to
data from the National Health and Nutrition Examination Survey

(NHANES), 1999–2000, 79% of US adults do not meet the
Recommended Dietary Allowance of magnesium (11).

Migration studies found that the incidence of the abovemen-
tioned diseases in East Asians, a group that traditionally has low
risks for those diseases (12), rose after their immigration to West-
ern societies to approach the incidence in whites (13). This find-
ing implicates a critical role of environmental factors, particu-
larly dietary factors. We found, however, that the mean intake of
magnesium in the US population (11) does not differ signifi-
cantly from and is not even slightly higher than that in the East
Asian population (14, 15). This suggests that low intake of mag-
nesium per se may not be the major reason for the incidence
difference. Instead, the ratio of calcium to magnesium (Ca:Mg)
intake is much higher in the US population (2.8) than in the East
Asian population (1.6) (14, 16). Ionized magnesium (Mg2�)
counters the action of ionized calcium (Ca2�) in many physio-
logic activities (17). Studies found that Mg2�, the physiologic
antagonist of Ca2�, has the same negative feedback system—
including vitamin D—as does Ca2� (18, 19). Studies also found
that calcium directly or indirectly competes with magnesium for
intestinal absorption and transport (20). A low concentration of
calcium and a high concentration of magnesium (thus, a low
Ca:Mg) in the lumen activates the transport of magnesium (20).
In a study using the multitracer stable-isotope technique, chil-
dren who consumed even the Recommended Dietary Allowance
of magnesium were in negative magnesium balance if their cal-
cium intake was high (21). An animal study found that calcium
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deficiency significantly reduced the elevated inflammatory re-
sponses caused by magnesium deficiency (22), which suggests
the importance of the calcium-magnesium balance. Therefore,
we hypothesized that a high Ca:Mg intake may exaggerate mag-
nesium deficiency and, in turn, lead to risk of colorectal cancer.

It was not until recently that Mg2� was thought to share ion
channels with Ca2� (18). Genetic studies found that the transient
receptor potential melastatin 7 (TRPM7), a ubiquitously ex-
pressed constitutive ion channel with a higher affinity for Mg2�

than for Ca2� (18), plays a central role in Mg2� homeostasis as
an Mg2� uptake pathway (23). In a recent study, a missense
variant [Thr-1482 to isoleucine (Ile)] in the TRPM7 gene was
not identified in controls, but was identified only in cases of
Guamanian amyotrophic lateral sclerosis and parkinsonism de-
mentia, both of which conditions have been linked to severe
environmental deficiency of calcium and magnesium (24).
Therefore, we postulated that people who carry the variant Ile
allele may be at a high risk of magnesium deficiency and, in turn,
of colorectal neoplasia and other chronic diseases common in
the Western populations, particularly if the Ca:Mg intake is
high.

To test these hypotheses, we used data from the Tennessee
Colorectal Polyp Study to investigate whether the association of
colorectal adenomatous and hyperplastic polyps with the intakes
of calcium and magnesium or with the Thr1482Ile polymor-
phism in the TRPM7 gene may be modified by the Ca:Mg intake.

SUBJECTS AND METHODS

The Tennessee Colorectal Polyp Study

Data for the current analysis were derived from the Tennessee
Colorectal Polyp Study, an ongoing colonoscopy-based case-
control study being conducted in Nashville, TN. Colorectal ad-
enoma cases and polyp-free controls were recruited between
February 1, 2003, and December 31, 2005. We identified 4623
eligible participants between the ages of 40 and 75 y from among
persons scheduled for colonoscopy at the Vanderbilt University
Gastroenterology Clinic and the Tennessee Valley Veterans Af-
fairs Health System campus (both located in Nashville, TN); of
these 4623 persons, 3094 (67%) consented to participate in the
study. Excluded from our study were patients who had genetic
colorectal cancer syndromes (eg, hereditary nonpolyposis colo-
rectal cancer or familial adenomatous polyposis), inflammatory
bowel disease, or a history of adenomatous polyps or any cancer
other than nonmelanoma skin cancers.

Written informed consent was obtained from all subjects. The
study was approved by the institutional review boards of Vander-
bilt University and the Tennessee Valley Veterans Affairs Med-
ical Center and by the Research and Development Committee of
the Department of Veterans Affairs.

A telephone interview was conducted to obtain information on
lifestyle, medication use, demographics, and medical history;
87% of participants completed the telephone interview. Partici-
pants were also asked to complete a self-administered food fre-
quency questionnaire (FFQ); 76% of participants did so. On the
basis of the colonoscopy and pathology findings, participants
were assigned as an adenoma case or polyp-free control. To be
diagnosed as a control, the participant must have had a complete
colonoscopy reaching the cecum and must have been polyp free
at colonoscopy. Adenoma cases had �1 adenomatous polyp at

colonoscopy, and hyperplastic cases had �1 hyperplastic polyp
and no adenomas at colonoscopy. Of those who completed the
telephone interviews, 98% of cases and 98% of controls donated
a blood or a buccal cell sample. These samples were processed on
the same day, typically within 2 h of sample collection, and were
stored at �80 °C until relevant bioassays were conducted.

Dietary assessment

Participants completed a validated semi-quantitative 108-item
FFQ, which was developed by using the NHANES III database
at Vanderbilt University specifically to capture diet in the south-
ern United States (25). A similar version of the FFQ is being used
in the Southern Community Cohort Study with a recruitment of
�90 000 adults for a long-term prospective cohort study of can-
cer and other chronic diseases. We have compared selected nu-
trient estimates found in the current study by using the FFQ with
those found in NHANES III for Southerners aged �45 y by using
24-h dietary recall. We found that the intakes of energy and major
nutrients did not differ significantly. For example, in NHANES
III, the average daily intake (from diet only) is 1753 kcal for total
energy, 671 mg for calcium, and 256 mg for magnesium,
whereas, in the current study, the intakes of energy, calcium, and
magnesium by controls (from diet only) are 1634 kcal, 670 mg
and 256 mg, respectively. The FFQ also contains 5 items that
survey eating habits and 13 items for capturing vitamin and
supplement use including B vitamins, calcium, and multivita-
mins. The usual dietary intakes of nutrients, including those of
total energy, calcium, magnesium, and vitamin D, are calculated
by using data from NHANES III and US Department of Agri-
culture food composition tables. Calcium and magnesium in-
takes from calcium and multivitamin supplements were also
taken into account by estimating intake on the basis of the most
common ingredients in calcium and multivitamin supplements
(500 mg Ca per calcium supplement pill and 162 mg Ca and 100
mg Mg per multivitamin pill). Excluded from the analyses were
19 adenoma cases, 4 hyperplastic polyp cases, and 33 controls
with unreasonably high or low energy intake. As a result, a total
of 688 adenoma cases, 210 hyperplastic polyp cases, and 1306
adenoma-free controls were included in the final analyses.

Genotyping assay

Genomic DNA was extracted from buffy coat fractions or
cheek cells by using a QIAamp DNA mini-kit (Qiagen Inc, Va-
lencia CA) according to the manufacturer’s protocol. The allelic
discrimination of the rs8042919 polymorphism in the TRPM7
gene was assessed by using the TaqMan genotyping assay (Assay
ID: C_25756319_10; Applied Biosystems, Foster City, CA).
The final volume for each reaction was 5 �L, consisting of 2.5 �L
TaqMan Universal PCR Master Mix (Applied Biosystems), 0.25
�L primers/TaqMan probes, and 5.0 ng genomic DNA. The
polymerase chain reaction profile consisted of an initial de-
naturation step at 95 °C for 10 min and 40 cycles at 95 °C for
15 s and at 60 °C for 1min. Fluorescence was measured with
the ABI PRISM 7900HT sequence detector (Applied Biosys-
tems). Genotypes were determined by using ABI SDS soft-
ware (version 2.1; Applied Biosystems).

The laboratory staff was blind to the identity of the subjects.
Quality-control (QC) samples were included in the genotyping
assays. Each 384-well plate contained 4 water blanks, 8 CEPH
1347–02 DNA, and 16 blinded QC samples. The blinded QC
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samples were taken from the second tube of study samples in-
cluded in the study. QC samples were distributed across separate
384-well plates. The agreement rate for the genotypes of
rs8042919 polymorphism with the duplicated QC samples was
99.3%. African American subjects (�10% of total subjects) were
not included in the analyses using genotyping data because these
subjects were not polymorphic at rs8042919 (24). Among 603
adenoma cases, 198 hyperplastic polyp-only cases, and 1189
controls, genotyping data were obtained from 581 (96.3%), 192
(97.0%), and 1135 (95.4%), respectively. The few subjects with
incomplete genotyping had insufficient DNA for the assay or
unsuccessful polymerase chain reaction amplification.

Statistical analysis

Chi-square tests and t tests were used to evaluate case-control
differences in the distribution of potential confounding factors.
Unconditional logistic regression models were used to estimate
odds ratios (ORs) and their 95% CIs as a measure of the strength

of the association. To have a large enough sample size in subse-
quent stratified analyses, intakes of calcium and magnesium
were categorized into tertiles on the basis of the distribution of the
controls in all analyses. The first model was adjusted only for age.
The second model was additionally adjusted for other confound-
ing factors except calcium or magnesium when magnesium or
calcium, respectively, was evaluated as the main association. For
consistency with previous cohort studies that evaluated the as-
sociation of magnesium with colon cancer (4, 5), we adjusted for
potential confounding factors, including dietary intake of vita-
min B-6, retinol equivalents, and zinc, as well as for those factors
those in Table 1, although cases and controls did not differ
significantly with respect to dietary intakes of vitamin E and
vitamin B-6, retinol equivalents, or zinc (data not shown). In
addition, other potential confounding factors, such as the use of
aspirin or of nonsteroidal antiinflammatory drugs, did not mate-
rially alter the risk estimates and thus were not adjusted for in the
final model. In the third model, calcium and magnesium were

TABLE 1
Comparison of cases and controls by selected descriptive characteristics (Tennessee Colorectal Polyp Study, 2003–2005)1

Characteristic
Adenoma cases

(n � 688)

Hyperplastic
polyp cases
(n � 210)

Controls
(n � 1306)

P2

Adenoma
cases

Hyperplastic polyp
cases

Age (y) 59.9 � 7.23 56.9 � 6.8 57.7 � 7.8 �0.01 0.22
Reason for colonoscopy (%)

Screening 54.9 54.3 55.6
Family history 9.4 9.5 12.2
Symptoms 33.7 30.5 29.0 0.05 0.44

Education (%)
High school or below 34.4 38.8 25.1
Some college 32.0 28.7 29.7
College graduates 16.3 15.8 18.7
Graduate or professional education 17.2 16.7 26.4 �0.01 �0.01

Women (%) 22.2 29.5 42.6 �0.01 �0.01
White (%) 85.5 93.3 88.9 0.12 0.51
Recruitment sites (%)

Veterans Administration Medical Center 51.2 45.7 34.8
Vanderbilt Medical Center 48.4 54.3 65.2 �0.01 �0.01

Smoking status (%)
Never smoker 32.7 26.7 51.4
Former smoker 38.3 34.3 36.7
Current smoker 29.0 39.0 11.9 �0.01 �0.01

Alcohol consumption status (%)
Never drinker 49.3 44.3 59.2
Former drinker 28.9 31.9 23.1
Current drinker 21.9 23.8 17.7 �0.01 �0.01

Physically active in the past 10 y (%) 49.6 50 56.7 �0.01 0.14
BMI (kg/m2) 28.5 � 5.4 28.4 � 5.0 27.9 � 5.5 0.05 0.42
Daily intakes

Energy (kcal) 1704.9 � 742.3 1718.0 � 842.4 1634.5 � 662.3 0.07 0.34
Folate (�g) 262.6 � 134.4 265.2 � 142.1 279.4 � 128.2 0.01 0.34
Fiber (g) 15.6 � 7.9 15.6 � 7.8 16.4 � 7.5 0.07 0.29
Saturated fat (g) 22.2 � 11.1 22.6 � 12.4 20.9 � 10.3 0.01 0.12
Vitamin E (mg) 7.4 � 3.4 7.4 � 3.7 7.4 � 3.1 1.00 1.00
Vitamin D (IU) 135.9 � 86.6 137.9 � 99.9 148.6 � 90.2 �0.01 0.29
Total calcium (mg) 872.1 � 466.2 868.7 � 487.0 981.9 � 496.6 �0.01 �0.01
Total magnesium (mg) 301.4 � 128.6 305.1 � 129.4 321.2 � 122.1 �0.01 0.16

1 Nineteen adenoma cases, 4 hyperplastic polyp cases, and 33 controls with unreasonably high or low energy intake were excluded.
2 Comparisons for both types of cases with controls. The chi-square test (categorical variables) or the t test (continuous variables) was used with Bonferroni

adjustment.
3 x� � SD (all such values).
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further adjusted for to allow assessment of whether the associa-
tion of magnesium or calcium was independent of calcium or
magnesium, respectively. Stratified analyses by the Ca:Mg in-
take (by median), dietary intake of vitamin D (by median), and
the rs8042919 genotype were conducted. Formal multiplicative
interactions were also evaluated in logistic regression models by
likelihood ratio tests. Although tests for interactions were of
borderline significance or not statistically significant, some strat-
ified analyses were conducted and presented on the basis of
strong biological plausibility. Tests for trend across tertiles were
performed in logistic regression models by assigning the score j
to the jth level of the variable selected. P values of � 0.05
(2-sided probability) were interpreted as being statistically sig-
nificant. Statistical analyses were conducted by using SAS sta-
tistical software (version 9.1; SAS Institute, Cary, NC).

RESULTS

Selected demographic characteristics and potentially con-
founding factors were compared between cases and controls, as
shown in Table 1. Compared with controls, adenomatous and
hyperplastic polyp cases were more likely to be male, smokers,
and alcohol drinkers and to have lower educational attainment, a
higher daily dietary intakes of total energy and saturated fat, and
a lower intake of total calcium. Adenomatous cases were older
and more likely to have lower intakes of total magnesium, dietary
vitamin D, folate, and fiber; to be physically inactive; and to have
a higher BMI. In addition, hyperplastic polyp cases were signif-
icantly more likely to smoke than were adenoma cases.

The largest single contributor to magnesium intake is supple-
mental magnesium (51.1 mg/d, which accounts for 16.3% of total
average intake). The rest of the 10 main contributors were bran or
high-fiber cereals (20.6 mg); peanuts and other nuts (16.3 mg);
caffeinated coffee (16.2 mg); dark or whole-grain breads (15.5
mg); low-fat milk (10.0 mg); oatmeal, cream of wheat, and other
hot cereals (8.4 mg); 100% orange juice or grapefruit juice (8.3
mg); and skim milk and buttermilk (8.1 mg). The top 20 contrib-
utors to magnesium intake, including supplementation, account
for 69.3% of average magnesium intake.

The overall associations, as well as the stratified associations
by the median of the Ca:Mg intake, between intakes of total
magnesium and calcium and the risk of colorectal adenoma are
shown in Table 2. The risk of colorectal adenoma decreased with
an increasing total intake of magnesium in all 3 models. Com-
pared with the age-adjusted model, the risk was lower after ad-
justment for other potential confounding factors and total intake
of calcium, with an OR of 0.54 (95% CI: 0.36, 0.82) in subjects
who consumed total magnesium at the highest tertile versus those
with the lowest intake (P for trend � 0.01). The association with
the dietary intake of magnesium was weaker. Total intake of
calcium was strongly associated with a lower risk in the age-
adjusted model. After adjustments for other confounding factors,
the inverse association was still of borderline significance (P for
trend � 0.06) with an OR of 0.75 (95% CI: 0.55, 1.02). This
inverse association completely disappeared, however, after ad-
ditional adjustment for total magnesium intake. Dietary calcium
intake was not significantly associated with colorectal adenoma
risk in any model.

We conducted stratified analyses of total magnesium and cal-
cium by the median Ca:Mg intake. We found that the inverse
association of magnesium and calcium primarily appeared

among those with a low Ca:Mg intake. Among those with a high
Ca:Mg intake, total intake of magnesium was not related to risk,
whereas total intake of calcium showed a trend toward associa-
tion with a greater risk. The inverse association of magnesium
with adenoma risk did not differ significantly between men and
women or between proximal and distal colorectal adenoma (data
not shown). We have also conducted analyses stratified by di-
etary intake of vitamin D (data not shown). Total magnesium
intake was linked to a substantially lower adenoma risk in sub-
jects who consumed high amounts of vitamin D and have a low
Ca:Mg intake, with an OR of 0.32 (95% CI: 0.13, 0.80) compar-
ing the highest tertile of magnesium intake with the lowest (P for
trend � 0.01). Total calcium intake, however, may be associated
with a lower risk of adenoma only when the Ca:Mg intake is low
and dietary vitamin D intake is high.

The results for the association between the Thr1482Ile poly-
morphism in the TRPM7 gene and colorectal adenoma (Table 3)
were obtained only from non-African American subjects be-
cause African Americans were not polymorphic at this loci. The
distribution of genotypes for the polymorphisms is consistent
with Hardy-Weinberg equilibrium for either cases or controls.
We found that the 1482Ile allele is associated with a 20% in-
creased risk of adenoma, although the result was of borderline
significance (Table 3). Compared with those who were homozy-
gous for 1482Thr, persons who carry �1 1482Ile allele were
found to have a significantly (60%) greater risk of colorectal
adenoma (OR: 1.60; 95% CI: 1.12, 2.29) if they also consumed
diets with a high Ca:Mg intake. The interaction between the
Thr1482Ile polymorphism and the Ca:Mg intake was statisti-
cally significant (P for interaction � 0.03). The overall associ-
ation between intake of magnesium or calcium and the risk of
adenoma in non-African American subjects (Table 4) was con-
sistent with that in all subjects (Table 2). In subjects with �1
1482Ile allele, the inverse association with magnesium intake
was further reduced, whereas high calcium intake tended to be
related to an increased risk of adenoma, although the tests for
interactions were not significant.

We found that the total magnesium intake may be related to a
lower risk of hyperplastic polyps, as shown in Table 5, which
does not differ from the findings for adenoma. The inverse as-
sociation trend still existed after adjustment for total calcium
intake, although the association was not significant. Again, cal-
cium intake was significantly associated with the risk. However,
there was no association in the fully adjusted model. In stratified
analysis, we found that total calcium intake tended to be associ-
ated with a greater risk if the Ca:Mg intake was high (data not
shown). Likewise, we found, as shown in Table 6, that, com-
pared with those who were homozygous for 1482Thr, subjects
with �1 1482Ile allele tended to be at a greater risk (OR: 1.41;
95% CI: 0.99, 2.01) of hyperplastic polyps, and the difference in
risk was even greater for those subjects who consumed diets with
high Ca:Mg intake (OR: 1.85; 95% CI: 1.09, 3.14).

DISCUSSION

We found in this large colonoscopy-based case-control study
that, consistent with our hypotheses, the total magnesium intake
is linked to a significantly lower risk of colorectal adenoma in
both men and women and particularly in those with a low Ca:Mg
intake and a high vitamin D intake. Likewise, total calcium intake
may be associated with a lower risk of adenoma only when
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vitamin D intake is high and the Ca:Mg intake is low. Further-
more, an inverse association trend, although nonsignificant, was
also found for hyperplastic polyps. We found that Thr1482Ile
polymorphism significantly interacted with the Ca:Mg intake in
relation to the risk of either adenomatous or hyperplastic polyps.
Persons who carried �1 1482Ile allele were at greater risk of
adenoma or hyperplastic polyps, particularly if they consumed
diets with a high Ca:Mg intake. Among persons who carried �1
1482Ile allele, the inverse association with magnesium intake

was further reduced, whereas high calcium intake tended to be
related to a greater risk of adenoma.

Growing evidence has highlighted a potentially important role
in colorectal carcinogenesis of the serrated pathway comprising
hyperplastic polyps and serrated adenomas (26, 27). Until
recently, these polyps were mostly assumed to have no malig-
nant potential, and, thus, few studies have evaluated risk factors
for these polyps (28). Our finding of an inverse association of
magnesium with colorectal adenomas or hyperplastic polyps is

TABLE 2
Odds ratios (and 95% CIs) for colorectal adenoma by tertile (T) of daily magnesium and calcium intake (the Tennessee Colorectal Polyp Study, 2003–2005)1

Intake tertile (mg/d)

P for trendT1 T2 T3

Total magnesium intake (mg/d) 	261 261–368 �368
Cases/controls (n) 276/430 230/429 177/442
Model 1 1.002 0.82 (0.66, 1.03)3 0.60 (0.48, 0.76) �0.01
Model 2 1.00 0.85 (0.66, 1.11) 0.52 (0.36, 0.76) �0.01
Model 3 1.00 0.86 (0.66, 1.13) 0.54 (0.36, 0.82) �0.01

Dietary intake of magnesium (mg/d) 	211 211–298 �298
Cases/controls (n) 248/431 244/431 196/444
Model 1 1.00 0.97 (0.77, 1.21) 0.75 (0.60, 0.95) 0.02
Model 2 1.00 1.02 (0.78, 1.35) 0.75 (0.49, 1.15) 0.27
Model 3 1.00 1.05 (0.79, 1.39) 0.80 (0.51, 1.39) 0.42

Total calcium intake (mg/d) 	 687 687–1129 �1129
Cases/controls (n) 291/428 219/427 173/439
Model 1 1.00 0.73 (0.58, 0.91) 0.56 (0.45, 0.71) �0.01
Model 2 1.00 0.77 (0.60, 1.00) 0.75 (0.55, 1.02) 0.06
Model 3 1.00 0.88 (0.67, 1.16) 0.98 (0.68, 1.40) 0.87

Dietary intake of calcium (mg/d) 	 495 495–730 �730
Cases/controls (n) 252/431 215/431 221/444
Model 1 1.00 0.85 (0.68, 1.07) 0.85 (0.68, 1.07) 0.15
Model 2 1.00 1.00 (0.77, 1.31) 1.01 (0.70, 1.45) 0.97
Model 3 1.00 1.05 (0.80, 1.38) 1.12 (0.76, 1.65) 0.57

Total magnesium intake
Calcium:magnesium ratio 	 2.78

Cases/controls (n) 170/230 135/221 89/203
Model 1 1.00 0.82 (0.61, 1.10) 0.57 (0.41, 0.79) �0.01
Model 2 1.00 0.75 (0.53, 1.06) 0.34 (0.20, 0.58) �0.01
Model 3 1.00 0.78 (0.53, 1.14) 0.38 (0.20, 0.71) �0.01

Calcium:magnesium ratio � 2.78
Cases/controls (n) 106/200 95/208 88/239
Model 1 1.00 0.84 (0.59, 1.18) 0.67 (0.48, 0.95) 0.02
Model 2 1.00 0.98 (0.65, 1.49) 0.78 (0.44, 1.40) 0.43
Model 3 1.00 1.02 (0.65, 1.60) 0.85 (0.44, 1.65) 0.66

Total calcium intake
Calcium:magnesium ratio 	 2.78

Cases/controls (n) 246/348 119/254 29/45
Model 1 1.00 0.65 (0.50, 0.86) 0.87 (0.52, 1.43)
Model 2 1.00 0.53 (0.37, 0.77) 0.48 (0.22, 1.04)
Model 3 1.00 0.65 (0.43, 0.99) 0.72 (0.30, 1.69)

Calcium:magnesium ratio � 2.78
Cases/controls (n) 45/80 100/173 144/394
Model 1 1.00 0.94 (0.60, 1.48) 0.61 (0.40, 0.92)
Model 2 1.00 1.11 (0.68, 1.83) 0.97 (0.57, 1.67)
Model 3 1.00 1.29 (0.76, 2.19) 1.32 (0.69, 2.53)

1 Unconditional logistic regression models were used to estimate odds ratio. Model 1 was adjusted for age. Model 2 was also adjusted for educational
achievement (categorical); race (white or other); sex; recruitment site; dietary intakes of total energy, saturated fat, folate, vitamin E, retinol equivalent, zinc,
vitamin B-6, fiber, and vitamin D; BMI (continuous); physical activity (yes or no); smoking status (former, current, or never); and alcohol consumption status
(former, current, or never). Model 3 was also adjusted for total intake of calcium or magnesium. The P value for the interaction between the tertiles of total
magnesium and calcium intake and the ratio of calcium to magnesium intake (continuous) was 0.10 and 0.24, respectively.

2 Odds ratio (all such values).
3 Odds ratio; 95% CIs in parentheses (all such values).

CALCIUM-MAGNESIUM RATIO AND COLORECTAL ADENOMAS 747



consistent with 2 recent cohort studies, also conducted in West-
ern societies, in which the intake of magnesium was associated
with a lower risk of colorectal cancer (4, 5). The degree of
reduction in the risk of adenoma or hyperplastic polyps associated

with magnesium in the current study is similar to that found for
colorectal cancer in 2 previous studies (12, 13), which indicates that
magnesium may protect against colorectal carcinogenesis at an
early stage. Very recently, findings from the Netherlands Cohort
Study suggest that the intake of magnesium may be associated with
a lower risk of colon cancer only in overweight subjects (6),
whereas another follow-up study of participants involved in an in-
terventional trial of aspirin and vitamin E found a null association
(29). One possible explanation for the inconsistency in these previ-
ous studies is that the Ca:Mg intake is not considered.

We found that, as was consistent with our hypothesis, the
intake of magnesium or calcium may be associated with a lower
risk of adenoma only when the Ca:Mg intake is low and dietary
vitamin D is high. Intakes of calcium and vitamin D have been
inconsistently associated with the risk of colorectal cancer and
adenoma in observation studies. One pooled analysis of 10 co-
hort studies (30) and intervention trials (31–34) suggested that
high consumption of total calcium may be associated with a
lower risk of adenoma and colorectal cancer, primarily in persons
with a high intake of vitamin D. It is disappointing that a recent,
large-scale, randomized clinical trial found that calcium plus
vitamin D supplementation for 7 y had no effect on the incidence
of colorectal cancer (31). One possible explanation for that neg-
ative finding is that calcium may prevent colorectal cancer de-
velopment only at its earliest stage. For example, very recently,
Baron et al (35) found in the observational phase of a clinical trial
that the protective effect of calcium supplementation on colo-
rectal adenoma recurrence rate extends up to 5 y after cessation
of active treatment. Furthermore, in these previous studies, the
potential effect modification of Ca:Mg intake was not evaluated,
and that may be another possible explanation for the inconsis-
tency of the association between calcium and colorectal cancer or
adenoma (29–34, 36–41). Our finding is also supported by the

TABLE 3
Odds ratios (ORs) (and 95% CIs) for colorectal adenoma according to the
Thr1482Ile polymorphism in the TRPM7 gene stratified by the ratio of
calcium to magnesium intake in non-African American subjects (the
Tennessee Colorectal Polyp Study, 2003–2005)1

TRPM7 gene (Thr1482Ile) Cases/controls OR (95% CI) P

All subjects
GG 444/907 1.00
AG/AA 137/228 1.20 (0.94–1.53)

AG 131/214 1.23 (0.96–1.57)
AA 6/14 0.78 (0.29–2.05)

P for trend 0.23
Calcium:magnesium

intake ratio 	 2.78
GG 259/438 1.00
AG/AA 71/126 0.93 (0.67–1.30)

AG 69/114 1.00 (0.72–1.41)
AA 2/12 0.25 (0.05–1.14)

P for trend 0.36
Calcium:magnesium

intake ratio � 2.78
GG 185/469 1.00
AG/AA 66/102 1.60 (1.12–2.29)

AG 62/100 1.54 (1.07–2.21)
AA 4/2 4.45 (0.80–24.80)

�0.01
P for interaction 0.032

1 Unconditional logistic regression models were used to adjust for age.
2 Thr1482Ile polymorphism 
 the ratio of calcium to magnesium intake

(continuous) interaction.

TABLE 4
Odds ratios (and 95% CIs) for colorectal adenoma according to tertile (T) of magnesium and calcium intakes stratified by the Thr1482Ile genotype of the
TRPM7 gene in non-African American subjects (the Tennessee Colorectal Polyp Study, 2003–2005)1

Thr1482Ile genotype of TRPM7 gene

Intake tertile

P for trendT1 (Low) T2 T3

Total magnesium intake
All subjects 1.00 (reference)2 0.80 (0.60, 1.07)3 0.43 (0.28, 0.68) �0.01

Cases/controls (n) 233/374 209/398 156/415
GG 1.00 (reference) 0.71 (0.51, 1.01) 0.44 (0.26, 0.74) �0.01

Cases/controls (n) 175/277 147/305 120/325
AG/AA 1.00 (reference) 1.11 (0.58, 2.13) 0.20 (0.07, 0.58) 0.02

Cases/controls (n) 49/76 57/73 28/78
Total calcium intake

All subjects 1.00 (reference) 0.94 (0.71, 1.26) 1.04 (0.71, 1.52)
Cases/controls (n) 244/379 197/390 157/412

GG 1.00 (reference) 0.80 (0.57, 1.12) 0.93 (0.60, 1.46)
Cases/controls (n) 185/280 139/301 118/323

AG/AA 1.00 (reference) 1.93 (0.99, 3.76) 1.92 (0.79, 4.64)
Cases/controls (n) 47/82 52/72 35/71

1 Unconditional logistic regression models were used with adjustment for age; educational level (categorical); race (white or other); sex; recruitment site;
dietary intakes of total energy, saturated fat, folate, vitamin E, retinol equivalent, zinc, vitamin B-6, fiber, and vitamin D; BMI (continuous); physical activity
(yes or no); smoking status (former, current, or never); alcohol consumption status (former, current, or never); and total intake of calcium or magnesium. The
P value for the interactions between tertiles of total magnesium and calcium intake and the Thr1482Ile genotype was 0.06 and 0.11, respectively.

2 Odds ratio (all such values).
3 Odds ratio; 95% CI in parentheses (all such values).
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results from analyses using data from both the Nurses’ Health
Study and the Health Professionals Follow-up Study. In these 2
studies, the greatest reduction in the risks associated with cal-
cium intake was achieved by intakes of 700–800 mg/d, but no

additional reduction in risk was observed at higher calcium in-
takes (42). A calcium intake of �700–800 mg/d, which would
probably be due to the ingestion of calcium supplements, could
be linked to a higher Ca:Mg intake, which could lead to or
enhance magnesium deficiency if the intake of magnesium and
the bioavailability of vitamin D also are low.

Although no study has investigated the potential interaction of
magnesium with calcium or vitamin D in relation to colorectal
cancer or adenoma, in vitro, in vivo, and human studies indicate
that calcium may directly or indirectly affect the absorption of
magnesium (20, 21). Furthermore, unlike calcium absorption,
magnesium absorption is not entirely vitamin D dependent, al-
though a high vitamin D concentration does aid magnesium
absorption (20). Therefore, absorption of magnesium may be
significantly elevated when the vitamin D intake is high and the
Ca:Mg intake is low. Because calcium is more sensitive to vita-
min D than is magnesium, when both Ca:Mg intake and vitamin
D intake are high, the absorption of magnesium is suppressed, but
calcium absorption is substantially increased. Moreover, al-
though the changes in blood or colon lumen concentrations of
ionized calcium and magnesium are monitored by the same
mechanism—the calcium-sensing receptor—the potency of ion-
ized magnesium in binding to the receptor is only one-half to
one-third that of calcium (43). Therefore, once the calcium con-
centration is high, magnesium absorption could be significantly
depressed. Moreover, it is a well-known paradoxical phenome-
non that a very low or a very high concentration of ionized
magnesium may inhibit parathyroid hormone secretion and, in
turn, reduce the concentration of the bioactive metabolite of
vitamin D (43, 44), which suggests that magnesium deficiency
may subsequently cause calcium deficiency. Accordingly, when
the Ca:Mg intake is high and the vitamin D intake is low, ab-
sorption of both calcium and magnesium could be suppressed
simultaneously.

Many in vitro and in vivo studies found that, in addition to
magnesium’s potential interaction with calcium in the absorption

TABLE 5
Odds ratios (and 95% CIs) for hyperplastic polyps by tertile (T) of daily magnesium and calcium intakes in all subjects (the Tennessee Colorectal Polyp
Study, 2003–2005)

Intake tertile

P for trendT1 (Low) T2 T3

Total magnesium intake
All subjects (n) 91/4301 59/429 59/440

Model 12 1.00 (reference)3 0.65 (0.46, 0.93)4 0.64 (0.45, 0.91) 0.01
Model 25 1.00 (reference) 0.73 (0.48, 1.10) 0.60 (0.34, 1.06) 0.07
Model 36 1.00 (reference) 0.75 (0.48, 1.16) 0.64 (0.34, 1.21) 0.15

Total calcium intake
All subjects (n) 86/428 66/427 56/439

Model 12 1.00 (reference) 0.77 (0.55, 1.09) 0.64 (0.45, 0.92) 0.01
Model 25 1.00 (reference) 0.85 (0.57, 1.28) 0.94 (0.57, 1.53) 0.76
Model 26 1.00 (reference) 0.89 (0.57, 1.38) 1.01 (0.57, 1.79) 0.98

1 Cases/controls (all such values).
2 Unconditional logistic regression models were used after adjustment for age.
3 Odds ratio (all such values).
4 Odds ratio; 95% CI in parentheses (all such values).
5 Additionally adjusted for educational achievement (categorical); race (white or other); sex; recruitment site; dietary intakes of total energy, saturated fat,

folate, vitamin E, retinol equivalent, zinc, vitamin B-6, fiber, and vitamin D; BMI (continuous); physical activity (yes or no); smoking status (former, current,
or never); and alcohol consumption status (former, current, or never).

6 Further adjusted for total intake of calcium or magnesium.

TABLE 6
Odds ratios for colorectal adenoma according to the Thr1482Ile
polymorphism in the TRPM7 gene among non-African American subjects,
stratified by calcium/magnesium intake ratio (the Tennessee Colorectal
Polyp Study, 2003–2005)

TRPM7 genotype
(Thr1482Ile) Cases/controls OR (95% CI)1 P

All subjects
GG 142/907 1.00
AG/AA 50/228 1.41 (0.99, 2.01)

AG 45/214 1.35 (0.94, 1.95)
AA 5/14 2.32 (0.82, 6.55)

P for trend 0.03
Calcium/magnesium

intake ratio 	 2.78
GG 85/438 1.00
AG/AA 27/126 1.12 (0.69, 1.81)

AG 26/114 1.19 (0.73, 1.94)
AA 1/12 0.44 (0.06, 3.44)

P for trend 0.87
Calcium/magnesium

intake ratio � 2.78
GG 57/469 1.00
AG/AA 23/102 1.85 (1.09, 3.14)

AG 19/100 1.56 (0.89, 2.74)
AA 4/2 16.14 (2.89, 90.24)

P for trend �0.01
P for interaction 0.082

1 Unconditional logistic regression models were used after adjustment
for age.

2 The Thr1482Ile genotype 
 ratio of calcium to magnesium intake
(continuous) interaction.
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and concentration censoring system, a high concentration of
magnesium will inhibit and a deficiency of magnesium will po-
tentiate the action of calcium in many physiologic processes (17).
An imbalance of the Ca:Mg intake may also lead to irregularities
in many biological activities, such as inflammation, DNA repair,
cell proliferation, differentiation, angiogenesis and apoptosis,
insulin resistance, and carcinogenesis (22, 45). Few in vitro and
in vivo studies have evaluated the role of magnesium in carci-
nogenesis, and the results are inconsistent (45, 46). The Ca:Mg
intake was not considered in any of these animal studies.

TRPM7 was found to form a functional ion channel complex
with TRPM6, contributing essentially to epithelial magnesium
(re)absorption (47). Mutations in the TRPM6 gene were linked to
primary hypomagnesemia and secondary hypocalcemia that was
due to defects in magnesium absorption (48). Furthermore,
TRPM7 deficiency in cells leads to Mg2� deficiency, whereas
cellular viability and proliferation can be rescued by extracellular
Mg2� but cannot be rescued by Ca2� (23). However, in zebra
fish, a developmental defect caused by a mutation in the TRPM7
gene was partially rescued not only by Mg2�, but also by Ca2�

(48), which suggests that TRPM7 may also be involved in reg-
ulating the balance of Mg2� and Ca2�. In vitro studies found that
heterologously expressed Thr1482Ile leads to an elevated sensi-
tivity to inhibition by intracellular Mg2� (24), which suggests
that (re)absorption of magnesium is more subject to inhibition
among subjects with the Ile allele. In the present study, we found
that the Thr1482Ile polymorphism significantly interacts with
Ca:Mg intake, whereas the associations of magnesium and cal-
cium intakes with the risk of adenoma may differ in persons with
�1 1482Ile allele. These findings are biologically plausible and
consistent with previous studies, which suggests that TRPM7 not
only possesses a higher affinity for Mg2� than Ca2� (18) but also
is involved in magnesium and calcium balance. Moreover, these
findings also indicate that, in addition to magnesium or calcium
alone, the Ca:Mg intake could provide additional indications for
magnesium or calcium status in the body.

The present study has several strengths. Unlike sigmoidoscopy-
based studies, the present study included only controls who un-
derwent a full colonoscopy, and, thus, potential contamination of
cases in the control group is not a major concern. Moreover,
virtually all participants provided a DNA sample. However, the
present study also has several limitations. As with all case-
control studies, differential recall bias may exist. Yet most par-
ticipants were recruited before the colonoscopy, and only a few
cases were identified as having a malignant lesion; thus, nondif-
ferential recall bias may be minimized. Selection bias is another
concern for this case-control study. We have found, however,
that age, sex, and the reason for the colonoscopy do not differ
between persons who consented and those who did not consent to
participate in the study. Furthermore, most participants are re-
cruited before the colonoscopy that defines their case or control
status, and, thus, controls are not any less likely to participate
than cases. In our study, 55% of all cases underwent colonoscopy
as a true screening measure with no indication for the examina-
tion other than age. We have conducted analyses of these subjects
only and found results that do not differ significantly. Despite
this, cautious interpretation of our results is warranted, particu-
larly regarding generalization of our findings. We have used the
most common calcium or magnesium ingredients in the calcium
and multivitamin supplements to calculate the total intakes of
calcium and magnesium. The magnesium content of drinking

water could not be included in the calculation of magnesium
intake. This may lead to nondifferential misclassification of cal-
cium and magnesium intakes, which usually biases associations
toward the null. We have adjusted for many potential confound-
ing factors, but that may not eliminate the possibility that other
residual confounding factors, or a related dietary pattern, could
explain our results. However, that is unlikely, because, in the
present study, the association of magnesium and gene-nutrient
interactions was found consistently in both adenomatous and
hyperplastic-only cases. Moreover, the association between the
functional polymorphism, Thr1482Ile, and the risk of polyps
may mimic the link between a low intake of magnesium, a high
Ca:Mg intake, or both and polyps. In addition, the association
with the polymorphism is not susceptible to confounding accord-
ing to the Mendelian randomization theory (49), and analyses
using genotyping data were conducted among non-African
American subjects only. Of those included in the analyses, 97.4%
are white, and Wacholder et al (50) showed that population
stratification is not likely to be a serious problem in the white
population.

Future studies, including intervention trials, are necessary to
confirm our findings. These results, if confirmed, may provide a
new avenue for the prevention of magnesium deficiency and,
thus, colorectal cancer, particularly in Western populations with
a high Ca:Mg intake.
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GSTT1 genotype modifies the association between cruciferous
vegetable intake and the risk of myocardial infarction1–3

Marilyn C Cornelis, Ahmed El-Sohemy, and Hannia Campos

ABSTRACT
Background: Cruciferous vegetables are a major dietary source of
isothiocyanates that may protect against coronary heart disease. Iso-
thiocyanates induce glutathione S-transferases (GSTs), polymor-
phic genes that code for enzymes that conjugate isothiocyanates, as
well as mutagens and reactive oxygen species, to make them more
readily excretable.
Objective: The objective of the study was to determine whether
GST genotypes modify the association between cruciferous vegeta-
ble intake and the risk of myocardial infarction (MI).
Design: Cases (n � 2042) with a first acute nonfatal MI and
population-based controls (n � 2042) living in Costa Rica, who were
matched for age, sex, and area of residence, were genotyped for a
deletion polymorphism in GSTM1 and GSTT1 and an Ile105Val
substitution in GSTP1. Cruciferous vegetable intake and smoking
status were determined by questionnaire. Odds ratios (ORs) and 95%
CIs for MI were estimated by unconditional logistic regression.
Results: Compared with the lowest tertile of cruciferous vegetable
intake, the highest tertile was associated with a lower risk of MI
among persons with the functional GSTT1*1 allele (OR: 0.70; 95%
CI: 0.58, 0.84) but not among those with the GSTT1*0*0 genotype
(OR: 1.23; 95% CI: 0.83, 1.82) (P � 0.006 for interaction). This
protective effect among those with the GSTT1*1 allele was greater
for current smokers (OR: 0.54; 95% CI: 0.36, 0.79) than for non-
smokers. GSTP1 and GSTM1 did not modify the association be-
tween cruciferous vegetable intake and MI.
Conclusions: Consumption of cruciferous vegetables was associ-
ated with a lower risk of MI among those with a functional GSTT1*1
allele, which suggests that compounds that are detoxified by this
enzyme contribute to the risk of MI. Am J Clin Nutr 2007;86:
752–8.

KEY WORDS Cruciferous vegetables, isothiocyanate, gluta-
thione S-transferase, genotype, myocardial infarction

INTRODUCTION

Atherosclerosis is a major cause of myocardial infarction
(MI), one of the leading causes of cardiovascular deaths in the
world (1). The American Heart Association recommends �5
servings of fruit and vegetables/d to reduce the risk of chronic
diseases such as coronary heart disease (CHD) (2). Because fruit
and vegetables represent a large group of foods with varied nu-
trient and nonnutrient profiles, it is unclear which components of
this food group provide protection against CHD. Isothiocyanates
are a group of naturally occurring compounds that occur as glu-
cosinolates in cruciferous vegetables, primarily those of the

Brassica genus. Isothiocyanates may have beneficial effects on
the cardiovascular system, such as inducing detoxifying en-
zymes and reducing oxidative stress (3–6). Two studies have
reported an inverse association between cruciferous vegetable
consumption and serum homocysteine concentrations (7, 8), a
risk factor for CHD.

Isothiocyanates are rapidly conjugated by glutathione
S-transferases (GSTs) and excreted in the urine (9, 10). GSTs are
a super-family of xenobiotic-metabolizing enzymes that gener-
ally “detoxify” reactive metabolites to more water-soluble and
readily excretable forms (11). These enzymes are expressed in
several tissues, including the heart and blood vessels (12, 13).
GSTs are grouped into several distinct classes with partially
overlapping substrate specificities. GSTM1, GSTT1, and
GSTP1 are isoforms of the mu, theta, and pi class, respectively.
Homozygosity for a common deletion of the GSTM1 gene
(GSTM1*0) results in a lack of GSTM1 activity (14). GSTT1 has
2 alleles, denoted GSTT1*0 for the nonfunctional allele and
GSTT1*1 for the functional allele (15). An A3G polymorphism
at nucleotide 313 of GSTP1 results in an amino acid substitution
(Ile105Val) in the substrate-binding site of the enzyme. The
substitution of the less bulky and more hydrophobic valine re-
sults in a substrate-dependent alteration in the catalytic activity of
GSTP1 (16, 17). GSTM1 and GSTP1 have been shown to effi-
ciently conjugate various isothiocyanates (9, 18, 19), but less is
known about the conjugating capacity or efficiency of the
GSTT1 isoform (10, 20).

Despite the evidence suggesting a beneficial effect of crucif-
erous vegetables or isothiocyanates on the cardiovascular system
(3–8), only 2 studies have examined the association between
cruciferous vegetable intake and the risk of CHD (21, 22).
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Neither study found an association between cruciferous vegeta-
bles and the risk of CHD. However, an association between
isothiocyanates and CHD may have been masked by genetic
differences affecting the biotransformation of bioactive com-
pounds such as isothiocyanates. Persons with a GST genotype
corresponding to low activity may benefit from the protective
effects of isothiocyanates more than would persons with a
higher-activity genotype, because these compounds would have
a slower rate of biotransformation and subsequent excretion.
Alternatively, persons with a functional GST gene may benefit
more, because the ability of cruciferous vegetables to induce
detoxifying enzymes could facilitate the biotransformation and
excretion of harmful substrates such as those found in tobacco
smoke. The purpose of the present study was to determine
whether GST genotypes modify the association between crucif-
erous vegetable intake and the risk of MI.

SUBJECTS AND METHODS

Study design and participants

The catchment area for this study comprised 7071 km2 (2) and
2 057 000 persons living in Costa Rica who self-report as being
Hispanic (23). This area included 36 counties in the Central
Valley of Costa Rica; the population has a full range of socio-
economic levels and urban, peri-urban, and rural lifestyles. Med-
ical services in this area were covered by 6 large hospitals, which
are part of the National Social Security System. Eligible cases
were men and women who were survivors of a first acute MI as
diagnosed by a cardiologist at any of the 6 recruiting hospitals in
the catchment area between 1994 and 2004. To achieve 100%
ascertainment of cases, the hospitals were visited daily by the
study fieldworkers. All cases were confirmed by 2 independent
cardiologists according to the World Health Organization crite-
ria for MI, which require typical symptoms plus either an eleva-
tion in cardiac enzyme concentrations or a diagnostic change on
electrocardiogram (24). Enrollment was carried out while cases
were in their hospital’s step-down unit. Cases were ineligible if
they died during hospitalization, were �75 y old on the day of
their first MI, were physically or mentally unable to answer the
questionnaire, or had a previous hospital admission related to
cardiovascular disease.

One control for each case, matched for age (� 5 y), sex, and
area of residence (county), was randomly selected by using in-
formation available at the National Census and Statistics Bureau
of Costa Rica. Eligible controls were identified within 1 wk of the
case selection. On average, complete data collection took 27 d for
cases and 31 d for controls. Because of the comprehensive social
services provided in Costa Rica, all persons living in the catch-
ment areas had access to medical care without regard for income.
Therefore, controls came from the same source population that
gave rise to the cases and are not likely to have had cardiovascular
disease that went undiagnosed because of poor access to medical
care. Controls were ineligible if they were physically or mentally
unable to answer the questionnaires or if they had a previous
hospital admission related to cardiovascular disease.

The participation rate for eligible cases and controls was 98%
and 88%, respectively. Information on diet was collected, the
medical history and anthropometric measurements were col-
lected, and biological specimens were obtained at the subjects’
homes.

All cases and controls gave written informed consent. The
study was approved by the Ethics Committees of the Harvard
School of Public Health and the University of Costa Rica, the
Office of Protection from Research Risk at the National Institutes
of Health, and the Ethics Review Committee at the University of
Toronto.

All data were collected by trained fieldworkers during an
interview using 2 questionnaires consisting of closed-ended
questions regarding smoking, sociodemographic characteristics,
socioeconomic status, physical activity, diet, and medical his-
tory, including any use of medication and personal history of
diabetes and hypertension. For cases, all data collected repre-
sented the year preceding their MI. Dietary intake was collected
by using a 135-item semiquantitative food-frequency question-
naire (FFQ) specifically developed and validated to assess di-
etary intake during the previous year in the Costa Rican popula-
tion (25). Intakes of nutrients were calculated by using the US
Department of Agriculture food composition data file. A com-
monly used unit or portion size (eg, 1/2 cup broccoli) was spec-
ified for each food item, and subjects were asked to choose 1 of
9 categories of intake: never or �1 serving/mo, 1–3 servings/mo,
1 serving/wk, 2–4 servings/wk, 5–6 servings/wk, 1 serving/d,
2–3 servings/d, 4–5 servings/d, or �6 servings/d. Cruciferous
vegetable intake was defined as the sum of broccoli, cauliflower,
kale, and cabbage intakes and was recalculated relative to 1
serving/d.

Genotyping

Blood samples were collected in the morning at the subject’s
home after an overnight fast and were centrifuged (1430 � g, 4
min, 20 °C) to separate the plasma and leukocytes for DNA
isolation by standard procedures. GSTM1, GSTT1, and GSTP1
genotypes were assayed without knowledge of case or control
status by using a previously described multiplex polymerase
chain reaction (PCR)–restriction fragment length polymorphism
(RFLP) method that simultaneously detects the polymorphisms
of all 3 genes in a single reaction (26). Approximately 1 ng DNA
was amplified by thermal cycling with the use of the HotStar
DNA polymerase kit (Qiagen, Mississauga, Canada) with PCR
buffer containing 1.5 mmol MgCl2/L, 0.2 mmol of each dNTP/L,
0.5 U Taq, and 8 pmol of each primer set. GSTM1 primers
included forward 5�-CTGCCCTACTTGATTGATC-3� and re-
verse 5�-CTGGATTGTAGCAGATCATGC-3�. GSTT1 primers
included forward 5�-TTCCTTACTGGTCCTCACATCTC-3�
and reverse 5�-TCACCGGATCATGGCCAGCA-3�. GSTP1
primers included forward 5�-TCCTTCCACGCACATC
CTCT-3� and reverse 5�-AGCCCCTTTCTTTGTTCAGC-3�
(26, 27). All primers were synthesized by ACGT (Toronto,
Canada).

After an initial denaturation at 95 °C for 15 min, amplification
was achieved by using a touchdown PCR protocol with 20 cycles
of denaturation at 94 °C for 30 s, at 68–48 °C for 30 s (with a
reduction of 1 °C in each cycle), and at 72 °C for 30 s, which were
followed by 20 cycles with the annealing temperature set at 51 °C
and a final extension at 72 °C for 10 min. After overnight restric-
tion enzyme digestion with 2 U Alw261, PCR products were
resolved by 2% agarose gel electrophoresis and stained with
ethidium bromide. Bands were visualized by using an ultraviolet
imaging system (FluorChem; Alpha Innotech Corp, San Lean-
dro, CA). GSTM1 and GSTT1 genotypes were determined by the
presence or absence of a 275-bp (195 � 80 after digestion) or
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480-bp band, respectively. Because the GSTM1 fragment con-
tains a nonpolymorphic Alw26I restriction site, the 275-bp band
that is amplified is digested into 195-bp and 80-bp fragments in
all samples, providing a positive control for complete digestion.
The 294-bp band represents GSTP1, and the Ile105Val (A3G
substitution) polymorphism in this gene introduces an Alw26I
restriction site that produces 234-bp and 60-bp bands after di-
gestion. Amplification of GSTP1 also serves as an internal con-
trol for the PCRs that have both the homozygous GSTM1*0 and
GSTT1*0 genotypes. The GSTP1 genotype distribution among
controls was in Hardy-Weinberg equilibrium (P � 0.94). Devi-
ations from Hardy-Weinberg equilibrium were not tested for
distributions of GSTM1 and GSTT1 genotypes because the PCR
assay does not discriminate heterozygotes from homozygotes for
the functional allele. However, frequencies for the GSTM1*0/*0
and GSTT1*0/*0 genotypes were similar to frequencies previ-
ously reported in other populations (28–31).

Statistical analysis

All data were analyzed by using SAS software (version 8.2;
SAS Institute, Cary, NC). DNA was available from 4369 subjects
(2113 cases and 2256 controls). A total of 285 subjects were
excluded because they had missing data on confounders (31
cases and 29 controls), they could not be genotyped (39 cases and
47 controls), or they became unmatched because of missing data
(1 case and 138 controls); these exclusions left 2042 matched
case-control pairs for the final analysis. Dietary variables were
adjusted for total energy as described elsewhere (25, 32). Be-
cause of the matched design, significant differences in the dis-
tribution of categorical variables between cases and controls
were tested by using McNemar’s test, and significant differences
in the distribution of continuous variables were tested by using
either a paired t test or Wilcoxon’s signed-rank test. Subjects
were categorized into low, medium, and high cruciferous vege-
table intake categories according to energy-adjusted tertiles of
cruciferous vegetable intake created on the basis of the distribu-
tion of intake among control subjects. Chi-square tests for cate-
gorical variables and analysis of variance (ANOVA) for contin-
uous variables were used to determine significant differences
across tertiles of cruciferous vegetable intake among controls.

Categorical and continuous nondietary and energy-adjusted
dietary variables were assessed for potential confounding by
measuring their effect on the model variable estimates by using
the likelihood ratio test. These variables included smoking status
(never, past, 1–9 cigarettes/d, or �10 cigarettes/d), alcohol con-
sumption (never, past, or current by tertiles of intake), coffee
consumption (�1 cup/d, 1 cup/d, 2–3 cups/d, or �4 cups/d),
history of diabetes (yes or no), history of hypertension (yes or
no), and quintiles of the continuous variables waist-to-hip ratio,
physical activity, income, and energy-adjusted intakes of satu-
rated fat, trans fat, polyunsaturated fat, cholesterol, protein and
folate. Odds ratios (ORs) and Wald 95% CIs were estimated by
using conditional logistic regression to determine the effect of
cruciferous vegetable intake and GST genotype on the risk of MI.
Genotypes and tertiles of intake were modeled by using indicator
variables in logistic models, with the wild-type of each gene or
the lowest tertile of intake as the reference. Tests of linear trend
across increasing tertiles of cruciferous vegetable intakes were
conducted by assigning the medians of intakes in tertiles (serv-
ings/d) as a continuous variable. Confounders included in the
final models were smoking, alcohol, history of diabetes, history

of hypertension, waist-to-hip ratio, physical activity, income,
and folate and saturated fat intakes. We evaluated potential gene-
diet interactions by determining the relation between tertiles of
cruciferous vegetable intake and the risk of MI for each genotype
with the use of conditional and unconditional logistic regression
(with matching variables in the model) and by comparing �2 log
(likelihood) ratios from a model with cruciferous vegetable in-
takes and gene main effects only with those from another model
that included their interaction term. Because results for condi-
tional and unconditional analyses were similar, we report only
the data from unconditional analyses to maximize the number of
subjects. All statistical analyses were 2-sided, and P values �
0.05 were considered significant.

RESULTS

Demographic and risk factor characteristics of subjects based
on case-control status and data on cruciferous vegetable intake
among controls are presented in Table 1. Median cruciferous
vegetable intakes for the first (low), second (medium), and third
(high) tertiles were 0.08, 0.43, and 0.86 servings/d, respectively.
Only high consumption of cruciferous vegetables was associated
with a significant reduction in risk of MI. Compared with low
cruciferous vegetable intake, the OR (95% CI) of MI associated
with medium and high intakes was 0.92 (0.79,1.06) and 0.69
(0.59,0.80), respectively (P � 0.001 for trend). Corresponding
multivariate-adjusted ORs (95% CI) were 1.05 (0.88, 1.25) and
0.83 (0.69,0.99) (P � 0.04 for trend).

The GSTM1*0/*0 genotype occurred in 48% of cases and 51%
of controls, and the GSTT1*0/*0 genotype occurred in 19% of
cases and 20% of controls. The frequency of the GSTP1 Val
allele was 40% for both cases and controls. Compared with the
GSTM1*1 allele, the multivariate adjusted OR (95% CI) of MI
associated with the GSTM1*0/*0 genotype was 0.86 (0.74, 0.99).
Compared with the GSTT1*1 allele, the adjusted OR (95% CI) of
MI associated with the GSTT1*0/*0 genotype was 0.99 (0.83,
1.18; NS). Compared with persons with the GSTP1 Ile/Ile ge-
notype, the adjusted OR (95% CI) of MI was 0.99 (0.85, 1.15;
NS) for those with the Ile/Val genotype and 0.96 (0.77, 1.18; NS)
for those with the Val/Val genotype (P � 0.89 for trend). Similar
results were obtained when nonsmokers and current smokers
were examined separately (data not shown). The effect of com-
bined genotypes was also examined, but no significant gene �
gene interactions were observed (data not shown).

When the association between cruciferous vegetable intake
and MI was evaluated by GSTM1, GSTT1, or GSTP1 genotypes
(Table 2), a significant GSTT1 � diet interaction was observed.
Compared with the lowest level of cruciferous vegetable intake,
the adjusted OR (95% CI) for the highest level of intake was 0.70
(0.58, 0.84) in persons with the GSTT1*1 allele and 1.23 (0.83,
1.82; NS) in persons with the GSTT1*0/*0 genotype. No signif-
icant interaction between cruciferous vegetable intake and
GSTM1 or GSTP1 genotype was observed.

In addition to being substrates of GSTs, isothiocyanates are
inducers of these enzymes, which enhance the biotransformation
and subsequent elimination of mutagens (3). Therefore, we ex-
amined whether GST genotypes modify the risk of MI associated
with cruciferous vegetable intake separately for nonsmokers and
current smokers (Table 3). The protective effect of cruciferous
vegetables was greater among current smokers who had the
GSTT1*1 allele (OR: 0.54; 95% CI: 0.36, 0.79) than among
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nonsmokers who had this allele (OR: 0.78; 95% CI: 0.63, 0.98;
P � 0.008 for GSTT1 � diet � smoking interaction). Regardless
of smoking status, no significant interactions were observed be-
tween GSTM1 or GSTP1 genotype and the risk of MI (data not
shown). Similar results were observed when data were analyzed
separately for men and women (data not shown).

DISCUSSION

Cruciferous vegetables are a rich source of dietary glucosino-
lates, which are hydrolyzed to biologically active compounds
including isothiocyanates. Despite evidence suggesting a pro-
tective effect of these compounds on the cardiovascular system
(3–6), only 2 studies have examined the association between
cruciferous vegetable intake and risk of CHD (21, 22), and nei-
ther of those studies found an association. To our knowledge, the
present study is the first to examine the association between
cruciferous vegetable intake and the risk of MI. Isothiocyanates
derived from glucosinolates present in cruciferous vegetables
induce GSTs and other enzymes to enhance detoxifying capacity
(3–6). After consumption, isothiocyanates are conjugated by
GSTs and eliminated. The effect of cruciferous vegetables on
CHD may, therefore, be modified by GST genotype.

Because of the biological interaction between GST and iso-
thiocyanates, persons with a functional GSTM1 or GSTT1 allele
may benefit more from the detoxifying enzyme–inducing prop-
erties of cruciferous vegetables than may persons who lack these
alleles. Alternatively, persons with a GST genotype correspond-
ing to low activity may benefit from the protective effects of
isothiocyanates more than may those with a higher activity ge-
notype because these compounds could remain in the body
longer as a result of a slower rate of biotransformation and sub-
sequent excretion. Our results show a protective effect of cruci-
ferous vegetables only among those with the functional
GSTT1*1 allele, which is consistent with the former hypothesis.
As a result of cruciferous vegetables inducing the functional
GSTT1*1 allele, GSTT1*1 carriers may be more protected
against oxidative stress or DNA damage. There is growing evi-
dence that reactive oxygen species and DNA damage caused by
mutagens present in the environment or diet play a role in the
development of CHD (33, 34). Thus, the importance of GSTT1 in
detoxifying mutagenic compounds may be more important than
its role in eliminating beneficial compounds such as isothiocya-
nates. The more pronounced protective effect of cruciferous veg-
etables that we observed among current smokers is consistent

TABLE 1
Demographic and risk factor characteristics by case or control status and cruciferous vegetable intake among controls1

Characteristic
Cases

(n � 2042)
Controls

(n � 2042)

Cruciferous vegetable intake (servings/d, median)

P2
Low

(0.08)
Medium
(0.43)

High
(0.86)

Age (y)3 58.4 � 11.14 58.1 � 11.3 58.7 � 11.6 56.8 � 11.6 58.8 � 10.7 �0.001
Male (%)3 74 74 80 77 65 �0.001
Urban residence (%)3 74 74 71 74 76
Secondary education or higher (%) 36 405 33 45 43 �0.001
Household income (US $/mo) 499 � 389 572 � 4265 497 � 378 589 � 413 625 � 470 �0.001
Waist-to-hip ratio 0.97 � 0.07 0.95 � 0.075 0.96 � 0.07 0.95 � 0.07 0.95 � 0.07 0.003
Physical activity (METS) 1.51 � 0.70 1.56 � 0.695 1.61 � 0.75 1.56 � 0.67 1.50 � 0.63 0.008
History of hypertension (%) 39 305 29 26 34 0.002
History of diabetes (%) 24 145 14 11 15
Current smokers (%)6 40 215 24 23 17 �0.001
Current alcohol drinker (%) 49 535 51 56 51
Total energy (kcal) 2710 � 948 2453 � 7615 2641 � 930 2565 � 692 2161 � 516 �0.001
Carbohydrate (% of energy) 54.3 � 7.6 55.4 � 7.35 55.7 � 7.7 55.0 � 7.0 55.6 � 7.2
Protein (% of energy) 13.2 � 2.2 12.9 � 2.15 12.7 � 2.2 12.9 � 1.9 13.2 � 2.2 �0.001
Fat (% of energy) 32.4 � 5.9 31.9 � 5.85 31.6 � 6.2 32.2 � 5.6 31.7 � 5.7
Saturated fat (% of energy) 12.5 � 3.2 11.7 � 2.95 12.0 � 3.2 11.8 � 2.8 11.2 � 2.7 �0.001
Polyunsaturated fat (% of energy) 6.9 � 2.3 7.1 � 2.35 6.7 � 2.5 7.3 � 2.3 7.3 � 2.2 �0.001
Monounsaturated fat (% of energy) 11.2 � 3.5 11.2 � 4.0 11.0 � 4.0 11.3 � 3.9 11.3 � 4.2
trans Fat (% of energy) 1.3 � 0.6 1.3 � 0.6 1.3 � 6.4 1.3 � 0.6 1.3 � 0.6
Cholesterol (mg/1000 kcal) 126.8 � 58.3 117.4 � 51.85 121.9 � 59.5 117.2 � 46.7 113.4 � 48.0 0.01
Sucrose (g/d) 80.1 � 50.7 75.2 � 43.35 83.4 � 53.3 77.9 � 39.5 64.7 � 32.7 �0.001
Fiber (g/1000 kcal) 9.5 � 2.4 10.0 � 2.55 9.5 � 2.4 9.7 � 2.4 10.7 � 2.4 �0.001
Folate (�g/1000 kcal) 169.2 � 46.1 174.7 � 46.35 168.3 � 48.0 171.3 � 44.1 184.2 � 45.2 �0.001
GSTM1*0/*0 (%) 48 51 50 52 51
GSTT1*0/*0 (%) 19 20 22 19 19
GSTP1 Val (%) 40 40 38 40 40 0.02

1 METS, metabolic equivalent tasks.
2 ANOVA for continuous variables and chi-square test for categorical variables.
3 Matching variable.
4 x� � SD (all such values).
5 Significantly different from cases (P � 0.05), based on McNemar’s test for categorical variables and paired t tests or Wilcoxon signed-ranked tests for

continuous variables.
6 �1 Cigarette/d.
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with this hypothesis. It is possible that GSTT1 is not the major
GST isoform responsible for the biotransformation of the iso-
thiocyanates present in the cruciferous vegetables commonly
eaten in this population. Cruciferous vegetables differ in their
composition of glucosinolates (35), which could explain the in-
consistency of the effect of GSTT1 genotype on human isothio-
cyanate metabolism (10, 20). Seow et al (20) reported that per-
sons with the GSTT1*0/*0 genotype excrete isothiocyanates
more slowly than do those with the GSTT1*1 allele, whereas no
differences were observed between GSTM1 and GSTP1 geno-
types. However, Fowke et al (10) examined the same GST iso-
forms and found a positive association between cruciferous veg-
etable intake and urinary isothiocyanate excretion only among
persons with the GSTP1 Ile/Ile genotype.

In our population, the frequency of the GSTT1*1 allele is 80%.
Because the prevalence of this allele has been reported to vary
between 36% and 90% (31), future studies examining the asso-
ciation between cruciferous vegetables and risk of CHD should

account for genetic differences in GSTT1. A positive association
between cruciferous vegetables and risk of CHD may be more
evident in populations in whom the GSTT1*1 allele is more
common. The significant GSTT1 � diet interaction observed in
the current study is not likely to be due to residual confounding.
Although variables not accounted for may potentially con-
found the main effect of cruciferous vegetable consumption
on risk of MI, that would not explain the significant protective
effect observed in one genotype but not in the other, because
a potential confounder is unlikely to be differentially distrib-
uted by genotype.

Several studies have examined the effect of GSTT1 genotype
on risk of CHD, but the findings have been equivocal (29, 30, 36,
37). None of these studies, however, included data on cruciferous
vegetable intake, and substantial differences in the average con-
sumption of these vegetables exist between countries. For exam-
ple, Chinese Singaporeans consume 	1 serving of cruciferous

TABLE 2
Cruciferous vegetable intake and risk of myocardial infarction by GST genotype

Cruciferous vegetable intake Cases Controls Model 11 Model 22

n (%)
GSTM1

*1/*1 *1/*0
Low 378 (36) 340 (34) 1.003 1.004

Medium 373 (35) 324 (32) 1.03 (0.84, 1.28) 1.06 (0.84, 1.32)
High 303 (29) 343 (34) 0.78 (0.63, 0.97) 0.83 (0.65, 1.05)

*0/*0
Low 393 (40) 334 (32) 1.00 1.00
Medium 341 (34) 350 (34) 0.83 (0.67, 1.02) 0.92 (0.73, 1.15)
High 254 (26) 351 (34) 0.61 (0.49, 0.76) 0.75 (0.59, 0.95)

GSTT1
*1/*1 *1/*0

Low 639 (39) 527 (32) 1.00 1.005

Medium 582 (35) 549 (34) 0.88 (0.74, 1.03) 0.94 (0.79, 1.12)
High 428 (26) 560 (34) 0.63 (0.52, 0.74) 0.70 (0.58, 0.84)
P for trend �0.001 0.10

*0/*0
Low 132 (34) 147 (36) 1.00 1.00
Medium 132 (34) 125 (31) 1.16 (0.82, 1.63) 1.23 (0.84, 1.80)
High 129 (32) 134 (33) 1.05 (0.74, 1.48) 1.23 (0.83, 1.82)
P for trend 0.81 0.02

GSTP1
Ile/Ile

Low 290 (39) 260 (35) 1.00 1.006

Medium 260 (35) 255 (34) 0.92 (0.72, 1.17) 1.01 (0.78, 1.31)
High 194 (26) 230 (31) 0.77 (0.60, 1.00) 0.84 (0.64, 1.11)

Ile/Val
Low 362 (37) 311 (32) 1.00 1.00
Medium 351 (35) 304 (31) 0.99 (0.80, 1.23) 1.06 (0.84, 1.34)
High 280 (28) 370 (37) 0.63 (0.50, 0.78) 0.72 (0.57, 0.92)

Val/Val
Low 119 (39) 103 (33) 1.00 1.00
Medium 103 (34) 115 (37) 0.77 (0.53, 1.12) 0.80 (0.52, 1.23)
High 83 (27) 94 (30) 0.71 (0.47, 1.07) 0.81 (0.51, 1.29)

1 Results from unconditional logistic regression that included matching variables (age, sex, and area of residence).
2 Model 1 plus adjustments for smoking, waist-to-hip ratio, income, physical activity, history of diabetes and hypertension, intake of alcohol, and

energy-adjusted saturated fat and folate.
3 OR; 95% CIs in parentheses (all such values).
4 GSTM1 � diet interaction, P � 0.59.
5 GSTT1 � diet interaction, P � 0.006.
6 GSTP1 � diet interaction, P � 0.88.
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vegetables/d, which is 
3 times the average intake of 2 serv-
ings/wk in the United States (20, 38). Differences in cruciferous
vegetable intake may explain some of the inconsistencies among
studies examining GSTT1 genotype and risk of CHD.

The lower risk of MI that we observed with the GSTM1*0/*0
genotype is consistent with 2 previous studies that examined the
association between this gene and the risk of MI (30, 36) and with
a study reporting a higher proportion of control subjects with a
low-activity GSTM1 phenotype than of patients with atheroscle-
rosis (39). Because no GSTM1 � diet interaction was observed
in the present study, the role of GSTM1 in isothiocyanate metab-
olism is unlikely to explain the protective effects of the
GSTM1*0/*0 genotype. Furthermore, the role of GSTM1 ap-
pears to be unrelated to mutagen detoxification, because we
would have expected the GSTM1*0/*0 genotype to be associated
with a greater risk among smokers than among nonsmokers.
Thus, the lower risk of MI associated with the GSTM1*0/*0
genotype suggests that beneficial compounds—other than iso-
thiocyanates that are metabolized by GSTM1—may protect
against MI. In contrast to reports of a protective effect of the
GSTM1*0/*0 genotype on risk of MI, other studies have reported
either no effect (40) or a greater risk (29, 37) associated with this
genotype. Inconsistencies among these studies may be related to
the dual role of GSTM1 in eliminating both harmful mutagens
from the environment and potentially beneficial compounds
found in the diet.

In summary, consumption of cruciferous vegetables was as-
sociated with a lower risk of MI only among those with a func-
tional GSTT1*1 allele. These results suggest that cruciferous
vegetable intake may protect against MI through the ability of
those vegetables to induce detoxifying enzymes. The protective
effect of the GSTM1*0/*0 genotype observed in the present study
merits further investigation.
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Fatty acid desaturase regulation in adipose tissue by dietary
composition is independent of weight loss and is correlated with the
plasma triacylglycerol response1�3

Lara M Mangravite, Kevin Dawson, Ryan R Davis, Jeffrey P Gregg, and Ronald M Krauss

ABSTRACT
Background: Atherogenic dyslipidemia associated with elevated
plasma triacylglycerol concentrations and reduced HDL is improved
by both caloric restriction and reduced carbohydrate consumption.
Objective: We aimed to identify the molecular pathways responsive
to both caloric restriction and dietary composition within adipose
tissue by monitoring transcriptional expression.
Design: Subcutaneous adipose tissue biopsy specimens were ob-
tained from 131 moderately overweight men [body mass index (in
kg/m2): 29.2 � 2.0] after 1 wk of a basal diet [54%, 16%, and 30%
carbohydrate,protein, andfat, respectively;7%saturated fat), after3wk
with 1 of 4 randomized diets [basal diet; moderate-carbohydrate (39%)
diet; low-carbohydrate (26%) and low-saturated-fat (9%) diet; low-
carbohydrate (26%) and high-saturated-fat (15%) diet], after 5 wk of
acute weight loss with a randomized diet (�1103.0 � 216.5 kcal/d,
which resulted in a loss of 10.0 � 3.3 lb, or 4.5 � 1.5 kg), and after 4 wk
of being stabilized at a reduced weight. Transcriptional response was
identified by using expression array analysis and was confirmed by
using real-time polymerase chain reaction analysis.
Results: Of the 1473 transcripts significantly decreased in expression
in response to acute weight loss, 30 were responsive to isocaloric alter-
ations in dietary composition, including stearoyl-coenzyme A desatu-
rase (SCD), fatty acid desaturases 1 and 2 (FADS1 and FADS2), and
diacylglycerol transferase 2 (DGAT2). Response was confirmed by
real-time polymerase chain reaction analysis for these genes (P �
0.003). SCD expression in response to isocaloric dietary change was
most stronglycorrelatedwithcarbohydrate intake(P�0.019)and,with
the low-carbohydrate diet, SCD expression was inversely correlated
with saturated fat intake (P � 0.05). Triacylglycerol responses to
changes in dietary composition were independently correlated with
SCD (P � 0.003) and DGAT2 (P � 0.05) responses.
Conclusions: SCD expression in adipose tissue is independently
regulated by weight loss and by carbohydrate and saturated fat in-
takes. Moreover, SCD and DGAT2 expression may be involved in
dietary regulation of systemic triacylglycerol metabolism. Am J
Clin Nutr 2007;86:759–67.

KEY WORDS Gene expression, gene expression microarray,
gene transcription, adipose tissue, weight loss, dietary carbohydrate,
dietary saturated fat, fatty acid desaturases, triacylglycerol

INTRODUCTION

Excess adiposity contributes to an elevated risk of many dis-
orders, such as atherogenic dyslipidemia, which is a major risk

factor for cardiovascular disease (1, 2). Atherogenic dyslipide-
mia comprises an interrelated cluster of metabolic alterations,
most notably, an elevation in triacylglycerols, a decrease in HDL
cholesterol, and an increase in small, dense LDL particles (3, 4).

Whereas the primary nutritional intervention for achieving
weight reduction is a restriction in total energy intake, there has
been recent interest in the effects of diets restricted in carbohy-
drate intake (5–7). Such diets are reported to have the dual benefit
of promoting weight reduction, at least over the short term, and
improving lipid profiles (8, 9). Whereas a high carbohydrate
intake is known to increase plasma triacylglycerol concentra-
tions, in most studies, the effects on dyslipidemia of carbohydrate
restriction per se have not been separated from those of concom-
itant weight loss (10).

We recently showed that both isoenergetic carbohydrate re-
striction and diet-induced weight loss in the absence of carbo-
hydrate restriction separately improved the markers of athero-
genic dyslipidemia in moderately overweight but otherwise
healthy men (11). The effects of these interventions were equiv-
alent but nonadditive, which suggested that they acted through
shared pathways. Adipose tissue is the major site of storage for
excess systemic energy, in the form of triacylglycerols, and is the
major source of plasma nonesterified fatty acids used for hepatic
triacylglycerol synthesis and triacylglycerol-rich lipoprotein se-
cretion during times of fasting (12). Dysregulation of the lipo-
lytic and endocrine functions of adipose tissue is associated with
abnormal plasma lipid and lipoprotein markers, and inhibition of
lipolysis in adipose tissue by niacin is an established pharma-
ceutical approach for treating hyperlipidemia (13–15). The goal
of the present study was to use genome-wide expression array
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analysis in adipose tissue to identify shared mechanisms of ad-
aptation to weight loss and to isocaloric changes in dietary com-
position, including reduced carbohydrate intake that may be in-
volved in systemic metabolic response.

SUBJECTS AND METHODS

Study design and sample isolation

The study used a randomized, 4-arm design to examine the
effect on lipid markers of dietary composition under isocaloric
and hypocaloric conditions, as described previously (11). All
subjects consumed a basal diet (54%, 16%, and 30% carbohy-
drate, protein, and fat, respectively; 7%, 13%, and 8% saturated,
monounsaturated, and polyunsaturated fats, respectively) for 1
wk before being randomly assigned to 1 of 4 diets [basal diet;
moderate-carbohydrate (39%) diet [29% protein and 31% fat
(8% saturated fat and 13% monounsaturated fat)]; low-
carbohydrate (26%) and low-saturated-fat (9%) diet [29% pro-
tein and 46% fat (27% monounsaturated fat)]; low-carbohydrate
(26%) and high-saturated-fat (15%) diet [29% protein and 46%
fat (20% monounsaturated fat)] for the remainder of the study.
The diets were controlled for cholesterol (150 mg/1000 kcal),

trans fatty acids (�2% total energy), fiber (25 g/2000 kcal plus
2.5 g/500 kcal above 2000), carbohydrate content (50% simple
and 50% complex), protein content (50% animal and 50% veg-
etable), and dairy product intake (3 portions of milk, yogurt, or
cheese per day). The diets were consumed under isocaloric,
weight-stable conditions for 3 wk, followed by a 5-wk period of
acute caloric deprivation (�1103.0 � 216.5 kcal/d) that resulted
in a cumulative weight loss of 4.5 � 1.5 kg (�10.0 � 3.3 lb), and
a final 4-wk stabilization period at reduced weight. Baseline
body mass index (BMI), triacylglycerols, and plasma cholesterol
concentrations did not differ across diets (Table 1; 11). Signif-
icant differences in lipid and lipoprotein changes between diets
in response to both isocaloric dietary composition and weight
reduction were observed in the entire population (11), but these
changes were not statistically detectable in the subset of the
population for which adipose tissue was available (Table 1).
Participants were free-living and received menus designed to
provide nutrient intake over 6-d cycles. Nutrient calculations were
performed by using THE FOOD PROCESSOR software (version
7.3; ESHA Research, Salem, OR). Frozen prepared entrées fortified
with vitamins and minerals to meet the Recommended Dietary Al-
lowances (LifeSpring Home Nutrition, Irvine, CA) were provided

TABLE 1
Plasma lipid and lipoprotein measurements at baseline and in response to dietary intervention in subjects1

56%
Carbohydrate

39%
Carbohydrate

26% Carbohydrate

Low
saturated fat

High
saturated fat

Baseline (54% carbohydrate)
n 17 23 27 15
BMI (kg/m2) 28.5 � 0.42 29.4 � 0.4 29.1 � 0.4 29.5 � 0.5
Triacylglycerol (mg/dL) 165.5 � 21.1 184.9 � 20.0 154.2 � 14.0 174.5 � 22.2
Total cholesterol (mg/dL) 210.3 � 9.1 205.5 � 4.9 211.9 � 5.6 196.4 � 8.1
LDL cholesterol (mg/dL) 134.9 � 7.5 126.7 � 5.1 138.6 � 4.4 121.0 � 9.1
HDL cholesterol (mg/dL) 41.9 � 1.9 41.9 � 1.9 42.5 � 2.0 40.6 � 2.8

�Diet, stable weight
n 10 14 15 11
BMI (kg/m2) �0.2 � 0.08 �0.3 � 0.06 �0.4 � 0.07 �0.4 � 0.1
Triacylglycerol (mg/dL) �34.1 � 14.7 �17.4 � 24.4 �52.5 � 15.6 �61.4 � 21.7
Total cholesterol (mg/dL) �10.7 � 6.2 �4.3 � 6.0 �16.5 � 7.1 1.4 � 5.1
LDL cholesterol (mg/dL) �2.4 � 6.1 �1.6 � 6.1 �6.9 � 5.8 10.1 � 6.2
HDL cholesterol (mg/dL) �1.64 � 2.2 1.6 � 1.1 1.0 � 1.3 3.5 � 1.4

�Weight, acute weight loss
n 10 13 19 15
BMI (kg/m2) �1.4 � 0.1 �1.4 � 0.1 �1.4 � 0.1 �1.4 � 0.1
Triacylglycerol (mg/dL) �31.9 � 13.2 �51.5 � 20.9 �21.6 � 8.1 �23.5 � 6.5
Total cholesterol (mg/dL) �9.6 � 5.1 �10.3 � 3.7 �10.4 � 3.9 �3.3 � 5.1
LDL cholesterol (mg/dL) �4.9 � 5.9 �3.1 � 4.1 �2.5 � 4.0 �8.2 � 3.8
HDL cholesterol (mg/dL) 1.9 � 1.1 2.3 � 1.8 2.1 � 1.2 4.0 � 1.5

�Weight, reduced stable weight
n 9 11 20 14
BMI (kg/m2) �1.8 � 0.2 �1.6 � 0.2 �1.7 � 0.1 �1.5 � 0.2
Triacylglycerol (mg/dL) 2.7 � 14.8 �16.4 � 16.1 �2.0 � 9.2 �10.4 � 5.9
Total cholesterol (mg/dL) �13.6 � 3.1 6.2 � 7.0 �2.0 � 4.9 1.1 � 6.2
LDL cholesterol (mg/dL) �13.3 � 4.0 7.9 � 5.8 �3.0 � 4.3 0.4 � 4.5
HDL cholesterol (mg/dL) �0.6 � 2.4 0.4 � 1.0 2.8 � 1.7 1.5 � 1.4

1 �, change. No statistical differences between diets were detected for any lipid or lipoprotein measurement or response within this subset of subjects.
Differences were observed in the full cohort (178 subjects) under �diet, stable weight conditions (BMI, triacylglycerol, total cholesterol, and LDL cholesterol);
under �weight, acute weight loss (triacylglycerol and total cholesterol); and under �weight, reduced stable weight (triacylglycerol, total cholesterol, and LDL
cholesterol; 11).

2 x� � SEM (all such values).
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for lunch and dinner, and participants prepared their own breakfasts
and snacks according to menus. Weight was measured weekly by
the staff, and the prescribed daily energy intake was adjusted as
necessary to achieve weight goals. Compliance was assessed via
analysis of a daily checklist of foods eaten, and no participant was
excludedfornoncompliance(deviationfromdailydiet�5%of total
energy). Daily energy intake specific to carbohydrate, protein, or fat
was calculated by using total energy intake and the percentage of the
energy prescribed to be consumed for each macronutrient. Because
the present study was performed in an outpatient setting, nutrient
and energy intakes could not be fully controlled.

Fasting blood samples and adipose tissue biopsy samples were
obtained at 4 time points: after the basal diet (week 1), during the
randomized diet at stable weight (week 4), after acute weight loss
(week 9), and after stabilization at a reduced weight (week 13).
Adipose tissue was collected by needle biopsy from the subcu-
taneous flanking region after injection of 1% lidocaine hydro-
chloride with adrenaline and sodium bicarbonate. Biopsy sam-
ples were washed with phosphate-buffered saline, flash frozen in
liquid nitrogen, and stored at �80 °C for future use.

Subject and sample selection

Subjects were selected for inclusion in the nutritional inter-
vention trial as described previously (11). Briefly, subjects were
recruited through mailed solicitations. Inclusion criteria in-
cluded the absence of a history of cardiovascular disease, of other
chronic disease, or of the use of lipid-altering medications; a BMI
(in kg/m2) range of 26–35; LDL-cholesterol concentrations be-
low the 95th percentile for age and sex; triacylglycerol concen-
trations �500 mg/dL (5.65 mmol/L); fasting glucose concentra-
tions �125 mg/dL (6.94 mmol/L); systolic blood pressure �150
mm Hg and diastolic blood pressure �90 mm Hg; nonsmoking
status; and an agreement to consume no alcohol during the course
of the study.The study was limited to male participants to satisfy
statistical requirements for powering hypotheses related to lipid
responses. All subjects gave informed consent under a protocol
approved by the Institutional Review Boards of Children’s Hos-
pital Oakland and the University of California, Berkeley. Sub-
jects were randomly assigned to dietary groups according to
directions in sealed, sequentially numbered envelopes that were
the result of random permutations of subjects into treatment
conditions. Of 256 subjects found eligible after screening, 35
declined to enroll, and 43 discontinued after beginning the di-
etary protocol, typically because of difficulties meeting the time
requirements of the study.

A total of 712 adipose samples from 178 subjects were col-
lected and stored at �80 °C. Before RNA isolation, samples
were stored for 24–48 h at �20 °C in RNALater ICE (Ambion,
Austin, TX); 88 samples were excluded from RNA isolation
because the amount of tissue was inadequate (�5 mg); 32 sam-
ples were excluded because of being overcontaminated with
blood, as judged by sight; and 6 samples were excluded because
of mislabeling. Total RNA was isolated from the remaining 586
samples by using Qiagen Lipid Tissue Mini Kit (Qiagen, Valen-
cia, CA). Total RNA was quantified by spectroscopy by using an
ND-1000 NanoDrop spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). An additional 133 samples were dis-
carded for insufficient material (�200 ng total RNA), which
resulted in viable RNA samples from 453 adipose tissue biopsies.

Laboratory measurements

Plasma triacylglycerol and total cholesterol concentrations
were measured with enzymatic procedures on an Express 550
Plus analyzer (Ciba Corning, Oberlin, OH). These measurements
were consistently monitored by the Centers for Disease Control
and Prevention–National Heart, Lung, and Blood Institute stan-
dardization program. HDL cholesterol was measured after dex-
tran sulfate precipitation, and LDL cholesterol was calculated
with the formula of Friedewald et al (16).

Expression array analysis

Total RNA samples were selected for genome-wide expres-
sion array analysis on the basis of quantity and quality of RNA.
The original experimental design called for analysis of RNA
from 12 subjects (3 subjects per study arm) at each of the 4 time
points, for a total of 48 arrays. For all subjects from which RNA
was obtained at all 4 time points, RNA quality was assessed by
using the RNA 6000 Pico Total RNA Kit on a 2100 Bioanalyzer
(Agilent, Santa Clara, CA). Samples exceeding at least a 28S:18S
ratio of 1.3 were obtained at all 4 time points in 10 subjects, and
these 40 samples were selected for array analysis. To ensure that
2–3 subjects were available for comparison between each set of
interventions for all 4 diets, an additional 7 samples from 3
subjects were selected for inclusion, which resulted in a set of 47
samples from 13 subjects.

Total RNA samples were first treated with DNase and then
purified by silicon-based clean-up column. Purified total RNA
(50 ng) was used for target preparation according to the 2-cycle
target labeling method in the Affymetrix GeneChip Expression
Analysis Technical Manual (Affymetrix, Santa Clara, CA).
Briefly, double-stranded complementary DNA (cDNA) was
generated to undergo an initial in vitro transcription (IVT) with
unlabeled ribonucleotides. This IVT product was then used as a
template to synthesize double-stranded cDNA. This, in turn, was
biotin labeled by IVT to produce labeled complementary RNA.
After fragmentation of the complementary RNA, the samples
were hybridized overnight onto Affymetrix Human Genome
(HG) U133 Plus 2.0 arrays. The arrays were then washed and
stained on a Fluidics Station 450 (Affymetrix) and were scanned
on a GeneChip Scanner 3000 (Affymetrix). The HG-U133 Plus
2.0 array represents 52 563 probe sets mapped to 38 500 well-
characterized genes.

Quality control of array data was determined by using MAS
5.0 software (Affymetrix). Forty-six of 47 arrays passed quality
control and were used in subsequent analyses. Within each array,
genes were called as missing or present by using a Wilcoxon’s
signed-rank–based gene expression presence or absence detec-
tion algorithm first implemented in MAS 5.0 software (17). Only
probe sets called as present at P � 0.05 on 36 of 46 arrays (78.3%
of samples) were considered to be expressed in adipose tissue. A
total of 15 667 of 52 563 probe sets met these criteria and were
included in further analyses.

Probe-level gene expression data were normalized by quantile
normalization. Background correction and calculation of gene
expression values were performed by using the robust multichip
average algorithm implemented in the Bioconductor affy pack-
age (18–20). Transcriptional responses to acute weight loss,
isocaloric dietary composition, and stable weight reduction were
analyzed by the Significance Analysis of Microarrays (21) as
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implemented in the Bioconductor samr package. The false dis-
covery rate (FDR), which was calculated by using 500 random
permutations of the data set reflecting nonspecific sample vari-
ance, was set at 0.03 for these analyses (22). Within the Signif-
icance Analysis of Microarrays, comparisons across interven-
tions were analyzed by Student’s paired t test by using log(2)
expression data before and after intervention. Effects of acute
weight loss were analyzed by using samples from 11 subjects (3
subjects, basal diet; 3 subjects, 39%-carbohydrate diet; 2 sub-
jects, 26%-carbohydrate, low saturated fat diet; and 3 subjects,
26%-carbohydrate plus high saturated fat diet). Response to sta-
ble weight reduction was analyzed by using samples from 10
subjects (3 subjects, basal diet; 3 subjects, 39%-carbohydrate
diet; 2 subjects, 26%-carbohydrate, low saturated fat diet; and 2
subjects, 26%-carbohydrate, high saturated fat diet). Responses
to altered dietary composition were analyzed by using samples
from 9 subjects (3 subjects, 39%-carbohydrate diet; 3 subjects,
26%-carbohydrate, low saturated fat diet; and 3 subjects, 26%-
carbohydrate, high saturated fat diet). Categorical differences in
response to intervention (weight loss, weight reduction, and al-
tered dietary composition) between diet arms were examined by
multiple class analysis by using the calculated difference in
log(2) expression values between time points. To identify genes
responsive to both weight loss and alterations in dietary composi-
tion, responses tovariation indietarycompositionwereexamined in
the subset of transcripts that were significantly responsive to acute
weight loss. This analysis used a less stringent FDR threshold (FDR
� 0.05) to be more inclusive of genes responsive to both interven-
tions. Expression values are reported as means � SEMs of the ratios
of final expression to initial expression (fold change).

Responses of biological pathways to interventions were as-
sessed by using gene set enrichment analysis (GSEA) software
(version 1.0; Broad Institute, Boston, MA; 23, 24). This program
calculates the ranked change in response to biological stimuli for
each gene within an expression data set by using the signal-to-
noise difference metric and calculates enrichment near the ex-
treme of this list of genes within each gene set by using the
Kolmogorov-Smirnov statistic. FDR was calculated for each
gene set by using 1000 random permutations of the data set. Gene
set responses to interventions were analyzed in 15 336 transcripts
across 292 gene sets, which contained 15–425 genes per set. The
FDRthresholdwassetat0.25,as recommendedbytheauthorsof the
software.

RNA preparation for real-time polymerase chain reaction

cDNA was synthesized from 453 total RNA samples (200 ng
per sample, selected as described above) by using the High Ca-
pacity cDNA Archive Kit (Applied Biosystems, Santa Clara,
CA). Six putative normalization genes were identified as unre-
sponsive to dietary composition, weight loss, or weight reduction
by using expression array data: RPS14, SNX11, PRK, FARSLB,
VCAR3, and DNCL12. SYBR Green-based gene expression as-
says (Applied Biosystems, Foster City, CA) were developed for
each of these genes, and expression stability was assessed across
36 samples, which varied in diet and intervention, by using
geNorm (25). Two genes, SNX11 and FARSLB, were identified
as sufficient for normalization within this study population. All
subsequent real-time polymerase chain reaction (PCR) analyses
were performed in triplicate by using TaqMan Assays on De-
mand (Applied Biosystems, Foster City, CA). Data for each gene
were quantified by using a standard curve (for PCR primers used

to construct standards and exact assays purchased, please contact
authors) and were normalized to the geometric mean of SNX11
and FARSLB expression. Stability and quality of cDNA from
each of the 453 samples were assessed by comparison of expression
of SNX11 and FARSLB. Because expression of these 2 genes should
be concordant across all samples, samples with data that deviated
�1 SD from the mean ratio of expression (FARSLB to SNX11) were
considered of poor quality and were subsequently removed from
further analysis. A total of 338 samples remained for analysis.

Statistical analysis

All statistical procedures were performed by using JMP soft-
ware (version 6.0.2; SAS Institute Inc, Cary, NC), and graphical
representations were drawn by using PRISM software (version
4.0; GraphPad, San Diego, CA). Transcript concentrations, en-
ergy intakes, and BMIs were expressed as means � SEMs, and
transcriptional responses were expressed as the median and 95%
median CI of the fold change in expression (ratio of preinterven-
tion to postintervention). Comparisons of transcriptional expres-
sion across interventions were analyzed by Student’s paired t
test. Samples from subjects who remained on the basal diet were
excluded when responses to isocaloric alteration in dietary com-
position were assessed. Correlations between basal expression
and response to acute weight loss were determined by using
initial expression (week 1) and response (week 9 – week 4) data
to avoid issues of regression to the mean. Cross-diet comparisons
within each intervention and the correlations with lipid and li-
poprotein responses were determined by analysis of variance
(ANOVA) or covariance by using expression and concentration
differences (posttreatment expression minus pretreatment expres-
sion). Log transformations of plasma triacylglycerol concentrations
and all transcript quantities were used in the analyses to attain nor-
mal distributions and equal variance. Changes in BMI and caloric
intake were used as covariates in all ANOVA analyses.

RESULTS

Expression array analysis

Comparison of transcriptional response with acute weight loss
called 1473 (9.4%) of the analyzed gene probe sets as signifi-
cantly changing (see Table 1 under “Supplemental data” in the
online issue). Each of these transcripts showed decreased expres-
sion in response to acute weight loss. The greatest reduction was
observed in the gene encoding stearoyl-coenzyme A desaturase
(SCD; �3.65 � 0.93 fold change). No differences in response
were observed between diets (data not shown). Analysis of re-
sponse to stable weight reduction identified only 2 significantly
responsive transcripts (FDR � 0.03, Significance Analysis of
Microarrays): ATP-binding cassette, subfamily G, member 1
(ABCG1, 2.4 � 0.33) and malate dehydrogenase (MDH1, 1.4 �
0.04). Neither of these transcripts was significantly altered by
acute weight loss. Transcriptional response to isocaloric change
in dietary composition identified 4 significantly altered gene
transcripts: membrane metalloendopeptidase (CD10, �1.60 �
0.15), adiponutrin (ADPN, �1.50 � 0.15), WW domain con-
taining E3 ubiquitin protein ligase 1 (WWP1, �1.17 � 0.06), and
cDNA clone IMAGE:5260162, a transcribed locus of unknown
function (�1.29 � 0.07).

To identify the transcripts responsive to both weight loss and
dietary composition, the responses to isocaloric change in dietary
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composition were analyzed within the subset of gene probes
responsive to acute weight loss. These analyses were performed
by using data from all subjects who underwent isocaloric alter-
ation of dietary composition (n � 9) and identified 30 gene probe
sets that significantly decreased in expression (Table 2). Differ-
ences in response were not observed between diets by expression
array analysis. These transcripts map to 26 separate genes, of
which 22 have known function. Twelve of these 22 genes are
involved in energy metabolism (54.5%), 2 are involved in apo-
ptosis (9.1%), and 8 are involved in other functions (36.4%;
Table 2). Of the genes related to energy metabolism, 5 were
involved in lipogenesis [SCD; fatty acid desaturase 1 (FADS1);
diacylglycerol transferase 2 (DGAT2); lysophosphatidylglycerol
acyltransferase 1 (LPGAT1); and glycerol-3-phosphate acyl-
transferase, mitochondrial (GPAM)], and 4 were involved in
lipid metabolism [enoyl-coenzyme A hydratase domain contain-
ing 1 (ECHDC1); phospholipase A2 group IVA (PLA2G4A);
acyl-coenzyme A binding protein (ACBP/DBI); and thyroid hor-
mone responsive protein (SPOT14/THRSP)].

Responsive biological pathways were identified by using
GSEA to statistically rank responses across gene sets, defined by
biological function, for all queried transcripts (23). Expressions
of 100 gene sets were significantly attenuated in response to

acute weight loss, and these sets mapped to 4 major functional
categories: energy metabolism (40.6% of responsive gene sets),
cell cycle and proliferation (22.8%), insulin signaling (9.9%),
and immune function or inflammatory response (6.0%; see Table
2 under “Supplemental data” in the online issue). Of the 16 gene
sets most significantly altered (FDR � 0.03), 13 were related to
energy metabolism. No gene set was identified as significantly
responsive following stabilization after weight reduction. GSEA
identified only one gene set significantly altered by isocaloric
dietary composition: fatty acid synthesis. This gene set was also
decreased in response to acute weight loss.

Real-time PCR analysis

Response was confirmed by real-time PCR for the 5 most
responsive genes (SCD, ECHDC1, DGAT2, FADS1, and
PLA2G4A) and, as a negative control, for 1 gene that did not show
transcriptional response to either intervention by expression
array [adiponectin (APM1)]. Transcriptional responses were in-
distinguishable between expression array and real-time PCR
analyses for these genes (P � 0.57; see Figure 1 under “Supple-
mental data” in the online issue).

TABLE 2
Genes responsive to both acute weight loss and isocaloric alteration in dietary composition1

Gene symbol1 Gene name
Acute weight

loss2
Altered dietary
composition2

Affymetrix
probe identifier3

Energy metabolism
SCD Stearoyl-coenzyme A desaturase �3.65 � 0.93 �1.53 � 0.29 200832�s�at
ECHDC1 Enoyl-coenzyme A hydratase domain containing 1 �2.02 � 0.35 �1.24 � 0.11 233124�s�at
ECHDC1 Enoyl-coenzyme A hydratase domain containing 1 �1.96 � 0.33 �1.26 � 0.11 219974�x�at
FADS1 Fatty acid desaturase 1 �1.87 � 0.33 �1.22 � 0.14 208964�s�at
FADS1 Fatty acid desaturase 1 �1.86 � 0.29 �1.44 � 0.19 208962�s�at
FADS1 Fatty acid desaturase 1 �1.80 � 0.33 �1.44 � 0.17 208963�x�at
PLA2G4A Phospholipase A2, group IVA �1.81 � 0.30 �1.20 � 0.09 210145�at
DGAT2 Diacylglycerol O-acyltransferase 2 �1.81 � 0.37 �1.30 � 0.09 226064�s�at
LPGAT1 Lysophosphatidylglycerol acyltransferase 1 �1.63 � 0.22 �1.19 � 0.08 202651�at
ACBP Acyl-coenzyme A binding protein �1.54 � 0.19 �1.18 � 0.09 209389�x�at
GPAM Glycerol-3-phosphate acyltransferase, mitochondrial �1.51 � 0.18 �1.15 � 0.04 225424�at
GPAM Glycerol-3-phosphate acyltransferase, mitochondrial �1.45 � 0.16 �1.17 � 0.06 225420�at
SPOT14 Thyroid hormone responsive �1.48 � 0.14 �1.38 � 0.07 1553583�a�at
PPP2R1B Protein phosphatase 2, regulatory subunit A, beta �1.42 � 0.16 �1.32 � 0.11 202884�s�at
ME1 Malic enzyme 1, NADP�-dependent, cytosolic �1.38 � 0.12 �1.15 � 0.05 204059�s�at
GLS Glutaminase �1.41 � 0.15 �1.20 � 0.09 221510�s�at

Apoptosis
NME1 Nonmetastatic cells 1, protein (NM23A) expressed in �1.46 � 0.18 �1.33 � 0.12 201577�at
CYCS Cytochrome c, somatic �1.40 � 0.12 �1.16 � 0.05 208905�at

Other
BCAP29 B-cell receptor-associated protein 29 �1.43 � 0.15 �1.27 � 0.13 205084�at
SUB1 Activated RNA polymerase II transcription cofactor 4 �1.41 � 0.16 �1.23 � 0.08 214512�s�at
OSTM1 Osteopetrosis-associated transmembrane protein 1 �1.38 � 0.13 �1.13 � 0.06 218196�at
CD10 Membrane metalloendopeptidase �1.35 � 0.13 �1.28 � 0.09 203435�s�at
MRPL13 Mitochondrial ribosomal protein L13 �1.58 � 0.20 �1.24 � 0.13 218049�s�at
PEX11A Peroxisomal biogenesis factor 11A �1.27 � 0.09 �1.22 � 0.10 205160�at
SLC25A16 Solute carrier family 25 (mitochondrial carrier) �1.21 � 0.07 �1.13 � 0.06 209910�at
CNIH4 HSPC163 protein �1.30 � 0.11 �1.32 � 0.14 218728�s�at

Unknown
NA Transcribed locus �1.88 � 0.22 �1.22 � 0.16 241925�x�at
NA Hypothetical protein FLJ22104 �1.60 � 0.22 �1.24 � 0.08 222209�s�at
NA Transcribed locus �1.47 � 0.13 �1.15 � 0.08 239398�at
NA Transcribed locus �1.43 � 0.17 �1.13 � 0.06 227278�at

1 All values are x� � SEM. NA, not available. Genes are listed by magnitude of response within each ontologic category.
2 Response values were identified by expression array and are expressed as a ratio of preintervention to postintervention transcript concentrations (fold

change). Negative values indicate reduction in expression.
3 Affymetrix (Santa Clara, CA).
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To further confirm response, real-time PCR analyses were
expanded to a larger subset of the study population, which com-
prised 338 samples from 131 subjects selected as described in
Subjects and Methods, allowing for comparison of response in
37–58 subjects per intervention. Repeated-measures ANOVA
detected significant changes in transcriptional expression of
SCD, DGAT2, FADS1, and FADS2 over time (P � 0.0001).
Response to acute weight loss was confirmed for all genes se-
lected from expression array analysis except APM1, as expected
(Table 3). In addition, expression of FADS2 was significantly
decreased by acute weight loss (Table 3). FADS2 was excluded
from expression array analysis owing to low transcript expres-
sion but was included in real-time PCR analysis because its
expression was previously shown to be reduced in response to
weight loss in human adipose tissue (26). Dietary composition
during weight loss had no detectable influence on transcriptional
response for any of the genes examined (data not shown). SCD
response to acute weight loss was highly correlated with basal
SCD expression (r2 � 0.38, P � 0.0001). A similar but nonsig-
nificant correlation was also observed for FADS1 (r2 � 0.10,
P � 0.07). Transcriptional expression after reduced weight sta-
bilization remained attenuated for FADS1 and FADS2 but was
indistinguishable from preweight loss expression for SCD,
DGAT2, ECHDC1, and PLA2G4A (Table 3). Comparison across

all adipose samples indicated that expression of FADS1 and
FADS2 was correlated with BMI (r2 � 0.06, P � 0.0006 and
r2 � 0.03, P � 0.008, respectively), but no significant correla-
tions with BMI were observed for the other genes analyzed.

Transcriptional responses to changes in isocaloric dietary
composition were confirmed by real-time PCR for SCD, DGAT2,
and FADS1 but not for ECHDC1 or PLA2G4A (Table 3). FADS2
expression was also responsive to change in dietary composition
(Table 3). The observed reduction in SCD expression was sig-
nificantly different between the low saturated fat diets that dif-
fered in carbohydrate content [0.01 � 0.09 arbitrary units (AU;
54% carbohydrate) compared with �0.06 � 0.07 AU (39%
carbohydrate) compared with �0.09 � 0.04 AU (26% carbohy-
drate); P � 0.04, ANOVA]. SCD expression response correlated
with changes in energy consumed as carbohydrate but not
as protein or as total fat, under both isocaloric (P � 0.012;
Figure 1A) and hypocaloric (P � 0.02; Figure 1B) conditions.
In addition, SCD response to isocaloric diet change was signif-
icantly different between the two 26%- carbohydrate diets that
differed in saturated fat content [Figure 2; �0.09 � 0.04 AU
compared with �0.33 � 0.15 AU; 26%, 29%, and 46% (9%,
27%, and 5%) carbohydrate, protein, and fat (saturated, mono-
unsaturated, and polyunsaturated fats), respectively) compared
with 26%, 29%, and 46% (15%, 20%, and 6%) carbohydrate,

FIGURE 1. Transcriptional response of stearoyl-coenzyme A desaturase (SCD) in adipose tissue to altered dietary composition is correlated with change
in carbohydrate consumption under (A) isocaloric and (B) hypocaloric conditions. AU, arbitrary units. Transcriptional response is represented as the difference
(posttreatment expression minus pretreatment expression). For the isocaloric analysis, samples (n � 50) were isolated after 1 wk of the basal diet (pretreatment,
54%, 16%, and 30% carbohydrate, protein, and fat, respectively; 7% saturated fat) and after 4 subsequent weeks of the treatment diet [n � 10, basal diet; n �
14: 39%, 29%, and 31% carbohydrate, protein, and fat, respectively (8% saturated fat); n � 15: 26%, 29%, and 46% carbohydrate, protein, and fat, respectively
(9% saturated fat); and n � 11, 26%, 29%, and 46% carbohydrate, protein, and fat, respectively (15% saturated fat)]. For the hypocaloric analyses, samples
(n � 57) were isolated after 3 wk of the randomization diet and after 5 wk of acute weight loss with the randomized diet [n � 10, basal diet; n � 13, 39%, 29%,
and 31% carbohydrate, protein, and fat, respectively (8% saturated fat); n � 19, 26%, 29%, and 46% carbohydrate, protein, and fat, respectively (9% saturated
fat); and n � 15, 26%, 29%, and 46% carbohydrate, protein, and fat, respectively (15% saturated fat)]. Statistical analyses were performed by ANOVA with
change in BMI and total caloric intake as covariates.

TABLE 3
Confirmation of transcriptional response to dietary composition, acute weight loss, and stable weight reduction by real-time polymerase chain reaction
analysis for top changing genes1

Gene
symbol

Altered dietary composition Acute weight loss Stable weight reduction

n Response P2 n Response P2 n Response P2

SCD 39 �1.60 (�2.39, �1.40)3 0.0007 56 �2.38 (�3.16, �1.97) � 0.0001 53 1.14 (�1.47, 1.24) 0.91
ECHDC1 38 1.03 (�1.33, 1.14) 0.53 53 �1.32 (�1.85, �1.23) 0.015 48 �1.08 (�1.13, 1.29) 0.92
FADS1 39 �1.44 (�2.07, �1.30) 0.003 55 �1.75 (�2.45, �1.58) � 0.0001 53 �1.19 (�1.68, �1.12) 0.01
DGAT2 39 �1.51 (�1.82, �1.22) 0.0004 56 �1.25 (�1.95, �1.23) 0.0022 53 1.02 (�1.29, 1.17) 0.75
PLA2G4A 36 �1.10 (�1.31, �1.01) 0.11 50 �1.16 (�1.37, �1.11) 0.0016 46 �1.04 (�1.24, 1.06) 0.56
FADS2 39 �1.67 (�2.45, �1.37) 0.0030 54 �2.44 (�3.60, �2.15) � 0.0001 51 �1.29 (�1.85, �1.09) 0.04
APM1 29 0.96 (�1.14, 1.20) 0.56 40 1.01 (�1.09, 1.20) 0.57 39 1.04 (�1.08, 1.19) 0.37

1 SCD, stearoyl-coenzyme A desaturase; ECHDC1, enoyl-coenzyme A hydratase domain containing 1; FADS1, fatty acid desaturase 1; DGAT2,
diacylglycerol transferase 2; PLA2G4A, phospholipase A2, group IVA; FADS2, fatty acid desaturase 2; and APM1, adiponectin.

2 Paired t test on log-transformed expression data.
3 Median fold changes; 95% median lower and upper CIs in parentheses (all such values).
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protein, and fat (saturated, monounsaturated, and polyunsatu-
rated fats), respectively; P � 0.05]. This change was correlated
with changes in energy consumed as saturated fat (r2 � 0.18,
P � 0.002) but not as monounsaturated fat (P � 0.10; data not
shown). Transcriptional responses of DGAT2, FADS1, and
FADS2 could not be distinguished between diets. Expressions of
SCD, DGAT2, FADS1, and FADS2 were correlated with one
another (P � 0.0005 for all pairwise comparisons) but were not
significantly correlated with the expression of the other queried
genes (ECHDC1, PLA2G4A, or APM1).

We next examined the correlations between gene expression
and plasma triacylglycerol, total cholesterol, LDL-cholesterol,
and HDL-cholesterol concentrations. For each gene, correlations
were modeled by using all available expression data, which rep-
resented 338 samples from 131 subjects across dietary interven-
tions. To correct for the potential confounding effects of repeated
subject sampling and multiple dietary interventions, subject
identifiers and intervention status (modeled by change in weight
per week, BMI, and caloric intake) were included as covariates in

the regression model. Triacylglycerol concentrations were cor-
related significantly with expression of SCD, DGAT2, FADS1,
and FADS2 (Table 4) but not with expression of the other queried
genes (ECHDC1, PLA2G4A, or APM1). Because expression lev-
els of these 4 genes were correlated and because SCD activity is
known to correlate with plasma triacylglycerol concentrations
(27), correlations of triacylglycerol with expression of FADS1,
FADS2, and DGAT2 were adjusted for SCD expression. Only
DGAT2 was correlated with triacylglycerol independently of
SCD (P � 0.04), which suggests coordinated regulation of the
desaturase genes and disparate regulation of DGAT2. Expression
of neither SCD nor DGAT2 was correlated with total cholesterol,
LDL-cholesterol, or HDL-cholesterol concentrations. However,
LDL-cholesterol concentrations were strongly correlated with
FADS1 expression (�-coefficient: �5.50 � 1.61; P � 0.0008);
this relation was independent of BMI, triacylglycerol concentra-
tions, or SCD expression. FADS2 expression was also correlated
with LDL-cholesterol concentrations (�-coefficient: �2.60 �
1.28; P � 0.04), but this relation was reduced to nonsignificance
after adjustment for FADS1 expression (P � 0.20).

Correlations were also performed to examine the relation be-
tween plasma lipid responses and gene expression response for
each intervention. Triacylglycerol response to isocaloric change
in dietary composition was correlated with SCD (P � 0.0003)
and DGAT2 (P � 0.046) response. This relation was not depen-
dent on carbohydrate consumption (SCD � carbohydrate inter-
action, P � 0.25; DGAT2 � carbohydrate interaction, P � 0.40).
Triacylglycerol responses to acute weight loss were not corre-
lated with gene expression responses, but triacylglycerol re-
sponses to stabilized weight reduction were correlated with both
SCD (P � 0.04) and FADS2 (P � 0.03) response (Table 4). In
addition, FADS1 response to altered dietary composition
was correlated with changes in LDL cholesterol (�-coeffi-
cient: �9.3 � 4.3; P � 0.036), total cholesterol (�-
coefficient: �10.3 � 4.5; P � 0.026), and HDL cholesterol
(�-coefficient: �2.3 � 1.0; P � 0.026).

DISCUSSION

Adipose tissue is a metabolically active tissue responsible for
energy storage and is involved in the regulation of systemic lipid
transport. Dietary interventions, which include weight loss and
alterations in macronutrient composition, are indicated for the

FIGURE 2. Mean (�SEM) stearoyl-coenzyme A desaturase (SCD) ex-
pression in response to carbohydrate restriction was enhanced by the high
saturated fat content of the diet. AU, arbitrary units. Change in SCD expres-
sion, represented as log(2) difference (treatment expression minus basal
expression) in response to isocaloric reduction in carbohydrate from the basal
diet [pretreatment, 54% carbohydrate (7% saturated fat) to low-carbohydrate
(26%) diets either high in saturated fat (15% saturated fat; n � 11) or low in
saturated fat (9% saturated fat; n � 15). Statistical analyses were performed
by ANOVA with change in BMI and total caloric intake as covariates. Both
diets resulted in reduced SCD expression in comparison with the basal diet
(low-carbohydrate and high saturated fat diet, P � 0.005; low-carbohydrate
and low saturated fat diet, P � 0.03), with a significant difference in the
response between the 2 diets (P � 0.05).

TABLE 4
Plasma triacylglycerol concentrations correlate with adipose gene expression1

Triacylglycerol

Across interventions2 Dietary response3 Acute weight loss4 Weight reduction4

n �-coefficient P n �-coefficient P n �-coefficient P n �-coefficient P

SCD 338 0.10 � 0.035 0.0001 39 0.34 � 0.08 0.0003 58 0.03 � 0.04 0.53 55 0.09 � 0.04 0.04
DGAT2 338 0.13 � 0.04 0.001 39 0.22 � 0.11 0.05 58 �0.014 � 0.05 0.80 55 0.06 � 0.06 0.37
FADS1 338 0.08 � 0.04 0.034 38 0.11 � 0.10 0.29 56 �0.05 � 0.05 0.30 55 0.08 � 0.07 0.28
FADS2 338 0.07 � 0.03 0.012 38 0.12 � 0.08 0.12 55 �0.05 � 0.04 0.17 55 0.13 � 0.06 0.03

1 SCD, stearoyl-coenzyme A desaturase; DGAT2, diacylglycerol transferase 2; FADS1, fatty acid desaturase 1; and FADS2, fatty acid desaturase 2.
2 Statistical analysis by ANCOVA included the following covariates: subject, BMI, total calories, change in weight (in pounds) per week.
3 Statistical analysis by ANCOVA included the following covariates: change in BMI.
4 Statistical analysis by ANCOVA included the following covariates: change in BMI and change in total calories.
5 x� � SEM (all such values).
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reduction of excess adiposity and improvement in the associated
markers of cardiovascular disease risk, which include plasma
lipid and lipoprotein concentrations. In the present study, we
used expression array analysis to assess the transcriptional re-
sponses of genes in human adipose tissue to these 2 interventions
to delineate pathways that may mediate their metabolic effects.

Active weight loss resulted in significantly reduced expres-
sion of 1473 genes and was independent of dietary composition.
Pathway analysis indicated that genes related to energy metab-
olism were the most responsive, including genes involved in
oxidative phosphorylation, the electron transport chain, glycol-
ysis, and gluconeogenesis. Reduction in expression of genes
active in cell cycle and proliferation, insulin signaling, and im-
mune or inflammatory response was also observed. These results
are similar to previous reports (26, 28–31). In contrast with
previous reports, these analyses did not detect any transcripts that
significantly increased in expression in response to weight loss.
This may reflect differences in subject characteristics because
this is the first study to examine transcriptional response in non-
obese subjects (75% of subjects had BMI � 30.0 on enrollment).
Obesity alters lipolytic and inflammatory regulation in adipose
tissue, and response to weight loss in obese subjects reflects a
normalization of these processes in addition to more generalized
response to energy restriction (31). In contrast with weight loss,
transcription after stabilization at reduced weight was character-
ized by alteration in transcription of only 2 genes (increased
expression of ABCG1 and MDH1), which indicates that changes
observed after active weight loss were related to energy restric-
tion rather than to weight reduction.

Transcriptional responses to altered macronutrient content
were modest in comparison with responses to weight loss, in both
the number of genes and the magnitude of response per gene.
Twenty-six of the genes responsive to weight loss were also
responsive to altered macronutrient composition in the absence
of weight loss. Response was confirmed for 3 desaturases (SCD,
FADS1, and FADS2) and for DGAT2. In adipose tissue, SCD
converts saturated fatty acids, derived from de novo lipogenesis
or plasma lipoproteins, into monounsaturated fatty acids. Studies
in animal models showed that SCD is highly regulated by diet
(32–34), but data in humans are limited (26, 27, 33). SCD
products, predominantly oleate (18:1), are substrates for en-
dogenous triacylglycerol synthesis, mediated by DGAT2 (35).
FADS1 and FADS2 catalyze endogenous synthesis of highly
unsaturated fatty acids, which include arachidonic acid and
eicosanoids (36, 37).

Because there were multiple differences in macronutrient
composition in the 4 experimental diets within the present
study, it is difficult to draw conclusions as to the specific
nutritional determinants of the observed changes in adipose
tissue gene expression. However, SCD expression was di-
rectly correlated with total carbohydrate consumption both
with and without weight loss, consistent with evidence of an
effect of dietary carbohydrate on lipogenesis and the critical
role of SCD in this process (38, 39). It is likely that the effects
of carbohydrate restriction also contributed to changes in SCD
expression observed with total energy reduction. Surpris-
ingly, SCD expression was inversely related to saturated fat
intake with the low-carbohydrate diet. In mice, saturated fat
induces hepatic SCD expression, which stimulates de novo
lipogenesis (40). This observation may reflect tissue or spe-
cies specificity of saturated fat–mediated regulation of SCD

expression or, alternatively, may suggest a combined require-
ment of carbohydrate and saturated fat for induction of SCD
expression, although there is as yet no experimental evidence
to support this hypothesis.

Plasma triacylglycerol concentrations, which are indepen-
dently reduced by weight loss and by carbohydrate restriction in
the absence of weight loss (11), were independently correlated
with SCD and DGAT2 expression. In humans, systemic SCD
activity, measured by a plasma desaturation index (18:0/18:1
fatty acid ratio) and presumably reflecting activity in both liver
and adipose tissue, is higher with a high-carbohydrate, low-fat
diet than with a low-carbohydrate, high-fat diet and is predictive
of plasma triacylglycerol response (27). However, the observed
correlation between diet-induced change in plasma triacyl-
glycerol and adipose tissue SCD expression was independent
of dietary carbohydrate. Moreover, in preliminary analyses,
we confirmed that changes in systemic SCD activity as as-
sessed by the desaturation index were correlated with changes
in plasma triacylglycerol but that these were not correlated
with changes in adipose SCD expression (L Mangravite and M
Mytosaki, unpublished data, 2004). These findings suggest
that the correlation of adipose tissue SCD expression with
plasma triacylglycerol reflects the action of mechanisms not
reflected in systemic SCD activity, which includes a substan-
tial contribution from hepatic SCD (27). We also cannot pre-
clude the contribution to systemic activity of SCD expressed
in visceral adipose depots, which are thought to be more
metabolically active than are subcutaneous depots (41).
DGAT2 plays a critical role in lipogenesis and is required in
the liver for triacylglycerol secretion and in adipose tissue for
lipid accumulation (42, 43).

In summary, we showed that transcriptional expression of
lipogenic genes, particularly that of SCD, in subcutaneous adi-
pose tissue is influenced by dietary macronutrient composition
and by energy restriction and that the magnitude of SCD and
DGAT2 gene expression across diets is correlated with plasma
triacylglycerol concentrations. Gene expression responses to
changes in dietary composition were small in comparison with
responses to energy restriction. These data suggest that weight
reduction programs that involve restriction of specific macronu-
trients would not differentially affect transcriptional expression
within adipose tissue provided that they achieved similar
amounts of weight loss. However, restriction of specific macro-
nutrients under weight-stable conditions can alter fatty acid pro-
cessing within adipose tissue and may contribute to altered sys-
temic regulation of the metabolism of lipids and lipoproteins,
particularly triacylglycerol and triacylglycerol-rich lipoproteins.
Determination of the mechanisms responsible for the diet-
induced changes in adipose gene expression observed in the
present study will be required to gain a more complete under-
standing of the consequences of these dietary effects for human
lipid metabolism.
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Genetic polymorphisms of tumor necrosis factor-� modify the
association between dietary polyunsaturated fatty acids and fasting
HDL-cholesterol and apo A-I concentrations1–3

Bénédicte Fontaine-Bisson, Thomas MS Wolever, Jean-Louis Chiasson, Rémi Rabasa-Lhoret, Pierre Maheux,
Robert G Josse, Lawrence A Leiter, N Wilson Rodger, Edmond A Ryan, Philip W Connelly, Paul N Corey,
and Ahmed El-Sohemy

ABSTRACT
Background: Heterogeneity in circulating lipid concentrations in
response to dietary polyunsaturated fatty acids (PUFAs) may be due,
in part, to genetic variations. Tumor necrosis factor-� (TNF-�) is a
proinflammatory cytokine that can induce hyperlipidemia and is
known to be modulated by dietary PUFAs.
Objective: The objective was to determine whether TNF-� geno-
types modify the association between dietary PUFA intake and se-
rum lipid concentrations.
Design: The study involved 53 men and 56 women aged 42–75 y with
type 2 diabetes. Dietary intakes were assessed with the use of a 3-d food
record, and blood samples were collected to determine fasting serum
lipids. DNA was isolated from blood for genotyping by polymerase
chain reaction–restriction fragment length polymorphism for the
TNF-� �238G3A and �308G3A polymorphisms.
Results: PUFA intake was positively associated with serum HDL
cholesterol in carriers of the �238A allele (� � 0.06 � 0.03 mmol/L
per 1% of energy from PUFAs; P � 0.03), but negatively associated
in those with the �238GG genotype (� � �0.03 � 0.01, P � 0.03)
(P � 0.004 for interaction). PUFA intake was inversely associated
with HDL cholesterol in carriers of the �308A allele (� � �0.07 �
0.02, P � 0.002), but not in those with the �308GG genotype (� �
0.02 � 0.02, P � 0.13) (P � 0.001 for interaction). A stronger
gene � diet interaction was observed when the polymorphisms at
the 2 positions (�238/�308) were combined (P � 0.0003). Similar
effects were observed for apolipoprotein A-I, but not with other
dietary fatty acids and serum lipids.
Conclusion: TNF-� genotypes modify the relation between dietary
PUFA intake and HDL-cholesterol concentrations. These findings
suggest that genetic variations affecting inflammation may explain
some of the inconsistencies between previous studies relating PUFA
intake and circulating HDL. Am J Clin Nutr 2007;86:768–74.

KEY WORDS Tumor necrosis factor-�, genotype, polyunsat-
urated fatty acids, HDL cholesterol, apolipoprotein A-I, type 2
diabetes

INTRODUCTION

Polyunsaturated fatty acids (PUFAs) have been shown to have
some protective cardiovascular effects by influencing many risk
factors including serum lipids (1). The n�3 PUFAs that are
derived mainly from fish oils (EPA and DHA) are known to

lower plasma triacylglycerols, whereas n�6 PUFAs have been
shown to reduce total and LDL cholesterol (1). The effects of
these 2 classes of PUFAs on other lipids and lipoproteins are not
consistent, and the reasons for these inconsistencies are unclear.
Chronic inflammation has been associated with dyslipidemia (2)
and may mediate the effects of PUFAs on lipid metabolism (3).

PUFAs are precursors of prostaglandins and leukotrienes and
also affect the expression of various genes involved in inflam-
mation (3). Tumor necrosis factor-� (TNF-�) is a major proin-
flammatory cytokine that has been associated with an altered
lipid profile, insulin resistance, and an increased risk of cardio-
vascular disease (CVD) (4, 5). Different types of fatty acids, such
as n�3 and n�6 PUFAs, modulate the production of TNF-� in
humans (6–9). A genetic polymorphism of TNF-� has also been
shown to influence the effect of dietary n�3 PUFAs on TNF-�
production in humans (6). TNF-� alters lipid metabolism by
inducing lipolysis in adipose tissue (10), increasing lipogenesis
in the liver (11), and worsening the serum lipid profile (12, 13).
TNF-� has also been shown to alter the expression of genes
involved in lipid metabolism, such as lipoprotein lipase (LPL)
(14); proliferator activated receptors (PPARs) (15); apolipoprotein
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(apo) A-I, apo A-IV, and apo E (16, 17); and lecithin:cholesterol
acyltransferase (18).

Two common genetic polymorphisms in the promoter region
of the TNF-� gene have been shown to alter transcriptional
activity (19–21). A single nucleotide polymorphism (SNP) at
position �238G3A has been shown to decrease the rate of
transcription and production of the cytokine (19), whereas an
SNP at position �308G3A has been shown to increase both
(20, 21). TNF-� inhibits insulin action, and chronic inflamma-
tion is typically found in type 2 diabetes (22). We therefore
investigated whether TNF-� genotypes modify the association
between dietary PUFA intake and serum lipid concentrations
among individuals with type 2 diabetes.

SUBJECTS AND METHODS

Subjects

Subjects were participants in the Canadian trial of dietary
Carbohydrate in Diabetes study. Of the 164 participants re-
cruited, blood samples for genotyping, complete dietary infor-
mation, and lipid profiles were available for 109 subjects. The
study participants were recruited over a 1-y period (2002–2003)
in 5 cities across Canada (Edmonton, London, Montreal, Sher-
brooke, and Toronto). Subjects were men (n � 53) and women
(n � 56) with type 2 diabetes treated by diet alone and with a
body mass index (BMI; in kg/m2) of �25. The diagnosis of
diabetes was made according to the Canadian Diabetes Associ-
ation criteria; subjects had to have either a fasting plasma glu-
cose concentration �7.0 mmol/L or a plasma glucose concen-
tration �11.1 mmol/L 2 h after a 75-g oral-glucose-tolerance
test within 2 mo before the start of the study. The glycated
hemoglobin (Hb A1c) value had to be �130% of the upper limit
of normal of the local hospital’s laboratory. Subjects taking
lipid-lowering drugs [statins (n � 46), fibrate (n � 2), or both
(n � 5) or unavailable information (n � 8)] were not excluded
from the study to make the results more applicable to the diabetic
population. Subjects were excluded if they were taking antidia-
betic medications; had a major cardiovascular event or surgery
within the previous 6 mo before enrollment in the study; had a
serum triacylglycerol concentration �10 mmol/L; had a major
debilitating disorder such as liver disease, renal failure, cancer,
or gastrointestinal disorder; or used medication that was likely to
alter gastrointestinal motility, nutrient absorption, or insulin sen-
sitivity. The study protocol was approved by the ethics review
committee at each participating institution, and informed con-
sent was obtained from all subjects.

Blood measurements

Fasting serum cholesterol and triacylglycerol were measured
by using the Technicon RA100 (Technicon, Miami, FL). HDL
cholesterol was measured in the supernatant fluid after treatment
of serum with dextran sulfate magnesium chloride. Serum free
fatty acids (FFAs) were measured by enzymatic activation by
long-chain fatty acid-CoA ligase (Wako Chemical Industries,
Dallas, TX). Apo A-I and apo B were measured by nephelometry,
and serum high-sensitivity C-reactive protein (hs-CRP) was de-
termined by using the Behring BN100 hs-CRP reagent (Dade-
Behring, Mississauga, Canada). All of the above were measured
at the J Alick Little Lipid Research Laboratory of St Michael’s
Hospital (Toronto, Canada). Plasma insulin was measured by

electrochemiluminescence immunoassay and plasma glucose by
hexokinase glucose HK liquid at the University of Toronto’s
Banting and Best Diabetes Centre Core Laboratory. LDL cho-
lesterol was calculated by using the Friedewald equation for
samples with triacylglycerol values �4.52 mmol/L (23).

Genotyping

DNA was isolated from peripheral white blood cells by using
the GenomicPrep Blood DNA Isolation kit (Amersham Pharma-
cia Biotech Inc, Piscataway, NJ). Genotyping of the �238G3A
(rs361525) and �308G3A (rs1800629) polymorphisms was
performed by polymerase chain reaction–restriction fragment
length polymorphism analysis as previously described (24).

Dietary and physical activity assessment

Dietary intake was assessed the week before the blood sample
collection with the use of a 3-d food record. Subjects recorded
their food and beverage consumption during 2 weekdays and 1
weekend day. The nutrient composition of the diet was assessed
by using an in-house program with a nutrient database that was
based on the Canadian Nutrient File (25). Physical activity was
assessed by using the Modifiable Activity Questionnaire from
which an MET (metabolic equivalent) score was calculated (26).

Statistical analysis

One-factor analysis of variance was used to test for differences
in general characteristics between the 3 genotypes of the TNF-�
polymorphisms. The non-normally distributed variables (glu-
cose, insulin, triacylglycerol, and C-reactive protein) were loge

transformed, and the results are presented as the antilog of the
estimate. Although the distribution for apo A-I was slightly
skewed, no transformation was performed to generate results that
can be readily interpreted. Nevertheless, this approach gave sim-
ilar results to the transformed data, but yielded a more
conservative estimate. The chi-square test was used to analyze
categorical variables. The 2 polymorphisms were not in
linkage disequilibrium (r2 � 0.009 calculated by using the
HAPLOVIEW software package) (27). Because of the sample
size, homozygotes for the minor allele (AA) were grouped with
heterozygotes (GA) for each of the 2 polymorphisms
(�238G3A and �308G3A) producing 4 possible combina-
tions for �238/-308: 0/0, 0/1, 1/0, and 1/1, where 0 � GG and 1
� AA	GA. The fourth combined genotype with the 2 minor
alleles was dropped from the analyses because of the small sam-
ple size (n � 7). Multiple linear regression was used to test
whether the effect of different dietary fatty acids on serum lipid
and apolipoprotein concentrations varied across the different
genotypes (interaction) in the presence of various confounders.
Of the variables age, energy intake, alcohol consumption, lipid-
lowering drugs, Hb A1c, physical activity, BMI, and sex, only
the latter 2 variables were statistically significant and thus re-
mained in the final model. No differences or interactions were
found between the TNF-� genotypes and any of these potential
confounders. Dietary fatty acids were adjusted for total energy
intake by using both the residual and the nutrient density meth-
ods (28). Although similar results were obtained with both meth-
ods, values from the nutrient density method (% of energy of
dietary fatty acids from total energy intake), which yielded more
conservative estimates, are reported. Similar results were ob-
tained when interactions were tested with PUFAs as a continu-
ous variable and when grouped into tertiles. Men and women
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were analyzed together because patterns were similar between
them, and no interactions between sex and TNF-� genotypes on
the outcome measures of interest were found. Departure of ge-
notype distributions from Hardy-Weinberg equilibrium was as-
sessed by using the chi-square test with 1 df and confirmed by
using the HAPLOVIEW software package (27). Significant P
values are 2-sided and �0.05. The Bonferroni correction for
multiple comparisons was used when appropriate. All statistical
analyses were performed by using SAS version 9.1 (SAS Insti-
tute Inc, Cary, NC).

RESULTS

Anthropometric, biochemical, and dietary characteristics of
the subjects are summarized in Table 1. The minor allele fre-
quencies were 14.2% for the �238G3A polymorphism and
20.6% for the �308G3A polymorphism. The distributions of
the 3 genotypes for each of the 2 SNPs (�238GG � 82, GA � 23,
AA � 4; and �308GG � 69, GA � 35, AA � 5) were in Hardy-
Weinberg equilibrium. No differences were observed between
genotypes for the variables in Table 1, except for Hb A1c, which
was higher among individuals with the �308AA genotype than in
those with the GG genotype (P � 0.04; Tukey’s post hoc test).
FFA was marginally significant for the �238G3A polymor-
phism (P � 0.05), but no differences between the 3 genotypes
were observed when Tukey’s correction for multiple compari-
sons was applied. All differences disappeared when individuals

with the AA and GA genotypes were combined (Hb A1c: P �
0.29; FFA: P � 0.07).

We assessed whether the TNF-� genotypes modified the as-
sociation between dietary fatty acids (total, saturated, monoun-
saturated, and polyunsaturated) and circulating lipids and apoli-
poproteins (total, LDL, and HDL cholesterol; triacylglycerol;
FFAs; apo A-I; and apo B). The results are unadjusted in the text
and adjusted for sex and BMI in the tables and the figure. Sig-
nificant interactions were found between dietary PUFA intake
and TNF-� genotypes on plasma HDL cholesterol (PUFA �
�238G3A, P � 0.003; PUFA � �308G3A, P � 0.001).
PUFA intake was inversely associated with serum HDL choles-
terol among individuals with the �238GG genotype (P � 0.02),
but was positively associated in carriers of the �238A allele
(P � 0.03). In carriers of the �308A allele, PUFA intake was
inversely associated with serum HDL cholesterol (P � 0.001),
but not in those with the �308GG genotype (P � 0.3) (adjusted
slopes and P values for sex and BMI are shown in Table 2).

Because the effects of PUFA intake on HDL-cholesterol con-
centrations were in the opposite direction for the �238A and the
�308A alleles, we grouped individuals who had the A allele at
one position and the GG genotype at the other position. Forty-
nine individuals had the 0/0 genotype at position �238/-308, 33
individuals had the 0/1 genotype, and 20 individuals had the 1/0
genotype, where 0 � GG and 1 � GA�AA. Because of the small
sample size (n � 7) the 1/1 genotype group was dropped from the
analysis. We then tested the PUFA � TNF-� interaction on HDL

TABLE 1
Clinical and metabolic characteristics and dietary intake by tumor necrosis factor-� genotype1

�238G3A

P2

�308G3A

P2
GG

(n � 82)
GA

(n � 23)
AA

(n � 4)
GG

(n � 69)
GA

(n � 35)
AA

(n � 5)

Men/women (n) 37/45 13/10 3/1 0.35 34/35 16/19 3/2 0.82
Age (y) 60.3 � 7.23 58.5 � 7.7 66.5 � 8.1 0.13 59.7 � 7.2 60.8 � 7.8 61.8 � 7.2 0.68
BMI (kg/m2) 30.8 � 4.4 30.7 � 3.8 29.4 � 3.0 0.81 31.3 � 4.2 29.7 � 4.2 30.4 � 4.4 0.19
Hb A1c (%) 6.26 � 0.60 6.10 � 0.62 5.92 � 0.43 0.32 6.17 � 0.57 6.21 � 0.58 6.88 � 0.88 0.04
Fasting glucose (mmol/L) 7.54 � 1.17 7.24 � 1.14 6.82 � 1.14 0.31 7.39 � 1.17 7.39 � 1.15 8.17 � 1.18 0.35
Fasting insulin (pmol/L) 50.4 � 1.75 46.5 � 1.79 41.3 � 1.72 0.70 47.5 � 1.70 51.4 � 1.90 66.7 � 1.54 0.38
Total cholesterol (mmol/L) 4.99 � 1.02 4.98 � 0.85 4.38 � 0.50 0.48 4.95 � 0.93 5.03 � 1.07 4.70 � 0.93 0.76
HDL cholesterol (mmol/L) 1.19 � 0.26 1.17 � 0.33 0.94 � 0.09 0.20 1.15 � 0.24 1.23 � 0.33 1.15 � 0.28 0.38
LDL cholesterol (mmol/L) 2.93 � 0.86 2.94 � 0.81 2.66 � 0.45 0.81 2.94 � 0.84 2.93 � 0.85 2.73 � 0.70 0.87
Triacylglycerol (mmol/L) 1.72 � 1.55 1.72 � 1.72 1.67 � 1.38 0.99 1.77 � 1.48 1.62 � 1.77 1.72 � 1.43 0.61
FFA (mEq/L) 0.61 � 0.23 0.55 � 0.23 0.34 � 0.20 0.05 0.59 � 0.23 0.61 � 0.24 0.45 � 0.21 0.34
Apo A–I (g/L) 1.57 � 0.26 1.56 � 0.29 1.36 � 0.09 0.29 1.53 � 0.25 1.61 � 0.28 1.59 � 0.31 0.35
Apo B (g/L) 1.02 � 0.25 1.03 � 0.24 0.99 � 0.13 0.94 1.02 � 0.22 1.02 � 0.29 1.00 � 0.20 0.98
hs-CRP (mg/L) 2.61 � 2.94 3.42 � 3.53 1.62 � 3.67 0.40 2.94 � 2.83 2.36 � 3.60 2.29 � 3.32 0.61
Energy intake (kcal) 1897 � 519 1740 � 354 1897 � 555 0.40 1847 � 496 1892 � 496 1900 � 443 0.90
Total fat (% of energy) 33.1 � 7.3 32.4 � 7.8 32.6 � 7.7 0.92 33.3 � 7.5 32.3 � 7.4 32.3 � 4.1 0.77
SFA (% of energy) 10.6 � 3.4 10.0 � 3.4 11.3 � 2.9 0.71 10.5 � 3.5 10.3 � 3.3 11.5 � 2.4 0.78
MUFA (% of energy) 13.5 � 3.5 13.3 � 3.7 12.7 � 3.2 0.90 13.7 � 3.5 13.1 � 3.8 12.6 � 0.8 0.64
PUFA (% of energy) 6.4 � 2.0 6.0 � 1.7 5.5 � 2.1 0.53 6.3 � 2.0 6.2 � 1.9 5.9 � 2.0 0.85
Cholesterol (mg/d) 288 � 137 261 � 127 362 � 96 0.36 291 � 129 275 � 148 264 � 117 0.79
Carbohydrates (% of energy) 45.0 � 8.0 45.8 � 8.9 46.3 � 10.2 0.88 44.5 � 8.5 46.1 � 7.9 48.6 � 3.8 0.39
Protein (% of energy) 20.1 � 3.9 19.9 � 4.4 20.1 � 5.3 0.97 20.3 � 4.1 19.7 � 3.9 18.4 � 3.8 0.49
Fiber (g/d) 23.5 � 10.6 23.0 � 6.8 22.8 � 12.6 0.97 22.4 � 9.3 25.5 � 11.3 21.9 � 7.2 0.29

1 Hb A1c, glycated hemoglobin; FFA, free fatty acids; apo, apolipoprotein; hsCRP, high-sensitivity C-reactive protein; SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

2 P values for differences between genotypes were obtained by using a one-factor ANOVA, and the chi-square test was used to test for differences between
genotypes in men and women.

3 x� � SD (all such values).
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cholesterol using the 3 combined genotypes and observed a
stronger difference between genotypes in the association be-
tween PUFA intake and HDL-cholesterol concentration (P �
0.0003). Adjusted slopes and P values for sex and BMI are shown
in Table 3. Among individuals with the 0/1 genotype, each 1%
increase in energy from PUFA intake was associated with a
0.08 � 0.02 mmol/L decrease in HDL-cholesterol concentration
(P � 0.0003 unadjusted). Among individuals with the 1/0 geno-
type, however, the same increase in PUFA intake was associated
with a 0.07 � 0.02 mmol/L increase in HDL cholesterol (P �
0.02). No association between PUFA intake and HDL-
cholesterol concentrations was observed among individuals with
the 0/0 genotype (�0.004 � 0.018 mmol/L of HDL per 1%
PUFA; P � 0.82). The slope of the 0/0 group differed signifi-
cantly from the slope of the 0/1 group (P � 0.004), and the slope
of the 0/1 and 1/0 groups also differed significantly from each
other (P � 0.0001), but a smaller difference was observed be-
tween the slopes of the 0/0 and 1/0 groups (P � 0.06). P values
remained significant after a Bonferroni correction for multiple
comparisons (threshold: P � 0.017).

Individuals were then grouped into tertiles of PUFA intake
(with a median of 4%, 6%, and 8% of energy) to avoid any
influential effect of outliers or assumption of linearity, and a
similar interaction on HDL-cholesterol concentrations was ob-
served (P � 0.008 for interaction; adjusted P for sex and BMI is
shown Figure 1). Among subjects with the 0/1 genotype, the
highest compared with the lowest tertile of PUFA intake was

associated with a 36% lower HDL-cholesterol concentration
(P � 0.004) and a 23% higher HDL-cholesterol concentration
among those with the 1/0 genotype (P � 0.03). As expected, no
effect of PUFA intake on HDL-cholesterol concentrations was
observed among individuals with the GG genotype at both po-
sitions (0/0) (P � 0.45). Adjustment for sex and BMI did not
materially alter the results. Although HDL cholesterol was neg-
atively correlated with triacylglycerol in the entire population
(r � �0.38, P � 0.0001) and within each genotype (all P �
0.03), triacylglycerol concentrations did not differ between ge-
notypes (Table 1), and further adjustment of the models for
triacylglycerol did not materially alter the results.

The Pearson product-moment correlation was assessed to test
for colinearity among the different types of dietary fatty acids.
PUFA intake was highly correlated with total fat and monoun-
saturated fat (both: r � 0.6, P � 0.0001), but not with saturated
fat (r � 0.11, P � 0.25). However, there were no significant
interactions between TNF-� genotypes and either total fat,
monounsaturated fat, or saturated fat on any of the circulating
lipids (data not shown).

We also tested for interactions between TNF-� genotypes and
dietary PUFA intake on apo A-I concentration, which is a major
constituent of the HDL particle. Consistent with the findings for
HDL-cholesterol concentrations, interactions were observed be-
tween PUFA intake and each TNF-� genotype (PUFA � TNF-�
�238G3A, P � 0.02; and PUFA � �308G3A, P � 0.001) as
well as the combined TNF-� genotypes (P � 0.005) on circulating

TABLE 2
Association between dietary polyunsaturated fatty acid (PUFA) intake (% of energy) and HDL-cholesterol (mmol/L) or apolipoprotein (apo) A-I (g/L)
concentrations for tumor necrosis factor-� (TNF-�) �238G3A and �308G3A genotypes1

Genotypes
HDL

cholesterol2 P3 P4 R5 Apo A-I2 P3 P4 R5

�238 GG (n � 82) �0.03 � 0.01 0.03 0.004 0.45 �0.02 � 0.01 0.19 0.05 0.45
�238 AA	GA (n � 27) 0.06 � 0.03 0.03 0.04 � 0.03 0.12
�308 GG (n � 69) 0.02 � 0.02 0.13 0.001 0.47 0.02 � 0.01 0.13 0.002 0.51
�308 AA	GA (n � 40) �0.07 � 0.02 0.002 �0.06 � 0.02 0.005

1 The dependent variables are either HDL cholesterol (mmol/L) or apo A-I (g/L).
2 Values are � regression coefficients � SE and were obtained by using a general linear model adjusted for sex and BMI.
3 P test for the relation between PUFA intake and HDL-cholesterol or apo A-I concentrations for each TNF-� genotype.
4 P test for the interaction between PUFA intake and the TNF-� polymorphism on HDL-cholesterol or apo A-I concentrations.
5 Multiple correlation coefficient (P � 0.001 for all).

TABLE 3
Association between dietary polyunsaturated fatty acid (PUFA) intake (% of energy) and HDL-cholesterol concentrations (mmol/L) or apolipoprotein
(apo) A-I (g/L) for each combined tumor necrosis factor-� (TNF-�) genotype1

Combined
genotypes �238 �308 n HDL cholesterol2 P3 P4 R5 Apo A-I2 P3 P4 R5

0/0 GG GG 49 �0.000 � 0.017 0.98 0.0003 0.53 0.012 � 0.015 0.46 0.002 0.53
0/1 GG GA 29 �0.079 � 0.021 0.0003 �0.062 � 0.019 0.002

GG AA 4
1/0 GA GG 17 0.064 � 0.028 0.026 0.046 � 0.026 0.087

AA GG 3

1 The dependent variables are either HDL cholesterol (mmol/L) or apo A-I (g/L). The fourth combined genotype with 2 minor A alleles (1/1) are excluded
because of the small sample size (GA	GA, n � 6; AA	AA, n � 1).

2 Values are � regression coefficients � SE and were obtained by using a general linear model adjusted for sex and BMI.
3 P test for the relation between PUFA intake and HDL-cholesterol or apo A-I concentrations among each combined genotype.
4 P test for the interaction between PUFA intake and the combined genotypes on HDL-cholesterol or apo A-I concentrations.
5 Multiple correlation coefficient (P � 0.0001 for HDL cholesterol and apo A-I).
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apo A-I concentrations. The interaction was also significant when
PUFA was grouped into tertiles of intake (P � 0.02). Interactions
remainedsignificant after adjustment for sexandBMI(Tables2and
3 and Figure 1).

DISCUSSION

Our aim was to determine whether TNF-� genotypes modify
the association between dietary PUFA intake and circulating
lipids among individuals with type 2 diabetes. Our results
showed that an increased PUFA intake is associated with higher
concentrations of HDL cholesterol and apo A-I in subjects with
TNF-� genotypes that are associated with lower TNF-� produc-
tion. Both n�3 and n�6 PUFAs have been shown to have vari-
able effects on HDL concentrations in humans (1, 29, 30), and
our results suggest that genetic factors affecting TNF-� produc-
tion may explain some of these inconsistencies. We did not
observe any other significant interactions between TNF-� and
other fatty acids on circulating lipids. Although the dietary anal-
ysis software used in the present study did not distinguish the
n�6 from the n�3 fatty acids, we did not expect high intakes of
n�3 fatty acids in our study population because these fatty acids
are not abundant in the typical Canadian diet (31) and the par-
ticipants were not residing in coastal cities. Thus, the effects we
observed might have been due primarily to the n�6 PUFAs.

High concentrations of TNF-� in humans have been associ-
ated with low concentrations of circulating HDL cholesterol (5,
13). Several studies have shown that TNF-� can independently

affect HDL by increasing endothelial lipase (32), decreasing
lecithin:cholesterol acyltransferase production and activity (18),
and decreasing ATP-binding cassette (ABCA1 and ABCG1)
(33), scavenger receptor class B type I (34), and apo A-I and apo
A-IV gene expression (16). Each of these proteins tightly regu-
late the reverse cholesterol transport (35). Furthermore, anti-
TNF-� therapy given to patients with rheumatoid arthritis causes
an increase in HDL concentrations (36).

PUFA can incorporate into membrane phospholipids and ac-
tivate the transcription nuclear transcription factor �B, which
regulates the expression of the TNF-� gene (37, 38). However,
studies relating the effect of PUFAs on TNF-� production have
shown variable effects. Indeed, both n�3 and n�6 fatty acids
have been shown to either increase or decrease TNF-� produc-
tion in humans (6, 7, 9, 39, 40), animals (41–43), and cell culture
(44–47). Wallace et al (48) showed that the apparent variable
effects of PUFAs on TNF-� production could partly be explained
by the activation state of the cells and their different capacities to
produce prostaglandin E2 (PGE2) and leukotriene B4, which are
eicosanoids produced from PUFAs that modulate TNF-� pro-
duction. They found that rats fed a diet supplemented with n�3
fatty acids, and similarly with n�6 fatty acids, had decreased
TNF-� production in thioglycollate-induced inflammatory mac-
rophages, but increased TNF-� production in noninflammatory
resident macrophages (48). Therefore, the inflammatory state of
the cells, which could be determined by genetic factors, appears
to partly influence the effect of PUFAs on TNF-� production.

In the present study, increasing PUFA intake was associated
with lower concentrations of HDL and apo A-I in individuals
with a genotype associated with higher TNF-� production, but
was associated with higher concentrations of HDL and apo A-I in
those with a genotype associated with lower production of the
cytokine. The TNF-� �238G3A polymorphism has been
shown to decrease the rate of transcription and production of
TNF-� (19), whereas the �308G3A polymorphism has been
shown to increase both (20, 21). Grimble et al (6) showed that,
among individuals with the greatest TNF-� production, those
who were carriers of the TNF-� �308A allele had a significantly
greater reduction in TNF-� production after fish-oil supplemen-
tation than did those with the �308GG genotype. It is possible
that TNF-� polymorphisms cause changes in the production of
TNF-� on dietary PUFA intake that subsequently modulate the
inflammatory state of the cells and affect the reverse cholesterol
transport.

The amount of PUFAs consumed also seems to be an impor-
tant determinant of TNF-� production. Renz et al (49) found that
PGE2, which can be derived from PUFAs, stimulated the release
of TNF-� from rat resident macrophages at lower PGE2 concen-
trations but suppressed TNF-� release at higher concentrations.
However, Trebble et al (39) found that supplementing the diet
with n�3 fatty acids at different doses resulted in a U-shaped
curve of TNF-� production in humans. Therefore, the concen-
tration of the stimulus appears to determine whether TNF-�
production is enhanced or repressed. In the present study, we
showed that the HDL-cholesterol concentration appears to de-
pend not only on the amount of PUFAs consumed, but also on the
TNF-� genotype of the individual.

PUFAs are natural ligands for the transcription factors PPARs,
which have been shown to increase HDL and apo A-I (50, 51).
PPARs and TNF-� can reciprocally down-regulate each other,
such that PPARs decrease TNF-� gene expression (52) and
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FIGURE 1. Combined genotypes of tumor necrosis factor-� (TNF-�)
�238G3A and �308G3A modify the effect of polyunsaturated fatty acids
(tertiles of intake � median) on circulating HDL-cholesterol concentrations
(P � 0.006 for interaction) and apolipoprotein (apo) A-I (P � 0.04 for
interaction). Values are means � SEMs. Interactions were tested by using a
3 � 3 ANOVA adjusted for sex and BMI (n � 109). The fourth combined
genotype with the 2 minor alleles (1/1) is not shown because of the small
sample size (n � 7).
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TNF-� can also decrease the expression of PPARs (15, 53). Thus,
high concentrations of PUFAs coupled with high concentrations
of TNF-� may repress the expression of PPARs and thereby
decrease HDL concentrations. However, higher concentrations
of PUFAs, if coupled with lower concentrations of TNF-�, might
preferentially activate PPARs and result in an increase in HDL
concentrations. This may explain why an increase in PUFA in-
take would increase HDL concentrations among individuals with
the TNF-� genotype associated with lower TNF-� production
but decrease HDL among those with the genotype associated
with higher TNF-� production.

In summary, we found that polymorphisms in the promoter
region of the TNF-� gene alter the association between dietary
PUFA and circulating HDL and apo A-I concentrations. Further
studies are needed to confirm these results in other populations
and to establish the mechanism of action and the type of PUFA
(n�3 or n�6) responsible for the effects observed in the present
study.
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Influence of inulin on plasma isoflavone concentrations in healthy
postmenopausal women1�3

Cateno Piazza, Maria Giovanna Privitera, Barbara Melilli, Tiziana Incognito, Maria Rosa Marano,
Gian Marco Leggio, Matilde Amico Roxas, and Filippo Drago

ABSTRACT
Background: Bacterial intestinal glucosidases exert an important
role in isoflavone absorption. Insoluble dietary fibers such as inulin
may stimulate the growth of these bacteria in the colon and, hence,
stimulate the absorption of these substances in subjects who may
need isoflavone supplementation.
Objective: The objective was to assess the influence of inulin on
plasma isoflavone concentrations after intake of soybean isofla-
vones in healthy postmenopausal women.
Design: Twelve healthy postmenopausal women participated in a
randomized, double-blind, crossover study. They consumed 40 mg
of a conjugated form of soybean isoflavones (6 mg daidzein and 18
mg genistein as free form) with or without 3.66 g inulin twice daily
in two 21-d experimental phases. Blood samples were collected 0, 1,
2, 3, 4, 6, 10, 12, and 24 h after intake of isoflavones with breakfast
and dinner at the end of each 21-d experimental phase. Plasma
concentrations of isoflavones were assessed by HPLC with an elec-
trochemical detector.
Results: Plasma 24-h areas under the curve indicated that the intake
of soybean isoflavones with inulin for 21 d was followed by higher
plasma concentrations of daidzein and genistein (38% and 91%,
respectively) compared with the formulation without inulin. Fur-
thermore, the time for the maximum concentration of daidzein and
genistein appeared to be lower after the 21-d intake of soybean
isoflavones, with or without inulin. However, the time for the max-
imum concentration of daidzein and genistein after supplementation
with the inulin-containing formulation on day 21 was not signifi-
cantly different from that after supplementation with the formulation
without inulin.
Conclusions: Inulin may increase the apparent plasma concentra-
tions of the soybean isoflavones daidzein and genistein in postmeno-
pausal women. The higher plasma concentrations of the 2 isofla-
vones suggests that the absorption of each was facilitated by the
presence of inulin. Am J Clin Nutr 2007;86:775–80.

KEY WORDS Isoflavones, plasma inulin concentrations,
postmenopausal women

INTRODUCTION

The role of dietary flavonoids in the prevention of several
chronic diseases is the subject of intense research, and soybean
isoflavones have been the focus of particular attention (1–3).
Assessment of the potential importance of flavonoids in human
health, however, should be supported by the best knowledge of
the absorption, distribution, metabolism, and excretion of these
substances after ingestion.

Estrogen replacement therapy is effective in prevention as well as
in the treatment and reversal of postmenopausal bone loss. How-
ever, this therapy is associated with serious side effects, such as
breast or uterine cancer (4). Recent reports have concluded that the
combined use of estrogen and progesterone as part of hormone
replacement therapy is partially effective in the prevention of cor-
onaryheartdiseaseandcognitivedecline (5,6).Consequently, there
is considerable interest in the identification of alternative estrogens
for the prevention of these chronic diseases. Soybean contains large
quantities of isoflavones, the so-called phytoestrogens. These sub-
stances include genistein, daidzein, and glycitein, which have struc-
tural similarities to 17�-estradiol and exhibit estrogenic-like effects
by binding to estrogen receptors (5). Epidemiologic studies indicate
a lower incidenceofosteoporosis inpopulationswhoconsumemore
soybean and soy product (7).

In postmenopausal women, soybean isoflavones are an alter-
native to conventional hormone replacement therapy because of
their cholesterol-lowering action and hot flush prevention (8–
10) and because of their effect on bone (11–13). Furthermore,
daily consumption of soy food may induce endocrine effects in
postmenopausal women (14, 15).

Bacterial intestinal glucosidases (ie, from lactobacilli, bacte-
roides, and bifidobacteria) have an important role in the absorption
of isoflavones (16). Insoluble dietary fibers such as fructooligosac-
charides and inulin may stimulate the growth of these bacteria in the
colon (17). Thus, it is possible that supplementation with inulin may
influence plasma concentrations of soybean isoflavones, possibly
by increasing their absorption. Because of the relevance of isofla-
vones on alimentation after menopause, the present study investi-
gated the influence of inulin on plasma concentrations of soybean
isoflavones in healthy postmenopausal women.

SUBJECTS AND METHODS

Isoflavone formulations
We compared 2 drinkable formulations (prepared by

Pharbenia-Bayer, Milan, Italy) containing 40 mg of a conjugated

1 From the Pharmacokinetic Unit, Unifarm Research Center, University of
Catania, Catania, Italy.

2 Supported by the PhD School of Neuropharmacology and the Depart-
ment of Experimental and Clinical Pharmacology, University of Catania,
Catania, Italy.

3 Address reprint requests to F Drago, Department of Experimental and
Clinical Pharmacology, University of Catania, Viale Andrea Doria 6, Catania
I-95125. E-mail: fdrago@tin.it.

Received June 2, 2006.
Accepted for publication April 11, 2007.

775Am J Clin Nutr 2007;86:775–80. Printed in USA. © 2007 American Society for Nutrition



form of soybean isoflavones (25 mg free form): 6 mg daidzein, 18
mg genistein, and 1 mg glycitin. Both formulations also con-
tained 500 mg Ca and 7.5 �g (equivalent to 300 units) vitamin D3.
The formulations identified as Iso contained no inulin, whereas
the Iso�Inu formulations also contained 3.66 g inulin.

Subjects

Twelve healthy postmenopausal women aged 51–64 y partic-
ipated in this study. They were derived from a group of 32
volunteers initially prescreened and selected by phone interview
from 76 volunteers who responded to an announcement posted in
the local media. Screening of recruited volunteers concerned
general health status, body mass index (BMI; in kg/m2), gastro-
intestinal function, and dietary habits (with the use of a dietary
questionnaire). Volunteers were excluded if they had known or
suspected hypersensitivity toward any of the constituents of the
study medication or an allergy, had given blood within the past 3
mo, had any condition likely to change the absorption of the study
medication, or had a BMI � 18 or � 30. The subjects were asked
not to change their dietary habits, not to consume food containing
soybean products or isoflavones, and not to change their physical
activity patterns during the period of the study. In particular, they
were instructed to consume no soy products from the time of
screening until the end of the trial. The study was conducted at the
University of Catania Medical Center (UCMC) in accordance
with the protocol, good clinical practice requirements, and the
principles of the Declaration of Helsinki and the applicable reg-
ulatory requirements. All subjects provided written informed
consent. The study design and protocol, the informed consent
text, and the fee amount for the subjects were approved by the
Ethical Committee of the UCMC.

Experimental design

The crossover study was double-blind and randomized and
consisted of 2 experimental phases. On day 1 of the first exper-
imental phase, the subjects who had fasted overnight (14 h) were
admitted to the UCMC. A venous blood sample (0 time) was
collected into heparinized tubes. Within 30 min, the subjects
consumed a standard breakfast and thereafter 1 of the 2 experi-
mental formulations according to the randomization assignment
for this phase. Breakfast consisted of milk and 6 biscuits and
optional coffee or tea with sugar. Additional blood samples were
withdrawn 1, 2, 3, 4, 6, 10, and 12 h after intake of the study
formulation. The subjects remained at the UCMC during the 12-h
period. They consumed a standard lunch at noon after blood was
drawn at 4 h and consumed dinner at 2100 after blood was drawn
at 12 h. Lunch consisted of lettuce, sliced tomato, shredded
carrot, 2 pieces of white bread, tuna, mayonnaise, a fresh apple,
a small package of butter cookies, and regular ginger ale. Italian
dressing, salt, and pepper were optional. Dinner consisted of
tomato soup, herbed chicken prepared with garlic powder, corn
oil, oregano, cooking sherry, broccoli, a dinner roll, butter, spar-
kling water, and salt and pepper (optional). The subjects spent the
night at the UCMC to provide a blood sample 24 h after intake of
the study formulation. They then consumed the formulation
twice daily, always at 0800 and 2000, and returned to the UCMC
20 d later. Blood samples were drawn according to the same
procedure as described for day 1 of the first experimental phase.
After a 7-d washout period, the subjects were readmitted to the
UCMC, and the same procedure used during the first phase was

repeated in the second experimental phase according to the ran-
domization assignment applied for this phase. Blood samples (8
mL) were obtained by venipuncture via an indwelling catheter
for the more frequent samplings or were collected into evacuated
tubes for the later sample times, depending on the choice of the
individual. Blood samples were centrifuged at 3000 � g for 10
min at 4 °C within 30 min of blood withdrawal. Plasma was
separated and stored at �20 °C until analyzed.

Adverse events experienced throughout the study were re-
corded for each subject. The Common Toxicity Criteria sug-
gested by the National Cancer Institute (Bethesda, MD) were
used to assign a severity grade to each event.

Measurement of plasma isoflavones

Concentrations of isoflavones (daidzein and genistein) were
measured in plasma samples by HPLC with electrochemical
detection (HPLC/ECD). Estriol 3-(�-glucuronide) was used as
internal standard. Daidzein (product no. D7802), genistein
(product no. G6776), and estriol 3-(�-glucuronide) sodium salt
(product no. E2002) were obtained from Sigma-Aldrich (St
Louis, MO). Plasma preparations were derived according to a
previously described HPLC-ECD procedure (18). One milliliter
of plasma was mixed with 15 �L of 60 �g/mL estriol 3-(�-
glucuronide) solution, 0.25 mL of 1.0 mol ammonium acetate
buffer/L (pH 5.0), and 1000 units �-glucuronidase from Helix
pomatia (Sigma, St Louis, MO) and incubated overnight at 37 °C
to release the free forms of isoflavones from the glucuronide.
After the addition of 0.1 mL glacial acetic acid, the hydrolysates
were washed with 5.0 mL hexane.

Daidzein and genistein were extracted twice with 3 mL ethyl
ether, and the extracts were evaporated with a vacuum system
(Büchi multiple evaporator); the resulting residue was dissolved
in 100 �L methanol followed by the addition of 100 �L mobile
phase and an aliquot of 100 �L was injected into the HPLC
column. The HPLC system was composed of a ProStar 410
AutoSampler VARIAN (Palo Alto, CA) series, ProStar 230 Sol-
vent Delivery Module, and an 8-channel CoulArray detector
ESA (Chelmsford, MA) model 5600A. Applied potentials were
460, 530, and 560 mV. The separation was done on a polar
column (LiChrospher 60RP-select B, 125 mm � 4 mm, 5 �m;
Merck, Darmstadt, Germany) and precolumn (LiChroCart, 4 mm
� 4 mm, 5 �m; Merck, Darmstadt, Germany). The mobile phase
was composed of 2 mixtures: mixture A consisted of water-
methanol-acetonitrile (55:40:4, by vol) containing 0.2 mol am-
monium acetate buffer/L (pH 4.8); mixture B consisted of water-
methanol-acetonitrile (20:75:5, by vol) containing 0.2 mol
ammonium acetate buffer/L (pH 4.8). The flow rate was set at 0.7
mL/min. A gradient in 10 min, from 0% (by vol) to 70% of mobile
phase B, was introduced 10 min after injection. At 25 min, the
system returned to 100% A in 5 min and was kept under this
condition for 3 min to reequilibrate. The eluent of isoflavones
was quantified by determining the peak areas in the chromato-
grams calibrated against known amounts of standards with high
purity (�99%). All plasma samples collected from each subject
during the 2 phases were analyzed in the same batch. The post-
prandial absorption and metabolism curves for genistein and
daidzein were constructed by plotting plasma concentrations
over time. The maximum concentration in plasma (Cmax) post-
prandially, the time for the maximum concentration to be reached
(tmax), and the area under the curve (AUC0–24) were determined
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from the curves. Analyses were performed at the Pharmacoki-
netic Unit, Unifarm Research Center, University of Catania,
Catania, Italy

Statistical analysis

The analysis of variance was performed after logarithmic
transformation of AUC0–24 and Cmax values by evaluating the
sequences, subjects, periods, and treatments. The SAS statistical
software package was used to analyze the data. The area under
the curve (AUC0–24) was calculated by using the Westlake (19)
and Schuirmann (20) tests; tmax was determined with a nonpara-
metric test (Wilcoxon’s matched-pair ranks test). A P value
�0.05 was considered to indicate a significant difference.

RESULTS

The postprandial plasma concentrations and time curves for
daidzein and genistein in postmenopausal women after intake of
the Iso and Iso�Inu formulations are depicted in Figure 1 and
Figure 2, and the pharmacokinetic parameters of these concen-
trations and time curves are summarized in Table 1 and Table 2.
Because there was considerable variation in the rate of absorption
and appearance of isoflavones in plasma between the subjects,
the AUC0–24 values for daidzein and genistein from the study
formulations are shown in Tables 1 and 2. Because all of the
subjects consumed the same defined and controlled diet during
the first 24 h on days 1 and 21 of each experimental phase while
they stayed at the UCMC, we compared the AUC0–24 values for
plasma daidzein and genistein.

After 21 d of supplementation with soybean isoflavones, the
AUC0–24 values for daidzein and genistein appeared to be higher
than those at baseline (day 1) after the consumption of both the
Iso and Iso�Inu formulations (Table 1 and 2, respectively).
However, the AUC0-24 values on day 21 for both isoflavones
were higher after the Iso�Inu formulation than after the Iso
formulation. This increase was 38% (95% CI: 5.6) for daidzein
and 91% (95% CI: 12.2) for genistein.

Plasma Cmax values of daidzein appeared to be higher after
21 d of supplementation with both the Iso and Iso�Inu formu-
lations (Table 1). In contrast, plasma Cmax values of genistein

appeared to be higher only after supplementation with the
Iso�Inu formulation.

As shown in Tables 1 and 2, we observed a decrease in tmax

values for daidzein and genistein after 21 d of supplementation
with both the Iso and Iso�Inu formulations. However, the tmax

value after supplementation with the Iso�Inu formulation was
not significantly different from that after the Iso formulation on
day 21 for either isoflavone. No adverse events were recorded for
any of the subjects participating in the trial.

DISCUSSION

The aim of the present study was to investigate whether inulin
enhances soybean isoflavone absorption in postmenopausal
women. The results indicated a significant difference in plasma
isoflavones concentrations as a result of the presence of inulin. In
fact, daidzein and genistein absorption appeared to be relatively
faster, and Cmax values for plasma isoflavones were found at
times ranging from 2 to 8 h after ingestion. Furthermore, after a
21-d supplementation period, plasma concentrations of both
daidzein and genistein were significantly higher in subjects who
took isoflanoves with inulin. This difference was particularly
evident for genistein, the AUC0–24 of which increased by �91%
in the subjects who consumed isoflavones with inulin for 21 d
compared with the increase in the daidzein AUC0–24 of only
�38%.

Equol is one of the daidzein metabolites produced by the
intestinal microflora and absorbed in plasma, where it remains
for a relatively longer time than genistein and daidzein (21).
Because equol concentrations were not measured in our samples,
we do not know whether inulin in the Iso�Inu formulation
caused modifications in plasma equol concentrations. However,
it should be considered that other studies did not consider plasma
equol concentrations as an important measure of soybean isofla-
vone pharmacokinetics (22).

It is not easy to explain the mechanism by which isoflavone
absorption was facilitated by inulin intake under the present
experimental conditions. The chemical forms in which isofla-
vones appear in food or supplements have been considered to be
important to their plasma concentrations and, thus, for their bi-
ological activity. Isoflavones in soybean exist in 4 chemical

FIGURE 1. Mean plasma daidzein concentrations over a 24-h observa-
tion period in 21 healthy postmenopausal women. Each of the following 2
formulations was consumed twice daily for 21 d: a formulation containing
soybean isoflavones without inulin (A) and a formulation containing soybean
isoflavones with 3.66 g inulin (B). Basal values represent the concentration
time curve on day 1; final values represent the concentration time curve on
day 21.

FIGURE 2. Mean plasma genistein concentrations over a 24-h observa-
tion period in 12 healthy postmenopausal women. Each of the following 2
formulations was consumed twice daily for 21 d: a formulation containing
soybean isoflavones without inulin (A) and a formulation containing soybean
isoflavones with 3.66 g inulin (B). Basal values represent the concentration
time curve on day 1; final values represent the concentration time curve on
day 21.
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forms: aglucone, glucoside, acetylglucoside, and malonylglu-
coside. However, the glucoside forms are predominant (23) and
represent the major naturally occurring isoflavones in soybean
and soybean-based food products (24, 25), although variation in
food-processing techniques may alter the relative content of
acylglucoside, malonylglucoside, and simple glucosides (26).
After ingestion, isoflavone glucosides are hydrolyzed to their
aglucones by phlorizin lactose hydrolase in the apical membrane
of the lumen of the small intestine and by bacterial intestinal
glucosidases (ie, from lactobacilli, bacteroides, and bifidobacte-
ria) (16, 27). Conversion of daidzein into its metabolites dihy-
drodaidzein, O-desmethylangolesin, and equol also precedes ab-
sorption from the colon. After hepatic uptake and excretion into
the bile of the �-glycuronides genistein, glycitein, and daidzein
and its metabolites, a second round of hydrolysis occurs (28).
Insoluble dietary fibers, such as fructooligosaccharides and in-
ulin, may stimulate the growth of these bacteria in the colon (17).
Thus, it is possible that inulin-stimulated bacterial growth in-
duced soybean glucoside conversion and, hence, facilitated their
absorption.

It is possible that inulin altered the pharmaceutical properties
of the formulations that were prepared for this study. This is a
well-known problem in the pharmaceutical industry dealing with
food products, which puts considerable effort into the prepara-
tion of drugs to overcome this difficulty. Concern for this issue

comes from the study by Busby et al (21), which suggests that
significant amounts of isoflavones are never absorbed or ex-
creted in the feces or may be metabolized to other compounds
that were not measured.

The intestinal absorption of isoflavones requires a release of
free forms from glucosidic conjugates. Thus, intestinal absorp-
tion of glucoside forms of isoflavones can slow down until they
enter the large intestine, where colonic microflora may release
aglucones (29). However, glucoside forms are subjected to hy-
drolysis by �-glycosidases in the small intestine and appear in
plasma within a short period of time (30, 31). Other factors,
including dietary habits, the food matrix, the extent of intestinal
bacterial fermentation, intestinal transit time, and age may influ-
ence the intestinal metabolism and plasma concentrations of
isoflavones in humans (32, 33).

Whether a 7-d washout period was sufficient to avoid the
possible enterohepatic recirculation of isoflavones is not certain.
In fact, it is possible that a pool of isoflavones in the gut under-
goes enterohepatic recirculation, which allows a postprandial
reentry into the blood and alters the AUC calculations for the new
preparation. However, preclinical studies in rats suggest that
genistein is absorbed very well from the intestines and is excreted
into the bile in only small proportions. An important factor that
may alter the initial intestinal absorption and the subsequent
enterohepatic recirculation of genistein is bacterial metabolism

TABLE 1
Pharmacokinetics parameters of daidzein1

Daidzein

Iso formulation Iso�Inu formulation

Day 1 Day 21 Day 1 Day 21

AUC0–24 4083.0 � 181.0 4614.3 � 188.8 4371.6 � 174.9 6386.4 � 113.92

Cmax 240.4 � 10.3 408.7 � 39.5 313.9 � 19.2 435.2 � 10.82

tmax 7.9 � 0.3 5.5 � 0.23 10.0 � 0.7 5.5 � 0.13

1 All values are x� � SD; n � 12 healthy postmenopausal women. The SAS statistical software package (SAS Institute, Cary, NC) was used to analyze the
data. AUC0–24, area under the curve over 24 h calculated by using the Westlake and Schuirmann test; tmax, time for the maximum concentration (Cmax) to be
reached determined by using a nonparametric test (Wilcoxon matched-pair ranks test). The Iso formulation contained soybean isoflavones without inulin; the
Iso�Inu formulation contained soybean isoflavones with inulin. Each of the 2 formulations was consumed for 21 d. There were no significant differences
between the day 1 values for any of the variables. The final AUC0–24 for daidzein calculated for the Iso�Inu formulation was 38% higher than that for the Iso
formulation.

2 Significantly different from the day 1 value (P � 0.05, ANOVA) and from the day 21 value (P � 0.01, ANOVA) for the Iso formulation.
3 Significantly different from the day 1 value (P � 0.05, Wilcoxon matched-pair ranks test).

TABLE 2
Pharmacokinetics parameters of genistein1

Genistein

Iso formulation Iso�Inu formulation

Day 1 Day 21 Day 1 Day 21

AUC0–24 4772.9 � 206.6 4397.0 � 236.9 5218.2 � 109.7 8392.9 � 420.22

Cmax 294.6 � 12.1 288.2 � 18.5 340.9 � 6.4 483.1 � 23.43

tmax 20.2 � 0.7 8.0 � 0.64 22.5 � 0.5 6.3 � 0.24

1 All values are x� � SD; n � 12 healthy postmenopausal women. The SAS statistical software package (SAS Institute Inc, Cary, NC) was used to analyze
the data. AUC0–24, area under the curve over 24 h calculated by using the Westlake and Schuirmann test; tmax, time for the maximum concentration (Cmax) to
be reached detemined by using a nonparametric test (Wilcoxon matched-pair ranks test). The Iso formulation contained soybean isoflavones without inulin;
the Iso�Inu formulation contained soybean isoflavones with inulin. Each of the 2 formulations was consumed for 21 d. There were no significant differences
between the day 1 values for any of the variables. The final AUC0–24 for genistein calculated for the Iso�Inu formulation was 91% higher than that for the Iso
formulation.

2 Significantly different from the day 1 value (P � 0.01, ANOVA) and from the day 21 value (P � 0.01, ANOVA) for the Iso formulation.
3 Significantly different from the day 1 value (P � 0.05, ANOVA).
4 Significantly different from the day 1 value (P � 0.05, Wilcoxon matched-pair ranks test).
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(34). Furthermore, pharmacokinetic analysis of the plasma
curves in the present study showed the mean (�SD) elimination
half-life to be 9.34 � 1.3 h for daidzein and 6.78 � 0.84 h for
genistein. For this reason, a 7-d washout was sufficient to avoid
any possible enterohepatic recirculation of isoflavones, as also
indicated by other studies (35).

In the present study, all subjects were selected from a pool of
postmenopausal women after they were screened for general
health status, BMI, gastrointestinal function, and dietary habits.
It is important to note that, at least for the 24-h period on day 1 and
day 21 of each phase at the UCMC, all of the subjects consumed
the defined diet at breakfast, lunch, and dinner. Thus, the food
matrix, which may influence plasma concentrations of isofla-
vones during the absorption period (32), was the same for all of
the participants and thus we concluded that the appearance of
daidzein and genistein in plasma was not influenced by food.

The influence of menopause on the isoflavone pharmacoki-
netic parameters studied herein warrants discussion. No women
who still had menstrual cycles were admitted as controls for the
postmenopausal subjects. Thus, no information exists on the
possible influence of menopause on plasma isoflavone concen-
trations. However, it should be noted that the pharmacokinetic
parameters measured in the postmenopausal women in the
present study were lower than those described by others in pre-
menopausal subjects (17, 19). Thus, it seems likely that post-
menopausal women may show decreased absorption of isofla-
vones and need higher doses to achieve plasma concentrations
similar to those of younger subjects. Indeed, gut microflora is
important for plasma soybean isoflavone concentrations in
women (19). Menopausal subjects are primarily interested in
isoflavone supplementation because these substances are chem-
ically and functionally similar to 17�-estradiol and seem to be
effective during menopause at preventing osteoporosis (7, 11–
13), lowering plasma cholesterol concentrations, and preventing
hot flushes (8–10) as an alternative to conventional hormone
replacement therapy. A daily intake of �50 mg isoflavones,
which is equal to the dose adopted in the present study (6 mg
daidzein, 18 mg genistein, and 1 mg glycitin twice daily), seems
to have been based largely on the early observation that the daily
consumption of soy foods providing 45 mg isoflavones resulted
in hormonal changes in menopausal women (14, 15).

The excellent tolerability of soybean preparations used in the
present trial does not deserve comment. Indeed, in another study,
dietary supplementation with purified unconjugated isoflavones
administered in single doses greatly exceeding normal dietary
intakes resulted in minimal clinical toxicity (22).

More research is required to establish precisely the health
benefits of soybean isoflavones, the site and the mechanism of
their absorption, and their interaction with inulin. Interestingly,
a randomized, double-blind, placebo-controlled study recently
found that dietary supplementation of functional foods with
isoflavones may cause changes in the diversity and composition
of dominant intestinal bacterial communities in postmenopausal
women (36). Another unanswered question refers to the effects
of total isoflavones compared with those of their individual me-
tabolites on calcium absorption and bone health. However, the
present study clearly showed that supplementation with inulin
increases plasma concentrations of soybean isoflavones and sug-
gests that this substance should be consumed with isoflavones by
subjects who may need isoflavone supplementation.
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Changes in biochemical indexes of bone metabolism and bone
mineral density after a 12-mo dietary intervention program: the
Postmenopausal Health Study1–3

Yannis Manios, George Moschonis, George Trovas, and George P Lyritis

ABSTRACT
Background: In southern Europe, calcium supplementation
alone is a common practice for osteoporosis prevention.
Objective: We examined whether calcium supplementation could
be as effective in achieving favorable bone mass changes in post-
menopausal women as is a holistic dietary approach including dairy
products fortified with calcium and vitamin D3.
Design: A sample of 101 postmenopausal women were randomly
assigned to a dairy intervention group (n � 39) who received daily
�1200 mg Ca and 7.5 �g vitamin D3 via fortified dairy products and
attended biweekly nutrition education sessions; a calcium-
supplemented group (n � 26) who received a total of 1200 mg Ca/d;
and a control group (n � 36).
Results: The increases observed in serum concentrations of insulin-
like growth factor I were greater in the dairy intervention group than
in the 2 other groups, especially during the first 5 mo of intervention
(P � 0.034). The decreases and increases observed during 5 and 12
mo, respectively, in serum 25-hydroxyvitamin D3 were significant
in all groups (P � 0.050). Serum parathyroid hormone increased
only in the control group, and serum type 1 collagen cross-linked
C-telopeptide decreased only in the dairy intervention group during
both 5 and 12 mo of intervention (P � 0.035 and 0.047, respectively).
The dairy intervention group had greater improvements in pelvis
(P � 0.040), total spine (P � 0.001), and total-body (P � 0.001)
bone mineral density than did the other 2 groups.
Conclusion: The application of a holistic intervention approach
combining nutrition education and consumption of fortified dairy
products for 12 mo can induce more favorable changes in biochem-
ical indexes of bone metabolism and bone mineral density than can
calcium supplementation alone. Am J Clin Nutr 2007;86:
781–9.

KEY WORDS Bone metabolism, calcium and vitamin D, for-
tified dairy products, health education, postmenopausal women

INTRODUCTION

Osteoporosis and the subsequent risk of bone fracture occur
most commonly among postmenopausal women who are
middle-aged and older. These disorders account for a significant
burden of morbidity and mortality worldwide and have become
a major public health problem (1). Although no exact data on the
prevalence of osteoporosis among Greek women exist, epidemi-
ologic data show that the incidence of hip fracture, the most
dramatic complication of osteoporosis, in older persons in

Greece has increased significantly: from 1977 to 1992, age-
adjusted incidence in Greek persons aged �50 y increased by
80.9% (2).

The adequate intake of certain nutrients that are essential for
bone metabolism, such as calcium and vitamin D, plays an im-
portant role in maintaining bone mass. With increasing age,
however, both dietary calcium intake and intestinal calcium ab-
sorption decrease (3). Furthermore, in the elderly, serum con-
centrations of 25-hydroxyvitamin D3 [25(OH)D3] decline,
mostly because of decreased sunlight (ultraviolet B irradiation)
exposure, which leads to a limited capacity for cutaneous
vitamin D synthesis (4). Combined with low dietary intake of
vitamin D from staple foods, especially in countries without
mandatory fortification policy (5), these factors contribute to
lower concentrations of 25(OH)D3 and consequently to ac-
celerated bone loss and greater risk of bone fracture (6, 7). It
has been reported that meeting daily dietary requirements of
calcium and vitamin D produces a significant reduction in the
incidence of bone fracture (8, 9).

Although low bone mineral density (BMD) has been identified
as one of the stronger predictors of future bone fracture, the
serum concentrations of several biomarkers of bone remodeling
have also been proposed as important predictors of BMD loss
(10). According to recent evidence, supplementation with cal-
cium or vitamin D or both has been reported to exert a significant
favorable effect on BMD and on several bone-remodeling
biomarkers (10–12) and has been associated with a lower risk of
fracture (10). An abundance of clinical trials have indicated the
beneficial effects of supplementation with calcium or vitamin D
or both on the prevention of bone loss and on bone remodeling
indexes (10, 11, 13–17), but very few studies have examined the
effect of increases in the intakes of these micronutrients through
fortified foods and especially through dairy products (7, 18–20).
Even scarcer are the data coming from dietary intervention trials
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with fortified foods in Mediterranean populations (21). The
common beliefs in Mediterranean populations are that, because
of the sunny climate, there is no need for additional vitamin D
intake, and calcium supplementation alone may be adequate to
prevent bone loss. However, studies conducted in this region
have shown a high prevalence of vitamin D deficiency (22–24).
The substantial risk of vitamin D deficiency in southern Euro-
pean countries, particularly during the winter months, and the
alleviation of concerns about vitamin D toxicity due to supple-
mentation doses exceeding the current upper level (16), empha-
size the need for “safe” directions on adequate sun exposure and
the use of fortified foods and supplements.

The aim of the current study was to examine whether supple-
mentation with calcium, as generally believed, could be as ef-
fective in achieving favorable changes in biochemical indexes of
bone metabolism and bone mineral density in apparently healthy
postmenopausal women as is a holistic dietary approach, based
on the Mediterranean diet profile, using fortified dairy products
with calcium and vitamin D3.

SUBJECTS AND METHODS

Sampling

First screening

The study was initiated in July 2004, when volunteers were
invited to participate by informational brochures and posters
distributed in public buildings and community centers in 3 mu-
nicipalities of Greater Athens—namely, Nea Smyrni, Kallithea,
and Neo Iraklio. Through this initial screening, conducted in the
premises of the aforementioned settings and with the cooperation
of the local authorities, a sample of 307 Greek postmenopausal
women volunteered to participate. The first screening comprised
a short questionnaire that primarily focused on gathering infor-
mation on the women’s medical history, demographic status, and
dietary, physical activity, and smoking habits. In addition, the
bone status of all volunteers was assessed by using calcaneal
quantitative ultrasound (QUS) measurement, carried out with the
Clinical Bone Sonomater (SAHARA; Hologic Inc, Waltham,
MA). Through this initial screening, those women having an
estimated BMD T-score lower than �2.5, those who were taking
medications (ie, thiazide diuretics or glucocorticoids) or dietary
supplements (eg, calcium, magnesium, phosphate, or vitamin D)
that affect bone metabolism, those who had any bone-
degenerative chronic disease (ie, diabetes, nephrolithiasis, heart
disease, cancer, hyperthyroidism or hypothyroidism, hyperpara-
thyroidism, or impaired renal and liver function), and those who
smoked smoking or were �1 y past menopause were excluded
from the second screening of the study.

Second screening

After the initial screening, 134 women (aged 55–65 y) who
met the inclusion criteria were identified and were invited to
participate in the second screening (September–October 2004).
At the second screening, all volunteers underwent dual-energy
X-ray absorptiometry [(DXA) DPX-MD; GE Medical Systems
Lunar, Madison, WI] measurement, as well as hematologic and
biochemical examinations including a hematologic profile,
erythrocyte sedimentation rate, and serum concentrations of cal-
cium, phosphorus, glutamic-oxaloacetic and glutamic-pyruvic

transaminases, alkaline phosphatase, and creatinine. Those
women found to be osteoporotic, according to the data provided
by the DXA examination, or who had abnormal values on the
abovementioned blood indexes, were excluded from the study.
This second screening yielded 112 eligible women who pro-
ceeded in the intervention study. The intervention component of
the study was initiated in October 2004.

Study groups and measurements

These 112 eligible women were randomly assigned to 3
groups, a dairy intervention group (DG), a calcium-
supplemented group (CaG), and a control group (CG). The DG
consisted of 42 women, who were encouraged to consume on a
daily basis 3 portions of low-fat dairy products fortified with
calcium and vitamin D3 (one portion equals 250 mL milk and
200 g yogurt), which were provided to them. The dairy products,
produced by Friesland Foods Hellas (Athens, Greece) were milk
and yogurt enriched with calcium (33%), which provided a total
of 400 mg Ca/portion. The extra calcium source was concen-
trated milk protein, a natural source of milk calcium. The protein
content of milk was 12.5 g/portion, and that of yogurt was 15
g/portion. Each portion provided 2.5 �g vitamin D3. To ensure
compliance with the intervention scheme, health and nutrition
education sessions were held biweekly at Harokopio University.
The aims of the sessions held for the DG were to increase aware-
ness of the subjects of health issues, primarily those related to
osteoporosis, and to motivate them to change certain lifestyle and
dietary habits to improve their health status. The first sessions
primarily focused on educating the subjects about the pathophys-
iology of osteoporosis and about the risk factors (health-related
behaviors) related to the development of the disease. Gradually,
the sessions became more interactive, and emphasis was placed
on guiding and assisting the subjects in changing their dietary
habits according to the Mediterranean diet profile (25). To avoid
excess caloric intake, subjects in the DG were also advised to
replace other dairy products in their diet with those provided, so
that the new dietary scheme they were advised to follow was low
in fat but efficient in providing the recommended daily intake of
calcium and vitamin D (ie, �1200 mg Ca/d and 7.5 �g vitamin
D/d).

The CaG consisted of 30 women, who received an extra 600
mg supplementary Ca/d (87% calcium lactate gluconate and 13%
calcium carbonate). This extra quantity was added to the esti-
mated dietary calcium intake and was intended to provide a total
minimum of 1200 mg/d. The CG consisted of 40 women who
underwent no intervention as they continued with their usual diet.
All 3 study groups were given the results of medical examination
and DXA analysis during scheduled meetings at the university
immediately after each screening phase. The procedures fol-
lowed during these meetings—including explanation of the
results, simple dietary and lifestyle advice, and discussion
sessions—were standard for all groups.

All subject provided written informed consent. The study was
approved by the Ethics Committee of Harokopio University.

Assessment of the effectiveness of the intervention

During the intervention period, the subjects from the 3 study
groups were invited to go through certain examinations that
primarily focused on the assessment of behavioral and clinical
indexes. The data obtained from the second screening of the
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study were used as baseline data. A midterm examination took
place in March 2005, after 5 mo of intervention, and the final
screening took place in September–October 2005, after 12 mo of
intervention. At the baseline, midterm, and final examinations,
numerous measurements were obtained.

Anthropometric measures

Anthropometric measurements were made during the initial
screening and at the baseline and follow-up examinations. At all
of those time points, body weight and standing height were mea-
sured by using a digital scale (Seca, Hamburg, Germany) with an
accuracy of �100 g and a commercial stadiometer (Leicester
Height Measure; CMS Instruments, Oxford, United Kingdom) to
the nearest 0.5 cm, respectively, while the subjects wore light
clothing and no shoes. Body mass index (BMI; in kg/m2) was
calculated.

Nutritional assessment

At the baseline, midterm, and final examinations, the 24-h
recall technique was used to collect information on dietary intake
for a total of 3 d—2 weekdays and 1 weekend day, preferably a
Sunday. These data were obtained during scheduled interviews
with the study participants at the university. All interviewers
were rigorously trained to minimize interviewer effects. Respon-
dents were asked to recall the type and amount of any foods and
beverages consumed during the previous day (ie, 24 h) in a
chronological order—ie, from the time they woke up in the morn-
ing to the same time on the day of the examination. To improve
the accuracy of food descriptions and portion sizes, standard
household measures (eg, cups and tablespoons) and picture food
models (Western Dairy Council, Thornton, CO) were used dur-
ing interviews to define amounts when appropriate. Food intake
data were analyzed by using NUTRITIONIST V diet analysis
software (version 2.1; First Databank, San Bruno, CA), which
was extensively amended to include food composition tables for
Greek foods and recipes (26, 27) and chemically analyzed com-
mercial food items widely consumed in Greece.

To remove the effects of day-to-day within-subject variability
in dietary intakes and to estimate the distribution of usual intakes,
we used the National Research Council (NRC) method (28, 29).
The adjusted (usual) intake was calculated with the following
equation:

Adjusted (usual) intake �

[(Subject mean � group mean) � SDbetween-person/SDobserved]

� group mean (1)

Physical activity assessment

Physical activity was assessed with a 3-d activity interview
questionnaire. Respondents reported the time spent in various
physical activities during 2 consecutive weekdays and 1 week-
end day. The questionnaire classified all work, sport, and leisure
activities into 4 categories on the basis of their average intensity
relative to the effect on the cardiovascular system (low to high)
and by subgrouping activities according to their effect on bone
mass (low to high) (30). The aim of the questionnaire was to
determine the frequency and duration (ie, h/session) per week of
these physical activities. The total amount of time spent per week
in activities categorized as having an intensity of �4 metabolic

equivalents was defined as time spent in moderate-to-vigorous
physical activity (MVPA). Similarly, the time spent per week in
activities categorized as having an intensity of �2 metabolic
equivalents was defined as time spent in sedentary activities.

Measurement of sunlight exposure by personal ultraviolet
dosimetry

Sunlight exposure measurements were carried out by using
biological-spore dosimeters (Viospor blue line, type I, 0.2–12
minimal effective dose; Biosense, Bornheim, Germany) with
inactivated repair-deficient spores of Bacillus subtilis. Each
woman was provided with one dosimeter, which was worn on the
right shoulder outside of the clothing. The shoulder was chosen
as the placement site because shoulders are among the body sites
with the greatest exposure to sunlight (31). The measurement
period was 7 consecutive days (Monday–Sunday) at each time
point of examination. The dosimeters were kept in their metal
casings overnight, applied in the morning, and unpinned at night.
Exposure was measured in J/m2 body surface.

Biochemical analyses

Early morning venous blood samples were obtained from each
subject for biochemical screening tests after a 12-h overnight
fast. Professional staff performed venipuncture to obtain a max-
imum of 25 mL blood. The blood was collected in evacuated
tubes without added anticoagulant and was kept at room temper-
ature for �2 h, after which it was allowed to clot; this blood was
designated for serum separation. Serum was separated by cen-
trifugation at 3000 rpm for 15 min at 41 °C (Universal 32R
centrifuge; Hettich Laboratories, Tuttlingen, Germany). A part
of the collected serum was used for biochemical analyses, and
1.5-mL aliquots of the remaining serum were pipetted into plastic
Eppendorf tubes and stored at �80 °C.

Biochemical analyses included a chemiluminescence immu-
noassay to assess serum concentrations of osteocalcin,
25(OH)D3, insulin-like growth factor I [(IGF-I) Nichols Advan-
tage; Nichols Institute Diagnostics, San Clemente, CA], and
intact parathyroid hormone (PTH; Elecsys Roche Diagnostics,
Mannheim, Germany). Serum type I collagen cross-linked
C-telopeptide (CTx) was measured by using an electrochemilu-
minescence immunoassay (Elecsys Roche Diagnostics). The in-
terassay CVs were 8.6% for osteocalcin, 4.7% for CTx, 8% for
25(OH)D3, 6.7% for IGF-I, and 5.0% for PTH.

Bone mineral density and total body-composition
measurements

Bone mineral density (BMD) of the lumbar spine (L2–L4) and
total body composition (lean and fat mass) were measured at
baseline and at the final screening by using DXA and DXA
analysis software (version 4.6; GE Medical Systems Lunar). A
daily quality assurance check was performed by using an alumi-
num phantom provided by the manufacturer. The scans were
performed in the morning by an experienced technician, who was
blinded to the therapy.

Statistical analysis

All data are reported as means � SEs or as the mean (and 95%
CI) percentage change from baseline. The Kolmogorov-Smirnov
test was used to determine normality of distribution of the ex-
amined variables. Differences in baseline characteristics among
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the 3 groups of women were evaluated by using the one-way
analysis of variance (ANOVA). Repeated-measures ANOVA
was used to evaluate the significance of the differences among
groups at baseline and at 12-mo follow-up (treatment effect), the
significance of the changes observed within each group (time
effect), and the effect of the treatment � time interaction. The
between-group factor was the study groups (ie, DG compared
with CG compared with CaG); the within-group factor was the
time point of measurement. Analysis of covariance (ANCOVA)
was used to compare the 5- and 12-mo values after adjustment for
baseline values. In the case of biochemical indexes of bone me-
tabolism and BMD, adjustments were also made for dietary in-
take indexes. A paired-sample t test was used to compare the
mean values at 5 and 12 mo of intervention with the mean values
at baseline within each group. To test for the effect of dietary
confounders to the biochemical and BMD indxes, standardized
beta (�) coefficients were estimated. All P values reported were
2-tailed. Statistical analysis was conducted with SPSS statistical
software (version 13.0; SPSS Institute, Chicago, IL). The level of
statistical significance was set at P � 0.05.

RESULTS

Eleven of the 112 women initially assigned to participate in the
study could not be reexamined at follow-up. This group of 11
subjects comprised 3 subjects from the DG who dropped out for
personal reasons, 4 subjects from the CG who could not be
located or who were not available to participate at follow-up
examinations, and 4 subjects from the CaG who dropped out
because of side effects such as bloating, constipation, and intes-
tinal discomfort apparently related to the supplement used. Con-
sequently, the number of subjects with full baseline and
follow-up data was 39 in the DG, 36 in the CG, and 26 in the CaG.
The sample sizes in the 3 groups were adequate because we
achieved statistical power of �90% for standardized differences
between groups in the main outcomes of the present study (ie,
bone remodeling and BMD indexes) of � 0.9 at a probability of
type I error � 0.05. The mean age of these women was 60.5 �
5.1 y (range: 55–65 y), and the average time elapsed since meno-
pause was 9.5 � 5.6 y.

The baseline characteristics of the 101 study participants with
full data at baseline and at both follow-up examinations are
summarized in Table 1. No differences were observed between
the 3 groups examined, which indicated homogeneity in base-
line demographic, anthropometric, and body-composition
characteristics.

The values of certain behavioral indexes related to bone me-
tabolism (ie, dietary indexes, physical activity, and sunlight ex-
posure) at baseline and after 5 and 12 mo of intervention are
summarized in Tables 2 and 3. Significant (P � 0.001) treatment
� time interactions were observed for protein, phosphorus, mag-
nesium, and vitamin D intakes, which showed a significant in-
crease in these variables only in the DG. Similarly, a significant
(P � 0.001) increase was found for calcium intake in both the DG
and the CaG. With respect to time spent in MVPA and in solar
ultraviolet B irradiation exposure, there were no significant dif-
ferences among groups at any time point of examination.

The changes observed in the examined biochemical indexes of
bone metabolism are shown in Table 4. Significant treatment �
time interaction effects were found for serum IGF-I (P � 0.019),
25-hydroxyvitamin D [25(OH)D] (P � 0.050), PTH (P � 0.035),
and CTx (P � 0.047), all of which have more favorable changes
in the DG than in the other 2 groups. The ANCOVA (adjusted for
baseline values and dietary intake indexes) showed that the DG
had significantly (P � 0.032) higher IGF-I concentrations and a
tendency toward higher 25(OH)D concentrations (P � 0.066)
after 5 mo of intervention than did the CG and the CaG. Further-
more, the DG was found to have significantly (P � 0.026) lower
serum PTH concentrations at 5 mo of follow-up than did the other
2 groups. Within groups, serum IGF-I concentrations increased
significantly only in the DG after 5 mo of intervention, whereas
serum PTH increased significantly only in the CG after both 5
and 12 mo of intervention. Furthermore, serum CTx decreased
significantly over 5 and 12 mo of intervention only in the DG.
The changes in serum 25(OH)D3 concentrations observed during
5 and 12 mo of intervention were significant within all groups
(P � 0.05 for all changes within groups).

The changes observed in BMD at different skeletal sites are
shown in Table 5. Significant treatment � time interaction ef-
fects were observed for pelvis (P � 0.040), total spine (P �
0.001), and total-body (P � 0.001) BMD. Specifically, the
ANCOVA (adjusted for baseline values and dietary intake in-
dexes) showed that the DG had significantly higher pelvis (P �
0.029), total spine (P � 0.001), and total-body (P � 0.001) BMD
than did the CG and the CaG. Within groups, pelvis, total spine,
and total-body BMD increased significantly over the 12-mo in-
tervention only in the DG. In contrast, significant decreases in
total spine and total-body BMD were seen in the CG (P � 0.05
for all changes within groups).

The ANCOVA showed that, at the 5-mo examination,vitamin
D intake was significantly associated with serum IGF-I (� �
0.34, P � 0.008), 25(OH)D (� � 0.22, P � 0.032), and PTH

TABLE 1
Descriptive characteristics of study groups at baseline

Dairy intervention group
(n � 39)

Control group
(n � 36)

Calcium-supplemented group
(n � 26) P1

Age (y) 60.5 � 0.712 61.4 � 0.85 62.4 � 1.87 0.087
Time since menopause (y) 9.25 � 0.95 10.4 � 1.11 11.4 � 2.26 0.210
Weight (kg) 71.2 � 1.50 74.9 � 2.02 72.8 � 2.36 0.319
Height (cm) 158.9 � 1.07 156.9 � 0.98 155.1 � 1.55 0.130
BMI (kg/m2) 28.3 � 0.64 30.5 � 0.88 30.4 � 1.19 0.087
Fat body mass (kg) 31.2 � 1.08 33.3 � 2.24 31.8 � 1.67 0.401
Lean body mass (kg) 37.7 � 0.60 38.9 � 0.75 38.2 � 1.04 0.466

1 P values were derived from one-way ANOVA.
2 x� � SE (all such values).
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(� � �0.37, P � 0.042), whereas, at the 12-mo examination, it
was significantly associated with serum CTx (� � �0.64,
P � 0.050) and pelvis BMD (� � 0.37, P � 0.042). Further-
more, at the 5-mo examination, serum PTH was significantly
related to calcium (� � �0.45, P � 0.034) and magnesium
(� � �0.26, P � 0.043) intakes. Finally, at the 12-mo exami-
nation, magnesium intake was significantly associated with
pelvis BMD (� � 0.38, P � 0.001) and protein intake was
significantly associated with serum IGF-I (� � 0.16, P � 0.034)
and CTx (� � �0.26, P � 0.022) concentrations.

DISCUSSION

Changes in behavioral indexes related to bone
metabolism

The current study showed certain favorable dietary changes in
the DG and to a lesser extent in the CaG. More specifically, both
the DG and the CaG increased calcium intake to �1000 mg/d,
reaching the recommended adequate intake of 1200 mg/d (29).
Furthermore, greater intakes of protein, magnesium, phosphorus
and vitamin D were observed for the DG than for the other 2

groups. The changes in the abovementioned micronutrients
were mainly delivered by the increased consumption of for-
tified dairy products provided to the DG. These favorable
dietary changes are indicative of the effectiveness of the
Health and Nutrition Education component of the program in
increasing the ability of the population under study to comply
with the given dietary instructions. This increased compliance
is also reflected in the total energy intake in the DG, which did
not differentiate from that of the other 2 groups over the
intervention period. As did the present study, other interven-
tion studies conducted with middle-aged women and includ-
ing nutrition education as an integral part of their intervention
scheme, also reported high adherence to the dietary guidelines
provided (32), whereas compliance was considerably lower in
intervention programs not followed by regular nutritional ed-
ucation sessions (7). No changes in physical activity were
observed in the groups, despite the fact that subjects in the DG
were encouraged to increase their daily physical activity lev-
els. Similar studies have also confronted difficulties in moti-
vating middle-aged women whose lifestyle is already seden-
tary to become more active (19).

TABLE 2
Dietary intakes (energy and macronutrients), physical activity, and sunlight exposure in women in the dairy intervention (n � 39), calcium-supplemented
(n � 26), and control (n � 36) groups at baseline and after 5 and 12 mo of intervention1

Baseline 5 mo 12 mo P2

Energy intake (KJ/d) 0.302
Control group 5944.1 � 231.93 5492.4 � 277.9 5311.2 � 230.2
Calcium-supplemented group 5482.8 � 414.0 5672.4 � 495.6 5296.1 � 411.1
Dairy intervention group 5553.6 � 219.8 5315.8 � 263.3 5422.9 � 218.1
P (treatment effect) 0.405

Carbohydrate intake (g/d) 0.153
Control group 158.9 � 8.5 138.9 � 6.4 139.4 � 6.7
Calcium-supplemented group 146.7 � 15.1 148.9 � 11.5 139.9 � 11.9
Dairy intervention group 148.5 � 8.0 133.4 � 6.1 149.6 � 6.3
P (treatment effect) 0.616

Total fat intake (g/d) 0.075
Control group 64.6 � 3.1 61.1 � 3.9 57.2 � 3.1
Calcium-supplemented group 54.7 � 5.5 63.9 � 7.0 56.2 � 5.6
Dairy intervention group 59.9 � 2.9 53.2 � 3.7 50.4 � 3.0
P (treatment effect) 0.259

Protein intake (g/d) 0.001
Control group 55.7 � 2.6 54.0 � 2.9a 54.6 � 2.4a

Calcium-supplemented group 56.8 � 4.6 53.1 � 5.1a 50.4 � 4.4a

Dairy intervention group 51.8 � 2.4 63.7 � 2.74 64.1 � 2.34

P (treatment effect) 0.463 0.032 0.004
MVPA (min/wk) 0.530

Control group 109.4 � 25.8 99.9 � 33.4 87.8 � 21.9
Calcium-supplemented group 124.5 � 48.4 70.0 � 62.5 112.0 � 41.0
Dairy intervention group 136.1 � 24.5 160.9 � 31.6 128.4 � 20.8
P (treatment effect) 0.756

Sunlight exposure (J/m2 body surface) 0.295
Control group 328.8 � 66.7 294.8 � 63.8 342.3 � 69.0
Calcium-supplemented group 327.0 � 117.7 307.0 � 112.6 350.3 � 121.8
Dairy intervention group 361.0 � 57.3 380.5 � 54.8 392.4 � 59.3
P (treatment effect) 0.923

1 MVPA, moderate-to-vigorous physical activity. All P values were derived from repeated-measures ANOVA. Means in a column with different
superscript letters are significantly different, P � 0.05 (ANCOVA after adjustment for baseline values). Treatment effect P values at 5 mo and 12 mo appear
only if the treatment � time interaction was significant.

2 Treatment � time interaction effect.
3 x� � SE (all such values).
4 Significantly different from baseline, P � 0.01 (paired-samples t test).
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Changes in biochemical indexes of bone metabolism

The significant effect of the applied dairy intervention on the
examined biochemical indexes of bone metabolism should
mainly be attributed to the dietary changes observed in the
present study, because physical activity levels remained un-
changed in all study groups. This effect was also indicated by the
significant associations derived from the ANCOVA between
biochemical and dietary indexes that changed significantly over
the intervention period (ie, vitamin D, calcium, magnesium, and
protein). Specifically, our results regarding IGF-I are concordant
with those in other reports showing significant positive associ-
ations between increases in protein and vitamin D dietary intakes
and serum concentrations of IGF-I (33–36). This anabolic
hormone-like peptide has been reported by recent studies to
stimulate bone formation activity in postmenopausal women,
basically via the differentiation of osteoblasts (37).

In the case of serum 25(OH)D3 concentrations, a significant
decline was observed during the winter months, and this decline
was followed by a significant increase until the end of the inter-
vention in all study groups. These changes, especially the de-
crease in serum 25 (OH)D3 concentrations during the winter—ie,
the months when exposure to sunlight is limited—were similar to
those reported for other current population groups (6, 7, 38).
However, changes in serum concentrations of 25 (OH)D3 were
more favorable in the DG, who had a milder decrease during the
winter period and a higher increase during the summer period
than did the other 2 groups. Although the major source of
25(OH)D3 endogenous synthesis is ultraviolet B irradiation,
through photoconversion of 7-dehydrocholesterol to previtamin
D3 in the skin, measurements of sunlight exposure via personal
ultraviolet dosimetry in the present study showed no significant

differences among groups. These data indicate that seasonal vari-
ations in serum 25(OH)D3 concentrations were greater for
women in the CG and CaG than for women in the DG, who
received supplementation with an additional amount of vitamin
D3. The positive effect of dietary vitamin D intake on serum
25(OH)D3 concentrations was also indicated by the significant
association between these 2 variables derived from the
ANCOVA. Nonetheless, the amount of vitamin D3 supple-
mented to the DG was obviously not enough to entirely prevent
reduction during the winter months. Contrary to the current
study, other recent studies of vitamin D supplementation have
reported dose-dependent increases in serum 25(OH)D concen-
trations during the winter months with limited sun exposure
ranging from 38.4 to 88 ng/mL after daily oral supplementation
of 100 to 250 �g vitamin D3 (16, 39). Furthermore, Heaney et al
(39) showed that the calculated oral intake required to sustain the
serum 25(OH)D3 concentration present at baseline (ie, in the
autumn) was 12.5 �g/d. Therefore, recent proposals to substan-
tially raise the requirement for vitamin D intake in susceptible
population groups appear sensible (9, 40).

Seasonal variations were also observed for serum PTH con-
centrations but only in the CG, who maintained a low dietary
calcium intake (ie, � 700 mg/d) throughout the intervention
period. In contrast, the changes observed in the other 2 groups did
not differ significantly from baseline. This lack of difference
should be attributed to the additional calcium supplementation
provided to the DG and the CaG that improved calcium status and
suppressed PTH secretion. Another regulating mechanism for
serum PTH concentrations in the DG probably was the serum
concentrations of 25(OH)D3, which were maintained at �25
ng/mL. Evidence has suggested that a serum concentration of

TABLE 3
Micronutrient intakes in women in the dairy intervention (n � 39), calcium-supplemented (n � 26), and control (n � 36) groups at baseline and after 5
and 12 mo of intervention1

Baseline 5 mo 12 mo P2

Calcium intake (mg/d) � 0.001
Control group 710.1 � 42.93 645.2 � 56.6a 689.1 � 56.6a

Calcium-supplemented group 531.4 � 76.8 1073.4 � 101.3b,4 1147.5 � 101.3b,4

Dairy intervention group 664.7 � 39.4 1190.4 � 52.0b,4 1137.4 � 51.9b,4

P (treatment effect) 0.134 � 0.001 � 0.001
Phosphorus intake (mg/d) � 0.001

Control group 984.5 � 52.0 1041.3 � 71.2a 1054.2 � 61.7a

Calcium-supplemented group 813.7 � 92.7 863.4 � 127.0a 983.0 � 110.1a

Dairy intervention group 1005.2 � 49.2 1340.7 � 67.4b,4 1299.3 � 58.5b,4

P (treatment effect) 0.187 0.001 0.005
Magnesium intake (mg/d) � 0.001

Control group 204.3 � 8.7 216.5 � 11.8a 207.7 � 12.4a

Calcium-supplemented group 169.9 � 15.3 210.4 � 20.8a 199.5 � 21.7a

Dairy intervention group 196.5 � 8.1 288.0 � 11.0b,4 282.7 � 11.5b,4

P (treatment effect) 0.158 � 0.001 � 0.001
Vitamin D intake (�g/d) � 0.001

Control group 0.59 � 0.13 0.63 � 0.27a 1.00 � 0.29a

Calcium-supplemented group 0.52 � 0.23 0.48 � 0.49a 0.44 � 0.52a

Dairy intervention group 0.67 � 0.12 5.59 � 0.25b,4 5.21 � 0.27b,4

P (treatment effect) 0.794 � 0.001 � 0.001

1 All P values were derived from repeated-measures ANOVA. Means in a column with different superscript letters are significantly different, P � 0.001
(ANCOVA after adjustment for baseline values).

2 Treatment � time interaction effect.
3 x� � SE (all such values).
4 Significantly different from baseline, P � 0.001. (paired-samples t test).
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25(OH)D that is adequate to prevent compensatory hypersecre-
tion of PTH ranges from 25 to 40 ng/mL (41). The findings of the
current study are in agreement with similar dietary intervention
studies providing either calcium supplements (with or without
vitamin D) or fortified dairy products to postmenopausal women,
which showed that suppression of serum PTH was positively
associated with the dose of supplemented calcium or vitamin D
(or both) as well as with basal serum 25(OH)D3 concentrations
(7, 13, 18, 42).

The more favorable dietary and biochemical changes ob-
served in the DG than in the other 2 groups may have mediated
the significant 35% and 23% reductions observed in serum os-
teocalcin and CTx concentrations, respectively. These changes,
which were consistent with those reported by other dietary in-
tervention studies (7, 18, 21, 43), indicate that the consumption
of fortified dairy products by apparently healthy postmenopausal
women can lead to a reduction in the rate of bone remodeling.
Suppression of this process has been associated with prevention
of bone loss from several skeletal sites that are susceptible to
fracture as well as from the total body (10, 44, 4).

BMD changes

The decreases in the serum concentrations of bone remodeling
indexes in the DG coincided with the more favorable BMD

changes also observed in that group. According to the data de-
rived from DXA measurements, the current study showed that
subjects in the DG had higher increases in total body, total spine,
and pelvis BMD than did the other 2 groups. In agreement with
these findings, other similar dairy intervention studies conducted
with postmenopausal white or Asian women also showed favor-
able bone mass changes at the total body, lumbar spine, total hip,
and femoral neck skeletal sites (7, 18, 46). Ensuring an intake of
�1200 mg Ca/d in the CaG did not induce any bone mass
changes in all skeletal sites examined that were more favorable
than the changes seen in the CG. Similarly, Prince et al (19) did
not report any BMD changes after providing 1000 mg Ca/d for
1 y to postmenopausal women. In contrast, data from other in-
tervention studies using calcium supplements as a primary mode
of treatment showed that calcium doses �1600 mg/d were more
likely to prevent bone loss from the total body, lumbar spine,
femoral neck, and greater trochanter (7, 42).

In conclusion, although the current intervention program did
not succeed in increasing the levels of physical activity and
sunlight exposure of apparently healthy postmenopausal
women, it was proven successful in improving their compliance
with the dietary recommendations provided. Furthermore, our
findings showed that the application of a holistic approach com-
bining nutrition education and consumption of fortified dairy

TABLE 4
Changes in biochemical indexes of bone metabolism in women in the dairy intervention (n � 39), calcium-supplemented (n � 26), and control (n � 36)
groups1

Baseline 5 mo 5-mo change 12 mo 12-mo change P2

% %

Serum IGF-1 (ng/mL) 0.019
Control group 112.9 � 7.53 117.3 � 6.4a 5.8 (�0.9, 12.1)4 147.2 � 9.5 28.2 (13.6, 42.8)
Calcium-supplemented group 95.7 � 13.6 95.2 � 13.3a �0.5 (�10.8, 9.8) 119.8 � 17.1 27.6 (12.7, 42.4)
Dairy intervention group 117.6 � 7.3 132.8 � 7.2b 15.9 (7.2, 24.6) 159.2 � 9.2 38.5 (28.7, 48.3)
P (treatment effect) 0.380 0.034 0.140

Serum 25(OH)D (ng/mL) 0.050
Control group 25.5 � 1.5 22.3 � 1.3 �12.2 (�16.2, �8.2) 31.8 � 1.8 24.4 (17.9, 30.8)
Calcium-supplemented group 25.1 � 2.6 20.5 � 2.4 �16.2 (�24.2, �8.3) 30.0 � 3.3 20.2 (10.2, 30.1)
Dairy intervention group 28.1 � 1.4 25.7 � 1.3 �8.3 (�11.9, �4.8) 35.7 � 1.8 30.1 (22.7, 37.6)
P (treatment effect) 0.385 0.080 0.199

Serum PTH (pg/mL) 0.035
Control group 35.6 � 2.7 44.7 � 2.9a 24.7 (13.6, 35.8) 42.3 � 2.2 20.1 (11.3, 28.9)
Calcium-supplemented group 35.8 � 4.9 37.2 � 5.2a 6.8 (�9.5, 23.1) 38.2 � 4.1 6.8 (�9.4, 22.9)
Dairy intervention group 31.6 � 2.6 32.2 � 2.8b 2.1 (�10.5, 14.7) 35.1 � 2.2 11.1 (�3.0, 25.2)
P (treatment effect) 0.545 0.010 0.142

Serum osteocalcin (ng/mL) 0.563
Control group 4.50 � 0.28 4.16 � 0.28 �5.9 (�15.4, 3.6) 2.99 � 0.31 �29.0 (�43.9, �14.2)
Calcium-supplemented group 4.41 � 0.50 4.21 � 0.51 �1.0 (�23.1, 21.2) 3.52 � 0.56 �17.1 (�40.0, 5.7)
Dairy intervention group 4.55 � 0.27 4.33 � 0.28 �3.1 (�9.7, 3.4) 3.07 � 0.30 �35.0 (�44.7, �25.3)
P (treatment effect) 0.971

Serum CTx (ng/mL) 0.047
Control group 0.36 � 0.03 0.33 � 0.02 �7.6 (�19.5, 11.9) 0.27 � 0.02 �18.1 (�37.4, 1.2)
Calcium-supplemented group 0.34 � 0.05 0.34 � 0.04 1.7 (�21.1, 24.6) 0.27 � 0.04 �15.9 (�40.3, 8.5)
Dairy intervention group 0.40 � 0.02 0.32 � 0.02 �19.1 (�25.7, �12.6) 0.30 � 0.02 �23.1 (�29.3, �16.9)
P (treatment effect) 0.437 0.897 0.618

1 IGF-I, insulin-like growth factor I; 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone; CTx, C-telopeptide. All P values were derived from
repeated-measures ANOVA. Means in a column with different superscript letters are significantly different, P � 0.05 (ANCOVA after adjustments for baseline
values and dietary intake indexes—ie, protein, calcium, phosphorus, magnesium, and vitamin D). Treatment effect P values at 5 mo and 12 mo appear only if
the treatment � time interaction was significant.

2 Treatment � time interaction effect.
3 x� � SE (all such values).
4 Change; 95% CI in parentheses (all such values).
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products for a period of 12 mo induced favorable changes in
biochemical indexes of bone remodeling, calciotropic hormones,
and pelvis, total spine, and total-body BMD. In contrast, no such
favorable changes in either biochemical indexes or BMD were
obtained in the CaG, the group that was supplemented only with
the recommended amount of calcium. The favorable changes
observed in the DG may not be attributed solely to the greater
intakes of calcium and vitamin D but also to other, less studied
ingredients of dairy products. Recent research has highlighted
the important roles of magnesium and other micronutrients (47)
and of milk protein (48) in bone metabolism. It has been sug-
gested that the effect of dairy products on bone health may be
greater than can be accounted for by any single constituent and
that milk ingredients as a whole may be more effective than the
sum of their individual parts (47).
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Effect of low-fat, fermented milk enriched with plant sterols on
serum lipid profile and oxidative stress in moderate
hypercholesterolemia1�3

Boris Hansel, Catherine Nicolle, Florent Lalanne, Françoise Tondu, Taous Lassel, Yves Donazzolo, Jean Ferrières,
Michel Krempf, Jean-Louis Schlienger, Bruno Verges, M John Chapman, and Eric Bruckert

ABSTRACT
Background: Plant sterol (PS)-enriched foods have been shown to
reduce plasma LDL-cholesterol concentrations. In most studies,
however, PSs were incorporated into food products of high fat
content.
Objective: We examined the effect of daily consumption of PS-
supplemented low-fat fermented milk (FM) on the plasma lipid
profile and on systemic oxidative stress in hypercholesterolemic
subjects.
Design: Hypercholesterolemic subjects (LDL-cholesterol concen-
trations �130 and � 190 mg/dL; n � 194) consumed 2 low-fat
portions of FM in the same meal daily for 6 wk. Subjects were
randomly assigned to 2 groups: low-fat FM enriched with 0.8 g PS
ester per portion or control FM. Plasma concentrations of lipids,
oxidized LDL, �-carotene, �-sitosterol, campesterol, and high-
sensitivity C-reactive protein were measured during the trial.
Results: Plasma LDL-cholesterol concentrations were reduced by
9.5% and 7.8% after 3 and 6 wk, respectively, in the 1.6-g/d PS group
compared with the control group, whereas plasma triacylglycerol
and HDL-cholesterol concentrations were not significantly affected.
In addition, there were no significant changes in serum �-carotene on
normalization to LDL cholesterol during the study period in both
groups, whereas plasma concentrations of oxidized LDL were re-
duced significantly in the PS group compared with the control group
(�1.73 compared with 1.40 U/L, respectively; P � 0.05). Plasma
sitosterol concentrations were increased by 35% (P � 0.001 com-
pared with control); however, campesterol concentrations did not
change during the study period.
Conclusion: Daily consumption of 1.6 g PS in low-fat FM effi-
ciently lowers LDL cholesterol in subjects with moderate hypercho-
lesterolemia without deleterious effects on biomarkers of oxidative
stress. Am J Clin Nutr 2007;86:790–6.

KEY WORDS Plant sterol, hypercholesterolemia, oxidative
stress, oxidized LDL, �-carotene

INTRODUCTION

Elevated concentrations of plasma LDL cholesterol are rec-
ognized as a major risk factor for the development of premature
cardiovascular disease. Therapeutic strategies aimed at reducing
LDL cholesterol focus on dietary recommendations as an initial
step. Among these recommendations, the daily consumption of
dietary constituents enriched in plant sterols (PSs) was shown to

reduce plasma concentrations of LDL cholesterol by �10% (1).
Thus, a daily intake of PSs in the range of 1-2 g/d is now recom-
mended for hypercholesterolemic patients (2). Indeed, the hypo-
cholesterolemic effect of PSs is additive to that of other dietary
measures, such as a reduction in saturated fat intake (3). PSs,
which closely resemble cholesterol in their molecular structure,
exert their hypocholesterolemic effect primarily through com-
petitive inhibition of cholesterol micellar solubilization and,
hence, of the intestinal absorption of both dietary and biliary
cholesterol (4).

In most previous studies, PSs were incorporated into high-fat
foods, such as dressings, margarines, or spreads, to facilitate their
solubility. In a recent meta-analysis, the consumption of �2 g/d
of PS-enriched fat food products reduced LDL-cholesterol con-
centrations by 0.33-0.54 mmol/L (5). Furthermore, it has been
suggested that the dispersion of PSs in different food forms may
substantially affect the degree of LDL cholesterol reduction
achieved (1). However, few studies have examined the hypocho-
lesterolemic effect of PS supplementation in low-fat dairy prod-
ucts such as milk (6, 7), yogurt (6, 8–11), and other beverages
(12, 13).

Atherosclerosis underlies most forms of cardiovascular dis-
ease, and both chronic low-level inflammation and oxidative
stress are prominent features of its pathophysiology. Oxidative
stress results from an imbalance between tissue prooxidants (free
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radicals or oxygen reactive species) and antioxidants (enzymes
and vitamins; 14). LDL is preferentially deposited in the vascular
wall at sites of endothelial dysfunction early in the course of the
development of atherosclerotic lesions, where it is oxidized as a
consequence of oxidative stress. Numerous in vitro or animal
models of human atherosclerosis suggest that oxidized lipids
derived from LDL (oxLDL) possess proinflammatory activity
and play a major role not only at early stages of atherogenesis, but
equally at late stages involving plaque rupture with ensuing clin-
ical events (15). Recently, plasma concentrations of oxLDL were
shown to be a strong predictor of acute coronary heart disease
events (16). The potential effect of daily consumption of PS on
the level of oxidative stress remains to be established. It could be
speculated that dietary PS supplementation, which can mediate
reduction in plasma concentrations of fat-soluble vitamins (5),
may lead to global impairment of antioxidative defenses and thus
to enhanced oxidative stress. In contrast, because dietary PS
consumption leads to a reduction in the plasma concentrations of
LDL cholesterol, thereby reflecting a decrease in the number of
circulating LDL particles that are susceptible to oxidation, the
formation of atherosclerotic lesions is potentially attenuated.

The objectives of the present study were 1) to examine the
effect of daily consumption of 1.6 g PS in low-fat fermented milk
(FM) on the plasma lipid profile in hypercholesterolemic sub-
jects, 2) to quantify the influence of daily intake of PS-
supplemented FM on oxidative stress (as assessed by plasma
concentrations of �-carotene and oxLDL) and on inflammation
[as assessed by high-sensitivity C-reactive protein (hs-CRP)],
and 3) to evaluate the influence of PS consumption on circulating
PS concentrations.

SUBJECTS AND METHODS

Subjects

Subjects were recruited from the patient registries at special-
ized lipid clinical units in several hospitals in France and via
publicity in local newspapers. The study protocol was carefully
explained to all subjects before they provided written informed
consent. The study protocol was approved by the ethics commit-
tee of the Comite Consultatif pour la Protection des Personnes se
pretant la Recherche Biomedicale (CCPPRB no. 50-04) in 2004.

Subjects were eligible if they were between the ages of 18 and
75 y (inclusive), whether they were taking statins (but not other
hypocholesterolemic drugs), or whether they were following a
prescribed diet. To be included in the study, subjects had to have
a serum LDL-cholesterol concentration of 130–190 mg/dL
(3.35–4.9 mmol/L), a serum triacylglycerol concentration of
�250 mg/dL (2.86 mmol/L), and not have diabetes; normal liver,
kidney, and thyroid function and a body mass index (in kg/m2)
between 19 and 30 were all inclusion criteria. Exclusion criteria
were as follows: pregnancy or lactation, change of oral contra-
ceptive formulation, the presence of severe disease able to influ-
ence the results (nephritic syndrome or cholestasis), a history of
cardiovascular disease or chronic inflammatory disease, soy al-
lergy, and hypersensitivity to milk proteins. On the basis of these
criteria, 365 subjects were eligible; of these, 194 subjects were
included in the study and were randomly assigned. One subject
did not complete the study for personal reasons linked to adverse
events not related to the study product. The baseline clinical and

biological characteristics of all subjects (n � 194) are shown in
Table 1.

Study design

This double-blind, multicenter (5 centers), parallel (enriched
product compared with control), randomized study was stratified
by statin treatment and consisted of a 4-wk run-in period (general
dietary recommendations for moderate hypercholesterolemic
patients, exclusion of enriched PS products, and consumption of
2 low-fat yogurts per day) and a 6-wk experimental phase. At the
end of the run-in period, the subjects were randomly assigned to
1 of 2 experimental groups: low-fat FM enriched with 0.8 g PS
ester per portion or control FM. Subjects were requested to fol-
low the same dietary recommendations for the next 6 wk and to
consume 2 low-fat portions of FM daily with the same meal. The
subject flow through the study is shown in Figure 1.

Routine laboratory measurements were conducted at the
screening visit of the study to ensure normal health status. Fasting
blood samples were taken 1) at the beginning of the run-in period
(day 28) of low-fat FM consumption (day 14), 2) at the beginning
of the experimental period (day 0), and 3) after 3 and 6 wk (days
21 and 42) of product consumption. Potential side effects were
recorded at each visit.

Administration of FM

The PS-enriched FM and control FM were produced and pre-
pared by Danone Research Center (Palaiseau, France). The com-
positions of the PS-enriched and control products are presented
in Table 2. PSs were extracted from tall oil and were esterified
with rapeseed oil. The PS-enriched FM contained mainly
�-sitosterol (75%) and campesterol (8.4%). One serving of FM
supplied 0.8 g PS equivalent as free sterol. Subjects consumed 2

TABLE 1
Clinical and biological characteristics of the subjects at baseline1

PS-enriched fermented
milk (n � 95)

Control fermented
milk (n � 99)

Age (y) 49.5 � 13.12 48.4 � 13.0
Men/women (n) 62/33 68/31
BMI (kg/m2) 23.6 � 2.8 23.6 � 2.7
SBP (mm Hg) 122.3 � 13.7 121.0 � 12.7
DBP (mm Hg) 74.4 � 9.7 73.1 � 10.0
Total cholesterol (mg/dL) 243.5 � 22.1 238.0 � 24.1
LDL (mg/dL) 158.1 � 13.43 151.8 � 15.9
HDL (mg/dL) 63.6 � 17.6 64.7 � 20.6
HDL-LDL ratio 0.40 � 0.12 0.43 � 0.15
Triacylglycerol (mg/dL) 108 � 38 107 � 41
FBG (mmol/L) 4.82 � 0.58 4.85 � 0.48
Smokers (%)

Abstainers 86.3 85.9
Current smokers 13.7 14.0

Alcohol consumption (%)
Abstainers 53.7 50.5
Drinkers 46.3 49.5

Statin intake (%) 13.7 15.2

1 PS, plant sterol, SBP, systolic blood pressure; DBP, diastolic blood
pressure; FBG, fasting blood glucose. Comparisons between the PS-enriched
group and the control group were performed by using ANOVA for contin-
uous data or chi-square tests for qualitative data.

2 x� � SD (all such values).
3 Significantly different from control, P � 0.05.
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servings to provide a daily dose of 1.6 g PS equivalent as free
sterol.

Blood sampling

Venous blood samples were obtained after the subjects had
fasted overnight. Samples were drawn from the forearm vein into
EDTA-treated and plain tubes. Plasma samples were analyzed
enzymatically for total cholesterol and HDL cholesterol after
precipitation of apolipoprotein B–containing lipoproteins (en-
zymatic colorimetric assay, catalog no. 11491458; Roche Diag-
nostics, Basel, Switzerland); LDL cholesterol was calculated
with the use of the Friedewald equation. Plasma concentrations
of �-carotene were measured by reversed-phase HPLC. Plasma
�-sitosterol and campesterol concentrations were measured by
gas chromatography–mass spectrometry. The limits of detection
and quantification, respectively, ranged from 0.1 and 0.4 �g/mL
for sitosterol, from 0.4 and 1.2 �g/mL for campesterol, and from
0.2 and 0.6 �g/mL for lathosterol. hs-CRP concentrations were
measured by a particle-enhanced immunoturbidimetric assay
(Roche). OxLDL was measured with the use of an enzyme im-
munoassay (Mercodia, Uppsala, Sweden). The resultant color
reaction was read spectrophotometrically at 450 nm.

Compliance

Compliance with the study product was evaluated by inter-
viewing the subjects and by counting the unopened and uncon-
sumed product packages returned to the clinic. Compliance was
recorded as the percentage of the scheduled servings consumed.
Noncompliance was defined as the consumption of �80% of the
scheduled servings during the study period.

Statistical analyses

The number of subjects was calculated by taking into account
a critical difference in LDL cholesterol of 0.32 � 0.732 mmol/L
between the active and the control groups with � � 5% and a
power of 80%. Given these constraints, 84 evaluable subjects per
group to 168 in total were required. To take into account possible
premature withdrawal and block size, a total of 200 subjects was
planned to be included for random assignment.

Descriptive statistics are presented as means � SDs or as
medians and quartiles (with 95% CIs) for continuous data or as
a percentage for qualitative variables. Comparisons between the
active group and the control group were performed with statis-
tical descriptive tests by using a significance level of 5% (2-
sided) with appropriate methods according to the distribution
(parametric or nonparametric or both). The hypocholesterolemic
effect of PS was assessed after 3 and 6 wk of product consump-
tion. Comparisons between 2 groups of continuous data were
analyzed by using a mixed analysis of variance model (or appro-
priate nonparametric analysis). Analysis of variance was per-
formed on raw data for cholesterol markers and on other markers
if departure from normality was not established. In other cases,
statistical analyses were performed on transformed data (loga-
rithmic transformation as usually recommended for triacylglyc-
erols or hs-CRP) or on rank data for other markers. Comparisons
between 2 groups of qualitative data were analyzed by using a
chi-square or Fisher’s exact test, logistic regression analysis with
a binary response, or a Cochran-Mantel-Haenzel test. For each
subject and at each level of stratification, the change from base-
line was calculated and expressed in absolute or relative change
or both. Statistical analyses were performed on the individual
data by using a general linear model with study product and
stratification factors (center and statin level). Data analyses were
performed by using SAS software (version 8.2; SAS Institute Inc,
Cary, NC).

TABLE 2
Composition of control and plant sterol (PS)-enriched fermented milk

PS-enriched fermented
milk (125 g)

Control fermented
milk (125 g)

Protein (g) 6.1 6.1
Carbohydrate (g) 8.3 8.7
Fat (g) 0.7 0.7
Total energy (kcal) 64.3 66.3
PSs (g)1 0.8 0

Campesterol 0.07 0
Sitosterol 0.6 0

1 Equivalent free sterols.

99 allocated control 95 allocated PS-enriched fermented milk

3 major protocol deviations control 0 major protocol deviations PS-enriched
fermented milk

191 no deviations or minor deviations
PP population

96 allocated control 95 allocated PS-enriched
fermented milk

3 major protocol deviations

194 randomly assigned
ITT population

365 assessed for eligibility

FIGURE 1. Clinical trial profile. PS, plant sterol; ITT, intention-to-treat; PP, per protocol.
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RESULTS

Study participants

Of the 194 subjects, 3 subjects presented major protocol de-
viations (one withdrew prematurely, one had a randomization
error, and one had a nonfasting plasma sample at inclusion).
None of the subjects were taking medications that could have
affected the results. Given the large number of subjects and the
very small number of subjects with major protocol deviations,
the analyses were performed on all subjects in the intention-to-
treat population (n � 194).

There were no significant differences between the PS and the
control groups at baseline in age, BMI, systolic and diastolic
blood pressures (Table 1), alcohol consumption (46.3% com-
pared with 49.5%), and smoking habits (13.7% compared with
14.0%). Men and women were equally distributed in both groups
(65% compared with 35% in the active group and 69% compared
with 31% in the control group, respectively). Subjects were se-
lected on the basis of screening values for mean fasting LDL-
cholesterol concentrations between 130 and 190 mg/dL (3.35
and 4.90 mmol/L) and mean triacylglycerol concentrations
�250 mg/dL (2.86 mmol/L). The mean plasma concentrations of
LDL cholesterol were greater in the group consuming the PS-
enriched product than in the control group (158.1 � 13.4 com-
pared with 151.8 � 15.9 mg/dL, respectively; P � 0.05). Neither
biological criteria nor dietary habits differed significantly at
baseline. Only 14% and 15% of the control and PS groups,
respectively, received statin treatment; none of those subjects
discontinued statin treatment during the study. There were no
significant changes in the dietary habits or levels of physical
activity in either of the groups (data not shown).

Compliance and side effects during the study

Compliance for the product enriched in PS and for the control
FM (defined as consumption of �80% of the scheduled servings
during the study period) was highly satisfactory (95.5%) after 3
wk of consumption and attained 97.7% after 6 wk. All subjects
followed the dietary recommendations. No adverse events re-
lated to the consumption of the product occurred during the
experimental phase.

Serum lipid profile

The mean plasma lipid concentrations at baseline and after 3-
and 6-wk consumption of the control FM and of the PS-
supplemented FM are shown in Table 3. Most of the reduction
in plasma LDL-cholesterol concentrations was achieved after 3
wk. The reduction in LDL cholesterol during the first 3 wk was
9.5% greater in the PS group than in the control group, and it
corresponded with a 14.5-mg/dL decrease in LDL cholesterol
(P � 0.001 between groups). After daily consumption of PS for
3 additional weeks, LDL-cholesterol concentrations were 8.4%
and 0.7% lower than baseline in the PS and control groups,
respectively. The mean reduction of LDL cholesterol after daily
intake of 1.6 g PS was 12.4 mg/dL greater than that in the control
group (P � 0.001 between groups). After 3-wk consumption of
the PS-enriched FM, statin-treated and -untreated subjects had
LDL-cholesterol concentrations that were reduced by 8.0 �
2.1% and 8.4 � 1.2%, respectively. Very little change was ob-
served in the LDL-cholesterol concentrations of the statin-
treated and -untreated subjects in the control group (2.3 � 3.7%

and 0.8 � 1.2%, respectively). The same patterns were observed
after 6 wk of FM consumption.

Plasma total cholesterol concentrations were significantly
lower after PS consumption than after consumption of the control
FM (Table 3): �6.2% reduction at the intermediate visit (P �
0.001 between groups) and �4.7% at the end of the intervention
period (P � 0.001 between groups). HDL-cholesterol and
plasma triacylglycerol concentrations were not significantly af-
fected by the consumption of the PS-enriched FM (Table 3).

Plasma plant sterols

Variation in plasma PS concentrations during the study re-
flected the degree of absorption and transport of PSs in the sys-
temic circulation (Table 4). The increase in plasma �-sitosterol
concentrations in the PS group was 35% greater than that in the
control group at the end of the intervention period (0.81 com-
pared with 0.06 mg/L). There was no significant change in
plasma campesterol concentrations during the intervention.
Plasma concentrations of �-sitosterol plus campesterol increased
significantly more in the PS group (14.5% compared with the
control group, P � 0.001) after the 6-wk intervention period.

Lathosterol is assumed to be a marker of endogenous choles-
terol synthesis. Plasma lathosterol concentrations did not differ
significantly between the 2 groups during the study (Table 4):

TABLE 3
Serum lipid concentrations at baseline and at 3 and 6 wk of intake of the
plant sterol (PS)-enriched or control fermented milk and the absolute
change between baseline and the end of the trial (week 6 � baseline)1

PS-enriched fermented
milk (n � 95)

Control fermented
milk (n � 99)

Total cholesterol (mg/dL)2

Baseline3 243.5 � 22.1 238.0 � 24.1
Week 33 229.6 � 24.24 239.2 � 29.4
Week 63 229.5 � 24.54 235.7 � 29.6
Absolute change5 �13.9 � 20.64 �2.3 � 21.3

LDL cholesterol (mg/dL)2

Baseline3 158.1 � 13.46 151.8 � 15.9
Week 33 144.6 � 17.94 152.8 � 18.9
Week 63,5 144.5 � 194 150.6 � 21.3
Absolute change3,5 �13.6 � 17.84 �1.3 � 17.1

HDL cholesterol (mg/dL)7

Baseline3 63.6 � 17.6 64.7 � 20.6
Week 33 64.3 � 17.1 65.3 � 20.5
Week 63 65.4 � 17.4 65.8 � 19.6
Absolute change3,5 2.0 � 6.7 1.7 � 5.6

Triacylglycerol (mg/dL)7

Baseline8 108 � 39 107 � 43
Week 38 103 � 46 105 � 55
Week 68 98 � 40 96 � 37
Absolute change5,8 �10 � 34 �11 � 31

1 All values are x� � SD.
2 Interaction of study product 	 time was significant, P � 0.001.
3 Comparison between PS-enriched fermented milk group and control

group was performed by using ANOVA on raw data.
4,6 Significantly different from control: 4P � 0.001, 6P � 0.01.
5 Absolute change from baseline was calculated for each subject as the

end of trial value (week 6) minus baseline value.
7 Interaction of study product 	 time was not significant: for HDL, P �

0.70; for triacylglycerol, P � 0.73.
8 Comparison between PS-enriched fermented milk group and control

group was performed on log-transformed data by using ANOVA on raw data.
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�0.08 compared with �0.02 mg/L between baseline and week 6
in the PS and the control groups, respectively; NS.

Oxidative stress and inflammation criteria

Absolute and LDL-cholesterol–adjusted �-carotene concen-
trations are reported in Table 5. The reduction in plasma
�-carotene concentrations was 12% greater in the PS group than
in the control group (P � 0.001). However, after standardization
for LDL cholesterol, variation in �-carotene concentrations dur-
ing the study did not differ significantly between the 2 groups.
Plasma concentrations of oxLDL were reduced significantly
more in the group consuming PS (�1.73 compared with 1.40
U/L; P � 0.05; Table 5), but the decrease was not significant after
standardization for LDL cholesterol. hs-CRP was unchanged
after 6 wk of product consumption, and variation in this variable
did not differ significantly between the 2 groups during the study
(Table 5).

DISCUSSION

In this large, double-blind randomized controlled (PS-
enriched product compared with control) multicenter study,
daily consumption of 1.6 g PS in low-fat FM led to reductions in
plasma LDL-cholesterol concentrations of 9.5% and 7.8% in
moderately hypercholesterolemic subjects after 3 and 6 wk,
respectively.

In previous studies with products naturally containing fat, PSs
were most frequently incorporated in fat-rich vehicles such as
spreads and dressings. Two studies used a naturally fat-free or-
ange juice as a vehicle for phytosterol ester and showed an LDL-
cholesterol–lowering effect similar to that of PS-enriched fat

products (17, 18). A meta-analysis (5) showed that daily con-
sumption of �2 g PS in margarines, mayonnaise, butter, or olive
oil can reduce LDL-cholesterol concentrations by 0.33-0.54
mmol/L in hypercholesterolemic subjects. Few data, however,
are available on the plasma cholesterol–lowering properties of
nonfat or low-fat PS-enriched foods. Daily consumption of a
relatively low-fat (2%) yogurt containing 1 g PS ester signifi-
cantly lowered total cholesterol and LDL-cholesterol concentra-
tions (8); however, in this study, the control FM led to a decrease
in total cholesterol and LDL-cholesterol concentrations, and
comparisons with controls were not available. In a subsequent
study conducted by Jones et al (13), daily ingestion of 1.8 g free
PS in a low-fat beverage failed to decrease LDL-cholesterol
concentrations in moderately hypercholesterolemic subjects.
The authors hypothesized that the content of fat was not high
enough to adequately solubilize phytosterols in the small intes-
tine. On the contrary, other studies suggested that relatively low-
fat dairy products may be an adequate vehicle for the delivery of
esterified PS to effectively lower plasma cholesterol concentra-
tions (6, 9–11, 19–21). The LDL-cholesterol reduction found in
our study with PS-enriched FM agrees with the latter data. How-
ever, in these studies, the vector used to deliver PS was distinct
(6, 9–11, 19–21). First, in the studies of Mensink et al (9) and of
Doornbos et al (11), the experimental group received a daily
intake of 3 g plant stanol esters, ie, about twice the dose of PS

TABLE 4
Plasma plant sterol (PS) and lathosterol concentrations at baseline (week
0) and at the end of the trial (week 6) and the absolute change between
baseline and the end of the trial (week 6 � baseline)1

PS-enriched fermented
milk (n � 95)

Control fermented
milk (n � 99)

Campesterol (mg/L)
Baseline2 2.26 � 1.09 2.03 � 0.96
End of the trial2 2.12 � 0.86 2.19 � 1.25
Absolute change3 �0.14 � 0.80 0.16 � 0.77

Sitosterol (mg/L)
Baseline2 2.73 � 1.34 2.50 � 1.18
End of the trial2 3.54 � 1.564 2.56 � 1.54
Absolute change3 0.81 � 1.324 0.06 � 1.13

Campesterol 
 sitosterol
(mg/L)

Baseline2 4.98 � 2.38 4.53 � 2.08
End of the trial2 5.66 � 2.314 4.75 � 2.70
Absolute change3 0.68 � 2.004 0.22 � 1.79

Lathosterol (mg/L)
Baseline2 3.11 � 1.53 2.85 � 1.59
End of the trial2 3.05 � 1.29 2.83 � 1.49
Absolute change3 �0.08 � 1.40 �0.02 � 1.45

1 All values are x� � SD.
2 Comparison between PS-enriched fermented milk group and control

group was performed by using ANOVA of rank data.
3 Absolute change from baseline was calculated for each subject as

follows: end of trial value (week 6) � baseline value.
4 Significantly different from control, P � 0.001.

TABLE 5
Plasma concentrations of �-carotene (absolute and LDL
cholesterol–adjusted serum concentrations), high-sensitivity C-reactive
protein (hs-CRP), and oxidized LDL (oxLDL) at baseline and at the end of
the trial (week 6) and study product effect (week 6 � baseline)1

PS-enriched fermented
milk (n � 95)

Control fermented
milk (n � 99)

�-Carotene (�mol/L)2

Baseline 0.67 � 0.313 0.63 � 0.34
End of the trial 0.61 � 0.29 0.66 � 0.37
Absolute change �6.10 � 25.344 6.45 � 27.60

�-Carotene (mmol)/
LDL (mg/dL)5

Baseline 1.65 � 0.77 1.62 � 0.49
End of the trial 1.66 � 0.80 1.72 � 0.97
Absolute change 3.94 � 32.23 8.07 � 27.70

hs-CRP (mg/L)6

Baseline 1.07 (0.43, 2.46)7 0.98 (0.59, 1.93)
End of the trial 0.93 (0.48, 1.91) 1.02 (0.63, 1.93)
Absolute change �7.11 (�37.14, 28.57) 0.00 (�33.96, 50.00)

oxLDL (U/L)2

Baseline 43.39 � 11.41 43.82 � 13.06
End of the trial 41.66 � 13.68 45.22 � 14.58
Absolute change �1.73 � 12.558 1.40 � 14.39

1 PS, plant sterol.
2 Comparison between the PS-enriched fermented milk group and the

control group was performed by using ANOVA of rank data of absolute
change. The mean of % change for all subjects is presented.

3 x� � SD (all such values).
4, 8 Significantly different from control: 4P � 0.001, 8P � 0.05.
5 Chi-square test on absolute change, classified into 2 levels: “decreas-

ing” and “stable or increasing.” The mean of % change for all subjects is
presented.

6 ANOVA of transformed data using logarithmic transformation. The
mean of absolute change for all subjects is presented.

7 Median; lower and upper quartiles in parentheses (all such values).
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ingested in our study. In other studies, 2 g PS esters were con-
sumed daily. Thus, the dose of PS administered in our protocol
was the lowest among these studies to show a significant de-
crease in LDL cholesterol when incorporated in a low-fat dairy
product. Another characteristic of the product tested in the
present study is its very low fat content. In previous studies of
“low-fat” dairy products (6, 10, 20), the fat content of the prod-
ucts testedwasoften relatively lowbuthigher than that in thepresent
study. The main dietary recommendation for patients with hyper-
cholesterolemia is to limit their intake of saturated fats, including
those of dairy products. In addition, patients may be reluctant to
consume margarine either because they are not in the habit of
using margarine or because of its taste. Thus, the use of a very-
low-fat food to administer plant sterols at a sufficient dose is of
particular interest in patients with hypercholesterolemia.

Compliance is obviously a key aspect of therapeutic strategies,
which aim to treat chronic asymptomatic abnormalities. In the
present study, compliance was excellent (reaching 97.7% at the
end of the study), and FM consumption did not give rise to any
clinical adverse events.

PS administered in food usually lowers plasma concentrations
of LDL cholesterol within a short period of time. In the present
study, the maximum change in LDL cholesterol (�9.5% com-
pared with control) occurred after 3 wk of consumption of PS-
enriched FM. No additional decrease in plasma LDL-cholesterol
concentrations occurred after this period. Nguyen et al (22) re-
ported a similar pattern of response to a spread enriched in plant
stanol esters, with a maximum change after 2 wk.

It is well known that lipid and lipoprotein responses to a dietary
change and particularly to sterol- or stanol-enriched products are
heterogeneous (23–25). In our study, 67% of the patients in the
sterol group showed a �5% decrease in LDL cholesterol. This
finding suggests that most patients may exhibit a clinically rel-
evant LDL cholesterol reduction derived from daily consump-
tion of PS-enriched FM in addition to traditional diet recommen-
dations.

The effect of PS-enriched margarine in patients taking statins
has been shown to be additive rather than synergistic (26). It is
generally assumed that dietary PS esters produce an additional
reduction in LDL cholesterol of �6–8% (27); the design of our
study did not allow us to accurately quantify this additive effect.
However, the 7.8% LDL-cholesterol–lowering effect of PS-
enriched FM was consistent in the subgroup of subjects treated
with a statin. Concordantly, we did not observe any interaction
between statin therapy and PS consumption. In line with previous
results obtained with the use of margarines, the magnitude of the
additional decrease in LDL cholesterol is slightly greater than
that to be expected by doubling the dose of statin (28). Unlike PS,
statins inhibit the synthesis of hepatic cholesterol but equally
increase its intestinal absorption. These complementary effects
suggest, therefore, that it may be of special interest to combine
statin-mediated inhibition of cholesterol synthesis with the inhi-
bition of cholesterol absorption by PS in the same subject.

One of the major concerns with respect to dietary PS supple-
mentation involves the possibility that fat-soluble vitamin ab-
sorption is reduced (5). Because plasma lipoproteins (mainly
VLDL and LDL) are the major transport vehicles for lipid-
soluble antioxidants, a reduction in LDL concentrations may
result in a decrease in fat-soluble vitamin concentrations. Fewer
lipoprotein particles may, therefore, be available to carry caro-
tenoids. Because it is common practice to express carotenoid

concentrations relative to those of LDL cholesterol, we observed
that the small decrease in plasma �-carotene concentrations did
not reach statistical significance after standardization for LDL-
cholesterol concentrations. These observations are consistent
with previous studies (7, 10, 29, 30).

Oxidative stress, defined as an imbalance between anti- and
prooxidant factors, is implicated in the development of numerous
chronic pathologies, including atherosclerosis. It has been sug-
gested that even a minor decrease in �-carotene concentrations
may be proatherogenic. However, antioxidants include numer-
ous substances or enzymes and liposoluble vitamins that may
interact synergistically. Thus, analysis of one component inde-
pendently of the others may not accurately reflect their combined
action and may not, therefore, properly estimate systemic oxi-
dative stress. Thus, we measured the effect of PS on the level of
oxLDL, an integrative marker of systemic oxidative stress. In all
likelihood, plasma oxLDL concentrations may depend on the
capacity of in vivo antioxidants to protect LDL particles against
oxidation in the arterial wall. Plasma concentrations of oxLDL
were shown to be a strong predictor of acute coronary heart
disease events (16). Interestingly, we report in the present study
that consumption of PS was associated with a significant de-
crease in the plasma concentrations of oxLDL as compared with
the consumption of a control dietary product (P � 0.03). Such a
decrease paralleled the LDL-cholesterol–lowering effect. Thus,
we interpreted our data to suggest that the slight decrease in
systemic antioxidant concentrations reported with PS intake did
not affect LDL oxidation. Our results confirm those of Homma
et al (31), who reported a 20% decrease in oxLDL concentrations
in patients consuming 2-3 g/d plant stanol in enriched spreads, as
compared with the control group.

Another emergent question concerning the therapeutic use of
PS has to do with the possibility that their accumulation in plasma
may be atherogenic. In our study, plasma PS concentrations,
notably, �-sitosterol, significantly increased with PS-FM con-
sumption (35% compared with control). However, the absolute
changes in campesterol and �-sitosterol concentrations were of a
small magnitude, and the values in the experimental group were
not significantly different from those in patients consuming a
plant food–based diet. For example, in a population of healthy
pure vegetarians, the plasma concentrations of �-sitosterol plus
campesterol were similar (6.0 mg/L) to those in patients con-
suming PS in our study (5.7 mg/L; 32). Moreover, these values
are at least one-tenth to one-twentieth those typical of
�-sitosterolemia, which is characterized by elevated plasma con-
centrations of �-sitosterol and accelerated atherosclerosis.

The main weakness of our study is its short duration. However,
a large body of evidence now indicates that reductions in plasma
cholesterol induced by PS consumption are sustained over the
long term, especially when compliance is maintained. In addi-
tion, the low level of adverse effects suggests that PS consump-
tion is safe over a relatively long period of time (33, 34). Finally,
the decrease in hs-CRP observed in patients treated with PS-
enriched FM was not significant, which can be explained by the
large variability in hs-CRP at baseline and thus a lack of statis-
tical power.

In summary, the present study showed that daily consumption
of 1.6 g PS ester in a very-low-fat PS-enriched FM resulted in an
LDL-cholesterol–lowering effect in mildly hypercholester-
olemic subjects. Moreover, an absolute decrease in the plasma
concentration of oxLDL was equally observed in both the group

LOW-FAT PLANT STEROLS IN HYPERCHOLESTEROLEMIA 795



consuming PS and the control group. Subjects did not report any
adverse effects of PS consumption. In addition, we did not ob-
serve alterations in adjusted plasma �-carotene concentrations;
equally, levels of oxidative stress as assessed by adjusted plasma
concentrations of oxLDL were unchanged. Thus, the consump-
tion of very-low-fat PS-enriched FM may represent a useful
additive therapeutic measure to the classic hypocholesterolemic
diet of the American Heart Association in hypercholesterolemic
patients at high cardiovascular disease risk.
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Conjugated linoleic acid supplementation alters the 6-mo change in
fat oxidation during sleep1�3

Rachel N Close, Dale A Schoeller, Abigail C Watras, and Elizabeth H Nora

ABSTRACT
Background: Conjugated linoleic acid (CLA) is a family of posi-
tional and geometric isomers with 2 conjugated double bonds
formed from linoleic acid and linolenic acid. CLA has a wide range
of biological effects, including body fat reduction.
Objective: The aim of our study was to determine CLA’s effects on
energy expenditure, macronutrient utilization, and dietary fat oxi-
dation in overweight adults after 6 mo of supplementation.
Design: We recruited 23 subjects from our main CLA efficacy study
who were receiving either 4 g/d of 78% active CLA isomers (3.2 g/d:
39.2% cis-9,trans-11 and 38.5% trans-10,cis-12) or 4 g/d of saf-
flower oil. Energy expenditure and substrate utilization were mea-
sured before and after 6 mo of CLA supplementation by using whole-
room indirect calorimetry. Dietary fat oxidation was measured by
using stable isotope–labeled oleate and palmitate.
Results: Our substudy detected a difference in the change in fat
utilization between the CLA (4 � 8 g) and placebo (�7 � 11 g)
groups during sleep after 6 mo of supplementation. In addition, the
percentage of energy from protein was reduced during sleep in the
CLA group (CLA: �3.3 � 2.6%; placebo: 0.3 � 5.7%). We also
detected a difference in the change in energy expenditure during
sleep (CLA: 0 � 38 kcal; placebo: �43 � 90 kcal). We did not detect
a change in labeled dietary fat oxidation after 6 mo of CLA supple-
mentation given with a breakfast meal.
Conclusion: Mixed isomer CLA supplementation, but not placebo,
positively altered fat oxidation and energy expenditure during
sleep. Am J Clin Nutr 2007;86:797–804.

KEY WORDS Energy expenditure, fat oxidation, substrate
utilization, overweight, obesity treatment

INTRODUCTION

Conjugated linoleic acid (CLA) is a family of positional and
geometric isomers with 2 conjugated double bonds formed from
linoleic acid, which displays a wide range of biological effects.
CLA-related health benefits first received notice in 1985 when
Pariza and Hargraves (1) isolated a compound in grilled ground
beef that inhibited epidermal carcinogenesis in mice. In 1997,
CLA’s effects on reducing body fat were first reported (2). CLA
is being further evaluated for its potential role in atherosclerosis
(3–5), the immune response (6–9), body composition (2, 10, 11),
lipid metabolism (12, 13), and glucose and insulin tolerance
(14–16).

CLA’s role in altering body composition is fairly well estab-
lished in animal models, but studies in humans have shown

mixed results. Some short-term human studies detected a de-
crease in body fat (17–21), whereas other studies did not detect
an effect (11, 22). Gaullier et al (10, 23) conducted a 2-y study,
the longest human study to date, and clearly showed a decrease
of �2 kg in body weight and body fat mass in an overweight
mixed-sex population with no serious adverse events.

The mechanism through which CLA attenuates adiposity is
thought to involve either adipocyte apoptosis (24–26) or de-
creased adipocyte cell size secondary to a decrease in triacyl-
glycerol uptake (27–29). Others proposed that CLA decreases
percentage body fat by increasing energy expenditure (30), fat
oxidation, or both (27); yet, when an increase in fat oxidation was
detected, it was unknown whether it was from increased dietary
fat oxidation or endogenous fat oxidation. Numerous studies
investigated the effect of CLA on the fatty acid composition of
agricultural production animals and found an increased ratio of
saturated fatty acids to monounsaturated fatty acids (31–33);
however, little is known about the ability of CLA to alter the type
of fatty acids being oxidized in the body.

The primary aim of the present study was to investigate
whether CLA increases total fat oxidation under eucaloric con-
ditions. Secondary aims were to test for any alterations in dietary
fat oxidation by using stable isotopes, endogenous fat, or poten-
tially both and to test for any changes in energy expenditure by
using a whole-room indirect calorimeter. Our study was a sub-
study performed as part of a larger study for which the primary
aim was to determine whether 3.2 g/d of CLA for 6 mo would
alter body fat mass in an overweight adult population (34).

SUBJECTS AND METHODS

Protocol

The present study was done as part of a double-blind, random-
ized, 6-mo intervention trial. The first participants began the trial
in August 2004, and the last subjects ended the trial in March
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2005. Subjects were screened and then underwent baseline eval-
uation. The substudy evaluation measured 24-h energy expen-
diture and substrate utilization by using a whole-room indirect
calorimeter. Dietary fat oxidation was measured by mixing
[1-13C]oleate and D31-palmitate into a breakfast meal and then
collecting breath carbon dioxide and urine to measure the end
products of oxidation. Subjects were then provided either 4 g/d of
78% active CLA isomers (3.2 g/d: 39.2% cis-9,trans-11 and
38.5% trans-10,cis-12) or 4 g/d of safflower oil placebo as 1-g gel
capsule supplements. The baseline evaluations were repeated 6
mo later.

Subjects

The aim of the main study was to compare the effects of 4 g/d
of 78% active CLA isomers (3.2 g/d: 39.2% cis-9,trans-11 and
38.5% trans-10,cis-12) and 4 g/d of safflower oil placebo sup-
plement for 6 mo on body composition by using the
4-compartment model (34).

The main CLA efficacy study involved 48 overweight sub-
jects, from which 23 subjects (4 men and 19 women) were se-
lected at random for participation in the substudy. The substudy
required 2 additional overnight visits to the University of
Wisconsin-Madison Hospital’s General Clinical Research Cen-
ter (GCRC). During recruitment, subjects were informed about
the substudy and were excluded from both studies if they chose
to opt out of the substudy at the time of random assignment.

The main study and this substudy were approved by the Health
Sciences Internal Review Board of the University of Wisconsin-
Madison. The subjects provided written informed consent for
both studies before the beginning of the study.

Inclusion criteria were the following: 18–44 y of age, over-
weight but not obese [body mass index (BMI; in kg/m2) �25 to
�30], stable weight within 3 kg for at least the previous 6 mo, and
no current or planned pregnancies. Exclusion criteria were the
following: pregnancy or lactation, smoking, a physical limitation
causing difficulty to participate in a prescribed walking program,
recent use of a weight-loss program, metabolic disease history,
psychiatric or eating disorders, abnormal electrocardiogram,
fasting plasma cholesterol concentrations �300 mg/dL, and tri-
acylglycerol concentrations �500 mg/dL.

Because of scheduling limitations, it was not possible to fully
control for menstrual cycle. Of the 16 women, at baseline, 4 in the
CLA group and 5 in the placebo group were in the first half of
their menstrual cycle, whereas the remaining 5 and 2 women in
the CLA and placebo groups, respectively, were in the second
half of their menstrual cycle. For the final overnight visit, 2
women in the CLA group and 5 women in the placebo group were
in the first half of their menstrual cycle, whereas the remaining 7
and 2 women in the CLA and placebo groups, respectively, were
in the second half of their menstrual cycle.

Respiratory chamber

During the overnight visits in the GCRC, subjects stayed in a
12-m3 shell volume whole-room respiratory chamber for mea-
surement of macronutrient utilization, energy expenditure based
on carbon dioxide production (V̇CO2), oxygen consumption
(V̇O2), and urinary nitrogen production. This chamber was pre-
viously described (35). Analyzers measured the concentration of
carbon dioxide and oxygen in the chamber effluent on a minute-
to-minute basis in combination with measuring carbon dioxide

and oxygen concentrations of 3 calibration gases for 1 min every
15 min. Protein oxidation was determined by analysis of urinary
nitrogen concentrations. This information was then used to cal-
culate V̇CO2, V̇O2, energy expenditure, respiratory quotient
(RQ), and macronutrient utilization by using the equations of
Jequier et al (36). First, protein oxidation was calculated by using
urinary nitrogen concentrations and total void volumes. Then,
nonprotein V̇CO2 and V̇O2 were calculated. Finally, fat utiliza-
tion and carbohydrate utilization were calculated by using the
nonprotein V̇CO2 and V̇O2 data from the chamber.

To ensure the calibration of the unit, routine methanol burns
were conducted. This involves burning a known amount of an-
hydrous methanol (99.8% pure; Acros Organics, Geel, Belgium)
for a known amount of time, �10 h, while collecting V̇O2, V̇CO2,
and oxygen production data. Subjects’ chamber data were ad-
justed if the methanol burns deviated �2% from the theoretical
recoveries for either oxygen or carbon dioxide.

Energy and substrate metabolism

Subjects arrived at the GCRC for admission at 2000; they had
been asked to refrain from exercise for the 24 h before admission.
Female subjects provided a urine sample at this time to test for
pregnancy. Before entering the respiratory chamber at 2100, all
subjects emptied their bladders. They were instructed to provide
urine samples at 2300 on the night of admission and on the next
day at the following time points: 0645, 0800, 1200, 1600, 2000,
and 2200. Subjects were instructed to be in bed at 2300 and to lie
quietly in the dark with minimal movements if unable to sleep.
Subjects were awakened at 0645 and exited the chamber at 0700
for showering and other grooming. At 0745 they reentered the
chamber, and at 0800 they provided a baseline breath sample.
Once samples were collected, breakfast was given. This meal
included a heated drink into which the tracer fats had been mixed.
The 2 tracers were [1-13C]oleate (10 mg/kg body wt) and D31-
palmitate (15 mg/kg body wt). Subjects then provided hourly
breath samples and the remaining scheduled urine samples. If
they had to void between urine collection time points, that urine
was also collected. Meals were provided at 1200 and 1900, with
a snack at 1600. Subjects were released from the respiratory
chamber at 2100; however, they remained at the GCRC until their
final urine sample was collected at 2200. This overnight stay was
conducted before the start of CLA supplementation and then
again at the end of the 6-mo supplementation period. Data from
3 time periods were analyzed: a 24-h time period; a waking time
period, which was from 2100 to 2300 and from 0645 to 2100; and
a sleeping time period, which was from 2300 to 0645.

Meals

A 3-d lead-in diet menu and the corresponding foods were
provided to subjects before their admission dates. The lead-in
diet consisted of frozen meals and shelf-stable items calculated to
give 36% of energy as fat, 18% as protein, and 46% as carbohy-
drate. The diet was tailored to meet the energy needs of each
subject on the basis of the Harris Benedict equation with 7%
subtracted to account for the equation’s tendency to overestimate
caloric need for overweight and obese subjects. This was then
multiplied by an assumed 1.65 physical activity level. If subjects
did not eat all food listed on their menu, they recorded what they
did not eat, and their lead-in diet records were adjusted accord-
ingly. During hospital stays, subjects ate a diet of 36% fat, 18%
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protein, and 46% carbohydrate, which was formulated by the
research dietitian. Breakfast, lunch, dinner, and the afternoon
snack provided 25%, 30%, 35%, and 10% of their daily energy
intake, respectively. The caloric need for each subject in the
chamber was calculated in the same manner as the lead-in diet
except that the physical activity level applied was only 1.4 be-
cause of the restrictive nature of the respiratory chamber. During
the stay, subjects were instructed to eat all food provided. Any
amount left on the plate was measured and subtracted from the
inpatient diet records. The lead-in diet and inpatient diet did not
allow for any caffeine or alcohol.

Sample collection and analysis

Nitrogen

Complete urine samples were collected and analyzed for total
nitrogen, from which protein oxidation was calculated. While in
the indirect calorimeter, the subjects’ total volume of each void,
scheduled and unscheduled, was recorded. From each void,
15-mL urine aliquots were immediately put into a 50-mL falcon
tube containing citric acid (99% pure; Acros Organics) to prevent
loss of ammonia. They were later pooled into a “waking” spec-
imen and a “sleeping” specimen by taking an aliquot that was
proportional to the volume of the void, thus creating a volume-
weighted sampled. The 2 pooled samples for waking and sleep-
ing were diluted 1:100 with nitrogen-free water. The diluted
samples were then analyzed for total nitrogen in triplicate by
using an Antek 9000N Chemiluminescent Nitrogen analyzer
(Antek Instruments Inc, Houston, TX). This instrument was cal-
ibrated by using grammetric urea solutions, which were then
used as standards during the sample runs. Pearson’s regression
coefficients for the calibration curve were �0.999.

Stable isotopes

The oxidation of stable isotope–labeled dietary fats was as-
sessed on the basis of breath carbon dioxide and urinary water.
The excess 13C recovery in the breath carbon dioxide was used to
calculate dietary monounsaturated fat utilization during the
chamber stay as previously described (35). Breath samples were
collected by having subjects blow through a straw into a labeled
15-mL red top no-additive Vacutainer tube (Becton Dickinson,
Franklin Lakes, NJ), which was capped immediately after being
filled. The ratio of 13C:12C in the sample was analyzed by inject-
ing a small amount into an isotope ratio gas chromatography
mass spectrometer (Delta S; Finnigan MAT, Bremen, Germany).
Each sample was injected in duplicate, and the mean 13C abun-
dance (in ppm) was used in further calculations. The acceptable
average SD 13C:12C analysis was �0.3 ppm. If the replicates
were more variable, the analysis was repeated. 13CO2 recovery
was calculated by subtracting baseline 13C in breath carbon di-
oxide taken at 0800, with correction for background 13C varia-
tions by using control subjects not dosed with labeled oleate, and
then multiplying by the measured carbon dioxide production by
using the trapezoid rule. An acetate correction, previously at-
tained by testing sedentary subjects dosed with [13C]acetate in
the respiratory chamber, was used to adjust for the loss of 13C in
intermediary metabolism (35).

Deuterium recovery was calculated as previously described to
determine dietary saturated fat utilization (35). At each sched-
uled time point for urine collection, 5-mL urine aliquots were put
into a 5-mL Vacutainer with no additive and stored in a �70 °C

freezer until analyzed for deuterium abundance. Each of the urine
samples was decolorized by using carbon black and was then
filtered through a 0.45-�m pore size acetate filter. The decolo-
rized urine samples were then put into individual glass vials and
capped, and the average 2H:1H ratio abundances (in ppm) were
assessed in duplicate with the use of a Delta Plus isotope ratio
mass spectrometer equipped with an H/D Device (Finnigan
MAT). The acceptable average SD for 2H:1H analysis was �0.08
ppm. If results were more variable, the analysis was repeated.
The deuterium abundances were corrected for each individual’s
baseline abundances in the urine specimen collected before the
breakfast dose. The cumulative percentage dose recovery was
calculated by multiplying the excess deuterium abundance at
each time point by the subject’s total body water, as measured by
18O dilution, then dividing by the amount of deuterium from the
D31-palmitate provided in the breakfast shake. The resulting
dietary fat oxidation value was assigned to the time of the mid-
point between successive voids.

Statistical analysis

All statistical analyses were performed with SAS software
(version 8.2; SAS Institute Inc, Cary, NC). Means � SDs were
calculated for the continuous outcomes. Between-group differ-
ences for changes from month 0 to month 6 were assessed by t
tests and also by Wilcoxon’s rank tests because normality could
not be assured given the small sample size. The results were
consistent between the 2 tests. Within-group differences for
changes from month 0 to month 6 were assessed by paired t tests.
All data were also analyzed with an adjustment for sex, which did
not alter the findings. All values are presented as means � SDs,
and statistical significance was set at an � level of 0.05 for all
analyses.

RESULTS

The subjects were all overweight on the basis of BMI and were
mostly female (Table 1). As expected with randomization, the
participants of the substudy were representative of the main study
at baseline. The 2 arms of the study, however, were not balanced,
and this was due to 4 dropouts, all from the placebo group. One
subject withdrew immediately after the initial inpatient testing

TABLE 1
Study subjects’ characteristics at baseline for the main study and the
substudy1

Main study Substudy

CLA
(n � 22)

Placebo
(n � 18)

CLA
(n � 12)

Placebo
(n � 7)

Sex (n)
Male 5 3 3 1
Female 17 15 10 9

Age (y) 34 � 82 32 � 7 33 � 7 33 � 6
Weight (kg) 80.0 � 9.1 79.0 � 10.9 81.4 � 10.0 74.8 � 5.0
BMI (kg/m2) 27.6 � 1.8 28.0 � 2.2 27.5 � 1.8 27.1 � 1.9

1 CLA, conjugated linoleic acid. No statistically significant between-
group differences were detected.

2 x� � SD (all such values).
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because of time constraints, and another subject withdrew be-
cause of time constraints in scheduling the final visit. Two ad-
ditional subjects were excluded because one started taking a
medication known to affect body weight and the other began
marathon training despite instructions not to alter exercise pat-
terns. No data from these 4 individuals were used in the analysis.
This left 12 subjects in the CLA treatment group and only 7 in the
placebo group for data analysis. The decreased sample size may
have limited our ability to attain the desired level of significance
in the analysis of certain data, specifically the waking respiratory
quotient. The only difference between the CLA and placebo
groups at baseline was greater energy expenditure in the CLA
group during sleep, which remained at month 6.

Energy intake and energy balance

There were no differences between groups at month 0 or
month 6 for energy intake for the inpatient diet or the lead-in diet.
The macronutrient breakdown for the lead-in diet was 35 �
0.6%, 18 � 0.9%, and 48 � 1.5% for fat, protein, and carbohy-
drate, respectively, for the CLA group and was 36 � 1.5%, 18 �
1.8%, and 48 � 1.2% for fat, protein, and carbohydrate, respec-
tively, for the placebo group. The inpatient dietary macronutrient

breakdown for both groups was 18 � 0.1% protein and 46 �
0.1% carbohydrate, whereas fat was 36 � 0.05% for the CLA
group and 37 � 0.05% for the placebo group.

24-h Time point

No differences were detected in 24-h energy expenditure or fat
oxidation (Table 2). There was no between-group difference in
protein utilization. Energy balance was also not different be-
tween groups at either month 0 or month 6.

Waking hours

During waking hours (2100–2300 and 0645–2100), we did
not detect a difference in energy expenditure or substrate oxida-
tion either within or between groups (Table 3).

Sleeping hours

During sleep (2300–0645), CLA treatment was associated
with a number of differences in energy expenditure and substrate
utilization (Table 4). The CLA group expended more energy
than did the placebo group at baseline (P � 0.01) and at month 6
(P � 0.04). This appeared to be due to a sex mismatch between

TABLE 2
24-h Substrate utilization at baseline and at month 61

CLA (n � 12) Placebo (n � 7)

Month 0 Month 6 �6�0 Month 0 Month 6 �6�0

RQ 0.85 � 0.03 0.84 � 0.02 �0.01 � 0.04 0.84 � 0.03 0.85 � 0.03 0.01 � 0.04
Energy expenditure (kcal) 2280 � 319 2250 � 305 �30 � 83 2109 � 119 2091 � 148 �18 � 156
Carbohydrate

(%) 42.9 � 7.3 40.7 � 6.3 �2.2 � 9.8 39.5 � 7.2 43.3 � 9.3 3.8 � 11.7
(g) 250 � 58 231 � 56 �19 � 48 208 � 34 226 � 49 18 � 59

Fat
(%) 37.9 � 7.5 41.6 � 6.8 3.7 � 10.7 42.7 � 7.8 40.2 � 10.1 �2.5 � 13.8
(g) 95 � 19 103 � 17 8 � 28 101 � 22 94 � 25 �7 � 34

Protein
(%) 17.2 � 1.8 15.4 � 2.3 �1.8 � 1.9 15.5 � 3.3 14.1 � 3.0 �1.5 � 3.7
(g) 98 � 21 87 � 18 �12 � 11 81 � 15 74 � 16 �8 � 20

1 All values are x� � SD. CLA, conjugated linoleic acid; RQ, respiratory quotient. No statistically significant differences were observed between groups
at baseline or at 6 mo or for the 0- to 6-mo change (paired t tests, P � 0.05).

TABLE 3
Waking substrate utilization at baseline and at month 61

CLA (n � 12) Placebo (n � 7)

Month 0 Month 6 �6�0 Month 0 Month 6 �6�0

RQ 0.86 � 0.02 0.85 � 0.02 �0.02 � 0.03 0.85 � 0.03 0.85 � 0.03 0 � 0.04
Energy expenditure (kcal) 1687 � 166 1671 � 246 �16 � 70 1563 � 103 1588 � 84 25 � 71
Carbohydrate

(%) 46 � 6.0 42.7 � 6.6 �3.3 � 9.3 42.2 � 8.0 44.2 � 9.6 1.9 � 12.3
(g) 195 � 45 179 � 43 �15 � 40 164 � 28 175 � 39 11 � 45

Fat
(%) 35.2 � 6.1 39.5 � 7.0 4.3 � 9.8 39.7 � 7.9 39.5 � 10.2 �0.2 � 13.9
(g) 65 � 13 73 � 14 8 � 19 69 � 17 70 � 18 0 � 25

Protein
(%) 16.8 � 1.7 15.5 � 2.4 �1.3 � 2.7 15.9 � 3.5 13.4 � 3.0 �2.0 � 3.4
(g) 71 � 17 65 � 12 �7 � 12 62 � 12 55 � 11 �7 � 13

1 All values are x� � SD. CLA, conjugated linoleic acid; RQ, respiratory quotient. No statistically significant differences between groups were observed
at baseline or at 6 mo or for the 0- to 6-mo change (paired t tests, P � 0.05).
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groups. The 3 male subjects had greater resting metabolic rates
than did their female counterparts in the CLA group, whereas
there were no male subjects in the placebo group; nonetheless,
the change in sleeping energy expenditure in the placebo group
(�43 � 90 kcal/sleep) also differed from that in the CLA group
(0 � 38 kcal/sleep; P � 0.05). At baseline, the CLA group had a
higher protein oxidative utilization, in terms of percentage of
energy (P � 0.02) and grams per night (P � 0.02), than did the
placebo group. After 6 mo, the CLA group utilized less protein
for oxidation than at baseline in terms of percentage of energy
(P � 0.001) and grams per night (P � 0.004). We also detected
a between-group difference for change in protein utilization as a
percentage of energy; the decrease with treatment was greater in
the CLA group (P � 0.03).

The change in fat oxidation during sleep (0–6 mo) was sig-
nificantly different in the CLA group (4 � 8 g/sleep) from that in
the placebo group (�7 � 11 g/sleep; P � 0.05). Compared with
the placebo group, the CLA group was less dependent on carbo-
hydrates (%) and utilized fewer carbohydrates after 6 mo of
supplementation (P � 0.05). In turn, this shift in fat and carbo-
hydrate oxidation in the CLA group resulted in a lower RQ after
6 mo than that observed in the placebo group (P � 0.05).

Dietary fatty acid oxidation

No difference in the percentage cumulative dose recovery of
D31-palmitate (P � 0.89) or [1-13C]oleate (P � 0.99) was de-
tected between the 2 groups 13 h after administration (Figures 1
and 2).

DISCUSSION

We recently reported the results of the main efficacy study of
CLA supplementation (34). CLA supplementation for 6 mo was
associated with a decrease in weight (�0.6 � 2.5 kg), whereas a
slight weight gain was observed with placebo (1.1 � 3.2 kg) (P �
0.04). These changes were largely due to changes in fat mass after
6 mo, which were also different between the CLA and placebo
groups (�1.0 � 2.2 and 0.7 � 3 kg, respectively; P � 0.02). In
our current study, we investigated the physiologic mechanism
responsible for the CLA-related loss in body fat. We found that

fat oxidation and energy expenditure increased during sleep in
subjects who were randomly assigned to the CLA group; how-
ever, our primary outcome of 24-h fat oxidation only trended
toward an increase after 6 mo of CLA supplementation.

The effects of CLA on fat and carbohydrate oxidation during
sleep were consistent with the nonsignificant decrease in RQ
during the 24-h period. The increased fat oxidation was also
consistent with results from an animal study in which it was
reported that CLA decreased the RQ in mice during sleep with no
difference detected during waking hours (37). These results sug-
gest that the mechanism for the efficacy of CLA supplementation
for fat loss is at least partially due to increased fat oxidation
during sleep.

Additional studies with a larger sample size are required to
determine whether the lack of statistical significance for waking
hours was a type II error. One possible reason for not finding a
significant difference during waking hours was that the SD of fat
oxidation in grams was smaller during sleep than during waking
hours in our subjects (P � 0.005), which reduced the sensitivity
of our study with regard to fat oxidation during waking or 24-h
periods.

Our findings differ from those of previous studies of energy
expenditure and substrate utilization (10, 22, 27). A human study

TABLE 4
Sleeping substrate utilization at baseline and at month 61

CLA (n � 12) Placebo (n � 7)

Month 0 Month 6 �6�0 Month 0 Month 6 �6�0

RQ 0.84 � 0.04 0.83 � 0.02 �0.01 � 0.032 0.82 � 0.02 0.84 � 0.03 0.02 � 0.042

Energy expenditure (kcal) 580 � 753 580 � 67 0 � 382 546 � 253 503 � 85 �43 � 902

Carbohydrate
(%) 37.9 � 11.5 35.1 � 6.3 �2.8 � 10.52 31.6 � 7.7 39.8 � 10.4 8.2 � 11.62

(g) 55 � 20 51 � 14 �4 � 14 43 � 10 51 � 18 8 � 17
Fat

(%) 41.9 � 12.0 47.5 � 7.2 5.6 � 11.72 51.2 � 9.6 42.9 � 11.6 �8.3 � 15.32

(g) 27 � 8 30 � 4 4 � 82 31 � 6 24 � 8 �7 � 112

Protein
(%) 18.2 � 2.83 14.9 � 2.9 �3.3 � 2.62,4 14.6 � 3.13 14.9 � 3.7 0.3 � 5.72

(g) 26 � 63 22 � 6 �5 � 4 20 � 41 19 � 6 �1 � 8

1 All values are x� � SD. CLA, conjugated linoleic acid; RQ, respiratory quotient.
2 Change from month 0 to month 6 was significant between groups, P � 0.05.
3 Significant difference between groups at month 0, P � 0.05 (paired t tests).
4 Change from month 0 to month 6 was significant within group, P � 0.05.
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FIGURE 1. Mean (�SEM) cumulative percentage dose recovery of
dietary [2H]palmitate in the placebo (n � 7) and conjugated linoeic acid
(CLA; n � 12) groups. No statistically significant differences were detected
(t test).

EFFECT OF CLA ON SUBSTRATE UTILIZATION 801



conducted by Zambell et al (22) found no treatment effect at rest
or during a walking protocol in terms of energy expenditure, fat
oxidation, and respiratory exchange ratios for 20 min after 30 min
of rest at baseline, during week 4 and week 8 of treatment. Their
measurement time period was much shorter than our 24-h con-
tinuous monitoring; thus, they may not have detected a treatment
effect because of short measurement times and the accompany-
ing potential for a type II error. Azain et al (27) found no treat-
ment effect on energy expenditure by indirect calorimetry in rats
placed in a respiratory chamber for 48 h at weeks 1, 4, and 7 of
treatment. A decrease in RQ was detected at week 4; however,
there was no effect at week 7 (27). The irregularity of RQ data
from week 4 to week 7 may be a result of the time period length
analyzed. Because Azain et al collected data for an entire 48-h
time period, the potential sleep time effects of CLA may have
been obscured by the greater variation during waking just as they
were in our study. Thus, future CLA studies analyzing energy
expenditure and macronutrient oxidation would benefit from
doing analysis for an entire 24-h period and then further dividing
these periods into waking and sleeping hours.

A confounder of our study was that sleeping protein oxidative
utilization differed between the CLA and placebo groups at base-
line. To ensure that this did not affect our global RQ data, a
nonprotein respiratory quotient (NPRQ) was calculated. After 6
mo of supplementation, NPRQ decreased in the CLA group and
increased in the placebo group. In addition to the baseline dif-
ference, protein utilization also decreased in the CLA group with
treatment. This decrease in protein utilization is consistent with
the findings from animal model studies (38, 39) that CLA pro-
tected against urinary protein losses in an attempt to protect lean
body mass stores.

The second aim of our study was to determine whether the
alteration in fat oxidation was due to a change in dietary fat,

endogenous fat, or both. We did not detect a change in the oxi-
dation of dietary fat as monitored by labeled oleate and palmitate
administered during a breakfast meal. This would suggest that
the change in fat oxidation was due to increased endogenous fat.
Considering, however, that increased fat oxidation was observed
during sleep and that the dietary fat oxidation measures were
made during the waking period, further studies of dietary fat
oxidation during sleeping hours by using stable-isotope–labeled
fats given at a dinner meal are warranted to fully assess CLA’s
effects on dietary fat oxidation.

We did not directly test any biochemical mechanisms that may
have underlain our observation of increased fat oxidation during
sleep. Current theories that may explain our results, however,
include mechanisms associated with the inhibition of fat depo-
sition within adipocytes, altered lipase activity, and apoptosis of
adipocytes. The increase in fat oxidation was likely to have been
associated with lipases involved in the storage and mobilization
of fat, which are lipoprotein lipase (LPL), hormone-sensitive
lipase (HSL) (40), and adipose triacylglycerol lipase (ATGL;
41). CLA supplementation studies have shown decreased adipo-
cyte LPL activity and increased HSL activity (42, 43). No studies
to date have researched CLA’s effects on ATGL activity. Be-
cause rat studies have shown that adipocyte LPL and HSL are
linked to circadian rhythms, which lead to a decrease in adipocyte
LPL and an increase in HSL during sleeping hours, it is plausible
that our sleeping compared with waking results are explained by
CLA’s effect being further enhanced during the diurnal cycle
(44, 45). The increase in nighttime fat oxidation that we observed
without an increase in dietary fat oxidation during the day is more
consistent with proposed mechanisms involving greater fat mo-
bilization than with those involving reduced storage.

As reported elsewhere, we found that body fat mass decreased
by 1 � 2.2 kg with CLA treatment, whereas it increased by 0.7 �
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FIGURE 2. Mean (�SEM) cumulative percentage dose recovery of dietary [13C]oleate in the placebo (n � 7) and conjugated linoeic acid (CLA; n � 12)
groups. No statistically significant differences were detected (t test).
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3.0 kg with placebo after 6 mo (34). These changes corresponded
to an average decrease of 5.5 g fat/d compared with an increase
of 3.8 g fat/d in the placebo group. These changes are smaller than
those that we observed in fat oxidation during the sleep period
and are also smaller than the trend in 24-h fat oxidation. As such,
these changes in fat oxidation were sufficient to account for the
effect of CLA on body fat mass. In contrast, with calculation of
the change in energy balance in each group, assuming an energy
value of 9.5 kcal/g of endogenous fat, we found that the change
in energy balance was twice the change in sleep period energy
expenditure and was much larger than the trend for the change in
24-h energy expenditure. This suggests that the changes in fat
mass and hence energy balance that we observed in the main
study and the changes in fat oxidation that we observed in the
present study were related to a decrease in energy intake rather
than to an increase in energy expenditure. This, however, can
only be suggested because the 95% CIs for energy expenditure
are relatively large.

We did not collect data that would have allowed us to deter-
mine whether the suggested change in energy intake may have
been due to changes in energy absorption on CLA supplemen-
tation. Tepstra et al (46) investigated alterations in energy ab-
sorption before and after 39 d of CLA supplementation by mea-
suring energy content and composition in feces and excreta. They
observed an increase in energy excretion in Balb-c mice without
a corresponding increase in energy intake compared with con-
trols. Thus, future CLA research using humans could investigate
CLA’s ability to alter fecal energy excretion.

In conclusion, CLA altered fat oxidation during sleeping hours
and showed a similar trend during waking hours. On the basis of
the absence of an alteration in the oxidation of dietary labeled
oleate and palmitate in a breakfast meal, CLA does not appear to
affect the type of dietary fat oxidized during waking hours. Fur-
ther studies could be directed at determining whether CLA sup-
plementation alters the type of endogenous fat oxidized on
greater utilization of fat by the body, whether dietary fat oxida-
tion is increased during sleeping hours, and whether energy ex-
cretion is altered.
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Letters to the Editor

Helicobacter pylori may be involved in cognitive
impairment and dementia development through
induction of atrophic gastritis, vitamin
B-12–folate deficiency, and
hyperhomocysteinemia sequence

Dear Sir:

We read with considerable interest the article by Haan et al (1),
which concluded that homocysteine (Hcy) is an independent risk
factor for both dementia and cognitive impairment without dementia
(CIND) in a cohort of Latin Americans residing in California and,
moreover, higher plasma vitamin B-12 concentrations may reduce
the risk of Hcy-associated dementia or CIND.

The background prevalence of Helicobacter pylori serum posi-
tivity in this population (Hispanic Mexicans) is �60% (2, 3). In
particular, 79% of Hispanic volunteers residing in Los Angeles were
shown to harbor H. pylori in gastric biopsy samples and all had
histologic gastritis (4).

In this respect, although degenerative diseases of the central ner-
vous system (CNS), including Alzheimer disease (AD), have an
increasingly greater effect in elderly populations, their association
with H. pylori infection has not been thoroughly researched. This
issue was recently addressed in 2 studies (5, 6). A higher seroposi-
tivity for anti-H. pylori immunoglobulin (Ig) G antibodies was re-
ported in AD patients than in age-matched controls (5). However,
this serologic test has limitations because it does not discriminate
between current and old infections (7). Such a distinction is essential
because current H. pylori infection induces humoral and cellular
immune responses that, owing to the sharing of homologous
epitopes (molecular mimicry), cross-react with components of
nerves (7) and thereby affect or perpetuate neural tissue damage.
Moreover, eradication of H. pylori infection might delay AD pro-
gression, particularly at early disease stages. On the basis of histo-
logic analysis of gastric mucosa biopsy samples for the documenta-
tion of H. pylori infection, we investigated whether H. pylori
infection is associated with AD by introducing the histologic method
that is established as the actual gold standard for diagnosis of H.
pylori infection (7). In our cohort of Greek patients, 88% of the AD
patients had histologically proven H. pylori infection, whereas the
rate of infection was significantly lower in the anemic control group
(46.7%) (6). Moreover, histologic multifocal chronic gastritis (body
and antrum atrophy) was observed in the vast majority of our patients
as compared with controls (6, 7). These patterns of H. pylori–related
chronic gastritis have also been reported by others (7). Importantly,
an increased serum Hcy concentration has been shown in our AD
patients (7). Chronic gastritis, as a result of H. pylori infection, can
lead to malabsorption of vitamins (B-12) and folate, which results in
the failure of methylation by 5-methyl-tetrahydrofolic acid and,
hence, in the accumulation of Hcy (7). Elevated Hcy, in turn, could
trigger endothelial damage and result in atherothrombotic disorders
and AD. In this respect, investigators reported that H. pylori–

induced chronic atrophic gastritis or atrophic gastritis per se de-
creases serum vitamin B-12 and folate concentrations, thereby in-
creasing Hcy—a potent contributor to vascular disorders; serum Hcy
concentrations correlated inversely with serum vitamin B-12 and
folate concentrations and positively with atrophic scores (7). Hcy
appears to be an independent risk factor not only for dementia and
AD, as mentioned by Haan et al, but also for vascular disease. It is
thought to be implicated in endothelial damage and neurodegenera-
tion via oxidative injury in these diseases (7); oxidative damage has
also been described in the brain of subjects with mild cognitive
impairment (MCI), which suggests that oxidative damage may be
one of the earliest events in the onset and progression of AD. It has
been shown that the serum Hcy concentration correlates with the
severity of dementia, and it is a significant predictor of the severity
of dementia (7). From another vantage point, H. pylori infection is
actually associated with vitamin B-12 deficiency or iron deficiency
anemia, whereas eradication of H. pylori infection is associated with
the reversal of vitamin B-12 deficiency or of iron deficiency and an
improvement in anemia (8).

Extending our findings, we investigated 63 consecutive patients
with amnestic MCI, and 35 anemic controls who underwent upper
gastrointestinal endoscopy and histologic and serologic examina-
tions (9). The prevalence of H. pylori infection was 88.9% in MCI
patients and 48.6% in controls, as confirmed by biopsy (P � 0.001;
odds ratio: 8.47; 95% CI: 3.03, 23.67). Mean serum anti-H. pylori
IgG concentration and plasma total Hcy titer were also higher in MCI
patients than in controls. When compared with the anemic partici-
pants, MCI patients had histologic multifocal (body and antral) gas-
tritis more often. Interestingly, the positivity status for H. pylori
serology appeared to correlate with cognitive deterioration in our
H. pylori–positive MCI patients (9).

Considering the abovementioned data, we speculate that H. pylori
infection might contribute, at least in part, to the pathogenesis of MCI
and AD through induction of chronic atrophic gastritis, vitamin B-12–
folate deficiency, and Hcy sequence. It would be of interest to know
whether Haan et al took into account comparable data from participants
in the Sacramento Area Latino Study on Aging (SALSA), who would
be expected to have a high prevalence of H. pylori infection. Such data
appear to be crucial in shedding light on H. pylori infection, which may
influence the pathophysiology of the MCI-AD sequence by: 1) promot-
ing platelet and platelet-leukocyte aggregation, also proposed to play
pathophysiologic roles in AD development (7, 9); 2) releasing proin-
flammatoryandvasoactive substances involved inanumberofvascular
disorders, including MCI, AD, and other AD-related neuropathies such
as glaucoma, defined as “ocular AD” (7, 9, 10); 3) stimulating mono-
nuclear cells to produce a tissue factor–like procoagulant that converts
fibrinogen into fibrin (7); 4) causing the development of cross mimicry
between endothelial and Hp antigens; 5) increasing the aforementioned
Hcy, which has been implicated in endothelial damage and neurode-
generation via oxidative injury in these neurodegenerative diseases (7);
6) producing reactive oxygen metabolites and circulating lipid perox-
ides also involved in the pathophysiology of AD (7); and 7) influencing
the apoptotic process, which is an important form of cell death in many
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neurodegenerative diseases including AD and possibly MCI (7). Nota-
bly, H. pylori is capable of inducing apoptotic effects through the mi-
tochondrial apoptotic pathway involving activation of the proapoptotic
proteins Bax and Bak, activation of certain caspases, or through induc-
ible nitric oxide (7). Nitric oxide is a rapidly diffusing gas and a potent
neurotoxin that may contribute to the apoptotic neuronal cell death in
degenerative neuropathies (7).
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Reply to J Kountouras et al

Dear Sir:

Kountouras et al raise interesting points about the potential rela-
tions between Helicobacter pylori infection, gastric function, vita-
min B-12 absorption, and risk of cognitive impairment. Our research
group has not specifically investigated H. pylori infection in the

Sacramento Area Latino Study on Aging (SALSA), but we did report
previously on the cross-sectional association between gastric func-
tion and vitamin B-12 status in a nonrandom subsample of study
subjects (1). Elevated serum gastrin (�100 ng/L) is a sensitive pre-
dictor of moderate-to-severe atrophy of the gastric body (2). We
observed elevated serum gastrin in �30% of the SALSA subjects,
with a higher percentage (48%) of elevated values in those subjects
with a deficient total plasma B-12 concentration (�148 pmol/L).
Moreover, we observed a highly significant inverse association be-
tween gastrin and plasma vitamin B-12 concentrations (P � 0.0001).

The association between H. pylori infection and gastric function is
complex. Initial, acute H. pylori infection results in reduced secretion of
gastric acid (3). If the infection persists for several months, gastric acid
secretion may normalize or increase (4). If the infection and gastritis are
prolonged beyond several months, there is progression to gastric atro-
phy, and gastric acid secretion is again reduced. This H. pylori–induced
reduction in gastric acid secretion impairs the capacity to release and
absorbvitaminB-12fromanimalsourcefoodsandmayincrease therisk
of intestinal bacterial overgrowth. The bacteria may compete with the
host for dietary vitamin B-12 and reduce the vitamin’s bioavailability.
Finally, recent evidence has been presented that links previous H. pylori
infection with subsequent development of autoimmune pernicious ane-
mia (5).Thepathogenesisof suchanassociationmay involvemolecular
mimicry by H. pylori of gastric mucosal antigen, which allows the
organism to “fly below the radar screen” of host immune surveillance
with subsequent risk of autoimmune consequences in a susceptible host
(6). Thus, it is reasonable to predict that H. pylori infection may con-
tribute to low vitamin B-12 status. Data from the National Health and
Nutritional Examination Survey show that Mexican Americans 70 y of
age and older experience a significantly higher prevalence of infection
with H. pylori than do white non-Hispanics (74.0% compared with
54.8%) (7). The SALSA study involves a representative sample of the
Mexican elderly population in the Sacramento area of California who
are demographically similar to national samples of the same age and
ethnicity (8). It is therefore likely that the SALSA population carries a
high burden of H. pylori seroprevalence. It is possible that the relatively
high prevalence of low plasma vitamin B-12 (6.5%) we observed in the
SALSA cohort may be associated with prevalent infection by H. pylori.
Whether the influence of gastric atrophy on vitamin B-12 status is of
sufficient magnitude to affect cognitive function in the SALSA cohort
is open to speculation. Because we did not find an effect of low plasma
vitamin B-12 on dementia and CIND outcomes, the link between H.
pylori and vitamin B-12 may not directly apply to these findings. We
also have not yet examined the influence of related medications on
vitamin B-12 or on cognitive status.
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Erratum

Riedt CS, Schlussel Y, von Thun N, et al. Premenopausal overweight women do not lose bone during moderate
weight loss with adequate or higher calcium intake. Am J Clin Nutr 2007;85:972–80.

On page 977, Table 3, an error exists in the third sentence of footnote 1. The sentence should read as follows:
“Does not include 48 mg phosphorus, 10 �g vitamin D, 100 mg magnesium, or 10 �g vitamin K from
multivitamin-minerals or salt from shaker.”

Erratum

Brand-Miller JC, Fatima K, Middlemiss C, et al. Effect of alcoholic beverages on postprandial glycemia and
insulinemia in lean, young, healthy adults. Am J Clin Nutr 2007;85:1545–51.

The second author’s last name was misspelled. The correct spelling is “Fatema.”

Erratum

Zivkovic AM, German JB. Individual variation in the metabolic syndrome: a new perspective on the debate. Am J
Clin Nutr 2007;85:240–1.

An incorrect e-mail address was provided for Angela M Zivkovic. The correct address is as follows:
amzivkovic@ucdavis.edu.

Erratum

Peters U, Foster CB, Chatterjee N, et al. Serum selenium and risk of prostate cancer—a nested case-control study.
Am J Clin Nutr 2007;85:209–17.

On page 211, footnote 2 to Table 1 is incorrect. It should read as follows: “2x� � SD (all such values).”
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Erratum

Taku K, Umegaki K, Sato Y, Taki Y, Endoh K, Watanabe S. Soy isoflavones lower serum total and LDL
cholesterol in humans: a meta-analysis of 11 randomized controlled trials. Am J Clin Nutr 2007;85:1148–56.

On page 1151, the values listed in the “Sample size” column (the values for “Total population” for total
cholesterol, LDL cholesterol, HDL cholesterol, and triacylglycerol for the comparison between ISP� and ISP�)
are incorrect. Instead of “185 vs 283,” the values should read “285 vs 283.”

Erratum

Vieth R, Bischoff-Ferrari H, Boucher BJ, et al. The urgent need to recommend an intake of vitamin D that is
effective. Am J Clin Nutr 2007;85:649–50.

An incorrect e-mail address was listed for Reinhold Vieth. The correct address is rvieth@mtsinai.on.ca.

Erratum

Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T, Dawson-Hughes B. Estimation of optimal serum
concentrations of 25-hydroxyvitamin D for multiple health outcomes. Am J Clin Nutr 2006;84:18–28.

In the penultimate sentence in the abstract, the microgram value listed for vitamin D should be 25 �g instead of
40 �g. The sentence should read as follows: “An intake for all adults of �1000 IU (25 �g) vitamin D
(cholecalciferol)/d is needed to bring vitamin D concentrations in no less than 50% of the population up to 75
nmol/L.”

Erratum

Afaghi A, O’Connor H, Chow CM. High-glycemic-index carbohydrate meals shorten sleep onset. Am J Clin
Nutr 2007;85:426–30.

On page 428, Table 1, the values listed in the “Low-GI meal, 4 h” column are incorrect for 6 of the sleep variables.
The correct values (%) are as follows: 5.1 � 2.0 (Sleep stage 1), 56.2 � 6.2 (Sleep stage 2), 5.5 � 2.1 (Sleep stage
3), 14.1 � 4.2 (Sleep stage 4), 81.0 � 4.8 (NREM sleep), and 19.1 � 4.8 (REM sleep).
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