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EPIDEMIOLOGY & SOCIETY
Editors’ Note: EPIDEMIOLOGY and SOCIETY provides a broad forum for epidemiologic
perspectives on health research, public policy, and global health.

Studying Vulnerable Populations
Lessons From the Roma Minority
Karolina Kósa* and Róza Ádány†
ealth inequalities (or health disparities)1,2 constitute a major
focus of attention for both epidemiologic research and
health policy. The number of English-language papers in
PubMed under the medical subject headings of “socioeconomic
factors” and “health” increased from 1279 in 1968 –1980 to
9352 in 1993–2005.3 The documentation of strong associations
between health and economic development has in turn led to
increased interest in health inequalities among policy makers.4
Research into health inequalities according to race and
ethnicity has shown consistent disadvantages in health status,
morbidity, and mortality for various racial/ethnic groups in
minority positions.5– 8 The causes of inequalities between
blacks and whites in the United States and among a range of
ethnic groups in the United Kingdom have been attributed in
varying degree to racism and to cultural and socioeconomic
differences.9 –12 The extent and determinants of health inequalities in other minorities (particularly those among the Roma
minority in Europe) have been less extensively investigated.
Roma people (also known as Gypsy, Sinti, or Tzigane)
constitute Europe’s largest minority. Their number is estimated between 6.3 and 8.5 million people,13 roughly the
population of Sweden or Austria. Roma migrated in several
waves from northern India, their presence in Europe being
documented as early as the 12th century.14 They have been
among the poorest people in Europe, and the collapse of
socialist regimes around 1990 in central and eastern European
countries—where the largest populations of Roma live— has
had an especially harsh impact, worsening their already
unfavorable living conditions and health.15
Literature reviews have documented unfavorable health
status, lower life expectancy, and greater communicable disease burden for Roma compared with non-Roma in the Czech
and Slovak Republics,16 Spain,17 and Hungary.18,19 Roma
have higher infant mortality rates,20 with higher rates of low
birth weight, preterm birth, and intrauterine growth retardation.21 Average blood lead levels in Spain were found to be
substantially higher in Gypsy compared with white children.22 Access to health care and provision of services for
Roma in several countries has been burdened by limited
coverage and discrimination.23
Several factors have contributed to heightened interest
in the welfare of Roma in Europe24,25 including increasing
marginalization of Roma (in both economic and social
terms),26 higher birth rates compared with majority populations, and increased mobility within the European Union.
This has led to the launch, in 2005, of a large-scale initiative,

H

Abstract: There are important disparities in health outcomes between racial/ethnic minorities and majorities in all countries where
minority health has been investigated. This holds true for the largest
minority population of Europe, the Roma, although research data
related to Roma are scarcer and more contested than for other
minorities. We discuss major obstacles that hinder or prevent the
collection of reliable data in Roma and other minorities. The
definitions and classification systems on race/ethnicity vary widely,
pointing to the social construction of both race and ethnicity.
Imprecision in taxonomy and definition of target groups is compounded by challenges in data collection, analysis, and interpretation, along with ethnocentricity that shapes the perspectives and
approaches of the researchers. However, administrative data collection on race/ethnicity serves legitimate purposes although such data
must comply with less-stringent quality requirements as opposed to
data meant for scientific analysis. Research on minorities should
consider race/ethnicity as proxy indicators of complex health determinants, and should aim at dissecting these determinants into separate items. Careful documentation of methodology and active
involvement of the minorities themselves can increase trust between
the investigators and the research subjects, which can in turn
improve research on minority health.
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Studying Vulnerable Populations

“The Decade of Roma Inclusion,” involving 8 national governments and several international organizations, including
World Bank, United Nations Development Program, Open
Society Institute, and European Roma Rights Center.27
Despite the vulnerability of Roma and increased political interest in their welfare, there remains a dearth of research data on their health status.17,20,24,28,29 This work presents an overview of issues that hamper the collection of
reliable health data for Roma and other minorities.

Who Are The Subjects?
Definition, Taxonomy, and Data Collection
on Ethnicity
“Ethnic” groups are people classed according to common
racial, national, tribal, religious, linguistic, or cultural background.30,31 In this context, “minority” people are “part of a
population differing from others in some characteristics and
often subjected to differential treatment.”30 Collection of data on
ethnicity and race has been a controversial issue. Such data are
laden with historical examples of abuse, and contemporary
examples of misuse. For example, crime statistics reported on an
ethnic basic can reinforce prejudice.11,32 However, controversy
around such data is not due simply to their potential for abuse
but also to legitimate questions as to what race/ethnicity is, and
how people should be classified. As demonstrated by Table 1,
there is no theoretical grounding and no standard classification
of racial/ethnic/minority groups. The taxonomy is always context-dependent and subject to change with context.33– 41
Designation of the same people can change from one
country to another, making identification or comparison difficult. The following names have been used to identify Roma
people: Sinti/Zigeuner (in Germany), Tsigan (Bulgaria, Romania), Zingari (Italy), Cigány (Hungary), Gitano (Spain),
Manoush/Bohemian (France), Tinker/Tinkler (United Kingdom), and Kalderash (worldwide).42 The US National Library of Medicine offers the term “Gypsies” as a medical
subject heading in its PubMed database.3 Health research
projects have included Roma in the heterogeneous group of
Travelers in the United Kingdom and Ireland, although Travelers, having similar traditions, are ethnically distinct from
Roma.43,44 These people themselves prefer to be called
Roma, the name adopted in 1971 by the first World Romani
Congress to denote them as a nation.42
The changing designation of minorities has usually been
linked to changes in official (government) recognition, which
makes the trend-analysis of minority data, even within the same
population, challenging. For example, “Roma” was not among
the options for ethnic identity in the census of 1980 in Hungary,
although it was an option in censuses before and after that year
(ethnicity itself was not an item in the census of 1970).45 Asian
Indians were counted as “Hindus” in US censuses from 1920 to
1940, as “white” from 1950 to 1970, and as “Asians or Pacific
Islanders” in 1980 and 1990.46

Self-Reporting of Minority Status
Racial/ethnic classifications offer socially constructed
categories that minorities can choose from to identify themselves. One question that arises is whether ethnic or racial
groups wish to report themselves as minorities at all. Roma
© 2007 Lippincott Williams & Wilkins

Three generations of a Roma family, in a colony on the
outskirts of Debrecen, Hungary.

people and their representatives have been divided on this
question. Some regard such reporting as necessary for developing sound minority policy, while others are opposed to any data
collection by ethnicity on the grounds of past and present misuse
of such data.47 Indeed, there has been a long-recognized practice
among Roma people not to identify themselves as ethnic minorities in census or official data collection exercises. This has
resulted in their chronic underenumeration.13,20,47– 49 For this
reason, even those countries in which data on ethnicity are
collected must resort to estimation when counting Roma.
Reliable population numbers are important in defining
sampling frames for research studies, as well as for calculating health indices such as disease rates. Estimates of the total
number of Roma people in European countries can vary up to
50%,13,50 which understandably complicates assessment of
their health and health needs.
The underestimation that can occur with self-identification of racial/ethnic status was recognized early on in
sociological research. An alternative is ethnic/racial identification by an observer. Three constructs for minority status
have been described.51 There is internal racial/ethnic identity
(the individual’s belief), which might or might not be the
same as expressed identity (conveyed by speech and deed).
These 2 are related but not necessarily the same as external
identity (an observer’s belief about an individual).51
The problem of underreporting of minority identity is
compounded by the fact that self-perception (and self–
reporting) of race/ethnicity is fluid. It can shift with age
and with changes over time in societal attitudes towards race
relations and multiculturality (described in various ethnic
groups).20,52–54 Self-reported ethnic identity might even be
influenced by the order of relevant questions asked.55
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TABLE 1. Data Collected on Race/Ethnicity in Census in Some Countries
Ethnicity of Self
Country

Race of Self

Australia

No

Broad Groups
Oceanian

Narrow Groups
Australian Peoples
New Zealand Peoples
Melanesian and
Papuan
Micronesian
Polynesian

North-West European

British
Irish
Western European
Northern European

Southern and Eastern
European

Southern European
South Eastern
European

Eastern European

North-African and
Middle Eastern

Arab

Jewish
Other North African
and Middle Eastern
South-East Asian

Mainland South-East
Asian
Maritime South-East
Asian

North-East Asian

Southern and Central
Asian

Chinese Asian
Other North-East
Asian
Southern Asian

Central Asian
People of the Americas

North American

South American

Central American
Caribbean Islander

292

Cultural and Ethnic Groups (189 Units)
Australian, Australian Aboriginal, Australian South Sea Islander,
Torres Strait Islander
Maori, New Zealander
New Caledonian, Ni-Vanuatu, Papua New Guinean, Solomon
Islander, Melanesian and Papuan, n.e.c. (includes Bisorio,
Bougainvillian, Huli)
I-Kiribati, Nauruan, Micronesian, n.e.c. (includes Marianas Islander,
Marshallese, Palauan)
Cook Islander, Fijian, Niuean, Samoan, Tongan, Polynesian, n.e.c.
(includes Hawaiian, Pitcairn Islander, Tahitian)
English, Scottish, Welsh, British n.e.c. (includes Channel Islander,
Guernsey Islander, Manx)
Irish
Austrian, Breton, Dutch, Flemish, French, German, Swiss, Walloon,
Western European, n.e.c. (includes Alsatian, Frisian, Luxembourgish)
Danish, Finnish, Icelandic, Norwegian, Swedish, Northern European,
n.e.c. (includes Faeroese, Greenlandic, Saami)
Basque, Catalan, Italian, Maltese, Portuguese, Spanish, Southern
European, n.e.c. (includes Andorran, Galician, Ladin)
Albanian, Bosnian, Bulgarian, Croatian, Greek, Macedonian,
Moldovan, Montenegrin, Romanian, Roma/Gypsy, Serbian,
Slovene, South Eastern European, n.e.c. (includes Aromani,
Karakachani, Vlach)
Belarusan, Czech, Estonian, Hungarian, Latvian, Lithuanian, Polish,
Russian, Slovak, Ukrainian, Eastern European, n.e.c. (includes
Adygei, Khanty, Sorb/Wend)
Algerian, Egyptian, Iraqi, Jordanian, Kuwaiti, Lebanese, Libyan,
Moroccan, Palestinian, Saudi Arabian, Syrian, Tunisian, Arab,
n.e.c. (includes Baggara, Bedouin, Yemeni)
Jewish
Assyrian/Chaldean, Berber, Coptic, Iranian, Kurdish, Sudanese,
Turkish, Other North African and Middle Eastern, n.e.c. (includes
Azande, Beja, Nubian)
Anglo-Burmese, Burmese, Hmong, Khmer, Lao, Thai, Vietnamese,
Mainland South-East Asian, n.e.c. (includes Arakanese, Karen,
Mon)
Filipino, Indonesian, Javanese, Madurese, Malay, Sundanese,
Timorese, Maritime South-East Asian, n.e.c. (includes Balinese,
Irian Jayan, Sumatran)
Chinese, Taiwanese, Chinese Asian, n.e.c. (includes Hui, Manchu, Yi)
Japanese, Korean, Mongolian, Tibetan, Other North-East Asian, n.e.c.
(includes Ainu, Menba, Xiareba)
Anglo-Indian, Bengali, Burgher, Gujarati, Gurkha, Indian, Malayali,
Marathi, Nepalese, Pakistani, Punjabi, Sikh, Sinhalese, Tamil,
Southern Asian, n.e.c. (includes Bhote, Kashmiri, Sherpa)
Afghan, Armenian, Georgian, Kazakh, Pathan, Uzbek, Central Asian,
n.e.c. (includes Azerbaijani, Chechen, Tatar)
African American, American, Canadian, French Canadian, Hispanic
(North American), Native North American Indian, North
American, n.e.c. (includes Bermudan, Inuit, Metis)
Argentinian, Bolivian, Brazilian, Chilean, Colombian, Ecuadorian,
Guyanese, Peruvian, Uruguayan, Venezuelan, South American,
n.e.c. (includes Arawak, Carib, Surinamese)
Mexican, Nicaraguan, Salvadoran, Central American, n.e.c. (includes
Belizean, Costa Rican, Mayan)
Cuban, Jamaican, Trinidadian (Tobagonian), Caribbean Islander,
n.e.c. (includes Bahamian, Haitian, Puerto Rican)
(Continued)
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TABLE 1. (Continued)
Ethnicity of Self
Country

Canada

Race of Self

No

Broad Groups
Sub-Saharan African

Central and West
African
Southern and East
African

Aboriginal

Indian Band/First
Nation
Yes/No
Yes/No
Yes/No

North American Indian
Métis
Inuit (Eskimo)
Non-Aboriginal
White
Chinese
South Asian
Black
Filipino
Latin American
Southeast Asian

New Zealand

No

Arab
West Asian
Japanese
Korean
Other
Level 1
European

No

Level 2
European n.f.d.
New Zealand
European
Other European

Asian n.f.d.
Southeast Asian

© 2007 Lippincott Williams & Wilkins

Yes/No
Yes/No
Yes/No

Afghan, Iranian, etc.

Asian

White

Akan, Fulani, Ghanaian, Nigerian, Yoruba, Central and West
African, n.e.c. (includes Fang, Kongo, Liberian)
Afrikaner, Angolan, Eritrean, Ethiopian, Kenyan, Malawian,
Mauritian, Mozambican, Namibian, Oromo, Seychellois, Somali,
South African, Tanzanian, Ugandan, Zambian, Zimbabwean,
Southern and East African, n.e.c. (includes Afar, Tutsi, Zulu)
Treaty Indian/Registered Indian

Cambodian,
Indonesian, Laotian,
Vietnamese, etc.

Maori
Pacific Peoples n.f.d.
Samoan
Cook Islands Maori
Tongan
Niuean
Tokelauan
Fijian

Other ethnicity
Level 1

Cultural and Ethnic Groups (189 Units)

East Indian, Pakistani,
Sri Lankan, etc.

Maori
Pacific Peoples

Middle Eastern/Latin
American/African

UK (England
and Wales)

Narrow Groups

Chinese
Indian
Other Asian
Middle Eastern
Latin American
African
Other ethnicity
Level 2
British
Irish

Level 3
European n.f.d.
New Zealand European
British and Irish, Dutch, Greek, Polish, South Slav, Italian, German,
Australian, Other European
Maori
Pacific Peoples n.f.d.
Samoan
Cook Islands Maori
Tongan
Niuean
Tokelauan
Fijian
Other Pacific Peoples
Asian n.f.d.
Southeast Asian n.f.d., Filipino, Cambodian, Vietnamese, Other
Southeast Asian
Chinese
Indian
Sri Lankan, Japanese, Korean, Other Asian
Middle Eastern
Latin American
African
Other ethnicity

(Continued)
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TABLE 1. (Continued)
Ethnicity of Self
Country

Race of Self

Broad Groups

Mixed

Asian/Asian British

Black/Black British

Chinese/other

United States

American
Indian or
Alaska
Native
Asian
Black or
African
American
Native
Hawaiian
or Other
Pacific
Islander
White

Narrow Groups

Cultural and Ethnic Groups (189 Units)

Other White
background
All White groups
White and Black
Caribbean
White and Black
African
White and Asian
Other Mixed
background
All Mixed groups
Indian
Pakistani
Bangladeshi
Other Asian
background
All Asian groups
Caribbean
African
Other Black
background
All Black groups
Chinese
Other ethnic group
All Chinese or Other
groups

Hispanic or Latino

n.e.c. indicates not elsewhere classified; n.f.d., not further defined.

One consequence of this fluidity of minority identity is
that “population growth” or “decline” of minorities can occur
without changes in birth rates or immigration trends. The
number of self-identified Roma in Hungary increased 29-fold
between the censuses of 1980 and 2001,56 while the 关Native兴
Indian population in the United States increased 6-fold between 1960 and 1990.57 Such large changes presumably
represent major shifts in self-identification.

Observer Reporting of Minority Status
Compared with self-identification, observer identification has consistently been found to estimate higher numbers
of Roma.20 An observer-based estimate by the Slovak state
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administration in 1989 found 3.2 times more Roma than was
reported in the 1991 census based on self-identification.58
Results were similar in Hungary, comparing observer identification of Roma people in a 2003 nationally representative
research sample with self-report in the 2001 census.59
However, observer classification of race/ethnicity has
its own subjectivity. Observer classifications of race for US
infants who die within a year of birth often differ on birth and
death certificates for the same baby. Differential racial classification in such cases has been found to be more than 31
times as likely with different-race than with same-race parents and has also been related to the states’ infant mortality
rate by race.60
© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

Observer identification is subject to other limitations. A
research project on observer identification of race using
photographs of multiracial faces found that observed race
varies among observers and is influenced by the sex and
racial identity of the observer.61 White and Asian men take
relatively little time to categorize others, are the least likely to
identify people as multiracial, and the most likely to identify
people as black. On the other hand, multiracial observers tend
to take a longer time to classify race and are more likely to
designate people as multiracial.

Identification by Self Versus Observer
Data collection for census or official purposes necessarily
rely on self-reporting of identity, while research projects can
apply either method of identification. The American National
Election Studies, a US research center for collecting data on
voting, public opinion, and political participation, used observer
identification of respondents’ race until 2002.62
The classification of ancestry by various means (self,
proxy, interviewer) in a sample of the US population surveyed in
the First National Health and Nutrition Examination Survey
(NHANES, 1971–1975) was more likely to vary for persons
with multiracial backgrounds.63 Self- and observer classification
was found to have low correspondence for American Indians.
The variability of racial identity by self- versus observerreporting was demonstrated in the US Health Interview Survey of 1978, during which both methods were applied. Six
percent of self-reported black, 29% of self-reported Asian,
62% of self-identified American Indians, and 80% of those
who perceived themselves as “other” were classified by the
observer (interviewer) as white.64

Invisible Groups
A special category of minority citizens are those without documentation. Illegal immigrants do not identify themselves and will not be available for identification by others.
While the numbers of minorities without documentation are
unknown, they are believed to be numerous in some countries; there are approximately 7 million illegal immigrants in
the United States, representing approximately 10% of ethnic
minorities in that country.65
Large groups of Roma in Europe lack either citizenship or
documentation necessary for being officially or statistically “visible” (birth certificates, personal identity documents, local residence permits).25 Lack of documents makes not only research
projects but also service provision exceedingly cumbersome,
even though these groups are likely to have as many health
problems (or more) as minorities with documentation.23,66

How To Collect Data?
Communication is a vital issue when working with
minorities. Sometimes there is a language barrier between
researchers and the target population. The use of interpreters
can increase rapport and communication, although at the
expense of reduced structure. Conversely, a strict control of
the communication process can reduce the volume and quality of information collected.67
© 2007 Lippincott Williams & Wilkins

Studying Vulnerable Populations

When the target group is heterogeneous in terms of
language and literacy, structured face-to-face interviews
might yield the best approach, as shown in the survey by the
UN Development Program of Roma in 5 countries in Eastern
Europe.20 Difficulties of communication can occur even
when researchers and respondents ostensibly share the same
language. An attempt in the 1970s to include a direct question
on ethnicity in the British census provoked such public
resistance (due to improper wording) that such a question was
not asked again until 1991.68
Tools validated in a given setting might not be appropriate for use in certain minority groups. For example, body
mass index calculated from self-reported weight and height
greatly underestimates the prevalence of obesity among Mexican Americans compared with European Americans and
African Americans.69 An analysis of the validity of selfreported hypertension in the NHANES III showed that selfreport was not appropriate for estimating trends in hypertension prevalence among Mexican-Americans.70 Principles of
questionnaire validation in cross-cultural settings71 should be
applied in cross-ethnic settings as well.72
Even if the barriers of identifying minorities and communicating with minorities can be overcome, the question
still remains as to whether minorities will participate in health
research projects. Racial/ethnic minorities have low participation rates in medical research projects.73–75 A major reason
for nonparticipation is a lack of trust in institutions of medical
care, research, and personnel—influenced by the infamous
Tuskegee study, and shaped by prior personal encounters
with medical care.76,77 Documented racial discrimination
towards Roma people in the health care systems of several
European countries has limited not only service provision23
but involvement of Roma in health research projects.
Such attitudes may be changing—at least in US minorities.77 Minority groups, mostly African-Americans and Hispanics, are as likely as nonminorities to participate in various
intervention trials if they are invited to do so.78 Involving
black Americans as implementers of research has been shown
to be critically important in increasing the participation of
black Americans in research studies.77 Trust and participation
of minorities can be increased by the active involvement of
their representatives not only in policy design and interventional projects47 but also in health research, especially if they
participate in the preparation, conduct and analysis.15,79

Challenges in Data Analysis and Interpretation
Analysis and interpretation of health data by race/
ethnicity should be approached by attention to the importance
of methodology, starting with the classification system.
Changes in taxonomy require sophisticated methods to compare data recorded in one census with data from another.80,81
Researchers should also take into account the shifting
meaning of racial/ethnic categories over time. For example,
the term “Hispanic” was introduced in the US census in 1980,
with the precise meaning contested ever since.82,83
It is a challenge to separate the effects of known health
determinants and risk factors from the effects of unknown
determinants represented by race/ethnicity.84 Socioeconomic
status (SES) is a well-recognized confounder in relation to
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race/ethnicity and health outcomes. However, even if SES is
taken into account, there can be variations in socioeconomic
status categories (eg, quality differences between equal-level
schooling), measurement error, or incomparable SES indicators
that give rise to residual confounding.52,85 Furthermore, estimates of racial income inequality can depend on whether race is
based on self-classification or observer classification.86
Diet in racial/ethnic groups might also appear as a confounder. For example a higher exposure to persistent pollutants
and biotoxins among certain groups of Asian and Pacific Islanders was linked to much higher consumption of seafood.87
Epidemiologists aim to uncover etiologic relations between various biologic, environmental, cultural, and social
factors, and health outcomes. Given the scientifically-ungrounded, heterogeneous, and fluid nature of race/ethnicity,
race and ethnicity cannot be treated as if they were risk
factors such as smoking or cholesterol level.37,39,79,83,84
Rather, race and ethnicity are proxy measures for a range of
critically important health determinants including cultural
factors, attitudes, beliefs, values, social network, social support, languages spoken, religion, diet, family traditions, rurality, and a sense of social exclusion.39,41,48,51,88 –92 Epidemiologic research that includes racial/ethnic variations in
health should aim to collect information on all these potential
risk factors, rather than be content with the umbrella term of
“race/ethnicity.” Multivariate analysis should be conducted to
adjust for all factors known and hypothesized to be etiologically related to the outcome in question.84
Comprehensive analyses that include a wide range of
risk factors have sometimes been able to account for racial/
ethnic differences in health outcomes. For example, an international comparison of 8 white and 3 black populations did
not find higher blood pressure levels in blacks, pointing to the
weight of environmental factors.93
Furthermore, considerable differences in blood pressure and risk factors for coronary heart disease were uncovered within a supposedly homogenous ethnic group (“South
Asian”) in the United Kingdom, revealing the shortcomings
of aggregating data in ethnic groups.94,95

Who Is Doing The Research?
Ethnocentricity is an important influence in health research. In the United States, debates on the innate versus
imposed nature of health disparities between blacks and
whites were taking place even 150 years ago, with different
viewpoints depending on the racial identity of the parties.
Black doctors generally argued that slavery and poor living
conditions were the major causes of health disparities, while
whites proposed genetic inferiority.39,96
The role of the ethnicity of the researcher was vividly
illustrated by Senior and Bhopal52 in their analysis of mortality
data in England and Wales. A research group of nonminority
researchers had compared mortality in male Indian immigrants
and the male population of England and Wales in 5 categories of
disease, for which the standardized mortality ratios (SMRs) were
1.7–3.4 times higher in immigrants. The researchers failed to
note that those 5 categories of death comprised only 4% of all
deaths in immigrants. Another 5 causes of death—the SMRs of
which were only marginally increased or lower among the
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immigrants— comprised 60% of all deaths in the immigrants, as
noted by minority researchers.52
There have been examples for which Roma people have
been successfully incorporated into research design and implementation. A recent survey of segregated living areas
populated by Roma people in Hungary was modified on
recommendations of participating Roma field workers who
suggested surveying all segregated areas regardless of the
ethnicity of its inhabitants. A recent health interview survey
among Roma groups employing Roma interviewers resulted
in a 92% response rate.92
These examples do not imply that one perspective is
better than another; we believe any perspective based on valid
data and open to being reshaped is acceptable. However,
especially when working with minorities, researchers should
be aware of their own perspectives and should aim at widening those perspectives by inviting persons into the project
who identify with those to be investigated. Active participation of minorities in research projects is the optimal means to
implement social justice, increase trust, and ensure the incorporation of minority perspectives, both in the research project
and in the potential utilization of its results.32,47,79

CONCLUSIONS
External race/ethnicity (as reported by an observer) has
been prone to variations according to location, time, the observer, and the observed persons. Self-reported race/ethnicity is
fluid, and inherently linked to the basic human right of people to
reveal— or not reveal—their own racial/ethnic identity.
Classifications of race/ethnicity are socially constructed
and depend on the social and geographic context. There is no
scientific basis for standardizing these categories across all
settings. Nevertheless, race and ethnicity will in all probability remain in use in census and official statistics. Their
relative simplicity of application enables data-gathering for
purposes of policy-making, such as developing and enforcing
measures of positive discrimination. These benefits override
shortcomings in data quality.
Even so, the use of “race,” “ethnicity,” or “minority” as
variables in research projects should be justified explicitly.
Utmost care should be taken to describe the methodology by
which the target groups are defined, individuals accessed, and
data collected. Analysis should adjust for all relevant confounders, among them socioeconomic position, environmental factors,
rurality, diet, social capital, access to health care, and quality of
care received. Race and ethnicity in epidemiologic research
should be recognized as proxy measures for an as-yet-unknown
set of health determinants of primary importance. Scientific
investigation should aim at dissecting these proxy measures into
separate, operationalizable and interpretable indicators.
To increase trust and implement the principle of social
justice, persons racially/ethnically identifying with the target
minority group should be involved in the research as coworkers; the results should be fed back to representatives of
the target group or to the entire target group if possible.
Finally, it should be made clear how the research project
serves the interests of those researched.
© 2007 Lippincott Williams & Wilkins
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In short, simplistic categorizations such as “race” and
“ethnicity” lead to simplistic research conclusions and, sooner or
later, to simplistic policy measures. These are certainly inappropriate in our world of ever increasing complexity.
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Background: Despite public concern about potential adverse health
effects of concentrated animal feeding operations, objectively assessed data on environmental exposure to concentrated animal
feeding operations and respiratory health are sparse. We aimed to
assess respiratory health in neighbors of confined animal feeding
operations.
Methods: A survey was done in 2002–2004 among all adults
(18 – 45 years old) living in 4 rural German towns with a high
density of confined animal feeding operations. Questionnaire data
were available for 6937 (68%) eligible subjects. In a random sample
we measured the following outcomes: specific IgE to common and
farm-specific allergens, lung function, and bronchial hyperresponsiveness to methacholine. Exposure was measured by collecting data
on odor annoyance and geo-coded data on the number of animal
houses within 500 m of the home. Locally optimal estimating and
smoothing scatter plots were used to model the association between
exposure and outcome. Analyses were restricted to subjects without
private or professional contact with farming environments.
Results: The prevalence of self-reported asthma symptoms and
nasal allergies increased with self-reported odor annoyance. The
number of animal houses was a predictor of self-reported wheeze
and decreased forced expiratory volume in 1 second, but not allergic
rhinitis or specific sensitization. Self-reported exposure and results
of clinical measurements were poorly correlated.
Conclusions: Confined animal feeding operations may contribute to
the burden of respiratory disease among their neighbors. Our findings underline the importance of objective assessment of exposure
and outcome in environmental epidemiology.
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xposures inside animal houses include gases (eg, ammonia
and hydrogen sulfide) and organic dusts containing fungi,
bacteria, and their constituents (eg, beta-(1,3-) glucans, endotoxins).1,2 The adverse effects of these exposures on respiratory health of farmers and farm workers have long been
established (as reviewed by Radon2 and by Kirkhorn and
Garry3). Occupationally exposed persons have increased risks
of chronic bronchitis and asthma-like syndrome,3–5 bronchial
hyperresponsiveness,6 and sensitization against farm-specific
allergens,7,8 as well as inflammation of the upper and lower
respiratory tract.2,3
In recent years, animal production in North America
and many European countries has shifted from small
family-owned farms to confined animal feeding operations
that house large numbers of animals. In Lower Saxony in
north-west Germany, the number of confined animal feeding operations has increased substantially over the last
20 –30 years. The major animal production in this area
consists of poultry (74 million animals in 2001) and swine
(6.5 million animals in 2001) housed in about 30,000
production facilities.
Emissions from confined animal feeding operations and
the spraying of the animal wastes on the surrounding fields
can result in environmental exposure to gases, organic dusts,
bacteria, fungi, endotoxins, and residues of veterinary antibiotics.9,10 Neighbors of large-scale animal production facilities
are frequently annoyed by the associated odor.11–13 According to several studies, this annoyance may decrease the
quality of life,9,11,12,14,15 impair mental health9,15,16 and reduce immune function.17
Neighbors are frequently concerned about negative
effects of confined animal feeding operations on their respiratory health. A number of surveys have been conducted on
the association between environmental exposures to emission
of confined animal feeding operations and respiratory health
in children18 –20 and adults15,16 living in close proximity to
these facilities. These surveys suggest a higher prevalence of
asthma symptoms in subjects potentially exposed to emissions of confined animal feeding operations.
At the same time, many studies have indicated a
lower prevalence of respiratory allergies among subjects
with farm-animal contact in early infancy.21–23 These studies, however, were mainly conducted in areas with traditional farming.
Epidemiology • Volume 18, Number 3, May 2007
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One major challenge of studying health effects of
environmental exposure to confined animal feeding operations is objective assessment of exposure and outcome. Subjects concerned about potential health effects may be both
more aware of symptoms and more likely to report exposure,
compared with less concerned neighbors or persons with an
economic interest in confined animal feeding operations (eg,
farm workers).24 –26 In addition the validity of self-reported
respiratory symptoms varies largely by socioeconomic
status.27 These methodologic limitations may bias studies that
rely solely on self-report of symptoms or exposures.
The aim of the Lower Saxony Lung Study was to study
potential adverse effects of environmental exposures to emissions from confined animal feeding operations on respiratory
health. Exposure and outcome were ascertained using selfreports as well as objective measurement.

METHODS
Study Subjects
The study was conducted in 4 rural towns in Lower
Saxony, northwestern Germany, with a high density of animal feeding operations (Table 1). The animal production
focused primarily on pigs and poultry. All adults age 18 to 44
years with German citizenship, registered in the population
registries of these towns, formed the target population (n ⫽
10,252). The registry provided information on home addresses, age, and sex of the target population. The study was
performed consecutively in the 4 communities between 2002
and 2004, using the same instruments and measurements
throughout the study period. To reduce reporting bias the
study was introduced as a study on respiratory health in rural
areas.

TABLE 1. Description of the Study Towns and Characteristics of the Study Population by Town, Lower Saxony, Germany
Town 1
2

Area; km
No. of inhabitants
No. of animals
Cattle
Pigs
Chicken
Turkey
Participants*; no. (%)
Age (yrs); mean ⫾ SD
Sex (female); no. (%)
Farm subjects†; no. (%)
Education ⬎12 yrs; no. (%)
Ambient endotoxin concentration (EU/m3) measured at 32
study sites28; geometric mean ⫾ SD
Number of animal houses within 500 m; median (range)
Self-reported odor annoyance; no. (%)
Not at all
Somewhat
Moderately
Strongly

42
2652
960
24,300
1,382,000
161,600
Study population
630 (23.8)
Descriptive data
33.6 ⫾ 7.4
303 (48.1)
363 (57.6)
127 (20.5)
Measures of exposure
3.0 ⫾ 2.2
7 (0 to 18)

Town 2

Town 3

Town 4

79
5805

100
7562

113
12,577

11,836
98,926
1,884,647
n/a

11,554
45,958
176,527
397,244

17,610
87,448
506,790
642,369

1114 (19.2)

1432 (18.9)

2380 (18.9)

32.9 ⫾ 7.7
540 (48.5)
623 (55.9)
377 (34.2)

33.0 ⫾ 7.3
720 (50.3)
755 (52.7)
315 (22.2)

33.7 ⫾ 7.3
1190 (50.0)
1390 (58.4)
484 (20.6)

n/a

n/a

3 (0 to 15)

118 (19.1)
531 (48.1)
236 (38.1)
482 (43.7)
126 (20.4)
62 (5.6)
139 (22.5)
29 (2.6)
Outcomes: questionnaire-based
Wheezing without having a cold; no. (%)
108 (17.2)
123 (11.1)
Physician diagnosed asthma; no. (%)
52 (8.3)
62 (5.6)
Allergic rhinitis; no. (%)
82 (13.2)
151 (13.6)
Outcomes: clinical measurements
Specific IgE to common allergens ⬎0.35 IU/mL; no. (%)
64 (27.1)
139 (24.0)
Specific IgE to agricultural allergens ⬎0.35 IU/mL; no. (%)
10 (4.2)
8 (1.4)
Bronchial hyperresponsiveness to methacholine; no. (%)
57 (42.9)
176 (42.6)
FEV1 (% predicted); mean ⫾ SD
99.3 ⫾ 14.4
102.7 ⫾ 14.0

3 (0 to 12)

n/a
4 (0 to 20)

611 (43.3)
631 (44.7)
121 (8.6)
49 (3.5)

851 (36.4)
1124 (48.1)
244 (10.4)
119 (5.1)

182 (12.8)
86 (6.1)
196 (13.8)

266 (11.2)
134 (5.7)
307 (13.1)

124 (26.4)
15 (3.2)
128 (40.3)
98.8 ⫾ 13.0

267 (21.8)
26 (2.1)
400 (41.7)
104.3 ⫾ 13.2

n/a indicates not available.
*Participants in the questionnaire part of the study born in the former western part of Germany; % of inhabitants.
†
Lived on a farm in first 3 years of life or had regular farm animal contact during childhood, lived or worked on a farm at the time of the study.
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FIGURE 1. Flow chart of the study. Farm contact during childhood (living on a farm or regular contact to farm animals during the
first 3 years of life) or at the time of the study (living or working on a farm). (Does not add up to 100% due to missing data on
farm contact.)

Before the study, the target population of each town was
divided at random into 2 groups. All residents were sent a
mail-in questionnaire (Fig. 1). In addition, parts of the population were randomly selected and invited to take part in the
clinical examinations (n ⫽ 7080). Nonresponders of both groups
received up to 2 postal reminders and a phone call. To assess
potential selection bias, subjects declining to participate at phone
contact were asked 10 items of the main questionnaire. In the
first town, 59 home visits were also done in attempt to reduce
attrition. However, this measure (which was extremely timeconsuming) resulted in only 3 additional returned questionnaires, and so was dropped. Overall, 68% of the eligible population completed the questionnaire. The study was approved by
the Medical Ethical Committee of the Ludwig-MaximiliansUniversity Munich, and the Lower Saxony Medical Board.

Questionnaire
The 74 items of the questionnaire were taken mainly
from existing, validated questionnaire instruments (questionnaire available from the authors by request). The questionnaire covered 6 main areas:

Sociodemographic Data
These included occupational exposures, smoking patterns,
and childhood environment. Questions were taken from the

302

European Community Respiratory Health Survey questionnaire.29

Respiratory Symptoms
The items of the European Community Respiratory
Health Survey questionnaire were used to assess symptoms of
asthma, allergic rhinitis, atopic eczema, and chronic bronchitis.29

Farm-Animal Contact During Childhood and at
the Time of the Survey
These items were taken from the Allergy and Endotoxin study.21

Odor and Noise Annoyance
These items were taken from the German National
Health Survey.30 Irrelevant items on noise annoyance were
included to reduce reporting bias.

Confined Animal Feeding Operations Within
500 m of the Home and Work Environment, as
Well as During Childhood
These questions were developed for the present study
and included items on type, number, and proximity of confined animal feeding operations.
© 2007 Lippincott Williams & Wilkins
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Prior to the study, the reliability of the questionnaire was
assessed among 53 inhabitants of another rural town in the study
area.31 This pilot study indicated a moderate to good reliability
of most questionnaire items. Only a few questions had poor
reliability and were thus not used in the analysis: details of
exposure to confined animal feeding operations in childhood,
and in the current home and work environment.

Medical Examination
Medical examination consisted of blood sampling and
pulmonary function testing—followed by bronchial challenge
with methacholine. Procedures were done according to the
European Community Respiratory Health Survey protocol.29
Only subjects born in former West Germany were eligible for
medical examination, to ensure similar childhood environments. Informed consent for medical examination was obtained for 66% of eligible subjects (Fig. 1).
We measured specific IgE against a mix of inhalant
allergens (Timothy grass, rye, mugwort, birch, Dermatophagoides pteronyssinus, Cladosporium herbarum, cat, and dog)
in serum samples (Pharmacia, Freiburg, Germany). This
group of allergens are summarized here as SX1. In addition,
samples were tested for specific IgE against a mix of common
agricultural antigens (chicken, turkey, pig, cattle, Aspergillus
fumigatus) summarized here as AX1.
Lung function was measured with a spirometer (Jaeger,
Würzburg, Germany) according to American Thoracic Society criteria,32 and is shown as percent of predicted function,
derived from sex, height, and age standards.33 The European
Community Respiratory Health Survey protocol for stepwise
methacholine challenge was adapted for the APS dosimeter
(Jaeger, Würzburg, Germany).34 Briefly, doubling or quadrupling doses were used until a drop in forced expiratory
volume in 1 second (FEV1) of 20% occurred (maximum
cumulative dose: 1.2 mg). One study nurse did all pulmonary
function testing and bronchial challenges throughout the
study period.

Exposure Definition
Exposure to confined animal feeding operations was defined by the self-reported level of odor annoyance in the home
environment (“How annoyed are you by odor in and around
your home?”). The question on odor annoyance was assessed on
a 4-point Likert scale from “not at all” to “strongly.” Ninety
percent of subjects reporting to be at least somewhat annoyed
by odors in the home environment reported that agricultural sources (spraying of the fields, confined animal feeding operations) were the major source of odor.
Separate exposure estimates were developed on the
basis of number of animal houses within 500 m (0.3 miles)
around participants’ home. This distance was chosen because
microbial emissions can be measured up to 500 m from
confined animal feeding operations.35 For this approach each
home address was geo-coded. The number of animal houses
within 500 m of each home was provided by local authorities.
The information was based on the most recent (year 2000)
mandatory information about farming facilities. Owing to
confidentiality issues, the actual number, type of animals, and
geographic coordinates of the animal houses could not be used.
© 2007 Lippincott Williams & Wilkins
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Outcome Definition
Based on the questionnaire data, we used the following
conditions as self-reported outcomes: wheeze without a cold
during the last 12 months, physician diagnosis of asthma
(ever), and symptoms of allergic rhinitis (“Do you have nasal
allergies, eg, hay fever”). Allergic sensitization was defined
as a specific IgE concentration of 0.35 kU/L or higher in
serum samples.29 Age-, sex- and height-standardized FEV1
was used to evaluate bronchial obstruction. Finally, bronchial
hyperresponsiveness to methacholine challenge was defined
as more than a 20% drop in FEV1.

Statistical Methods
Analyses were restricted to subjects born in the former
West Germany. Group differences were assessed using 2 test
for categorical variables. Continuous variables were compared using Mann-Whitney-U test (2 group comparisons) or
Kruskal-Wallis-ANOVA (multiple group comparison).

TABLE 2. General Characteristics of the Rural Study
Population* Stratified by Farm Contact†
Farm
(n ⴝ 3131)

Nonfarm
(n ⴝ 2425)

Sex (female); no. (%)
1539 (49.2) 1214 (50.1)
Age (yrs); mean ⫾ SD
34.0 ⫾ 7.3
32.5 ⫾ 7.5
Active and passive smoke exposure; no. (%)
Not at all
938 (30.4)
661 (27.7)
Only ETS
379 (12.3)
329 (13.8)
Ex smoker
659 (21.4)
478 (20.0)
Current smoker
1108 (35.9)
919 (38.5)
Education ⬎12 yrs; no. (%)
695 (22.5)
608 (25.3)
Family history of allergic disease; no. (%)
898 (31.6)
698 (32.2)
Three or more siblings; no. (%)
1819 (58.9) 1026 (43.3)
Exposures
Self-reported odor annoyance; no. (%)
Not at all
1180 (38.3)
931 (38.9)
Somewhat
1411 (45.8) 1062 (44.4)
Moderately
302 (9.8)
251 (10.5)
Strongly
186 (6.0)
150 (6.3)
Number of animal houses within 500 m of
4 (0 to 19)
3 (0 to 20)
the home; median (range)
Outcomes: questionnaire-based
Wheezing without having a cold; no. (%)
357 (11.5)
322 (13.4)
Doctors’ diagnosed asthma; no. (%)
157 (5.1)
177 (7.3)
Allergic rhinitis; no. (%)
327 (10.6)
409 (17.0)
Outcomes: clinical measurements
Specific IgE to common allergens ⬎0.35
285 (19.5)
309 (29.6)
IU/mL; no. (%)
Specific IgE to agricultural allergens ⬎0.35
34 (2.3)
25 (2.4)
IU/mL; no. (%)
Bronchial hyperresponsiveness to
439 (40.4)
322 (43.7)
methacholine; no. (%)
103.1 ⫾ 13.6 101.4 ⫾ 13.7
FEV1 (% predicted); no. (%)
ETS indicates environmental tobacco smoke exposure.
*Born in the former western part of Germany.
†
Lived on a farm in first 3 years of life or had regular farm animal contact during
childhood, lived or worked on a farm at the time of the study.
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All multiple regression models were adjusted a priori
for sex, age, passive and active smoking, level of education,
family history of allergic disease, and the number of siblings.
To assess the linearity of the association between number of animal houses within 500 m of the home and the health
outcomes under study, we used locally optimal estimating
and smoothing scatter (LOESS) plots using bandwidth of 0.6.
These models were adjusted for the above-mentioned potential confounders. Based on the results of the analyses for the
outcome of wheezing, the number of animal houses in the
home environment was categorized at the resulting cut-off
values (ⱕ5, ⱕ10, ⱕ12, and ⬎12 animal houses).
Logistic regression analysis was used to calculate outcome odds ratios (ORs) with 95% confidence intervals (CIs)
for the animal house categories, as well as the self-assessed
odor annoyance in the home environment. Linear regression
analysis was used to calculate differences in lung function
parameters between different groups. Analyses were performed using SAS v 9.02 (SAS, Cary NC) and S-Plus
(Insightful Corporation, Seattle, WA).

short questionnaire with other participants, the former were less
likely to have been born in former West Germany (81% vs.
86%), more likely to have lived on a farm during the first 3 years
of life (46% vs. 37%), and more likely to ever have smoked
(61% vs. 56%). No meaningful differences were seen with
respect to prevalence of asthma or allergic rhinitis.

Descriptive Data
Characteristics of the Study Population and
Exposure by Town
The median number of animal houses within 500 m of
the home environment was highest in Town 1 (7; range 0 –18)
and lowest in Town 3 (3; range 0 –12; Table 1). In line with
this finding, subjects living in Town 1 were on average more
annoyed by odor in the home environment. Endotoxin measurements at 32 study sites in Town 1 indicated endotoxin
levels of up to 23 EU/m3 (geometric mean 3.0 EU/m3;
geometric standard deviation 2.2 EU/m3).28
The 4 towns differed with respect to level of education
(Table 1). The percentage of subjects with regular farm
contact was highest in Town 4.
Questionnaire-based outcomes indicated a higher prevalence of wheezing in Town 1 (Table 1). The mean FEV1 was
lowest in Towns 1 and 3.

RESULTS
Participation and Nonresponder
Characteristics
Based on information from the population registry, participants were more likely than nonparticipants to be female
(51% vs. 43%) while the 2 groups did not differ on age (mean
33 years). Comparing the 433 subjects who answered only the

Comparison of Farm and Nonfarm Subjects
The general characteristics of subjects with and without
regular farm contact are compared in Table 2. Regular farm

TABLE 3. Prevalence and Adjusted Odds Ratios of Respiratory Symptoms and Disease by Level of Odor Annoyance for
Subjects Without Regular Farm Contact
Prevalence
%

OR†

(95% CI)

Prevalence
%

OR†

(95% CI)

Prevalence
%

OR†

(95% CI)

Symptoms
Level of Odor
Annoyance

No.*

Not at all‡
Somewhat
Moderately
Strongly

788
919
215
116

Physician-Diagnosed
Asthma

Wheezing Without Cold
10.8
12.2
19.8
26.7

1.00
1.23
2.19
2.96

(0.90 to 1.68)
(1.42 to 3.37)
(1.80 to 4.86)

5.8
8.0
8.4
12.9

1.00
1.40
1.51
2.51

(0.95 to 2.06)
(0.84 to 2.73)
(1.32 to 4.75)

Allergic Rhinitis
15.2
17.0
22.2
25.0

1.00
1.09
1.49
1.81

(0.83 to 1.42)
(1.00 to 2.22)
(1.11 to 2.97)

Clinical Measurements
Specific IgE to Common
Allergens >0.35 IU/mL
Not at all‡
Somewhat
Moderately
Strongly

289
452
102
53

28.1
29.5
37.4
27.5

1.00
1.11
1.71
1.02

(0.79 to 1.57)
(1.02 to 2.87)
(0.51 to 2.03)

Bronchial
Hyperresponsiveness to
Methacholine
41.2
46.6
41.8
42.4

1.00
1.21
0.92
1.12

(0.83 to 1.76)
(0.50 to 1.69)
(0.50 to 2.49)

FEV1% Predicted§
101.9 ⫾ 12.8¶
100.8 ⫾ 13.9¶
102.3 ⫾ 14.8¶
102.6 ⫾ 12.8¶

0.0㛳
⫺1.5
0.2
⫺0.1

(⫺4.0 to 1.0)㛳
(⫺3.7 to 4.2)㛳
(⫺5.2 to 5.0)㛳

*No. missing for wheezing, 9; asthma, 3; allergic rhinitis, 17; IgE, 25; bronchial hyperresponsiveness, 274; and FEV1, 43.
†
Adjusted for age (5 categories), sex, active and passive smoke exposure, level of education, number of siblings, and parental allergies.
‡
Reference category.
§
Additionally adjusted for passive smoke exposure during childhood
¶
Mean ⫾ SD.
㛳
Adjusted mean difference in % predicted (95% CI).
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contact was defined as living on a farm during the first 3 years
of life (n ⫽ 2560), regular farm animal contact during
childhood (n ⫽ 2810), living (n ⫽ 1060), or working on a
farm at the time of the study (n ⫽ 490) (overall n ⫽ 3131;
56%; Fig. 1).
Compared with the nonfarm population, the farm population was, on average, older, and had lower prevalence of
smokers, lower average level of education, and more siblings
(Table 2). The prevalence of wheezing without a cold, physician-diagnosed asthma, allergic rhinitis, and sensitization
against common allergens were lower among farm subjects
than among the nonfarm population. Likewise, mean FEV1
values were higher among farm subjects. There was no
difference between subjects with and without farm contact
with respect to bronchial hyperresponsivness.
Overall, only 59 subjects were sensitized to agricultural allergens. None of them was sensitized exclusively to
agricultural allergens. Therefore, only specific IgE to common allergen was considered relevant for the multivariate
analyses.
The level of odor annoyance did not differ between
farm and nonfarm subjects. The mean number of animal
houses within 500 m of the home environment was slightly
higher among farm subjects (median 4; range 0 –19) than

Respiratory Health Effects of Confined Animal Feeding Operations

among nonfarm subjects (3; 0 –20). The remaining analyses were restricted to subjects without regular farm contact
(n ⫽ 2425), since for them environmental exposures to farm
emissions were considered relevant.

Respiratory Health
The odds for all respiratory symptoms and for physician-diagnosed asthma increased with increasing self-reported level of odor annoyance (Table 3). In contrast, no
associations were seen between self-reported odor annoyance
and any of the clinical outcomes.
While constant at lower exposure levels, the LOESS
smoothers suggested an increase in wheezing without a cold
when there were large numbers of animal houses in the home
vicinity (Fig. 2A). In addition, FEV1 dropped with increasing
number of animal houses (Fig. 2B). In contrast, for sensitization to common allergens the prevalence was slightly
decreased at high exposure levels; however, confidence intervals were wide (Fig. 2C).
The odds for wheezing without a cold was increased for
subjects having more than 12 animal houses within 500 m of
their home (Table 4). These subjects also had lower mean
FEV1 values as compared with subjects with 5 or fewer
animal houses within 500 m of their home (mean difference

FIGURE 2. Smoothed plots (solid lines) with 95% confidence intervals (dashed lines) of number of animal houses within 500 m
of the home and (A) wheezing without cold, % (B) FEV1% predicted, and (C) sensitization to common allergens. Adjusted for age,
sex, active and passive smoke exposure, level of education, number of siblings, and parental allergies. FEV1% predicted
additionally adjusted for passive smoke exposure during childhood.
© 2007 Lippincott Williams & Wilkins
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TABLE 4. Prevalence and Adjusted Odds Ratios of Respiratory Symptoms and Disease by Number of Animal Houses Within
500 m for Subjects Without Regular Farm Contact
Prevalence
%

OR†

(95% CI)

Prevalence
%

OR†

(95% CI)

Prevalence
%

OR†

(95% CI)

Symptoms

No. of animal
houses within
500 m

No.*

ⱕ5‡
ⱕ10
ⱕ12
⬎12

1343
416
48
48

Physician-Diagnosed
Asthma

Wheezing Without Cold
12.3
11.9
18.8
27.1

1.00
1.00
1.62
2.45

(0.70 to 1.42)
(0.74 to 3.53)
(1.22 to 4.90)

7.9
5.3
8.3
10.4

1.00
0.69
1.23
1.18

(0.42 to 1.11)
(0.43 to 3.54)
(0.45 to 3.10)

Allergic Rhinitis
17.4
15.4
18.8
22.9

1.00
0.91
1.20
1.29

(0.66 to 1.24)
(0.56 to 2.57)
(0.64 to 2.60)

Clinical Measurements
Bronchial
Hyperresponsiveness to
Methacholine

Specific IgE to Common
Allergens >0.35 IU/mL
ⱕ5‡
ⱕ10
ⱕ12
⬎12

580
186
22
22

29.4
28.0
36.4
19.1

1.00
0.95
1.38
0.54

(0.65 to 1.39)
(0.55 to 3.47)
(0.17 to 1.69)

46.1
40.5
29.4
33.3

1.00
0.72
0.50
0.38

(0.47 to 1.10)
(0.17 to 1.49)
(0.11 to 1.31)

FEV1% Predicted§
101.5 ⫾ 13.2㛳
101.5 ⫾ 13.6㛳
103.7 ⫾ 12.8㛳
93.8 ⫾ 12.6㛳

0.0¶
⫺0.1
0.2
⫺7.4

(⫺2.8 to 2.6)¶
(⫺6.9 to 7.3)¶
(⫺14.4 to ⫺0.4)¶

*No. missing for wheezing, 9; asthma, 3; allergic rhinitis, 17; IgE, 25; bronchial hyperresponsiveness, 274; and FEV1, 43.
†
Adjusted for age (5 categories), sex, active and passive smoke exposure, level of education, number of siblings, and parental allergies.
‡
Reference category.
§
Additionally adjusted for passive smoke exposure during childhood.
㛳
Mean ⫾ SD.
¶
Adjusted mean difference in % predicted (95% CI).

⫽ 7.1%; 95% CI ⫽ 2.9%–11.9%). In contrast, no important
associations were seen with the number of animal houses for
allergic rhinitis, sensitization, doctor’s diagnosed asthma or
bronchial hyperresponsiveness.

DISCUSSION
Our study suggests that a high density of confined animal
feeding operations close to a residential area adversely affects
respiratory health. The observed health effects point to asthmalike syndrome similar to those seen in farmers. In addition, our
study underlines the importance of using objective measurements for exposure and disease in environmental epidemiology.
The strengths of our study were objective assessment of
exposure and outcome, in addition to self-reported data of the
participants. Furthermore, there was a reasonable response
rate among a large population-based sample of rural subjects.
Nonparticipants were mainly persons born outside former
West Germany and thus would have been excluded from the
analyses. To further reduce selection bias, a random sample
of the population was asked to undergo a medical examination. The clinical measurements were done according to
standardized procedures with thorough quality control.
At the same time, failure to test a considerable proportion of subjects for bronchial hyperresponsiveness could have
introduced selection bias. As the proportion of asthmatics
was the same (6%) among those who participated in the
clinical measurements and those who did not, no major bias
is anticipated. The subjects’ lack of awareness of the number
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of animal houses in the home vicinity is also expected to help
avoid selection bias.
Comparing self-reported data on number of confined
animal feeding operations within 500 m of the home with
data provided by the local authorities yielded a low level of
agreement (17%; data not shown). Furthermore, in our pilot
study the intraindividual test–retest reliability for the number
of animal houses in the home environment was low.31 Therefore, self-reported number of confined animal feeding operations in the home environment seems to be a poor indicator
of actual exposure, which might bias results.24 –26 This is
supported by our finding that self-reported odor annoyance
was associated only with self-reported symptoms and disease,
but not with clinical measurements.
One problem with the government data on number of
animal houses in the home vicinity is that they cover all
animal houses regardless of size, type and number of animals
kept, and type of ventilation. For confidentiality reasons we
were unable to obtain more detailed data. Therefore, some
misclassification of exposure has to be anticipated, which
might lead to an underestimation of effects. Nevertheless, our
endotoxin measurements in 1 town indicated a moderate
agreement between number of animal houses within 500 m of
the home environment and level of endotoxin exposure measured in the home environment (Spearman’s rho ⫽ 0.31).28
Unfortunately, the number of measurements done (n ⫽ 32)
does not allow use of these measurements as markers of
exposure. Exposure to confined animal feeding operations is
© 2007 Lippincott Williams & Wilkins
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determined by emission both from the confined animal feeding operations and from spraying of manure on the surrounding fields. Emissions are thus predicted not by the animal
houses alone, and may vary from day to day. This variability
is also indicated by the moderate test–retest reliability of the
question on the level of odor annoyance in the home environment (kappa ⫽ 0.51).31 To overcome this problem, longterm measurements of such chemicals as ammonia at several
points in the study area would be required. Using such
exposure data, the individual exposure at the participants’
home could be modeled by GIS models.
Another source of error might stem from the fact that
the registry of animal houses was last updated in 2000, while
the study was done between 2002 and 2004. Furthermore,
only data on animal houses in the vicinity of participants’
homes were available. Personal exposure assessment would
be necessary to overcome this problem. Our study population
reported spending, on average, 102 (⫾33) hours per week at
home. Adjusting our analyses for number of hours at home
did not change our results.
In addition, our results might be biased by having
drawn samples from different towns. Stratifying the data by
town did not indicate effect modification by town. Nevertheless, due to small sample sizes, especially in the higher
exposure categories, confidence intervals by town were wide
(data not shown). Likewise, neither adjusting the analyses for
study town nor the use of GLM mixed-effect models changed
the results considerably (data not shown).
The association between number of animal houses near
the home and wheezing, as well as FEV1, are similar to those
observed in farmers and farm workers and might be an
indication of asthma-like syndrome.2,4,36 –38 We restricted our
study population to those without private or occupational
contact to farming environments. This was done because the
environmental exposures to emissions from confined animal
feeding operations are considered to be small compared with
exposures inside animal houses or exposures levels experienced of those who live on a farm,1,8,23 and thus of minor
importance for respiratory health. Repeating our analyses for
subjects with farm contact, no association between number of
animal houses in home vicinity and respiratory symptoms and
disease could be shown. However, the association between
self-reported odor annoyance and self-reported respiratory
symptoms and disease were similar to those in subjects
without farm contact (data not shown).
Adverse effects were seen only among subjects with a
high number of animal houses in the immediate home vicinity. As this was the first study using number of animal houses
as an exposure proxy, and clinical measurements to assess the
outcome, we did not have the benefit of predefined cut-off
values. In addition, due to the higher population density in
Europe and different farming practices, the exposure is
thought to differ considerably from that in the USA.10,17,39
Therefore, LOESS smoothers have been used to elicit cut-off
levels. Furthermore, due to exposure misclassification, the
exact cut-off point cannot be identified from our data. To
confirm our results, further epidemiologic studies are needed
in areas with intensive animal production.
© 2007 Lippincott Williams & Wilkins
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COMMENTARY

Environmental Exposure and Health Effects From
Concentrated Animal Feeding Operations
Frank M. Mitloehner* and Marc B. Schenker†
Abstract: Modern concentrated animal feeding operations generate
sizeable amounts of manure and related emissions into water and air.
These present potential harm to human health. Adverse respiratory
effects have been documented among workers in these feeding
operations, but there has been little research on wider environmental
effects. Few conclusions are possible at this time but recent studies
(including a report in this issue of EPIDEMIOLOGY by Radon and
colleagues) suggest possible adverse effects. Respiratory outcomes
of greatest concern include nasal allergies, airflow obstruction and
asthma. Another concern among residents near concentrated animal
feeding operations is adverse effects from malodors. The potential
impact of these operations on quality of life and health needs to be
documented.
(Epidemiology 2007;18: 309 –311)

H

istorically, livestock was raised on small family farms
spread throughout agricultural regions. Over the past 4
decades, the total number of livestock farms has sharply
declined, while the number of confined animals being raised
in concentrated feeding operations has increased. Since 1960,
the number of cattle farms in the United States has fallen
59%, the number of dairy farms has fallen 94%, and the
number of hog farms has fallen 95%— even though the total
number of livestock has been relatively constant.1 Today,
concentrated animal feeding operations make up 5% of all
livestock farms in the nation but raise 54% of all livestock.2,3
This trend is exacerbated by the nation’s “cheap food policy”
in which consumer demand for inexpensive food leads to
increasing production efficiencies utilizing larger livestock
facilities.4 Modern livestock industries simply follow Henry
Ford’s rule of producing the highest quality goods at the
lowest costs possible.
Modern animal feeding operations produce large amounts
of animal waste (288 million tons in the United States annually).2,3,5 Disposing of this sizeable amount of manure is a
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challenge. There are potential adverse human health effects of
manure and its related emissions into water and air.
Communities in regions with large-scale animal production can range from small family farms (crop- or animalproducing), to rural nonfarm residents to urban residents in
neighboring towns. In some parts of the United States, there
is a shift of populations from cities to the countryside where
they experience the nuisances of concentrated livestock production.6 This can lead to complaints, conflict, and ultimately
a need for legislative and regulatory actions.
Until recently, most of the attention to human health
risks posed by concentrated animal feeding operations was
related to water quality (eg, nitrate leaching in ground water).
However, air emissions from livestock facilities present a
growing challenge. Concentrated animal feeding operations
emit several compounds of concern, including endotoxin,
particulate matter, ammonia, hydrogen sulfide, volatile organic compounds, and various greenhouse gases.7 Studies are
needed to investigate the emissions from concentrated animal
feeding operations and their potential health effects, to identify vulnerable worker and neighborhood groups, and if
warranted, to identify and implement options for mitigation.

Occupational Health Concerns
Work in the animal agricultural industries continues to
rank among the most hazardous of all occupations.8 –12 The 2
main contributors to worker injury are machinery-related and
animal-related incidents.11,12 Air pollutants also pose a risk.13,14
Harmful air emissions in animal farming arise from the
handling of feed, movement of animals on manure, and the
storage and removal of manure. The composition of air
emissions (gases and particulate matter) can differ widely
according to farm layouts, management type, region, and
species of animals housed. This variability makes it difficult
to identify specific practices and recommend changes.7
As with other occupational hazards, higher exposures
occur to workers than to neighboring residents. Thus, research to
understand the effects of exposures from animal feeding operations often progresses from studies of workers to studies of
neighbors who experience lower exposures. The respiratory
effects of agricultural occupational exposures have been well
documented in recent years.13,14 Agricultural exposures, particularly those from animal farming, are associated with a wide
range of airway diseases including mucous membrane irritation,
bronchitis, asthma, asthma-like syndrome and chronic obstructive pulmonary disease. Acute toxicity from high-dose gas
exposures (eg, nitrogen oxides, hydrogen sulfide, ammonia) and
interstitial diseases (hypersensitivity pneumonitis, interstitial fi-
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brosis) also are well documented. Many adverse respiratory
effects of farming result from the wide spectrum of respiratory
toxicants (eg, organic and inorganic dusts, gases, agrochemicals,
biologic agents) as well as the exposure to high concentrations.
Questions have been raised about pesticide drift, dust
exposure, plant antigens, and other agricultural agents that
might affect neighboring populations. The capacity for adverse community effects from agricultural exposures was
demonstrated in the Barcelona epidemic of asthma from
exposure to soybean dust.15 However, few studies have
investigated the environmental effects of agricultural exposures in general, and those from concentrated animal feeding
operations in particular, on local communities.

Environmental Health Effects
Recent work has begun to focus on the potential environmental health effects of concentrated animal feeding operations. A first step is the measurement of contaminant
concentrations in the vicinity of such operations. This sampling needs to address temporal variability, plume dispersion,
and individual exposures, taking into account indoor– outdoor
gradients, physical activity, and other determinants. The pollutants of primary concern are ammonia, hydrogen sulfide,
particulate matter and its contaminants (microorganisms, endotoxin), volatile organic compounds, and odors. Several
studies have shown high concentrations of microbial organisms16 and of endotoxin13,17 in these feeding operations. For
example, concentrations of endotoxin from hundreds to several thousand EU/m3 may occur in some swine confinement
operations,18 while environmental endotoxin concentrations
have been reported in single digits in residences near these
operations.19 More definitive exposure studies, epidemiologic
studies, and modeling are needed to predict downwind concentrations and resulting health effects from concentrated
animal feeding operations.20
What is currently known about adverse effects to the
local communities? There are few studies on the potential
health effects of environmental exposures from concentrated
animal feeding operations, but this is changing.21,22 Major
outcomes of concern are those observed among workers, including respiratory and systemic effects,23 reduced lung function and
increased decline in lung function,24 –26 and asthma.27,28 There
are ample data showing an association of agriculture or concentrated animal feeding operations with asthma,13,29 and endotoxin
exposure alone may cause or exacerbate asthma.30 However,
little is known about environmental exposures from concentrated animal feeding operations and asthma. This question is
particularly interesting because of studies showing a reduction of
atopic sensitization with agricultural exposure to endotoxin.31
Odors are a product of concentrated animal feeding
operations. While odors are not highly correlated with respiratory toxicants, self-assessed level of odor annoyance is a
strong predictor of negative quality-of-life scores.32,33 An
immunosuppressive effect of odor on mucosal immunity has
been hypothesized.34 Studies of the health effects of odors are
particularly challenging because objective outcome measures
are required to reduce reporting bias.
The article in this issue by Radon and colleagues35 adds
important new data to our understanding of environmental
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health effects of CAFOs. They have shown an association of
residence near CAFOs and self-reported wheeze and airflow
obstruction (decreased forced expiratory volume in one second), but no association with asthma or allergic rhinitis.
However, many questions remain before their observations
can be accepted as causal. Specifically, replication is needed
in different populations with better exposure characterization
and careful selection of controls. Differences between European and larger U.S. CAFOs should also be studied. The
complex relationship of agricultural exposures, atopy and
asthma needs further elucidation, and may result in models
suggesting different effects depending on the age and duration of an individual’s exposure.
Adverse health effects of exposures from concentrated
animal feeding operations have not been addressed by traditional ambient air quality studies or regulations. The same
tools of air pollution research are needed to provide a scientific basis for regulatory decision-making. Careful studies
need to evaluate individual exposures to neighboring residents, preferably coupled with real-time measurements of
objective outcomes. The complex mixture of emissions from
concentrated animal feeding operations needs to be studied to
understand the etiologic agents. This should preferably be
related to animal and exposure chamber studies to understand
underlying mechanisms. Health effect studies are required to
evaluate suspect adverse respiratory effects, with particular
attention to dissecting the positive and negative effects of
endotoxin exposure.36 As with other air pollution health
effects, meteorological conditions must be taken into account.
Studies should also consider the impact of odor on health.
Epidemiologic studies need to pay particular attention to
acute as well as lifetime exposure histories. Finally, regulatory efforts will require assessment of the specific farming
conditions and practices that produce harmful exposures.
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Neurobehavioral Development in Children With Potential
Exposure to Pesticides
Alexis J. Handal,* Betsy Lozoff,† Jaime Breilh,‡ and Siobán D. Harlow*
Background: Children may be at higher risk than adults from
pesticide exposure, due to their rapidly developing physiology,
unique behavioral patterns, and interactions with the physical environment. This preliminary study conducted in Ecuador examines the
association between household and environmental risk factors for
pesticide exposure and neurobehavioral development.
Methods: We collected data over 6 months in the rural highland
region of Cayambe, Ecuador (2003–2004). Children age 24 – 61
months residing in 3 communities were assessed with the Ages and
Stages Questionnaire and the Visual Motor Integration Test. We
gathered information on maternal health and work characteristics,
the home and community environment, and child characteristics.
Growth measurements and a hemoglobin finger-prick blood test
were obtained. Multiple linear regression analyses were conducted.
Results: Current maternal employment in the flower industry was
associated with better developmental scores. Longer hours playing
outdoors were associated with lower gross and fine motor and
problem solving skills. Children who played with irrigation water
scored lower on fine motor skills (8% decrease; 95% confidence
interval ⫽ ⫺9.31 to ⫺0.53), problem-solving skills (7% decrease;
⫺8.40 to ⫺0.39), and Visual Motor Integration test scores (3%
decrease; ⫺12.00 to 1.08).
Conclusions: These results suggest that certain environmental risk
factors for exposure to pesticides may affect child development,
with contact with irrigation water of particular concern. However,
the relationships between these risk factors and social characteristics
are complex, as corporate agriculture may increase risk through
pesticide exposure and environmental contamination, while indi-
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rectly promoting healthy development by providing health care,
relatively higher salaries, and daycare options.
(Epidemiology 2007;18: 312–320)

A

nimal studies show that several pesticides including organochlorines, pyrethyroids, organophosphates, and carbamates are developmental neurotoxins.1– 4 However, few
epidemiologic studies have focused on the effects of pesticides on neurobehavioral development and function.5– 8 Infants and young children are more susceptible to environmental toxins due to their developing and still immature
physiology.9 –13 The developing central and peripheral nervous systems are especially susceptible to adverse affects of
neurotoxins such as organophosphates and carbamates.
In addition to their increased susceptibility, young children are also more likely to be exposed to environmental
toxins through their behaviors. For infants under the age of 6
months, inhalation and breast milk are the main potential
routes of exposure.14 As infants begin to crawl and spend
much of their day on the floor or soil, dermal exposure and
oral ingestion become the principal avenues of exposure.15,16
Sucking, chewing, and biting, are part of normal development
and contribute to increased exposure. As children begin to
walk, they spend less time on the floor, but their feeding
patterns and gender-related behaviors may contribute to exposure risk. Children may eat their meals sitting on the floor
or outside on the ground. Boys may be more likely to play
outside, whereas girls may be more likely to assist their
mothers in washing contaminated clothing or cleaning contaminated food sources.15
For young children in agricultural communities, several
additional factors may influence exposure risk. The proximity
of the child’s home to large agricultural industries or farmland may increase exposure, depending on the direction of the
wind, water run-off, and ground contamination. Lu and colleagues17 found that children whose parents worked with
pesticides or who lived in close proximity to farmland treated
with pesticide had higher exposures to organophosphate pesticides compared with other children in the same community.
Similarly, Simcox and colleagues18 found that children of
agricultural families had a higher risk of exposure to organophosphate pesticides than children of nonagricultural families
in the same region. Inhalation may be a key exposure route
among children who live in close proximity to the flower
farms. Dermal and oral exposure may occur through exposure
to pesticide residues on parents’ work clothes and boots.19
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Use of pesticides on private crops, as well as the participation
of the child in the cultivation and harvest of these crops, also
contribute to the child’s exposure profile. Fenske and colleagues20 found that use of pesticides in a home garden was
associated with an increase of an organophosphate metabolite
in children’s urine samples.
In Ecuador, large-scale agricultural products such as
bananas and cut-flowers are important contributors to the
national economy. The cut-flower industry is now the country’s third most important export, following petroleum and
bananas. Pesticide use in this industry is common, with the
organophosphate, carbamate, and dithiocarbamate classes of
pesticides being the most frequently used.
In 2001, the Centro de Estudios y Asesorı́a en Salud
(CEAS) in Quito, Ecuador, in collaboration with the Canadian International Development Research Center (IDRC),
initiated the EcoSalud Project in the Cayambe-Tabacundo
region of Ecuador. This project addresses the social impact of
the cut-flower industry through a wide range of approaches,
including sociology, anthropology, ecology, and epidemiology. This preliminary study considered household and community risk factors for pesticide exposure and their potential
effects on neurobehavioral development of young children
aged 24 to 61 months living in the region.

METHODS
Study Population
The sample population for the EcoSalud project was
drawn from 2 northern and 2 southern sections of the Cayambe-Tabacundo region. The present study focused on 3
northern communities. Communities A and B were at lower
altitudes and were likely to have higher exposures, with more
community members employed in the flower industry and
living in closer proximity to the flower plantations. Community C was at a higher altitude and was likely to have lower
exposure. It was located farther from the flower plantations
and had few flower industry employees. These communities
were selected based on exposure status and because of close
ties between researchers and community leaders, allowing for
greater accessibility to the communities’ members.
A census was taken to establish the sampling frame. All
mothers who had been living in the community for at least a
year and who had any children aged 3 to 61 months were
eligible to participate. Mothers were interviewed about all
their eligible children, up to 3 children total. Informed consent was obtained from the mothers for their participation as
well as that of their children. Consent forms were read to the
mother and consent was documented by the mother’s signature or fingerprint. In total, 219 mothers (91% of those
eligible) and 283 children (91% of those eligible) participated. This analysis of household and community risk factors
for exposure to pesticides includes children 24 to 61 months
of age (n ⫽ 142). Approval for this project was obtained from
the Institutional Review Board at the University of Michigan,
as well as from CEAS in Quito, Ecuador.
© 2007 Lippincott Williams & Wilkins
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Procedures
The Ages and Stages Questionnaire (ASQ) (2nd Edition; Paul H. Brookes Publishing Co., Baltimore, MD) is a
developmental screening test that was directly administered
to the child. We administered an additional test to children
aged 48 to 61 months, to assess their visual-motor integration
(VMI) skills. Two trained testers assessed the participating
children in each of the 3 communities. Mothers were administered a questionnaire to obtain information on sociodemographic characteristics, maternal occupational history, maternal
and child health characteristics, and the child’s socialization and
exposure profiles. Blood by finger-prick was obtained to assess
the child’s hemoglobin levels (HemoCue, Lake Forest, CA).
Height (centimeters), weight (kilograms), and head circumference (centimeters) of the child were measured. All survey
instruments were pretested and piloted to ensure clarity and
comprehensibility.

Risk Factors for Pesticide Exposure
Potential risk factors for pesticide exposure were classified within 3 domains: 1) community and household variables; 2) maternal and paternal work variables; and 3) child
activities. As community and household risk factors, we used
distance of the home to a flower farm (⬎200 m, ⱕ200 m),
pesticide use on domestic crops (yes/no), pesticide use within
the home (yes/no), and use of the potentially contaminated
plastics/wood from the flower farms at home (yes/no). Maternal work exposure included whether she had worked in the
flower industry in the past 6 years (yes/no, and mean number
of years), whether she had worked in the flower industry
while pregnant with the child (yes/no), and her current work
status (currently not working, currently working but not in
flowers, currently working in flowers). Mothers also reported
father’s current work status. Child’s play activities included
the distance from a flower farm (⬎200 m, ⱕ200 m), number
of hours per day the child plays outdoors (mean number of
hours/day; ⬍5/ⱖ5 hours/day), and whether the child plays
with irrigation water (no or rarely, sometimes or frequently).

Neurobehavioral Development
Ages and Stages Questionnaire
The use of a screening test that combines both parentreport and direct evaluation approaches has been shown to be
an effective and valid way to assess a child’s developmental
progress.21,22 The questionnaire is standardized for use in
children ages 3 to 61 months and is composed of 19 agespecific questionnaires that cover 5 broad developmental
dimensions: communication, fine and gross motor skills,
problem solving, and personal-social skills. Each domain
is scored from 0 to 60 points, with 60 being a perfect score.
A continuous score is calculated for each age-specific
questionnaire, with scores summarized for each developmental domain.
Before administering the ASQ (Spanish version), the
tool was adapted into the local vernacular and contextually
inappropriate questions were removed to prevent cultural and
language bias. For example, all references to the baby/child
were changed to the term “guagua,” a Quichua term com-
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monly used in the region. Testing was conducted using the
home-visit procedure outlined in the manual, in which the
tester attempts to elicit all behaviors directly from the child
during the assessment.22 This procedure varies slightly from
one that relies solely on parent-report and is more appropriate
in a setting where the parent may not be able to complete the
questionnaire on her own. Testers brought all materials required for direct assessment as listed in the manual. Mothers
were encouraged to participate in the activities with their
child throughout the session. When the particular activity
could not be carried out directly, the mother was asked about
the child’s behavior at home.
Visual Motor Integration
The use of targeted developmental testing may be more
able to detect subtle delays in development in this population
due to chronic low level exposure to pesticides. To supplement the use of a general screening tool, we included one
targeted developmental test that assessed the integration of
visual perception and motor skills—skills that have been
shown to be affected by pesticide exposure in adults and
children.5,7,23,24 Children aged 48 to 61 months were tested
using the Beery-Buktenica VMI developmental test (4th Edition, Revised ed., Modern Curriculum Press).25 The VMI is a
developmental sequence of geometric forms to be copied
with paper and pencil by the child. It is designed to assess the
extent to which the child can integrate his visual and motor
abilities. The VMI manual was used as a reference for
scoring, with each drawing scored as 0 for incorrect and 1 for
correct. Points were totaled and the raw score was recorded.
A total score of 160 was possible. Based on the age of the
child, the raw score was converted into a standard score
equivalent. The VMI manual presents a standardized mean
score of 100 and standard deviation (SD) of 15.25

Covariates
Standardized z-scores for anthropometric measures of
chronic malnutrition were calculated using the 1978 Centers for
Disease Control (CDC)/World Health Organization (WHO)
growth reference curves, which are a normalized version of the
1977 National Center for Health Statistics (NCHS) growth
reference curves.26 Chronic malnutrition (stunting) was defined by a height-for-age z-score 2 SDs below the reference
median. Presence of anemia (yes/no) was determined after
taking into account the child’s age and the altitude of the
community of residence.27
The child’s exposure to developmentally fostering experiences was assessed by attendance at the daycare center
(yes/no) and the type and frequency of stimulating activities
at home. For the latter, a set of 6 questions was adapted from
a UNICEF multicountry survey.28 The 6 activities between
mother and child included reading, counting and drawing,
looking at pictures (from any type of media), singing songs,
going out of the house together, and playing.
Maternal and sociodemographic characteristics included
maternal age and education level, father’s education level, mother’s ethnicity and predominant language preference (Quichua
/Spanish, Spanish only), marital status, monthly household income in US dollars ($0 –150, $151–250, or ⬎$250), and hous-
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ing construction. Maternal age was examined as a continuous variable and as a dichotomous variable based on the
median (ⱕ25 years old, ⬎25 years old). Maternal education, categorized as none/partial primary, completed primary school, or partial/completed high school, was used to
assess education level and as a proxy for literacy. Mother’s
education and her ability to read were correlated (r ⫽ 0.52)
as were mother’s education and her ability to write (r ⫽
0.54). Father’s education level was categorized similarly.
A housing scale (ranging from 0 to 7), was constructed
from the following housing characteristics: roof composition; floor composition; wall composition; type of water
used in home; bathroom type; and access to electricity.
This housing scale was categorized as poorer (ⱕ3),
midlevel (4 –5), and better (6 –7).

Statistical Analysis
We examined distributions of the pesticide-related
community and household factors, child play activity, child’s
health and nutrition, maternal characteristics, and the sociodemographic characteristics of the child’s family. Crosstabulation of all risk factors were examined to assess collinearity, and 2 tests were conducted to assess differences
across risk factor categories.
Developmental delay was analyzed separately for each
developmental domain screened by the ASQ, and for the
VMI test score. We assessed differences in mean developmental scores among the various pesticide-related risk factors
using ANOVA and t tests. We constructed regression models
for each developmental domain to assess the effects of
household environmental exposures to pesticides on development after controlling for key confounders. Prior analyses
have examined the sociodemographic and health characteristics associated with neurobehavioral development in this
population.29,30 In this paper, we consider those variables
associated with development (as measured by the ASQ) in
our population and associated with our exposure variables as
potential confounders. Due to the limited sample size, only
those variables found to be associated with each ASQ domain
and the exposure variable of interest were included in the
regression model for a given domain.
We report potential associations, with confidence intervals and the percent change in developmental scores between
exposure groups. Effect size was calculated to compare the
magnitude of effect of the main exposure variables on the
developmental scores across exposure groups.31 The measure
of effect size, Cohen’s d, is calculated by taking the difference in the mean score of each exposure group divided by the
SD; this parameter is independent of sample size. Effect size
is cautiously interpreted as small for d ⫽ 0.2, medium for d ⫽
0.5, and large for d ⫽ 0.8. Data were entered into SPSS 11.5
(SPSS, Chicago, IL) and were analyzed in SPSS and SAS
Version 8 (SAS Institute, Cary, NC). Nutritional data were
analyzed in EpidInfo’s NutStat program software (CDC,
Division of Public Health Surveillance and Informatics,
2003).
© 2007 Lippincott Williams & Wilkins
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RESULTS
A total of 142 children aged 24 to 61 months were
included in this analysis, with 57 children aged 48 to 61
months included in the VMI testing group. Table 1 displays
the maternal and health and sociodemographic characteristics
of the study population. Three-quarters of the mothers in this
population identified as indigenous, and 89% reported their
predominant language as Spanish. Approximately 80% of the
mothers reported being married or living with their partner in
a free union. About half (56%) of the mothers had completed
primary schooling and 21% of the fathers achieved a partial
or complete high school education. Almost half (45%) of the
mothers reported a monthly household income of $150 or less
and about half reported a midlevel housing quality.
There was a high prevalence of both anemia (51%) and
stunting (60%) among the children. About a quarter (22%) of
the children had suffered from at least one infection in the
past 3 months. Nearly two-thirds (63%) participated in 3 or
more developmentally stimulating activities with their mother
at home. A lower percentage (24%) of children were engaged
in such activities outside the home, specifically at a daycare
center.
Table 2 displays the risk factors for pesticide exposure
included in the analyses. Approximately half of the mothers
reported working in the flower industry in the previous 6
years (53%), working an average of 45 months. Thirty-five
percent of the mothers reported currently being employed in
the flower industry, and 39% reported having worked in the
flower industry during their pregnancy. More than half of the
children resided in a household where pesticides were used
on domestic crops (78%) and inside the home (57%). Over
half of the children spent 5 or more hours playing outdoors
(mean ⫽ 5.6 hours), and about half of the children occasionally or frequently played with irrigation water (49%), with no
substantial difference between boys and girls.
Table 3 presents the unadjusted mean developmental
outcome score (with SD) and the percent change for each
neurobehavioral domain by risk factors for pesticide exposure. Given the correlations among several of the exposure
variables, we focused on those variables that describe distinct
exposure domains (eg, maternal employment, pesticide use
within and around the home, and child play activities).
Tables 4 and 5 display the results of adjusted regression
models for the ASQ developmental outcomes and the VMI
scores, respectively. Results of the unadjusted and adjusted
analyses were similar. Mother’s current employment in the
flower industry was associated with better scores among their
children for all 5 ASQ domains. Specifically, current employment in flowers was more strongly associated with better
communication and problem-solving skills. Employment in
the flower industry during pregnancy, however, showed a
positive association only with the problem-solving skills
domain. Pesticide use on domestic crops was also associated
with better gross motor and personal-social scores, while
conversely, pesticide use within the home was associated
with lower communication scores (effect size: d ⫽ 0.2).
More hours spent outdoors (⬎5 hours/d) was associated
with lower gross and fine motor and problem solving skills.
© 2007 Lippincott Williams & Wilkins
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TABLE 1. Maternal and Child Characteristics of the Study
Population, Children 24 – 61 Months of Age (n ⫽ 142),
Cayambe-Tabacundo Region, Ecuador (2003)
No. (%)
Mother’s characteristics
Mother’s age; yrs
ⱕ25
25⫹
Ethnicity of mother*
Indigenous
Mestizo/white
Language most used
Spanish/Quichua mix
Spanish
Marital status
Married
Free union
Single/separated/widowed
Mother’s education level
None or partial elementary
Completed elementary school
Partial or completed high school
Socioeconomic characteristics
Monthly household income (U.S. dollars)†
$0–150
$151–250
⬎$250
Father’s education level
None or partial elementary
Completed elementary school
Partial or completed high school
No father
Housing construction
Poorer
Midlevel
Better
Child health characteristics
Sex of child
Male
Female
Anemia‡
No
Yes
Stunting
No
Yes
Infection health score†§
0
ⱖ1
Maternal-child stimulation at home
3⫹
ⱕ3 activities
Daycare attendance
No
Yes

64 (45)
78 (55)
108 (77)
32 (23)
15 (11)
127 (89)
88 (62)
29 (20)
25 (18)
40 (28)
80 (56)
22 (16)

63 (45)
41 (29)
37 (26)
23 (16)
64 (45)
30 (21)
25 (18)
25 (18)
73 (51)
44 (31)

71 (50)
71 (50)
69 (49)
73 (51)
57 (40)
85 (60)
110 (78)
31 (22)
89 (63)
52 (37)
108 (76)
34 (24)

*Information missing for 2 mothers.
†
Information missing for 1 mother/child.
‡
Cut points for anemia were specific for age and community altitude, and ranged
from 12.3 g/dL to 13.2 g/dL.
§
In last 3 months, cold, sore throat, lung infection, cough, ear infection, or other
infection.
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TABLE 2. Potential Risk Factors for Pesticide Exposure in the
Study Population, Children 24 – 61 Months of Age (n ⫽ 142)
Exposure variables
Mother worked in the flower industry in past 6 yrs; no. (%)
No
67 (47)
Yes
75 (53)
Total no. mos worked in flowers in past 6 yr (n ⫽ 75); mean
44.7
Mother worked in flower industry during pregnancy; no. (%)
No
87 (61)
Yes
55 (39)
Mother’s current work status; no. (%)
Currently is not working or has not worked in past 6 yrs
83 (59)
Currently works, but not in flower industry
10 (7)
Currently works in flower industry
49 (35)
Father’s current work status; no. (%)
Currently is not working or has not worked in past 6 yrs
26 (19)
Currently works, but not in flower industry
44 (31)
Currently works in flower industry
46 (33)
No father
25 (18)
Use of pesticides on domestic crops; no. (%)
No
32 (23)
Yes
110 (78)
Use of pesticides within the home; no. (%)
No, rarely
61 (43)
Sometimes/frequently
81 (57)
Use of plastics/wood at home; no. (%)
Neither
45 (32)
Either plastics or wood
97 (68)
Child play activities
Distance between place where child passes day to flower farm
(meters); no. (%)
⬎200
ⱕ200
Number of hours child plays outdoors daily; no. (%)
⬍5
5⫹
Mean
Child plays with irrigation water; no. (%)
No/rarely
Occasionally/frequently

97 (68)
45 (32)
50 (35)
92 (65)
5.61
73 (51)
69 (49)

Occasional or frequent playing in irrigation water was associated with poorer fine motor and problem solving scores. On
average, a child who played with irrigation water scored
approximately 5 points lower on fine motor skills (8.2%
decrease; 95% CI⫽ ⫺9.3 to ⫺0.5); effect size, d ⫽ 0.4), 4.4
points lower on problem solving skills (7.3% decrease; ⫺8.4
to ⫺0.4;; effect size, d ⫽ 0.3), and 5.5 points less on the VMI
test (3.4% decrease; ⫺12.0 to 1.1; effect size, d ⫽ 0.2)
compared with children who rarely or never played with
irrigation water. Current employment in the flower industry,
longer hours spent outdoors playing, and contact with irrigation water were all associated with lower VMI scores; however, estimates are imprecise, as the VMI was administered
only to a subset of the study, thus reducing the sample size.
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DISCUSSION
These results suggest that exposures related to the
cut-flower industry may be associated with child development and health, although these associations are complex.
Some factors associated with the presence of the industry
may be harmful, such as exposure to pesticides, whereas
other factors such as increased resources and opportunities
for creating a stimulating environment may be beneficial.
The environmental impacts of agricultural industry are
well-established, particularly on the contamination of irrigation and drainage canals from pesticide residues.32–34 In
communities where cut-flower farms are located, irrigation
canals are located close to the flower plantations and pass
throughout the community, where the population then uses
this water for domestic purposes. It is not uncommon for
these canals to receive waste waters from the farms. Environmental sampling done in this region showed increasing
contamination in the water systems and river basins sediment
according to proximity to the contaminating sources. Systems
closest to the flower farms showed the highest level of
contamination with pesticide, metal, and biologic residues.35
Few studies have examined child exposure during play
to potentially-contaminated surface water such as irrigation
water. Most studies focus on the effects of exposure via
ingesting contaminated drinking water. The results of the
present study provide evidence that children’s exposure to
this water was associated with lower developmental screening test scores. Future research should incorporate continued
environmental sampling of irrigation waters and sediment in
the region to determine the type and the level of contamination in these surfaces.
Pesticide use on domestic crops and their proximity to
children’s outdoor play area were either not associated with
developmental delay or were associated with better developmental outcomes. We considered several explanations for
these seemingly anomalous findings. The risk of children
living and playing in close proximity to the flower farms
might be offset by the benefits of having a mother employed
in the flower industry, which corresponds to a higher monthly
household income, higher parental educations, and better
access to health care and daycare. As we were not able to take
direct measures of pesticide exposure in the physical environment of the child, we had to rely on indirect or proxy
measures, and they may not correlate well with actual exposure. Alternatively, there may be unmeasured confounders.
For example, domestic pesticide use may correlate with
economic security; pesticides are an added expense for the
family and only those who can afford the chemicals may be
using them at home.
Current maternal employment in the flower industry
and maternal employment in the flower industry during pregnancy were associated with better communication and problem-solving skills. Previous studies have found that takehome exposures via contaminated parental work clothing and
equipment contribute to household pesticide residue contamination.17,18,36 In this population, however, it is uncommon
for flower farm workers to take home their work clothes and
© 2007 Lippincott Williams & Wilkins

© 2007 Lippincott Williams & Wilkins
Mean ⴞ SD

—

3%
—
11%
—
5%
—
2%
—

46.7 ⫾ 13.1

46.1 ⫾ 10.7
44.3 ⫾ 13.6
40.3 ⫾ 15.6
46.9 ⫾ 10.2
43.9 ⫾ 12.8
46.6 ⫾ 11.1
47.9 ⫾ 10.6
44.1 ⫾ 12.4
45.0 (13.3)
45.9 (10.2)

—

4%
—
0%
—
5%
—
2%
—
5%
—

—

3%

3%

%
Change

44.7 ⫾ 11.2

Mean ⴞ SD

5%

%
Change

Gross Motor

8%
—
6%
—

44.5 ⫾ 12.9
39.5 ⫾ 14.2

2%
—

0%
—

3%
—

—

6%

%
Change

44.3 ⫾ 12.0
40.9 ⫾ 14.5

41.4 ⫾ 15.1
42.6 ⫾ 12.7

42.2 ⫾ 14.2
42.0 ⫾ 13.7

41.4 ⫾ 13.3
43.1 ⫾ 14.5

44.5 ⫾ 13.2

40.8 ⫾ 13.9

Mean ⴞ SD

Fine Motor

36.2 ⫾ 12.8

30.6 ⫾ 14.1

34.9 ⫾ 12.7
30.1 ⫾ 14.7

32.2 ⫾ 14.3
32.8 ⫾ 13.6

32.8 ⫾ 15.0
32.5 ⫾ 13.6

30.7 ⫾ 14.3
35.5 ⫾ 12.6

36.2 ⫾ 12.8

30.6 ⫾ 14.1

Mean ⴞ SD

—

9%

8%
—

1%
—

1%
—

8%
—

—

9%

%
Change

Problem Solving

42.9 ⫾ 12.0

40.3 ⫾ 12.9

42.1 ⫾ 12.6
40.2 ⫾ 12.7

40.6 ⫾ 13.4
41.6 ⫾ 12.0

37.1 ⫾ 14.0
42.4 ⫾ 12.0

40.9 ⫾ 12.6
41.7 ⫾ 12.7

42.9 ⫾ 12.0

40.3 ⫾ 12.9

Mean ⴞ SD

—

4%

3%
—

2%
—

9%
—

1%
—

—

4%

%
Change

Personal-Social

30

27

24
33

30
27

15
42

37
20

20

37

Total
No.

†

89.7 ⫾ 12.6

98.6 ⫾ 15.9

98.8 ⫾ 13.2
90.3 ⫾ 15.1

94.3 ⫾ 15.4
93.4 ⫾ 14.5

96.0 ⫾ 17.6
93.2 ⫾ 13.9

—
91.4 ⫾ 13.8
98.6 ⫾ 15.9

97.4 ⫾ 15.8

92.0 ⫾ 14.2

Mean ⴞ SD

VMI

*Differences in mean scores were assessed using ANOVA and t test; higher score corresponds to better developmental skills.
†
Mean scores presented are the standard score equivalent of the child’s raw score.25 VMI tests only administered to children age 48 – 61 months (n ⫽ 57). VMI published standardized scores have a mean of 100 and standard
deviation.

Mother’s current work status
Currently is not working, or has
93
41.2 ⫾ 13.5
not worked in past 6 yrs, or
currently works but not in
flower industry
Currently works in flower
49
44.4 ⫾ 12.7
industry
Mother worked in flower industry during pregnancy
No
87
43.3 ⫾ 11.6
Yes
55
40.7 ⫾ 15.5
Use of pesticides on domestic crops
No
32
42.2 ⫾ 17.6
Yes
110
42.3 ⫾ 11.8
Use of pesticides within the home
No/rarely
61
43.9 ⫾ 1.7
Sometimes/frequently
81
41.1 ⫾ 14.3
Number of hours child plays outdoors daily
⬍5
50
42.1 ⫾ 13.6
5⫹
92
42.4 ⫾ 13.2
Child plays with irrigation water
No/rarely plays with irrigation
73
42.8 (14.0)
water
Occasionally/frequently plays
69
41.7 (12.5)
with irrigation water

Total
No.

Communication

TABLE 3. Developmental Outcomes Stratified by Household and Community Risk Factors for Pesticide Exposure for Children age 24 – 61 Months (n ⫽ 142)*
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TABLE 4. Adjusted Regression Models for 5 ASQ Developmental Domains for Distinct Risk Factors
for Pesticide Exposure in the Household and Community Environment for Children Age 24 – 61
Months (n ⫽ 142)
Household/Community Exposure Variable

ASQ Domain*

Mother currently works in flower industry

Communication
Gross motor
Fine motor
Problem solving
Personal–social
Communication
Gross motor
Fine motor
Problem solving
Personal-social
Communication
Gross motor
Fine motor
Problem solving
Personal–social
Communication
Gross motor
Fine motor
Problem solving
Personal–social
Communication
Gross motor
Fine motor
Problem solving
Personal–social
Communication
Gross motor
Fine motor
Problem solving
Personal–social

Mother worked in flower industry during
pregnancy

Pesticides on domestic crops

Pesticides in home

Child plays outdoors ⱖ5 h/d

Child plays with irrigation water

␤ (SE)†
4.13 (2.23)
2.38 (2.04)
2.12 (2.45)
5.03 (2.20)
1.87 (2.31)
⫺1.71 (2.19)
⫺0.86 (1.99)
0.59 (2.35)
3.57 (2.11)
0.15 (2.21)
⫺1.03 (2.56)
4.86 (2.18)
0.57 (2.71)
0.04 (2.47)
4.12 (2.46)
⫺4.51 (2.15)
2.10 (1.87)
1.50 (2.28)
⫺0.52 (2.09)
0.02 (2.12)
⫺0.06 (2.24)
⫺2.52 (1.94)
⫺2.12 (2.41)
⫺3.28 (2.16)
1.89 (2.18)
⫺2.23 (2.15)
0.72 (1.85)
⫺4.92 (2.22)
⫺4.39 (2.03)
⫺2.09 (2.08)

% Change (95% CI)
6.9 (⫺0.3 to 8.5)
4.0 (⫺1.7 to 6.4)
3.5 (⫺2.7 to 7.0)
8.4 (0.7 to 9.4)
3.1 (⫺2.7 to 6.5)
⫺2.9 (⫺6.1 to 2.6)
⫺1.4 (⫺4.8 to 3.1)
1.0 (⫺4.1 to 5.2)
6.0 (⫺0.6 to 7.8)
0.3 (⫺4.2 to 4.5)
⫺1.7 (⫺6.1 to 4.0)
8.1 (0.6 to 9.2)
1.0 (⫺4.8 to 5.9)
0.1 (⫺4.8 to 4.9)
7.0 (⫺0.7 to 9.0)
⫺7.5 (⫺8.8 to ⫺0.3)
3.5 (⫺1.6 to 5.8)
2.5 (⫺3.0 to 6.1)
⫺1.0 (⫺4.7 to 3.6)
0.0 (⫺4.2 to 4.2)
⫺0.1 (⫺4.5 to 4.4)
⫺4.2 (⫺6.3 to 1.3)
⫺3.5 (⫺6.9 to 2.6)
⫺5.5 (⫺7.5 to 1.0)
3.2 (⫺2.4 to 6.2)
⫺3.7 (⫺6.5 to 2.0)
1.2 (⫺2.9 to 4.4)
⫺8.2 (⫺9.3 to ⫺0.5)
⫺7.3 (⫺8.4 to ⫺0.4)
⫺3.5 (⫺6.2 to 2.0)

*Communication domain is adjusted for presence of anemia, presence of infection in past 3 months. Gross motor domain is adjusted for age
of child, presence of infection in past 3 months, stimulation at home, and housing construction. Fine motor domain is adjusted for daycare
attendance. Problem solving domain is adjusted for age of child, mother’s education. Personal-social domain is adjusted for presence of infection
in past 3 months, stimulation at home.
†
Mean difference in score.

TABLE 5. Adjusted* Regression Models for VMI Developmental Outcome for Distinct Risk Factors
for Pesticide Exposure in the Household and Community Environment for Children Age 24 – 61
Months (n ⫽ 57)
Household/Community Exposure Variable

Developmental
Outcome

␤ (SE)†

% Change (95% CI)

VMI
VMI
VMI
VMI
VMI
VMI

⫺3.53 (3.94)
0.19 (3.74)
⫺0.39 (3.82)
⫺2.41 (3.29)
⫺3.90 (3.43)
⫺5.46 (3.26)

⫺2.2 (⫺11.4 to 4.4)
⫺0.1 (⫺7.3 to 7.7)
⫺0.2 (⫺8.0 to 7.3)
⫺1.5 (⫺9.0 to 4.2)
⫺2.4 (⫺10.8 to 3.0)
⫺3.4 (⫺12.0 to 1.1)

Mother currently works in flower industry
Mother worked in flower industry during pregnancy
Pesticides on domestic crops
Pesticides in home
Child plays outdoors ⱖ5 h/d
Child plays with irrigation water
*Adjusted for daycare attendance and household monthly income.
†
Mean difference in score.
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equipment. Therefore, assessing take-home pathways for exposure via parental work clothing may be less relevant for
this population, whereas other aspects of maternal employment in the flower industry (ie, increased monthly income,
more education, better access to daycare and health services)
may benefit the child’s health and development.
This preliminary study has several limitations. We
relied on indirect exposure measurement through the use of a
questionnaire, which may lead to exposure misclassification.
Additionally, domestic pesticide use is common in this region. We were not able to obtain information on the type or
quantity of pesticides used, either in the work environment or
at home, therefore leading to another potential source of
measurement error. Future investigations should incorporate
the use of biomarkers and environmental sampling to supplement information gathered by questionnaire.
There are several limitations of a general screening tool
such as the ASQ22 in this population. The optimal test for
assessing developmental delay is one that directly evaluates
the child and assesses specific developmental functions and
domains. These domain-specific tests are particularly useful
when there are sufficient data to generate hypotheses about
which domains may be affected. However, global tests of
development can be expensive, difficult to administer in a
field setting, and time-consuming. In a developing country
such as Ecuador, where assessment of neurobehavioral development must be conducted in a field setting with minimal
cost, a screening test was the most appropriate option in a
preliminary investigation. Another limitation of using the
ASQ is that, although standardized and validated in a large
and multicultural population in the United States, the instrument may not be culturally appropriate for rural Andean
populations. Validation of these developmental tools in this
and similar cultures is needed.
Our results highlight the importance of social relationships and opportunities that may interact with adverse exposures to affect neurobehavioral development. Neurobehavioral development is a complex and dynamic process that is
affected by numerous factors, including parent-child interaction, household relationships, maternal health, physical environment, the child’s physical and mental health, and social
organization. Associated social opportunities that increase
access to daycare or health care for the child may counteract
the effects of pesticide exposure. In researching effects of
pesticide exposure on child neurobehavioral development,
recognition of other environmental factors within a larger
ecosystem is critical.
Our analysis highlights the complexity of considering
exposure risks that come with new economic endeavors. One
would expect to see gains in health of a population that has
experienced the economic growth that the cut-flower industry
has brought to as has this region of Ecuador. The economic
benefits of the flower industry may improve child health in
some respects, whereas pesticide exposure and environmental
contamination may cause harm in others. Both aspects must
be considered when assessing the impact of specific industrial
exposures on child development and health.
© 2007 Lippincott Williams & Wilkins
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ORIGINAL ARTICLE

Combining Internal and External Validation Data to Correct
for Exposure Misclassification
A Case Study
Robert H. Lyles,* Fan Zhang,* and Carolyn Drews-Botsch†
Abstract: Internal validation data offer a well-recognized means to
help correct for exposure misclassification or measurement error.
When available, external validation data offer the advantage of
cost-effectiveness. However, external data are a generally inefficient
source of information about misclassification parameters. Furthermore, external data are not necessarily “transportable”, for example,
if there are differences in the design or target populations of the
main and validation studies. Recent work has suggested weighted
estimators to simultaneously take advantage of internal and external
validation data. We explore efficiency and transportability in the
fundamental case of estimating the odds ratio for binary exposure in
a case-control setting. Our results support the use of closed-form
weighted log odds ratio estimators in place of computationally
demanding maximum likelihood estimators under both types of
validation study designs (using internal data only, and combining
internal and external data). We also provide and assess a formal test
of the transportability assumption, and introduce a new log odds
ratio estimator that is inherently robust to violation of that assumption. A case-control study of the association between maternal
antibiotic use and sudden infant death syndrome provides a real-data
example.
(Epidemiology 2007;18: 321–328)

T

he problem of misclassified binary exposure in a casecontrol setting is familiar to many epidemiologists, and its
primary analytical aspects are discussed in well-referenced
articles and texts.1– 4 Assuming there is a “gold standard”
measure of exposure that is typically costly or labor-intensive, researchers generally recommend the use of internal or
external validation data to help correct for misclassification
bias.5–7 Recent research addressed the efficiency of alternative estimators of the true odds ratio, balanced against the
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feasibility of computing them and the cost of collecting the
data.7,8 Weighted averages of closed-form log odds ratio
estimators have been proposed for situations in which misclassification is nondifferential and internal validation data
are collected, with recent adaptations also developed for the
case of “hybrid” designs that involve the incorporation of
both internal and external validation data.5,9,10
Prior work on the combined internal/external validation
study designs has focused on a continuous mismeasured
exposure, with a binary or continuous outcome.9,10 Our focus
is the simple but more classic case of binary exposure and a
binary outcome, with one of our goals being to examine the
efficiency of closed-form weighted-average log odds ratio
estimators relative to less accessible, computationally-intensive maximum likelihood estimators (MLEs). A further issue
that we consider is the potential bias in corrected odds ratio
estimates due to a lack of “transportability” of external
validation data,11 ie, when the external data are obtained from
study populations or under conditions that are different in
important respects from the main study. Given a combined
internal/external validation study design, we assess a formal
statistical test for transportability, and advocate its use in
obtaining odds ratio estimates that are robust to this potential
threat to validity. We conclude that highly efficient closedform estimators are available, and that the transportability
issue merits attention when using combination validation
study designs.

STUDY DESIGN AND DATA LAYOUT
Table 1 displays our notation for the cell counts obtained in the main study/internal validation design considered
here. We let D (⫽0,1) denote case status and X (⫽0,1) denote
surrogate exposure status, while E (⫽0,1) represents true
exposure status as measured by a gold standard. Note from
Table 1 that internal validation data permit estimation of
the sensitivity SE ⫽ Pr(X⫽1|E⫽1) and specificity SP ⫽
Pr(X⫽0|E⫽0) of X as a surrogate for E, separately for cases
and controls. This allows correction for potentially differential exposure misclassification,12 as well as a likelihood ratio
test for whether misclassification is nondifferential.7,8 We
recommend such a test as a precursor to applying the methods
presented here. However, in what follows we assume that SE
and SP are the same for cases and controls (nondifferential
misclassification), due to our focus on combined internal/
external validation designs. This stems from the fact that the
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TABLE 1. Main and Internal Validation Study Data for a
Case–Control Study With Misclassified Exposure (Entries are
Cell Counts)
Main Study
(ndx•; d,xⴝ0,1)

Internal Validation Study
(ndxe; d,x,eⴝ0,1)
D⫽1

D
1
0

X⫽1
n11•
n01•

X⫽0
n10•
n00•

X
1
0

E⫽1
n111
n101

D⫽0
E⫽0
n110
n100

E⫽1
n011
n001

E⫽0
n010
n000

D indicates case status; E, gold standard exposure measure; X, surrogate exposure
measure.

where this time n1*1 ⫽ n111 ⫹ n101, n0*0 ⫽ n010 ⫹ n000, n1*0 ⫽ n110 ⫹
n100, n0*1 ⫽ n011 ⫹ n001, and again Vâr(␤ˆ I) ⫽ n1*1⫺1 ⫹ n1*0⫺1 ⫹ n0*1⫺1 ⫹
n0*0⫺1. ␤ˆ I forms a component of weighted estimators described below, as suggested in prior references.5,9,10
We consider 2 more efficient analogues to ␤ˆ I that make
use of all of the data in Table 1. The first is the main/internal
validation study MLE, denoted as ␤ˆ I, ML. While the MLE is
available in closed form under differential misclassification,8 we
must resort to numerical optimization to obtain it in the nondifferential case considered here. Details regarding the likelihood
function for obtaining ␤ˆ I,ML are found in prior literature.7,8 As an
alternative to ␤ˆ I,ML , we consider a weighted-average estimator
proposed by Greenland and defined as follows5:

␤ˆ G ⫽ ŵG␤ˆ I ⫹ (1 ⫺ ŵG)␤ˆ E,
typical external validation study provides data (Table 2) that
are not differentiated with respect to case status. We devote
attention to whether SE and SP are the same in the external
as in the internal validation study (ie, are “transportable”11),
assuming nondifferential misclassification.
Define d ⫽ Pr(E⫽1|D⫽d) and *d ⫽ Pr(X⫽1|D⫽d)
(d⫽0,1). Interest lies in the true odds ratio, e␤ ⫽ 1(1⫺0)/
{0(1⫺1)}. Direct use of the surrogate X in place of E (eg,
by confining analysis to the main study data in Table 1) is
known to produce directly quantifiable attenuation, as it leads to
estimation of e␤* ⫽ *1(1⫺*0)/{*0 (1⫺*1)} instead of the true
odds ratio.3,13

Vâr(␤ˆ I)⫺1

and ␤ˆ E is the log odds
Vâr(␤ˆ I)⫺1 ⫹ Vâr(␤ˆ E)⫺1
ratio estimator obtained using the main study/internal validation data (Table 1), with the internal validation data treated as
if they were external. Appendix A.1 details the calculation of
␤ˆ E. The inverse-variance weight ŵG aims for a minimumvariance weighted average of ␤ˆ I and ␤ˆ E given their independence asymptotically, a feature that yields a convenient
estimator for the variance of ␤ˆ G as follows5:

where ŵG ⫽

Vâr(␤ˆ G) ⫽

LOG ODDS RATIO ESTIMATORS

(3)

1
⫺1

Vâr(␤ˆ I)

⫹ Vâr(␤ˆ E)⫺1

(4)

Using Main/Internal Validation Study Data Only
Based solely on the main study data together with the
(D, X) pairs from the internal validation study (Table 1), the
“naive” estimator of the logs odds ratio is

␤ˆ OBS ⫽ ln{n1*1n0*0/共n1* 0 n0* 1 兲},

(1)

*
*
*
where n11
⫽ n11• ⫹ n111 ⫹ n110, n00
⫽ n00• ⫹ n001 ⫹ n000, n10
⫽
n10• ⫹ n101 ⫹ n100, and n0*1 ⫽ n01• ⫹ n011 ⫹ n010, with estimated
*⫺1
*⫺1
*⫺1
*⫺1 14
⫹ n10
⫹ n01
⫹ n00
.
variance Vâr(␤ˆ OBS) ⫽ n11
Clearly,
␤ˆ OBS is biased in general and estimates ␤* instead of ␤. On
the other hand, a valid but inefficient estimator under nondifferential misclassification that takes the same standard
form can be derived based solely on the (D,E) pairs in the
internal validation study (Table 1):

␤ˆ I ⫽ ln{n1*1n0*0/(n1*0n0*1)},

(2)

TABLE 2. External Validation Study Data With Nondifferential
Misclassified Exposure (mxe: cell counts, ␥xe: cell probabilities;
x,e⫽0,1)
E

Xⴝ1

Xⴝ0

Xⴝ1

Xⴝ0

1
0

m11
m10

m01
m00

␥11
␥10

␥01
␥00

E indicates gold standard exposure measure; X, surrogate exposure measure.
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This estimator treats the weight (ŵG) as if it were a constant,
which is generally accepted.5,9,10 In particular, this conditional
(on the weight) variance estimator is valid assuming approximate independence between ŵG and each of the 2 log odds ratio
estimators, ␤ˆ I and ␤ˆ E. The asymptotic normality of ␤ˆ I and ␤ˆ E
makes this assumption defensible. Delta method-based calculations to obtain Vâr(␤ˆ E) are outlined in Appendix A.1.
␤ˆ G combines 2 consistent estimators (␤ˆ I and ␤ˆ E) into a
single estimator that is potentially much more efficient than
either one separately. Its availability in closed form is a distinct
advantage over the MLE (␤ˆ I,ML). One objective of our simulation
studies (to follow) is to evaluate the efficiency of ␤ˆ G relative to
␤ˆ I,ML for the main/internal validation study design.

Combining Main, Internal, and External
Validation Study Data
Let SE and SP represent the sensitivity and specificity
operating in the main/internal validation study population,
whereas SEE and SPE represent the analogous parameters
operating in the external validation study population. Under
transportability (SE ⫽ SEE and SP ⫽ SPE), the proper
incorporation of available external validation data (Table 2)
together with the main/internal validation study data (Table
1) should provide improved efficiency over any estimator
discussed in the previous sections.
One obvious but computationally intensive estimator is
the MLE (␤ˆ C,ML), obtained by maximizing the overall joint
© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

Combining Validation Data

log-likelihood of the combined data in Tables 1 and 2. Up to
a constant, the log-likelihood may be written as:
1

l (, ␥) ⫽

Testing for “Transportability”

1

兺 兺n

ln (dx•) ⫹

dx•

d⫽0 x⫽0
1

Note that Vâr(␤ˆ S) is also identical in form to Vâr(␤ˆ G) in
(4), after replacing ␤ˆ E with ␤ˆ E*.

1

1

1

兺 兺 兺n

ln(dxe) ⫹

dxe

d⫽0 x⫽0 e⫽0

1

兺 兺m

ln(␥xe),

xe

(5)

x⫽0 e⫽0

where the ndx• and ndxe refer to the cell counts in Table 1 and
the mxe and ␥xe refer to the cell counts and corresponding cell
probabilities in Table 2. The probabilities dx• and dxe
(d,x,e⫽0, 1) associated with the cell counts (ndx• and ndxe) in
Table 1 are as follows:

Empirical studies can compare the performance of the
closed-form estimator ␤ˆ S to the numerically-derived MLE
␤ˆ C,ML to recommend a method assuming transportability. In
addition, one of our key goals is to provide a formal statistical
test of that assumption. This is because violation of the
transportability assumption subjects both ␤ˆ S and ␤ˆ C,ML to
bias, even in certain large-sample situations. The test for
transportability can be framed in terms of the following null
and alternative hypotheses:
H0: SE ⫽ SEE AND SP ⫽ SPE
vs.

d1• ⫽ SEd ⫹ (1⫺SP)(1⫺d), d0• ⫽ (1⫺SE)d ⫹ SP(1⫺d),
d11 ⫽ SEd, d10 ⫽ (1⫺SP)(1⫺d), d01 ⫽ (1⫺SE)d, d00 ⫽ SP(1⫺d).

H1: SE ⫽ SEE AND/OR SP ⫽ SPE

Reparameterized in terms of SE, SP, and d, the cell probabilities (␥xe) in Table 2 are given by

Ideally, one would make this assessment via a likelihood ratio
test after numerically maximizing (5) with and without imposing the 2 restrictions under H0 above. The restricted
version of l(,␥) is as reflected in (5) and (6), while the
unrestricted version redefines l(, ␥) as l*(, ␥) by replacing
SE with SEE and SP with SPE in (6). The likelihood ratio test
statistic is then the difference in the minus-2 log-likelihoods
evaluated at the restricted and unrestricted MLEs, i.e.,
⫺2 关l(ˆ , ␥ˆ ) ⫺ l (ˆ *, ␥ˆ *)兴 , referable to a  2 distribution with
2 degrees of freedom.
A disadvantage of the likelihood ratio test outlined
above is the computational challenge of maximizing the joint
log-likelihood for the data in Tables 1 and 2. We therefore
propose an alternative likelihood ratio statistic, computable
without numeric maximization, to address the test in (8). This
test ignores the main study portion of the data in Table 1 and
uses only the internal (Table 1) and external (Table 2)
validation data. There tends to be little sacrifice in the power
of this test to detect nontransportability (details are provided
in Appendix A.2). Letting tLR represent the observed value of
this likelihood ratio (LR) test statistic, the P value follows as
pLR ⫽ Pr( 22 ⱖ tLR), where  22 denotes a random variable
distributed as central 2 with 2 degrees of freedom. Rather
than as a direct measure of statistical significance, we primarily use pLR as a weight to construct a new robust log odds
ratio estimator in the following section.

␥11 ⫽ SEE, ␥10 ⫽ (1⫺SP)(1⫺E), ␥01 ⫽ (1⫺SE)E, ␥00 ⫽ SP(1⫺E),
(6)

where E is a nuisance parameter representing the prevalence
of true exposure 关Pr(E⫽1)兴 in the external validation study
population. The joint log-likelihood in (5) may be maximized
numerically to obtain the MLE of the true odds ratio (␤) and
its standard error using optimization routines available in
commercial software,15 and such a program is available from
the authors.
An appealing alternative to ␤ˆ C,ML is a weighted-average
estimator analogous to ␤ˆ G, but making use of both the
external and internal validation data. Such an approach was
proposed by Spiegelman and colleagues in continuous covariate measurement error settings under combination internal/external validation study designs.9,10 Adapting it to our
setting produces the following:

␤ˆ S ⫽ ŵS␤ˆ I ⫹ (1 ⫺ ŵS)␤ˆ E*,

(7)

Vâr(␤ˆ I)⫺1
. This estimator is identiwhere ŵS⫽
Vâr(␤ˆ I)⫺1 ⫹ Vâr(␤ˆ E*)⫺1
cal to ␤ˆ G in (3) except that ␤ˆ E* is a more efficient (under
transportability) “external only” estimator than ␤ˆ E. ␤ˆ E* is computed in exactly the same manner as ␤ˆ E, but the external
validation data (Table 2) are first lumped together with the
internal validation data (Table 1) and used to estimate SE and
SP under the assumption of nondifferential misclassification.
Thus, the calculation of ␤ˆ E* and Vâr(␤ˆ E*) follow Appendix A.1
directly, after first replacing nIxe by nI*xe (x,e ⫽ 0,1),
where nI*11 ⫽ m11 ⫹ n111 ⫹ n011, nI*01 ⫽ m01 ⫹ n101 ⫹ n001,
nI*10 ⫽ m10 ⫹ n110 ⫹ n010, and nI*00 ⫽ m00 ⫹ n100 ⫹ n000.
© 2007 Lippincott Williams & Wilkins

(8)

Estimators Robust to Nontransportability
Of the estimators discussed thus far, ␤ˆ G in equation (3)
ˆ
and ␤S in equation (7) are most appealing as closed-form yet
potentially efficient alternatives to their corresponding MLEs.
The difference is that ␤ˆ G ignores the external validation data
(Table 2), making it fully robust to nontransportability but
less efficient than ␤ˆ S when transportability holds. The potential invalidity of ␤ˆ S under nontransportability calls for a
robust alternative that remains more efficient than ␤ˆ G.
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We propose the following robust weighted-average
estimator:

␤ˆ R ⫽ pLR ␤ˆ S ⫹ (1 ⫺ pLR) ␤ˆ G

(9)

Again treating the weight (pLR) as fixed, the estimated variance becomes
2
Vâr(␤ˆ R) ⫽ pLR
Vâr(␤ˆ S) ⫹ (1 ⫺ pLR)2 Vâr(␤ˆ G)

⫹ 2pLR (1 ⫺ pLR) Côv(␤ˆ S, ␤ˆ G)

(10)

Under the null hypothesis of transportability, the argument
for this conditional variance estimator is similar to the one
given below equation (4), this time with the assumption being
approximate independence between the LR test statistic and
the 2 estimators ␤ˆ S and ␤ˆ G. This assumption may be more
questionable under nontransportability, but in that case the
weight pLR approaches 0 asymptotically and supports the
result in equation (10). Empirical studies in the next section
will allow us to assess the conditional variance estimators in
equations (4) and (10) in practical situations. The covariance
term Côv(␤ˆ S, ␤ˆ G) is given by
Côv(␤ˆ S, ␤ˆ G) ⫽ ŵSŵG Vâr(␤ˆ I) ⫹ (1 ⫺ ŵS)(1 ⫺ ŵG) Côv(␤ˆ E, ␤ˆ E*)
Although it is available in closed form, the delta-methodbased estimator Côv(␤ˆ E, ␤ˆ E*) is tedious. Details of that calculation are available from the authors, but are not included
here because the standard error of an alternative robust
estimator is more straightforward to obtain.
To construct the alternative estimator, we simply choose
␤ˆ S or ␤ˆ G based on whether or not the LR test (Appendix A.2) is
rejected at a specified significance level (eg, 0.05, 0.10, 0.20).
This approach is robust to nontransportability in that, as
sample sizes become large, ␤ˆ G is chosen with probability
approaching 1 if the external validation data are not transportable. Although lowering the significance level improves
efficiency slightly under transportability, simulation results
(not shown) indicate little difference in the performance of
the estimator based on the level specified. Selecting 0.10 as a
reasonable compromise, we define the estimator as follows:

␤ˆ LR,.10 ⫽

{

␤ˆ S if pLR ⬎ 0.10
␤ˆ G if pLR ⬍ 0.10

(11)

We estimate the standard error of ␤ˆ LR,.10 as that of ␤ˆ S or ␤ˆ G,
depending on which is selected.

SIMULATION RESULTS
This section details simulation studies to evaluate the
proposed log odds ratio estimators, with particular attention to
efficiency and robustness to nontransportability. We simulated
data under a variety of combinations of the exposure probabilities (1 and 0), main study SE and SP, main/internal validation study sample size

冢

1

n⫽

324

1

1

兺兺n

dx•

d⫽0 x⫽0

⫹

1

1

兺兺兺n

冣

dxe

d⫽0 x⫽0 e⫽0

,

and external validation sample size

冢

1

1

兺兺m

nE⫽

冣

xe

x⫽0 e⫽0

(Tables 1 and 2). In each case, 2500 independent data sets
were generated, with a 25% rate of selection (per n subjects)
into the internal validation study. Separate simulations were
performed under nontransportability, under various combinations of the external validation study sensitivity and specificity (SEE and SPE). Each simulation assumed an equal number
of cases and controls, and an exposure prevalence (E) of 0.5
in the external population.

Under Transportability
Table 3 summarizes the performance of log odds ratio
(OR) estimators in cases where nE⫽200, 1⫽0.6 and
0⫽0.3, corresponding to a true ln(OR) of 1.253 (OR ⫽ 3.5).
As expected, the “naive” estimator ␤ˆ OBS is biased severely
toward the null and provides extremely poor confidence
interval (CI) coverage; thus, ␤ˆ OBS is considered no further.
Also as expected, the main/internal validation study MLE
(␤ˆ I,ML) was always more efficient than the estimator ␤ˆ I based
only on the (D, E) pairs in the internal validation sample, so
that ␤ˆ I is not tabulated. Of much interest, however, is the fact
that the closed-form estimator ␤ˆ G is extremely competitive with
the corresponding MLE (␤ˆ I,ML) for the main study/internal validation study design, both in terms of bias and variability.
Likewise with respect to the combined main/internal/external
study design, the closed-form estimator ␤ˆ S is an excellent alternative to the MLE (␤ˆ C,ML), actually outperforming it in terms of
bias and variance in all cases displayed in Table 3. As expected,
the 2 robust estimators (␤ˆ R and ␤ˆ LR,.10) are less efficient than ␤ˆ S
under transportability, although the loss of efficiency is minimal.
Table 3 suggests that ␤ˆ LR, .10 enjoys a slight edge over ␤ˆ R when
comparing the robust estimators under transportability. The CI
coverages for ␤ˆ R are not shown, as they were nearly identical to
those for ␤ˆ LR,.10 in all instances.
Table 4 leads to very similar conclusions in the setting
of a protective effect, where nE ⫽ 200, 1 ⫽ 0.2 and 0 ⫽
0.3, corresponding to a true ln(OR) of ⫺0.539 (OR ⫽ 0.583).
In Table 5, we summarize simulations under the same conditions as in Table 3 except that the external validation
sample size (nE) is increased from 200 to 1000. Despite the
large-sample optimality of the MLEs, note that ␤ˆ G remains very
nearly as efficient as ␤ˆ I,ML, and ␤ˆ S generally continues to outperform ␤ˆ C,ML under these conditions. The sacrifice in efficiency
associated with the robust estimator ␤ˆ LR,.10 relative to ␤ˆ S remains
fairly minor in all scenarios considered under transportability
(Tables 3–5). This corresponds to the fact that the rejection rate
(type I error) of the likelihood ratio test for transportability
(Appendix A.2) remained close to the nominal level in these
cases.

Under Nontransportability
In Table 6, we summarize simulations aimed at evaluating estimators in the event that transportability fails to hold,
© 2007 Lippincott Williams & Wilkins
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TABLE 3. Simulation Results Under Transportability (True parameter values: 1 ⫽ 0.6, 0 ⫽ 0.3, ␤ ⫽ 1.253)*
SE ⴝ 0.6, SP ⴝ 0.7

␤ˆ OBS
␤ˆ I,ML†
␤ˆ G
␤ˆ C,ML†
␤ˆ S
␤ˆ R
␤ˆ LR,.10
95%
95%
95%
95%

CI
CI
CI
CI

coverage
coverage
coverage
coverage

(␤ˆ OBS)
(␤ˆ G)
(␤ˆ S)
(␤ˆ LR,.10)

SE ⴝ 0.6, SP ⴝ 0.9

SE ⴝ 0.8, SP ⴝ 0.7

SE ⴝ 0.8, SP ⴝ 0.9

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

0.378 (0.290)
1.299 (0.596)
1.207 (0.582)
1.299 (0.579)
1.223 (0.569)
1.212 (0.574)
1.218 (0.571)
14.9%
95.5%
96.0%
95.8%

0.367 (0.181)
1.279 (0.354)
1.230 (0.356)
1.278 (0.346)
1.240 (0.346)
1.234 (0.350)
1.239 (0.347)
0.2%
95.1%
95.5%
95.3%

0.699 (0.318)
1.300 (0.516)
1.226 (0.513)
1.287 (0.486)
1.251 (0.476)
1.236 (0.496)
1.246 (0.485)
54.5%
95.8%
95.9%
96.0%

0.701 (0.194)
1.276 (0.303)
1.249 (0.303)
1.274 (0.291)
1.260 (0.290)
1.253 (0.299)
1.259 (0.295)
19.2%
95.4%
95.2%
95.0%

0.615 (0.295)
1.304 (0.530)
1.213 (0.524)
1.294 (0.502)
1.241 (0.492)
1.223 (0.508)
1.236 (0.498)
38.9%
95.2%
95.7%
95.5%

0.612 (0.181)
1.277 (0.314)
1.237 (0.315)
1.274 (0.305)
1.252 (0.304)
1.242 (0.310)
1.247 (0.306)
5.7%
95.2%
95.8%
95.5%

0.889 (0.294)
1.296 (0.437)
1.244 (0.428)
1.280 (0.401)
1.262 (0.398)
1.251 (0.416)
1.256 (0.411)
76.9%
95.9%
95.6%
95.6%

0.881 (0.187)
1.266 (0.263)
1.255 (0.261)
1.264 (0.254)
1.258 (0.253)
1.256 (0.257)
1.257 (0.255)
48.8%
94.4%
94.7%
94.5%

*nE ⫽ 200; Internal validation sampling rate ⫽ 25%; 2500 simulations in each case. Cells corresponding to estimators report empirical mean and standard deviation (in
parentheses).
†
In rare instances with n ⫽ 200 (ⱕ0.5% of runs), one or both ML estimates were unrealistically large in absolute value and were discarded.

TABLE 4. Simulation Results Under Transportability (True parameter values: 1 ⫽ 0.2, 0 ⫽ 0.3, ␤ ⫽ ⫺0.539)*
SE ⴝ 0.6, SP ⴝ 0.7

␤ˆ I,ML†
␤ˆ G
␤ˆ C,ML†
␤ˆ S
␤ˆ R
␤ˆ LR,.10
95% CI coverage (␤ˆ G)
95% CI coverage (␤ˆ S)
95% CI coverage (␤ˆ LR,.10)

SE ⴝ 0.6, SP ⴝ 0.9

SE ⴝ 0.8, SP ⴝ 0.7

SE ⴝ 0.8, SP ⴝ 0.9

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

⫺0.589 (0.695)
⫺0.545 (0.681)
⫺0.588 (0.684)
⫺0.543 (0.668)
⫺0.546 (0.673)
⫺0.544 (0.667)
96.6%
96.7%
96.8%

⫺0.556 (0.396)
⫺0.521 (0.388)
⫺0.556 (0.392)
⫺0.525 (0.383)
⫺0.522 (0.385)
⫺0.524 (0.383)
96.2%
96.2%
96.1%

⫺0.577 (0.577)
⫺0.503 (0.540)
⫺0.566 (0.542)
⫺0.508 (0.505)
⫺0.505 (0.524)
⫺0.509 (0.514)
97.2%
97.5%
97.4%

⫺0.559 (0.328)
⫺0.526 (0.322)
⫺0.559 (0.325)
⫺0.536 (0.317)
⫺0.530 (0.320)
⫺0.535 (0.318)
96.7%
96.3%
96.3%

⫺0.591 (0.638)
⫺0.513 (0.588)
⫺0.586 (0.613)
⫺0.513 (0.573)
⫺0.512 (0.577)
⫺0.511 (0.580)
97.2%
97.4%
97.4%

⫺0.557 (0.350)
⫺0.514 (0.344)
⫺0.555 (0.346)
⫺0.520 (0.337)
⫺0.516 (0.340)
⫺0.519 (0.337)
96.3%
96.7%
96.6%

⫺0.574 (0.508)
⫺0.516 (0.467)
⫺0.561 (0.470)
⫺0.527 (0.439)
⫺0.521 (0.455)
⫺0.523 (0.447)
97.1%
96.9%
96.8%

⫺0.553 (0.284)
⫺0.535 (0.278)
⫺0.551 (0.279)
⫺0.539 (0.273)
⫺0.536 (0.276)
⫺0.538 (0.277)
96.7%
96.3%
96.2%

*nE ⫽ 200; Internal validation proportion sampling rate ⫽ 25%; 2500 simulations in each case. Cells corresponding to estimators report empirical mean and standard deviation
(in parentheses).
†
In rare instances with n ⫽ 200 (ⱕ0.5% of runs), one or both ML estimates were unrealistically large in absolute value and were discarded.

TABLE 5. Simulation Results Under Transportability (True parameter values: 1 ⫽ 0.6, 0 ⫽ 0.3, ␤ ⫽ 1.253)*
SE ⴝ 0.6, SP ⴝ 0.7

␤ˆ I,ML†
␤ˆ G
␤ˆ C,ML†
␤ˆ S
␤ˆ LR,.10
95% CI coverage (␤ˆ G)
95% CI coverage (␤ˆ S)
95% CI coverage (␤ˆ LR,.10)

SE ⴝ 0.6, SP ⴝ 0.9

SE ⴝ 0.8, SP ⴝ 0.7

SE ⴝ 0.8, SP ⴝ 0.9

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

(n ⴝ 200)

(n ⴝ 500)

1.318 (0.594)
1.237 (0.597)
1.308 (0.561)
1.248 (0.562)
1.243 (0.569)
95.5%
96.2%
96.1%

1.277 (0.364)
1.227 (0.366)
1.272 (0.355)
1.245 (0.355)
1.243 (0.537)
94.9%
94.8%
94.7%

1.305 (0.518)
1.220 (0.520)
1.290 (0.469)
1.257 (0.466)
1.250 (0.483)
95.2%
95.8%
95.6%

1.273 (0.293)
1.246 (0.296)
1.266 (0.280)
1.257 (0.279)
1.255 (0.283)
96.2%
95.8%
95.8%

1.311 (0.527)
1.222 (0.523)
1.298 (0.487)
1.254 (0.480)
1.249 (0.491)
95.6%
95.9%
95.7%

1.273 (0.314)
1.240 (0.315)
1.272 (0.304)
1.260 (0.302)
1.256 (0.305)
95.1%
95.0%
94.8%

1.296 (0.425)
1.251 (0.429)
1.281 (0.393)
1.269 (0.391)
1.264 (0.406)
95.6%
96.0%
95.4%

1.265 (0.256)
1.256 (0.260)
1.262 (0.243)
1.259 (0.243)
1.258 (0.246)
96.3%
95.6%
95.7%

*nE ⫽ 1000; Internal validation sampling rate ⫽ 25%; 2500 simulations in each case. Cells corresponding to estimators report empirical mean and standard deviation (in
parentheses).
†
In rare instances with n ⫽ 200 (ⱕ0.5% of runs), one or both ML estimates were unrealistically large in absolute value and were discarded.

ie, where SE⫽SEE or SP⫽SPE. We examine several scenarios, assuming that SEE and SPE are both high (0.9) or low
(0.6). In general, the results highlight the potential fallibility
© 2007 Lippincott Williams & Wilkins

of the 2 estimators ␤ˆ C,ML and ␤ˆ S that directly combine information from the external validation sample with that of the
main/internal validation study. With SEE and SPE set at 0.9
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TABLE 6. Simulation Results Under Non-Transportability (True parameter values: 1 ⫽ 0.6, 0 ⫽ 0.3, ␤ ⫽ 1.253)*
SEE ⴝ 0.9, SPE ⴝ 0.9

␤ˆ G
␤ˆ C,ML
␤ˆ S
␤ˆ R
␤ˆ LR,.10
95% CI coverage (␤ˆ G)
95% CI coverage (␤ˆ S)
95% CI coverage (␤ˆ LR,.10)
LR test rejection rate†

SEE ⴝ 0.6, SPE ⴝ 0.6

SE ⴝ 0.6,
SP ⴝ 0.6

SE ⴝ 0.6,
SP ⴝ 0.9

SE ⴝ 0.9,
SP ⴝ 0.6

SE ⴝ 0.9,
SP ⴝ 0.9

SE ⴝ 0.6,
SP ⴝ 0.9

SE ⴝ 0.9,
SP ⴝ 0.6

1.241 (0.610)
0.751 (0.393)
0.722 (0.381)
1.241 (0.610)
1.241 (0.610)
95.3%
70.8%
95.2%
99.2%

1.226 (0.490)
1.085 (0.386)
1.112 (0.407)
1.224 (0.488)
1.222 (0.488)
96.0%
93.8%
95.9%
79.8%

1.205 (0.521)
1.012 (0.382)
1.030 (0.391)
1.202 (0.519)
1.200 (0.518)
95.5%
91.0%
95.3%
86.5%

1.257 (0.392)
1.748 (0.590)
1.351 (0.642)
1.257 (0.393)
1.257 (0.392)
95.8%
95.6%
95.8%
98.8%

1.232 (0.506)
1.509 (0.595)
1.317 (0.646)
1.233 (0.508)
1.234 (0.513)
96.0%
95.4%
95.9%
86.2%

1.219 (0.514)
1.546 (0.592)
1.335 (0.636)
1.221 (0.516)
1.225 (0.527)
96.0%
95.8%
95.7%
77.4%

*n ⫽ 200; nE ⫽ 200; Internal validation sampling rate ⫽ 25%; 2500 simulations in each case. Cells corresponding to estimators report empirical mean and standard deviation
(in parentheses).
†
Empirical power of LR test for transportability (see Appendix A.2).

and when one or both of the corresponding parameters in the
main/internal study are lower, we see negative bias in both
␤ˆ C,ML and ␤ˆ S and subnominal CI coverage associated with ␤ˆ S
(particularly when SE⫽SP⫽0.6). On the other hand, with
SEE and SPE both low (0.6) and with either SE or SP
substantially higher, we find both ␤ˆ C,ML and ␤ˆ S to be inflated
away from the null. In this case the bias associated with ␤ˆ C,ML
is markedly worse than that of ␤ˆ S, whereas the latter displays
reasonable CI coverage but substantially higher variability
than its competitors.
The proposed robust estimators (␤ˆ R and ␤ˆ LR,.10) perform
comparably in Table 6, and are nearly as efficient as
␤ˆ G , the estimator based solely on the main/internal validation
data. This indicates the discriminatory power of the likelihood ratio test (summarized in Table 6) and the resulting lack
of weight placed upon the external validation data. Although
not summarized here, further simulations assuming larger
sample sizes (n and/or nE) or more modest differences between the internal and external SE and SP parameters led to
similar conclusions regarding the possible fallibilities of
␤ˆ C,ML and ␤ˆ S under nontransportability. With larger samples,
␤ˆ R and ␤ˆ LR,.10 tend to become completely equivalent to ␤ˆ G, as
expected.

Example
To illustrate, we return to a previously published example
involving a case-control study of the association between sudden
infant death syndrome (SIDS) and maternal antibiotic use during
pregnancy,5–7,16 which provides main and internal validation
data (Table 1) as follows: n11• ⫽ 122, n10• ⫽ 442, n111 ⫽ 29,
n110 ⫽ 22, n101 ⫽ 17, n100 ⫽ 143, n01• ⫽ 101, n00• ⫽ 479, n011 ⫽
21, n010 ⫽ 12, n001 ⫽ 16, n000 ⫽ 168. The gold standard (E) exposure assessments were based on medical records and the
surrogate (X) assessments were based on self-reports of antibiotic use. A likelihood ratio test of the hypothesis of nondifferential exposure misclassification7,8 based on the Table 1 data
was not rejected (P ⫽ 0.14). For external validation data, we use
322 maternal controls from the Fetal Growth and Development
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Study,17–19 in which self-reported response to the same
maternal antibiotic use question in a postpartum interview
was cross-referenced by medical records. This study used
a case-control design to estimate the prevalence of fetal
alcohol syndrome in an urban teaching hospital and a
suburban private hospital in metropolitan Atlanta in 1993
and 1994. Cases were infants with birth weights less than
the 10th percentile for gestational age, race, and sex.
Controls, whose data are used in the current example, were
a simple random sample of singleton infants with birth
weights greater than the 10th percentile. These data provide cell counts (Table 2) as follows: m11 ⫽ 69, m10 ⫽ 37,
m01 ⫽ 69, and m00 ⫽ 147.
Table 7 summarizes the results of our analysis based on
these 2 sources of data, with estimated odds ratios and
approximate 95% CIs obtained by exponentiating the log
odds ratio estimates and the bounds of the corresponding
log-scale intervals. First, note that estimated SE and SP were
both noticeably higher based on the main/internal validation
data from the SIDS study as opposed to the external validation data (0.60 and 0.90 versus 0.50 and 0.80, respectively).
The likelihood ratio test for transportability (Appendix A.2)
was soundly rejected (P ⫽ 0.002). This is not surprising
given the differences in populations, timing of the interviews
(ie, within 48 hours of delivery versus 2 to 3 months later),

TABLE 7. Results of Example: Association Between SIDS
and Maternal Antibiotic Use*16
Estimator

␤ˆ G
␤ˆ C,ML
␤ˆ S
␤ˆ LR,.10

Estimate
(Standard Error)

Odds Ratio Estimate
(95% CI)

0.394 (0.195)
0.417 (0.209)
0.396 (0.224)
0.394 (0.195)

1.48 (1.01–2.17)
1.52 (1.01–2.29)
1.49 (0.96–2.30)
1.48 (1.01–2.17)

*LR statistic for test of transportability: tLR ⫽ 12.59 (P ⫽ 0.002).
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etc. As a result, the example is qualitatively similar to the
simulation setting summarized in the fifth column of Table
6 under nontransportability. Based on Table 6, we might
expect a tendency for ␤ˆ C,ML (and less so, for ␤ˆ S) to be
inflated away from the null, and a tendency for ␤ˆ S to be
inefficient relative to ␤ˆ G and ␤ˆ LR,.10 despite the fact that it
makes use of more data. These tendencies appear to be
borne out in Table 7. In particular, the standard errors of
␤ˆ C,ML and ␤ˆ S are larger than those of ␤ˆ G and ␤ˆ LR,.10, leading to wider CIs. The latter 2 estimates are identical given
the significance of the LR test for transportability. This
example highlights the importance of incorporating such a
formal test before combining internal and external validation data to correct for misclassification, with failure to do
so in this case affecting the efficiency rather than the
validity of the resulting estimate of effect.

DISCUSSION
We have addressed 2 primary issues involving study
designs and statistical methods to deal with exposure misclassification. First, we have evaluated the performance of
closed-form inverse-variance weighted estimators (␤ˆ G and ␤ˆ S)
relative to numerically challenging MLEs, in study designs
using internal validation and study designs combining internal and external validation data. Secondly, we have provided
a statistical test to address the assumption of transportability of
external validation data,11 evaluated potential problems with
existing methods, and proposed estimators that remain robust
when external data are not transportable.
When external validation data are transportable, the
main conclusion of our empirical studies is that the closedform estimators ␤ˆ G and ␤ˆ S are very competitive with the
corresponding MLEs (␤ˆ I,ML and ␤ˆ C,ML), often even outperforming them in realistic situations. This is a significant
advantage in terms of avoiding the need for an iterative
computational routine to maximize the main/internal and
main/internal/external validation study likelihoods. We
also found iterative ML routines to be unreliable in rare
instances (as shown in the footnotes of Tables 3–5).
While ␤ˆ S is the preferred estimator under transportability for the combined validation study design, Table 6
demonstrates its potential invalidity or inefficiency when
external validation data are nontransportable. Thus, we
recommend a formal test of the transportability assumption
before combining internal and external validation data, and
we prefer the proposed robust estimators (␤ˆ R and ␤ˆ LR,.10) for
general use. Of these two, ␤ˆ LR,.10 is preferred due to its more
straightforward standard error calculation. Under transportability, ␤ˆ LR,.10 remained nearly as efficient as ␤ˆ S and was
always more efficient than ␤ˆ G (Tables 3–5). Under nontransportability, ␤ˆ LR,.10 was essentially equivalent to ␤ˆ G and thus
more valid or efficient than ␤ˆ S (Table 6). We should note,
however, that ␤ˆ S performed much better than the combination
study design MLE (␤ˆ C,ML) under nontransportability. Also, ␤ˆ S
is often far less biased under nontransportability than one
would expect an estimator based on a main/external-only
validation study design to be, because ␤ˆ s makes use of
© 2007 Lippincott Williams & Wilkins
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internal validation data. An external-only design allows no
assessment of transportability; the collection of at least some
internal validation data is always advisable if there is any
doubt about that assumption.
We have explored the setting of a case-control study
with binary exposure,5– 8 and provided evidence in support of
inverse-variance weighted average estimators that have been
proposed for combination internal/external validation designs
in more general contexts.9,10 Our results may motivate further
research into the use of such estimators in studies subject to
misclassification or measurement error, including extensions
of the LR test and estimators robust to nontransportability
proposed here to regression settings with covariates and
multiple error-prone exposure variables. In general, the overall best estimator is likely to be a compromise between an
efficient one under transportability using all of the data, and
one that is efficient among those using only the main and
internal validation data.
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APPENDIX
A.1. Calculation of ␤ˆ E and Its Variance

}

1

兺关{ˆ (1 ⫺ ˆ )}
d

d

⫺2

Up to a constant, we calculate the maximal unrestricted
log-likelihood value as

ˆ *,␥ˆ *)⫽
l (

ˆ d ⫽ (ˆ d* ⫹ SP̂E ⫺ 1)(SÊE ⫹ SP̂E ⫺ 1)⫺1, ˆ d* ⫽ nd1•/(nd1• ⫹ nd0•)
via the main study data (d⫽0,1), and SÊE ⫽ nI11/(nI11 ⫹ nI01)
and SP̂E ⫽ nI00/(nI00 ⫹ nI10) based on the validation data with
nI11 ⫽ n111 ⫹ n011, nI01 ⫽ n101 ⫹ n001, nI10 ⫽ n110 ⫹ n010, and
nI00 ⫽ n100 ⫹ n000 (Table 1).
The delta method-based variance is as follows:

Vâr{ln (␤ˆ E)} ⫽

A.2. LR Test for Transportability Ignoring Main
Study Data

1

The log odds ratio estimator based on the main study data
combined with the internal validation data treated as if they
ˆ 1 (1 ⫺ ˆ 0)
, where
were external is given by ␤ˆ E ⫽ ln
ˆ 0 (1 ⫺ ˆ 1)

{

(SÊE ⫹ SP̂E ⫺ 1)⫺2, and ␦ˆ d4 ⫽ (SÊE ⫺ ˆ d*) (SÊE ⫹ SP̂E ⫺ 1)⫺2
(d⫽0,1).

Vâr(ˆ d)兴

d⫽0

⫺ 2{ˆ 1(1 ⫺ ˆ 1)}⫺1{ˆ 0(1 ⫺ ˆ 0)}⫺1 Côv(ˆ 1, ˆ 0),

1

1

兺 兺n

Ixe

ln (ˆ Ixe) ⫹

x⫽0 e⫽0

1

兺 兺m

xe

ln (␥ˆ xe),

x⫽0 e⫽0

where the mxe are defined in Table 2. The nIxe are cell counts
from the internal validation study under nondifferential
misclassification, defined as in Appendix A.1. Letting
1

nI ⫽

1

1

兺兺n

Ixe

and

x⫽0 e⫽0

nE ⫽

1

兺兺m

,

xe

x⫽0 e⫽0

estimated cell probabilities are ˆ Ixe ⫽ nIxe / nI and ␥ˆ xe ⫽
mxe / nE (x, e⫽0, 1).
ˆ , ␥ˆ )
The maximal restricted log-likelihood value l (
takes the same form as l (
ˆ *, ␥ˆ *) above, except with the
estimated cell probabilities defined as follows:
ˆ I11 ⫽ SÊˆ I, ˆ I10 ⫽ (1 ⫺ SP̂) (1 ⫺ ˆ I), ˆ I01 ⫽ (1 ⫺ SÊ)ˆ I, ˆ 00 ⫽ SP̂ (1 ⫺ ˆ I)
and

where Vâr (ˆ d) ⫽ D̂d⌺̂D̂d⬘ (d⫽0,1) and Côv(ˆ 1,ˆ 0) ⫽ D̂1⌺̂D̂0⬘.
Here, ⌺̂ is the 4 ⫻ 4 diagonal matrix Diag 关Vâr 共ˆ 1*兲, Vâr 共ˆ 0*兲,
Vâr 共SÊE兲, Vâr 共SP̂E兲兴 with Vâr (ˆ d*) ⫽ ˆ d* (1⫺ˆ d*)/(nd1• ⫹ nd0•),
Vâr (SÊE) ⫽ SÊE(1⫺ SÊE)/(nI11 ⫹ nI01), and Vâr (SP̂E) ⫽ SP̂E (1⫺
SP̂E)/(nI00 ⫹nI10). Also, D̂d ⫽ (␦ˆ d1, ␦ˆ d2, ␦ˆ d3, ␦ˆ d4) (d⫽0, 1), where
␦ˆ 11 ⫽ ␦ˆ 02 ⫽ (SÊE⫹SP̂E⫺1)⫺1, ␦ˆ 12 ⫽ ␦ˆ 01⫽0, ␦ˆ d3 ⫽ ⫺(ˆ d*⫹SP̂E⫺1)
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␥ˆ 11 ⫽ SÊˆ E, ␥ˆ 10 ⫽ (1 ⫺ SP̂) (1 ⫺ ˆ E), ␥ˆ 01 ⫽ (1 ⫺ SÊ)ˆ E, ␥ˆ 00 ⫽ ŜP (1 ⫺ ˆ E),

where ˆ I⫽(n111 ⫹ n101 ⫹ n011 ⫹ n001)/nI, ˆ E ⫽ (m11⫹ m01)/
nE, SÊ ⫽ nI*11/(nI*11 ⫹ nI*01), and SP̂ ⫽ nI*00/(nI*00 ⫹ nI*10), with
nI*11 ⫽ m11 ⫹ nI11, nI*01 ⫽ m01 ⫹ nI01, nI*00 ⫽ m00 ⫹ nI00, and
nI*10 ⫽ m10 ⫹ nI10. The LR test statistic follows as
ˆ ,␥ˆ ) ⫺ l(
ˆ *,␥ˆ *)兴.
⫺2关l(
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The Identification of Synergism in the
Sufficient-Component-Cause Framework
Tyler J. VanderWeele,* and James M. Robins†
Abstract: Various concepts of interaction are reconsidered in light
of a sufficient-component-cause framework. Conditions and statistical tests are derived for the presence of synergism within sufficient
causes. The conditions derived are sufficient but not necessary for
the presence of synergism. In the context of monotonic effects,
the conditions derived are closely related to effect modification on
the risk difference scale; however, this is not the case without the
assumption of monotonic effects.
(Epidemiology 2007;18: 329 –339)

T

he distinction between a biologic interaction or synergism
and a statistical interaction has frequently been noted.1–3
In the case of binary variables, concrete attempts have been
made to articulate which types of counterfactual response
patterns would constitute instances of interdependent effects.4 – 6 In what follows we reconsider the definition of
causal interdependence and its relation to that of synergism in
light of the sufficient-component-cause framework.7 Consideration of this framework gives rise to a definition of “definite
interdependence,” which constitutes a sufficient but not necessary condition for the presence of synergism within the
sufficient-component-cause framework. We then derive various empirical conditions for the presence of synergism and
provide a number of observations that illustrate the difference
between the concepts of definite interdependence and effect
modification on the risk difference scale. Although the material developed in this work arguably has implications for
applied data analysis, our principal aim here will be to extend
theory: to consider various conceptual and mathematical
relations between different notions of interaction.

Synergism and Counterfactual Response Types
Suppose that D and 2 of its causes, E1 and E2, are
binary variables taking values 0 or 1. In the discussion that
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follows, E1 and E2 are treated symmetrically so that E1 could
be relabeled as E2 and E2 could be relabeled as E1. We
assume a deterministic counterfactual framework. Let Dij()
be the counterfactual value of D for individual  if E1 were
set to i and E2 were set to j. Robins8 has shown that standard
statistical summaries of uncertainty due to sampling variability, such as P-values and confidence intervals for proportions,
have meaning in a deterministic model if and only if we
regard (i) the n study subjects as having been randomly
sampled from a large, perhaps hypothetical, source population of size N, such that n/N is very small and (ii) probability
statements and expected values refer to proportions and
averages in the source population. Because we plan to discuss
statistical tests, we adopt (i) and (ii). For event E we will
denote the complement of the event by E . The probability of
an event E occurring, P(E ⫽ 1), we will frequently simply
denote by P(E). If there were some individual  for whom
D10() ⫽ D01() ⫽ D00() ⫽ 0 but for whom D11() ⫽ 1 we
might say that there was synergism between the effect of E1 and
E2 on D because in such a case there exists an individual for
whom E1 or E2 alone is insufficient for D but for whom E1 and
E2 together yield D. There is thus joint action between E1 and E2
and so we might speak of synergism. Similarly if there were
individuals for whom D11() ⫽ D01() ⫽ D00() ⫽ 0 and
D10() ⫽ 1, or for whom D11() ⫽ D10() ⫽ D00() ⫽ 0 and
D01() ⫽ 1, or for whom D11() ⫽ D01() ⫽ D10() ⫽ 0
and D00() ⫽ 1 we might again say that some form of
synergism was present. In the first of these 3 additional cases,
we might say there is synergism because only E1 and E 2
together imply D; in the second case, because only E 1 and E2
together imply D; and in the third case, because only
E 1 and E 2 together imply D. We have considered 4 different
response patterns which manifest some form of synergism.
We will see below that these 4 response patterns and in fact
2 others are closely related to synergism within the sufficientcomponent-cause framework.
Miettinen4,5 classified the various response patterns
which arise from 2 binary causes, E1 and E2, and a binary
outcome D into 16 different response types according to the
individuals’ counterfactual outcomes as enumerated in Table 1.
Types 8, 10, 12, and 14 were classified by Miettinen as
instances of causal interdependence. Types 3, 5, 7, and 9 were
classified as instances of preventive interdependence. Miettinen thus included types 3, 5, 7, 8, 9, 10, 12, and 14 as those
which constituted interdependent effects. Greenland and
Poole6 criticized this classification because it was not invariant to interchanging the reference categories (ie, relabeling

329

Epidemiology • Volume 18, Number 3, May 2007

VanderWeele and Robins

TABLE 1. Enumeration of Response Patterns to 4 Possible
Exposure Combinations
Type
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

E1 ⴝ 1,
E2 ⴝ 1

E1 ⴝ 0,
E2 ⴝ 1

E1 ⴝ 1,
E2 ⴝ 0

E1 ⴝ 0,
E2 ⴝ 0

1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0

1
1
1
1
0
0
0
0
1
1
1
1
0
0
0
0

1
1
0
0
1
1
0
0
1
1
0
0
1
1
0
0

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0

for E1 or for E2 the label “1” as “0” and “0” as “1”). Type 15,
for instance, which is not classified as exhibiting causal
interdependence in Miettinen’s system, would become a type
12 responder (which Miettinen did classify as exhibiting
causal interdependence) if E2 ⫽ 0 were relabeled E2 ⫽ 1 and
vice versa. Greenland and Poole therefore partitioned the
types into equivalence classes, which were invariant under
the recoding of exposure indicators. Under the classification
of Greenland and Poole, the equivalence class of types 7 and
10 is invariant and is said to exhibit mutual antagonism; the
class composed of types 8, 12, 14, and 15 is invariant and
consists of those types in which disease occurs for only 1
exposure combination; the class of types 2, 3, 5, and 9 is
invariant and consists of those types in which disease occurs
for exactly 3 exposure combinations. Under the classification
of Greenland and Poole, these 3 classes constituting types 2,
3, 5, 7, 8, 9, 10, 12, 14, and 15 are all said to represent causal
interdependence. Greenland and Poole noted that if none of
types 2, 3, 5, 7, 8, 9, 10, 12, 14, or 15 are present then the
causal risk difference will be additive, so that ⺕关D11兴 ⫺
⺕关D00兴 ⫽ (⺕关D10兴 ⫺ ⺕关D00兴) ⫹ (⺕关D01兴 ⫺ ⺕关D00兴) where ⺕ denotes the average in the study population. For any individual
of one of these types it is also the case that the effect of E1 on
D cannot be determined without knowledge of the value of
E2. Later we will show, however, that Greenland and Poole’s
classification is insufficiently stringent for associating causal
interdependence with synergism in the sufficient-componentcause framework to which we now turn.
In the analysis that follows we will frequently use the
disjunctive or OR operator, , which is defined by a  b ⫽
a ⫹ b ⫺ ab and is such that a  b ⫽ 1 if and only if either
a ⫽ 1 or b ⫽ 1. A conjunction or product of the events
X1, . . ., Xn will be written as X1 . . .Xn so that X1 . . . Xn ⫽ 1 if
and only if each of the events X1, . . ., Xn takes the value 1.
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Under the sufficient-component-cause framework,7 if S1, . . ., Sn
are all the sufficient causes for D then D ⫽ S1 . . . Sn and
each Si is made up of some product of components, F1i, . . ., Fmi i,
which are binary so that Si ⫽ F1i . . . Fmi i. Following Rothman,7 we will say that 2 causes, E1 and E2, for some outcome
D, exhibit synergism if E1 and E2 are ever present together in
the same sufficient cause.9 If E1 and E 2 are present together in
the same sufficient cause then the 2 causes E1 and E2 are said
to exhibit antagonism; in this case it could also be said that E1
and E 2 exhibit synergism. Note that E1 and E2 may exhibit
both antagonism and synergism if, for example, E1 and E2 are
present together in one sufficient cause and if E1 and E 2 are
present together in another sufficient cause. In what follows
we will not maintain the distinction between synergism and
antagonism in so far as we will refer to a sufficient cause in
which both E1 and E 2 are present as synergism between E1
and E 2 rather than as antagonism between E1 and E2. It has
become somewhat customary to refer to cases of synergism
and antagonism in the sufficient-component-cause framework
as “biologic interactions.”2,10 This nomenclature, however,
may not always be appropriate. Consider a recessive disease
in which 2 mutant alleles convey the disease phenotype but
one or zero copies of the mutant allele conveys the phenotype complement. Let E1 ⫽ 1 if the allele inherited from the
mother is the mutant type and let E2 ⫽ 1 if the allele inherited
from the father is the mutant type then E1E2 is a sufficient
cause for the disease, because if E1E2 ⫽ 1 then the disease
will occur. Suppose that when both mutant types are present
(E1E2 ⫽ 1) the disease occurs because neither allele allows
for the production of an essential protein. Although there is
synergism between E1 and E2 in the sufficient cause sense, as
both E1 ⫽ 1 and E2 ⫽ 1 are necessary for the disease, there
is no biologic sense in which the 2 alleles are interacting. In
fact neither allele is involved in any activity at all, and it is
precisely this lack of action which brings about the disease.
Thus, throughout this article we will refrain from the use of
the term “biologic interaction” and will instead refer to
synergism within the sufficient-component-cause framework.
In contrast with “biologic interaction” which suggests that
causes biologically act upon each other in bringing about the
outcome, the term “synergism” suggests joint work on the
outcome regardless of whether or not the causes act on one
another.
There are certain correspondences between response
types and sets of sufficient causes. Greenland and Poole,6 in
the case of 2 binary causes, enumerate 9 different sufficient
causes, each involving some combination of E1 and E2 and
their complements along with certain binary background
causes. We may label these background causes as A0, A1, A2,
A3, A4, A5, A6, A7, A8. The 9 different sufficient causes
Greenland and Poole give are then A0, A1E1, A2E 1, A3E2,
A4E 2, A5E1E2, A6E 1E2, A7E1E 2 and A8E 1E 2. Note that in the
case of the Ai and Ei variables, the subscript denotes which of
the causes or background factors is being indicated, whereas
the subscripts for Dij denote the counterfactual outcome with
E1 set to i and E2 set to j. In many cases, not all of the 9
sufficient causes will be present. Also, if one of the background causes is unnecessary for the D (ie, some combination
© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

The Identification of Synergism

of E1, E2 and their complements are alone sufficient for D for
each member of the population) then the corresponding
background cause Ai is equal to 1 for all subjects and we will
in general suppress the Ai. Given the 9 background causes, we
thus have that
D ⫽ A0  A1E1  A2E 1 
A3E2  A4E 2  A5E1E2 
A6E 1E2  A7E1E 2  A8E 1E 2.

(1)

If one of A5, A6, A7, A8 were nonzero, then we would say that
E1 and E2 manifest a synergistic relationship. In what follows, we will assume that interventions on E1 and E2 do not
affect any background causes Ai; if they did, then the Ai
variable would be an effect of E1 and E2 rather than a
background cause.11 Furthermore, if 1 of the Ai variable were
an effect of E1 and E2, then this could obscure the identification of synergistic relationships between E1 and E2. For
example, suppose that E1 and E2 together caused A0 so that
A0 ⫽ 1 whenever E1 ⫽ E2 ⫽ 1 and suppose that A0 was itself
a sufficient cause for D. Then the A0 variable would essentially serve as a proxy for the synergism between E1 and E2.
We will thus require that none of the Ai variables are effects
of E1 and E2. It is in fact the case that it is always possible to
construct the variables A0, A1, A2, A3, A4, A5, A6, A7, A8 so
that none of the Ai variables are effects of E1 and E2 and so
that equation (1) holds.12
Knowing whether there is a synergism between E1 and
E2 will in general require having some knowledge of the
causal mechanisms for the outcome D. Although a particular
set of sufficient causes, along with the presence or absence of
the various background causes A0, A1, A2, A3, A4, A5, A6, A7,
A8, for a particular individual suffices to fix a response type,
the converse is not true.6,13 That is to say, knowledge of an
individual’s response type does not generally fully determine
which background causes are present. As an example, an
individual who has A1() ⫽ A3() ⫽ 1 and Ai() ⫽ 0 for i ⫽
1, 3 has a sufficient cause completed if and only if E1 ⫽ 1 (in
which case A1E1 is completed) or E2 ⫽ 1 (in which case
A3E2 is completed). For such a individual we could write
D ⫽ E1  E2. Thus this individual would be of response
type 2 because the individual will escape disease only if
exposed to neither E1 nor E2, so that no sufficient cause is
completed. In contrast, knowledge of a individual’s response
type does not generally fully determine which background
causes are present. An individual who is of response type 2
could have either A1() ⫽ A3() ⫽ 1 and Ai() ⫽ 0 for i ⫽
1, 3, in which case we could write D ⫽ E1  E2, or
alternatively such a individual may have A5() ⫽ A6() ⫽
A7() ⫽ 1 and Ai() ⫽ 0 for i ⫽ 5, 6, 7, in which case we
could write D ⫽ E1E2  E 1E2  E1E 2. As noted by Greenland and Brumback,13 it is thus impossible in this case to
distinguish from the counterfactual response pattern alone the
set of sufficient causes E1  E2 from the set of sufficient
causes E1E2  E 1E2  E1E 2. With both sets of sufficient
causes, D will occur when either E1 or E2 is present. Whether
E1  E2 or E1E2  E 1E2  E1E 2 represents the proper de© 2007 Lippincott Williams & Wilkins

scription of the causal mechanisms for D can only be resolved
with knowledge of the subject matter in question.
Using the sufficient cause representation for D given
above, we can see that the classification of Greenland and Poole6
of those types which represent causal interdependence is insufficiently stringent for associating causal interdependence
with synergism within the sufficient-component-cause framework. Greenland and Poole include types 2, 3, 5, and 9 among
those types that are said to exhibit interdependent action.
However, types 2, 3, 5, and 9 can in fact be observed even
when D can be represented as D ⫽ A0  A1E1  A2E 1 
A3E2  A4E 2. For example, if A5 ⫽ A6 ⫽ A7 ⫽ A8 ⫽ 0 but if
for some individual , A0() ⫽ A2() ⫽ A4() ⫽ 0 and
A1() ⫽ A3() ⫽ 1 so that D共兲 ⫽ E1  E2, then, as seen
above, this would give rise to response type 2. Similarly if
A0() ⫽ A1() ⫽ A4() ⫽ 0 and A2() ⫽ A3() ⫽ 1 then
this would give rise to response type 3; if A0() ⫽ A2() ⫽
A3() ⫽ 0 and A1() ⫽ A4() ⫽ 1 this would give rise to
response type 5; if A0() ⫽ A1() ⫽ A3() ⫽ 0 and A2() ⫽
A4() ⫽ 1 this would give rise to response type 9. Response
types 2, 3, 5, and 9 might of course also arise from synergistic
relationships. As noted above, response type 2 would arise if
A0() ⫽ A1() ⫽ A2() ⫽ A3() ⫽ A4() ⫽ A5() ⫽ 0 and
A5() ⫽ A6() ⫽ A7() ⫽ 1. Without further information
concerning which causal mechanisms are present, we cannot,
in the case of types 2, 3, 5, and 9, ascertain from the
counterfactual response patterns alone whether or not a synergism is manifest. The types that Greenland and Poole
classify as not representing causal interdependence (types 1, 4, 6,
11, 13, 16) can, like types 2, 3, 5, and 9, also all be observed
when D can be represented as D ⫽ A0  A1E1  A2E 1 
A3E2  A4E 2. But all of these types, other than type 16, can
also be observed when one or more of A5, A6, A7, A8 are
nonzero. In contrast, it can be shown that types 7, 8, 10, 12,
14, and 15 cannot be present when A5 ⫽ A6 ⫽ A7 ⫽ A8 ⫽
0, ie, when D ⫽ A0  A1E1  A2E 1  A3E2  A4E 2.12 These
6 types thus clearly do constitute instances of synergism
because 1 or more of A5, A6, A7, A8 must be nonzero for such
types to be present. Thus although synergistic relationships
will sometimes be unidentified even when the counterfactual
response patterns for all individuals are known, they will not
always be unidentified. We will use the term “definite interdependence,” which we make precise in Definition 1, to refer
to a counterfactual response pattern which necessarily entails
a synergistic relationship.
Note that D10() ⫽ D01() ⫽ 0 and D11() ⫽ 1 if and
only if individual  is of response type 7 or 8; also D11() ⫽
D00() ⫽ 0 and D01() ⫽ 1 if and only if individual  is of
response type 10 or 12; also D11() ⫽ D00() ⫽ 0 and
D10() ⫽ 1 if and only if individual  is of response type 10
or 14; and finally D01() ⫽ D10() ⫽ 0 and D00() ⫽ 1 if and
only if individual  is of response type 7 or 15. The presence
of 1 of the 6 types that necessarily entail the presence of
synergism is thus equivalent to the presence of an individual
 for whom one of the following 4 conditions hold: D10() ⫽
D01() ⫽ 0 and D11() ⫽ 1; or D11() ⫽ D00() ⫽ 0 and
D01() ⫽ 1; or D11() ⫽ D00() ⫽ 0 and D10() ⫽ 1; or
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D01() ⫽ D10() ⫽ 0 and D00() ⫽ 1. Consequently, we
define definite interdependence as follows.
Definition 1 (Definite Interdependence): Suppose that D
and 2 of its causes, E1 and E2, are binary. We say that there is
definite interdependence between the effect of E1 and E2 on D if
there exists an individual  for whom one of the following holds:
D10() ⫽ D01() ⫽ 0 and D11() ⫽ 1; or D11() ⫽ D00() ⫽ 0
and D01() ⫽ 1; or D11() ⫽ D00() ⫽ 0 and D10() ⫽ 1; or
D01() ⫽ D10() ⫽ 0 and D00() ⫽ 1.
The definition of definite interdependence is equivalent
to the presence within a population of an individual with a
counterfactual response pattern of type 7, 8, 10, 12, 14, or 15.
As defined above, if E1 and E2 exhibit definite interdependence then there must be synergism between E1 and E2. If
D10() ⫽ D01() ⫽ 0 and D11() ⫽ 1, then A5 ⫽ 0 and there
will be synergism between E1 and E2. If D11() ⫽ D00() ⫽
0 and D01 ⫽ 1, then A6 ⫽ 0 and there will be synergism
between E 1 and E2. If D11() ⫽ D00() ⫽ 0 and D10() ⫽ 1,
then A7 ⫽ 0 and there will be synergism between E1 and E 2.
If D01() ⫽ D10() ⫽ 0 and D00() ⫽ 1, then A8 ⫽ 0 and
there will be synergism between E 1 and E 2. As made clear in
the discussion above, however, although definite interdependence is sufficient for a synergistic relationship, it is not
necessary. There may be synergism between E1 and E2 even
if they do not exhibit definite interdependence. Several related concepts have been considered. In Figure 1 we give a
diagram indicating the implications among these different
concepts. First, as noted by Greenland and Poole,6 effect
modification on the risk difference scale implies causal interdependence. Second, definite interdependence implies both
causal interdependence (because types 7, 8, 10, 12, 14, and 15
are a subset of types 2, 3, 5, 7, 8, 9, 10, 12, 14, and 15) and
the presence of synergism.12 No other implications among
these 4 concepts hold.
Two additional comments with regard to definite interdependence are worth noting. First, Greenland and Poole6

FIGURE 1. Implications among different concepts of interaction.
Effect modification of the risk difference: The expected
causal risk difference of E1 on D varies within strata of E2.
Causal interdependence: The presence of a response
type for whom the effect of E1 on D cannot be determined
without knowledge of E2.
Definite interdependence: Every sufficient cause representation for D must have a sufficient cause in which E1 and E2
are both present.
Synergism: The sufficient cause representation for D that
corresponds to the actual causal mechanisms for D has a
sufficient cause in which E1 and E2 are both present.
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noted that there is a one-to-one correspondence between
response types 8, 12, 14, and 15 and “cause types” corresponding to A5() ⫽ 1, A6() ⫽ 1, A7() ⫽ 1 and A8() ⫽
1, respectively, with all other Ai() ⫽ 0. They also noted that
response type 16 arises if and only if Ai() ⫽ 0 for all i.
However, they claimed that there are no other one-to-one
correspondences for the remaining 11 response types. They
failed to notice that response type 7 arises if and only if
A5() ⫽ 1 and A8() ⫽ 1 with Ai() ⫽ 0 for all iⰻ{5,8} and
that response type 10 arises if and only if A6() ⫽ 1 and
A7() ⫽ 1 with Ai() ⫽ 0 for all iⰻ{6,7}. We will see below
that this insight that response types 7 and 10 necessarily entail
a synergistic relationship is important in constructing statistical tests for the presence of synergism.
Second, the definition of definite interdependence given
above is invariant to the relabeling of the levels of E1 and E2,
ie, relabeling for E1 and/or for E2 the level “1” as “0” and “0”
as “1.” Definite interdependence as defined above is not,
however, invariant to the relabeling of the levels of D. If D is
relabeled so that “1” is “0” and “0” is “1”, then types 8, 12,
14, and 15 become types 9, 5, 3, and 2, respectively, and these
latter types do not exhibit definite interdependence. The
sufficient-component-cause framework (along with its philosophical counterpart)14 assumes that there is an asymmetry
between the event and its complement in that there is a
particular event or state that needs explaining. It is the event,
not its complement, which requires an explanation. For example, let D denote death, let E1 denote the presence of a
gene that gives rise to a peanut allergy, and let E2 denote
exposure to peanuts so that if both E1 and E2 are present the
individual will die. The event we seek to explain is death.
Suppose that the lethal allergic reaction to peanuts is the only
cause of death in a particular time horizon. In this case, we
would represent the sufficient causes for death by D ⫽ E1E2
and since E1 and E2 are present together in the same sufficient
cause we would say that E1 and E2 manifest synergism. If,
however, we were considering the outcome of survival,
 , then either E 1 or E 2 would be sufficient for averting death
D
and the sufficient causes for not dying would be represented by
 ⫽ E 1  E 2 and no synergism between E 1 and E 2 would be
D
thought to be present. We then see that the presence of
synergism for an outcome does not imply the presence of
synergism for the complement of that outcome. In the example just considered, however, it is death, not survival, that
requires explanation, and so it is synergism for the event of
death that will be of interest.

TESTING FOR SYNERGISM IN THE SUFFICIENTCOMPONENT-CAUSE FRAMEWORK
When there is no confounding of the causal effects of
E1 and E2 on D, or if there exist a set of variables C such that
conditioning on C suffices to control for the confounding of
the causal effects of E1 and E2 on D, then it is possible to
develop statistical tests for the presence of synergism. Theorem 1 gives a condition which is sufficient for the presence
of synergism and which can be statistically tested with data.
The proofs of Theorems 1 and 2, below, are given in Appendix 1. We will say that C suffices to control for the confound© 2007 Lippincott Williams & Wilkins
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ing of the causal effects of E1and E2 on D if the counterfactual variables Dij are conditionally independent of (E1, E2)
given C. If this condition holds, then P(Dij ⫽ 1兩C ⫽ c) ⫽ P(D ⫽
1兩E1 ⫽ i, E2 ⫽ j, C ⫽ c).
Theorem 1: Suppose that D and 2 of its causes, E1 and
E2, are binary. Let C be a set of variables that suffices to
control for the confounding of the causal effects of E1 and
E2 on D. If for any value c of C we have that P(D ⫽ 1兩E1 ⫽
1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D
⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⬎ 0, then there is synergism
between E1 and E2.
When the condition of Theorem 1 is met, an individual
of either type 7 or type 8 must be present and from the
discussion above it follows that there must be synergism
between E1 and E2. Theorem 1 has analogues for testing for
synergism between E1 and E 2 or between E 1 and E2 or
between E 1 and E 2. If for some c, P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0,
C ⫽ c)⫺ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺ P(D ⫽ 1兩E1 ⫽
0, E2 ⫽ 0, C ⫽ c) ⬎ 0, then an individual of type 10 or type
14 must be present and there will be synergism between E1 and
E 2. If P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽
1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c) ⬎ 0, then an
individual of type 10 or type 12 must be present and there will
be synergism between E 1 and E2. If P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0,
C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 0, C ⫽ c) ⬎ 0, then an individual of type 7 or type 15
must be present and there will be synergism between
E 1 and E 2. Theorem 1 and its analogues demonstrate that the
claim of Rothman and Greenland that “inferences about the
presence of particular response types or sufficient causes
must depend on very restrictive assumptions about absence of
other response types” is false.10(p. 339) Although their claim
holds for inference about particular response types, Theorem
1 demonstrates that it does not hold for inferences about
sufficient causes. Theorem 1 makes no assumption about the
absence of any response type.
It is interesting to note that Theorem 1 does not make
reference to probability of the outcome D when E1 and E2 are
both 0, ie, to P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c). The condition
of Theorem 1 essentially ensures the presence of some
individual  for whom D11()⫽1 and for whom D10() ⫽
D01() ⫽ 0. For such an individual, if D00() ⫽ 0, then
individual  is of type 8; if D00() ⫽ 1, then individual  is
of type 7. Theorem 1 does not distinguish between types 7
and 8; the conclusion of the theorem simply implies that an
individual of one of these 2 types must be present and thus
that there must be synergism between E1 and E2. Whether
individual is  of type 7 or type 8 will affect the probability
P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c), but it will not affect the
probability involved in the condition given in Theorem 1,
namely P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0,
E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c).
We consider an example concerning the effects of
smoking and asbestos on lung cancer. For the purpose of this
example we will ignore sampling variability. Suppose that the
rate ratios for lung cancer given smoking status S and asbestos exposure A are given in Table 2. Let Rij be the risk (ie,
© 2007 Lippincott Williams & Wilkins
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TABLE 2. Rate Ratios of Lung Cancer for Smoking and
Asbestos Exposure

S⫽0
S⫽1

Aⴝ0

Aⴝ1

1
10

3
30

S indicates smoking status; A, asbestos exposure.

cumulative incidence) of lung cancer before age 60 if smoking status S is i and asbestos exposure A is j , and let RRij be
the relative risk of lung cancer before age 60 for individuals
with S ⫽ i and A ⫽ j compared with lung cancer risk for
individuals unexposed to smoking and asbestos. Since in all
smoking-asbestos categories the risk of lung cancer before
age 60 is small, the risk ratio RRij closely approximates the rate
ratios in Table 2. Suppose that the data are unconfounded by
other factors so that Rij ⫽ P(D ⫽ 1兩S ⫽ i, A ⫽ j). The condition
of Theorem 1 may be written as R11⫺R01⫺R10 ⬎ 0. By dividing this condition by R00 the condition can be rewritten as
RR11⫺RR01⫺RR10 ⬎ 0. In this case, RR11⫺RR01⫺RR10 ⫽
30⫺3⫺10 ⫽ 17 ⬎ 0. We could thus conclude that synergism
between smoking and asbestos exposure was present in the
sufficient cause sense. Note that the conclusion of the presence of synergism in the sufficient cause sense holds in spite
of the fact that the multiplicative risk model holds, ie, RR11 ⫽
RR01RR10. Note further that the conclusion of the presence of
synergism in the sufficient cause sense did not preclude cases
in which one or both factors are sometimes preventive. For
example, for certain individuals, exposure to asbestos might
protect against lung cancer. This might be the case if (i) there
exist individuals who carry a very low risk of smokinginduced cancer due to a genetic polymorphism but who still
suffer from smoking-induced chronic bronchitis and (ii) the
narrowed airways and increased mucous caused by their
bronchitis trap and eliminate asbestos fibers that would have
otherwise reached the lung parenchyma. Theorem 1 can still
be applied to such cases. The example, of course, is rather
simplified in that smoking and asbestos exposure are better
captured by continuous rather than binary measures. The
difficulties that continuous variables pose to the sufficientcomponent-cause framework are taken up in the Discussion
section. Also, in practice, with finite samples, one must use
various statistical tests and methods of statistical inference to
determine whether the condition given in Theorem 1 holds.
One such statistical test is given in Appendix 2. Such tests
can be used empirically with epidemiologic data to test for
synergism in the sufficient-component-cause framework.
Limitations of such tests are discussed at the end of the paper.

TESTING FOR SYNERGISM UNDER THE
ASSUMPTION OF MONOTONIC EFFECTS
We next consider a context in which the direction of the
effect (positive or negative) that E1 and E2 have on D is
known. We make these ideas precise by introducing the
concept of a monotonic effect. Considerable intuition regarding synergism can be garnered by the consideration of the
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setting of monotonic effects. Furthermore, as will be seen
shortly, the setting of monotonic effects also allows for the
construction of more powerful tests for detecting synergism
than is possible without the assumption.
Definition 2 (Monotonic Effect): We will say that E1
has a positive monotonic effect on D if for all individuals 
we have Dij() ⱖ Di⬘j() whenever i ⱖ i⬘; we will say that E2
has a positive monotonic effect on D if for all individuals 
we have Dij() ⱖ Dij⬘ () whenever j ⱖ j⬘. Similarly, we will
say that E1 has a negative monotonic effect on D if for all
individuals  we have Dij() ⱕ Di⬘j() whenever i ⱖ i⬘
and that E2 has a negative monotonic effect on D if for all
individuals  we have Dij() ⱕ Dij⬘() whenever j ⱖ j⬘.
The definition of a monotonic effect essentially requires
that some intervention either increase or decrease some other
variable D—not merely on average over the entire population, but rather for every individual in that population, regardless of the other intervention. The requirements for the
attribution of a monotonic effect are thus considerable. However, whenever a particular intervention is always beneficial
or neutral for all individuals, there is a positive monotonic
effect; whenever the intervention is always harmful or neutral
for all individuals, there is a negative monotonic effect. The
assumption of monotonic effects has been used elsewhere in
the context of concepts of interaction,9,10,11,15 and it is sometimes referred to as an assumption of “no preventive effects”
or purely “causative factors.” It can be shown that E1 has a
positive monotonic effect on D if and only if E 1 is not present
in any sufficient cause. Similarly, E1 has a negative monotonic effect on D if and only if E1 is not present in any
sufficient cause (though E 1 may still be present).
Theorem 2 gives a result similar to that of Theorem 1
but under the assumption that both E1 and E2 have positive
monotonic effects on D.
Theorem 2: Suppose that D and 2 of its causes, E1 and
E2, are binary and that E1 and E2 have a positive monotonic
effect on D. Let C be a set of variables that suffices to control
for the confounding of the causal effects of E1 and E2 on D. If
for any value c of C we have that P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C
⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2
⫽ 0, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c), then there is
synergism between E1 and E2.
The condition provided in Theorem 2 has obvious
analogues if one or both of E1 and E2 are replaced by
E 1 and E 2, respectively, and if one or both of E1 and E2 have
a negative monotonic effect rather than a positive monotonic
effect on D. If the condition of Theorem 2 is met, an
individual of type 8 must be present. Individuals of type 7, the
other type that entails synergism between E1 and E2, are
precluded because E1 has a positive monotonic effect on D (and
similarly because E2 has a positive monotonic effect on D).
Rothman and Greenland10 noted the equivalent result in the
setting of no confounding factors. A statistical test for the
condition of Theorem 2 is given in Appendix 2. As noted above,
such tests can be used empirically with epidemiologic data to
test for synergism in the sufficient-component-cause framework.
Note that the general condition of Theorem 1 for detecting the
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presence of synergism between E1 and E2, P(D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⬎ 0, is stronger than the condition,
P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1,
C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⫹ P(D ⫽ 1兩E1 ⫽
0, E2 ⫽ 0, C ⫽ c) ⬎ 0, required in the setting of monotonic
effects. Indeed the former clearly implies the latter. The
statistical tests based on this condition in the setting of
monotonic effects will thus be more powerful than the equivalent tests in the general setting.

EFFECT MODIFICATION AND SYNERGISM
Theorem 2 suggests the risk difference scale as the
means by which to test for synergism in the presence of
monotonic effects. As will be seen below and as has been
pointed out before, effect modification on the risk difference
scale need not imply any form of synergy. Furthermore, in the
presence of confounding, effect modification on the risk
difference scale need not even imply the modification of an
actual causal effect. Nevertheless, Theorem 2 can be interpreted
as stating that, conditional on confounding factors, if the risk
difference for E1 in the strata E2 ⫽ 1 is greater than the risk
difference for E1 in the strata E2 ⫽ 0, then E1 and E2 must
exhibit synergism. The condition can also be rewritten as P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c) ⬎
{P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0,
C ⫽ c)} ⫹ {P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽
0, E2 ⫽ 0, C ⫽ c)}, ie, the effect of E1 and E2 is greater than
the sum of the effects of E1 and E2 separately. The result is in
many ways intuitive and not at all surprising. Nevertheless,
several distinctions between the categories of effect modification on the risk difference scale and that of definite interdependence or synergism must be kept in mind. We give
numerical examples in Appendix 3 to demonstrate the following observations. First, it is possible to have effect modification on the risk difference scale without the presence of
synergism in the sufficient-component-cause framework (see
Appendix 3, Numerical Example 1). This situation may arise
when the effect modification is in the opposite direction of
that required by Theorem 2.
Second, it is furthermore the case that the absence of
effect modification on the risk difference scale does not imply
the absence of synergism. In other words, if P(D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c) ⬎ P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c),
then there must be synergism. Yet even if P(D ⫽ 1⫺E1 ⫽ 1,
E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c) ⱕ P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c),
there may be a synergistic relationship (see Appendix 3,
Numerical Example 2). Thus, Theorem 2 gives a condition
(in terms of effect modification on the risk difference scale)
that, in the setting of monotonic effects, is sufficient for
synergism but not necessary. Third, if it is not the case that
both E1 and E2 have a monotonic effect on D, then we may
have P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽
1) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0),
even when there is no synergism. Furthermore in such cases
we can also have E2 acting as a qualitative effect modifier for
© 2007 Lippincott Williams & Wilkins
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the risk difference of E1 on D without E1 and E2 manifesting
synergism (see Appendix 3, Numerical Example 3).
These comments and the 3 numerical examples in the
Appendix thus help clarify the conceptual distinction between
effect modification on the risk difference scale and synergism, even in the presence of monotonic effects. There can be
effect modification on the risk difference scale without the
presence of synergism. There can be synergism without the risk
difference condition P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽
1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0,
C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c) holding. And,
finally, outside the context of monotonic effects, we may have
P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽
c) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽
0, C ⫽ c) without the presence of synergism.

DISCUSSION
The present work has extended the literature on the
relationship between counterfactual response types and the
concept of synergism in the sufficient-component-cause
framework. The study contributes to the conceptual literature
on synergism and provides novel tests for detecting synergistic relationships. The specific contributions of the study are as
follows. First, we have provided a complete characterization,
in the context of 2 binary causes, of those response types that
necessarily entail synergism in the sufficient-componentcause framework; the collection of these response types we
have given the label “definite interdependence.” Second, this
characterization has allowed for the derivation of empirical
conditions which, under the assumption of no unmeasured
confounders, necessarily entail the presence of synergism
(Theorems 1 and 2). Theorem 2, in the context of monotonic
effects, is a straightforward generalization of previous results
in the literature. However, Theorem 1, which makes no
assumptions about the absence of certain response types, is
entirely novel. These results can be used to empirically test
for synergism in the sufficient-component-cause framework.
Third, we have illustrated through a series of numerical examples in Appendix 3 the distinction between the concept of effect
modification on the risk difference scale and the conditions
which necessarily entail the presence of synergism.
Several issues merit further attention. First, it is to be
noted that the sufficient-component-cause framework is limited in an important respect: it is restricted to binary variables
(or variables that can be recoded as binary variables). Thus, in
biologic systems governing continuous variables, the concept
of synergism arising from the sufficient-component-cause
framework is not applicable. Note that it has also been
pointed out that with continuous variables it furthermore
becomes difficult to separate assumptions about interaction
from those of induction time and dose-response.16,17 Second,
the tests for synergism could be extended to the case of 3 or
more variables. We have addressed this extension in related
research.12 Third, the discussion in the article has assumed a
deterministic counterfactual and sufficient-component-cause
setting. Relationships between a stochastic counterfactual
setting (wherein each individual has a certain probability of
disease under each of the 4 exposure combinations) and
© 2007 Lippincott Williams & Wilkins
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stochastic sufficient causes (wherein when a sufficient cause
is completed, the individual has a certain probability of the
outcome) could also be considered. Finally, our focus has
been conceptual, with relatively little attention given to applied data analysis. It has been noted elsewhere that the
power for tests of interaction are often low in many study
settings.18 Further work remains to be done in examining
whether the statistical tests derived in this article could be
usefully employed in actual studies. Recent studies in genetics with regard to gene-gene and gene-environment interactions might be a fruitful area in which to examine the
potential utility of these tests.
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APPENDIX
Appendix 1: Proofs
Proof of Theorem 1
Suppose that for some set of variables V,
⺕关D11 ⫺ D01 ⫺ D10兩V ⫽ 兴 ⬎ 0,
then there must be some individual  for whom V ⫽ v and
D11() ⫽ 1 but D01() ⫽ D10() ⫽ 0; for if one of
D01(), D10() were always 1 whenever D11() ⫽ 1 then
D11()⫺D01()⫺D10() would be less than or equal to zero
for all  and so we would have that
⺕关D11 ⫺ D01 ⫺ D10兩V ⫽ 兴 ⱕ 0.
Let V ⫽ C. The condition ⺕关D11 ⫺ D01 ⫺ D10兩C ⫽ c兴 ⬎ 0
implies definite interdependence and thus the presence of
synergism. Because C is a set of variables that suffices to
control for the confounding of the causal effects of E1 and
E2 on D, we have that the counterfactual variables Dij are
conditionally independent of (E1, E2) given C. Thus we
have, ⺕关D11 ⫺ D01 ⫺ D10兩C ⫽ c兴 ⫽ ⺕关D11兩E1 ⫽ 1, E2 ⫽
1, C ⫽ c兴 ⫺ ⺕关D01兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c兴 ⫺ ⺕关D10兩E1 ⫽
1, E2 ⫽ 0, C ⫽ c兴 ⫽ P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽
c) ⫺ P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c) ⫺ P共D ⫽ 1兩E1 ⫽
1, E2 ⫽ 0, C ⫽ c). Consequently, if P共D ⫽ 1 ⫺ E1 ⫽
1, E2 ⫽ 1, C ⫽ c) ⫺ P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽
c) ⫺ P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⬎ 0 then E1 and E2
must exhibit synergism.

have B3() ⫽ 0 for all  and so there must be synergism
between E1 and E2. Now let V ⫽ C then we have that
synergism is implied by the condition
⺕关(D11 ⫺ D01) ⫺ (D10 ⫺ D00)兩C ⫽ c兴 ⬎ 0. Because C is a set
of variables that suffices to control for the confounding of the
causal effects of E1 and E2 on D we have that the counterfactual variables Dij are conditionally independent of (E1, E2)
given C and so we have,
⺕关(D11 ⫺ D01) ⫺ (D10 ⫺ D00)兩C ⫽ c兴 ⫽ {⺕关D11兩C ⫽ c兴 ⫺ ⺕关D01兩C ⫽
c兴} ⫺ {⺕关D10兩C ⫽ c兴 ⫺ ⺕关D00兩C ⫽ c兴兲} ⫽ {⺕关D11兩E1 ⫽ 1,E2 ⫽ 1,
C ⫽ c兴⫺⺕关D01兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c兴} ⫺ {⺕关D10兩E1 ⫽ 1, E2 ⫽ 0,

C ⫽ c兴 ⫺ ⺕关D00兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c兴)} ⫽ {P共D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 1, C ⫽ c) ⫺ P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)} ⫺ {P共D ⫽
1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⫺ P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c兲}.
Thus if P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽
1, C ⫽ c) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0,
E2 ⫽ 0, C ⫽ c) then E1 and E2 must exhibit synergism.

Appendix 2: Statistical Tests
In this Appendix we develop statistical tests related to
Theorems 1 and 2. For Theorem 1, to test the null that P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽
c)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⱕ 0 for a particular
sample one may let nij denote the number of individuals in
stratum C ⫽ c with E1 ⫽ i and E2 ⫽ j and let dij denote the
number of individuals in stratum C ⫽ c with E1 ⫽ i, E2 ⫽ j
and D ⫽ 1 then tests of the null hypothesis P(D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⱕ 0 can be constructed using
critical regions of the following form:

{

Proof of Theorem 2
We first show that if for some set of variables V,
⺕关(D11 ⫺ D01) ⫺ (D10 ⫺ D00)兩V ⫽ 兴 ⬎ 0 for some , then
there must be synergism. For each individual  define B0(),
B1(), B2() and B3() as follows: B0() ⫽ 1 if D00() ⫽ 1
and 0 otherwise; B1() ⫽ 1 if D10() ⫽ 1 and 0 otherwise;
B2() ⫽ 1 if D01() ⫽ 1 and 0 otherwise; and B3() ⫽ 1 if
D11() ⫽ 1 and D10() ⫽ D01() ⫽ 0 and 0 otherwise. Then
D00 ⫽ B0, D10 ⫽ B0  B1, D01 ⫽ B0  B2, D11 ⫽ B0  B1 
B2  B3. Suppose there is no synergism between E1 and E2;
then B3() ⫽ 0 for all  ⑀ ⍀ so that D11 ⫽ B0  B1  B2. Let
P共B0兩V ⫽ ) ⫽ b0, P共B1兩V ⫽ ) ⫽ b1,

P共B2兩V ⫽ ) ⫽ b2, P共B0B1兩V ⫽ ) ⫽ b01
,


P共B0B2兩V ⫽ ) ⫽ b02, P共B1B2兩V ⫽ ) ⫽ b12

and P共B0B1B2兩V ⫽ ) ⫽ b012.
Then P共B0兩V ⫽ ) ⫽ b0 ; P共B0 

B1兩V ⫽ ) ⫽ b0 ⫹ b1 ⫺ b01
; P共B0 



B2兩V ⫽ ) ⫽ b0 ⫹ b2 ⫺ b02
; P共B0  B1 







B2兩V ⫽ ) ⫽ b0 ⫹ b1 ⫹ b2 ⫺ (b01
⫹ b02
⫹ b12
) ⫹ b012
.
⺕关(D11 ⫺ D01) ⫺ (D10 ⫺ D00)兩V ⫽ 兴 ⫽ {P(B0 
B1  B2兩V ⫽ ) ⫺ P共B0  B2兩V ⫽ 兲} ⫺ {P共B0 


B1兩V ⫽ ) ⫺ P共B0兩V ⫽ 兲} ⫽ 关{b0 ⫹ b1 ⫹ b2 ⫺ 共b01
⫹ b02
⫹








b12) ⫹ b012} ⫺ {b0 ⫹ b2 ⫺ b02}兴 ⫺关{b0 ⫹ b1 ⫺ b01}⫺ b0 兴 ⫽






共b012
⫺ b12
⫹ b1 ⫺ b01
) ⫺ (b1 ⫺ b01
) ⫽ b012
⫺ b12
⬍ 0.
Thus if ⺕关(D11 ⫺ D01) ⫺ 共D10 ⫺ D00)兩V ⫽ 兴 ⬎ 0 we cannot
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3
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}

,

to carry out a one-sided (upper tail) test. This can be seen by
letting pij denote the true probability of D ⫽ 1 conditional on
E1 ⫽ i, E2 ⫽ j and C ⫽ c. The hypothesis P(D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 1, C ⫽ c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽
1兩E1 ⫽ 1, E2 ⫽ 0, C ⫽ c) ⱕ 0 is that (p11⫺p01⫺p10) ⱕ 0. We
dij
have that dij ⬃ Bin共nij , pij 兲 with ⺕[ ] ⫽ pij and
nij
pij(1 ⫺ pij )
dij
.
Var( ) ⫽
nij
nij
By the central limit central limit theorem
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d01
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n11
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⫹
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⬃ N共0,1)

n10
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the sufficient cause representation that corresponds to the
actual causal mechanisms for D has a sufficient cause in
which both E1 and E2 are present.

and by Slutsky’s theorem we have

冉
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3
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冊
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3
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⬃ N共0, 1).

3
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To test the hypothesis H0: (p11 ⫺ p01 ⫺ p10) ⱕ 0 vs. HA: 共 p11 ⫺
p01 ⫺p10) ⬎ 0 one may thus use the test statistic:

冉

d11

n11

冑
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.
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3
n10

If C consists of a small number of binary or categorical
variables then it may be possible to use the tests constructed
above to test all strata of C. When C includes a continuous
variable or many binary and categorical variables such testing
becomes difficult because the data in certain strata of C will
be sparse. One might then model the conditional probabilities
P(D ⫽ 1兩E1, E2, C) using a binomial or Poisson regression
model with a linear link.19 –23 For case– control studies it will
be necessary to use an adapted set of modeling techniques.22,24,25
The condition of Theorem 2 can be tested in a manner
analogous to the condition of Theorem 1. In general to test
the null that P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1, C ⫽ c)⫺P(D ⫽
1兩E1 ⫽ 0, E2 ⫽ 1, C ⫽ c) ⱕ P(D ⫽ 1⫺E1 ⫽ 1, E2 ⫽ 0, C ⫽
c)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0, C ⫽ c) for a particular sample,
tests of the null hypothesis can be constructed using critical
regions of the following form:
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Appendix 3: Numerical Examples for Effect
Modification, Definite Interdependence and
the Multiplicative Survival Model.
This appendix presents 3 computational examples illustrating the difference between effect modification on the risk
difference scale and the concepts of definite interdependence
and synergism. Recall, effect modification on the risk difference scale is said to be present if P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽
e2)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ e2) varies with the value of e2. In
the absence of confounding this is also equal to the causal risk
difference ⺕[D1e 2] ⫺ ⺕[D0e 2]. Definite interdependence between E1 and E2 is said to be manifest if every sufficient
cause representation for D must have a sufficient cause in
which both E1 and E2 (or one or both their complements) are
present. There is said to be synergism between E1 and E2 if
© 2007 Lippincott Williams & Wilkins

Numerical Example 1
We show that effect modification of the risk difference
may be present without definite interdependence or synergism.
Suppose that D, E1, and E2 are binary and that D ⫽ A0 
A1E1  A2E2. Then E1 and E2 have a positive monotonic
effect on D and E1 and E2 do not exhibit definite interdependence. Suppose further that the causal effects of E1 and E2
on D are unconfounded. Let
P共 A0) ⫽ a0, P共 A1) ⫽ a1, P共 A2) ⫽ a2, P共 A0A1) ⫽
a01, P共 A0 A2) ⫽ a02, P共 A1A2) ⫽ a12, P共 A0A1A2) ⫽ a012.
We then have P共D ⫽ 1⫺E1 ⫽ 0, E2 ⫽ 0) ⫽ P共 A0) ⫽ a0;
P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫽ P共 A0  A1) ⫽ a0 ⫹ a1 ⫺ a01;
P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1) ⫽ P共 A0  A2) ⫽ a0 ⫹ a2 ⫺ a02; and
P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1) ⫽ P共 A0  A1 
A2) ⫽ a0 ⫹ a1 ⫹ a2 ⫺ a01 ⫺ a02 ⫺ a12 ⫹ a012.
Conditional on E2 ⫽ 0, the risk difference for E1 is given by:
P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫺ P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) ⫽
a0 ⫹ a1 ⫺ a01 ⫺ a0 ⫽ a1 ⫺ a01.
Conditional on E2 ⫽ 1, the risk difference for E1 is given by:
P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1) ⫺ P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1) ⫽
a0 ⫹a1 ⫹ a2 ⫺ a01 ⫺ a02 ⫺ a12 ⫹ a012 ⫺ (a0 ⫹ a2 ⫺ a02) ⫽
(a1 ⫺ a01) ⫺ (a12 ⫺ a012).
In this example,
P共D ⫽ 1⫺E1 ⫽ 1, E2 ⫽ 1) ⫺ P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1) ⫽
(a1 ⫺ a01) ⫺ (a12 ⫺ a012)⫽a1 ⫺ a01 ⫽ P共D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 0) ⫺P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0).
We see then from this example that we can have effect modification on the risk difference scale (“statistical interaction”) even
when no synergism (or antagonism) is present. This will occur
whenever (a12⫺a012) ⫽ 0, ie, when P(A1A2) ⫽ P(A0A1A2) or
equivalently P(A0 ⫽ 1兩A1 ⫽ 1, A2 ⫽ 1) ⬍ 1.
Numerical Example 1 also sheds light on the conditions
under which a multiplicative survival model can be used to test
for synergism. The multiplicative survival model is said to hold
when P(D ⫽ 0兩E1 ⫽ 1, E2 ⫽ 1)P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽ 0) ⫽
P(D ⫽ 0兩E1 ⫽ 1, E2 ⫽ 0)P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽ 1). In
Example 1, the probabilities of survival are: P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽
0) ⫽ 1⫺a0; P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽ 1) ⫽ 1⫺a0⫺a1 ⫹ a01; P(D
⫽ 0兩E1 ⫽ 0, E2 ⫽ 1) ⫽ 1⫺a0⫺a2 ⫹ a02; P(D ⫽ 0兩E1 ⫽ 1, E2
⫽ 1) ⫽ 1⫺a0⫺a1⫺a2 ⫹ a01 ⫹ a02 ⫹ a12⫺a012 and thus: P(D
⫽ 0兩E1 ⫽ 1, E2 ⫽ 1) P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽ 0) ⫽
(1⫺a0)(1⫺a0⫺a1⫺a2 ⫹ a01 ⫹ a02 ⫹ a12⫺ a012) ⫽
1⫺a0⫺a1⫺a2 ⫹ a01 ⫹ a02 ⫹ a12⫺a012⫺a0(1⫺a0⫺a1⫺a2 ⫹
a01 ⫹ a02 ⫹ a12⫺a012); but P(D ⫽ 0兩E1 ⫽ 1, E2 ⫽ 0) P(D ⫽
0兩E1 ⫽ 0, E2 ⫽ 1) ⫽ (1⫺a0⫺a1 ⫹ a01)(1⫺a0⫺a2 ⫹ a02) ⫽
1⫺a0⫺a1 ⫹ a01⫺a0⫺a2 ⫹ a02 ⫹ a02 ⫹ a0a2⫺a0a02 ⫹ a0a1 ⫹
a1a2⫺a1a02⫺a0a01⫺a2a01 ⫹ a01a02. Thus, P(D ⫽ 0兩E1 ⫽ 1,
E2 ⫽ 1) P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽ 0)⫺P(D ⫽ 0兩E1 ⫽ 1, E2 ⫽ 0)
P(D ⫽ 0兩E1 ⫽ 0, E2 ⫽ 1) ⫽ (a12⫺a1a2)⫺(a012⫺a1a02)⫺
(a0a12⫺a2a01) ⫹ (a0a012⫺a01a02) ⫽ 0 which will generally be
nonzero so the multiplicative survival model will fail to hold in
this example. However, if A0, A1 and A2 were independently
distributed, then the above expression is zero and the multiplicative survival model holds. Somewhat more generally, if A1
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and A2 were independent of one another and also either A1 or A2
were independent of A0 then the expression would again be
zero and the multiplicative survival model would hold.
Greenland and Poole6 proposed the multiplicative survival
model as a means to assess the interdependence versus the
independence of causal effects under the setting that the
“effects of exposures are probabilistically independent of any
background causes, as well as of one another’s effect.”
Example 1 underscores the necessity for the background
causes to also be independent of one another when using the
multiplicative survival model to detect the presence of synergism. More precisely, we have shown that if E1 and E2 have
a positive monotonic effect on D and if A1 and A2 are
independent of one another and either A1 or A2 is independent
of A0, then the multiplicative survival model will hold when
there is no synergism between E1 and E2. Therefore, if, under
these assumptions, the multiplicative survival model does not
hold, then one could conclude that synergism between E1 and
E2 was present. Consideration of the use of the multiplicative
survival model to test for interactions regarding biologic
mechanisms is also given elsewhere.11,15

Numerical Example 2
We show that synergism may be present without
effect modification of the risk difference. Suppose that D,
E1 and E2 are binary, that E1 and E2 are independent and
that D ⫽ A0  A1E1  A2E2  A3E1E2. Then E1 and E2 have
a positive monotonic effect on D and E1 and E2 do exhibit
synergism. Suppose further that the causal effects of E1 and E2
on D are unconfounded. Let P(A0) ⫽ a0, P(A1) ⫽ a1, P(A2) ⫽
a2, P(A3) ⫽ a3, P(A0A1) ⫽ a01, P(A0A2) ⫽ a02, . . .,
P(A0A1A2A3) ⫽ a0123. We then have
P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) ⫽ P共 A0) ⫽ a0;
P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫽ P共 A0  A1) ⫽ a0 ⫹ a1 ⫺ a01;
P共D ⫽ 1兩E1 ⫽ 0, E2⫽1)⫽P共 A0  A2)⫽a0 ⫹ a2 ⫺ a02; and
P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1) ⫽ P共 A0  A1 
A2) ⫽ (a0 ⫹ a1 ⫹ a2 ⫹ a3) ⫺ (a01 ⫹ a02 ⫹ a03 ⫹ a12⫹a13⫹
a23) ⫹ (a012 ⫹ a013 ⫹ a023 ⫹ a123) ⫺ a0123.
Thus P(D ⫽ 1⫺E1 ⫽ 1, E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽
1)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫹ P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) ⫽
(a012⫺a12) ⫹ a3⫺(a03 ⫹ a13 ⫹ a23) ⫹ (a013 ⫹ a023 ⫹
a123)⫺a0123. Suppose now that with probability 0.5, A0 ⫽ 0,
A1 ⫽ 0, A2 ⫽ 0, A3 ⫽ 1, and with probability 0.5, A0 ⫽ 0,
A1 ⫽ 1, A2 ⫽ 1, A3 ⫽ 0, so that a3 ⫽ 0.5 and a12 ⫽ 0.5 and
a012 ⫽ a03 ⫽ a13 ⫽ a23 ⫽ a013 ⫽ a023 ⫽ a123 ⫽ a0123 ⫽ 0.
Then P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽
1)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫹ P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) ⫽
a3⫺a12 ⫽ 0.5⫺0.5 ⫽ 0. Thus, although synergism is present,
the inequality P(D ⫽ 1⫺E1 ⫽ 1, E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2
⫽ 1) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0)
fails to hold. The example demonstrates that, although the
inequality is a sufficient condition for synergism under the
setting of monotonic effects, it is not necessary. It is also
interesting to note that in this example P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽
1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫹
P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) ⫽ {a3⫺(a03 ⫹ a13 ⫹ a23) ⫹
(a013 ⫹ a023 ⫹ a123)⫺a0123}⫺(a12⫺a012) and this final expression can be rewritten as P共 A3A 0A 1A 2) ⫺ P共 A1A2A 0) . This
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equivalence suggests that the more likely that A3 occurs when
A0, A1, A2 are absent, the more power the test implied by
Theorem 2 will have to detect the synergism; on the other
hand, the more likely that A1 and A2 occur together when A0
is absent, the less power the test implied by Theorem 2 will
have to detect the synergism.
The contrast between Examples 1 and 2 is interesting.
Example 1 demonstrated that effect modification could be
present without synergism. In Example 1, effect modification
on the risk difference scale would be present whenever
P(A1A2) ⫽ P(A0A1A2)-suggesting that, in general, effect modification on the risk difference scale may be present without
synergism if the various background causes A0, A1 and A2 can
occur simultaneously, ie, when multiple causal mechanisms
may be simultaneously operative. It is, of course, also possible to have effect modification that is attributable solely to
synergism rather than to the background causes. Example 2
considered the general case of synergism between E1 and E2
under the setting of monotonic effects. The expression for
{P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽
1)}⫺{P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0)}
could be rewritten as (a012⫺a12) ⫹ (a3⫺a03⫺a13⫺a23 ⫹
a013 ⫹ a023 ⫹ a123⫺a0123). For no effect modification on the
risk difference scale to be present in Example 2, the sum of
these 2 terms would have to be zero. Note that each part of the
second term involves the subscript 3. The second term can thus
be seen as the synergistic component; it will be zero when A3 ⫽
0. We saw in Example 1 that the first term being zero,
(a012⫺a12) ⫽ 0, was the condition for no effect modification in
the case of A3 ⫽ 0. Suppose that (a012⫺a12) ⫽ 0 but A3 ⫽ 0 and
(a3⫺a03⫺a13⫺a23 ⫹ a013 ⫹ a023 ⫹ a123⫺a0123) ⫽ 0; then the
effect modification in Example 2 would be attributable solely
to synergism (ie, no effect modification would be present if
A3 ⫽ 0). Thus, in Example 1, the effect modification was
wholly attributable to the possibility of the background
causes A0, A1 and A2 occurring simultaneously, and in Example 2, if (a012⫺a12) ⫽ 0, the effect modification would be
wholly attributable to the presence of synergism. In general,
effect modification may arise due to background causes or the
presence of synergism or both.

Numerical Example 3
We show that, without monotonic effects, one may
have “superadditive” effect modification of the risk difference without definite interdependence or synergism. Suppose
that D, E1 and E2 are binary, that E1 and E2 are independent,
and that D ⫽ A1E1  A2E 1  A3E 2. Then E1 and E2 do not
exhibit definite interdependence. Suppose further that the causal
effects of E1 and E2 on D are unconfounded. Finally, suppose
that with probability 0.3, A1 ⫽ 1, A2 ⫽ 0, A3 ⫽ 1; with probability 0.3, A1 ⫽ 1, A2 ⫽ 0, A3 ⫽ 0; and with probability 0.4,
A1 ⫽ 0, A2 ⫽ 1, A3 ⫽ 0 so that a1 ⫽ 0.6, a2 ⫽ 0.4, a3 ⫽ 0.3,
a13 ⫽ 0.3 and a23 ⫽ 0. We then have
P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) ⫽ P共 A2  A3) ⫽ a2 ⫹ a3 ⫺ a23;
P共D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0) ⫽ P共 A1  A3) ⫽ a1 ⫹ a3 ⫺ a13;
P共D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1) ⫽ P共 A2) ⫽ a2; and
P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 1) ⫽ P共 A1) ⫽ a1.
© 2007 Lippincott Williams & Wilkins
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Conditional on E2 ⫽ 0, the risk difference for E1 is
given by: P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽ 0)⫺P(D ⫽ 1兩E1 ⫽ 0,
E2 ⫽ 0) ⫽ a1 ⫹ a3⫺a13⫺ (a2 ⫹ a3⫺a23) ⫽ a1⫺a2⫺a13 ⫹
a23 ⫽ 0.6⫺0.4⫺0.3 ⫽ ⫺0.1. Conditional on E2 ⫽ 1,
the risk difference for E1 is given by: P(D ⫽ 1兩E1 ⫽ 1,
E2 ⫽ 1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1) ⫽ a1⫺a2 ⫽

© 2007 Lippincott Williams & Wilkins
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0.6⫺0.4 ⫽ 0.2. In this example, P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽
1)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 1) ⬎ P(D ⫽ 1兩E1 ⫽ 1, E2 ⫽
0)⫺P(D ⫽ 1兩E1 ⫽ 0, E2 ⫽ 0) but no synergism was
present. We see also from this example that we can have
qualitative effect modification even when no synergism is
present.
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Risk Factors for Positive Tuberculin Skin Test in
Guinea-Bissau
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Anders Nauclér,*†‡ Henrik Jensen,†‡ and Peter Aaby†‡
Background: The tuberculin skin test is used for tracing of tuberculosis transmission and identifying individuals in need of prophylactic treatment.
Methods: Using a case-control study design, we recruited 220
smear-positive tuberculosis cases and 223 randomly selected healthy
community controls in Bissau, Guinea-Bissau, during 1999 –2000.
Tuberculin skin tests were performed on family members of cases
and controls (n ⫽ 1059 and n ⫽ 921, respectively). Induration of 10
mm or greater was considered positive. Risk factors were calculated
for children (⬍15 years) and adults separately in multivariate logistic regression analysis.
Results: The prevalence of positive tuberculin skin test was 41% in
case-contacts compared with 22% in control-contacts, resulting in a
prevalence ratio of 1.48 (95% confidence interval ⫽ 1.37–1.60).
Positive skin tests among case-contacts increased with age for
children, as well as with proximity to a case during the night, for
both children and adults. A Bacille Calmette Guerin scar increased
the likelihood of having a positive tuberculin skin test for adults in
case households, but not in other categories of contacts. Among
control-contacts the prevalence of positive skin test was associated
with older age in children, history of tuberculosis in the family, and
a positive tuberculin skin test of the control person.
Conclusions: Risk factors for a positive tuberculin skin test among
case- and control-contacts are closely related to tuberculosis exposure. Having a BCG scar did not increase the risk of positive skin
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test in unexposed individuals. Tuberculin skin testing remains a
useful tool for diagnosing tuberculosis infection.
(Epidemiology 2007;18: 340 –347)

T

he tuberculin skin test (TST) was introduced in the beginning of the 20th century and is one of the oldest and
most widely used immunologic tests.1 It is being used for
diagnosing active tuberculosis, for estimating the prevalence
of tuberculosis infection in populations, for identifying individuals in need of prophylactic treatment, and for tracing of
tuberculosis transmission to contacts of cases with active and
potentially infectious tuberculosis.
The present study was performed in Bissau, the capital
of Guinea-Bissau, a country on the African west coast with
approximately 1.3 million inhabitants. The country has a high
incidence of smear-positive tuberculosis (over 200/100,000
among adults).2 The Bacille Calmette Guerin (BCG) vaccination coverage in the area is high; more than 98% of
children are vaccinated in infancy.3 We evaluated potential
risk factors for positive TST in children and adults who were
in close contact with an infectious case. We also considered
the factors associated with a positive skin test in community
controls, (ie, in persons without known recent contact with
smear-positive tuberculosis cases).

METHODS
The population of the study area has been followed
regarding tuberculosis since 1996, using active and passive
case finding.2 The present study was performed within a
larger case-control study investigating the risk factors for
active tuberculosis in adults. The general design of the study
has been described in detail.4 Adults aged 15 years and older
living in Bissau, Guinea-Bissau, and with newly diagnosed
pulmonary tuberculosis were recruited and investigated at
Hospital Raoul Follereau, the national referral hospital for
tuberculosis, between May 1999 and November 2000. Direct
microscopy was performed on sputum smears from 3
consecutive morning sputum samples. Two or more smears
positive for acid fast bacilli were required for inclusion in
the study. Sputum smears were graded according to the
guidelines of the International Union Against Tuberculosis
and Lung Disease5: “scanty” for 1–9 acid fast bacilli per
100 oil immersion fields, “1⫹” for 10 –99 per 100 fields,
“2⫹” for 1–10 per 1 field and “3⫹” for more than 10 per
Epidemiology • Volume 18, Number 3, May 2007
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1 field. These tuberculosis cases are denoted “index cases”
in the present paper.
A field assistant visited the household of each index
case, a census of the members was tabulated, and socioeconomic and demographic information was recorded. A nurse
interviewed each family member regarding disease history
and exposure to the index case, checked for presence of BCG
scar, and performed a tuberculin skin test (TST) using the
Mantoux technique (2TU of RT23, Statens Serum Institut,
Copenhagen, Denmark).1 The width and length of the induration were measured 48 –72 hours later. The mean of these 2
diameters was used for analysis. An induration of 10 mm or
more was considered a positive skin reaction and possibly
reflecting tuberculosis infection.
For each index case, we recruited a community control
matched within 10-year age bands and living in a randomly
selected household in the neighborhood of the index case.
Family members of control households were investigated the
same way as family members of index case households. The
family members are denoted “case-contacts” and “controlcontacts,” respectively.
For 244 cases we recruited 231 age-matched controls.
A total of 24 cases and 8 controls lived alone and therefore
were not included in the analysis.
Houses in the study area are 1-storey, unattached,
rectangular buildings, usually with 6 – 8 rooms and inhabited
by 2– 4 families. The house is usually owned by 1 of these
families. The majority of houses do not have an internal
ceiling; this leaves a gap between the internal walls and the
roof allowing air to circulate freely among all the rooms.

Statistical Analyses
Potential risk factors for positive TST reaction among
case- and control-contacts were evaluated separately for children (⬍15 years) and adults in multivariable logistic regression models using the method of Generalized Estimating
Equations.6 This analysis approach was adopted to take into
account the clustering of contacts within households. A
compound symmetry structure was used as the working
correlation structure, and results are expressed as odds ratios
(ORs) with 95% confidence intervals (95% CIs) using empirical standard-error estimates. In a combined analysis of
case-contacts and control-contacts, we assessed statistical
interaction between type of contacts and risk factors. This
was done one-by-one and simultaneously controlling for all
other risk factors. The cases and controls themselves were
excluded from all analyses. Statistical analyses were performed using SAS for Windows, version 8.0 (SAS Institute,
Cary, NC).

Ethical Considerations
Informed consent was acquired from all participants
before enrollment. Counseling was offered before and after
HIV testing. The study was approved by the Ministry of
Health in Guinea-Bissau and by the Central Ethical Committee of Denmark.
© 2007 Lippincott Williams & Wilkins
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RESULTS
After exclusion of single households, 220 index case
households and 223 community control households were
enrolled in the study. Fifty-eight percent (127/220) of the
cases and 46% (103/223) of the controls were men. The mean
(⫾SD) age of the cases was 36.7 years (⫾13.5) and 35.2
years (⫾12.0) for the controls. There were a total of 1503
members in the case households and 1331 in the control
households; tuberculin skin testing was performed in 1059
(70%) case-contacts and 921 (69%) control-contacts. Fortytwo percent (443/1059) of the tested case-contacts and 38%
(353/921) of control-contacts were men, for a prevalence
ratio (PR) of 1.07 (95% CI ⫽ 0.98 –1.16). The mean age was
19.8 (⫾16.1) for the case contacts and 15.8 (⫾14.8) for the
control contacts (P ⬍ 0.001). BCG scar prevalence was
similar among case and control contacts (Table 1).
We assessed the risk factors for positive skin reaction in
case households (in which exposure to pulmonary smearpositive tuberculosis was documented), and among controlcontacts as a reflection of the general population. The prevalence of positive reactions for various risk factors is
presented in Table 1 and the multivariable estimates are
shown in Table 2.
The prevalence of positive skin reaction was higher in
case contacts compared with control contacts, 41% (437/
1059) versus 22% (201/921) (PR ⫽ 1.48; 95% CI ⫽ 1.37–
1.60). Of the case contacts, 45% (480/1059) had no reaction
to tuberculin at all, compared with 68% (623/921) of the
control contacts (PR ⫽ 0.66; 95% CI ⫽ 0.61– 0.72). The
distribution of skin test results in contacts in both case and
control households showed typical bimodal patterns (Figs.
1– 4 available with the online version of this article).
Both children and adults living in contact with a tuberculosis case had higher risks of positive skin reactions than
those living in contact with a community control (adjusted
OR ⫽ 2.47 关95% CI ⫽ 1.78 –3.42兴 for children and 1.89
关1.31–2.72兴 for adults). The prevalence of positive skin reaction among case-contacts was similar in males and females
among both children and adults (Table 2, Fig. 5 available
with the online version of this article). Among the controlcontacts, males had a lower risk of positive skin tests than
females until the age of 14, after which they had higher risks
(Table 2, Fig. 6 available with the online version of this
article). The risk of a positive skin test was higher among
older children than among younger children, in both case and
control households (Table 2).
Compared with the control-contacts, female case-contacts had a higher risk of being skin-test-positive than male
case-contacts (adjusted OR ⫽ 2.35 关1.62–3.39兴 for women
and 0.96 关0.52–1.79兴 for men). For children there was, however, no difference between males and females in this regard,
(3.54 关2.01– 6.25兴 for girls and 4.20 关2.03– 8.68兴 for boys). It
thus appears as if women were more likely than men to
express a positive skin reaction after exposure. As shown in
Table 3, the prevalence of positive skin reaction was higher
for women who lived either with a tuberculosis case or with
a skin-positive control, as compared with living with a skin
test-negative control. This was not true for men.
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TABLE 1. Prevalence of Positive Tuberculin Skin Test Reactions (ⱖ10 mm) for Various Risk Factors in Case- and
Control-Contacts, for Children (Age ⬍15 Years) and Adults
Case-Contacts
Children
Total
No.
Sex
Male
218
Female
264
Age (yrs)
0–4
146
5–14
336
15–24
25–34
35–49
50⫹
Ethnic group
Pepel
76
Manjaco
66
Mancanha
49
Balanta
93
Fula
42
Mandinga
37
Other
119
Presence of BCG scar
Yes
372
No
105
Missing
5
Personal history of tuberculosis
Yes
1
No
477
Missing
4
History of tuberculosis in household or family
Yes
No
Missing
Season for TST
June–Aug
163
Sept–May
319
Bacterial load in index case
Scanty, 1⫹
104
2⫹
156
3⫹
222
Proximity to case/control during day
Together major part of day
403
Together during some part
75
of day
Missing
4
Proximity to case/control during night
Same house, different room
309
Same room, different bed
105
In same bed
63
Missing
5

342

Control-Contacts
Adults

Positive
No.
(%)

52
82

(24)
(31)

31
103

(21)
(31)

Total
No.

225
352

Children

Positive
No.
(%)

120
183

(53)
(52)

269
138
99
71

143
58
69
33

(53)
(42)
(70)
(47)

Total
No.

Adults

Positive
No.
(%)

242
299

19
40

(8)
(13)

202
339

7
52

(4)
(15)

Total
No.

Positive
No.
(%)

111
269

56
86

(51)
(32)

207
73
60
40

75
22
29
16

(36)
(30)
(48)
(40)

21
18
8
32
9
8
38

(28)
(27)
(16)
(34)
(21)
(22)
(32)

81
97
53
90
51
56
149

42
50
24
56
25
26
80

(52)
(52)
(45)
(62)
(49)
(46)
(54)

120
68
42
127
46
38
100

15
15
4
12
5
1
7

(13)
(22)
(10)
(10)
(11)
(3)
(7)

79
43
48
72
39
25
74

35
16
22
19
9
8
33

(44)
(37)
(46)
(26)
(23)
(32)
(45)

106
27
1

(29)
(26)

363
212
2

206
95
2

(57)
(45)

396
142
3

46
13
0

(12)
(9)

231
148
1

83
59
0

(36)
(40)

0
133
1

(0)
(28)

16
559
2

12
290
1

(75)
(52)

1
540

0
59

(0)
(11)

6
372
2

4
137
1

(67)
(37)

5
535
1

1
58
0

(20)
(11)

18
360
2

9
132
1

(50)
(37)

178
363

16
43

(9)
(12)

118
262

46
96

(39)
(37)

NA

NA

35
99

(22)
(31)

196
381

96
207

(49)
(54)

27
44
63

(26)
(28)
(28)

140
167
270

68
92
143

(49)
(55)
(53)

108
24

(27)
(32)

428
149

224
79

(52)
(53)

2
67
35
31
1

(22)
(33)
(49)

378
108
88
3

187
62
54
0

(50)
(57)
(61)

NA

398
141

44
15

2

0

326
82
132
1

43
6
10
0

NA

(11)
(11)

(13)
(7)
(8)

268
108

107
32

4

3

263
39
75
3

(40)
(30)

97
(37)
13
(33)
29
(39)
3
(Continued)
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TABLE 1. (Continued)
Case-Contacts
Children
Total
No.
Sex of case/control
Male
215
Female
267
Age of case/control (yrs)
15–24
103
25–34
99
35–49
188
50⫹
92
Ownership of house
Yes
365
No
105
Missing
12
Presence of ceiling
Yes
66
No
407
Missing
9
Physical size of dwelling
ⱕ2 rooms
178
⬎2 rooms
293
Missing
11
Number of persons living in household
⬎5
441
ⱕ5
41
Animals indoors during night
Yes
216
No
257
Missing
9
Positive TST reaction in control
Yes
No
Missing
HIV status of case/control
Positive (1 or 2)
123
Negative
341
Missing
18

Control-Contacts
Adults

Positive
No.
(%)

Total
No.

Children

Positive
No.
(%)

Total
No.

Adults

Positive
No.
(%)

Total
No.

Positive
No.
(%)

66
68

(31)
(26)

282
295

159
144

(56)
(49)

230
311

25
34

(11)
(11)

162
218

64
78

(40)
(36)

26
29
61
18

(25)
(29)
(33)
(20)

126
131
195
125

68
73
108
54

(54)
(56)
(55)
(43)

116
158
194
73

15
13
26
5

(13)
(8)
(13)
(7)

87
92
130
71

36
26
51
29

(41)
(28)
(39)
(41)

103
27
4

(28)
(26)

418
135
24

210
74
19

(50)
(55)

368
160
13

37
19
3

(10)
(12)

280
91
9

109
30
3

(39)
(33)

25
107
2

(38)
(26)

104
452
21

51
235
17

(49)
(52)

62
455
24

6
52
1

(10)
(11)

59
300
21

24
111
7

(41)
(37)

49
83
2

(28)
(28)

243
312
22

139
149
15

(57)
(48)

267
270
4

32
26
1

(12)
(10)

155
217
8

56
83
5

(36)
(38)

121
13

(27)
(32)

490
87

251
52

(51)
(60)

444
97

49
10

(11)
(10)

307
73

114
28

(37)
(38)

60
72
2

(28)
(28)

217
339
21

108
178
17

(50)
(53)

239
282
20

26
30
3

(11)
(11)

156
207
17

59
80
3

(38)
(39)

224
220
97

29
22
8

(13)
(10)

130
191
59

61
58
23

(47)
(30)

78
379
84

8
46
5

(10)
(12)

62
244
74

16
99
27

(26)
(41)

NA

30
101
3

NA

(24)
(30)

162
397
18

82
213
8

(51)
(54)

NA indicates not applicable.

Contacts in case and control households who were tested
during the early rainy season (from June to August) tended to
have a lower risk of being skin test positive compared with those
tested during the rest of the year (OR ⫽ 0.79 关CI ⫽ 0.57–1.10兴).
Consistent with this trend, the risk of having no skin test reaction
during June to August was higher than for those tested during
the rest of the year (1.45 关1.03–2.29兴).
In neither case- nor control-contacts could we establish
a correlation between positive TST reaction and markers of
crowding, such as the number of persons living in the households or the size of the dwelling. Potential markers of economic situation, such as ownership of the house or presence
© 2007 Lippincott Williams & Wilkins

of animals in the house had no impact on skin test reactivity
(Table 2).
Sleeping in the same bed or in the same room as the
index case increased the risk of positive skin test response in
case-contacts. However, risk of positive skin test reaction was
not increased by the proximity to the case during daytime, by
the bacterial load of the case’s sputum, or by the sex or age
of the index case, in either children or adults (Table 2).
Potential markers of exposure to tuberculosis were
associated with skin test reaction also among the control
contacts. A history of tuberculosis in the family was found
to increase the risk of a positive skin test in both children
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TABLE 2. Multivariable Analysis of Risk Factors for Tuberculin Skin Test Reaction ⱖ10 mm in Case and Control Households,
Separated for Adults and Children (Age ⬍15 Years) and Adults
Case-Contacts

Risk Factor
Sex
Male vs. female
Age group (yrs)
5–14 vs. 0–4
25–34 vs. 15–24
35–49 vs. 15–24
50⫹ vs. 15–24
Ethnic group
Manjaco vs. Pepel
Mancanha vs. Pepel
Balanta vs. Pepel
Fula vs. Pepel
Mandinga vs. Pepel
Other vs. Pepel
Presence of BCG scar
Yes vs. no
Personal history of tuberculosis
Yes vs. no
History of tuberculosis in the household or family
Yes vs. no
Season for TST
June–Aug vs. Sept–May
Bacterial load in index case
2⫹ vs. 1⫹/scanty
3⫹ vs. 1⫹/scanty
Proximity to case/control during day
Together major part vs. some part
Proximity to case/control during night
Same room, different bed vs. different room
Same bed vs. different room
Sex of case/control
Male vs. female
Age of case/control (years)
25–34vs. 15–24
35–49 vs. 15–24
50– vs. 15–24
Ownership of house
Yes vs. no
Presence of ceiling
Yes vs. no
Physical size of dwelling
ⱕ2 rooms vs. ⬎2 rooms
Number of persons living in household
⬎5 vs. ⱕ5
Animals indoors during night
Yes vs. no
Positive TST reaction in control†
Yes vs. no
HIV status of case/control†
Positive (1 or 2) vs. Negative

Control-Contacts

Children
(Age <15 yrs)
(n ⴝ 458)
OR (95% CI)*

Adults
(n ⴝ 542)
OR (95% CI)*

Children
(Age <15 yrs)
(n ⴝ 491)
OR (95% CI)*

Adults
(n ⴝ 336)
OR (95% CI)*

0.74 (0.47–1.16)

0.98 (0.67–1.44)

0.54 (0.29–1.00)

2.10 (1.28–3.46)

1.75 (1.08–2.85)

5.26 (2.32–12.0)
0.63 (0.41–0.99)
2.01 (1.24–3.27)
0.67 (0.39–1.14)

0.83 (0.41–1.71)
1.74 (0.86–3.52)
0.84 (0.39–1.80)

0.84 (0.31–2.25)
0.55 (0.18–1.70)
1.16 (0.45–2.96)
0.77 (0.21–2.87)
0.90 (0.27–2.97)
1.34 (0.51–3.49)

0.94 (0.48–1.85)
0.87 (0.44–1.73)
1.39 (0.67–2.85)
0.88 (0.41–1.90)
0.74 (0.37–1.49)
0.89 (0.44–1.82)

1.63 (0.62–4.25)
0.81 (0.30–2.13)
0.69 (0.31–1.55)
0.46 (0.16–1.33)
0.23 (0.02–2.34)
0.34 (0.13–0.89)

0.91 (0.42–1.99)
0.97 (0.42–2.23)
0.37 (0.18–0.79)
0.45 (0.23–0.88)
0.79 (0.30–2.07)
1.13 (0.49–2.60)

1.26 (0.76–2.08)

1.45 (1.01–2.07)

1.60 (0.75–3.45)

0.76 (0.46–1.24)

NA

1.83 (0.64–5.24)

NA

4.46 (0.50–40.1)

NA

NA

17.3 (3.32–90.4)

3.39 (1.10–10.5)

0.81 (0.44–1.49)

0.83 (0.54–1.30)

0.68 (0.35–1.32)

1.32 (0.79–2.20)

0.93 (0.42–2.09)
0.97 (0.46–2.02)

1.22 (0.69–2.14)
1.07 (0.62–1.85)

NA

NA

0.93 (0.54–1.63)

1.06 (0.71–1.58)

0.91 (0.40–2.05)

1.52 (0.84–2.76)

1.99 (1.03–3.85)
4.15 (2.09–8.25)

1.54 (1.01–2.36)
1.38 (0.81–2.34)

0.41 (0.15–1.14)
0.61 (0.29–1.26)

1.52 (0.66–3.51)
1.11 (0.55–2.24)

1.33 (0.79–2.25)

1.15 (0.75–1.76)

0.93 (0.49–1.80)

1.67 (1.00–2.81)

1.37 (0.64–2.96)
1.25 (0.64–2.44)
0.58 (0.25–1.36)

1.26 (0.71–2.26)
1.02 (0.55–1.88)
0.74 (0.38–1.43)

0.71 (0.28–1.81)
1.16 (0.53–2.53)
0.73 (0.21–2.60)

0.75 (0.39–1.47)
1.20 (0.61–2.36)
1.26 (0.61–2.64)

1.36 (0.72–2.58)

0.92 (0.58–1.48)

0.99 (0.48–2.06)

1.24 (0.69–2.23)

1.47 (0.64–3.41)

0.82 (0.48–1.41)

0.33 (0.10–1.12)

0.98 (0.45–2.15)

0.73 (0.41–1.29)

1.25 (0.78–1.99)

1.28 (0.69–2.39)

0.86 (0.48–1.52)

1.18 (0.47–3.02)

0.89 (0.49–1.60)

0.85 (0.30–2.40)

0.96 (0.46–2.03)

0.88 (0.49–1.58)

0.90 (0.58–1.41)

0.84 (0.43–1.65)

1.17 (0.72–1.91)

NA

NA

1.69 (0.76–3.78)

2.13 (1.17–3.86)

0.56 (0.29–1.08)

0.80 (0.51–1.26)

1.04 (0.39–2.78)

0.21 (0.09–0.50)

NA indicates not applicable.
*Adjusted for all variables in table, except HIV and TST status of control. Owing to missing values of HIV status of the case/control and TST status of control these 2 factors
were not adjusted for in the multivariable model.
†

Analysis of HIV and TST status of control performed in separate analysis since many missing values, adjusting for all variables.
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TABLE 3. Effect of Exposure for Tuberculin Skin Test
Positivity in Women and Men (Adults Only)
Adjusted OR (95%CI)*
Women
Living
Living
Living
Men
Living
Living
Living

with a case
with a skin-test-positive control
with a skin-test-negative control†

4.89 (2.88–8.30)
3.39 (1.72–6.69)
1.00

with a case
with a skin-test-positive control
with a skin-test-negative control†

1.06 (0.56–1.98)
1.07 (0.31–3.72)
1.00

*Adjusted for all variables from Table 2 (including HIV-status of the control).
†

Reference category.

and adults, and a positive skin test reaction in the control
increased the risk among the adult contacts (Table 2).
Furthermore, if the control was HIV-positive then the adult
contact had a considerably reduced risk of being tuberculin-skin-test-positive. Contacts of HIV-positive tuberculosis cases were also somewhat less likely to have a positive
skin-test response. Presence of a BCG scar was found to be
a risk factor for a positive skin test in adults in the case
households, but this effect was not seen in any of the other
groups.
Among adult control contacts the risk of positive skin
reaction appeared to be higher if the control person was a man
(Table 2), but this association did not persist after adjusting
for HIV status (OR ⫽ 0.99; CI ⫽ 0.57–1.72).

DISCUSSION
We estimated the prevalence of positive tuberculin
skin-test reactions among family members in close and recent
contact with a smear-positive tuberculosis case, and in family
members without such recent contact, and we investigated
potential risk factors for positive skin-test responses. We
have presented data using a TST reaction of 10 mm or more
as positive in both case and control contacts. Performing the
analyses with 5 mm as the cut-off point for case contacts, as
recommended by some tuberculosis programs, had no impact
on the results. Several studies have shown that contact with
tuberculosis cases increases the risk of a positive skin test
reaction.7–10 In our data, both children and adults with recent
and close exposure to smear-positive tuberculosis cases were
more likely to have positive skin test than those who did not
have such contact. The prevalence was greater for casecontacts than for control-contacts of skin reactions (regardless of size).
In persons without recent tuberculosis contact, the
prevalence of positive tuberculin skin-test reaction after the
age of 15 was higher among men than women. Overall, men
in the community control households had twice the risk of
positive skin tests compared with women. The finding that
men in the general population had a higher prevalence of
positive skin-test reactions than women has also been reported in several studies from both Africa10,11 and Europe.12
© 2007 Lippincott Williams & Wilkins
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However, in our study, among persons in close contact with
a tuberculosis case, there was no sex difference in the prevalence of positive skin test reactions, suggesting that women
are more prone to develop a positive reaction once exposed.
In contrast to men, women were more likely to be skin-testpositive when living in contact with a tuberculosis case or a
positive control, compared with living with a skin-test-negative control. However, given that the tuberculin test is mainly
an indicator of past exposure, there ought to be more tuberculin positive women in the general population as well, if
women are truly more likely to react to exposure as indicated
above. To reconcile these findings, we suggest that women
might have a better primary or booster response to tuberculosis than men; women may therefore become less severely
infected and may be less likely to maintain the same level of
tuberculin positivity over time, compared with men. Whatever the mechanism, these trends suggest that there are major
differences in the way men and women respond to tuberculosis exposure.
Crowding or economic status had no apparent association with skin test responses, either in adults or children, in
either case or control households. The intensity of exposure13–15 and bacterial load14 –16 have previously been reported to be important risk factors for skin test positivity. We
could not establish an effect of the infectivity of the tuberculosis case as assessed through the bacterial load in sputum,
similar to a study performed in The Gambia.10 However,
according to previous studies,15–17 the major difference in
infectivity lies between those who are smear-positive and
those who are positive in culture only. It should be emphasized that all tuberculosis cases in our study were positive in
direct microscopy in at least 2 sputum samples. Our study
shows that close contact to the case during the night increases
the risk in both children and adults. Among controls, a
reported history of tuberculosis in the family increased the
risk of positive skin test reaction in both children and adults.
Furthermore, adult contacts had an increased risk of skin test
positivity if the control person was positive as well, presumably due to similar exposure to stimuli that might render
positive reactions.
Data regarding the influence of BCG vaccination on
TSTs are conflicting. A meta-analysis showed that immunization with BCG increased the risk of a positive skin test,18
although several studies have shown that the skin test reaction
wanes with time after BCG vaccination.7,9,11,12,18,19 In our
study, we could not establish a correlation between the
presence of a BCG scar and a positive skin test reaction
among the family members in the control households or in
children living with tuberculosis cases. However, in adults
living in case households, an association between the presence of a BCG scar and a positive skin-test reaction was
observed (adjusted OR ⫽ 1.45; 95% CI ⫽ 1.01–2.07). This
finding may be due to a boosting phenomenon, as adults with
a BCG scar had larger skin reactions compared with adults who
did not have a scar (mean ⫾ SD ⫽ 9.4 mm ⫾ 7.4 and 7.9 ⫾ 7.2,
respectively; P ⫽ 0.02). We were not able to confirm vaccination status with vaccination cards and had to use the presence of
a BCG scar instead. Because of potential problems with scar
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reading, results should be interpreted with caution. Traumatic
scars and scars from smallpox vaccination may be misclassified
as BCG scars.20 We tried to minimize this problem by using
assistants who were trained in scar reading and had performed
scar reading surveys in the area before. It is also well known that
subjects with a recorded BCG vaccination do not all develop and
retain a recognizable scar.21–23
Even though the TST is the most commonly used test
to assess potential tuberculosis infection, several papers
have pointed out that there are limitations to using this skin
test for that purpose.1,19,24 False-positive reactions may
occur due to cross-reaction with other mycobacteria sharing the same antigens,25 such as environmental nontuberculous mycobacteria,26 or as a result of BCG vaccination.27–29 Similarly, repeated tuberculin testing may result
in boosting phenomena.30 Conversely, a negative skin test
result cannot rule out tuberculosis infection in situations of
immunosuppression, which may lead to a hampered reaction to tuberculin. HIV-infection,31 as well as other viral32
or bacterial33 infections, or even a recent vaccination with
live virus,34 –36 as well as malnutrition37,38 may reduce
sensitivity to tuberculin. Seasonality in active tuberculosis
has previously been reported39,40 and we found that season
might be 1 of the immunosuppressive factors that affects the
interpretation of skin test responses. The risk of negative skin
test response was increased during the beginning of the rainy
season, from June to August, compared with the rest of the
year. Such a pattern has been demonstrated in studies previously performed in Bissau, where children who were tuberculin-tested during the early rainy season had lower frequencies of positive reactions.3,41 This may be due to a reduction
in the cell-mediated immunity during the rainy season,42 or to
the fact that other common infections during the rainy season,
such as malaria43 and respiratory infections,44 may have a
negative effects on the immune response. Shaheen et al41 and
Garly et al3 have reported a seasonal effect when adjusting
for such infections. TST performed during the early rainy
season may cause false negative reactions; and extra care
should be taken when interpreting the result. Follow-up
testing may be required in negative case contacts.
Newer serological tests, such as whole-blood interferon
␥ (IFN-␥) assays, may in the future play an important role in
diagnosing tuberculosis infection. Studies from high-endemic
populations have shown high agreement between TSTs and
IFN-␥-assay, both in children and adults, an advantage for the
newer tests being that they do not give false-positive reactions to prior BCG vaccination.45,46 The newer tests are,
however, still hampered by the higher cost and the need for
laboratory infrastructure. In our study we found that a positive TST is closely related to tuberculosis exposure, and that
having a BCG scar had no impact on the skin-test result for
unexposed persons. We believe that the inexpensive and
easily administered TST remains a useful tool for diagnosing
tuberculosis infection in high-endemic populations.
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COMMENTARY

Tuberculin Testing to Detect Latent Tuberculosis in
Developing Countries
Kenrad Nelson
Abstract: Despite the multiple studies done over several decades that
have established the utility of the tuberculin skin test (TST) for the
diagnosis of latent tuberculosis, the test is rarely used in developing
countries experiencing a resurgence of tuberculosis. Nevertheless, several clinical trials have found that treatment of HIV-positive or HIVnegative persons with latent tuberculosis is effective in the prevention
of the clinical activation of tuberculosis.
Clinicians commonly justify their failure to diagnose and treat
latent tuberculosis with the belief that BCG vaccine, even when it is
used in infancy, will cause false positive reactivity in the TST. The
important study by Gustafson and colleagues from Guinea-Bissau in
this issue of the journal refutes this belief. In this study only persons
with a history of BCG who also had household contact with an
active case of tuberculosis had increased rates of TST positivity.
Although the current emphasis is on directly observed therapy,
short course (DOTS) to control tuberculosis is necessary and critically important, it is not always sufficient to control the tuberculosis
epidemic in some countries with major epidemics of HIV. In many
of these countries, early diagnosis of active tuberculosis and prevention of activation of latent tuberculosis will also be needed. The
evidence from the Guinea-Bissau study suggests that a history of
BCG vaccination should not be an obstacle to the diagnosis and
treatment of latent tuberculosis.
(Epidemiology 2007;18: 348 –349)

T

uberculin skin testing is a well-established tool to detect
latent infection with Mycobacterium tuberculosis. Although it is an imperfect test, with both false positive and
false negative results, it remains a very useful—indeed a
critical—tool, both for epidemiologic research and the control and prevention of clinical tuberculosis. Unfortunately,
tuberculin skin testing is very much underutilized for tuberculosis control in developing countries in Africa and Asia
where there are serious HIV/AIDS epidemics. A major reason commonly given for not using the tuberculin skin test is
that prior BCG vaccination interferes with the interpretation
of a positive skin test.
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An important study of the utility of tuberculin skin
testing among a population in Guinea-Bissau is described in
this issue of the journal,1 The authors studied 1059 family
contacts of 220 smear-positive tuberculosis cases, and 921
contacts of 223 non-TB controls. They found that the tuberculin skin test performed very well in the detection of latent
tuberculosis. A BCG scar increased the likelihood of a positive skin test only in persons who had household exposure to
an active case of tuberculosis, not in the control households.
The authors correctly interpret these data to indicate that
tuberculin reactivity was due to latent M. tuberculosis
infection among those with household contact. In the
absence of such contact, BCG vaccination in infancy or
childhood rarely confounds the interpretation of a tuberculin skin test several years later. Therefore, the widespread
use of BCG among infants and children is not a general
contraindication to the use of the tuberculin skin test.
A recently published study among medical house staff
at 2 teaching hospitals in New York City found that graduates
from medical schools outside the United States were less
likely than U.S. medical school graduates to offer treatment to
prevent tuberculosis to persons with positive skin tests.2 About
half of those educated elsewhere believed that a positive skin test
was usually due to a previous BCG vaccination.
We have recently published the results of a survey of a
national sample of 300 physicians in Thailand, who were
selected by a multistage random cluster sampling of those
practicing in public hospitals throughout the country.3 Thailand has had a major outbreak of HIV since 1989, and
tuberculosis is the most common opportunistic infection
among patients with HIV in that country.4
It has been estimated that over 600,000 persons in
Thailand are currently infected with HIV.5 Over 25% of
adults have latent tuberculosis infections.6 Tuberculin skin
testing of HIV-infected patients and prophylactic therapy is
recommended officially by the Ministry of Public Health to
prevent reactivation tuberculosis in those with positive skin
tests.7 Despite these official recommendations, only 58 (19%)
of the surveyed physicians reported that they screened HIVinfected patients for latent tuberculosis and provided therapy
to skin-test reactors to prevent activation.
Many (40%) of these physicians stated that skin testing
reagents were not available in their hospital. Also 25% were
concerned that patients would not return to have their skin
test read, and 33% felt that INH therapy for latent tuberculosis infection would induce resistance or would be too toxic.
One-third of the physicians who reported treating PPDpositive patients for latent tuberculosis infection did not do
Epidemiology • Volume 18, Number 3, May 2007
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chest radiographs to rule out active tuberculosis but relied on
the absence of clinical symptoms before initiating therapy.
The underutilization of skin testing and treatment of
those with latent TB infection to prevent reactivation of
tuberculosis for skin test positives is also a problem among
physicians in the United States. A study among 630 physicians in San Francisco in 1995–1996 found that only 34%
were aware of the US Public Health Service guidelines for the
prevention of tuberculosis among HIV-positive patients and
just 39% did annual tuberculin skin testing and offered
treatment of latent TB infection to skin test reactors.8
Clearly, tuberculin skin testing of HIV-positive subjects and those recently exposed to an active case of tuberculosis are not as important as early detection and treatment
of active cases of tuberculosis (completion of a course of
effective therapy, generally with directly observed therapy,
short course, or DOTS). Nevertheless, latent tuberculosis
infection also deserves detection and treatment as part of any
comprehensive public health program to control tuberculosis.
It is of concern that skin testing and treatment of latent
tuberculosis are rarely used in areas where they would be
most useful. In some countries with an active DOTS program,
the tuberculosis epidemic has continued to expand,9,10 especially in countries with a high prevalence of HIV infection.
Additional strategies beyond DOTS are needed to control
tuberculosis in these countries.9
There are, of course, some legitimate concerns about
the implementation of a widespread program of skin testing
and treatment of latent tuberculosis infection. Inadequate
screening of skin-test-positives to rule out active tuberculosis
could lead to monotherapy of some patients with active TB
and thus promote drug resistance. Some patients will not
return to have their skin test read. However, only about 15%
of HIV-positive patients who were enrolled in a prophylactic
trial in Thailand failed to return.11 In addition, some patients
who are offered treatment of latent tuberculosis infection will
fail to adhere to a course of drug therapy. Still, with adequate
counseling and frequent follow-up, over 80% of patients
adhered to 6 –9 months of therapy for latent tuberculosis in 2
reports from Thailand.11,12 In spite of these potential pitfalls
of therapy for latent tuberculosis, a recent Cochrane review of
11 trials (which included 8130 HIV-positive participants) found
an overall lower incidence of active tuberculosis in treated
persons, (relative risk ⫽ 0.64; 95% confidence interval ⫽
0.51– 0.81).13 The benefit was greater in persons with a positive
skin test, (0.38; 0.25– 0.52) than in those who had a negative
skin test (0.83; 0.58 –1.18). In 11 trials involving 73,375 HIVuninfected patients the relative risk of tuberculosis was 0.40
(0.31– 0.52) after 6 or 12 months of isoniazid prophylaxis.14
Highly sensitive and specific in vitro assays for latent
TB infection include new diagnostic tests that detect the
secretion of interferon gamma by peripheral mononuclear
cells after exposure to RD1 antigens (ESAT6 and CFP10)
from M. tuberculosis. These tests may be superior to traditional tuberculin skin tests for the detection of latent tuberculosis infection in some situations.15 However, these tests
require a fairly sophisticated laboratory and little or no data
© 2007 Lippincott Williams & Wilkins
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are available regarding their use in immunocompromised
persons, especially those with HIV coinfection.
For the present, tuberculosis control programs in developing countries with HIV epidemics should expand both the
routine use of the tuberculin skin test to screen high-risk
populations, and treatment to prevent activation of latent
tuberculosis. The evidence from Guinea-Bissau suggests that
prior BCG vaccination should not be an obstacle in the
provision of such services.
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Work Schedule During Pregnancy and
Spontaneous Abortion
Elizabeth A. Whelan,* Christina C. Lawson,* Barbara Grajewski,* Eileen N. Hibert,†
Donna Spiegelman,‡§ and Janet W. Rich-Edwards†‡¶
Background: There is inconsistent evidence as to whether work
schedule (including rotating shifts and night work) can affect reproductive outcomes.
Methods: We investigated the association between work schedule
and risk of spontaneous abortion in U.S. nurses. The Nurses’ Health
Study II is a prospective cohort study established in 1989. In 2001,
information about occupational activities and exposures during
pregnancy was collected from female nurses for the most recent
pregnancy since 1993. Of 11,178 eligible respondents, 9547 (85%)
indicated willingness to participate in the occupational study, and
8461 of those (89%) returned the questionnaire, for an overall
participation rate of 76%. Of these, 7688 women had pregnancies
that were eligible for analysis.
Results: Participants reported 6902 live births and 786 (10%)
spontaneous abortions. Compared with women who reported usually
working “days only” during their first trimester, women who reported usually working “nights only” had a 60% increased risk of
spontaneous abortion (RR ⫽ 1.6; 95% confidence interval [CI] ⫽
1.3–1.9). A rotating schedule, with or without night shifts, was not
associated with an increase in risk (RR ⫽ 1.2 关CI ⫽ 0.9 –1.5兴 and 1.0
关CI ⫽ 0.8 –1.2兴, respectively). Women who reported working more
than 40 hours per week during the first trimester were also at
increased risk of spontaneous abortion (1.5; 1.3–1.7) compared with
women working 21– 40 hours, even after adjustment for work
schedule.
Conclusions: Nightwork and long work hours may be associated
with an increased risk of spontaneous abortion. Further studies are

needed to determine whether hormonal disturbances attributed to
night work affect pregnancy outcome.
(Epidemiology 2007;18: 350 –355)

N

early 2.7 million nurses are employed in the United
States; approximately half are women of reproductive
age.1 Many nurses maintain work schedules that include
rotating shift work, night hours, and extended hours (more
than 40 hours per week). In the last decade, shift work,
particularly rotating work and night work, has been reported
to increase the risk of certain adverse reproductive outcomes
such as spontaneous abortion.2,3,4 However, not all studies
have shown this association,5,6,7 and few studies have examined the effect of shift work on the reproductive health of
U.S. health care workers.
The mechanisms by which shift work could affect
pregnancy outcome are unclear. Hormonal disturbances, as
an effect of sleep disturbance or circadian rhythm disruption,
might possibly play a role. Nonstandard work hours disturb
many physiological functions and systems that are circadian
in nature.8 We investigated the association between work
schedule and risk of spontaneous abortion among participants
of the Nurses’ Health Study II.

METHODS
Study Population
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The Nurses’ Health Study II is a prospective cohort
study of U.S. female nurses established in 1989. Approximately 117,000 female nurses age 25 to 42 years and residing
in 14 states responded to mailed questionnaires regarding
their medical and reproductive histories and lifestyles.9 Follow-up questionnaires are mailed every 2 years to update
information on cardiovascular risk factors and the occurrence
of major illnesses. On the 2001 questionnaire, participants
were asked if they had experienced at least 1 pregnancy since
1993, had worked as a nurse during the most recent of these
pregnancies, and would be willing to complete a supplemental questionnaire concerning occupational activities and exposures. An occupational supplement was mailed to women
who answered “yes” to all 3 questions. The questionnaire
included detailed questions about specific exposures during
pregnancy. The survey was limited to events occurring during
the most recent pregnancy to minimize recall error.
Epidemiology • Volume 18, Number 3, May 2007
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Of 101,290 respondents to the main 2001 questionnaire, 11,178 (11%) indicated that they had experienced a
pregnancy since 1993 during which they worked as a nurse.
Of these women, 9547 (85%) indicated willingness to respond to a supplemental questionnaire; 645 (6%) declined;
and 986 (9%) did not answer the question about the supplemental survey. Of the 9547 women who were mailed the
supplemental questionnaire, 8461 responses were received
(89%), with an overall response rate of 76%. Of those who
responded, 262 pregnancies were ineligible for this analysis
(31 women did not report the year that the pregnancy ended,
130 pregnancies were not confirmed by a pregnancy test, 75
respondents did not work as a nurse during the first trimester
and 26 respondents did not provide their work schedule
during the first trimester). Of the 8199 eligible respondents,
we excluded 511 (6%) pregnancies (228 twins or triplets, 144
induced abortions, 56 tubal or ectopic pregnancies, 13 molar
pregnancies, 41 stillbirths, and 29 who were missing information on length or outcome of pregnancy). This left 7688
pregnancies for analysis.

Data Collection
Trimester-specific occupational exposures and activities assessed in the NHS-II supplement included work schedule (days only, evenings only, nights only, rotating with
nights, rotating without nights, other/didn’t work); night work
(none, 1–2 nights/month, 3– 4 nights/month, 2–3 nights/
week, 4⫹ nights/week); and average hours worked per week
during each trimester (none, 1–20 hours/week, 21– 40 hours/
week, 41– 60 hours/week, 61⫹ hours/week). Night shift was
defined as a shift in which most work hours were between
midnight and 8:00 AM. Because only 38 women worked 61 or
more hours per week, we combined this group with the
women who worked 41– 60 hours per week. Other occupational data included how often during the pregnancy the
respondent lifted 25 pounds or more at work (never, 1–5
times/day, 6 –15 times/day, 16 –30 times/day, 31⫹ times/
day); hours of standing or walking at work (⬍1 hour/day,
1– 4 hours/day, 5– 8 hours/day, 9⫹ hours/day); and hours per
day of exposure to anesthetic gases, antineoplastic drugs,
antiviral drugs, sterilizing agents, or x-ray radiation (0, 1– 4,
5– 8, 9⫹ hours). Data on potential confounders, such as
trimester-specific smoking, caffeine, and alcohol consumption, were also collected. From the main cohort questionnaire,
data were available on age, race/ethnicity, body mass index
(BMI), prior spontaneous abortion, parity, and medication
use. The questionnaire categories for self-reported race and
ethnicity included white, black or African American, Asian,
American Indian/Alaska Native, Native Hawaiian or Pacific
Islander, and other.
We combined the work schedule data with information
about night shifts to form the following mutually exclusive
categories: days only (reference), nights only, days/evenings
with no nights, and rotating shifts with nights.
We collected categorical information on pregnancy
duration in weeks since last menstrual period (less than 8; 8
to 11; 12–19; 20 –23; 24 –27; 28 –31; 32–36; 37– 41 (term);
and 42 or more). Pregnancies that ended involuntarily before
20 weeks gestation were considered spontaneous abortions.
© 2007 Lippincott Williams & Wilkins
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We reclassified 14 spontaneous abortions that were reported
to occur at or after 20 weeks gestation as stillbirths, and
recoded 6 stillbirths that were reported to occur before 20
weeks gestation as spontaneous abortions. Induced abortions
were excluded from the primary analyses, but were included
in a subanalysis to determine the effect of their exclusion on
overall results.

Statistical Analysis
Age-adjusted means and prevalence of selected cohort
characteristics were calculated. We examined the relationship
between work schedule and spontaneous abortion in bivariate
and multivariate analyses. Indicator variables were created
for shift work, age, hours worked, and parity. Variables were
retained in the model as confounders if they changed the risk
estimate between work schedule and spontaneous abortion by
10% or more.10 We used log binomial regression due to the
relatively high prevalence (10%) of the outcome. Relative
risk (RR) estimates and their 95% confidence intervals (CIs)
were computed using PROC GENMOD in SAS with the
binomial distribution and log link.11
The study was approved by the Institutional Review
Board of the Brigham and Women’s Hospital; completion of
the self-administered questionnaire was considered to imply
informed consent.

RESULTS
Among 7688 confirmed pregnancies during which the
mother reported working as a nurse during the first trimester,
786 (10%) ended in spontaneous abortion. Nearly 3-quarters
(74%) of these ended before the 12th week of gestation. The
majority of women reported working a regular day schedule
during their first trimester (68%), 16% reported rotating
between day and evening shifts, 9% reported working a night
schedule, and 7% reported working a rotating schedule that
included nights. Overall, 18% of women reported working
more than 40 hours per week, on average, during their first
trimester.
Table 1 shows the age-adjusted prevalence of selected
characteristics of the study population by category of shift
work during the first trimester. Women who reported working
nights had a higher BMI and were somewhat less likely to be
white compared with women working other shift schedules.
Women who reported working nights or a rotating shift that
included nights reported consuming more servings of caffeinated beverages per day during the first trimester compared
with day and evening workers. Women who reported working nights were somewhat more likely to smoke cigarettes
during the first trimester but were less likely to consume
alcoholic beverages.
Some occupational risk factors varied by work shift.
Women who worked nights and women who worked a
day/evening shift were less likely than day workers and
rotating night shift workers to work more than 40 hours per
week during their first trimester (Table 1). Women who
worked nights and women who worked a rotating shift that
included nights reported a higher frequency of heavy lifting
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TABLE 1. Age-Adjusted* Characteristics of Participants During Their First Trimester, by Category
of Shift-Work

Characteristic
Age at last menstrual period; mean ⫾ SD
BMI (kg/m2) before pregnancy; mean ⫾ SD
White; %
Parous; %
Prior spontaneous abortion; %
Beverage consumption
2⫹ Caffeinated coffee per day; %†
2⫹ Caffeinated soda or tea per day; %†
1⫹ Alcoholic beverage per week; %‡
Smokers; %
Hours worked per week; %
Percent distribution
ⱕ20
21–40
41⫹
Mean ⫾ SD
Lifting 6⫹ times per day; %§
Standing or walking at work 9⫹ hours per day; %

Days Only
(n ⴝ 5242)

Day/Evening
Rotating Shifts, Rotating Shifts,
Nights Only
With Nights
Without Nights
(n ⴝ 680)
(n ⴝ 504)
(n ⴝ 1262)

36.9 ⫾ 3.5
24.3 ⫾ 4.9
94.4
81.4
35.9

36.3 ⫾ 3.6
25.2 ⫾ 5.6
92.5
87.9
36.2

36.4 ⫾ 3.5
24.4 ⫾ 4.6
95.2
84.3
35.3

10.2
10.8
5.5
6.2

13.4
17.4
3.7
7.5

15.5
11.4
4.5
5.6

9.8
9.8
4.9
5.5

20.6
57.6
21.8
30.8 ⫾ 13.2
16.1
16.4

24.4
67.7
7.9
27.3 ⫾ 11.1
40.6
42.0

17.7
58.1
24.2
31.9 ⫾ 13.1
36.4
39.8

45.1
48.0
6.9
22.9 ⫾ 12.4
30.5
20.3

36.2 ⫾ 3.4
24.1 ⫾ 4.7
95.9
88.3
35.9

*Directly standardized by year of age at pregnancy.
†
Servings of caffeinated beverages ⫽ 8 oz coffee, 12 oz soda, 8 oz hot tea, 16 oz iced tea.
‡
Servings of alcoholic beverages ⫽ 12 oz beer, 6 oz wine, 1 oz liquor.
§
Lifting refers to lifting or moving a physical load of 25 pounds or more, including repositioning or transferring patients.

and prolonged standing or walking compared with day and
evening workers.
Table 2 provides the estimated relative risks for spontaneous abortion by work schedule, adjusting for age and
parity. Compared with women who reported usually working
days during their first trimester of pregnancy, women who
reported usually working nights were 60% more likely to
have a spontaneous abortion (RR ⫽ 1.6; 95% CI ⫽ 1.3–1.9).
A rotating schedule, with or without nights, was not associated with an increase in risk. Women who reported working
more than 40 hours per week during the first trimester were
50% more likely to have a spontaneous abortion (1.5;1.3–
1.7), compared with women who reported working 21– 40
hours per week, even after adjustment for work shift. Other
work-related factors, such as heavy lifting and prolonged
standing, were not associated with spontaneous abortion (data
not shown.) There were modest associations of spontaneous
abortion with body mass index, regular use of medications,
prior history of spontaneous abortion, caffeine consumption,
alcohol consumption, cigarette smoking, and exposure to
antineoplastic drugs or sterilizing agents at work; adjusting
for these variables did not materially change the findings.
To address concerns about the length of recall, we
stratified the analysis by year the pregnancy ended (1993–
1996 versus 1997–2002), and the results were similar between the 2 groups. We also stratified the analysis by reported
medication use prior to the pregnancy, and both groups had
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similar results. Including induced abortions in the final model
did not change the results. Because parous women might
choose to work different shifts than first-time pregnant
women, we restricted the model to first pregnancies, and the
results showed a similar pattern (data not shown).
Table 3 provides results for analyses stratified by early
(less than 12 weeks) versus late (12–20 weeks) spontaneous
abortion; findings are similar to those in Table 2. Additionally, compared with women who reported usually working a
day shift, women who worked a rotating day/evening shift
(no nights) during their first trimester were at somewhat
higher risk for late spontaneous abortion (RR ⫽ 1.5; 95%
CI ⫽ 1.0 –2.1). We observed the same pattern of results for
the effect of second-trimester exposures on late spontaneous
abortion (not shown).

DISCUSSION
Our findings from this large cohort of nurses suggest
that consistent night work and extended hours of work during
the first trimester of pregnancy may increase the risk of
spontaneous abortion. Our results for night work are consistent with 3 prior studies, which have reported relative risks of
1.6 to 2.7 for regular night work.2,3,4 Three other prior studies
found no associations for work shift with spontaneous abortion.5,6,7 Two of these studies combined night work with
evening work,5,6 possibly explaining the inconsistency
© 2007 Lippincott Williams & Wilkins
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TABLE 2. Association Between Work Schedule During the
First Trimester and Risk of Spontaneous Abortion
Adjusted*
RR (95% CI)
Shift
Days only†
Rotating shifts, no nights
Rotating shifts, with nights
Nights only
Hours worked per week
ⱕ20
21–40†
41⫹
Age (yrs)
ⱕ 30
31–35
36–40†
41⫹
Parity
0†
1⫹

1.0
1.0 (0.8–1.2)
1.2 (0.9–1.5)
1.6 (1.3–1.9)
1.1 (0.9–1.3)
1.0
1.5 (1.3–1.7)
0.3 (0.2–0.7)
0.4 (0.4–0.5)
1.0
2.7 (2.3–3.0)
1.0
0.6 (0.5–0.7)

*Each variable in the model is adjusted for the remaining variables.
†
Reference category.

TABLE 3. Association Between Work Schedule During the
First Trimester and Risk of Early Versus Late Spontaneous
Abortion
Spontaneous Abortion

Shift
Days only†
Rotating shifts, no nights
Rotating shifts, with nights
Nights only
Hours worked per week
ⱕ20
21–40†
41⫹
Age (yrs)
ⱕ30
31–35
36–40†
41⫹
Parity
0†
1⫹

Early (<12 wk)
Adjusted*
RR (95% CI)

Late (12–20 wk)
Adjusted*
RR (95% CI)

1.0
0.8 (0.7–1.1)
1.2 (0.9–1.6)
1.6 (1.2–2.0)

1.0
1.5 (1.0–2.1)
1.2 (0.7–2.0)
1.8 (1.2–2.8)

1.0 (0.8–1.3)
1.0
1.5 (1.3–1.8)

1.1 (0.8–1.6)
1.0
1.7 (1.2–2.3)

0.2 (0.1–0.7)
0.5 (0.4–0.6)
1.0
3.0 (2.5–3.5)

0.5 (0.2–1.5)
0.3 (0.2–0.5)
1.0
2.5 (1.9–3.3)

1.0
0.5 (0.4–0.6)

1.0
0.9 (0.6–1.3)

*Each variable in the model is adjusted for the remaining variables.
†
Reference category.

among findings. Differences in findings might also be explained by the wide range in the number of women working
nights in each study; our study had the largest number of
night workers (n ⫽ 680).
© 2007 Lippincott Williams & Wilkins
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The mechanisms by which shift work could affect
spontaneous abortion are unclear. However, hormonal disturbances, as an effect of circadian rhythm disruption, sleep
disturbance, or psychosocial stress, might possibly play a role
in altering the balance of cellular immune response necessary
to maintain pregnancy. Nonstandard work hours disturb
many physiological functions and systems that are circadian
in nature,8 including the normal nocturnal production of the
hormone melatonin. In 1992, Sack et al12 reported that night
shift workers had more variability in the amount and timing
of melatonin production, indicating incomplete shift adaptation by these workers. Many permanent night shift workers
revert to a daytime schedule on their days off and therefore
have a 180 degree reversal of their sleep-wake cycle every
week. Further, exposure to light at night suppresses the
normal nocturnal release of melatonin, which in turn may
trigger an alteration in other hormone levels, including estrogen. Recent research has found an elevated risk of breast
cancer among women who work mainly at night.13,14 Another
recent report from the Nurses’ Health Study found increased
levels of estradiol after longer duration of night work.15
Whether such alterations in hormones might affect the risk of
spontaneous abortion is not clear.
We saw little evidence for an association of spontaneous abortion risk with a rotating work schedule that
involves nights, suggesting that it is the steady night
schedule that may affect pregnancy outcome. Women who
work a rotating schedule may not reach a particular threshold at which night work begins to have an effect on
pregnancy. Other adverse health effects in rotating shift
workers have been reported.16
Two population-based studies have addressed long
hours of work and risk of spontaneous abortion.5,17 Our
finding of an increased risk is consistent with one large prior
study,17 but not with another prior study that had fewer nurses
working over 40 hours per week.5 Few studies have examined
the reproductive effects of long working hours, and the
potential mechanism is unclear. Studies suggest that long
work hours may be associated with sleep disturbance, fatigue,
stress, and decrements in physiologic functioning.18,19
Our study has several limitations. Because we relied on
self-report, pregnancy-related exposures and outcomes may
have been inadequately recalled. However, nurses are welleducated professionals who are presumably more sensitized
to health events than the general population. In addition,
respondents reported events that occurred relatively recently
(within the last 8 years). When we stratified our analysis by
the year the pregnancy ended (1993–1996 versus 1997–
2002), the results were similar, suggesting that there was little
effect of time between the event and the interview. A previous study reported that among women who had a positive
pregnancy test before the spontaneous abortion, 95% of the
spontaneous abortions were validated by medical records.20
We restricted the main analysis to the 98% of participants
who reported that their pregnancies had been confirmed by
pregnancy tests, reducing the potential problem of a late
menstrual period being misclassified as a miscarriage. However, including the 130 women who did not confirm their
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pregnancies with a pregnancy test did not change the results.
We do not know at what gestational age the pregnancy tests
were taken. Although it is possible that women working night
shifts might take a pregnancy test later than women working
other shifts (thus failing to change lifestyle patterns as early
as other workers), this does not seem a likely explanation of
our findings.
To investigate the potential for response bias, we compared demographic variables among eligible nonparticipants
and participants using data that were available from the main
NHS-II biennial questionnaires. Variables that we used for
comparison included age, BMI, household income, race,
history of spontaneous abortion, and shift work (never
worked permanent night shifts and worked permanent night
shifts more than 6 months between 1995 and 2001). None of
these variables differed materially between the 2 groups.
Relatively little information is available on the accuracy of recall of occupational activities and exposures such as
work schedule, although 2 studies have shown good accuracy
of job history data obtained from interview.21,22 Because
work schedule affects home and family, we expect that the
nurses in our study recalled their work schedules during
pregnancy with a relatively good degree of accuracy. The
possibility for recall bias also must be acknowledged in any
study in which the information is based on self-report following the occurrence of an adverse event. However, recall
bias may have been minimized because there has not been
widespread concern that night work may be associated with
increased risk of spontaneous abortion. In addition, other
work-related factors, such as heavy lifting and prolonged
standing, were not associated with spontaneous abortion in
this study, which suggests that recall bias was unlikely.
We cannot rule out the possibility that women who choose
to work nights or longer hours have more health problems that
may put them at higher risk of spontaneous abortion than those
who choose a regular day schedule. We did observe that night
workers had a higher body mass index, were more likely to
smoke, and consumed more caffeine than day workers, although
adjustment for these factors did not change the increase in the
risk estimates associated with night work and long hours of
work. However, we did not assess general health status or
psychosocial stress during pregnancy. It is also possible that
many nurses do not choose their schedules, but must work nights
or rotating shifts because of other factors, such as low seniority
or household income. Though there may be variabilities in
socioeconomic status (SES) among nurses, the nurses in this
study comprise a fairly homogeneous group compared with the
general population. While we did not collect information about
income during each pregnancy, controlling for household income and husband’s or partner’s education level obtained from
the 2001 biennial questionnaire did not change the association
between night work and spontaneous abortion. We also controlled for smoking and BMI, both commonly associated with
SES, and they made little difference. However, we cannot rule
out the possibility that other unobserved markers of SES may, in
part, explain our results.
The U.S. Department of Labor estimates that approximately 14% of the United States working population (about 15.5
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million workers) work evening, night, irregular, or rotating
shifts, and over 30% of workers in health service occupations
work shifts other than a regular daytime schedule.23 In the
Nurses’ Worklife and Health study,24 more than a quarter of the
sample reported that they typically worked 12 or more hours per
day. A third worked more than 40 hours per week. Nurses are
increasingly working overtime as a way to reduce the impact of
critical staffing shortages.25 Nearly half of the respondents to a
recent American Nurses Association staffing survey reported
that mandatory overtime was used to cover routine personnel
shortages.26 The Association has put forward a position statement opposing mandatory overtime as a staffing tool.27
Our work suggests that night work and extended hours
of work are potential hazards to reproductive health. Although a causal relationship has not been firmly established
and the biologic mechanism has not been clearly elucidated,
alternative work patterns should be considered that may help
to counter the potential adverse effects.
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Maternal Stressful Life Events and Risks of Birth Defects
Suzan L. Carmichael,* Gary M. Shaw,* Wei Yang,* Barbara Abrams,† and Edward J. Lammer‡
Background: Several previous studies suggest that maternal stress
may be associated with increased risk of certain birth defects. This
study examined the association of maternal stressful life events with
risks of several birth defects.
Methods: The data are from a recent, population-based case-control
study. Telephone interviews were conducted with 1355 eligible case
mothers and 700 control mothers. Maternal stress was measured by
responses to 18 yes/no questions about life events that occurred from
2 months before through 2 months after conception.
Results: An increase in the stressful life events index (ie, number of
“yes” responses to the 18 life-events questions) was associated with
increased risk of cleft palate, cleft lip with or without cleft palate,
d-transposition of the great arteries, and tetralogy of Fallot, after
adjustment for maternal race-ethnicity, education, obesity, age,
smoking, drinking, intake of folic acid-containing supplements,
neighborhood crime, and food insecurity. For example, the odds
ratio for a 3-unit change in the stress index was 1.45 (95% confidence interval ⫽ 1.03–2.06) for cleft palate. Increased stress was
associated with an increased risk of spina bifida and anencephaly
particularly among women who did not take folic acid supplements.
A 3-unit change in stress was associated with a 2.35-fold increased
risk of anencephaly among women who did not take supplements
(CI ⫽1.47–3.77) and a 1.42-fold increased risk among women who
did (CI ⫽ 0.89 –2.25).
Conclusion: The adverse health effects of stress may include
increased risks of certain birth defects.

other than orofacial clefts; they have reported increased risks of
neural tube defects (NTDs)7,10 and conotruncal heart defects7,11
among women with higher stress. An important limitation of
previous studies is that the measurement of stress has been
nonstandardized or very limited in scope, for example collecting
data on only 2 or 3 life events.
One mechanism by which maternal stressors may cause
birth defects is through increased production of corticosteroids.
Corticosteroids are teratogenic in animal models, for various
organ systems.1,12,13 Stressful life events have been shown to be
associated with elevated maternal corticotrophin-releasing hormone and corticosteroid levels during pregnancy.14,15 Further
support for an association between stress and birth defects risks
comes from the finding that infants born to women who took
corticosteroid medications during the first trimester of pregnancy
had an increased risk of oral clefts.16 –20 Another potential
mechanism by which stress may cause birth defects is negative
coping behaviors that lead to hazardous exposures such as
smoking or alcohol intake or reduced nutrient intakes.
The evidence from animal models regarding corticosteroids, combined with limited but suggestive findings from
human epidemiologic studies, establish the need to further
examine the association between maternal stress and birth
defects. This study examines the association of maternal
stressful life events with risk of orofacial clefts, NTDs and
conotruncal heart defects among offspring, using data from a
recent, population-based case-control study.

(Epidemiology 2007;18: 356 –361)

METHODS

S

everal observational studies have examined the association
of maternal stressful life events with risks of orofacial clefts
among offspring.1–9 All but 2 of these studies5,9 reported increased risk of clefts among offspring born to women with
higher stress. Only a few studies have examined birth defects
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This case– control study included liveborn, stillborn
(fetal deaths at ⱖ20 weeks gestation), and prenatally diagnosed, electively terminated cases that occurred to mothers
residing in Los Angeles, San Francisco, and Santa Clara
counties. The study included data on deliveries that had
estimated due dates from July 1999 to June 2004. California
Birth Defects Monitoring Program staff abstracted case information from medical records at hospitals and at genetic
counseling centers serving the study population, to find cases
diagnosed with birth defects before 1 year of age. This
information was reviewed by a clinical geneticist (EJL).
Infants diagnosed with single-gene disorders or chromosomal
aneusomies were ineligible for this study. Each case was
classified as isolated if there was no concurrent major malformation, or as nonisolated if there was at least 1 accompanying major malformation. Case groups included cleft palate,
cleft lip with or without cleft palate, spina bifida, anencephaly, and the conotruncal heart defects (d-transposition of the
great arteries and tetralogy of Fallot). Spina bifida included
cases of lipomeningocele, meningomyelocele, and myelocystocele. For each conotruncal heart defect case, anatomic and
Epidemiology • Volume 18, Number 3, May 2007
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physiologic features were confirmed by reviewing echocardiography, cardiac catheterization, surgery, or autopsy reports (EJL). Infants with d-transposition of the great arteries
associated with an endocardial cushion defect or with double
outlet right ventricle were excluded. Ascertainment of clefts
and NTDs ended with the estimated due date of June 30,
2003; ascertainment of d-transposition of the great arteries
and tetralogy of Fallot ended with the estimated due date of
June 30, 2004. Nonmalformed, liveborn controls were selected randomly from birth hospitals, to represent the population from which the cases were derived. Ascertainment of
controls ended with the estimated due date June 30, 2004.
Mothers were eligible for interview if 1) they were the
biologic mother and carried the pregnancy of the selected
study subject, 2) they were not incarcerated, and 3) their
primary language was English or Spanish. Maternal interviews were conducted using a standardized, computer-based
questionnaire, primarily by telephone, in English or Spanish,
no earlier than 6 weeks after the infant’s estimated due date.
Numerous exposures were assessed, focusing on the periconceptional time period, which was defined as the 2 months
before through the 2 months after conception.
In total, 80% of eligible case mothers (n ⫽ 1355) and
77% of control mothers (n ⫽ 700) were interviewed. Eleven
percent of eligible case mothers and 12% of control mothers
were not locatable, and the remainder of the mothers declined
to participate. The median time between estimated due date
and interview completion was 10 months for cases and 8
months for controls. We excluded from all analyses cases and
controls with a family history of the selected defects in a
parent or sibling, mothers who had type I or II diabetes, and
mothers taking medications to prevent seizures (80 cases and
5 controls). Nonisolated cleft cases were also excluded, given
that a different etiology is suspected for nonisolated clefts (86
cases). After these exclusions, we had available for analyses
695 controls (analyses of clefts and NTDs were restricted to
the 623 controls with estimated due date, through June 30,
2003) and 1189 cases—139 anencephaly, 186 spina bifida,
145 isolated cleft palate, 419 isolated cleft lip with or without
cleft palate, 165 tetralogy of Fallot, and 136 d-transposition
of the great arteries cases. (One case had 2 eligible diagnoses—anencephaly and tetralogy of Fallot).

Stressful Life Events
Mothers answered an 18-item inventory of stressful life
events to assess the occurrence of specific events during the
periconceptional period. The questions were taken from the
Kaiser Permanente/ California Department of Health Study of
Pregnancy and Stress, and largely parallel many of the questions in existing, validated stressful life events assessment
tools.21–23 Questions included only potentially major events,
and responses were yes/no, to maximize ability to recall the
events objectively. Each woman was asked whether she or
her husband (or partner) had started a new job or lost a job;
whether she or anyone close to her had had a serious illness
or injury, serious legal or financial problems, problems with
drinking or drugs, or had problems with immigration;
whether she or anyone close to her had been a victim of
violence or crime; whether anyone close to her had died;
© 2007 Lippincott Williams & Wilkins

Maternal Stressful Life Events and Risks of Birth Defects

whether she was separated or divorced or had had serious
difficulties with her husband or partner; whether she had
moved; and whether she had had serious problems or disagreements with relatives, neighbors, or in-laws. For legal
reasons, mothers who were less than 18-year-old at the time
of conception were not asked the questions about violence or
crime. These young women (60 case mothers and 45 control
mothers) were assigned as “No” for both of these questions so
that they could be retained in the analyses. A stressful-lifeevents index was formed by summing the number of “yes”
responses to these questions, giving equal weight to each.
This assumes that the effects of the stressful life events are
cumulative and additive across the various events.24

Covariates
Several known risk factors for the selected birth defects
were included as covariates: maternal race– ethnicity (USborn Hispanic, foreign-born Hispanic, non-Hispanic white,
other); education (did not complete high school, high school
graduate, some college, 4-year college degree or more);
prepregnancy obesity (body mass index ⱕ29 versus ⬎29
kg/m2); age at delivery; the following exposures during the
first 2 months after conception: cigarette smoking (any versus
none), and alcohol intake (any versus none), and intake of
folic acid-containing multivitamin/mineral supplement (any
versus none) during the periconceptional period. Mothers
also answered a series of 6 questions related to neighborhood
crime25 and 5 questions related to food insecurity26 (ie, a lack
of access to food to meet basic needs)26 during the periconceptional period; these 2 factors served as measures of
chronic stress in the living environment. Previous studies
suggest that chronic stressors may exacerbate the effects of
acute stressors24 and may be important to reproductive outcomes.24,25,27 A summary index was formed for each of these
series of questions, by summing the number of “yes” responses to the questions.

Analyses
The unadjusted association of the sum of stressful life
events with each outcome was evaluated using logistic regression to estimate odds ratios (ORs) and 95% confidence
intervals (CIs). We specified the stress index as continuous
for most analyses, but we also examined the index as categorical to ensure that a continuous specification seemed
appropriate. Second, we evaluated whether the addition of a
quadratic term improved the fit of the models, to determine
whether the association of stress with the outcomes was
nonlinear or suggested a threshold effect. Third, potential
effect modification by covariates was assessed by including
all 2-way interactions of stressful life events with each
covariate in a single model for each outcome. The final
multivariable models contained all covariates, and any interaction terms that had a P value ⬍0.10 in the model that
included all 2-way interaction terms.

RESULTS
Most of the mothers of case and controls were Hispanic, many had less than a high school education, a majority
took a folic acid-containing supplement during the pericon-
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TABLE 1. Characteristics of Mothers of Cases (n ⫽ 1189)
and Controls (n ⫽ 695)
Cases*

Controls*

Race-ethnicity; no. (%)
US-born Hispanic
194 (17)
153 (22)
Foreign-born Hispanic
501 (43)
263 (38)
Non-Hispanic White
273 (23)
142 (21)
Other
208 (18)
127 (18)
Education; no. (%)
⬍High school graduation
381 (32)
200 (29)
High school graduation
240 (20)
166 (24)
1–3 yr of college
276 (24)
150 (22)
4 or more yr of college
277 (24)
166 (24)
Prepregnancy obesity
BMI ⱖ29 kg/m2
881 (82)
532 (82)
BMI ⬎29 kg/m2
197 (18)
118 (18)
Age at delivery (yrs); mean ⫾ SD†
28.74 ⫾ 6.36 28.31 ⫾ 6.42
Smoking‡
No
1108 (94)
633 (92)
Yes
72 (6)
54 (8)
Alcohol intake‡
No
941 (80)
563 (82)
Yes
235 (20)
122 (18)
Intake of folic acid-containing supplements§
No
515 (43)
270 (39)
Yes
672 (57)
423 (61)
Neighborhood crime㛳
None
640 (55)
374 (55)
Any
516 (45)
303 (45)
Food insecurity㛳
None
978 (83)
597 (87)
Any
201 (17)
91 (13)
*Numbers of cases and controls are less than the total due to missing data.
†
Based on 1187 cases and 692 controls.
‡
During the first 2 months after conception.
§
During the 2 months before or 2 months after conception.
㛳
The percentage of women with any versus no “yes” responses to the series of
questions, during the 2 months before through 2 months after conception.

ceptional period, a majority did not report any positive
responses to the questions about neighborhood crime, and
most did not report any positive responses to the questions
about food insecurity (Table 1). The percentage of mothers of
controls reporting “yes” to each individual stressful life event
question ranged from 1% to 21%. Correlations among the
stressful life events questions ranged from 0.003 to 0.43, with
most ranging from 0.1 to 0.2; results were similar for the
mothers of cases (data not shown). A total of 56% of the
mothers of controls and 64% of the mothers of cases reported
at least 1 stressful life event (Table 2).
Table 2 shows the frequency distribution of the stressful life events index. When birth defects are examined as a
single group, the ORs tend to increase with increasing stressful life events. A similar pattern of results was observed for
each phenotype when analyzed separately (data not shown).
We therefore specified the stressful life events index as a
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TABLE 2. Frequency of Number of Stressful Life Events
Reported by Mothers of Cases and Controls, From 2 Months
Before Through 2 Months After Conception, and Association
With Risk of Birth Defects
No. of
Stressful Life Events
0†
1
2
3
4
5
6
7
8
9
10
11

Cases
(n ⴝ 1174)*
No. (%)

Controls
(n ⴝ 688)*
No. (%)

OR (95% CI)

424 (36)
248 (21)
195 (17)
111 (9)
86 (7)
41 (3)
39 (3)
9 (1)
9 (1)
8 (1)
2 (⬍1)
2 (⬍1)

300 (44)
146 (21)
100 (15)
56 (8)
38 (6)
19 (3)
11 (2)
8 (1)
5 (1)
5 (1)
0
0

1.0
1.20 (0.93–1.55)
1.38 (1.04–1.83)
1.40 (0.99–2.00)
1.60 (1.06–2.41)
1.53 (0.87–2.68)
2.51 (1.26–4.98)
1.18 (0.65–2.16)‡
—
—
—
—

*Numbers of cases and controls are less than the total due to missing data.
†
Reference category.
‡
Seven or more stressful life events were collapsed into a single category for
estimation of the odds ratio.

continuous variable in further analyses. Table 3 shows the
unadjusted odds ratios reflecting the association of the continuous stressful life events index with each outcome. An
increase in the stressful life events index was associated with
increased risk of all types of birth defects, with the strongest
association for isolated cleft lip with or without cleft palate
and anencephaly. Addition of a quadratic term for the stressful life events index did not substantially improve models
(P-values for the quadratic terms were all ⬎0.05). We restricted the unadjusted analyses to women with no missing
data on any covariates (1036 cases and 622 controls); results
were similar when they included all women with data on
stress (1174 cases and 688 controls) (data not shown).
Results adjusted for all covariates are also shown in
Table 3. A 3-unit change in the stressful life events index was
associated with an approximately 30 – 80% increased risk.
The adjusted ORs tended to be slightly larger than the
unadjusted ORs.
In the multivariable models that contained all 2-way
interactions of the stress index with the covariates, there were
2 interaction terms with P-values ⬍0.10: stress by folic acid
supplement intake for anencephaly (P value 0.078) and stress
by folic acid for spina bifida (P ⫽ 0.098). We simplified the
models to explore these 2 interactions: these models included
all covariates and the interaction terms for the stress index
with folic acid intake but excluded the other 2-way interaction terms. The P-values for the folic acid interaction terms in
these simplified models were 0.108 for anencephaly and
0.109 for spina bifida. The association of stressful life events
with anencephaly and spina bifida was stronger among
women who did not take folic acid supplements than among
women who did take supplements (Table 4). For example, a
© 2007 Lippincott Williams & Wilkins
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TABLE 3. Unadjusted and Adjusted Association of a 3-Unit Change in the Stressful-Life-Events
Index With Risk of Selected Birth Defects
OR (95% Confidence Interval)*

Isolated cleft lip with or without cleft palate
Isolated cleft palate
Anencephaly
Spina Bifida
d-Transposition of the great arteries
Tetralogy of Fallot

No.
Cases

No.
Controls

Unadjusted
OR (95% CI)

Adjusted†
OR (95% CI)

364
122
125
156
124
145

556
556
556
556
622
622

1.40 (1.13–1.72)
1.26 (0.93–1.70)
1.56 (1.18–2.07)
1.29 (0.98–1.70)
1.15 (0.85–1.55)
1.26 (0.96–1.66)

1.34 (1.06–1.71)
1.45 (1.03–2.06)
1.81 (1.28–2.56)
1.39 (1.00–1.94)
1.27 (0.89–1.81)
1.38 (1.00–1.91)

*Reflects the OR for a 3-unit change in the stressful life events index; the OR for an n-unit change equals (OR for a 3-unit change)n/3;
eg the OR for a 6-unit change equals (OR for a 3-unit change)6/3.
†
Adjusted for maternal race-ethnicity, education, obesity, age, smoking, alcohol intake, folic acid supplement intake, neighborhood crime,
and food insecurity.

3-unit change in the stressful life events index was associated
with a 2.4-fold increased risk of anencephaly among women
who did not take folic acid supplements, and a 1.4-fold
increased risk among women who did take supplements.

DISCUSSION
In this population-based case-control study, more
stressful life events experienced by the mother around the
time of conception were associated with increased risks of
orofacial clefts, NTDs, and conotruncal heart defects among
offspring. Increased risks were not explained by potential
covariates—maternal race– ethnicity, education, obesity, age,
smoking, drinking, intake of folic acid-containing supplements, neighborhood crime, and food insecurity. Observations are consistent with previous studies,1– 4,6 – 8,10,11 with a
much more detailed assessment of stress and a larger set of
potential covariates than in previous studies.
As noted above, previous studies of these birth defects
and stress also suggested increased risks. Whether this consistency of findings is due to a true association or pervasive

TABLE 4. Association of a 3-Unit Change in the
Stressful-Life-Events Index With Risk of Neural Tube Defects,
Stratified by Folic Acid Supplement Intake During the First 2
Months After Conception
No.
Cases

No.
Controls

OR (95% CI)

Anencephaly
No
Yes

55
70

210
346

2.35 (1.47, 3.77)
1.42 (0.89, 2.25)

Spina Bifida
No
Yes

70
86

210
346

1.79 (1.14, 2.81)
1.09 (0.69, 1.72)

Folic Acid

*Reflects the OR for a 3-unit change in the stressful life events index; the OR for
an n-unit change equals (OR for a 3-unit change)n/3; eg the OR for a 6-unit change
equals (OR for a 3-unit change)6/3; ORs are adjusted for maternal race-ethnicity,
education, obesity, age, smoking, alcohol intake, neighborhood crime and food
insecurity.

© 2007 Lippincott Williams & Wilkins

bias across studies is uncertain, given the retrospective nature
of most designs and the extremely limited exposure assessment by previous studies. Most studies of clefts included
measures of stress that were vague or assigned by the interviewer rather than the woman.2– 6,9 Studies that included
neural tube defects and conotruncal defects were limited to
only a few events.7,8,10,11
Several lines of evidence support the plausibility of our
findings. Stress results in increased catecholamine production, which in turn leads to decreased uterine blood flow and
increased fetal hypoxia.28 Animal studies indicate that hypoxia affects a variety of developmental processes (eg, cell
death)29 and organ systems, which could result in various
types of birth defects.12,30 Increased glucocorticoid levels are
also associated with hyperinsulinemia and insulin resistance,31 which in turn may be associated with increased risks
of the studied birth defects.11,32
In an evaluation of effect modification by potential
covariates, the association of anencephaly and spina bifida
with maternal stressful life events was stronger among
women who did not take folic acid-containing supplements.
Experimental evidence suggests that vitamin B6, which is a
component of most folic acid-containing multivitamin/mineral supplements, may prevent glucocorticoid-mediated cleft
palate.33–35 A proposed mechanism for this observation is
that increased vitamin B6 results in reduced tissue responsiveness to glucocorticoids via suppression of glucocorticoid
receptor activity.36 Most experimental studies of the teratogenic effects of glucocorticoids have investigated orofacial
clefting in the offspring; the explanation for our finding with
NTDs, but not with clefts or conotruncal heart defects, is not
apparent.
Strengths of this study include its comprehensive case
ascertainment, detailed phenotypic review, population-based
control selection, and satisfactory level of participation in
maternal interviews. Given the relatively low frequency of
the individual birth defects, we were limited to a retrospective
study design, which does not allow measurement of potential
physiologic correlates of stress during organogenesis. Even
with improvements in the assessment of stress relative to
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previous studies of birth defects, our assessment of stress had
limitations. The time-window of stressful events (2 months
before through 2 months after conception) was somewhat
broad. We cannot be sure whether we were truly studying the
effects of chronic or of acute stress. Furthermore, the exposure window was not completely inclusive of development of
all organs being studied (eg, closure of the palate may
continue up to 12 weeks after conception). We limited the
assessment of stress to the relatively objective report of
whether certain events had occurred around the time of
conception, because we felt women would be less able to
objectively recall their perceived level of stress around the
time of conception, after having delivered offspring with
major malformations. However, recall bias still could have
occurred, and the interpretation of the questions could have
differed for mothers of cases and controls (eg, in how they
defined “anyone close” to them). There is concern that mothers of malformed infants will overreport or more thoroughly
report exposures than controls,37–39 but several studies suggest that for many exposures recall bias is likely to be minimal38 – 41; however, none of these studies considered stress per
se. We lacked information regarding whether the events occurred to the woman herself or the relatively subjective category
of “anyone close” to her, and we gave equal weighting to all
events. We also did not assess social support, which may be an
important buffer of the stress response. One previous study
observed that emotional support was associated with reduced
risks of NTDs, but it did not modify or “buffer” their association
with stressful life events.10 Another study observed that social
networks were protective against NTDs.42 We are unaware of
other studies of social support and birth defects risks.
Increasing evidence suggests that stress during pregnancy is associated with adverse health effects among offspring.43,44 The present study indicates that these adverse
effects may include increased risks of certain birth defects.

11.
12.
13.

14.

15.

16.
17.
18.

19.
20.
21.
22.

23.
24.

25.

26.

27.

REFERENCES

28.

1. Montenegro MA, Palomino H, Palomino HM. The influence of earthquake-induced stress on human facial clefting and its simulation in mice.
Archs Oral Biol. 1995;40:33–37.
2. Laumon B, Martin JL, Bertucat I, et al. Exposure to organic solvents
during pregnancy and oral clefts: a case– control study. Reprod Toxicol.
1996;10:15–19.
3. Czeizel A, Nagy E. A recent aetiological study on facial clefting in
Hungary. Acta Paediatr Hung. 1986;27:145–166.
4. Saxen I. Cleft lip and palate in Finland: parental histories, course of
pregnancy and selected environmental factors. Int J Epidemiol. 1974;3:
263–270.
5. Fraser FC, Warburton D. No association of emotional stress or vitamin
supplement during pregnancy to cleft lip or palate in man. Plast Reconstr
Surg. 1964;33:395–399.
6. Strean LP, Peer LA. Stress as an etiologic factor in the development of
cleft palate. Plast Reconstr Surg. 1956;18:1– 8.
7. Carmichael SL, Shaw GM. Maternal life event stress and congenital
anomalies. Epidemiology. 2000;11:30 –35.
8. Hansen D, Lou HC, Olsen J. Serious life events and congenital malformations: a national study with complete follow-up. Lancet. 2000;356:
875– 880.
9. Rajabian MH, Sherkat M. An epidemiologic study of oral clefts in Iran:
analysis of 1,669 cases. Cleft Palate Craniofac J. 2000;37:191–196.
10. Suarez L, Cardarelli K, Hendricks K. Maternal stress, social support, and

29.

360

30.

31.
32.

33.

34.
35.

36.
37.

38.

risk of neural tube defects among Mexican Americans. Epidemiology.
2003;14:612– 616.
Adams MM, Mulinare J, Dooley K. Risk factors for conotruncal cardiac
defects in Atlanta. J Am Coll Cardiol. 1989;14:432– 442.
Rowland J, Hendrickx A. Corticosteroid teratogenicity. Adv Vet Sci
Comp Med. 1983;27:99 –128.
Fraser F, Fainstat T. The production of congenital defects in the
offspring of pregnant mice treated with cortisone: a progress report.
Pediatrics. 1951;8:527–533.
Hobel CJ, Dunkel-Schetter C, Roesch SC, et al. Maternal plasma
corticotropin-releasing hormone associated with stress at 20 weeks’
gestation in pregnancies ending in preterm delivery. Am J Obstet
Gynecol. 1999;180(1):S257–S263.
Wadhwa PD, Dunkel-Schetter C, Chicz-DeMet A, et al. Prenatal psychosocial factors and the neuroendocrine axis in human pregnancy.
Psychosom Med. 1996;58:432– 446.
Carmichael SL, Shaw GM. Maternal corticosteroid use and orofacial
clefts. Am J Med Genet. 1999;86:242–244.
Czeizel AE, Rockenbauer M. Population-based case– control study of
teratogenic potential of corticosteroids. Teratology. 1997;56:335–340.
Robert E, Vollset S, Botto L, et al. Malformation surveillance and
maternal drug exposure: the MADRE project. Risk Saf Med. 1994;6:78 –
118.
Rodriguez-Pinilla E, Martinez-Frias M. Corticosteroids during pregnancy and oral clefts: a case-control study. Teratology. 1998;58:2–5.
Kallen B. Maternal drug use and infant cleft lip/palate with special
reference to corticoids. Cleft Palate Craniofac J. 2003;40:624 – 628.
Holmes TH, Rahe RH. The social readjustment rating scale. J Psychosom Res. 1967;11:213–218.
Sarason IG, Johnson JH, Siegel JM. Assessing the impact of life
changes: development of the life experiences survey. J Consult Clin
Psychol. 1978;46:932–946.
Newton RW, Hunt LP. Psychosocial stress in pregnancy and its relation
to low birth weight. Br Med J. 1984;288:1191–1194.
McLean D, Hatfield-Timajchy K, Wingo P, et al. Psychosocial measurement: implications for the study of preterm delivery in black women.
Am J Prev Med. 1993;9(Suppl):39 – 81.
Collins JW, David RJ, Symons R, et al. African American mothers’
perception of their residential environment, stressful life events, and
very low birthweight. Epidemiology. 1998;9:286 –289.
Blumberg SJ, Bialostosky K, Hamilton WL, et al. The effectiveness of
a short form of the household food security scale. Am J Public Health.
1999;89:1231–1234.
Hobel C, Culhane J. Role of psychosocial and nutritional stress on poor
pregnancy outcome. J Nutr. 2003;133:1709S–1717S.
Istvan J. Stress, anxiety, and birth outcomes: a critical review of the
evidence. Psychol Bull. 1986;100:331–348.
Sulik KK, Cook CS, Webster WS. Teratogens and craniofacial malformations: relationships to cell death. Craniofac Dev. 1988;103:213–232.
Meyer R, Aldrich T, Easterly C. Effects of noise and electromagnetic
fields on reproductive outcomes. Environ Health Perspect. 1989;81:
193–200.
Andrews RC, Walker BR. Glucocorticoids and insulin resistance: old
hormones, new targets. Clin Sci (Lond). 1999;96:513–523.
Aberg A, Westbom L, Kallen B. Congenital malformations among
infants whose mothers had gestational diabetes or preexisting diabetes.
Early Hum Dev. 2001;61:85–95.
McCarty MF. Prenatal high-dose pyridoxine may prevent hypertension
and syndrome X in-utero by protecting the fetus from excess glucocorticoid activity. Med Hypotheses. 2000;54:808 – 813.
Yoneda T, Pratt RM. Vitamin B6 reduces cortisone-induced cleft palate
in the mouse. Teratology. 1982;26:255–258.
Peer LA, Bryan WH, Strean LP, et al. Induction of cleft palate in mice
by cortisone and its reduction by vitamins. J Int Coll Surg. 1958;30:
249 –254.
McCarty MF. High-dose pyridoxine as an ‘anti-stress’ strategy. Med
Hypotheses. 2000;54:803– 807.
Lippman A, Mackenzie SG. What is “recall bias” and does it exist? In:
Marois M, ed. Prevention of Physical and Mental Congenital Defects.
New York: Alan R. Liss; 1985:205–209.
Swan SH, Shaw GM, Shulman J. Reporting and selection bias in

© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

case-control studies of congenital malformations. Epidemiology. 1992;
3:356–363.
39. Khoury MJ, James LM, Erickson JD. On the use of affected controls to
address recall bias in case– control studies of birth defects. Teratology.
1994;49:273–281.
40. Klemetti A, Saxen L. Prospective versus retrospective approach in the
search for environmental causes of malformations. Am J Public Health.
1967;57:2071–2075.
41. Werler MM, Pober BR, Nelson K, et al. Reporting accuracy among

© 2007 Lippincott Williams & Wilkins

Maternal Stressful Life Events and Risks of Birth Defects

mothers of malformed and nonmalformed infants. Am J Epidemiol.
1989;129:415– 421.
42. Carmichael SL, Shaw GM, Neri E, et al. Social networks and risk of
neural tube defects. Eur J Epidemiol. 2003;18:129 –133.
43. Hobel CJ. Stress and preterm birth. Clin Obstet Gynecol. 2004;47:856 –
880.
44. Weinstock M. The potential influence of maternal stress hormones on
development and mental health of the offspring. Brain Behav Immun.
2005;19:296 –308.

361

ORIGINAL ARTICLE

Vitamin B12 and the Risk of Neural Tube Defects in a
Folic-Acid-Fortified Population
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N

(Epidemiology 2007;18: 362–366)

eural tube defects (NTD), manifesting as anencephaly or
spina bifida, are to some degree preventable developmental anomalies. The risk of NTD can be reduced nearly
50% with periconceptional maternal exposure to folic acid
tablet supplements1 or fortified flour, as we have seen in
Canada.2 Despite these remarkable accomplishments, about 6
to 12 in every 10,000 fetuses in Canada have NTD.2,3
A systematic overview of previously published data
suggested that a deficiency of vitamin B12 (B12, cobalamin)
might also be associated with a higher risk of NTD.4 However, these studies are characterized by relatively few participants, lack of adjustment for maternal folate status, variability in the time of specimen collection during pregnancy, and
relatively inaccurate measurement of bioavailable maternal
B12.4 As a consequence, there is ongoing debate about
whether B12 should be added to folic acid tablet supplements
or fortified foods.5 We evaluated serum holotranscobalamin
(holoTC)—the fraction of total circulating B12 bound to
transcobalamin II. Since holoTC is the only form of B12 taken
up by tissues, it should be a sensitive measure of maternal B12
status, as it may be related to NTD risk.6 B12 also appears to
be the leading nutritional determinant of hyperhomocysteinemia within folic acid-fortified populations.7 We therefore
studied whether this associated risk changed after the fortification of Canadian flour by folic acid.
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We performed a population-based case– control study.2,8
Since 1993, under the universal Ontario Health Insurance Plan
all pregnant women are offered standardized maternal serum
screening at no financial cost. Maternal screening is made
available at 15 to 20 weeks’ gestation through a physician or
midwife; about 60% of pregnant women are screened. Selfreported maternal date of birth, gravidity, ethnicity, weight at
the time of screening, and pregestational diabetes mellitus
were recorded on the screening requisition sheet.
Women with a positive screen are referred for counseling at one of 17 genetics centers in Ontario. Each center
supplies follow-up data to the Ontario Maternal Serum
Screening Database. Open NTD cases are detected antenatally by ultrasonography or fetal autopsy, or postnatally
through data linkage of the mother’s insurance plan number
with that of her infant during the delivery hospitalization,
through the Canadian Institute for Health Information Discharge Abstract Database.2,8

Background: Low maternal vitamin B12 status may be a risk factor
for neural tube defects (NTDs). Prior studies used relatively insensitive measures of B12, did not adjust for folate levels, and were
conducted in countries without folic acid food fortification. In
Canada, flour has been fortified with folic acid since mid-1997.
Methods: We completed a population-based case– control study in
Ontario. We measured serum holotranscobalamin (holoTC), a sensitive indicator of B12 status, at 15 to 20 weeks’ gestation. There
were 89 women with an NTD and 422 unaffected pregnant controls.
A low serum holoTC was defined as less than 55.3 pmol/L, the
bottom quartile value in the controls.
Results: The geometric mean serum holoTC levels were 67.8
pmol/L in cases and 81.2 pmol/L in controls. There was a trend of
increasing risk with lower levels of holoTC, reaching an adjusted
odds ratio of 2.9 (95% confidence interval ⫽ 1.2– 6.9) when comparing the lowest versus highest quartile.
Conclusions: There was almost a tripling in the risk for NTD in the
presence of low maternal B12 status, measured by holoTC. The
benefits of adding synthetic B12 to current recommendations for
periconceptional folic acid tablet supplements or folic-acid-fortified
foods need to be considered. It remains to be determined what
fraction of NTD cases in a universally folate-fortified environment
might be prevented by higher periconceptional intake of B12.
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Two large metropolitan genetics centers in Southern
Ontario—the North York General Hospital (Toronto) and
The Credit Valley Hospital (Mississauga)— handle about half
of all serum specimens acquired at the time of screening and
stored frozen. Blood samples were collected in a red top
vacutainer or serum separator tube, and the serum transferred
into a plastic transport tube, without a preservative, and then
frozen at 70°C.
Cases were all women who had a pregnancy affected by
a myelomeningocele or anencephaly, and whose screening
database record corresponded to one of the 2 genetics centers.
For each case, 5 maternal controls with a healthy pregnancy
were randomly selected from these 2 centers within a plusor-minus 12 months of the case specimen. Serum HoloTC
was determined using a radioimmunoassay, according to the
manufacturer’s protocol (Axis-Shield, Ireland).9 Analytic
sensitivity is about 5 pmol/L, with a between-assay imprecision of 8.5% at 32 pmol/L and 7.6% at 94 pmol/L. Serum
folate was analyzed using the Bayer Centaur immunoassay
analyzer method (Bayer Diagnostics Division, Toronto, ON).
The distributions of the holoTC and folate values were
positively skewed, so we log-transformed these measures and
used inverse transformations to generate geometric means
and standard deviations.

Statistical Analysis
We compared the year of screening for cases and
controls using a 2 test for trend. The mean serum folate and
mean holoTC concentrations among cases and controls were
compared using an unpaired t test. An abnormally low holoTC was defined, a priori, as a concentration less than or
equal to the bottom quartile value in the control group. For
the main analysis, we calculated a crude odds ratio (OR) and
95% confidence interval (CI). We used logistic regression to
estimate the adjusted OR, with the highest quartile concentration of holoTC as the referent. We adjusted for maternal
age (1-year increments), gravidity, race (white versus nonwhite), weight, low-income status, presence of pregestational
diabetes mellitus and serum folate concentration (as a continuous variable) at the time of screening. Low-income status
was based on data from the 2001 Canadian Census.10 This
method uses the first 3 digits of each woman’s 6-digit postal
code to designate a geographical region, and then determines
the prevalence of households in that same region who spend
55% or more of their income on food, shelter, and clothing.10
A secondary analysis, limited to the period after March 1,
1997, when folic acid food fortification was begun,11 used the
same multivariate model as above. Finally, we estimated a
population attributable risk percent of NTD in relation to low
holoTC, using the adjusted OR.12,13
All variables were included in the model a priori. The
research protocol was approved by the Ministry of Health and
Longterm Care in Ontario, as well as the Research Ethics
Boards of Sunnybrook Health Sciences Centre, St. Michael’s
Hospital and The North York General Hospital, with participant identifiers removed from the data set prior to analysis.
© 2007 Lippincott Williams & Wilkins
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RESULTS
There were 317 cases of NTD in Ontario during the
period of study. Of these, 89 cases originated from the North
York General and Credit Valley Hospitals. Of the 434 unaffected pregnant controls selected from these 2 centers, 12
were excluded due to an insufficient volume of serum, leaving 422 controls (Table 1). About half (n ⫽ 248) of all
participants were enrolled after fortification of flour had
begun. Of 89 NTD cases, 67 (75%) were diagnosed antenatally. No difference was observed between cases and controls
in the year of specimen collection (2 test for trend: P ⫽ 0.99)
(Table 1). The mean concentration of serum folate did not
differ appreciably between cases and controls across the
entire study period (13.3 versus 13.9 nmol/L; P ⫽ 0.07).
The overall geometric mean serum holoTC level was
substantially lower among cases (67.8 pmol/L) than controls (81.2 pmol/L), a mean of difference of 13.4 pmol/L
(95% CI ⫽ 13.0 –13.8) (Table 1). Comparing the lowest with
the highest quartile of maternal holoTC concentration, the
crude OR for NTD was 2.0 (95% CI ⫽ 1.1–3.9), increasing
to 2.9 (1.2– 6.9) in the adjusted model (Table 2). The
corresponding population-attributable risk for NTD in relation to low holoTC was 34%.

TABLE 1. Characteristics of Selected Women in Ontario
With (Cases) and Without (Controls) a Pregnancy Affected
by a Neural Tube Defect (NTD), 1993–2004
Maternal Characteristic
Age (yrs); mean ⫾ SD
Gravidity; median
Weight (kg); mean ⫾ SD
Prepregnancy diabetes mellitus; no. (%)
Nonwhite ethnicity; no. (%)
Postfortification of flour; no. (%)
Percent low income status; mean ⫾ SD
Year of enrollment; no. (%)
1993
1994
1995
1996–1997*
1998
1999
2000
2001
2002
2003–2004*
Serum folate (nmol/L); geometric
mean ⫾ SD
Serum holotranscobalamin concentration
(pmol/L)
Geometric mean ⫾ SD
Lowest quartile

Cases
(n ⴝ 89)

Controls
(n ⴝ 422)

28.6 ⫾ 4.8
2.0
68.6 ⫾ 15.5
3 (3)
23 (29)
44 (49)
13.0 ⫾ 6.7

29.8 ⫾ 5.1
2.0
67.3 ⫾ 13.6
5 (1)
60 (14)
204 (48)
13.2 ⫾ 7.5

5 (6)
24 (27)
16 (18)
7 (8)
12 (14)
6 (7)
5 (6)
3 (3)
6 (7)
5 (6)
13.3 ⫾ 3.0

23 (5)
120 (28)
75 (18)
29 (7)
59 (14)
26 (6)
25 (6)
21 (5)
20 (5)
24 (6)
13.9 ⫾ 2.8

67.8 ⫾ 2.0
—

81.2 ⫾ 1.8
55.3

*Few cases and controls were recorded, and are therefore combined over the
two-year period.
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TABLE 2. Risk of an Open Neural Tube Defect in Relation to Low Holotranscobalamin
Concentrations
Cases

Controls

Serum holoTC
Quartile (pmol/L)

No.

%

No.

%

Crude
Odds Ratio

ⱕ55.3
⬎55.3–84.0
⬎84.0–121.0
⬎121.0†

35
19
18
17

39
21
20
19

106
105
106
105

25
25
25
25

2.0
1.1
1.0
1.0

(95% CI)

Adjusted
Odds Ratio*

(1.1–3.9)
(0.55–2.3)
(0.51–2.1)

2.9
2.0
1.1
1.0

(95% CI)
(1.2–6.9)
(0.75–5.1)
(0.40–2.9)

*Adjusted for maternal age, gravidity, weight, ethnicity, low-income status, presence of pregestational diabetes mellitus and
serum folate concentration.
†
Reference category.

In the period before fortification, the mean ⫾ SD serum
folate concentrations were 8.8 ⫾ 3.5 nmol/L among the cases
and 10.3 ⫾ 3. nmol/L in the controls. After fortification,
serum folate concentrations rose to 20.9 ⫾ 2.0 nmol/L for
cases and 19.4 ⫾ 2.2 nmol/L for controls. Similarly, the
levels of holoTC were 58.5 ⫾ 1.9 pmol/L in cases and 72.7 ⫾
1.8 pmol/L among the controls and after fortification 78.8 ⫾
2.0 pmol/L in cases and 91.3 ⫾ 1.8 pmol/L in controls.
Restricting the analyses to the time after food fortification
with folic acid, the association of low holoTC with risk of
NTD remained strong (adjusted OR ⫽ 3.2; CI ⫽ 0.94 –11.0).

DISCUSSION
Using a sensitive and specific measure of bioavailable
cobalamin, we observed nearly a tripling in the risk of NTD
in the presence of low maternal B12 status. In a Canadian
setting of moderate folic acid tablet supplement use14 and
universal folic acid flour fortification,2 these data suggest that
about 34% of NTD may be due to low B12.

Our study has some limitations. The collection of
maternal specimens about 15 weeks after conception would
be expected to dilute any true relationship between B12
insufficiency and NTD risk.15 We do not know how many
cases or controls were taking folic acid or B12-containing
tablet supplements periconceptionally (ie, before and after
conception), nor could we assess a “contamination” effect on
measured holoTC concentration from B12 supplement use
started after conception. We adjusted for serum folate concentration at the time of screening—which differed little
between cases and controls—as well as maternal age and
socioeconomic status, each predictors of early access to
antenatal care and periconceptional vitamin supplement
use.14 There were more nonwhite women among cases than
controls, and we adjusted for nonwhite ethnicity. This heterogeneous group of women (mainly Asian and black) may differ
from whites in terms of dietary intake and metabolism of B12.16
Surveys suggest that the majority of women in Ontario
take a periconceptional tablet supplement containing folic

TABLE 3. Published Case–Control Studies Evaluating the Risk of Neural Tube Defects in Association With Indicators of
Maternal B12 Status

No. NTD
Cases

No.
NonNTD
Controls

Serum/Plasma
Analyte

81

247

B12 and folate

32
60
44
157
58

384
94
83
186
89

B12
B12
B12
B12
B12
B12 and MTRR

Adams28
Afman19

33
46

132
73

Current

89

422

MMA
B12
HoloTC
HoloTC

First Author
Kirke22
Molloy23
van der Put24
Groenen25
Suarez26
Wilson27

Comparison of
Abnormal vs.
Normal Cut-Points
ⱕlower quartile vs. ⱖupper quartile,
both analytes
⬍185 pmol/L vs. ⱖ185 pmol/L
ⱕ5th centile vs. ⬎95 centile
⬍10th centile vs. ⱖ10th centile
ⱕlower quintile vs. ⱖupper quintile
ⱕlower quartile vs. ⱖsecond quartile
B12 as above, combined with MTRR
homozygosity
ⱖ90th centile vs. ⬍10th centile
ⱕlower quartile vs. ⱖupper quartile
ⱕlower quartile vs. ⱖupper quartile
ⱕlower quartile vs. ⬎upper quartile

Odds
Ratio

(95% CI)

Odds Ratio
Adjusted for
Maternal
Folate
Concentration?

5.4

(1.2–25.2)

No

0.9
3.9
3.5
2.6
2.1
4.8

(0.4–1.9)
(1.3–11.9)
(1.3–8.9)
(1.2–5.4)
(0.9–5.2)
(1.5–15.8)

No
No
No
Yes
No
No

13.3
1.8
2.9
2.9

(2.7–65.5)
(0.6–5.2)
(0.9–9.2)
(1.2–6.9)

Yes
No
No
Yes

MMA indicates methylmalonic acid.
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acid,14,17 in keeping with Canadian guidelines.18 The small
quantity of B12 contained in each prenatal multivitamin tablet
in Canada (2.5 g) is unlikely to explain the observed
difference in holoTC levels (for example, if a greater number
of controls than cases had initiated multivitamin tablets soon
after conception).
The concentration of holoTC defining the bottom quartile among our pregnant controls (55 pmol/L) was comparable to the lower-quartile values described in other studies of
pregnant women19 and healthy adults.9,20 A lower reference
limit of 50 pmol/L is recommended for a diagnosis of B12
deficiency in young and middle-aged adults.21 Together, this
reinforces the robustness of the holoTC threshold that we
used to define “abnormal,” and the comparability of our
controls to other study populations of young adults.
Though not a central focus of our study, we were
surprised that the concentration of serum folate was only
slightly lower among the cases than controls. This may have
been due to the dilutional effect of pregnancy on folate levels,
a similar prevalence of use of folic acid tablet supplements
among cases and controls around the time of maternal screening, or perhaps the fact that nearly half of all study participants were screened after universal folic acid flour fortification. Other Canadian studies have found that serum folate
levels have increased by more than 60% after the introduction
of flour fortification, with 99% of women now replete.11
Previous studies have directly or indirectly assessed an
association between low maternal B12 and NTD risk (Table
3). One small case– control study has observed an association
of low holoTC with risk of NTD (crude OR ⫽ 2.9; 95% CI ⫽
0.9 –9.2).19 Another study,28 comprising 33 cases and 132
controls, found an adjusted OR for NTD of 13 (95% CI ⫽
2.7– 66) using another sensitive functional indicator of B12
deficiency (maternal serum methylmalonic acid concentration
above the 90th centile).29 The combination of a low B12 and
a genetic polymorphism MTRR, which makes of methionine
synthase reductase, (an enzyme that activates cobalamindependent methionine synthase), was associated with an OR
for NTD of 4.8 (95% CI ⫽ 1.5–16).27 In general, while there
appears to be a consistent association between maternal B12
insufficiency and NTD risk, few studies have examined
maternal B12 status using methods of sufficient sensitivity, or
controlled for influential maternal risk factors such as folate
status (Table 3).
Our findings suggest that as much as 34% of all NTDs
in Canada may be attributable to low maternal B12 status, a
conclusion which could have profound public health implications, if generalizable. However, only about 60% of pregnant women in Ontario have maternal screening, which limits
the generalizability of our data. Women who do not access
prenatal screening may differ from those who do,30 with
lower rates of pregnancy planning and periconceptional folic
acid tablet supplement use.14
B12 and folic acid are the main nutritional determinants
of homocysteine metabolism.7 While folic acid supplementation may lower both plasma homocysteine and the risk of
NTD, the impact of higher B12 intake on NTD risk is not
known. Given our results and those of other studies, a
© 2007 Lippincott Williams & Wilkins
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randomized clinical trial of periconceptional B12 may be
indicated. Adding B12 to folic acid in food fortification may
help prevent NTD, while at the same time reducing concern
about masking B12-related neurologic disease, which can
occur when fortifying with folic acid alone.31,32
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COMMENTARY

When Will We Eliminate Folic Acid-Preventable
Spina Bifida?
Godfrey P. Oakley, Jr
Abstract: Mandatory vitamin B12 fortification of enriched grain
products is long overdue in the United States and Canada. Fortification would help provide the 2.4 g of synthetic vitamin B12 that
the US Institute of Medicine recommends for all persons 50 years
and older. The findings of Ray and colleagues1 in this issue suggest
that B12 may also help to prevent neural tube defects. If recommendations for B12 fortification were followed, it is possible that cases
of spina bifida and anencephaly would be prevented. Two hundred
twenty thousand children each year acquire folic acid-preventable
spina bifida because many governments, including all in Europe,
have yet to implement mandatory folic acid fortification. Fortification with folic acid and vitamin B12 is safe and should be implemented in all countries.
(Epidemiology 2007;18: 367–368)

ay et al1 link indicators of vitamin B12 deficiency with
neural tube defects, and suggest that consideration should
be given to adding vitamin B12 to enriched grains. Such
fortification with Vitamin B12 should in fact be required. The
Institute of Medicine/Food Nutrition Board recommended in
1998 that persons 50 years and older should consume at least
2.4 g of synthetic B12 daily.2 I suggested in 1997, and more
recently with Brent,3 that there is ample justification to fortify
flour with vitamin B12. Neither the FDA4 nor Canadian
authorities have required vitamin B12, even though mandatory fortification of flour would likely be as successful as folic
acid fortification. If B12 also helps to prevent birth defects,
there is even more reason for B12 fortification.
The elephant in the living room, however, is not the
absence of B12 in flour. It is rather that about 220,000
children around the globe each year continue to be born with
folate-deficiency spina bifida and anencephaly. These babies
are unnecessarily paralyzed or die prematurely because most
governments have failed to require folic acid in centrally
processed flours, or have failed to require enough (ie, the
United States and Canada).5 We have known since the sum-
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mer of 1991 that folic acid will prevent most cases of spina
bifdia and anencephaly.6 No country in Europe has yet to
require folic acid fortification. The behavior of the Dutch is
the most difficult to understand. That government has refused
to require folic acid fortification of flour. One consequence is
that spina bifida is the main reason for childhood euthanasia
in the Netherlands. The behavior of the English regulators is
equally problematic. Their refusal to require mandatory folic
acid fortification means that the taxpayers who paid for the
study showing that folic acid will prevent birth defects have
yet to reap the rewards of fortification.
Although an effective prevention for pediatric AIDS is
rather rapidly implemented in developed countries, mandatory folic acid fortification has required years of discussion.
The United States Public Health Service (PHS) took a year to
recommend that all women capable of pregnancy should
consume 400 g of synthetic folic acid a day to prevent birth
defects.7 It took the FDA (part of the PHS) more than 3 years
to decide in 1996 to require folic acid fortification by January
1, 1998 —7 1/2 years after the publication of the relevant study.8
The FDA reviewed much data, published proposed
regulations for public review, and then issued the regulations.
Does every country have to go through the same process?
Much of the data are the same. It remains urgent for nutritional regulatory bodies to find a way to expedite regulations
that will prevent spina bifida through folic acid fortification.
Every day’s delay results in children being born with unnecessary serious birth defects.
Procedural process is not the only problem with nutritional regulations. With folic acid, there has been unreasonable concern about safety. In making a decision to require a
substance in the food, one should make a reasonable review
of the safety issues. Unreasonable delays cause disability and
early death.
Folic acid is not a new drug. It is a chemical that has
been available since the 1950s, and has been used widely and
safely to treat folate-deficiency diseases. Even 50,000 g/day
produces no signs of risk or toxicity. Before folic acid was
added to flour, at least 20% of the US population had chronic
exposures of at least 400 g/day from multivitamins and
breakfast cereals. The Harvard Nurses’ Study has provided
substantial evidence of safety and even the possibility that
folic acid prevents cardiovascular disease and colon cancer.9
Even so, regulators continue to raise new and old issues of
safety that delay fortification.
It is unfortunate that the IOM report included a “tolerable upper level” for folic acid.2 Although folic acid is not
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toxic like vitamins A and D, toxicologists on the IOM
committee unfortunately treated folic acid as being toxic.
Even the IOM report noted that, if there were a risk from folic
acid, it would be only among people consuming at least 5000
g/day. The “evidence” for risk from 5000 g/day derives
from studies in the 1950s when persons who had pernicious
anemia in remission from getting liver extract were deliberately removed from this successful therapy and placed on a
therapy for at least 5000 g of folic acid a day (which we
now know is an ineffective therapy for pernicious anemia).10
When people are taken off vitamin B12, their pernicious
anemia is now known to recur. In the studies in the 1950s, the
patients without liver extract on folic acid became worse. It
seems much more reasonable to conclude that the withdrawal
of effective treatment caused the signs and symptoms of
pernicious anemia rather than anything to do with folic acid.
It is time to remove the tolerable upper level for folic acid.
If all this were not enough, there are new confusions
arising. Recent discussion has centered on observations of
“free” folic acid in humans, and to the supposed desirability
of substituting synthetic 5 methyl tetrahydrofolate (5MTHF)
for folic acid. The tone of current writing about “free” folic
acid is that it is a new “risk” that regulators should discuss.
Human exposure to free folic acid is not new. It is present in
human serum when a bolus of 300 or more micrograms of
folic acid is consumed. Most prenatal vitamins in the United
States have had 800 or 1000 g for at least 20 years, meaning
that most fetuses and pregnant women have been exposed to
free folic acid. Multivitamins in the United States also have
had 400 g for more than 20 years.
Merck is marketing 5 MTHF as “better” than folic acid
because it is the “natural” form of folate. Putting aside the
fact that we have little experience with human exposure to
this synthetic folate, there are other reasons that it is inferior
to folic acid. It is heat labile. It cannot be used to fortify flour,
as its activity would be lost in cooking, although it could be
used in supplements. As long as there is a tolerable upper
level to worry regulators, putting 5 methyl in supplements
would relieve worry as it cannot treat the anemia of B12
deficiency—the rationale for the tolerable upper limit. On the
other hand, women of reproductive age with the B12 deficiencies described by Ray and colleagues may be harmed. In
the presence of B12 deficiency, 5 MTHF will not produce
tetrahydrofolate (THF), but folic acid will. Thus, women with
B12 deficiency who consume folic acid supplements may
have fewer babies with spina bifida than if they consumed
supplements with 5 MTHF.
Finally, a new WHO manual on micronutrient fortification has issued recommendations that may be harmful. The
US Institute of Medicine/Food Nutrition Board issued a
recommendation for folate consumption at the population
level that is lower than the recommendation for women of
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reproductive age. To prevent birth defects, it also recommended that all women of reproductive age consume 400 g
of synthetic folic acid in addition to eating a diet rich in
natural folates. I learned in December at a meeting in Ukraine
that WHO had decided not to consider the prevention of birth
defects in its recommendation for consumption of folic acid
from fortified foods. Rather, it would make recommendations
based on the low level that is recommended for the general
population. This is an error. Any country considering folic
acid fortification should set concentrations that will result in
as many women as possible consuming 400 g of synthetic
folic acid from fortified foods.
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ORIGINAL ARTICLE

Temperature and Cardiovascular Deaths in the
US Elderly
Changes Over Time
Adrian Gerard Barnett
Background: Short-term changes in temperature have been associated with cardiovascular deaths. This study examines changes in this
association over time among the US elderly.
Methods: Daily cardiovascular mortality counts from 107 cities
in the US National Morbidity and Mortality Air Pollution Study
were regressed against daily temperature using the case-crossover
method. Estimates were averaged by time and season using a
meta-analysis.
Results: In summer 1987 the average increase in cardiovascular
deaths due to a 10°F increase in temperature was 4.7%. By summer
2000, the risk with higher temperature had disappeared (⫺0.4%). In
contrast, an increase in temperature in fall, winter and spring was
associated with a decrease in deaths, and this decrease remained
constant over time.
Conclusions: Heat-related cardiovascular deaths in the elderly have
declined over time, probably due to increased use of air conditioning, while increased risks with cold-related temperature persist.
(Epidemiology 2007;18: 369 –372)

C

ardiovascular disease rates change with temperature,
and the direction of this change depends on location
and season.1–3 In the winter increases in cardiovascular
deaths are associated with decreases in temperature,3 while
in the summer increases in deaths are associated with
increases in temperature. These increases appear sharply
during heat waves.4 This J-shaped risk suggests a comfortzone outside of which physiological stresses produce circulatory problems. These temperature-related stresses are
more dangerous in the elderly because the elderly are more
likely to have pre-existing cardiovascular disease, including hypertension.1,5
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The effects of temperature on health have been evident
since at least the 1960s.6 An increased public awareness of
the problem and improvements in the standard of living and
health care should have led to a decrease in deaths over time.7
This study explored the evidence for such a decrease in the
United States.

METHODS
The analysis is based on data from the publicly available National Morbidity and Mortality Air Pollution Study
(NMMAPS) study.8,9 This study monitored daily climatic
conditions, air pollution levels, morbidity and mortality in
108 cities in the United States. Our analysis is restricted to the
elderly because they are more sensitive to changes in temperature.1,5,10 Arkansas was excluded because of some missing data for dew-point temperature, leaving 107 cities with
complete mortality and temperature data for 14 years (January 1987 to December 2000). Temperature data came from
the National Climatic Data Center, and daily mortality counts
came from the National Center for Health Statistics. More
information on the cities used is available from the NMMAPS
web site.9
The analysis had 2 stages: the association between
temperature and counts of cardiovascular deaths was measured in each city, and then these estimates were combined to
give an average effect. (A similar 2-stage design has been
used in other analysis of the NMMAPS data.11) The analysis
in each city used the case-crossover method.12 This method is
similar to a case– control design because it compares the
association between temperature and deaths in case (or index)
days to nearby control (or referent) days. As each individual
acts as their own control, time-independent confounders (eg,
age) are controlled for by design. By choosing referent days
that are close to the index day, the method also controls for
trends and seasonality in cardiovascular deaths, and for trends
in population size.12

Data Analysis
A short delay between temperature exposure and cardiovascular disease onset was modeled using the mean temperature on the current day and the 6 preceding days. The
optimal number of previous days was chosen using the mean
Akaike Information Criteria (AIC) from all 107 cities.13
Results are shown for a 10°F increase in temperature.
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Separate analyses were made in each season. This
allowed a positive relation between increasing temperature
and death in summer, and a negative relation in winter.1 To
control for the effects of humidity, the same-day dew-point
temperature was included. Day of the week was also included
as an indicator variable to control for any weekly pattern in
cardiovascular deaths.
A time-stratified case-crossover design was used,12
with months as the strata. Index days were every day in a
month. The referents were the other days in the month,
excluding the index day and 2 days either side of the index
day (to reduce the correlation in exposure between the index
and referent days). For example, an index day of January 9
had referent days of January 1 to January 6, and January 12
to January 31. Seasons were defined as: winter, December to
February; spring, March to May; summer, June to August;
and fall, September to November.
Heterogeneity among cities in the case-crossover estimates was calculated using the I-squared statistic.14 This
statistic is on a scale of 0% (completely homogeneous) to
100% (extreme heterogeneity).
The case-crossover estimates across cities, years and seasons were combined using a Bayesian hierarchical model.15
Each city was given a random intercept and a random linear
effect of time. A sensitivity analysis examined the random
nonlinear (quadratic) effect of time. This change to the model
was assessed using the Deviance Information Criteria
(DIC).16 To examine differences in the effect of temperature
by average climate, a hierarchy of geographical region was
added to the model. The results from Anchorage and Honolulu were excluded from this sensitivity analysis, as they were
not clearly a member of any region.
The case-crossover analysis was conducted using SAS
(SAS Institute Inc., Cary, NC) and the Bayesian hierarchical
model using WinBUGS (MRC Biostatistics Unit, Cambridge,
UK). The Markov chain Monte Carlo (MCMC) analysis used
a burn-in of 10,000 samples followed by a run of 50,000
thinned by 5. Convergence of the Markov chains was assessed using the Gelman-Rubin statistic.17

RESULTS
The highest risk of death after temperature exposure
(according to the AIC) came at 0 to 4 days. The hierarchical
model fit (according to the DIC) was not improved by using
a random quadratic term for time, and so the results are based
on modeling a linear change over time. The Markov chain
Monte Carlo estimates showed good convergence in all 4
seasons.
Table 1 presents the estimated mean changes in cardiovascular deaths due to a 10°F increase in temperature (over
the previous 0 – 4 days) at the start and end of the study (based
on the hierarchical model). The largest change over time was
in the effect of hot temperatures in summer. In summer 1987
cardiovascular deaths increased by 4.7% with a 10°F increase
in temperature (95% posterior interval (PI) ⫽ 3.0% to 6.5%).
By summer 2000 the risk was virtually zero (⫺0.4%; ⫺3.2%
to 2.5%). There was very little change over time during the
other seasons, as shown by Figure 1. In all seasons the
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TABLE 1. Mean Change in Daily Cardiovascular Deaths (%)
Over 107 US Cities due to a 10°F Increase in Temperature
by Season for the Years 1987 and 2000
Season

Year

Change (%) (95% PI)

I-squared*
%

Spring

1987
2000
1987
2000
1987
2000
1987
2000

⫺2.4 (⫺3.3 to ⫺1.4)
⫺3.2 (⫺5.2 to ⫺1.2)
4.7 (3.0 to 6.5)
⫺0.4 (⫺3.2 to 2.5)
⫺3.7 (⫺4.7 to ⫺2.7)
⫺4.2 (⫺6.1 to ⫺2.2)
⫺4.2 (⫺5.1 to ⫺3.2)
⫺4.9 (⫺6.8 to ⫺3.1)

20.9
27.4
16.0
19.5
13.2
3.7
25.7
30.6

Summer
Fall
Winter

*I-squared is a measure of the heterogeneity among cities.
PI indicates posterior interval.

posterior intervals for the mean effect of temperature widened
over time, partly due to a reduction in cardiovascular deaths
over time. The annual percentage change in deaths (and 95%
PI) were: for winter ⫺0.06 (⫺0.23 to 0.10); for spring ⫺0.06
(⫺0.24 to 0.11); for summer ⫺0.39 (⫺0.65 to ⫺0.13); and
for fall ⫺0.04 (⫺0.22 to 0.14).
Figure 2 shows that the decline in summer deaths over
time varied by geographical region. The biggest declines
were in the Northeast, Northwest, Industrial Midwest and
Southern California; these were also the regions with the
highest levels of temperature-related mortality in 1987. In the
Southeast and Southwest regions, the higher mortality with
summer heat changed little over time. In the Upper Midwest
region, there was little evidence for temperature-related
deaths in summer, and little change in this pattern over time.
There was relatively little change over time in the effects of
cold in winter, except that the mortality risk with cold
temperatures got somewhat worse in the Industrial Midwest
region and somewhat better in Southern California.
The I-squared values of between 21% and 31% in
summer and winter indicate mild heterogeneity in the effects
of temperature between the cities (Table 1). This heterogeneity is apparent in Figure 2, which shows variations in
average temperature effects by region. This finding of mild
heterogeneity is in contrast to a similar study that found a
large disagreement in heat-related mortality among 12 US
cities.18

DISCUSSION
The was a clear decrease in heat-related mortality in the
elderly between 1987 and 2000. Related studies in the United
States have found similar declines in heat-related all-cause
mortality (all ages) from the 1960s to the 1990s,19 and from
1971 to 1997 in North Carolina.20 The authors of both studies
suggested that the decline was due to increases in air conditioning use. Two studies of all-cause mortality in the United
States have found that the effect of hot temperatures was
associated with the level of air conditioning use in a city.18,21
Figures from the US Energy Information Administration for
© 2007 Lippincott Williams & Wilkins
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FIGURE 1. Mean changes in daily cardiovascular
deaths (%) and 95% posterior intervals due to a
10°F increase in temperature by year and season.

1980 to 2001 show that air conditioning use has been steadily
increasing in all areas of the United States.22 Although an
increase in air conditioning is a plausible explanation of the
decrease in heat-related cardiovascular deaths, it is confounded with other changes over time, such as improved
health care.

Cold-Related Mortality
While an increase in air conditioning over time may
have affected heat-related cardiovascular deaths, nothing has
changed the impact of cold temperatures on mortality. The
mechanism by which cold temperatures lead to increased
cardiovascular deaths is most likely via blood pressure.23
Susceptibility to cold-related mortality has been associated

FIGURE 2. Mean changes in daily cardiovascular deaths (%)
due to a 10°F increase temperature in summer and winter by
region.
© 2007 Lippincott Williams & Wilkins

with race,24,25 education24 and female sex.3,25 The sex difference suggests either that clothing is an important modifier26 or
that there is a biologic difference between the ability to
thermoregulate. Body temperature is regulated by the hypothalamus neurons, which are directly influenced by estrogen
through estrogen receptors. The associations with race and
education suggest a socioeconomic effect, although results on
the socioeconomic effect on cold-related deaths have been
mixed. Of 2 large UK studies, one found an association
between cold homes and increased risk of death,10 but another found that deprivation in an area was not related to risk
of excess winter all-cause mortality.27
It is plausible that improvements over time in the
standard of living (specifically housing quality and heating)
would reduce the number of cold-related deaths. The results
from this study suggest either that improvements in the US
standard of living were insufficient or that such improvements are in fact not protective. Another possible pathway to
protection of the elderly from low temperatures is more and
better clothes in cold weather.26 The results shown here
suggest that protective measures need to be taken not just in
winter, but also in relatively cold days spring and fall.
However, there is no direct evidence in the literature to
support an intervention of increased clothing. Basu and
Samet1 have provided guidelines for the future research into
heat-related mortality. The results from the present study
indicate that new studies of cold-related cardiovascular
deaths are also needed. To date most research has analyzed
temperature at a population level, using temperature measurements obtained from outdoor monitors. Although logistically
more difficult, a cohort study that monitored temperature in
subjects’ homes and collected details on subjects’ clothing
would have much greater power to detect differences in risk
related to individual and socioeconomic factors.
A successful intervention for cold-related mortality
could have a substantial public health impact. Using the data
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analyzed here, the average difference in the number of cardiovascular deaths between winter and summer was 28 per
1000 of the elderly population, although some of this difference is due to other seasonal risk factors such as influenza.28

Related Studies
The results from Figure 2 are similar to a related study,
which found the strongest association for heat-related cardiorespiratory mortality in the Southwest, and a negligible effect
in the Upper Midwest.29 That study examined temperature
and cardiorespiratory mortality in the elderly in the 20 largest
metropolitan areas in the United States in 1992. The Upper
Midwest had the best result of any region for heat-related
mortality despite the study period including the 1995 Chicago
heat wave.1 This study examined trends in temperaturerelated mortality, and thus extreme events were averaged out.
A related study in the United States showed a decline
over time in the seasonality of cardiovascular disease.30 The
study covered the years 1937 to 1991 and showed an approximate 2% per annum decline in the winter-summer ratio of all
coronary heart disease deaths. The authors suggested the
decline may be due to improvements in heating (indoor and
vehicular) and air-conditioning. Declines in seasonality mortality, however, are not the same as declines due to temperature-related mortality. Seasonal estimates include the effects
of other seasonal risk factors such as diet, physical activity
and influenza.28 This study specifically examined the effects
of temperature, and showed a substantial decline in summerheat-related mortality after controlling for seasonality.
The strengths of the present study are that it covered a
large number of cities in the United States, and so had power
to look at changes over time in temperature-related deaths by
season and geographical region. It used the case-crossover
method to control for the large decrease over time in cardiovascular disease death rates. One limitation is that the delay
between temperature exposure and death was fixed to 4 days,
when it is possible that the delays varied by city and season.
Also the study was able to examine only total cardiovascular
deaths, while specific cardiovascular outcomes (eg, myocardial infarction) may be more sensitive to temperature.
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Cooked Meat and Risk of Breast Cancer—
Lifetime Versus Recent Dietary Intake
Susan E. Steck,* Mia M. Gaudet,† Sybil M. Eng,‡ Julie A. Britton,§ Susan L. Teitelbaum,§
Alfred I. Neugut,储 Regina M. Santella,** and Marilie D. Gammon†
Background: Polycyclic aromatic hydrocarbons (PAHs) and heterocyclic amines (HCAs) are carcinogens formed in or on the
surface of well-done meat, cooked at high temperature.
Methods: We estimated breast cancer risk in relation to intake of
cooked meat in a population-based, case-control study (1508 cases
and 1556 controls) conducted in Long Island, NY from 1996 to
1997. Lifetime intakes of grilled or barbecued and smoked meats
were derived from the interviewer-administered questionnaire data.
Dietary intakes of PAH and HCA were derived from the selfadministered modified Block food frequency questionnaire of intake
1 year before reference date. Unconditional logistic regression was
used to estimate adjusted odds ratios (ORs) and 95% confidence
intervals (CIs).
Results: Modest increased risk was observed among postmenopausal, but not premenopausal, women consuming the most grilled
or barbecued and smoked meats over the life course (OR ⫽ 1.47;
CI ⫽ 1.12–1.92 for highest vs. lowest tertile of intake). Postmenopausal women with low fruit and vegetable intake, but high lifetime
intake of grilled or barbecued and smoked meats, had a higher OR
of 1.74 (CI ⫽ 1.20 –2.50). No associations were observed with the
food frequency questionnaire-derived intake measures of PAHs and
HCAs, with the possible exception of benzo(␣)pyrene from meat
among postmenopausal women whose tumors were positive for both
estrogen receptors and progesterone receptors (OR ⫽ 1.47; CI ⫽
0.99 –2.19).
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Conclusions: These results support the accumulating evidence that
consumption of meats cooked by methods that promote carcinogen
formation may increase risk of postmenopausal breast cancer.
(Epidemiology 2007;18: 373–382)

P

olycyclic aromatic hydrocarbons (PAHs) and heterocyclic
amines (HCAs) are 2 classes of carcinogens that are found
in the human diet. PAHs can appear on or near the surface of
foods from the smoke created by incomplete combustion of
carbon and hydrogen in fat that has fallen onto hot coals (such
as in grilling or barbecuing), or by contamination from air or
water pollutants.1 PAHs are found in a variety of food
products, including grilled or barbecued meat, smoked meat,
vegetables, fruits, yogurt, margarine, grains, and cereals.1
HCAs are formed when amino acids pyrolyze in meat juice,
and are particularly high in pan-fried, grilled and, to a lesser
extent, broiled meat.2 The method, temperature, and duration
of cooking greatly affect the amount of HCAs found in meat
products, with greater doneness associated with higher concentrations of HCAs.3,4 HCAs and PAHs are known carcinogens in animals, and are involved in the development of
mammary tumors.5,6 Dietary intake of these compounds has
been consistently linked to colorectal cancer,7 and has been
linked to breast cancer in a few epidemiologic studies,8,9 but
not all.10
Several epidemiologic studies have observed positive
associations between recent intake of well-done cooked meat
and breast cancer,11–13 whereas other studies have not.14 –16
None of the previous studies assessed lifetime intake of
cooked meat, which may be the more relevant time frame of
exposure in carcinogenesis. Additionally, many of the studies
were limited in their ability to estimate dietary intake of
specific carcinogens from cooked meat because the exposure
assessment method relied on food frequency questionnaires
(FFQs) without specific questions related to meat preparation
techniques or doneness preference.
This large population-based study was undertaken to
address the hypothesis that breast cancer risk may be associated with dietary intake of PAHs, HCAs, and meat, according
to cooking methods and level of doneness. We assessed
intake both recently and throughout the lifetime. Further, we
looked for possible interactions with fruit and vegetable
intake, based on the possibility that these foods may mitigate
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the carcinogenic effects of PAHs and HCAs, as shown in
animal models.17,18

METHODS
Institutional Review Board approval was obtained by
all collaborating institutions. The study was conducted in
accordance with national and institutional guidelines for the
protection of all study participants.

Study Design and Population
The Long Island Breast Cancer Study Project is a
population-based case-control study funded by the National
Cancer Institute and the National Institute of Environmental
Health Sciences in response to a federal mandate (Public Law
103-43, June 10, 1993) that a case-control study be conducted
on Long Island, New York to examine the relationship
between environmental exposures and breast cancer. Methods have been described in detail previously.19 Cases (n ⫽
1508; 82% of eligible cases) were identified through pathology/cytology records of 33 institutions; they included residents of Nassau and Suffolk counties, newly diagnosed with
breast cancer between 1 August 1996 and 31 July 1997.
Population-based controls (n ⫽ 1556; 63% of eligible controls) were identified using random digit dialing for women
under the age of 65 years and by Center for Medicare and
Medicaid Services (formerly known as Health Care Financing Administration) rosters for women 65 years and older.
Controls were frequency-matched to the expected age distribution of cases by 5-year age group. All participants signed
informed consent forms before enrolling in the study.

Exposure Assessment
An in-home questionnaire that lasted on average 101
minutes was administered to each subject by a trained interviewer. The questionnaire elicited information on demographic factors, current and past residences, occupational
history, environmental exposures, reproductive history, menstruation and menopause history, contraceptive and hormone
use, medical history, body size, physical activity, family
history of disease, alcohol consumption, and smoking history
(questionnaire available at http://epi.grants.cancer.gov/LIBCSP/
projects/Questionnaire.html). This main questionnaire also
included assessment of intake of 4 categories of grilled/
barbecued and smoked meats over each decade of life since
the teenage years (Section C. Residential History, pages 19 –20
of the questionnaire on the Web site). Among the respondents
who completed the main questionnaire, 98% of breast cancer
cases and 98% of controls also completed a self-administered
Block FFQ (detailed below), including approximately 100
food items that assessed diet in the previous year.

Exposure Indices Calculated
Lifetime Intake of Grilled or Barbecued and
Smoked Foods
As previously described,20 variables quantifying lifetime consumption of grilled/barbecued and smoked foods
were constructed based on 1) data collected in the main
questionnaire that focused on past lifetime consumption and
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2) a checklist that focused on consumption in the 4 weeks
before the interview. In the main questionnaire, women were
queried about their consumption patterns over 6 decades of
life (⬍20 years, 20 –29 years, 30 –39 years, 40 – 49 years,
50 –59 years, 60⫹ years) for 4 different groups of PAHcontaining foods: smoked beef, lamb, and pork; grilled/
barbequed beef, lamb, and pork; smoked poultry or fish; and,
grilled/barbequed poultry or fish. The average of the 6 (or
fewer) decades was calculated to derive an average lifetime
consumption of these 4 PAH-containing food groups.
Values were missing for ⬍2% of respondents for each
of the 24 groups (6 decades of consumption ⫻ 4 food
groups), which translated to 9%–10% of respondents missing
the values for the 4 derived averages. Most of missing values
were restricted to a single decade of reported consumption.
Imputations for the missing values were derived by multiple
regression21 using data from women with complete data to
predict the missing variables in each of the 24 groups. In
addition, regression analyses were performed separately by
the decade of age at interview because of concerns about
possible cohort effects. For example, to predict average
consumption of smoked beef, lamb, and pork between the
ages of 20 and 29 years, for women in their 30s at reference,
multiple regression was conducted using subjects in their 30s
at reference to construct a model:
Beef consumption during ages 20 –29 years
⫽ ␣ ⫹ ␤1 (beef consumption under age 20 years)
⫹ ␤2 (beef consumption during ages 30 –39 years) ⫹ 
These regression coefficients, ␤1 and ␤2, were then
used to impute beef consumption for all women in their 30s
who were missing only beef consumption during the decade
20 to 29 years of age. These steps were repeated for other
women missing only 1 interval of consumption within each
food category. To correct for artificially minimized standard
errors for the odds ratios (ORs) produced when using imputations, the standard errors obtained using imputed data were
inflated back to the lower sample-size level. This imputation
strategy reduced the amount of missing intake data in the
following manner: lifetime grilled/barbecued beef, lamb, or
pork consumption reduced from 9% to 3%; lifetime intake of
grilled/barbecued poultry or fish from 10% to 3%; lifetime
smoked beef, lamb, or pork consumption from 9% to 3%;
lifetime intake of smoked poultry or fish from 10% to 5%;
and lifetime consumption of all 4 types of food combined
from 15% to 5%.
The results obtained from this imputed data set were
not materially different from those obtained from the data set
in which missing consumption values were simply dropped,
although, as expected, confidence intervals were wider for the
latter data set (data not shown). Sensitivity analyses revealed
that substitution of more crudely derived imputations (for
example the highest or lowest observed values) did not
substantially affect the observed ORs (data not shown). Thus,
the results based on models with the more precisely estimated
regression coefficients imputed for the missing values are
shown.
© 2007 Lippincott Williams & Wilkins
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HCA and Benzo(␣)pyrene Indices

items were assumed to be the most common doneness response. For hamburger 关22 (1.6%) cases, 35 (2.4%) controls兴
and steak 关44 (1.7%) cases, 29 (2.0%) controls], missing
values were assigned the medium doneness level that was
selected by greater than 50% of controls. For pork, 41 (3.3%)
cases and 51 (2.9%) controls, and for poultry, 28 (1.9%) cases
and 40 (2.7%) controls were assigned the “well” doneness
selected by greater than 50% of controls.

Calculation of these exposure indices was based on data
collected as part of the Block FFQ,22 which was modified to
include a detailed assessment of frequency, preparation techniques, and doneness levels for 5 items (hamburgers, steak,
pork, poultry, and fish).23 Frequency of intake was categorized as never, ⬍1 per month, 1 per month, 2–3 per month,
1–2 per week, 3– 4 per week, 5– 6 per week, and at least 1
time per day. For each meat and fish item, participants were
asked, “how often during the last 12 months, did you eat
meat . . . grilled or barbequed, pan-fried, (not deep-fat-fried),
oven-broiled, oven-baked, microwaved, and other (specify:
).” Levels of doneness were categorized as rare/
medium, well-done, or very well-done. Frequency of cooking
methods for each food item was converted to the common
denominator of times per week. Responses to the frequency
and portion sizes of food items were translated into daily
intakes (in grams) for each food item using the National
Cancer Institute DietSys program, version 3.24
We examined 1 PAH 关benzo(␣)pyrene兴 and 3 HCAs
关2-amino-1-methyl-6-phenyl-imidazo关4,5-b兴pyridine (PhIP),
2-amino-3,8-dimethylimidazo关4,5-f兴quinoxaline (MeIQx), and
2-amino-3,4,8-trimethylimidazo关4,5-f兴quinoxaline (DiMeIQX,)兴.
The values per gram of food item were each applied to
consumption (in grams) of hamburger, steak, pork, bacon,
sausage, fried chicken, and other types of poultry using a
modification of the method developed by Sinha.3,4,25,26
PAH and HCA values for meats vary with cooking
method, level of doneness, and consumption of the skin for
poultry items.1 To translate participants’ responses into daily
intake in grams for each meat item, cooking method weights
were created based on the percent of time a women used each
specific cooking method. These weights were then multiplied
to the HCA and benzo(␣)pyrene values unique to that cooking method and doneness level. Weighted HCA and
benzo(␣)pyrene levels for each cooking method were then
summed across cooking methods for each meat item. The
resulting number of nanograms of HCA or benzo(␣)pyrene
per 1 g for each meat item was multiplied by the woman’s
intake (in grams) of that meat item.
Women who did not respond to a meat item’s doneness
level and frequency of intake were assumed to be nonconsumers of that item (assigned to 0). Among the minimal
number of remaining women with missing data for the
cooking method section, HCA and benzo(␣)pyrene values for
the missing meat item were set to missing; this was done for 28
hamburger responses 关14 cases (0.9%), 14 controls (0.9%)兴, 28
steak responses 关14 cases (0.9%), 14 controls (0.9%)兴, 44 pork
responses 关24 cases (1.6%), 20 controls (1.3%)兴, and 36
chicken responses 关15 cases (1.0%), 21 controls (1.4%)兴. The
FFQ did not specifically ask cooking methods for steaks or
roasts, so the frequency of cooking methods for “beef, including hamburger” was assigned to steaks or roasts. Cooking methods for bacon and sausage were also not specifically
queried, so cooking methods reported for pork were assigned
to bacon and sausage. In the control population, the categories “Don’t know” and missing values for doneness of meat
© 2007 Lippincott Williams & Wilkins

Covariate Assessment
The following variables were studied with regard to
confounding or effect modification: 1) from the main questionnaire, reference age (defined as date of diagnosis for cases
and date of identification for controls), menopausal status,
race, education, age at first birth, parity, age at menarche,
history of breast-feeding, use of oral contraceptives, use of
hormone replacement therapy, family history of breast cancer, smoking status, physical activity, body mass index,
alcohol intake; and 2) from the FFQ, consumption of energy,
fruits and vegetables, and single and multiple vitamin use.
Stratified analyses were performed to test for heterogeneity
by stage of disease and estrogen receptor/progesterone receptor (ER/PR) status as previously described.19

Statistical Methods
The main exposure variables were total and average
lifetime intake of grilled/barbecued and smoked meats estimated from the main questionnaire, and estimated intake of
total benzo(␣)pyrene, benzo(␣)pyrene from meat only,
benzo(␣)pyrene from sources other than meat, and each of
the 3 HCAs, all based on FFQ responses as described above.
These variables were categorized into quantiles (deciles,
quintiles, quartiles, tertiles, or dichotomous) based on menopause-specific distributions among the controls to assess the
best representation of the data. Because the findings were
similar regardless of the quantile chosen, we used tertiles to
improve power during stratified analyses. Unconditional logistic regression was used to calculate ORs and 95% confidence intervals (CIs) of breast cancer in relation to tertiles of
the main exposure variables. Crude ORs and corresponding
95% CIs adjusting only for age were calculated, as well as
adjusted ORs controlling for potential confounders.
Effect modification on the multiplicative scale was
evaluated by comparing the ORs for meat intake variables
across strata of covariates and testing for heterogeneity. We
created interaction terms between meat intake variables and
covariates, and conducted a likelihood ratio test to compare
the model with the interaction terms to the reduced model
containing only the individual variables. We assessed additive
interaction by computing interaction contrast ratios using the
hypothesized lowest risk category of low meat intake and high
fruit and vegetable intake as the common referent and comparing all other joint categories of meat and fruit and vegetable
intake to this common referent. In these data, menopausal
status was not an effect modifier on a multiplicative scale.
Nonetheless, because we27 and others28 have found breast
cancer risk in relation to diet to vary with menopause, and
because there was some indication that the lifetime cooked
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meat results varied with menopausal status, we present all
analyses stratified by menopausal status.
We assessed confounding with backward elimination,
beginning with a full model. A covariate remained in the
model if the OR of the reduced model (without the covariate)
changed by more than 10% when compared with the OR of
the full model. Tests for trend were calculated by setting each

tertile equal to the median value and treating these 3 median
tertile values as a continuous variable.

RESULTS
Breast cancer risk among postmenopausal women was
elevated in relation to measures of both total and average

TABLE 1. Adjusted* ORs and 95% CIs for Breast Cancer by Intake of Grilled/Barbecued and Smoked Meats Over the
Woman’s Lifetime (Assessed From Main Questionnaire) in the Long Island Breast Cancer Study Project, 1996 –1997
Intake†
Range

Premenopausal
Median

Cases
No. (%)

Controls
No. (%)

OR

Postmenopausal
(95% CI)

Cases
No. (%)

Controls
No. (%)

OR

391 (40)
327 (33)
271 (27)

415 (43)
302 (32)
244 (25)

1.00
1.21
1.28

289 (32)
261 (28)
366 (40)

316 (35)
266 (30)
310 (35)

1.00
1.18
1.32

469 (48)
281 (29)
233 (24)

499 (51)
270 (28)
208 (21)

1.00
1.25
1.13

187 (25)
240 (31)
332 (44)

215 (30)
215 (30)
298 (40)

1.00
1.45
1.30

324 (35)
320 (34)
295 (31)

373 (41)
274 (30)
259 (29)

1.00
1.48
1.35

280 (29)
287 (30)
390 (41)

330 (35)
272 (30)
330 (35)

1.00
1.47
1.47

395 (41)
312 (32)
254 (26)

418 (45)
278 (30)
234 (25)

1.00
1.31
1.20

(95% CI)

Grilled/barbecued beef, pork, and lamb
Average over lifetime
0–13‡
14–48
49–364
P for trend
Total over lifetime
0–630‡
631–2162
2163–17,217
P for trend
Average over lifetime
0–21‡
22–52
53–364
P for trend
Total over lifetime
0–810‡
811–2277
2278–24,253
P for trend
Average over lifetime
0–54‡
55–137
138–1092
P for trend
Total over lifetime
0–2562‡
2565–6081
6085–51,652
P for trend
Average over previous
decade of life
0–48‡
49–140
142–1092
P for trend

3
28
79

119 (25)
145 (31)
203 (43)

134 (27)
145 (29)
215 (44)

1.00
1.09
0.96

219
1358
3640

124 (27)
175 (38)
158 (35)

137 (29)
186 (39)
155 (32)

1.00
0.98
0.85

1
38
97

229 (49)
140 (30)
98 (21)

240 (48)
160 (32)
99 (20)

1.00
1.06
0.96

323
1490
3750

163 (43)
132 (35)
82 (22)

155 (40)
153 (39)
81 (21)

1.00
0.97
0.94

24
89
208

91 (20)
169 (38)
191 (42)

111 (23)
170 (36)
197 (41)

1.00
1.24
1.13

1164
4264
9448

153 (34)
161 (35)
143 (31)

166 (34)
181 (38)
136 (28)

1.00
0.98
1.03

12
96
220

109 (24)
161 (35)
185 (41)

126 (26)
146 (30)
216 (44)

1.00
1.05
0.88

(0.72–1.63)
(0.66–1.40)
P ⫽ 0.47

(0.67–1.42)
(0.57–1.26)
P ⫽ 0.24
Smoked ham, pork, and lamb

(0.75–1.52)
(0.63–1.47)
P ⫽ 0.88

(0.68–1.39)
(0.60–1.47)
P ⫽ 0.29
Total grilled/barbecued and smoked meats

(0.83–1.86)
(0.76–1.68)
P ⫽ 0.89

(0.68–1.40)
(0.68–1.54)
P ⫽ 0.98

(0.70–1.56)
(0.60–1.30)
P ⫽ 0.52

(0.93–1.57)
(0.96–1.71)
P ⫽ 0.18

(0.89–1.57)
(1.01–1.72)
P ⫽ 0.10

(0.96–1.63)
(0.84–1.51)
P ⫽ 0.35

(1.09–1.93)
(0.99–1.69)
P ⫽ 0.22

(1.13–1.93)
(1.02–1.79)
P ⫽ 0.12

(1.11–1.95)
(1.12–1.92)
P ⫽ 0.02

(1.00–1.70)
(0.90–1.60)
P ⫽ 0.27

*Adjusted for age, energy intake, fruit and vegetable intake, and multivitamin supplement use.
†
Average indicates the number of times consumed per year; total indicates the total number of times consumed.
‡
Reference category.
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lifetime intake of grilled/barbecued and smoked meats (as
assessed in the main questionnaire; Table 1). Compared with
women in the lowest tertile, ORs for total lifetime intake
among women in the second and third tertile were both 1.47
(95% CI ⫽ 1.11–1.95 and 1.12–1.92, respectively); the corresponding results for average lifetime intake were similar
(OR ⫽ 1.48 关CI ⫽ 1.13–1.93兴 and 1.35 关CI ⫽ 1.02–1.79兴,
respectively). Modest increased risks among postmenopausal
women were also observed in relation to average and total
lifetime intake of grilled/barbecued beef, pork, and lamb, and
in relation to total lifetime intake of smoked ham, pork, and
lamb. No associations were observed for any of the lifetime
cooked meat intake variables among premenopausal women
(Table 1). Further, no associations were observed for intakes
of grilled/barbecued poultry or smoked fish among pre- or
postmenopausal women (data not shown).

We also examined the association between breast cancer and intake of cooked meat by decade of life (data not
shown). For postmenopausal women, although some individual associations were noted, no clear patterns emerged to
suggest differential risk by intake in specific decades of life.
In general, associations between the various cooked meat
variables and breast cancer risk were spread throughout the
lifetime. When examining associations by decade of life in
premenopausal women, a few associations were observed in
the second but not the third tertiles of intake.
As shown in Table 2, intakes of benzo(␣)pyrene and
HCAs in the previous year (as assessed by the FFQ) were not
associated with increased risk of breast cancer. Contrary to
our hypothesis, for premenopausal women, a reduced risk of
breast cancer was observed in women in the third tertile of
intake of 2 HCAs (MeIQx and DiMeIQx) compared with

TABLE 2. Adjusted* ORs and 95% CIs for Breast Cancer by Intake of Polycyclic Aromatic Hydrocarbons and Heterocyclic
Amines in the Previous Year (Assessed From FFQ)
Intake†

Premenopausal
Median

Cases
No. (%)

0–56‡
57–84
85–411
P for trend

42
70
107

142 (32)
156 (35)
150 (33)

0‡
1–3
4–189
P for trend

0
1
11

208 (46)
112 (25)
128 (29)

0–54‡
55–80
81–406
P for trend

41
67
100

153 (33)
165 (36)
139 (31)

0‡
1–14
15–942
P for trend

0
4
58

152 (34)
115 (26)
181 (40)

0‡
1–11
12–323
P for trend

0
4
25

135 (30)
159 (36)
154 (34)

0
1
5

208 (46)
152 (34)
88 (20)

Range

0‡
1–2
3–40
P for trend

Controls
No. (%)

OR

Postmenopausal
(95% CI)

Total BaPs from food
159 (33)
1.00
160 (34)
1.20
(0.79–1.81)
156 (33)
1.15
(0.68–1.94)
P ⫽ 0.52
BaPs from meat
219 (46)
1.00
124 (26)
0.75
(0.51–1.11)
132 (28)
0.91
(0.62–1.32)
P ⫽ 0.71
BaPs from foods other than meat
182 (37)
1.00
158 (32)
1.27
(0.82–1.97)
152 (31)
1.04
(0.56–1.92)
P ⫽ 0.99
PhIP
139 (29)
1.00
153 (32)
0.58
(0.39–0.87)
183 (39)
0.83
(0.57–1.21)
P ⫽ 0.97
MeIQx
117 (25)
1.00
170 (36)
0.78
(0.52–1.15)
188 (39)
0.60
(0.40–0.91)
P ⫽ 0.007
Di MeIQx
212 (45)
1.00
141 (30)
1.02
(0.71–1.46)
122 (25)
0.59
(0.38–0.91)
P ⫽ 0.003

Cases
No. (%)

Controls
No. (%)

OR

336 (35)
347 (36)
281 (29)

318 (34)
296 (32)
324 (34)

1.00
1.22
1.01

568 (59)
226 (23)
170 (18)

552 (59)
224 (24)
162 (17)

1.00
0.91
1.07

357 (36)
342 (34)
294 (30)

316 (33)
317 (33)
335 (34)

1.00
0.95
0.88

385 (40)
290 (30)
289 (30)

377 (40)
299 (32)
262 (28)

1.00
0.75
0.92

334 (35)
335 (35)
295 (30)

334 (36)
324 (34)
280 (30)

1.00
0.90
0.94

534 (55)
275 (29)
155 (16)

512 (55)
274 (29)
152 (16)

1.00
0.86
0.91

(95% CI)

(0.89–1.67)
(0.68–1.50)
P ⫽ 0.92

(0.70–1.20)
(0.79–1.46)
P ⫽ 0.51

(0.69–1.32)
(0.58–1.34)
P ⫽ 0.37

(0.57–0.99)
(0.70–1.22)
P ⫽ 0.76

(0.69–1.19)
(0.71–1.25)
P ⫽ 0.96

(0.66–1.12)
(0.66–1.26)
P ⫽ 0.70

*Adjusted for age, energy intake, fruit and vegetable intake, and multivitamin supplement use.
†
ng per day.
‡
Reference category.
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TABLE 3. Adjusted* ORs and 95% CIs for Postmenopausal Breast Cancer by Intake of Grilled/Barbecued and Smoked Meats
Over the Women’s Lifetime (Assessed From Main Questionnaire) Stratified by Fruit and Vegetable Intake
Intake†
Range

Low Fruit and Vegetable Intake
Median

Cases
No. (%)

Controls
No. (%)

OR

(95% CI)

High Fruit and Vegetable Intake
Cases
No. (%)

Controls
No. (%)

OR

136 (37)
115 (32)
113 (31)

173 (41)
117 (28)
133 (31)

1.00
1.37
1.14

101 (30)
99 (30)
133 (40)

135 (34)
125 (32)
134 (34)

1.00
1.05
1.29

184 (51)
102 (28)
75 (21)

233 (54)
109 (26)
86 (20)

1.00
1.07
1.04

86 (32)
89 (33)
92 (34)

111 (36)
91 (30)
106 (34)

1.00
1.19
1.04

101 (29)
126 (37)
116 (34)

145 (36)
125 (31)
132 (33)

1.00
1.27
1.14

104 (30)
118 (34)
127 (36)

142 (35)
129 (31)
140 (34)

1.00
1.15
1.15

120 (34)
118 (33)
117 (33)

159 (39)
120 (29)
130 (32)

1.00
1.44
1.32

(95% CI)

Grilled/barbecued beef, pork and lamb
Average over lifetime
0–10‡
11–40
41–364
P for trend
Total over lifetime
8–537‡
540–2197
2201–17,217
P for trend
Average over lifetime
0–20‡
21–52
53–364
P for trend
Total over lifetime
10–1010‡
1013–2632
2637–24,253
P for trend
Average over lifetime
0–46‡
47–122
123–1092
P for trend
Total over lifetime
0–2553‡
2574–6514
6533–51,652
P for trend
Average over previous
decade of life
0–29‡
30–108
109–1092
P for trend

2
24
67

211 (35)
198 (32)
202 (33)

197 (38)
159 (31)
159 (31)

1.00
1.42
1.37

181
1343
3683

160 (28)
190 (33)
223 (39)

154 (32)
163 (34)
163 (34)

1.00
1.37
1.48

1
38
98

268 (44)
185 (30)
155 (26)

250 (47)
157 (30)
120 (23)

1.00
1.54
1.28

391
1784
4400

138 (29)
160 (33)
186 (38)

125 (31)
145 (35)
137 (34)

1.00
1.56
1.31

19
80
189

177 (30)
188 (32)
219 (38)

172 (35)
154 (32)
159 (33)

1.00
1.67
1.56

1025
4456
10,094

170 (29)
192 (32)
232 (39)

178 (36)
162 (32)
159 (32)

1.00
1.84
1.74

8
64
208

197 (33)
195 (33)
202 (34)

187 (37)
160 (32)
155 (31)

1.00
1.47
1.35

(0.98–2.05)
(0.95–1.98)
P ⫽ 0.24

(0.95–1.97)
(1.03–2.13)
P ⫽ 0.23
Smoked ham, pork and lamb

(1.08–2.18)
(0.87–1.87)
P ⫽ 0.27

(1.08–2.25)
(0.91–1.89)
P ⫽ 0.47
Total grilled/barbecued and smoked meats

(1.15–2.42)
(1.08–2.26)
P ⫽ 0.19

(1.27–2.67)
(1.20–2.50)
P ⫽ 0.07

(1.02–2.12)
(0.93–1.97)
P ⫽ 0.34

(0.90–2.08)
(0.75–1.73)
P ⫽ 0.66

(0.68–1.60)
(0.86–1.54)
P ⫽ 0.35

(0.72–1.60)
(0.66–1.64)
P ⫽ 0.60

(0.77–1.82)
(0.68–1.60)
P ⫽ 0.95

(0.85–1.92)
(0.75–1.73)
P ⫽ 0.26

(0.76–1.73)
(0.76–1.74)
P ⫽ 0.23

(0.96–2.18)
(0.87–2.01)
P ⫽ 0.28

*Adjusted for age, energy intake, and multivitamin supplement use.
†
Average indicates the number of times consumed per year; total indicates the total number of times consumed.
‡
Reference category.

women in the first tertiles. Among postmenopausal women,
no associations were observed with regard to benzo(␣)pyrene
and HCA indices.
As shown in Table 3, when the results among postmenopausal women were further stratified by fruit and vegetable intake (as assessed in the FFQ), the increased risk of
breast cancer associated with the highest tertile of lifetime
consumption of grilled/barbecued and smoked meats was
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limited to women in the lowest category of fruit and vegetable intake (P value for multiplicative interaction ⫽ 0.25). The
increased risk associated with intake of smoked ham, pork,
and lamb was also limited to consumers of low fruit and
vegetable diets. No associations between benzo(␣)pyrene or
HCA intake and breast cancer were observed in either high or
low consumers of fruits and vegetables for postmenopausal
women (Table 4). There was no evidence for additive inter© 2007 Lippincott Williams & Wilkins
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TABLE 4. Adjusted* ORs and 95% CIs for Postmenopausal Breast Cancer by Intake of Polycyclic Aromatic Hydrocarbons and
Heterocyclic Amines in the Previous Year (Assessed From FFQ) Stratified by Fruit and Vegetable Intake
Intake†

Low Fruit and Vegetable Intake
Median

Cases
No. (%)

0–56‡
57–85
86–309
P for trend

41
70
107

316 (53)
222 (37)
61 (10)

0‡
1–2
3–126
P for trend

0
1
8

353 (59)
119 (20)
127 (21)

0–55‡
56–81
82–280
P for trend

41
67
101

350 (57)
206 (33)
63 (10)

0‡
1–13
14–839
P for trend

0
3
51

231 (39)
181 (30)
187 (31)

0‡
1–10
11–247
P for trend

0
4
24

201 (34)
204 (34)
194 (32)

0
1
5

327 (55)
179 (30)
93 (15)

Range

0‡
1–2
3–34
P for trend

Controls
No. (%)

OR

(95% CI)

Total BaPs from food
279 (53)
1.00
184 (35)
1.10
(0.78–1.55)
57 (11)
1.10
(0.63–1.93)
P ⫽ 0.32
BaPs from meat
305 (59)
1.00
117 (22)
0.77
(0.53–1.12)
98 (19)
1.03
(0.70–1.52)
P ⫽ 0.59
BaPs from foods other than meat
289 (54)
1.00
186 (35)
0.88
(0.62–1.25)
59 (11)
0.89
(0.50–1.58)
P ⫽ 0.56
PhIP
192 (37)
1.00
181 (35)
0.72
(0.50–1.03)
147 (28)
0.93
(0.64–1.34)
P ⫽ 0.60
MeIQx
166 (32)
1.00
201 (39)
0.69
(0.48–1.00)
153 (29)
0.90
(0.61–1.33)
P ⫽ 0.63
Di MeIQx
270 (52)
1.00
175 (34)
0.80
(0.57–1.13)
75 (14)
0.99
(0.64–1.54)
P ⫽ 0.81

High Fruit and Vegetable Intake
Cases
No. (%)

Controls
No. (%)

OR

19 (5)
134 (37)
211 (58)

39 (9)
124 (30)
255 (61)

1.00
1.47
1.09

214 (59)
78 (21)
72 (20)

247 (59)
78 (19)
93 (22)

1.00
1.30
0.93

21 (6)
132 (35)
220 (59)

39 (9)
126 (29)
268 (62)

1.00
1.35
1.03

153 (42)
99 (27)
112 (31)

185 (44)
109 (26)
124 (30)

1.00
0.77
0.91

132 (36)
118 (33)
114 (31)

168 (40)
111 (27)
139 (33)

1.00
1.29
0.98

206 (56)
96 (26)
62 (17)

242 (58)
99 (24)
77 (18)

1.00
0.94
0.81

(95% CI)

(0.73–2.98)
(0.52–2.26)
P ⫽ 0.29

(0.83–2.03)
(0.60–1.44)
P ⫽ 0.55

(0.62–2.95)
(0.45–2.31)
P ⫽ 0.35

(0.50–1.17)
(0.60–1.38)
P ⫽ 0.94

(0.84–1.99)
(0.64–1.50)
P ⫽ 0.57

(0.62–1.42)
(0.50–1.30)
P ⫽ 0.36

*Adjusted for age, energy intake, and multivitamin supplement use.
†
ng per day.
‡
Reference category.

action for any of the meat variables with fruit and vegetable
intake. Additionally, we examined the interactions shown in
Tables 3 and 4 for premenopausal women separately, and
found no joint effects between any of the meat intake variables and fruit and vegetable intake (data not shown).
Our large sample size allowed for examination of
effects within joint categories of estrogen- and progesteronereceptor status in postmenopausal women. The risk of breast
cancer among postmenopausal women consuming high
amounts of grilled/barbecued meats over their lifetime was
similar for ER⫹/PR⫹ and ER⫺/PR⫺ tumors (data not
shown). We found no strong associations for any of the
benzo(␣)pyrene or HCA intake variables assessed from the
FFQ across categories of ER/PR status (data not shown), with
the exception of a positive association observed in ER⫹/PR⫹
cases (OR ⫽ 1.47; CI ⫽ 0.99 –2.19; P for trend ⫽ 0.07) in the
© 2007 Lippincott Williams & Wilkins

highest tertile of benzo(␣)pyrene from meats intake when
compared with those in the lowest tertile. No consistent
associations were observed for meat intake variables within
ER⫹/PR⫺ and ER⫺/PR⫹ tumors, though the small numbers
of cases within these categories limited our power to detect
associations within these groups (data not shown).
Analyses stratified by stage of diagnosis (in situ versus
invasive) revealed slight differences in effect estimates for
lifetime intake variables, although these were inconsistent
across different intake variables (data not shown). For example, the increased risk associated with total grilled/barbecued
beef, lamb, or pork was slightly higher for in situ cases,
compared with invasive cancers, in postmenopausal women
(for third tertile compared with the first tertile, the OR for in
situ cancer was 1.41 关95% CI ⫽ 0.79 –2.52兴 and for invasive
cancers it was 1.23 关0.92–1.66兴). In contrast, for total smoked
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ham, lamb, or pork, the increased risk was higher for invasive
cancer (OR ⫽ 1.43; CI ⫽ 1.01–2.03) than for in situ cases
(1.04; 0.53–2.05). No differences in effect estimates between
in situ and invasive cancer were observed in the levels of
benzo(␣)pyrene and HCA intake in the year before interview
(data not shown).

DISCUSSION
Using data from a large population-based case-control
study, we examined associations of breast cancer risk with
lifetime intake of grilled/barbecued and smoked meats, and
also with intake of benzo(␣)pyrene and HCAs in the previous
year. Modest positive associations were found for high lifetime intake of grilled/barbecued and smoked meats in postmenopausal women. These associations were strongest
among women with low consumption of fruits and vegetables. The associations did not appear to differ substantially by
tumor stage or hormone receptor status.
We found no consistent associations between breast
cancer and high dietary intake of HCAs or benzo(␣)pyrene in
the previous year among pre- or postmenopausal women.
Two other studies of recent diet and breast cancer risk found
no associations with cooked or processed meat,14,29 and 2
large prospective studies of up to 18 years of follow-up found
no associations between meat intake and breast cancer, although detailed information related to cooking methods and
doneness preferences were not collected.15,16 In contrast,
intake of very well-done cooked red meat was associated with
increased risk of breast cancer in 1 case-control study,12 and
intake of well-done deep-fried red meat in the previous 5
years was highly associated with increased risk of breast
cancer, particularly in women at high body mass indexes in
another study.11
We found high lifetime intake of grilled/barbecued and
smoked meats was associated with increased risk of breast
cancer among women consuming few fruits and vegetables.
We previously reported an inverse association between fruit
and vegetable intake and postmenopausal breast cancer in this
population.27 Experimental studies suggest that chemopreventive constituents of fruits and vegetables, such as isothiocyanates and chlorophyllin, may protect against PAH- and
HCA-induced genotoxicity.17,18 Our results support laboratory findings in animal models that fruits and vegetables may
confer some protection against the harmful effects of cooked
meat intake.
In animal models, benzo(␣)pyrene and HCAs are potent mammary carcinogens. Their mechanism of action is
believed to be through direct damage to DNA (formation of
DNA adducts).5 However, more recently, there is evidence
from cell culture experiments that 1 HCA (PhIP, but not
MeIQx) may be estrogenic.30 The majority of epidemiologic
and animal model evidence supports a causal relationship
between estrogen levels and breast cancer risk. Thus, it is
surprising that we did not observe increased risk for breast
cancer with increasing intake of HCAs, and in particular,
PhIP. One possible explanation may be that intake in the year
before diagnosis is not representative of a woman’s lifetime
intake of HCA-related foods. Most cancers are believed to be
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slow-growing, developing over a lifetime with initiating
events occurring possibly as early as adolescence. A few
studies have attempted to retrospectively assess adolescent
diet and examine associations with breast cancer,31–34 with
few significant findings. One study by Baer et al35 reported
positive associations of intake of total meat, red meat, and hot
dogs with risk of proliferative benign breast disease. The
numbers of questions relating to diet are usually limited in
these studies, and none has attempted to assess meat cooking
methods in adolescence or over the lifetime.
Also surprising were the inverse associations between
the third tertile of MeIQx and DiMeIQX intake as compared
with the first tertiles and breast cancer among premenopausal
women. Another study found decreased risk of breast cancer
for the highest quartile of PhIP intake as compared with the
lowest quartile (which was attenuated after adjustment for
chicken intake), and nonsignificant decreased risk for the
highest quartiles of MeIQx and DiMeIQx as compared with
the lowest quartile in premenopausal and postmenopausal
women combined.10 Chicken is a major contributor to PhIP
intake. The authors suggest this may partially explain the
inverse associations for PhIP because white meat may help
support proper immune function, or may be a surrogate for
other healthy lifestyle factors. However, 2 other studies found
either no effect of DiMeIQX and MeIQX and an increased
risk with PhIP intake in women aged 55– 69 years,8 or
increased risks in postmenopausal women with high intakes
of MeIQx and PhIP and no associations in premenopausal
women.9 The ranges of estimated HCA intake in these studies
were similar to ours. Foods high in MeIQx are pan-fried
hamburger, sausage, and steak cooked well-done or very
well-done, whereas DiMeIQx has been detected in small
quantities in pan-fried very well-done steak and in pan-fried
and grilled/barbecued chicken.4,36 Thus, the inverse associations in premenopausal women in our study are unexplained
and may be due to chance.
Using an in-person, interviewer-administered questionnaire, we indirectly assessed dietary intake of PAHs by
asking about intake of 4 types of meat prepared either as
grilled/barbecued or smoked during each decade of life. Our
results based on these measures must be interpreted with care
because the lifetime meat intake questionnaire has not been
validated. Although the validity of recall of lifetime intake of
cooked meats has not been directly addressed in the literature,
we can extrapolate from other studies that have attempted to
validate long-term recall of dietary intake. These studies have
reported modest correlations between dietary assessments at
one point in time, and recall of the same diet 11–24 years
later (average correlations for food and nutrient intakes
ranged from 0.23 to 0.59).26,37– 41 Recall of adolescent diet in
adulthood as compared with maternal reporting has also been
examined in the Nurses’ Health Study II, and moderate
correlations were observed (correlations ranged from 0.13 to
0.59).42 Misclassification of exposure, when the variable is
multilevel, may result in bias toward or away from the null.
An additional concern is that the accuracy of long-term recall
may have differed by case or control status; however, this is
unlikely for the following reasons. First, previous validation
© 2007 Lippincott Williams & Wilkins
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studies of long-term recall of diet have not found differential
recall between cancer cases and controls.40,41,43 Second, to
assess whether preconceived notions of breast cancer etiology
would bias a women’s recall of meat intake, we examined the
participants’ responses to what they believed caused breast
cancer. Few women listed meat intake as a causal factor, and
among these women there was no case-control difference.
Therefore, recall bias is unlikely to have a strong influence on
our results.
Given the known measurement error in FFQs, nondifferential misclassification of cooked meat intake variables
may be another explanation for our findings of no association
between recent intake of benzo(␣)pyrene and HCAs and
breast cancer. Unlike some studies showing positive associations,8,12 we did not use color photographs of meat cooked
to varying levels of doneness, but instead relied on written
descriptions of doneness preference, which may be a less
accurate means of collecting these data. Additionally, some
meat items that do not have similar HCA or PAH values were
grouped together in the food questionnaire. For example,
steaks and roasts were grouped in “beef (steaks, roasts, etc.,
including on sandwiches).” However, the content of HCAs
and PAHs in meats is highly dependent on cooking methods,
so the fact that we used reported frequency of the cooking
methods to assign HCA and PAH values to the meat items
should have improved our estimation of intake of these
carcinogens over the basic FFQ. We also did not specifically
ask cooking methods for bacon and sausage, but instead
assigned the reported cooking methods for pork to that of
bacon and sausage. As the true cooking methods for these
different meat items may vary considerably (eg, pan-frying
for bacon and sausage vs. oven-broiling or baking for pork)
and the corresponding HCA and benzo(␣)pyrene content of
bacon is different depending on whether the meat is ovenbroiled or pan-fried,1,3 this assumption may have led to
misclassification of exposure.
Due to the lack of validation of methods to assess
long-term dietary recall, it is possible that current diet, if
correlated with recall of long-term diet, could confound the
relationship between lifetime intake and breast cancer.35 We
examined the correlation between intake of grilled/barbecued
beef, pork, and lamb from the lifetime intake questionnaire
with intake of grilled and barbecued beef and pork on the
FFQ. The Spearman correlation coefficient between intake
before age 20 and intake in the year before interview was
weak (r ⫽ 0.25), whereas the correlation between intake in
the previous decade and intake in the year before interview
was stronger (r ⫽ 0.53). Similar results were found for
poultry and fish, and the results did not differ greatly between
cases and controls. These correlations support the findings
from Baer et al35 that current diet is not strongly correlated
with long-term recall of diet.
Given that we did not collect data on overall lifetime
dietary intake (especially lifetime total meat intake irrespective of the cooking methods), we cannot exclude the possibility that our observed results may be due to other potentially
correlated dietary factors, such as lifetime total meat intake or
lifetime total fat intake, rather than the specific cooking

methods of meat that were queried. We examined confounding by all known risk factors for breast cancer. However,
there may have been residual confounding by exposures
measured with error, such as other dietary intake variables,
lifetime physical activity, or alcohol use. It is unlikely,
though, that residual confounding could fully account for our
findings.
Our study supports a role in postmenopausal breast
cancer etiology for lifetime intake, but not more recent intake,
of meats cooked in ways that enhance PAH formation,
particularly among women consuming few fruits and vegetables. Future investigation into this area in larger studies
may provide useful information on the contribution of these
dietary exposures to breast cancer etiology.

© 2007 Lippincott Williams & Wilkins
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reast cancer rates in China are considerably lower than in
the United States and other developed countries, although
incidence rates have increased markedly in recent years.1
Menstrual and reproductive factors are estimated to explain
40 to 50% of breast cancer risk in Shanghai.2 Changing
dietary and other lifestyle practices may be responsible for
some of the increased incidence.3 Occupational and other
environmental risk exposures may also have contributed to
the rise in breast cancer occurrence in China, but have been
less thoroughly investigated than other factors.
Although women comprise a substantial and increasing
proportion of the workforce worldwide, there are very few
specific established occupational risk factors for female
breast cancer. A noteworthy exception is ionizing radiation,
for which there is strong evidence of associations in certain
occupational groups.4 There are varying levels of support for
causal associations with occupations and specific workplace
exposures. Among the more consistent findings are elevated
risks among teachers, librarians, and administrative workers,
which may reflect the influence of factors associated with
high socioeconomic status.5 There has been considerable
interest in possible associations of breast cancer with occupational and nonoccupational (residential) exposures to electromagnetic field (EMF) exposures, although the evidence is
inconsistent.6 Nonetheless, some recent studies suggest modestly elevated risks.7–9 Suppression of melatonin by EMF is
the presumed mechanism of mammary carcinogenesis for this
exposure. Somewhat stronger associations for breast cancer
risk have emerged from investigations of night shift work,
ostensibly acting by a similar mechanism of melatonin suppression.10,11 Results from studies of breast cancer and persistent organochlorine environmental chemicals, such as
PCBs and DDT, have been mixed.12,13 Some studies indicate
elevated risks related to occupational exposures to solvents,
and polycyclic aromatic hydrocarbons,14,15 but these associations have not been observed consistently. There is very
little evidence that machining fluids are related to breast
cancer risk.16 Relatively sedentary jobs have been linked to
moderate risk excesses.17
The textile industry is one of the world’s largest employers of women, and this industry entails exposures to
numerous potential carcinogens, including solvents, dyes,
EMF, formaldehyde, machining fluids, cotton, wool, synthetic fibers, and silk dusts, and silica.18,19 Neither consistently elevated overall breast cancer risks nor associations
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with specific jobs or exposures have been detected in the few
occupational cohort studies of women textile workers conducted to date.20,21 There was no overall increase in risk of
breast cancer in the cohort on which this study was based.22
Results from a census linkage in Shanghai23 indicated very
small excesses among women employed in textile weaving,
knitting, bleaching, and dyeing jobs. Population-based case–
control studies in the United States5,24,25 and China26 have
not consistently identified occupational breast cancer risk
factors, although these studies have generally been limited by
low prevalence of exposure and nonspecific exposure assessments.
We undertook the current study to investigate associations between specific textile industry exposures and breast
cancer risks in a large, well-characterized cohort. In spite of
the seemingly weak evidence for causal relations between
textile industry exposure and breast cancer, the rationale for
this investigation was the opportunity to improve on the detail
and specificity of exposure assessment over what has been
possible in previous research.

METHODS
Study Subjects
The cohort in which this study was conducted consisted
of 267,400 women textile workers from 526 factories of the
Shanghai Textile Industry Bureau who had been enrolled
from 1989 to 1991 in a randomized trial of breast selfexamination.27,28 The cohort included active and retired employees who were permanent residents of Shanghai born
between January 1, 1925 and December 31, 1958. At enrollment into the trial, women were administered a baseline
questionnaire that elicited information on demographic variables, lifestyle habits (including cigarette smoking and alcohol use), and reproductive history.
Follow-up of the cohort has been described previously.22,27,28 Cancer incidence was ascertained through July
2000 from annual medical reports submitted by the factory
clinics to a cancer and death registry maintained by the
Shanghai Textile Industry Bureau Station for the Prevention
and Treatment of Cancer. Manual reviews of records from the
Shanghai Cancer Registry29 and a computerized matching of
the trial cohort to the Registry data for 1989 through 1998
supplemented the active case finding procedures and identified breast cancer in women who had permanently left the
Shanghai Textile Industry Bureau prior to diagnosis.
We compared the number of observed breast cancer
cases (ICD9 code 174) diagnosed in the study between 1989
and 1998 (n ⫽ 1369) with the expected number of cases,
calculated by applying age-specific rates available from the
Registry to the appropriate groupings of women in the cohort.22 This comparison indicated that the case-finding for the
trial was at least as complete as for the Registry.
Women received all medical care through their affiliated factory, even after retirement. Participants in the trial
who reported a suspicious breast lump through July 2000
were evaluated by medical workers at the factories, who
referred the woman for subsequent evaluation by a surgeon if
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her symptoms suggested that she might have breast cancer.
Referrals were made to 1 of 3 hospitals operated by the textile
industry Bureau, or to other hospitals contracted by individual factories for the care of their workers. For each woman
having breast surgery, study personnel abstracted the histologic diagnosis and information on tumor size and stage from
the woman’s medical record. In all, 1763 breast cancer cases
were identified during the follow-up period, among which the
diagnoses of 99% were based on histology. The majority of
these (84%) were ductal carcinoma; the next largest diagnostic subgroups were mucous carcinoma (n ⫽ 50), medullary
carcinoma (n ⫽ 48), and lobular carcinoma (n ⫽ 40).
A comparison subcohort of 3199 women was randomly
selected from the entire cohort, stratified on year of birth,
using 5-year interval groupings. Because the subcohort was
to be used in analyses of other incident cancers, the sampling
was designed such that the distribution of birth year in the
subcohort corresponded to that for all cancers. Sixteen
women with breast cancer were included in the subcohort.
Experienced field-workers abstracted information from
factory personnel records on all jobs that each woman held
since the beginning of her employment in the textile industry
Bureau. If personnel records were not available, information
was collected by interview of supervisors, coworkers, or
study subjects. Data were collected on the textile process in
which the woman was employed, a description of her main
task, and the dates she was employed in each job.

Exposure Assessment
The Shanghai textile industry includes the manufacture
of fibers, cloth, and ancillary products (eg, raincoats), garment assembly, and textile machine manufacture and repair.
With the assistance of a team of occupational hygienists
employed by the textile industry Bureau, we developed a
job-exposure matrix that permitted classification of workshops, processes, and component jobs according to exposures
to dusts, chemicals, and physical agents potentially associated
with cancer risk.30 Agents of interest included the following:
cotton, wool, silk, and synthetic fiber dusts; endotoxin; solvents; metals; dyes; inks; lubricants (including machining
fluids); bleaches; acids, bases, and caustics; resins, monomers, and coatings; formaldehyde; silica; and EMF. Exposure
classification was based on factory sector (eg, cotton, wool,
cotton/synthetic fibers), workshop (textile process), and jobor task-related information obtained from government and
factory inspection reports describing basic processes and
materials used since each factory was opened. For most
agents, the historical exposure data permitted dichotomous
(exposed versus not exposed) classifications, but not classification as to intensity of exposure.
In addition, we reconstructed quantitative exposures to
cotton dust and endotoxin. Endotoxin is a component of
gram-negative bacteria that contaminates cotton dust. Details
of this assessment are provided elsewhere.31 Briefly, quantitative assessment of the cotton dust exposure was estimated
for each specific textile process based on historical measurements collected by textile industry hygienists from 56 factories between 1975 and 1999. Endotoxin concentrations were
estimated using the predicted cotton dust estimates (mg/m3)
© 2007 Lippincott Williams & Wilkins
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and average concentrations of endotoxin per unit dust mass
(EU/mg dust) in each major process from independent studies
of respiratory symptoms and lung function conducted by
Christiani et al32–34 and from additional cotton and endotoxin
measurement data collected for this study.31
Complete textile industry work history information was
obtained for 1709 breast cancer cases and 3188 subcohort
members. The majority of work history information was
collected from factory personnel records (77% for cases and
79% for subcohort members). Six percent of the cases
(n ⫽ 109) and 4% of the subcohort subjects (n ⫽ 142) were
approached and consented to an in-person interview about the
jobs they held in the textile industry. We could not locate
work history information for 54 breast cancer cases and 11
subcohort noncases. We derived cumulative exposure durations by linking the job exposure matrix with study subjects’
work history data. Nineteen subcohort women who gave a
history of prior breast cancer or mastectomy on the baseline
questionnaire were excluded, leaving 1709 breast cancer
cases and 3155 noncase subcohort women in the analyses.

Data Analysis
We conducted Cox proportional hazards modeling,
adapted for the stratified case-cohort design,35 to estimate
relative risks (hazard ratios 关HRs兴) and associated 95% confidence intervals associated with duration of employment in
various jobs and processes, and duration of exposures to
specific agents. Robust variance estimates were used to compute standard errors (and confidence intervals) of hazard
ratios.36 The period of risk was defined as time since entry
into the cohort until the date of breast cancer diagnosis, death,
or end of follow-up on July 31, 2000. The 16 breast cancer
cases who overlapped with the subcohort contributed persontime from entry in the cohort until date of diagnosis. Women
who were diagnosed with other diseases during the follow-up
period continued to be observed for breast cancer outcomes
and were censored at date of death or end of the study. A
sampling probability weight of 1 was assigned to all cases,
and weights equal to the reciprocal of the sampling fractions
were applied to the noncase subcohort members. The natural
logarithm of the weight was included as an offset term in each
Cox regression model statement to reflect the sampling plan
of the study design.
We categorized duration of employment in each of
seventeen mutually exclusive job process groupings as 0
(reference), 1–9, 10 –19, and ⱖ20 years. We defined duration
of exposure to agents in 5-year strata as 0 (reference), 1– 4,
5–9, 10 –19, and ⱖ20 years. In instances of small numbers,
we defined strata as 0, 1–9, and ⱖ10 years. Cumulative
exposures to cotton dust (mg/m3 ⫻ years) and endotoxin
(EU/m3 ⫻ years) were categorized into strata defined as
nonexposed and quartiles according to the exposure distributions of the subcohort members. We conducted trend tests for
duration of exposure or cumulative exposure, using as the
score variable the median values of the subcohort’s distribution within exposure strata. We excluded from the analyses of
quantitative endotoxin levels those women who ever held
jobs with potential endotoxin exposures from noncotton
sources (machining fluids, wool, sanitation workers) because
© 2007 Lippincott Williams & Wilkins
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their levels of endotoxin exposure could not be estimated.
P-values for trend were based on the Wald test for inclusion
of the score variable in the Cox regression model. Additional
analyses with exposures lagged by 10 and 20 years were
conducted to take into account possible latency periods between exposure and disease occurrence.
All effect estimates were adjusted for age at baseline.
We examined breast cancer risk in relation to age at menarche, total number of live births, age at first live birth,
duration of breast-feeding, contraceptive use, cigarette smoking, alcohol use, history of prior breast lumps, menopausal
status at baseline, and history of breast cancer in mother or
sister. These nonoccupational factors were also evaluated as
possible confounders of the effect estimates for the occupational exposures. Variables were considered to be confounders
if their inclusion in a model resulted in a change in the HR
estimate for the main factor of at least 10%. Only total number
of live births and age at first live birth were included as
confounders in the final models. Data analyses were performed
with Stata v.8.0 (Stata Corp., College Station, TX).
This study was approved by the Institutional Review
Boards at Fred Hutchinson Cancer Research Center in Seattle, WA, and the Station for the Prevention and Treatment of
Cancer of the STIB in Shanghai, China. Women whose work
histories were obtained by interview provided informed oral
consent to participate.

RESULTS
Breast cancer case women tended to be younger than
the reference-subcohort women at baseline (mean ages of
48 years and 53 years, respectively). As shown in Table 1,
after adjusting for age, risk of breast cancer decreased with
increasing age at first menstrual period and was greater in
women with no live births. In a model that included both
the number of live births and age at first birth, breast
cancer risk decreased with increasing numbers of live
births and increased in women whose first live birth was at
age 30 or later. Breast cancer risk was reduced in women
who breast-fed their children for 36 months or longer, after
adjusting for number of children and age at first birth.
Breast cancer risk was not related to types of contraceptives used, cigarette smoking, or alcohol consumption.
Risk was increased in women who had a history of a prior
breast lump, in women who were menopausal at entry into
the cohort, and in women having a mother or sister with
history of breast cancer.
The majority of women (78%) held 1 or 2 jobs during
their lifetime employment in the textile industry. Cases
tended to hold more jobs than noncases (28% of cases had 3
or more jobs compared with 20% of noncases). There was a
substantial inverse trend in breast cancer risk with duration of
employment in cotton handling, fiber processing, and spinning jobs (Table 2). There were no other consistent patterns
of elevated or reduced risk associated with employment in
other job categories.
As shown in Table 3, duration of exposures to solvents
and EMFs, agents of a priori interest, were unrelated to breast
cancer risk. We observed a modest risk reduction among
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TABLE 1. Risk of Breast Cancer in Relation to Characteristics
at Baseline Interview
Characteristic
Age at first menstrual period (yrs)
ⱕ13†
14
15
16
ⱖ17
P for trend
Live births
Yes†
None
Number of live births‡
1†
2
3
4
ⱖ5
P for trend
Age at first live birth (yrs)§
ⱕ19†
20–24
25–29
30 or older
P for trend
Duration of breast-feeding (mos)¶
0†
ⱕ6
7–12
13–24
25–36
37–48
49⫹
P for trend
Oral contraceptives§
Never†
Yes, currently
Yes, formerly
Injectable contraceptives§
Never†
Yes, currently
Yes, formerly
IUD§
Never†
Yes, currently
Yes, formerly
Tubal ligation§
No†
Yes

Cases
Noncases
(n ⴝ 1709) (n ⴝ 3155) HR* (95% CI)

179
315
415
360
439

269
497
635
687
1066

1.00
0.96 (0.75–1.23)
0.97 (0.76–1.23)
0.88 (0.69–1.12)
0.75 (0.59–0.95)
0.002

1591
118

3034
121

1.00
1.99 (1.30–3.03)

695
367
244
150
135

743
567
632
512
580

1.00
1.10 (0.89–1.37)
0.75 (0.57–0.97)
0.60 (0.45–0.82)
0.51 (0.36–0.70)
⬍0.001

72
462
721
336

266
1,290
1,144
334

1.00
1.14 (0.86–1.53)
1.23 (0.91–1.67)
1.79 (1.28–2.51)
⬍0.001

240
205
456
298
185
102
105

321
261
591
551
432
350
528

1.00
0.98 (0.75–1.27)
0.99 (0.79–1.23)
0.93 (0.72–1.20)
1.03 (0.77–1.38)
0.78 (0.56–1.10)
0.59 (0.41–0.83)
0.06

1460
17
232

2737
23
395

1.00
0.99 (0.51–1.90)
1.01 (0.84–1.22)

1631
5
73

3030
8
117

1.00
0.68 (0.22–2.12)
1.00 (0.73–1.37)

1031
537
141

2259
588
308

1.00
0.88 (0.72–1.09)
0.80 (0.64–1.01)

1370
339

2231
924

1.00
1.04 (0.89–1.23)
(Continued)

TABLE 1. (Continued)
Cases
Noncases
(n ⴝ 1709) (n ⴝ 3155) HR* (95% CI)

Characteristic
Ever smoked regularly
Never†
Yes, but quit
Yes, currently
Ever drink alcohol
No†
Yes
Ever had breast lump evaluated
by medical worker
No†
Yes
Menstrual period in past 6 mos
No†
Yes
Mother or sister with breast cancer
No†
Yes

1663
8
37

3011
26
118

1.00
0.85 (0.38–1.90)
0.81 (0.55–1.19)

1368
341

2583
572

1.00
0.98 (0.84–1.15)

1579
130

3043
112

1.00
1.77 (1.34–2.34)

801
908

2174
977

1.00
1.63 (1.23–2.16)

1650
59

3083
67

1.00
1.53 (1.05–2.22)

*Adjusted for age.
†
Reference category.
‡
HR estimates also adjusted for age at first live birth.
§
HR estimates also adjusted for number of live births.
¶
Among women with a live birth; HR estimates also adjusted for number of live
births and age at first live birth.

women exposed to cotton dust for 20 or more years. There
was also a modest reduction in risk in women exposed to silk,
and a slight excess risk in women exposed 20 or more years
to inks. No other agent-specific associations were observed.
Breast cancer risk was inversely related to cumulative
exposure to cotton dust and endotoxin (Table 4). The inverse
risk trends, which were quantitatively very similar for these 2
exposures, were especially pronounced when exposures were
lagged 20 years (trend P-values ⬍0.001).
We also examined breast cancer risk in relation to
cotton dust and endotoxin exposure separately for women
who were pre- and postmenopausal at baseline, and separately for those under 52 and 52 or older at baseline. Risk
estimates and risk trends in all subgroups were similar to
those observed in the overall analyses (data not shown).
Age at employment in the cotton sector ranged between
5 and 52 years of age for women ever employed in cotton
workshops, with 60% beginning their work in the cotton
sector between the ages of 15 and 24. Only 15% were first
employed in this sector at age 30 or older. There was no
important difference between cases and noncases in the age at
first employment in the cotton sector.

DISCUSSION
Our most noteworthy findings were seemingly protective effects of cotton dust and endotoxin exposures on the risk
of breast cancer. Collinearity between cotton dust and its
contaminant, endotoxin, precluded analyses that would dis-
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TABLE 2. Risk of Breast Cancer in Relation to Duration of
Employment in Various Job Processes in the Textile Industry
Duration of Work (yrs)
Warehouse
0†
⬍10
10 to ⬍20
20⫹
P for trend
Cotton fibers‡
0†
⬍10
10 to ⬍20
20⫹
P for trend
Wool fibers‡
0†
⬍10
10 to ⬍20
20⫹
P for trend
Silk fibers‡
0†
⬍10
10 to ⬍20
20⫹
P for trend
Synthetic fibers‡
0†
⬍10
10 to ⬍20
20⫹
P for trend
Mixed fibers‡
0†
⬍10
10 to ⬍20
20⫹
P for trend
Mineral fibers‡
0†
⬍10
10 to ⬍20
20⫹
P for trend
Synthetics manufacture
0†
⬎0
Scour/Bleach
0†
⬍10
10 to ⬍20
20⫹
P for trend

TABLE 2. (Continued)
Duration of Work (yrs)

Cases
(n ⴝ 1709)

Noncases
(n ⴝ 3155)

1411
116
94
88

2642
178
143
192

1.00
1.04 (0.80–1.35)
1.07 (0.80–1.42)
0.86 (0.65–1.13)
0.48

1463
62
78
106

2563
120
152
320

1.00
1.01 (0.72–1.41)
0.86 (0.64–1.15)
0.70 (0.55–0.89)
0.002

1660
22
6
21

3053
20
27
55

1.00
1.97 (1.04–3.76)
0.46 (0.18–1.16)
0.98 (0.57–1.68)
0.60

1700
2
1
6

3124
8
9
14

1.00
0.68 (0.13–3.49)
0.30 (0.04–2.45)
1.10 (0.40–3.05)
0.81

1666
12
15
16

3067
31
24
33

1.00
0.86 (0.43–1.73)
0.95 (0.48–1.88)
1.03 (0.54–1.99)
0.98

1480
66
85
78

2716
125
113
201

1.00
1.10 (0.79–1.52)
1.43 (1.05–1.96)
0.90 (0.68–1.19)
0.70

1697
5
5
2

3131
16
5
3

1.00
0.61 (0.22–1.72)
2.71 (0.77–9.58)
1.40 (0.20–9.85)
0.42

1705
4

3153
2

1.00
4.49 (0.83–24.2)

1688
11
9
1

3128
12
10
5

1.00
1.24 (0.53–2.92)
1.37 (0.52–3.60)
0.29 (0.03–2.61)
0.98
(Continued)
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Cases
(n ⴝ 1709)

Noncases
(n ⴝ 3155)

HR* (95%CI)

HR* (95%CI)
Dyeing
0†
⬍10
10 to ⬍20
20⫹
P for trend
Finishing
0†
⬍10
10 to ⬍20
20⫹
P for trend
Weaving
0†
⬍10
10 to ⬍20
20⫹
P for trend
Printing
0†
⬍10
10 to ⬍20
20⫹
P for trend
Cutting/sewing
0†
⬍10
10 to ⬍20
20⫹
P for trend
Maintenance
0†
⬍10
10 to ⬍20
20⫹
P for trend
Administration/nonproduction
0†
⬍10
10 to ⬍20
20⫹
P for trend
Other manufacturing
0†
⬍10
10 to ⬍20
20⫹ y
P for trend

1670
18
13
8

3099
19
19
18

1.00
1.42 (0.72–2.80)
1.28 (0.61–2.70)
0.73 (0.31–1.75)
0.99

1682
7
13
7

3115
13
17
10

1.00
0.80 (0.30–2.14)
1.38 (0.63–3.02)
1.39 (0.44–4.41)
0.41

1119
133
193
264

2047
229
292
587

1.00
1.01 (0.79–1.29)
1.15 (0.93–1.43)
1.00 (0.84–1.19)
0.69

1690
2
7
10

3131
8
9
7

1.00
0.36 (0.07–1.73)
1.09 (0.37–3.27)
2.07 (0.75–5.72)
0.25

1531
47
84
47

2863
86
95
111

1.00
0.83 (0.56–1.22)
1.61 (1.16–2.25)
0.80 (0.56–1.16)
0.56

1640
31
26
12

3049
48
25
33

1.00
1.17 (0.72–1.93)
1.83 (1.01–3.32)
0.67 (0.34–1.33)
0.82

1100
240
190
179

2257
335
264
299

1.00
1.23 (1.01–1.49)
1.15 (0.93–1.43)
1.06 (0.86–1.31)
0.30

1602
26
37
44

2990
59
46
60

1.00
0.67 (0.41–1.09)
1.30 (0.81–2.09)
1.27 (0.84–1.91)
0.23

*Adjusted for age at baseline, number of live births, and age at first live birth.
†
Reference category.
‡
Material handling, fiber processing, spinning.
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TABLE 3. Risk of Breast Cancer in Relation to Estimated
Duration of Exposure to Various Agents
Agents (yrs)

Cases
(n ⴝ 1709)

Noncases
(n ⴝ 3155)

Cotton dust
0†
723
⬍5
92
5 to ⬍10
98
10 to ⬍20
324
20⫹
472
P for trend
Wool dust
0†
1456
⬍5
35
5 to ⬍10
24
10 to ⬍20
74
20⫹
120
P for trend
Silk
0†
1639
⬍10
14
10⫹
56
P for trend
Synthetic fiber dust
0†
995
⬍5
86
5 to ⬍10
66
10 to ⬍20
242
20⫹
320
P for trend
Mixed fiber dust, NOC (synthetic/natural)
0†
1651
⬍5
13
5 to ⬍10
6
10 to ⬍20
17
20⫹
22
P for trend
Mineral dust, mineral fiber, dust (NOC), and
0†
1443
⬍5
66
5 to ⬍10
44
10 to ⬍20
92
20⫹
64
P for trend
Solvents
1402
0†
⬍5
57
5 to ⬍10
51
10 to ⬍20
108
20⫹
91
P for trend
Benzene
0†
1703
⬍10
2
10⫹
4
P for trend
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TABLE 3. (Continued)
Agents (yrs)

Cases
(n ⴝ 1709)

Noncases
(n ⴝ 3155)

HR* (95%CI)

HR* (95%CI)

1220
145
142
474
1174

1.00
1.10 (0.82–1.47)
1.14 (0.84–1.53)
1.15 (0.96–1.37)
0.84 (0.72–0.98)
0.05

2707
56
38
104
250

1.00
1.44 (0.92–2.26)
0.94 (0.55–1.63)
1.36 (0.97–1.89)
1.04 (0.81–1.32)
0.36

2995
35
125

1.00
0.65 (0.34–1.26)
0.87 (0.62–1.22)
0.36

1900
128
110
355
662

1.00
1.20 (0.89–1.62)
1.00 (0.71–1.40)
1.17 (0.96–1.42)
1.07 (0.91–1.26)
0.26

3018
27
16
49
45

1.00
1.08 (0.51–2.27)
0.65 (0.24–1.74)
0.78 (0.43–1.40)
1.22 (0.71–2.11)
0.95
nontextile dust
2634
1.00
98
1.17 (0.84–1.64)
99
0.79 (0.54–1.15)
163
0.99 (0.75–1.32)
161
0.77 (0.56–1.05)
0.12
2701
83
84
138
149

1.00
1.05 (0.73–1.53)
0.94 (0.64–1.36)
1.27 (0.96–1.68)
1.04 (0.79–1.39)
0.33

3140
7
8

1.00
0.52 (0.10–2.58)
0.80 (0.23–2.83)
0.55
(Continued)

Bleaching agents
Never
1667
⬍10
17
10⫹
25
P for trend
Acids, bases, and caustics
0†
1542
⬍5
28
5 to ⬍10
22
10 to ⬍20
54
20⫹
63
P for trend
Dyes
0†
1642
⬍10
25
10⫹
42
P for trend
Inks
0†
1684
⬍10
4
10⫹
21
P for trend
Resins, monomers, coatings
0†
1668
⬍10
14
10⫹
27
P for trend
Metals
0†
1564
⬍5
24
5 to ⬍10
25
10 to ⬍20
47
20⫹
49
P for trend
EMFs or nonionizing radiation
0†
608
⬍5
103
5 to ⬍10
111
10 to ⬍20
377
20⫹
510
P for trend
Lubricants
701
0†
⬍5
101
5 to ⬍10
107
10 to ⬍20
312
20⫹
488
P for trend

3109
16
30

1.00
1.33 (0.66–2.70)
1.43 (0.81–2.52)
0.16

2893
43
47
85
87

1.00
0.95 (0.57–1.59)
0.65 (0.38–1.11)
1.07 (0.74–1.55)
1.28 (0.91–1.81)
0.29

3059
30
66

1.00
1.12 (0.64–1.97)
1.14 (0.75–1.72)
0.49

3127
7
21

1.00
0.93 (0.26–3.25)
1.43 (0.73–2.77)
0.30

3067
31
57

1.00
0.71 (0.37–1.39)
0.75 (0.46–1.22)
0.18

2928
46
41
58
82

1.00
0.92 (0.55–1.55)
0.95 (0.55–1.62)
1.38 (0.91–2.10)
1.07 (0.73–1.55)
0.15

1006
175
166
567
1241

1.00
0.97 (0.73–1.28)
1.02 (0.77–1.34)
1.09 (0.91–1.30)
0.86 (0.74–1.01)
0.10

1198
172
156
488
1141

1.00
1.09 (0.83–1.45)
1.04 (0.79–1.38)
1.10 (0.91–1.32)
0.93 (0.80–1.08)
0.37
(Continued)
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TABLE 3. (Continued)
Agents (yrs)
Pesticides
0†
⬍10
10⫹
P for trend
Formaldehyde
0†
⬍10
10⫹

Cases
(n ⴝ 1709)

Noncases
(n ⴝ 3155)

HR* (95%CI)

Breast Cancer Risk Among Women Textile Workers

TABLE 4. Risk of Breast Cancer in Relation to Estimated
Cumulative Cotton Dust and Endotoxin Exposures, With 3
Lag Times
Exposure Variable

1688
10
11

1707
0
2

3107
19
29

3144
6
5

1.00
0.77 (0.34–1.77)
0.70 (0.33–1.47)
0.32
1.00
NE
0.85 (0.14–5.23)

*Adjusted for age at baseline, number of live births, and age at first live birth.
†
Reference category.
NE indicates not estimated.

criminate between the possible effects of these 2 exposures
on breast cancer risk.37 Endotoxin is generally considered the
most biologically active component of cotton dust exposure,
in terms of capacity for inducing acute respiratory and systemic inflammatory responses.38 That the inverse relative risk
gradients became increasingly strong as exposure lag intervals increased suggests that endotoxin, or perhaps other
components of cotton dust, may exert early-stage anticarcinogenic activity. Endotoxin causes acute respiratory symptoms (byssanosis) and lung function decrements that might
have caused a “healthy worker survivor bias” due to affected
workers selectively transferring from or leaving heavily exposed jobs. To address this possibility, we performed separate
analyses among cases (n ⫽ 578) and subcohort members
(n ⫽ 1398) who only held 1 job, and the results were not
materially different. The HR at the highest endotoxin exposure level, lagged 20 years, was 0.66 (95% CI ⫽ 0.46 – 0.95).
Thus, the healthy worker survivor effect was an unlikely
explanation for our findings.
The results for cumulative exposure to cotton dust and
endotoxin are unlikely to be confounded by age at first
exposure. The majority of women who worked in cotton
workshops began working at a young age, and age at first
employment was not different between cases and noncases.
Confounding by exposures to other agents is also unlikely. Correlation of cotton dust or endotoxin exposure with
other exposures was low, as not many other exposures of
interest occurred in the cotton processing jobs. Furthermore,
movement in the textile industry was limited prior to 1994
and most women held few jobs during their lifetime employment in the textile industry.
We had not anticipated that either cotton dust or endotoxin would be associated with breast cancer. In fact, to our
knowledge, this is the first study to report an inverse relation
of breast cancer with cotton dust or endotoxin. Previous
epidemiologic literature indicates that workers in the textile
industry39,40 and in other occupations with endotoxin exposure41,42 have reduced risks for lung cancer. We also observed a similar inverse exposure-response gradient for endotoxin and lung cancer in this cohort.37 Specific mechanisms
© 2007 Lippincott Williams & Wilkins

Cases
(n ⴝ 1709)

Cotton dust (mg/m ⫻ yr)
No lag
0†
591
⬎0–54.94
384
54.95–95.81
280
95.82–142.00
210
⬎142.00
244
P for trend‡
10 yr lag
0†
614
⬎0–54.94
465
54.95–95.81
233
95.82–142.00
193
⬎142.00
204
P for trend‡
20 yr lag
0†
782
⬎0–54.94
468
54.95–95.81
198
95.82–142.00
144
⬎142.00
117
P for trend‡
Endotoxin (EU§/m3 ⫻ yr)
No lag
0†
518
⬎0–1509.19
366
1509.20–2418.29
270
2418.30–3516.98
217
⬎3516.98
231
P for trend‡
10 yr lag
0†
541
⬎0–1509.19
462
1509.20–2418.29
228
2418.30–3516.98
173
⬎3516.98
198
P for trend‡
20 yr lag
0†
700
⬎0–1509.19
476
1509.20–2418.29
174
2418.30–3516.98
114
⬎3516.98
138
P for trend‡

Noncases
(n ⴝ 3155)

HR*

1,008
538
538
537
534

1.00
1.09
0.91
0.81
1.01

1,010
592
523
518
512

1.00
1.10
0.77
0.79
0.87

1,071
699
480
452
453

1.00
0.81
0.70
0.62
0.49

908
527
526
523
523

1.00
1.07
0.96
0.86
0.95

910
588
518
489
502

1.00
1.10
0.82
0.76
0.82

969
718
481
418
421

1.00
0.80
0.68
0.52
0.62

95% CI

3

(0.91–1.30)
(0.76–1.10)
(0.67–1.00)
(0.83–1.23)
0.56

(0.93–1.31)
(0.64–0.94)
(0.64–0.96)
(0.71–1.07)
0.03

(0.69–0.96)
(0.57–0.85)
(0.49–0.77)
(0.39–0.62)
⬍0.001

(0.89–1.29)
(0.79–1.17)
(0.70–1.05)
(0.78–1.16)
0.29

(0.93–1.31)
(0.67–1.00)
(0.61–0.94)
(0.67–1.01)
0.009

(0.68–0.95)
(0.55–0.83)
(0.41–0.66)
(0.49–0.77)
⬍0.001

*Adjusted for age at baseline, number of live births, and age at first live birth.
†
Reference category.
‡
Trend tests across median of fourths, among exposed only.
§
EU, endotoxin units; women who were ever employed as machinists, in sanitation,
or in wool production were excluded from quantitative analyses of endotoxin.
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by which endotoxin may reduce breast cancer risk are not
known, although there is experimental evidence for generalized anticarcinogenic effects that involve immune system
activation. In particular, endotoxin induces up-regulation of
proinflammatory mediators that can inhibit tumor growth.43
The role that Toll-like receptors (TLRs) play in immune
response is of particular interest; TLRs are binding proteins
located on antigen-presenting cells such as macrophages and
dendritic cells. TLR4 is the primary receptor for lipopolysaccharides and is necessary for endotoxin binding.44 In the
presence of a lipopolysaccharide-binding protein, the immune response triggers the release of cytokines such as
interleukin 1 (IL1), IL6, IL8, and tumor necrosis factor-␣
(TNF).45 The interleukins have been shown to promote breast
cancer proliferation or invasion or to be indicators of poorer
prognosis,46 while TNF-␣ has been shown to act on tumor
cell mechanisms, directly inducing apoptosis.47 The protective effect of endotoxin seen in this study may be due to a net
polarization of the adaptive immune response towards antitumor activity, mediated by TLRs.48 However, data from
clinical trials or other observational studies of breast cancer
and endotoxin are lacking. Functional research is also needed
to provide insight into the role of TLRs and how the innate
and adaptive immune responses to endotoxin exposure could
result in the protective associations that we observed.
We did not observe an association with duration of
exposure to EMF, which has been a controversial topic. It is
possible that duration of employment in EMF-exposed jobs
was too crude a dose metric to detect a weak to modest
association, as has been observed in some other occupational
studies.6 Ongoing research on this cohort will assess EMF
exposures quantitatively, and should provide much clearer
indications of whether EMF influences breast cancer risk in
textile workers. The absence of consistent associations with
solvents, pesticides, and other textile industry chemicals—
none of which is as widespread as cotton dust or endotoxin—
was not surprising, given the limited and inconsistent evidence from prior studies.
Our study has some notable strengths, including the
large size of the breast cancer case group derived from a
well-characterized source cohort, the availability of relatively
complete work history data, a thorough exposure assessment
based on a job-exposure matrix developed specifically for the
Shanghai textile industry, and quantitative data for cotton
dust and endotoxin exposures. Moreover, data were available
for some of the most important established nonoccupational
risk factors for breast cancers, which permitted control for
potential confounding of associations with workplace exposures. Our findings of reduced risks associated with older age
at menarche, number of live births, early age at first live birth,
and duration of breast-feeding are consistent with results
reported previously for the complete cohort49 and by others in
Shanghai,2 and thus support the validity of these data for
control as potential confounders.
We also acknowledge some limitations of our study.
The exposure assessment for agents other than cotton dust
and endotoxin relied on a dichotomous classification of jobs
as exposed or not exposed. Consequently, duration of expo-
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sure was the only available dose metric for most agents. It is
possible that exposure misclassification, presumably nondifferential with respect to breast cancer status, may have
resulted in some missed or under-estimated associations. As
mentioned previously, future work on this cohort will remedy
this situation for EMF exposure, but historical quantitative
data were not available for a more thorough reconstruction of
exposures to chemicals. We have greatest confidence in the
risk estimates based on the most frequent exposures. Women
who work in the textile industry are likely to incur greater
levels of exposures to the agents under study than women in
the general population; absence of associations with these
agents thus provide some reassurance that the lower levels of
exposure in the general population are not carcinogenic for
the breast.
Misclassification of cotton dust and endotoxin exposures could also have occurred.37 Historical measurements of
cotton dust were available only for a subset of the factories,
and were made between 1975 and 1999. Exposures occurring
prior to 1975 were based on levels estimated for 1975 and
might have generated underestimates of exposure for those
years. In addition, we did not have historical information on
variables (such as source of cotton) that might affect endotoxin concentrations, and estimates of endotoxin exposure
relied on empirical correlations between cotton dust and
endotoxin derived from studies by other investigators as well
as data from this study. However, any misclassification of
both the qualitative and quantitative exposures would be
nondifferential with respect to case status and thus would bias
relative risk estimates toward the null. Changes in assumptions about the pre-1975 exposures did not in result in
different dose-response relationships for endotoxin and lung
cancer37 and would not be expected to alter our findings.
Although data on reproductive factors and breast cancer
history in first-degree relatives permitted control for some
potential confounders, the absence of data on other breast
cancer risk factors, such as diet and body mass index, is a
possible limitation. However, the cohort was economically
homogeneous, and thus diet and body mass index probably
did not vary systematically by occupational exposure, and
confounding by these factors is unlikely to have appreciably
affected our results. The small number of case women with
diagnoses other than ductal carcinoma precluded investigation of occupational exposures in relation to specific histologic types of breast cancer.
Our study is the most comprehensive evaluation of
breast cancer among women textile workers undertaken to
date. We conclude that there were no strong or consistent
associations with chemical exposures or EMF and breast
cancer in this cohort of textile workers. Our findings of
reduced risks related to the most intense cotton dust and
endotoxin exposures are suggestive of protective effects acting at early stages of breast carcinogenesis. Endotoxin is the
most plausible candidate protective component of cotton
dust. Insofar as endotoxin is a widespread exposure in many
occupational settings throughout the world, efforts to replicate our findings should yield valuable insights into breast
cancer etiology.
© 2007 Lippincott Williams & Wilkins
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A Prospective Study of Dietary Patterns and Mortality in
Chinese Women
Hui Cai,* Xiao Ou Shu,* Yu-Tang Gao,† Honglan Li,† Gong Yang,* and Wei Zheng*
Background: Many foods and nutrients have been suggested to
influence life expectancy. However, previous studies have not examined the relationship between dietary patterns and cause-specific
mortality. Our study prospectively examines the relationship of
dietary patterns with total mortality and cause-specific mortality in a
population-based cohort study of Chinese women.
Methods: The Shanghai Women’s Health Study is a populationbased cohort study of 74,942 women age 40 to 70 years at the time
of recruitment (September 1996 to May 2000). Detailed dietary
information was collected using a validated, quantitative food frequency questionnaire. The cohort has been followed using a combination of in-person interviews and record linkage with various
registries. Dietary patterns, derived from principal component analysis, were examined for their relation to total mortality and causespecific mortality using Cox regression models.
Results: After an average of 5.7 years of follow-up (423,717
person-years of observation), there were 1565 deaths. We derived 3
major dietary patterns (vegetable-rich, fruit-rich, and meat-rich).
The adjusted hazard ratios for the fruit-rich diet were 0.94 (95%
CI ⫽ 0.89 – 0.98) for all causes of death and 0.89 (0.81– 0.99), 0.79
(0.69 – 0.91), and 0.51 (0.39 – 0.65) for death caused by cardiovascular disease, stroke, and diabetes, respectively. The meat-rich diet
was associated with increased risk of diabetes (HR ⫽ 1.18; 95%
CI ⫽ 0.98 –1.42) and a slightly elevated risk of total mortality.
Conclusion: In general, a fruit-rich diet was related to lower
mortality, whereas a meat-rich diet appeared to increase the probability of death.

single nutrients or foods, such as fruits, vegetables, or red
meat.2,3 Even though these studies provide valuable information for specific food items related to the risk of disease and
mortality, such one-to-one relationships have limitations. For
example, foods are combined in complex ways. In a single
meal, people generally consume a combination of meats,
vegetables, and drinks. Also, diets may vary day-to-day even
though most individuals consume certain dishes or foods
more regularly than others. Because dietary variables are
often highly intercorrelated, it can be difficult to determine
the effects of single dietary components.4 Therefore, research
methods that examine the effects of overall diet on human
health are important epidemiologic tools.
Dietary pattern analysis has been used to overcome the
methodologic limitations of previous dietary studies.5–7 This
approach has proved informative and is used increasingly in
studies of Western populations,8 –13 However, relatively little
work has been done on the investigation of dietary patterns
and their relationships with health outcomes in non-Western
populations. Such investigations may prove important, because dietary traditions and cultural and social norms in
different populations lead to distinct dietary patterns.14 The
Shanghai Women’s Health Study is a large population-based
prospective cohort study of Chinese women. In this study, we
derived dietary patterns from a baseline food frequency
questionnaire (FFQ) using principal component analysis. We
then investigated the prospective relationship of these patterns with total mortality and cause-specific mortality.

(Epidemiology 2007;18: 393– 401)
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The Shanghai Women’s Health Study is an ongoing,
population-based, prospective study conducted in 7 communities in urban Shanghai. All permanent female residents
between 40 and 70 years of age in the study communities
(n ⫽ 81,170) were recruited between September 1996 and
May 2000. In-person interviews were conducted for 74,942
(92%) women during this period. This baseline survey included information on socioeconomic status, living habits,
history of chronic disease, physical activity, and dietary
habits. A FFQ was administered to assess usual dietary intake
over the 12 months before the interview. The major reasons
for nonparticipation were refusal (3%), absence during the
enrollment period (3%), and other miscellaneous reason such
as health, hearing, or speaking problems (2%). Details of the
baseline survey have been reported elsewhere.15

ertain dietary patterns, such as the so-called Mediterranean diet characterized by high intake of fruits and
vegetables, moderate to high intake of fish, low intake of
saturated fat, and low intake of meat and poultry,1 can help to
maintain health and prolong life. Traditionally, investigations
of associations between diet and health have focused on
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Data Collection
The FFQ was based on a similar dietary questionnaire
used in previous epidemiologic studies of cancer in Shanghai.
A total of 71 foods and food groups were included in the
questionnaire, which covered about 86% of commonly consumed foods in urban Shanghai. For each food or food group,
subjects were asked how frequently (daily, weekly, monthly,
yearly, or never) they consumed the food or food groups over
the preceding year, followed by a question on the amount
consumed in lians (a unit of weight equal to 50 g) per unit of
time. During the baseline survey, approximately 1000 participants in each season were asked for information on the
number of months per year each seasonal food was consumed. The seasonal consumption information was then regressed on the age, education, and income of the subgroup of
study participants, and the regression coefficients were used
to weight the derived consumption of seasonal foods for the
whole cohort of women. The validation study indicated that
the FFQ can reliably and accurately measure usual intake of

major nutrients and food groups among women in Shanghai.16
Since baseline recruitment, the cohort has been followed using a combination of biannual in-person interviews
and record linkage with the tumor and death registries maintained by the Shanghai Center for Disease Control and
Prevention. The first in-person follow-up for all living cohort
members was conducted from 2000 to 2002. Follow-up of
disease or death outcomes was completed for 74,764 cohort
members, a response rate of 99.8%. The second follow-up
survey was launched in May 2002 and completed in December 2004, with a response rate of 99.1%. Only 10 women
were lost to follow-up.

Dietary Pattern Derivation
To perform a dietary pattern analysis using principal
component analysis,17 we included 71 individual foods or
food groups from the FFQ in the analysis as absolute weight

TABLE 1. Description of Demographic Factors

Age (yrs); mean ⫾ SE
BMI* (kg/m2); mean ⫾ SE
Waist-hip ratio*; mean ⫾ SE
Physical activity energy expenditure
(MET-hrs/wk)*†; mean ⫾ SE
Education; no. (%)
Primary or lower‡
Middle and high
College and higher
Married; no. (%)
Yes‡
No
Income/person§; no. (%)
Low‡
Middle
High
Smoking; no. (%)
Never‡
Ever
Alcohol consumption; no. (%)
Never‡
Ever
Tea consumption; no. (%)
Never‡
Ever
Ginseng intake; no. (%)
Never‡
Ever

Survived
(n ⴝ 73,367)

Deceased
(n ⴝ 1565)

52.0 ⫾ 0.03
24.0 ⫾ 0.01
0.81 ⫾ 0.0002
107 ⫾ 0.2

60.5 ⫾ 0.205
23.8 ⫾ 0.09
0.82 ⫾ 0.001
94 ⫾ 1.2

15,343 (21)
47,971 (65)
10,041 (14)

837 (54)
598 (38)
129 (8)

1.0
0.72 (0.63–0.82)
0.55 (0.46–0.67)

65,251 (89)
8116 (11)

1242 (79)
323 (21)

1.0
1.16 (1.02–1.33)

20,133 (27)
28,530 (39)
24,688 (34)

675 (43)
600 (38)
290 (19)

1.0
0.85 (0.76–0.95)
0.69 (0.59–0.79)

71,354 (97)
2013 (3)

1466 (94)
99 (6)

1.0
1.35 (1.09–1.67)

71,720 (98)
1647 (2)

1534 (98)
31 (2)

1.0
0.75 (0.53–1.08)

51,388 (70)
21,979 (30)

1220 (78)
345 (22)

1.0
0.89 (0.79–1.01)

51,814 (71)
21,553 (29)

905 (58)
660 (42)

1.0
1.19 (1.08–1.33)

OR (95% CI)*

*Adjusted for age.
†
Physical activity energy expenditure (MET-hrs/wk): metabolic equivalent was calculated using the Compendium of Physical Activities18 and was expressed in terms of activity intensity (METs) and duration (hrs/wk).
‡
Reference category.
§
Low: ⱕ5000 yuan; middle: 5000 –9999 yuan; high: ⱖ10,000 yuan (1US$ ⬇ 8.3 yuan).
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in grams per day. Before analysis, all dietary variables were
adjusted for energy intake using the residual approach.
We used the PROC FACTOR procedure in SAS (version 9.1; SAS Institute, Cary, NC) to perform the analysis.
The procedure uses principal component analysis and orthogonal rotation (the varimax option in SAS) to derive noncorrelated factors and to render results more easily interpretable.
To determine the number of factors to retain, we examined
both the scree plots and the factors themselves to see which
sets of factors most meaningfully described distinct food
patterns. From these analyses, 3 main factors were identified.
Factor loadings were calculated for each food or food group
across the 3 factors. Factors were thereby interpreted as
dietary patterns and each pattern was named after the food
group with the highest loading (absolute value of loading
⬎0.30). These loadings can be considered correlation coefficients between food groups and dietary patterns; they take
values between ⫺1 and ⫹1. We then calculated for each
study participant a factor score for each of the 3 factors; the
standardized intake of each of the 71 foods or food groups
was weighted by its factor loading and summed. The sums
were then standardized (mean ⫾ SD ⫽ 0 ⫾ 1).

Risk Analysis
Factor scores were used for comparison with other
lifestyle factors and for estimating associations with total

mortality and cause-specific mortality. These scores were
categorized into quartiles based on their distribution in the
study population. To determine the association between dietary patterns and main causes of death, we estimated the
adjusted hazard ratios (HRs) and 95% confidence intervals
(CIs) for each quartile compared with the lowest quartile of
each dietary pattern, using Cox proportional hazard models.
We adjusted for the following potential confounders in the
multivariable models: age (4 categories); education (primary
school or lower, middle and high school, college and above);
marriage status (yes, no); income per person (low, middle,
high); smoking status (never, ever); alcohol consumption
(never, ever); tea consumption (never, ever); ginseng use
(never, ever); physical activity energy expenditure18 including leisure-time physical activity, house work, walking, cycling, etc. (MET-hours/wk, quartile); and body mass index
(BMI, kg/m2; 4 categories). We tested linear trends across
categories of dietary patterns by modeling the category value
of each participant as a continuous variable. These hazard
ratios were then used to determine risk in the corresponding
dietary patterns. The interaction effect between food patterns
and the presence of chronic disease at baseline was also
calculated for cause-specific mortality using cross-product
terms in the model. In our study, women who died of causes
other than the one under study were censored from the
analysis at the time of death.

TABLE 2. Factor Loading for 3 Food Patterns at Baseline for 74,942 Female Adults Participating in the Shanghai Women’s
Health Study*
Factor 1 (Vegetable-Rich Diet)

Factor 2 (Fruit-Rich Diet)

No.

Food
(Group)

Factor
Loading

Food
(Group)

Factor
Loading

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Green beans
Yard long beans
Wild rice stems
Eggplant
Celery
Cucumber, luffa
Cauliflower
Green cabbage
Chinese cabbage
Wax gourd
Asparagus, lettuce
Potatoes
Chinese greens
Spinach
Fresh peppers
Hyacinth beans/snow peas (Dutch peas)
Tomatoes
White turnips
Fresh mushrooms
Lotus roots
Bamboo shoots

54
52
49
48
47
46
43
42
42
41
40
40
38
37
37
37
37
33
32
32
31

Oranges, grapefruit
Apples
Pears
Bananas
Watermelon
Peaches
Other fruits
Grapes
Tomatoes
Shrimp, crab, etc
Bamboo shoots
Rice

67
66
63
54
52
50
50
49
(29)
(28)
(26)
⫺40

Factor 3 (Meat-Rich Diet)
Food (Group)

Factor
Loading

Chicken
Animal parts (heart, brain, tongue, tripe, intestines)
Liver (pig, cow, sheep)
Rice field eel or river eel
Pig’s feet
Pork chops
Pork ribs
Beef, lamb
Duck, goose
Fresh pork (lean)
Fresh pork (mixture)
Shrimp, crab, etc
Rice

47
42
36
36
34
33
33
32
32
31
30
(29)
⫺43

*Factor loadings are multiplied by 100 and rounded to the nearest integer. Only absolute values of factor loadings ⬎30 are listed in the table.
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RESULTS
The study included 74,942 women aged 40 to 70 years.
During average of 5.7 years of follow-up, there were 1565
deaths. The baseline characteristics of both surviving and
deceased women are shown in Table 1. As expected, deceased women were older, less likely to have been married,
more likely to have lower levels of education, income and
energy expenditure, and a higher rate of ginseng use. Also,
they were more likely to be smokers than surviving women,
although their levels of BMI and waist-hip ratio were almost
the same as surviving women.
The scree plot of eigenvalues depicted 3 major dietary
patterns; the factor-loading matrices for those dietary patterns
are listed in Table 2. The larger the loading of a given food item
to the factor, the greater the contribution of that food item to the
specific factor. Negative loading indicates a negative association
with the factor. The first dietary pattern was heavily loaded with

vegetables such as green beans and yard long beans; it was
named the “vegetable-rich” diet. The second dietary pattern was
loaded mainly with fruits; it was named the “fruit-rich” diet. The
third dietary pattern was loaded with meat, poultry, and animal
organs; it was named the “meat-rich” diet.
Table 3 shows the covariate-adjusted hazard ratios by
category of dietary patterns for mortality from all causes and
selected causes. A strong inverse association between the
fruit-rich diet and all causes of mortality was observed (HR ⫽
0.94 by modeling categories of fruit-rich diet as a continuous
variable; 95% CI ⫽ 0.89 – 0.98), with the highest quartile
showing a risk reduction of 20% relative to the lowest
quartile. An inverse association was also observed for cardiovascular disease, stroke, and diabetes (HR ⫽ 0.89, 0.79
and 0.51, respectively). There was a modest positive association between the meat-rich diet and all causes of mortality.
A positive association was also found between the meat-rich

TABLE 3. Mortality Due to Various Chronic Diseases by Quartile of Dietary Patterns*
Vegetable-Rich Diet
Quartile

Deaths No./Total

Fruit-Rich Diet

Meat-Rich Diet

HR (95% CI)

Deaths No./Total

HR (95% CI)

Deaths No./Total

HR (95% CI)

Q1†
426/18,766
Q2
391/18,736
Q3
382/18,721
Q4
366/18,707
P for trend
Cardiovascular disease (n ⴝ 395)

1.0
0.90 (0.79–1.03)
0.93 (0.81–1.07)
0.97 (0.85–1.12)
0.9220

552/18,895
426/18,766
341/18,683
246/18,588

1.0
0.96 (0.84–1.09)
0.91 (0.79–1.04)
0.80 (0.69–0.94)
0.0090

511/18,854
431/18,769
368/18,710
255/18,599

1.0
1.03 (0.90–1.17)
1.11 (0.97–1.27)
1.04 (0.89–1.22)
0.4516

Q1†
Q2
Q3
Q4
P for trend
Stroke (n ⴝ 224)

1.0
0.92 (0.70–1.22)
0.96 (0.73–1.28)
1.18 (0.90–1.56)
0.2157

161/18,895
104/18,766
77/18,683
53/18,588

1.0
0.86 (0.67–1.11)
0.79 (0.60–1.05)
0.71 (0.51–0.98)
0.0309

135/18,854
114/18,769
89/18,710
57/18,599

1.0
1.07 (0.83–1.37)
1.12 (0.85–1.47)
1.04 (0.75–1.44)
0.6019

Q1†
50/18,766
Q2
62/18,738
Q3
53/18,721
Q4
59/18,707
P for trend
Coronary heart disease (n ⴝ 77)

1.0
1.20 (0.83–1.75)
1.09 (0.74–1.61)
1.35 (0.92–1.97)
0.2375

105/18,895
54/18,766
37/18,683
28/18,588

1.0
0.67 (0.48–0.93)
0.56 (0.38–0.82)
0.53 (0.34–0.82)
0.0006

82/18,854
68/18,769
47/18,710
27/18,599

1.0
1.03 (0.75–1.43)
0.94 (0.65–1.35)
0.76 (0.48–1.19)
0.3710

Q1†
Q2
Q3
Q4
P for trend
Diabetes (n ⴝ 107)

23/18,766
12/18,738
20/18,721
22/18,707

1.0
0.51 (0.25–1.02)
0.91 (0.50–1.65)
1.10 (0.61–1.99)
0.5035

30/18,895
20/18,766
18/18,683
9/18,588

1.0
0.92 (0.52–1.62)
1.05 (0.57–1.90)
0.71 (0.33–1.53)
0.5496

27/18,854
20/18,769
16/18,710
14/18,599

1.0
0.99 (0.56–1.78)
1.14 (0.61–2.14)
1.58 (0.81–3.08)
0.1760

Q1†
Q2
Q3
Q4
P for trend

28/18,766
31/18,738
22/18,721
26/18,707

1.0
1.06 (0.64–1.76)
0.82 (0.47–1.43)
1.16 (0.68–1.99)
0.7784

68/18,895
28/18,766
6/18,683
5/18,588

1.0
0.56 (0.36–0.88)
0.16 (0.07–0.37)
0.19 (0.08–0.48)
⬍0.0001

32/18,854
31/18,769
26/18,710
18/18,599

1.0
1.24 (0.76–2.03)
1.51 (0.89–2.55)
1.72 (0.95–3.12)
0.0738

Total deaths (n ⴝ 1565)

101/18,766
96/18,738
94/18,721
104/18,707

*Adjusted for age, BMI, education, marriage, income per person, smoking, alcohol consumption, tea consumption, ginseng intake, and physical activity energy expenditure.
†
Reference category.
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diet and diabetes (HR ⫽ 1.18 by modeling categories of
meat-rich diet as a continuous variable; 95% CI ⫽ 0.98 –
1.42), with the highest quartile of meat consumption associated with a more than 72% increase in risk compared with the
lowest quartile. No overall association of dietary pattern and
cancer mortality was observed (Table 4), although the meatrich diet was related to an elevated risk of colorectal cancer.
To evaluate the influence of chronic disease at baseline on
these associations, we conducted further analyses stratified by
the presence of diabetes, hypertension, coronary heart disease,
stroke, and cancer at baseline (Table 5). Generally, the HRs of

mortality for women with a chronic disease at baseline were
consistent with that of all women in the study, whereas the HRs
in the healthy women at baseline were attenuated. There were no
interaction effects between the presence of chronic disease at
baseline and dietary patterns for most cause-specific mortalities,
with the exception of breast cancer.
To eliminate the possibility that the observed associations were skewed by dietary change resulting from recent
diagnosis of chronic disease, we repeated the risk analysis
using the Cox proportional hazard model and excluding
participants who died within 1 year of the baseline survey

TABLE 4. Mortality Due to Various Cancers by Quartile of Dietary Patterns*
Vegetable-Rich Diet
Quartile

Deaths No./Total

Fruit-Rich Diet

Meat-Rich Diet

HR (95% CI)

Deaths No./Total

HR (95% CI)

Deaths No./Total

HR (95% CI)

Q1†
210/18,766
Q2
195/18,738
Q3
192/18,721
Q4
173/18,707
P for trend
Lung cancer (n ⴝ 140)

1.0
0.92 (0.76–1.12)
0.95 (0.78–1.15)
0.91 (0.74–1.11)
0.4268

222/18,895
217/18,766
191/18,683
140/18,588

1.0
1.13 (0.94–1.37)
1.12 (0.92–1.37)
0.96 (0.77–1.20)
0.9503

252/18,854
208/18,769
177/18,710
133/18,599

1.0
0.97 (0.81–1.17)
1.00 (0.82–1.22)
0.95 (0.76–1.19)
0.7462

Q1†
40/18,766
Q2
31/18,738
Q3
32/18,721
Q4
37/18,707
P for trend
Stomach cancer (n ⴝ 88)

1.0
0.77 (0.48–1.23)
0.83 (0.52–1.33)
1.03 (0.66–1.61)
0.7880

30/18,895
48/18,766
31/18,683
31/18,588

1.0
1.95 (1.23–3.09)
1.45 (0.87–2.43)
1.74 (1.03–2.93)
0.1063

42/18,854
32/18,769
38/18,710
28/18,599

1.0
0.91 (0.57–1.44)
1.32 (0.84–2.06)
1.26 (0.77–2.09)
0.2389

Q1†
22/18,766
Q2
26/18,738
Q3
17/18,721
Q4
23/18,707
P for trend
Liver cancer (n ⴝ 76)

1.0
1.17 (0.66–2.06)
0.79 (0.42–1.50)
1.13 (0.63–2.04)
0.8853

28/18,895
24/18,766
22/18,683
14/18,588

1.0
0.97 (0.56–1.68)
0.99 (0.56–1.75)
0.72 (0.37–1.40)
0.4096

27/18,854
21/18,769
21/18,710
19/18,599

1.0
0.94 (0.53–1.67)
1.16 (0.65–2.08)
1.36 (0.73–2.52)
0.3859

Q1†
Q2
Q3
Q4
P for trend
Colorectal cancer (n

1.0
0.94 (0.50–1.76)
0.88 (0.46–1.68)
1.12 (0.60–2.09)
0.8237

21/18,895
20/18,766
20/18,683
15/18,588

1.0
1.07 (0.58–1.99)
1.20 (0.64–2.25)
1.07 (0.54–2.13)
0.7474

29/18,854
23/18,769
15/18,710
9/18,599

1.0
0.91 (0.53–1.58)
0.71 (0.37–1.34)
0.53 (0.25–1.16)
0.0975

27/18,766
Q1
Q2
20/18,738
Q3
27/18,721
Q4
20/18,707
P for trend
Breast cancer (n ⴝ 66)

1.0
0.74 (0.41–1.32)
1.04 (0.61–1.77)
0.79 (0.44–1.41)
0.6220

30/18,895
24/18,766
25/18,683
15/18,588

1.0
0.93 (0.54–1.60)
1.08 (0.62–1.85)
0.75 (0.39–1.42)
0.5498

28/18,854
22/18,769
22/18,710
22/18,599

1.0
0.98 (0.56–1.72)
1.25 (0.71–2.22)
1.68 (0.93–3.01)
0.0651

Q1†
Q2
Q3
Q4
P for trend

1.0
0.57 (0.29–1.13)
0.91 (0.50–1.65)
0.47 (0.22–0.98)
0.1593

17/18,895
15/18,766
17/18,683
17/18,588

1.0
0.93 (0.46–1.87)
1.10 (0.55–2.19)
1.23 (0.61–2.48)
0.3143

22/18,854
13/18,769
19/18,710
12/18,599

1.0
0.62 (0.31–1.23)
0.97 (0.52–1.82)
0.68 (0.33–1.42)
0.8017

Cancer (n ⴝ 770)

20/18,766
19/18,738
17/18,721
20/18,707
ⴝ 94)

†

23/18,766
13/18,738
20/18,721
10/18,707

*Adjusted for age, BMI, education, marriage, income per person, smoking, alcohol consumption, tea consumption, ginseng intake, and physical activity energy expenditure.
†
Reference category.
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TABLE 5. Mortality Due to Chronic Diseases by Quartile of Dietary Patterns for Healthy Women and for Women With
Chronic Disease at Baseline*
Women With Chronic Disease at Baseline† (n ⴝ 24,598)
Quartile

Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction

Vegetable-Rich Diet
HR (95% CI)

Fruit-Rich Diet
HR (95% CI)

Meat-Rich Diet
HR (95% CI)

All causes of death (n ⴝ 877)
1.0
1.0
1.0
0.88 (0.73–1.06)
0.95 (0.81–1.13)
1.04 (0.87–1.23)
0.84 (0.70–1.02)
0.86 (0.71–1.04)
1.24 (1.04–1.49)
0.90 (0.75–1.09)
0.83 (0.67–1.03)
1.20 (0.97–1.50)
0.3688
0.0804
0.0698
0.8228
0.8838
0.3280
Cardiovascular disease (n ⴝ 274)
1.0
1.0
1.0
0.79 (0.56–1.10)
0.90 (0.67–1.21)
1.13 (0.84–1.51)
0.79 (0.56–1.10)
0.78 (0.56–1.10)
1.10 (0.79–1.52)
0.95 (0.69–1.32)
0.71 (0.47–1.05)
1.11 (0.74–1.67)
0.8657
0.0737
0.6590
0.1410
0.9578
0.2663
Stroke (n ⴝ 167)
1.0
1.0
1.0
1.04 (0.68–1.58)
0.75 (0.52–1.10)
1.00 (0.69–1.44)
0.86 (0.55–1.33)
0.59 (0.37–0.92)
0.87 (0.56–1.33)
1.01 (0.65–1.55)
0.55 (0.33–0.92)
0.76 (0.44–1.32)
0.8272
0.0060
0.2844
0.0843
0.5071
0.2763
Coronary heart disease (n ⴝ 59)
1.0
1.0
1.0
0.52 (0.24–1.14)
1.01 (0.54–1.92)
1.52 (0.79–2.89)
0.74 (0.36–1.49)
0.99 (0.49–2.02)
1.74 (0.86–3.52)
1.02 (0.53–1.99)
0.83 (0.35–1.98)
1.98 (0.84–4.66)
0.7317
0.7528
0.0693
0.7818
0.5440
0.7536
Diabetes (n ⴝ 97)
1.0
1.0
1.0
0.99 (0.58–1.70)
0.67 (0.42–1.05)
1.24 (0.73–2.09)
0.71 (0.40–1.29)
0.21 (0.09–0.48)
1.72 (1.00–2.97)
1.02 (0.58–1.80)
0.15 (0.05–0.50)
2.44 (1.32–4.51)
0.8837
⬍0.0001
0.0115
0.7531
0.3209
0.1535
All cancer (n ⴝ 381)
1.0
1.0
1.0
0.92 (0.70–1.23)
1.05 (0.80–1.37)
0.97 (0.74–1.26)
0.88 (0.66–1.17)
1.10 (0.83–1.45)
1.30 (1.00–1.70)
0.85 (0.64–1.14)
1.06 (0.78–1.45)
1.11 (0.80–1.54)
0.3329
0.4604
0.2352
0.5332
0.2640
0.0630
Lung cancer (n ⴝ 69)
1.0
1.0
1.0
0.66 (0.32–1.35)
1.67 (0.89–3.13)
1.01 (0.51–1.98)
0.88 (0.46–1.70)
1.27 (0.62–2.60)
1.96 (1.05–3.67)
1.02 (0.54–1.94)
1.73 (0.85–3.55)
1.83 (0.88–3.81)
0.6751
0.1982
0.0412
0.2628
0.7918
0.2606

Women Without Chronic Disease at Baseline (n ⴝ 52,698)
Vegetable-Rich Diet
HR (95% CI)

Fruit-Rich Diet
HR (95% CI)

Meat-Rich Diet
HR (95% CI)

All causes of death (n ⴝ 688)
1.0
1.0
1.0
0.89 (0.72–1.09)
1.03 (0.84–1.26)
1.03 (0.85–1.26)
0.97 (0.79–1.19)
1.04 (0.84–1.28)
1.02 (0.83–1.26)
0.96 (0.77–1.18)
0.84 (0.66–1.06)
0.99 (0.79–1.25)
0.9011
0.2479
0.9309
Cardiovascular disease (n ⴝ 121)
1.0
1.0
1.0
1.19 (0.72–1.97)
0.91 (0.57–1.45)
1.02 (0.63–1.67)
1.21 (0.72–2.04)
0.97 (0.59–1.59)
1.36 (0.84–2.22)
1.49 (0.89–2.47)
0.85 (0.49–1.49)
1.28 (0.75–2.20)
0.1296
0.6548
0.2456

1.0
1.66 (0.76–3.67)
1.64 (0.73–3.69)
2.15 (0.98–4.70)
0.0814

Stroke (n ⴝ 57)
1.0
0.59 (0.29–1.18)
0.63 (0.30–1.30)
0.61 (0.28–1.37)
0.1784

Coronary
1.0
0.35 (0.07–1.72)
1.16 (0.38–3.61)
0.85 (0.24–3.01)
0.9019

1.0
1.38 (0.68–2.76)
1.54 (0.74–3.19)
1.27 (0.55–2.90)
0.3786

heart disease (n ⴝ 18)
1.0
1.0
0.78 (0.22–2.81)
0.13 (0.02–1.06)
1.39 (0.43–4.47)
0.32 (0.07–1.54)
0.55 (0.11–2.88)
1.17 (0.38–3.58)
0.8030
0.9056

1.0
1.04 (0.21–5.13)
0.77 (0.13–4.63)
0.89 (0.15–5.35)
0.7909

Diabetes (n ⴝ 10)
1.0
0.18 (0.02–1.45)
—
0.52 (0.10–2.75)
0.1471

1.0
1.48 (0.33–6.71)
0.85 (0.14–5.30)
0.48 (0.05–5.97)
0.5662

1.0
0.89 (0.68–1.17)
0.97 (0.74–1.27)
0.90 (0.67–1.19)
0.5386

All cancer (n ⴝ 389)
1.0
1.26 (0.96–1.65)
1.19 (0.90–1.58)
0.92 (0.67–1.26)
0.6378

1.0
0.98 (0.76–1.27)
0.78 (0.58–1.05)
0.88 (0.65–1.19)
0.2185

1.0
0.87 (0.47–1.62)
0.74 (0.38–1.45)
0.98 (0.52–1.86)
0.8370

Lung cancer (n ⴝ 71)
1.0
2.42 (1.21–4.83)
1.78 (0.84–3.80)
1.92 (0.88–4.19)
0.2294

1.0
0.82 (0.44–1.54)
0.88 (0.46–1.69)
0.94 (0.48–1.87)
0.8281

(Continued)

398

© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

Association of Dietary Patterns and Mortality

TABLE 5. (Continued)
Women With Chronic Disease at Baseline (n ⴝ 24,598)
Quartile

Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction
Q1‡
Q2
Q3
Q4
P for trend
P for interaction

Vegetable-Rich Diet
HR (95% CI)

Fruit-Rich Diet
HR (95% CI)

Stomach cancer (n ⴝ 38)
1.0
1.0
1.10 (0.46–2.66)
1.10 (0.50–2.42)
0.77 (0.30–2.00)
0.91 (0.38–2.16)
0.96 (0.39–2.36)
0.47 (0.15–1.48)
0.7766
0.2434
0.2972
0.5550
Liver cancer (n ⴝ 31)
1.0
1.0
1.15 (0.43–3.08)
0.65 (0.24–1.77)
0.87 (0.31–2.49)
0.97 (0.38–2.45)
0.99 (0.36–2.75)
0.88 (0.31–2.47)
0.8335
0.9160
0.1860
0.8905
Colorectal cancer (n ⴝ 46)
1.0
1.0
0.22 (0.07–0.64)
0.70 (0.33–1.52)
0.63 (0.30–1.33)
0.98 (0.47–2.06)
0.67 (0.33–1.39)
0.50 (0.18–1.38)
0.5820
0.3229
0.5076
0.2677
Breast cancer (n ⴝ 40)
1.0
1.0
1.14 (0.45–2.88)
0.76 (0.29–1.99)
1.65 (0.70–3.88)
1.17 (0.49–2.81)
0.75 (0.27–2.06)
1.65 (0.70–3.88)
0.9368
0.0896
0.0663
0.0387

Meat-Rich Diet
HR (95% CI)

1.0
0.96 (0.39–2.40)
2.00 (0.87–4.60)
1.81 (0.68–4.85)
0.1127
0.2024
1.0
0.97 (0.42–2.23)
0.77 (0.29–2.06)
0.39 (0.09–1.78)
0.2461
0.9114
1.0
1.05 (0.51–2.17)
0.90 (0.39–2.12)
1.46 (0.61–3.50)
0.6198
0.0987
1.0
0.72 (0.28–1.88)
1.85 (0.83–4.10)
1.15 (0.43–3.07)
0.1605
0.0123

Women Without Chronic Disease at Baseline (n ⴝ 52,698)
Vegetable-Rich Diet
HR (95% CI)

Fruit-Rich Diet
HR (95% CI)

Stomach cancer (n ⴝ 50)
1.0
1.0
1.20 (0.57–2.52)
0.86 (0.40–1.86)
0.79 (0.34–1.85)
1.05 (0.49–2.26)
1.24 (0.57–2.69)
0.92 (0.40–2.13)
0.7604
0.9774

1.0
0.81 (0.35–1.84)
0.90 (0.40–2.06)
1.23 (0.56–2.69)
0.6393

Liver cancer (n ⴝ 45)
1.0
1.49 (0.65–3.37)
1.42 (0.60–3.36)
1.25 (0.49–3.20)
0.6601

Colorectal cancer (n ⴝ 48)
1.0
1.0
1.68 (0.76–3.70)
1.28 (0.58–2.83)
1.73 (0.78–3.85)
1.28 (0.56–2.92)
0.83 (0.32–2.19)
1.09 (0.45–2.64)
0.7726
0.8530

1.0
0.21 (0.06–0.73)
0.38 (0.14–1.05)
0.24 (0.07–0.83)
0.0108

Breast cancer (n ⴝ 26)
1.0
1.28 (0.44–3.71)
1.13 (0.37–3.46)
0.88 (0.26–3.00)
0.8046

Meat-Rich Diet
HR (95% CI)

1.0
0.91 (0.44–1.90)
0.72 (0.31–1.65)
1.09 (0.50–2.41)
0.8590

1.0
0.87 (0.42–1.82)
0.66 (0.29–1.53)
0.58 (0.23–1.47)
0.2168

1.0
0.94 (0.39–2.28)
1.72 (0.77–3.85)
2.04 (0.90–4.64)
0.0303

1.0
0.52 (0.19–1.41)
0.35 (0.11–1.12)
0.44 (0.14–1.32)
0.0872

*Adjusted for age, BMI, education, marriage, income per person, smoking, alcohol consumption, tea consumption, ginseng intake, and physical activity energy expenditure.
†
Women with diabetes, hypertension, coronary heart disease, stroke, or cancer at the baseline survey.
‡
Reference categogy.

(196 deaths) or whose disease was diagnosed within 2 years
of the baseline survey. The associations remained unchanged
by these exclusions (data not shown).

DISCUSSION
There has been increasing interest in the identification
of dietary patterns as an alternative or complementary approach to single-nutrient analysis in relation to risk of disease
or death. Dietary patterns are characterized on the basis of
habitual food consumption, represent a combination of nutrients and foods, and may be a better predictor of health
outcomes than any single nutrient.5
The number and description of dietary patterns identified to date has varied widely. One in particular, the Mediterranean diet, has been evaluated in many studies for its
benefits to health.1 Examples of other dietary patterns that are
often reported include the animal fat pattern identified by
Akin et al19 and the “healthy” pattern identified by Pryer et
al20 In our large, population-based, cohort study we identified
© 2007 Lippincott Williams & Wilkins

3 common dietary patterns found in Chinese women between
40 and 70 years of age, based on a comprehensive and
validated FFQ. Our results were similar to those found in the
Multiethnic Cohort Study.21 The fruit- and vegetable-rich
diets in our study population were similar to the “prudent”
patterns in the Nurses’ Health Study,22 and the meat-rich diet
was similar to their “western” pattern.
Many epidemiologic studies have examined the association of dietary patterns with demographic or anthropometric characteristics23,24 or with chronic disease.25–27 Some
studies have investigated the relationship of the Mediterranean dietary pattern and longevity in Greek, Danish, Australian, and Spanish populations. These studies have all been
relatively small scale (including fewer than 400 subjects),28 –30 or were conducted exclusively among elderly
persons in Western populations.31 Few studies have shown an
association of dietary patterns with cause-specific mortality.32
Our study found that a fruit-rich diet was associated with
a reduction in all-cause mortality. This reduction in mortality
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was also evident with respect to death due to both cardiovascular
disease and diabetes, although it was slightly more pronounced
with respect to the latter. The meat-rich diet in our study showed
a weak association with an increase in risk for all-cause mortality and mortality due to diabetes and colorectal cancer. Taking
our fruit-rich and vegetable-rich diets together yields a dietary
pattern similar to the Mediterranean diet, decreasing the risk of
mortality by 6% with each quartile increase. This magnitude of
risk reduction or increase associated with the dietary patterns
agrees, in general, with findings from other reports on the
Mediterranean-type diet, even reports that used different methods for deriving the dietary scores. Studies in Greece and
Denmark found a 17%–20% reduction in smoking-adjusted risk
of mortality with a 1-unit increase in a Mediterranean diet
score.11–20 Similarly, a 13% reduction in age-, smoking-, and
alcohol-adjusted risk of mortality in men (n ⫽ 3045) in the
highest third of a Healthy Diet Index was noted in the Seven
Countries Study.12 Conversely, Osler et al13 reported no association of their 4-point Healthy Food Index with all-cause
mortality. In addition, several studies in European populations
have produced conflicting results regarding the association between mortality and the Mediterranean diet.28
In our study, we found an inverse association between the
fruit-rich diet and risk of mortality caused by type 2 diabetes
(HR ⫽ 0.51) and a positive association between the meat-rich
diet and mortality due to this condition (HR ⫽ 1.18). Although
diet is widely believed to play an important role in the development of type 2 diabetes, its specific mechanisms have not been
clearly defined. One possibility is that higher vitamin C intake
resulting from high intake of fruits may play a role in the
modulation of insulin action. Paolisso et al reported that plasma
vitamin C level was associated with higher insulin action in both
healthy and diabetic people.33 Another possible protective effect
of a high-fruit diet is through the combined action of antioxidants in fruits.34 This combined action has been suggested as a
possible reason for the controversial inconsistencies between
supplementation trials and observational studies on the health
effects of antioxidants. Factors other than dietary antioxidants
may also explain the findings. It is possible that individuals with
diets high in antioxidants have healthier lifestyles, in general,
than other people.35 Hu et al reported a low-glycaemic index diet
with a higher amount of fiber products reduces glycaemic and
insulinaemic responses and lowers the risk of diabetes.36
The meat-rich diet in our study was associated with
mortality from colorectal cancer, especially in women who have
been healthy at the baseline survey. This finding is generally in
agreement with findings from other studies of dietary patterns
and cancer incidence, or of diet index and cancer mortality.
Slattery et al37 identified a “Western” pattern (including red
meats, processed meats, and fast food) associated with an increased risk of colon cancer in women (OR ⫽ 1.49) and a
“prudent” pattern (including fruits and vegetables) associated
with a reduced risk of colon cancer in women (OR ⫽ 0.73).
Fung et al38 identified a similar “Western” pattern that was
associated with an increased risk of colorectal cancer (RR ⫽
1.46) and a “prudent” pattern of fruits, vegetables, legumes, fish,
and poultry that was inversely associated with colon cancer (RR
⫽ 0.71) in a large prospective study of nurses in the United
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States. However, in a prospective study conducted by Terry et
al,39 the “Western” dietary pattern was not associated with an
increased risk of colorectal cancer. Another multicenter cohort
study, the Dietary Patterns and Cancer project, found that the
vegetable pattern was generally not associated with colorectal
cancer in any cohort. However, a pattern consisting mostly of
pork, processed meats, and potatoes was associated with an
increased risk of colorectal cancer in a study of Swedish women.25 In our study, the meat-rich diet was associated with an
increased risk of mortality from colorectal cancer, and the
vegetable-rich diet was associated with a modestly-decreased
risk of death from colorectal cancer.
Because mortality reflects both incidence and survival
of chronic diseases, the question remains as to whether
dietary patterns are important in the etiology or in the prognosis of these diseases. We examined dietary patterns in
relation to mortality of specific chronic diseases stratified by
the presence of selected chronic diseases at baseline. Except
for colorectal cancer, all inverse associations for the fruit-rich
diet and positive associations for the meat-rich diet held for
all-cause deaths and several cause-specific deaths (such as
cardiovascular disease, stroke, coronary heart disease, and
diabetes) for women with those chronic diseases at baseline.
An interaction between the presence of chronic disease at
baseline and the meat-rich diet was found for breast cancer
mortality as well, suggesting that fruit- and meat-rich diets
are associated with life expectancy or prognosis in women
with those diseases. The meat-rich diet may be associated
with both the etiology and prognosis of colorectal cancer,
because death due to this disease was highly associated with
the meat-rich diet in healthy women at baseline survey.
In nutritional epidemiology, dietary patterns may be defined theoretically, in which case foods are grouped according to
some a priori criteria of nutritional health. They may also be
defined empirically, in which case foods are reduced to a few
dietary patterns through statistical manipulation and then evaluated a posteriori. Theoretically derived dietary patterns generally use a dietary index to rank more or less healthy dietary
behaviors.11–12 Such structures are built upon current nutritional
knowledge or theory, include variables from current nutrition
guidelines, recommendations, and specific dietary components,
and provide an overall measure of dietary quality. Conflicts can
arise, however, when guidelines or recommendations do not
have scientific consensus. Also, these patterns often include
different foods or different weightings of foods, resulting in
indices that measure different definitions of “healthy” behavior.
Principal component analysis and cluster analysis are 2 commonly used empirical methods for deriving dietary patterns.
Principal component analysis reduces data into patterns based on
intercorrelations between dietary items, whereas cluster analysis
reduces data into patterns based on individual differences in
mean intake. Patterns derived from both factor analysis24 and
cluster analysis40 are comparable and are similarly associated
with plasma lipids.41 Compared with cluster analysis, the major
dietary patterns derived using principal component have reasonable reproducibility and validity.4 The challenge in principal
component analysis is that the relationships do not hold true for
individuals but rather for a dietary pattern, because factor scores
© 2007 Lippincott Williams & Wilkins
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are continuous variables and individuals have scores for each
factor. Clusters are arguably easier to handle and interpret in the
analysis, because they are mutually exclusive and continuous.
However, their reproducibility and validity are not clear.5
Strengths of our study include its prospective nature, its
large size, its reliance on a population sample framework, and
its use of a validated, comprehensive FFQ. There are also
some limitations for this study. Mortality is a complex end
point and is strongly influenced by factors such as treatment,
screening practices, and severity of disease. Unmeasured
variables associated with diet may have confounded our
observations or resulted in suboptimal measurement. The
average follow-up time was 5.7 years, which limited the
statistical power to detect associations because of small
numbers for some cancer endpoints. A longer follow-up
period would result in a more stable and powerful analysis.
In conclusion, we identified 3 main dietary patterns in
a population of Chinese women and found that a fruit-rich
diet reduced total mortality and mortality caused by cardiovascular disease and diabetes. Conversely, the meat-rich diet
increased the risk of all-cause mortality, and especially mortality caused by diabetes and colorectal cancer.
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Effect of Soy Isoflavones on Endometriosis
Interaction With Estrogen Receptor 2 Gene Polymorphism
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Background: Progression of endometriosis is considered estrogendependent. Dietary soy isoflavones may affect the risk of endometriosis, and polymorphisms in estrogen receptor genes may modify
this association. We examined associations among soy isoflavone
intake, estrogen receptor 2 (ESR2) gene polymorphisms and risk of
endometriosis.
Methods: We recruited women age 20 – 45 years old who had
consulted a university hospital for infertility in Tokyo, Japan in 1999
or 2000. A total of 138 eligible women were diagnosed laparoscopically and classified into 3 subgroups: control (no endometriosis),
early endometriosis (stage I–II) and advanced endometriosis (stage
III–IV). We measured urinary levels of genistein and daidzein as
markers for dietary intake of soy isoflavones, and genotyped ESR2
gene RsaI polymorphisms.
Results: Higher levels of urinary genistein and daidzein were
associated with decreased risk of advanced endometriosis (P for
trend ⫽ 0.01 and 0.06, respectively) but not early endometriosis. For
advanced endometriosis, the adjusted odds ratio for the highest
quartile group was 0.21 (95% confidence interval ⫽ 0.06 – 0.76) for
genistein and 0.29 (0.08 –1.03) for daidzein, when compared with
the lowest group. Inverse associations were also noted between
urinary isoflavones and the severity of endometriosis (P for trend ⫽
0.01 for genistein and 0.07 for daidzein). For advanced endometriosis, ESR2 gene RsaI polymorphism appeared to modify the effects
of genistein (P for interaction ⫽ 0.03).
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Conclusions: Dietary isoflavones may reduce the risk of endometriosis among Japanese women.
(Epidemiology 2007;18: 402– 408)

S

oy isoflavones are phytoestrogens found in soybeans.
Phytoestrogens are plant-derived nonsteroidal compounds
that possess estrogen-like biologic activities. These compounds reportedly display weak estrogenic and antiestrogenic
properties.1–3 The 2 primary isoflavones found in soy are
genistein and daidzein. Structural similarities allow isoflavones to bind to estrogen receptors.4
It has been hypothesized that soy isoflavones may play
a role in the etiology of estrogen-related diseases and several
epidemiologic studies have been conducted; however, findings have been complicated and inconsistent.5–7 A prospective study in Japan, where isoflavone intake is known to be
relatively high, showed a protective effect on postmenopausal
breast cancer.5 On the other hand, a nested case– control
study in the United Kingdom, where intake is relatively low,
showed that serum and urinary isoflavone levels were associated with increased breast cancer risk.6 A recent metaanalysis found a small reduction in breast cancer risk associated with soy intake.7 However, the authors suggested that
the results should be interpreted cautiously due to potential
exposure misclassification, confounding, lack of a dose-response pattern and the possibility of adverse effects of soy
constituents.
Endometriosis is a benign, proliferative disease in
which tissue similar to endometrial tissue is found outside the
uterus— usually in the pelvic cavity, but sometimes in distant
organs. Endometriosis is commonly accompanied by pelvic
pain and infertility. Both genetic and environmental factors
may contribute.8 The reported prevalence of largely asymptomatic endometriosis found in women undergoing tubal
ligation is about 4%, ranging from 1% to 7%.9 Progression of
endometriosis is considered estrogen-dependent.10 Soy isoflavones might thus be expected to affect the risk and severity of
endometriosis. However, few studies have investigated the
effects of soy isoflavones on endometriosis.
Several studies have recently described associations
between estrogen receptor (ESR) gene polymorphisms and
endometriosis.11–13 Genistein and daidzein reportedly display
much greater affinity for ESR2 than for ESR1,14 suggesting
Epidemiology • Volume 18, Number 3, May 2007
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that the estrogenic or antiestrogenic properties of soy isoflavones may occur preferentially through ESR2. Although
functional variability of ESR2 gene polymorphisms could
feasibly be associated with response to soy isoflavones, whether
ESR2 gene polymorphisms exert altered phenotypic effects on
endometriosis through interactions with soy isoflavones is not
known.
The present study investigated whether urinary genistein
and daidzein are associated with risk and severity of endometriosis, and whether polymorphisms in the ESR2 gene are
associated with response to soy isoflavones.

minimal/mild endometriosis may actually represent a normal
physiologic process. Furthermore, a lack of consistency between laparoscopic and histologic diagnosis has been reported, particularly for minimal/mild endometriosis.17 Considering the more severe stages as a separate category thus
appears logical.18 Based on surgically or pathologically confirmed disease status, we classified cases into 2 subgroups:
early (Stage I–II) or advanced endometriosis (stage III–IV).
Women without endometriosis were defined as controls.

METHODS

Urinary levels of soy isoflavones offer a useful biomarker for dietary intake and plasma concentration of isoflavones.19 –21 The present study measured urinary levels of
genistein and daidzein as markers for dietary intake of soy
isoflavones. A total of 30 mL of first-morning urine was
collected before laparoscopic examination. Genistein and
daidzein levels were analyzed using high-performance liquid
chromatography with a coulometric array detector in accordance with the modified methods of Gamache and Acworth.22
Concentrations of genistein and daidzein were determined by linear regression of peak height for each standard,
and were adjusted according to recovery rate of the internal
standard. The regression coefficient of peak height and concentration calculated for soy isoflavones revealed a linearity
range of 0 – 8.0 g/mL, with correlation coefficient values
⬎0.995. Voltametric response for the standard solution displayed coefficients of variation of 2.7%– 8.4% for intraday
variation and 11.1%–12.2% for interday variation. Recovery
rates of soy isoflavones in urine samples ranged between
approximately 85% and 100%. Detection limits were 3.22
ng/mL for genistein and 4.14 ng/mL for daidzein.
Concentrations of urinary genistein and daidzein were
adjusted by urinary creatinine concentration to correct for
variability in urine dilution (mol/g Cre). All measurements
were performed by investigators blinded to case– control
status.

Study Protocol and Ethics
This study was part of a case– control study conducted
on a Japanese population to investigate associations between
genetic and environmental factors in endometriosis.15 We
recruited consecutive female patients age 20 to 45-year-old
who attended the Department of Obstetrics and Gynecology
at Jikei University School of Medicine Hospital for infertility
in 1999 or 2000. Since pregnancy commonly results in
complete resolution of minimal or mild endometriosis,
women who had given birth or lactated were ineligible,
leaving a total of 159 women who met the criteria. After
excluding 15 women who did not give consent, 5 who did not
undergo blood screening or laparoscopic examination, and 1
whose DNA sample was not available, a total of 138 women
were available for the study (participation rate ⫽ 87%). No
participants had undergone therapy before laparoscopic examination.
All study protocols were approved by the Institutional
Review Boards of Jikei University, National Cancer Center
and National Institute for Environmental Studies. All participants provided written informed consent before laparoscopic
examination.
Before the laparoscopic examination, participants were
interviewed by a single trained interviewer using a structured
questionnaire to collect information on demographic factors,
age, height, weight, medical history for themselves and their
families, reproductive and menstrual history, oral contraceptive use, food- and alcohol-consumption frequency, and
smoking history.
Participants collected first morning urine sample using
a paper cup and plastic tube, and gave a fasting blood sample
before the laparoscopic examination. Blood samples were
divided into plasma and buffy layers. All biologic samples
were stored at ⫺80°C until analysis.

Diagnosis of Endometriosis
Laparoscopy is necessary for definitive diagnosis of
endometriosis. In the present study, all participants underwent diagnostic laparoscopy, and stage of endometriosis was
determined by trained gynecologists in accordance with the
revised classifications of the American Fertility Society.16
Endometriosis was absent in 59 women (43%), Stage I in 21
women (15%), Stage II in 10 women (7%), Stage III in 23
women (17%) and Stage IV in 25 women (18%). Current
theories of endometriosis suggest that what is defined as
© 2007 Lippincott Williams & Wilkins

Determination of Soy Isoflavone Levels

Genotyping of ESR2 Gene Polymorphism
The ESR2 RsaI polymorphism, comprising a G-to-A
change at nucleotide 1082 in exon 5, was genotyped using
polymerase chain reaction (PCR) restriction fragment length
polymorphism methods.23 Blood samples were obtained before laparoscopic examination. Genomic DNA samples were
extracted from peripheral white blood cells using a standard
protease K method. PCR products were digested using 5 U of
RsaI restriction enzyme at 37°C for 8 hours, then electrophoresed on a 3% agarose gel containing ethidium bromide.
In this study, ESR2 RsaI polymorphism is represented
by the r and R alleles, with R indicating the presence of
corresponding restriction sites, and r indicating the absence
of restriction sites. For quality control, blinded control
samples were inserted to validate genotyping identification
procedures. Concordance for blinded samples was 100%.
Genotyping was conducted by investigators blinded to
case– control status.
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Statistical Analysis
To assess differences between cases and controls, basic
characteristics and possible risk factors for endometriosis
were compared using Student t test and the 2 test. Spearman
correlation coefficients between urinary level of genistein and
daidzein were calculated. We calculated odds ratios (ORs)
and 95% confidence intervals (CIs) for urinary levels by an
unconditional logistic regression model following classification into medians or quartiles based on control distribution.
Linear trends for ORs were tested in the unconditional logistic regression model by treating the categories as ordinal
variables. We evaluated trends for median values according
to disease stage to assess associations between urinary levels
of genistein and daidzein and disease stage.
To compare observed and expected genotype frequencies, we tested for Hardy-Weinberg equilibrium by using an
exact test. ESR2 RsaI polymorphism was classified into 2
subgroups according to the presence of corresponding restriction sites: r/r genotype; and R/r ⫹ R/R genotype. ORs and
95% CIs were calculated for associations between ESR2 RsaI
polymorphism and endometriosis using the unconditional
logistic regression model.
To investigate whether the ESR2 RsaI genotype modified the effect of urinary levels of genistein or daidzein, we
calculated ORs and 95% CIs of endometriosis according to a
combination of subgroups for the ESR2 RsaI genotype and
urinary isoflavones, using the unconditional logistic regression model. A low level of urinary isoflavones in combination
with R/r ⫹ R/R genotype was considered as the reference
group. Interactions between ESR2 RsaI polymorphism and
urinary isoflavones in the risk of endometriosis were tested
with the Wald test using product terms between urinary
genistein or daidzein and genotypes.
The present study was designed to have 80% power to
detect a decrease in risk of two-thirds at the 5% level of
significance. All statistical tests were based on 2-tailed probabilities. We adjusted ORs and 95% CIs for possible confounding factors of endometriosis, namely age (continuous),
menstrual cycle (continuous), and duration of menstrual
bleeding (less than 7 days or 7 days or more).9,10 We used
SPSS for Windows software version 11.0 (SPSS JAPAN,
Tokyo, Japan) for statistical analyses.

RESULTS
Baseline Characteristics and Possible Risk
Factors for Endometriosis
Table 1 shows baseline characteristics and possible risk
factors for endometriosis in controls and cases. No important
differences in mean age or body mass index were identified
between groups. Distribution of menstrual bleeding, hypermenorrhea, and smoking also did not differ substantially. The
advanced endometriosis group had a shorter mean menstrual
cycle length than controls (controls, 30.7 ⫾ 6.1 days; advanced endometriosis, 28.3 ⫾ 3.0 days) and was more likely
to have menstrual cramps and dyspareunia.
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TABLE 1. Baseline Characteristics and Possible Risk Factors
for Endometriosis
Endometriosis

Baseline Characteristics
Age (yrs); mean ⫾ SD
Body mass index (kg/m2);
mean ⫾ SD
Menstrual cycle (d);
mean ⫾ SD
Menstrual bleeding; no. (%)
⬍7 days
ⱖ7 days
Missing
Hypermenorrhea; no. (%)
No
Yes
Missing
Menstrual cramps; no. (%)
No
Yes
Missing
Dyspareunia; no. (%)
No
Yes
Missing
Smoking status; no. (%)
Never
Current or ever-smoker
Missing

Controls
(n ⴝ 59)

Early
Advanced
(Stage I–II) (Stage III–IV)
(n ⴝ 31)
(n ⴝ 48)

33.1 ⫾ 4.1
21.0 ⫾ 3.4

32.3 ⫾ 3.2
20.6 ⫾ 2.1

32.6 ⫾ 3.7
20.2 ⫾ 2.1

30.7 ⫾ 6.1

29.6 ⫾ 3.6

28.3 ⫾ 3.0

42 (71)
15 (25)
2 (3)

21 (68)
6 (19)
4 (13)

35 (73)
10 (21)
3 (6)

39 (66)
18 (31)
2 (3)

20 (65)
7 (23)
4 (13)

29 (60)
15 (31)
4 (8)

10 (17)
47 (80)
2 (3)

2 (6)
25 (81)
4 (13)

1 (2)
44 (92)
3 (6)

31 (53)
25 (42)
3 (5)

12 (39)
14 (45)
5 (16)

10 (21)
34 (71)
4 (8)

38 (64)
19 (32)
2 (3)

19 (61)
8 (26)
4 (13)

29 (60)
15 (31)
4 (8)

Effect of Urinary Isoflavones on Endometriosis
Table 2 shows risk of endometriosis according to median or quartile levels of urinary isoflavones. In controls,
median isoflavone level was 3.24 mol/g Cre for genistein
and 4.01 mol/g Cre for daidzein. The Spearman correlation
coefficient between genistein and daidzein was 0.84. Urinary
genistein and daidzein levels were inversely associated
with advanced endometriosis (P for trend ⫽ 0.01 and 0.06,
respectively) but not with early endometriosis. For advanced endometriosis, the adjusted odds ratio for the
highest quartile group was 0.21 (95% CI ⫽ 0.06 – 0.76) for
genistein and 0.29 (0.08 –1.03) for daidzein when compared with the lowest group.
Table 3 shows the trends of median values for urinary
isoflavones according to disease stage. An inverse relationship with stage of endometriosis was observed for both
genistein levels (P for trend ⫽ 0.01) and daidzein levels (P
for trend ⫽ 0.07).

Associations Between ESR2 RsaI Polymorphism
and Endometriosis
Table 4 shows the genotypic distribution of ESR2 RsaI
polymorphism and associations with risk of endometriosis.
The ESR2 RsaI r/r genotype was predominant. Allele fre© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

Soy Isoflavones, Endometriosis and ESR2 Polymorphism

TABLE 2. Association between Urinary Isoflavone Level and Risk of Endometriosis
Endometriosis

Urinary Isoflavone
Genistein (mol/g creatinine)
⬍1.60†
1.60–3.23
3.24–6.49
ⱖ6.50
P for trend
Low level (⬍3.24)†
High level (ⱖ3.24)
Daidzein (mol/g creatinine)
⬍1.94†
1.94–4.00
4.01–7.94
ⱖ7.95
P for trend
Low level (⬍4.01)†
High level (ⱖ4.01)

Early
(Stage I–II)

Advanced
(Stage III–IV)

No.
Controls

No.

OR (95% CI)*

No.

ORs (95% CI)*

14
15
15
15

7
12
7
5

22
13
7
6

29
30

19
12

1.00
1.86 (0.49–7.09)
0.82 (0.18–3.80)
0.63 (0.14–2.89)
0.34
1.00
0.50 (0.18–1.39)

1.00
0.65 (0.21–2.01)
0.40 (0.12–1.34)
0.21 (0.06–0.76)
0.01
1.00
0.35 (0.14–0.87)

14
15
15
15

5
7
12
7

16
15
10
7

29
30

12
19

1.00
1.87 (0.41–8.57)
2.16 (0.49–9.41)
1.33 (0.30–5.97)
0.73
1.00
1.21 (0.45–3.27)

35
13

31
17

1.00
0.84 (0.26–2.73)
0.65 (0.20–2.09)
0.29 (0.08–1.03)
0.06
1.00
0.49 (0.21–1.15)

*Adjusted for age (continuous); menstrual cycle (continuous); and duration of menstrual bleeding (less than 7 days or 7 days or
more).
†
Reference category.

TABLE 3.

Median Values† of Urinary Isoflavone Level and Stage of Endometriosis

Urinary Isoflavone
Genistein (mol/g creatinine)
Daidzein (mol/g creatinine)

Controls
(n ⴝ 59)

Early
(Stage I–II)
(n ⴝ 31)

Advanced
(Stage III–IV)
(n ⴝ 48)

P for Trend*

3.2 (1.6–6.5)
4.0 (1.9–8.0)

2.6 (1.7–5.2)
4.9 (2.6–7.6)

1.7 (0.6–4.1)
2.6 (1.0–5.0)

0.01
0.07

*Jonckheere-Terpstra test.
†
Median (25th–75th percentile).

quencies of ESR2 RsaI polymorphism were 0.77 for the r
allele and 0.23 for the R allele. In addition, the distribution of
ESR2 RsaI polymorphism was in Hardy–Weinberg equilibrium (P ⫽ 0.26). The ESR2 RsaI r/r genotype was associated

with reduced risk of early endometriosis compared with the
R/r ⫹ R/R genotype (OR ⫽ 0.30; CI ⫽ 0.11– 0.85). The
association was weaker for advanced endometriosis (0.67;
0.29 –1.55).

TABLE 4. Association Between ESR2 RsaI Polymorphism
and Risk of Endometriosis

Interactions Between ESR2 RsaI Polymorphism
and Urinary Isoflavones in the Risk of
Endometriosis

Early
(Stage I–II)

Advanced
(Stage III–IV)

Genotype*

No.
Controls

No.

OR (95% CI)†

No.

OR (95% CI)†

R/r ⫹ R/R‡
r/r

26
33

21
10

1.00
0.30 (0.11–0.85)

26
22

1.00
0.67 (0.29–1.55)

*Exact test for Hardy–Weinberg equilibrium: P ⫽ 0.26.
†
Adjusted for age (continuous); menstrual cycle (continuous); and duration of
menstrual bleeding (less than 7 days or 7 days or more).
‡
Reference category.

© 2007 Lippincott Williams & Wilkins

Table 5 shows ORs and 95% CIs of endometriosis for
combinations of ESR2 RsaI genotype and urinary isoflavone
levels. Compared with subjects with the ESR2 RsaI R/r ⫹
R/R genotype and a low genistein level, ORs of advanced
endometriosis were lower among the 3 other groups. The
adjusted OR was 0.10 (95% CI ⫽ 0.02– 0.48) for subjects
with ESR2 RsaI R/r ⫹ R/R genotype with high genistein
level; 0.32 (0.10 –1.04) for subjects with ESR2 RsaI r/r
genotype with low genistein level; 0.27 (0.08 – 0.92) for
subjects with ESR2 RsaI r/r genotype with high genistein
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TABLE 5. Interactions Between ESR2 RsaI Polymorphism and Urinary Isoflavone in the Risk
of Endometriosis

Genotype
R/r ⫹ R/R
R/r ⫹ R/R
r/r
r/r
P for interaction
R/r ⫹ R/R
R/r ⫹ R/R
r/r
r/r
P for interaction

Early
(Stage I–II)

Advanced
(Stage III–IV)

Urinary Isoflavone
(mol/g creatinine)

No.
Controls

No.

OR (95%CI)*

No.

OR (95%CI)*

Genistein
Low†
High
Low
High

11
15
18
15

11
10
8
2

1.00
0.88 (0.23–3.38)
0.54 (0.15–1.93)
NC
NC

22
4
3
9

1.00
0.10 (0.02–0.48)
0.32 (0.10–1.04)
0.27 (0.08–0.92)
0.03

Daidzein
Low†
High
Low
High

15
11
14
19

10
11
2
8

1.00
1.28 (0.33–4.96)
0.18 (0.03–1.09)
0.44 (0.12–1.61)
0.58

19
7
12
10

1.00
0.35 (0.09–1.34)
0.56 (0.18–1.78)
0.39 (0.13–1.20)
0.45

*Adjusted for age (continuous); menstrual cycle (continuous); and duration of menstrual bleeding (less than 7 days or 7 days or more).
†
Reference category.
NC, estimates were not calculated due to missing data.

level. A significant interaction was noted between ESR2 RsaI
polymorphism and genistein levels in risk of advanced endometriosis (P for interaction ⫽ 0.03). Interactions between
ESR2 RsaI polymorphism and genistein level were not observed in early endometriosis. Although a similar pattern was
observed for ORs of both early and advanced endometriosis
for the combinations of ESR2 RsaI genotype and urinary
daidzein level, these may have been due to chance.

DISCUSSION
The present study showed an inverse association between urinary isoflavones and the risk of advanced endometriosis. This association was stronger for genistein than daidzein. In addition, there was statistical evidence for interaction
between urinary genistein and ESR2 gene polymorphisms.
The reduced risk of endometriosis following ingestion
of soy isoflavones may be attributable to antiestrogenic properties of these compounds. A previous study showed that
prolonged exposure to genistein results in decreased levels of
estrogen receptor mRNA in addition to decreased response to
estradiol stimulation.24 Plasma levels of isoflavones can be
10,000- to 100,000-fold higher than those of estradiol.25
When the relative binding affinity of 17␤-estradiol was set at
100 in solid-phase competition experiments, relative binding
affinity for ESR2 was 87 for genistein and 0.5 for daidzein.14
Although the elimination half-life from blood and urine is
reportedly 7– 8 hours for both genistein and daidzein,26 longterm soy diets may modify the physiologic effects of estrogens. Given these facts, a lower prevalence of endometriosis
might be expected in Japanese populations compared with
Western countries, as with breast cancer. Nevertheless, the
prevalence of endometriosis in the Japanese general population remains unclear due to the need for surgical diagnosis.
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Our finding showed that the strength of association was
stronger for genistein than for daidzein. One possible explanation is the difference in their binding affinities to ESR2. A
second possibility is based on the difference in metabolism
between genistein and daidzein. Daidzein can be metabolized
to equol and O-desmethylangolites by intestinal bacteria, and
these metabolites are absorbed, enter the circulation, and are
excreted in urine. Although equol has been suggested to
possess stronger estrogenic properties than genistein, some
individuals are capable of equol production whereas others
are not, probably because of differences in gut microflora.
This difference might play a role in the weaker associations
for daidzein than genistein.27
ESR2 plays important roles in endometrial function, in
addition to the well-known role of ESR1 in endometrial
proliferation and differentiation.28 The ESR2 RsaI polymorphism does not cause amino acid changes, but may well be
associated with altered ligand-binding affinity or transcriptional activity. Genes containing single nucleotide polymorphisms (SNPs) can cause different structural folds in
mRNA,29 and these mRNA variants may possess different
biologic functions during interactions with other cellular
components. Altered estrogen or soy isoflavone signal transduction thanks to ESR2 gene polymorphisms may be directly
responsible for interindividual susceptibility to and severity of
endometriosis.
The present study found evidence of an interaction
between urinary genistein and ESR2 gene polymorphisms.
Isoflavones may play a more effective role among the ESR2
RsaI R/r ⫹ R/R genotype than the r/r genotype, although the
latter itself is likely to be protective for endometriosis. This
result should be interpreted cautiously, however, because of
the relatively small number of subjects—a major limitation of
© 2007 Lippincott Williams & Wilkins

Epidemiology • Volume 18, Number 3, May 2007

this study. When the number of subjects studied is not large
and the expected difference is small, actual differences are
quite likely to pass undetected. Inconsistent results between
early and advanced endometriosis might be attributable to the
lack of sufficient numbers and possible misclassification in
the early endometriosis group. Alternatively, the observed
interactions may have occurred merely by chance.
A second issue is our definition of cases and controls.
In accordance with the revised classifications of the American
Fertility Society, we defined women without endometriosis as
controls and women with early (Stage I–II) and advanced
endometriosis (Stage III–IV) as cases,16 although there is no
clear criterion for dichotomizing cases. The present study did
not show a persuasive inverse association between urinary
isoflavones and the risk of early endometriosis, although a
strong protective effect was found for advanced endometriosis. Further analysis, however, did show an inverse association
between urinary isoflavones and the severity of endometriosis.
This finding may be reasonable given that endometriosis occurs
in a continuum of severity.
A third issue is measurement of urinary levels of
isoflavones. The present study measured urinary excretion of
genistein and daidzein as markers of soy isoflavone consumption. Urinary excretion of soy isoflavones is reportedly related to annual dietary intake of soy isoflavones.19 Since we
collected spot urine samples, intraindividual variation in urinary
isoflavones cannot be ignored. Such misclassification, however,
is probably nondifferential and would lead to a null result.
Participants in the present study were infertile. They
might therefore have changed their diet due to their symptoms or in attempt to become pregnant. If a change in diet
was more likely among patients with advanced endometriosis
than the controls, our findings might have been the result of
the change in diet. In addition, given reports that factors
associated with endometriosis differ between parous women
(who experienced neither primary nor secondary infertility)
and nulliparous infertile women,30,31 the influence of urinary
isoflavone levels on endometriosis risk between the 2 groups
may have differed. Therefore, our present findings may be
limited to infertile women.
In conclusion, in a case– control study in infertile Japanese women, we found that higher urinary level of isoflavones was associated with a reduced risk of advanced endometriosis. Although the interaction between urinary genistein
and ESR2 gene polymorphisms supported the mechanism for
a role of isoflavones in the etiology of endometriosis, further
studies with a large number of subjects are needed to confirm
these findings.
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VIGNETTE

The Halifax Explosion
Warren Winkelstein, Jr.

A

n explosion occurred in the harbor of Halifax, Nova
Scotia on 6 December 1917, killing more than 2000
persons and injuring another 10,000. The explosion leveled a
large part of the city and left at least 20,000 people homeless.
It was the largest man-made explosion in history to that date,
not surpassed until an atomic bomb was dropped on Hiroshima 3 decades later. The cause of the explosion was the
collision of a Belgian ship, the Imo, carrying relief supplies to
Belgium, and a French ship, the Mont Blanc, carrying 2600
tons of high explosives bound for France.
The harbor at Nova Scotia comprises an inner basin
able to accommodate more than 100 ships, and invisible from
the open ocean (and from enemy submarines). The narrow
entry passage is flanked by industrial and cargo handling
facilities. In the First World War (as well as the Second),
Halifax Harbor was a major venue for assembling convoys
from America to Europe.
On the morning of the collision, the Imo was steaming
out of the inner basin as the Mont Blanc was bound inward.
The Imo was off-course, forcing the Mont Blanc toward
shallow waters at the edge of the narrows. Caught between
imminent collision with the Imo and running aground, the
Mont Blanc tried to escape by crossing the bow of the Imo.
The maneuver failed and the collision set the Mont Blanc on
fire. The ship drifted across the narrows toward the center of
the city. Twenty minutes later, the Mont Blanc exploded.
The blast was powerful enough to transport a 1000pound section of the Mont Blanc’s anchor 2 miles away.
Within and around the epicenter, the death rate was estimated
to be 29 per 1000. Sixty percent of the deaths were male and
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Halifax, Nova Scotia, 6 December 1917.

40% were female. Forty percent of deaths were under 20
years of age, 50% between 20 and 60, and 10% over 60. Data
regarding injuries are limited; an estimated 20% of those
permanently disabled were blinded by broken glass—they
apparently had been behind windows watching the Mont
Blanc in flames, when it exploded.
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Lower Limb Cellulitis
After a Typhoon and
Flood

TO THE

EDITOR

TABLE 1. Characteristics of Patients With Lower Limb Cellulitis Before and After
the Landing of Typhoon Haitang on Taiwan in July 2005

Characteristics

To the Editor:
utbreaks of gastrointestinal (GI)
and respiratory diseases are generally among the major concerns of public
health in the floods that follow a typhoon or hurricane.1–2 Although contact
with polluted water may also lead to
other types of infection,3 few investigations have been conducted to study
those outcomes. We evaluated the impact of flooding on the incidence of
cellulitis in the lower limbs.
Around 2:50 PM on July 18, 2005,
Typhoon Haitang landed on Taiwan,
and soon engulfed the island. Typhoon
Haitang was a supertyphoon, which is
defined as having the maximum sustained winds over 200 km/h. Although
the typhoon left Taiwan just 7 hours
later, huge rainfalls led to flooding in
many areas, including Tainan. We identified patients treated for cellulitis of
lower limbs at the largest hospital in
the Tainan area (with 1335 beds, serving about 4000 out-patient visits on a
typical weekday). We estimated the
relative risk (RR) of disease associated
with the event by dividing the number
of cases in the 2 weeks after the typhoon by the number of cases in the 2
weeks before.4
There were 43 patients treated for
cellulitis of the lower limbs in the 2
weeks after the typhoon, compared with
22 in the 2-week period before (RR ⫽
2.0; 95% confidence interval 关CI兴 ⫽
1.4 –2.6). Among patients treated after
the typhoon, 12 (28%) reported that they
had immersed the affected limbs in
flood water, while none treated before
the typhoon had immersed the affected
limbs in water other than tap water (Table 1). The 2 groups of patients had
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Men
Diabetes mellitus
Liver cirrhosis
Cancer
Treatment with surgery
Admission to the intensive care unit
Affected limb immersed in water*

Before Typhoon
(n ⴝ 22)
No. (%)

After Typhoon
(n ⴝ 43)
No. (%)

OR

(95% CI)

12 (55)
4 (18)
2 (9)
1 (5)
5 (23)
3 (14)
0 (0)

31 (72)
10 (23)
3 (7)
0 (0)
10 (23)
3 (7)
12 (28)

2.2
1.4
0.8
0.2†
1.0
0.5
—

(0.7–6.3)
(0.4–5.0)
(0.1–4.9)
(0.0–4.2)
(0.3–3.5)
(0.1–2.6)
—

*Except for water from the tap water system.
†
Logit estimator obtained by using a correction of 0.5 in every cell of the table.

similar mean ages (56 and 57-year-old),
with relatively more men affected after
the typhoon (OR ⫽ 2.2; 95% CI ⫽
0.7– 6.3). The 2 groups of patients were
similar in the prevalence of diseases that
can compromise the immune system,
such as diabetes mellitus, liver cirrhosis,
and cancer. While all patients were admitted to the hospital for treatment,
those who arrived after the typhoon
were less likely to be admitted to the
intensive care unit. In addition, there
were 5 patients with cellulitis in their
upper limbs, of whom 4 reported contact
of the affected limbs with flood water
after the typhoon.
Health practitioners are often most
concerned about GI and respiratory infections following floods. Cellulitis is
generally more life-threatening and
more often requires hospitalization. Our
observations suggest that some attention
to the prevention of cellulitis after floods
may be useful.
Hung-Jung Lin
Chien-Chin Hsu
Department of Emergency Medicine
Chi-Mei Medical Center
Tainan, Taiwan

How-Ran Guo
Department of Environmental and
Occupational Health
College of Medicine
National Cheng Kung University
Tainan, Taiwan
hrguo@mail.ncku.edu.tw
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SSRIs and Birth Defects
To the Editor:
e are writing to express our concerns about some of the conclusions made by Wogelius1 and colleagues
in their recent paper. Currently, there is
a considerable amount of conflicting information about the safety of antidepressants in pregnancy, causing women and
their health-care providers difficulty in
making an evidence-based decision as to
whether or not to treat depression with
pharmacotherapy. Since studies finding

W

Epidemiology • Volume 18, Number 3, May 2007

Epidemiology • Volume 18, Number 3, May 2007

increased risk tend to receive more media attention,2 it is particularly important
that they be rigorously conducted and
the findings and conclusions carefully
analyzed and presented.
We feel that the authors overstepped the limitations of the study
methodology with some of their conclusions for the following reasons: 1) There
was no pattern of specific defects, and
this lack of specificity is generally considered an indication that teratogenicity
is an unlikely explanation. 2) There was
no separation of major versus minor
congenital anomalies, and minor anomalies, by definition, cause no functional
impairment.3 This distinction is of the
utmost clinical importance, and omitting
it from the analyses markedly limits the
clinical usefulness of the study’s data. 3)
As this was a prescription-events monitoring study, it was not known whether
the medications were actually taken by
the women. 4) Psychiatrically-ill patients
frequently use other psychotropic medications, alcohol and illicit drugs, and
these potential confounders were not addressed in this study. 5) Finally, there
was no control for maternal illness. This
is of great importance because exposure
of a fetus to antenatal maternal depression, stress or anxiety may have direct
adverse effects on the offspring.4 Major
depression when untreated may result in
dangerous self-neglect, with disorganized
thoughts and behavior. This is particularly
worrying during pregnancy, for it may
result in smaller babies, preterm labor,
and other obstetrical difficulties.5
Vivien Burt
The Women’s Life Center of The Semel
Institute for Neuroscience and Human
Behaviour
Geffen School of Medicine at UCLA
Los Angeles, CA

Laura Miller
Department of Psychiatry
University of Illinois
Chicago, IL

Adrienne Einarson
The Motherisk Program
The Hospital for Sick Children
Toronto, Canada
einarson@sickkids.ca
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SSRIs and Birth Defects
To the Editor:
reatment with selective serotonin reuptake inhibitors (SSRIs) during
pregnancy requires additional data from
well-designed studies. In the article,
“Maternal use of selective serotonin reuptake inhibitors and risk of congenital
malformations” by Wogelius et al,1 several positive methodologic choices deserve comment. These include the comprehensiveness of the linked prescription
data and the Danish Medical Birth and
hospital discharge registries, control for
specific medications associated with congenital malformations, similar distribution
of congenital malformation in this study
with published data,2 and the large population-based sample.
However, several aspects of the
methodology diminish the validity of
the authors’ conclusion that SSRI exposure is associated with congenital malformations, much less causally related as
claimed by their statement: the “observed
association . . . was stronger 关among patients with SSRI exposure during the
second or third month after conception
compared with exposure within the first
trimester or 30 days before兴, which is
consistent with a causal effect.” Because
medication compliance and prescription
length were not addressed, measurement
of exposure was inexact— especially since
SSRI treatment preconception and during
the first month of gestation may affect the
embryonic cell lines involved in organogenesis. Lacking an assessment of maternal depression severity biases their
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analyses since depression can directly
impact fetal outcomes,3 and severity of
depression may have even greater impact than drug exposure. Other researchers have studied similar relationships
while more adequately controlling for
important non-SSRI-related maternal factors.4,5 Controlled factors in these other
studies included maternal demographics, prepregnancy body mass index or
pregnancy weight gain, gravidity, medical histories, socioeconomic status, physiological and psychiatric comorbidities,
smoking, alcohol, other substance use,
concurrent medication and vitamin use.
While Wogelius and colleagues consider some factors, other covariates of
depression are excluded, which necessitates a more cautious interpretation of
their results. Of note, the authors found
that the rate of smoking was nearly
twice as high among the SSRI group as
compared with the non-SSRI group.6
Comorbid alcohol use, although directly
associated with depression7 and congenital malformations in offspring,8 is not
assessed. Additionally, the overlapping
epochs used to define “early pregnancy”
complicate the definition of exposure
since the group with second or third
month SSRI use appears to be a subgroup of patients using SSRI from preconception through the first trimester.
SSRI use during pregnancy remains a controversial public health issue. Publications on this topic must be
subjected to careful scrutiny. Despite its
strengths, the methodologic shortcomings of the Wogelius et al paper do not
move the existing scientific literature
forward.
Monique B. Kelly
Katherine L. Wisner
Marie D. Cornelius
Department of Psychiatry
School of Medicine
University of Pittsburgh
Pittsburgh, PA
kellymb2@upmc.edu
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The authors respond:
e thank Burt et al1 and Kelly et al2
for their interest in our study.
Burt and colleagues1 argue that
“positive” studies on the safety of antidepressants need special care in conduct and presentation due to potential
high media attention. In line with that
opinion, Kelly et al2 argue that SSRI
use in pregnancy is a “controversial
public health issue” and accordingly
these studies should be presented with
scrutiny. We disagree in that all studies,
and not positive studies in particular,
should be conducted with the highest
possible quality. The awareness of possible media interest or controversy as
benchmarks for how to conduct and
present studies may, in the long run,
threaten the credibility of research.
We are aware that we did not find
a pattern of specific defects as mentioned by Burt et al1 (the only exception
was the rate of malformations of the
digestive organs, which seem to be increased among the offspring of SSRI
users.) However, the finding of increased risk of malformations in children born to mothers with drug prescriptions during 2nd and 3rd pregnancy
month compared with women with prescriptions during 1st trimester and one
month before the conception date provides support for a causal effect, because the 2nd and 3rd pregnancy months
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constitute the critical period for most
birth defects. This may represent a
generalized serotonin-mediated effect
rather than a specific effect from different SSRIs that do not share chemical structure.3
The lack of separation between
major and minor malformations was
questioned by Burt et al.1 We want to
underscore the fact that we excluded
congenital dislocations of the hip and
undescended testes. Furthermore, we
identified the 3 most prevalent congenital malformations in the offspring of
women with a SSRI prescription in early
pregnancy and did not find that the increased risk could be caused by minor
malformations.
Another point of criticism from
both groups was the uncertainty of compliance. Our analyses showed that many
of the exposed women filled more than
one prescription. Furthermore, drugs are
paid for in part by the women and therefore there is likely to be a considerable
degree of compliance in taking the pills
that were purchased. Finally, noncompliance would likely bias the results by
attenuating an effect.4
Burt et al1 and Kelly et al2 mentioned failure to control for maternal
illness and other possible confounders
as a limitation in our study. This is a
well-established problem in nonrandomized observational studies of drug effects5—for example, the finding of an
increased mortality among patients with
cystic fibrosis treated with tobramycin
for inhalation.6 To explore the influence
of depression-related factors, we analyzed the risk of malformations among
another group of women with depression—women exposed to non-SSRI antidepressants in early pregnancy. Finding no increased risk of malformations
among these women suggests that the
underlying disease is of less importance
than the SSRI medications. Bonari et al7
reviewed the literature on perinatal risks
after untreated depression during pregnancy. While there were suggestions of
an increased risk of adverse pregnancy
outcomes such as preterm delivery; no
studies demonstrated increased risk of
malformations.
Kelly et al2 noted that the rate of
smoking in our study was nearly twice
as high among the SSRI group as com-

pared with the non-SSRI group. Although the evidence for smoking as a
general teratogen is weak, we agree that
smoking may be indicative of an unhealthy lifestyle. Our best options for
examining the influence of the underlying disease in our setting were 1) to
control for smoking and 2) to examine
the risk among non-SSRI antidepressant users. The results of these analyses did not allow us to exclude a causal
association.
Our findings should be discussed
in a context of adverse effects of depression itself. However, we actually outlined the possibility of the underlying
disease as a confounding factor, and already stressed in the conclusion, as well as
in the abstract, that the observed association may not be causal. We believe that
clinicians with the final responsibility for
counseling individual patients have the
full ability to combine their knowledge
from research, clinical experience and understanding of the patient’s situation
into the best treatment. Thus in each
counseling situation the absolute risk of
malformations associated with and without drug use in pregnancy should be
related to the benefits of drug use.
Pia Wogelius
Mette Nørgaard
Mette Gislum
Lars Pedersen
Estrid Munk
Department of Clinical Epidemiology
Aarhus University Hospital
Aarhus, Denmark
pia.wogelius@rn.dk

Preben Bo Mortensen
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Janet Lane-Claypon
To the Editor:
e ought to be grateful to Warren
Winkelstein, Jr. for bringing to
our attention the life and work of Janet
Lane-Claypon.1,2 It can be added that
Janet Lane-Claypon’s contribution to
epidemiology appeared when it was historically expected.
It is indeed tempting to relate the
work of Janet Lane-Claypon, born in
1877, to drastic changes in the women’s role in society that occurred dur-
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ing the Age of Empire (1880 –1914).3
Women such as Marie Curie, Selma
Lagerlöf, and Rosa Luxemburg, just to
name a few with prestigious careers,
became key theoreticians in science,
literature, and politics. Marie Curie
(1867–1934) is the only person who
received the Nobel Prize in 2 fields of
science (physics in 1903 and chemistry
in 1911). In 1909, Selma Lagerlöf
(1858 –1940) was the first woman to
win the Nobel Prize in Literature. The
Polish-born Rosa Luxemburg (1870 –
1919), was leader of the German SocialDemocratic Party. She debated and, in my
opinion, intellectually dominated Edouard
Bernstein and Vladimir Illich Lenin on
strategy, economy, and nationalism.
Marie Curie, Selma Lagerlöf, and
Rosa Luxemburg were contemporaries
of Janet Lane-Claypon. Whether Florence Nightingale (1820 –1910) was an
epidemiologist is a matter of debate, but
Janet Lane-Claypon is the first woman
who enters epidemiology’s portrait
gallery for her innovations in epidemiologic methods, in that area preceding
many better-known men (Hill, Goldberger, Greenwood, and Frost). The
originality of her contribution would be
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impressive if only for her pioneering
applications of retrospective cohort
studies1 and case– control studies.4,5
While epidemiology may sometimes be considered an arcane scientific
discipline, Lane-Claypon’s contribution
suggests that our field is not alien to the
great currents of world history.
Alfredo Morabia
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Queens College - CUNY
Flushing, NY
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