
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Visit the National Academies Press online, the authoritative source for all books 
from the National Academy of Sciences, the National Academy of Engineering, 
the Institute of Medicine, and the National Research Council:  
• Download hundreds of free books in PDF 
• Read thousands of books online for free 
• Explore our innovative research tools – try the “Research Dashboard” now! 
• Sign up to be notified when new books are published  
• Purchase printed books and selected PDF files 

 
 
 
Thank you for downloading this PDF.  If you have comments, questions or 
just want more information about the books published by the National 
Academies Press, you may contact our customer service department toll-
free at 888-624-8373, visit us online, or send an email to 
feedback@nap.edu. 
 
 
 
This book plus thousands more are available at http://www.nap.edu. 
 
Copyright  © National Academy of Sciences. All rights reserved. 
Unless otherwise indicated, all materials in this PDF File are copyrighted by the National 
Academy of Sciences.  Distribution, posting, or copying is strictly prohibited without 
written permission of the National Academies Press.  Request reprint permission for this book. 
 

  

ISBN: 0-309-66045-9, 384 pages, 6 x 9,  (2006)

This PDF is available from the National Academies Press at:
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html

We ship printed books within 1 business day; personal PDFs are available immediately.

Genes, Behavior, and the Social Environment:  
Moving Beyond the Nature/Nurture Debate 

Committee on Assessing Interactions Among Social, 
Behavioral, and Genetic Factors in Health, Lyla M. 
Hernandez and Dan G. Blazer, Editors 

http://www.nap.edu/catalog/11693.html
http://www.nap.edu
http://www.nas.edu/nas
http://www.nae.edu
http://www.iom.edu
http://www.nationalacademies.org/nrc/
http://lab.nap.edu/nap-cgi/dashboard.cgi?isbn=0309101964&act=dashboard
http://www.nap.edu/agent.html
http://www.nap.edu
mailto:feedback@nap.edu
http://www.nap.edu
http://www.nap.edu/v3/makepage.phtml?val1=reprint
http://www.nap.edu/catalog/11693.html


Committee on Assessing Interactions Among Social, Behavioral, and
Genetic Factors in Health

Board on Health Sciences Policy

Lyla M. Hernandez and Dan G. Blazer, Editors

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


 THE NATIONAL ACADEMIES PRESS • 500 FIFTH STREET, N.W. • Washington, DC 20001

NOTICE: The project that is the subject of this report was approved by the Governing Board
of the National Research Council, whose members are drawn from the councils of the Na-
tional Academy of Sciences, the National Academy of Engineering, and the Institute of Medi-
cine. The members of the committee responsible for the report were chosen for their special
competences and with regard for appropriate balance.

This study was supported by Contract No. N01-OD-4-2139, TO 154 between the National
Academy of Sciences and the National Institutes of Health’s Office of Behavioral and Social
Sciences Research, National Human Genome Research Institute, and the National Institute of
General Medical Sciences. Any opinions, findings, conclusions, or recommendations expressed
in this publication are those of the author(s) and do not necessarily reflect the view of the
organizations or agencies that provided support for this project.

Library of Congress Cataloging-in-Publication Data

Genes, behavior, and the social environment : moving beyond the
    nature/nurture debate / Lyla M. Hernandez and Dan G. Blazer,
    editors ; Committee on Assessing Interactions, Among Social,
    Behavioral, and Genetic Factors in Health, Board on Health
    Sciences Policy.
       p. ; cm.
    Includes bibliographical references and index.
    ISBN 0-309-10196-4 (pbk.) — ISBN 0-309-66045-9 (PDFs)
    1. Behavior genetics.  2. Medical genetics.  3. Nature and nurture.
  4. Human genetics—Research.     I. Hernandez, Lyla M.  II. Blazer,
  Dan G. (Dan German), 1944-    .  III. Institute of Medicine (U.S.).
  Committee on Assessing Interactions, Among Social, Behavioral,
  and Genetic Factors in Health.
    [DNLM:  1. Genetics, Behavioral.  2. Sociobiology.     QU 450
  G3266 2006]
  QH457G458 2006
  616'.042—dc22
                                                                            2006023972

Additional copies of this report are available from the National Academies Press, 500 Fifth
Street, N.W., Lockbox 285, Washington, DC 20055; (800) 624-6242 or (202) 334-3313 (in
the Washington metropolitan area); Internet, http://www.nap.edu.

For more information about the Institute of Medicine, visit the IOM home page at:
www.iom.edu.

Copyright 2006 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America.

The serpent has been a symbol of long life, healing, and knowledge among almost all cultures
and religions since the beginning of recorded history. The serpent adopted as a logotype by the
Institute of Medicine is a relief carving from ancient Greece, now held by the Staatliche
Museen in Berlin.

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


“Knowing is not enough; we must apply. 
Willing is not enough; we must do.” 

—Goethe

Advising the Nation. Improving Health.
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Developing this report about facilitating integrated research on how
the social environment and genetic function affect health outcomes has
been tremendously rewarding, in large part because the effort was a col-
laboration among scientists from the social, behavioral, and biological sci-
ences. Committee research and discussion illuminated associations among
social factors and health, behaviors and health, and genetics and health.
Committee collaboration resulted in a vision, described in this report, of
how future research, transdisciplinary in nature, can contribute to the sci-
ence of gene-social environment interactions and to explaining individual
and population health and health disparities.

Yet, transdisciplinary research faces many challenges, not the least of
which are those encountered when attempting to conduct collaborative
research across disciplines. In a sense, the challenge of collaboration was
illustrated in the work of this committee, whose scientists came from the
fields of sociology, demography, psychology, psychiatry, research design,
law, ethics, medicine, public health, epidemiology, biology, molecular vi-
rology, and genetics. Despite the fact that each committee member already
had demonstrated a willingness to work with those from other disciplines
on problems that crossed social, behavioral, and genetic lines, committee
understanding and collaboration were not achieved effortlessly. Research
conducted by different disciplines rests on different knowledge bases, often
with different areas of focus—for example, the geneticist emphasizes indi-
viduals, while sociologists examine groups and societies. To form a group
that could work collaboratively, it was necessary to devote meeting time to

Preface

ix
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x PREFACE

developing a common understanding of each others’ definitions, terms,
knowledge about what various disciplines have contributed to our under-
standing of disease risk, and an appreciation and value for the research
designs and methods used by practitioners of the different disciplines. It
was only after this had been accomplished that rapid progress could be
made in developing an integrated approach to the task at hand—that of
determining how researchers can begin to assess the impact on health of
interactions among social, behavioral, and genetic factors.

In transdisciplinary research, investigators will be faced, on a broader
scale, with the challenges that confronted this committee. Foremost among
these challenges is the need to appreciate and value the contributions of
other disciplines. Other challenges and approaches to addressing them are
described in the body of the report, but the committee believes that the
challenge of fostering true collaboration merited the emphasis that is pro-
vided in this preface. Successful transdisciplinary research that is conducted
on gene-social environment interaction could provide a way for us to rede-
fine how we think about health and disease. Such a redefinition, however, is
not a short trip going forward with a specific goal in mind; rather, it is a
journey that will require time and patience. This report and its recommen-
dations are intended to launch us on that journey.

Dan G. Blazer, Chair
Committee on Assessing Interactions Among Social,
Behavioral, and Genetic Factors in Health
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1

Summary

During the twentieth century, great strides were made in reducing dis-
ease and improving the health of individuals and populations. Public health
measures such as sanitation, improved hygiene, and vaccines led to major
reductions in mortality and morbidity (Turnock, 2001). Increased attention
to the hazards of the workplace resulted in reduced injuries and better
health for workers (IOM, 2003a). Advances in biomedical research helped
expand knowledge of disease and spurred the development of new clinical
and pharmaceutical interventions. More recently, the sequencing of the
human genome has provided information that holds the promise for further
improving human health.

Over the years a large body of evidence has emerged indicating
that social and behavioral factors such as socioeconomic status, smoking,
diet, and alcohol use are important determinants of health (Berkman
and Kawachi, 2000; IOM, 2000; Marmot and Wilkinson, 2006). Recent
studies also suggest that examining interactions among genetic and social-
environmental factors could greatly enhance understanding of health and
illness. For example, Caspi and colleagues (2003) found “evidence of a gene-
by-environment interaction, in which an individual’s response to environ-
mental insults is moderated by his or her genetic makeup.” In a study
showing how the social environment can influence biological response,
Manuck et al. (2005) found that the socioeconomic status of communities is
associated with variations in central nervous system serotonergic
responsivity, which may have implications for the prevalence of psychologi-
cal disorders and behaviors such as depression, impulsive aggression, and
suicide.
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2 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

As part of a strategy to determine how best to integrate research priori-
ties to include an increased focus on the impact on health of interactions
among social, behavioral, and genetic factors, the National Institutes of
Health (NIH), Office of Behavioral and Social Sciences Research, in con-
junction with the National Human Genome Research Institute and the
National Institute of General Medical Sciences, requested that the Institute
of Medicine undertake a study to examine the state of the science on gene-
environment interactions that affect human health, with a focus on the
social environment.1  The goal of the study was to identify approaches and
strategies to strengthen the integration of social, behavioral, and genetic
research and to consider the relevant training and infrastructure needs.
More specifically, NIH requested the following:

1. Review the state of the science on the interactions between the social
environment and genetics that affect human health.

2. Develop case studies that will demonstrate how the interactions of the
social environment and genetics affect health outcomes; illustrate the meth-
odological issues involved in measuring the interactions; elucidate the re-
search gaps; point to key areas necessary for integrating social, behavioral,
and genetic research; and suggest mechanisms for overcoming barriers.

3. Identify gaps in the knowledge and barriers that exist to integrating
social, behavioral, and genetic research in this area.

4. Recommend specific short- and long-term priorities for social and
behavioral research on gene-social environment interactions; identify
mechanisms that can be used to encourage interdisciplinary research in this
area.

5. Assess workforce, resource, and infrastructure needs and make ac-
tionable recommendations on overcoming barriers and developing mecha-
nisms to accelerate progress.

Chapter 2 of this report explores the impact of the social and cultural
environment on health, examining what we know about the influences of
these factors on health, and identifying the limitations of current research.
Genetic factors and their impact on health are examined in Chapter 3,
which focuses on what is known or theorized about the direct link between
genes and health and what still must be explored to understand the environ-
mental interactions and relative roles among genes that contribute to health
and illness. The impact of behavioral factors on health is explored in Chap-

1For purposes of the study, sponsors clarified that the term social environment refers to the
relations among people as individuals and in societies and not environmental conditions such
as global warming and toxic waste, even if they result from human activities.
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SUMMARY 3

ter 4. While research on the impact of interactions has the potential to
further the understanding of disease risk and aid in the development of
effective interventions to improve the health of individuals and popula-
tions, there is a dearth of research that encompasses all three domains.
Much remains to be learned about how these factors interact to impact
health, including the most basic concept of defining interaction and how it
can be characterized. Because greater etiological understanding is needed to
identify future clinical research and develop effective interventions aimed at
improving health outcomes, the committee focused its efforts on etiological
research.

RECOMMENDATIONS

The recommendations discussed below are designed to explicate and
facilitate research on the impact on health of interactions among social,
behavioral, and genetic factors. Each recommendation is followed by a
chapter number in which additional discussion related to the recommenda-
tion can be found.

Transdisciplinary Research

Contributions from research conducted over the past few decades, in-
cluding the sequencing of the human genome, are pushing scientists to
move beyond examining single agents of health and disease to a broader
systems view, which is based on the understanding that health outcomes are
the result of multiple determinants and their interactions (Lalonde, 1974;
Evans and Stoddard, 1990; Kaplan et al., 2000; IOM, 2003a; IOM, 2003b).
Understanding the associations between health and interactions among so-
cial, behavioral, and genetic factors requires research that embraces the
systems view and includes an examination of the interactive pathways
through which these factors operate to affect health.2  Such research re-
quires the participation of scientific investigators from a variety of different
fields and a shift in focus from efforts that are dominated by single disci-
plines to research that involves collaborative participation of scientists with
various expertise at all stages of the research process. While interdiscipli-
nary research focuses on answering questions of mutual concern to those
from various disciplines and multidisciplinary research involves research
questions of both mutual and separate interest to participating investiga-

2Interactive physiological pathways pass information from the social world to genes and
play a central role in understanding gene-environment interactions.
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4 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

tors, transdisciplinary research “implies the conception of research ques-
tions that transcend the individual departments or specialized knowledge
bases because they are intended to solve research questions that are, by
definition, beyond the purview of the individual disciplines” (IOM, 2003b).
Therefore, the committee makes the following recommendation:

Recommendation 1: Conduct Transdisciplinary, Collaborative Re-
search. The NIH should develop Requests for Applications (RFAs)
to study the impact on health of interactions among social, behav-
ioral, and genetic factors and their interactive pathways (i.e., physi-
ological). Such transdisciplinary research should involve the genuine
collaboration of social, behavioral, and genetic scientists. Genuine
collaboration is essential for the identification, incorporation, analy-
sis, and interpretation of the multiple variables used. (Chapter 6)

Key social variables which have been linked consistently and robustly to
health outcomes include educational attainment, income and wealth, occupa-
tional status, social networks/social support, and work conditions. Well-
established behavioral and psychological variables that affect health out-
comes include tobacco/alcohol/drug use, eating behavior, physical activity,
temperament, perceived stress and coping, perceived social support, emo-
tional state, and motivation. Essential genetic factors affecting health include
the DNA sequence variation, structural chromosomal changes, gene expres-
sion, epigenetic modifications, and downstream targets of gene expression.

In the search for a better understanding of genetic and environmental
interactions as determinants of health, certain fundamental aspects of hu-
man identity (i.e., sex/gender and race/ethnicity) pose both a challenge and
an opportunity for clarification. However because sex/gender and race/
ethnicity are more complicated than they appear, they need to be consid-
ered and analyzed from a variety of perspectives, including social, cultural,
psychological, historical, political, genetic, and geographic/ancestral.

Relevant physiological measurements and pathways should also be con-
sidered. Understanding the pathways through which interactions operate
will aid in identifying links between major levels of organization of living
systems: social groups of individuals, individuals composed of physiologi-
cal systems, physiological systems composed of cells, and cells composed of
molecules, especially DNA. Ultimately the results of such research may help
to identify where to intervene along the causal chains and pathways be-
tween the social world and genes that cause disease in order to improve
health outcomes.

Many determinants of health are not static, that is, they influence
health in a variety of ways throughout the life course. For example, poverty
may differentially and independently affect the health of an individual at
different stages of life (e.g., in utero, during infancy and childhood, during
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pregnancy, or during old age). Personality traits and psychological status
are also known to change over the lifespan and have potential to affect
health. In addition to these well-established factors, a growing body of
research has documented associations between cultural factors and health
(Berkman and Kawachi, 2000). The influence of social, behavioral, and
genetic factors on health involves dimensions of both time (critical stages in
the life course and the effects of cumulative exposure) and the context or
culture within which variables operate to influence health outcomes. There-
fore, the committee makes the following recommendation:

Recommendation 2: Measure Key Variables Over the Life Course
and Within the Context of Culture. The NIH should develop RFAs
for studies of interactions that incorporate measurement, over the
life course and within the context of culture, of key variables in
the important domains of social, behavioral, and genetic factors.
(Chapter 6)

Modeling Strategies

For the most part research has taken a linear approach when examining
the link between a particular set of variables (e.g., social-environmental or
genetic variables) and health. Yet, there remains the need to connect and
integrate knowledge across multiple determinants of health in order to
understand the mechanisms of integration (for example, how social factors
are translated into physiological effects on cellular responses, including
changes in gene expression). Future studies should recognize that a linear
approach does not reflect the integrated nature of how health outcomes are
generated. Therefore, the committee recommends the following:

Recommendation 3: Develop and Implement New Modeling Strat-
egies to Build More Comprehensive, Predictive Models of Etio-
logically Heterogeneous Disease. The NIH should emphasize re-
search aimed at developing and implementing such models (e.g.,
pattern recognition, multivariate statistics, and systems-oriented
approaches) for incorporating social, behavioral, and genetic fac-
tors and their interactive pathways (i.e., physiological) in testable
models within populations, clinical settings, or animal studies.
(Chapter 6)

With approximately 30,000 genes in the human genome, most genes
are likely to serve different functions at different times in different environ-
ments (McClintock et al., 2005). The ability to measure and evaluate differ-
ential gene expression has the potential to provide important insights into
the study of health and disease. Alterations in DNA sequence and gene

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


6 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

expression can be modified at different points throughout the life course,
dictating variation in protein levels and functionality, as well as subsequent
levels of metabolic products that are associated with those proteins. These
factors can be measured through the use of genomic, transcriptomic,
proteomic, and metabonomic technologies. However, further development
of these technologies is needed to allow researchers to accurately study the
molecular systems that interact with social and behavioral variables to
influence health outcomes (see Chapter 6 for a more detailed discussion of
these technologies). Thus, the committee recommends the following:

Recommendation 4: Investigate Biological Signatures. Researchers
should use genomic, transcriptomic, proteomic, metabonomic, and
other high-dimensional molecular approaches to discover new con-
stellations of genetic factors, biomarkers, and mediating systems
through which interactions with social environment and behavior
influence health. (Chapter 6)

The context or culture within which individuals exist also is known to
exert influence on health outcomes. Relevant social and cultural environ-
ments include not only an individual’s immediate personal environment
(e.g., his/her family), but also the broader social contexts such as the com-
munity in which a person resides. Health psychologists are increasingly
calling attention to the critical role of sociocultural context, a necessary
factor to consider if efforts to modify risk behaviors are to be effective.
Different subgroups may have different genetic backgrounds, as well as vary-
ing cultural or socioeconomic characteristics that influence patterns of behav-
ior, thereby creating a correlation between genotype and environmental ex-
posure. Furthermore, it may be found that polymorphisms occurring in
genotypes that act as destructive or protective factors for disease and health
may be created, modified, or triggered by cultural and contextual factors. It is
important to determine if research findings are applicable beyond a small
population, and to capitalize on unique gene-environment interactions that
could contribute to a broader understanding of factors, mechanisms, and
processes. Therefore, the committee recommends the following:

Recommendation 5: Conduct Research in Diverse Groups and
Settings. The NIH should encourage research on the impact of
interactions among social, behavioral, and genetic factors and their
interactive pathways (i.e., physiological) on health that empha-
sizes diversity in groups and settings. Furthermore, NIH should
support efforts to ensure that the findings of such research are
validated by replication in independent studies, translated to
patient-oriented research, conducted and applied in the context of
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public health, and used to design preventive and therapeutic
approaches. (Chapter 6)

Use of Animal Models

Animal research studies are an important complement to clinical
and community-based research because they can serve as models for gene-
environment interactions and pathways of human disease. Animal models
can be used to conduct studies in which different aspects of social, behav-
ioral, and genetic variables can be controlled, standardized, or manipulated
to a significantly larger extent than can be accomplished in human studies.
These models also allow for the invasive examination of organ-, tissue-, and
region-specific mechanisms at the physiological, cellular, and molecular
levels. Animals with short reproductive cycles and life spans provide an
invaluable tool for conducting developmental and life-span studies, as well
as breeding experiments and genetic manipulation that facilitate the eluci-
dation of inherited traits and genetic effects. In some cases, animal models
provide opportunities to establish causality through studies examining the
temporal sequence of events, or studies involving removal followed by the
add-back of hypothesized mediators at the genetic, protein, physiological,
behavioral, or social environment level. Therefore, the committee makes
the following recommendation:

Recommendation 6: Use Animal Models to Study Gene-Social En-
vironment Interaction. The NIH should develop RFAs that use
carefully selected animal models for research on the impact on
health of interactions among social, behavioral, and genetic factors
and their interactive pathways (i.e., physiological). (Chapter 7)

Research Design and Analysis

A clear formulation of the concept of “interaction” and an understand-
ing of research designs that can be used to test for interactions are central to
making progress in assessing the impact on health of interactions. Statistical
tests for interaction are entirely dependent on the measurement scale (e.g.,
additive or multiplicative) used to evaluate the effects of different factors on
health. Use of different measurement scales can lead to substantively differ-
ent conclusions about whether or not interaction is present, and therefore,
to different recommendations for intervention. Thus, determining the mea-
surement scale is critical to the design of future studies and to the interpre-
tation of their results. The choice of measurement scale should not be based
on statistical convenience. Instead, it should be based on a theoretical model
for disease causation that is more closely tied to biology.
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8 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

Epidemiologists have built a conceptual framework for interaction
based on the counterfactual model and the sufficient-component cause
model (see Chapter 8 for discussion of these models). Beginning with this
conceptual framework, defined at the level of an individual, it is possible to
predict patterns of risk in the population when interaction is or is not
present. Such an analysis leads to the conclusion that an additive scale for
testing interaction more closely reflects the underlying biology than a mul-
tiplicative scale. That is, when two factors participate in the same sufficient
cause (interaction defined conceptually), disease risks in individuals with
both risk factors will be greater than expected from the additive effects of
each risk factor alone.

Currently, most of the statistical software commonly used for epide-
miologic analysis includes tests for interaction on a multiplicative scale but
not on an additive scale. Thus testing for interactions on an additive scale
requires the development of new, accessible statistical software. Also, tests
for interaction require extremely large sample sizes; hence multisite col-
laborations may be required in order to assemble databases of sufficient
size that are needed to assure adequate statistical power. Additionally,
given the complexity in defining interaction and testing for it, new, efficient
study designs should be developed for testing interaction. Therefore, the
committee recommends the following:

Recommendation 7: Advance the Science of the Study of Interac-
tions. Researchers should base testing for interaction on a concep-
tual framework rather than simply the testing of a statistical model,
and they must specify the scale (e.g., additive or multiplicative)
used to evaluate whether or not interactions are present. If a mul-
tiplicative scale is used, consistency with an additive relation be-
tween the effects of different factors also should be evaluated. The
NIH should develop RFAs for research on developing study de-
signs that are efficient at testing interactions, including variations
in interactions over time and development. (Chapter 8)

Infrastructure

Research conducted to elaborate the impact of interactions among so-
cial, behavioral, and genetic factors on human health places several de-
mands on the research infrastructure. This infrastructure includes the hu-
man infrastructure (e.g., education and training), data, and incentives and
rewards.

The foundation of the research enterprise is the education of its re-
searchers. Given that advances in genomics have been recent—and the
challenge of incorporating genetic research with behavior and social factors
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is even more recent—it is likely that there are many current researchers who
have gaps in their scientific training. Furthermore, training is needed for
pre- and postdoctoral students. While universities (and high schools), NIH,
and other funders of research training share responsibility for educating
researchers, NIH, as the major funder of biomedical and behavioral research,
is poised to make major contributions to training a cadre of researchers to
conduct transdisciplinary research. Several existing mechanisms could be
used as is or modified to facilitate the education of investigators in trans-
disciplinary research. Therefore, the committee recommends the following:

Recommendation 8: Expand and Enhance Training for Transdisci-
plinary Researchers. The NIH should use existing and modified
training tools both to reach the next generation of researchers and
to enhance the training of current researchers. Approaches include
individual fellowships (F31, F32) and senior fellowships (F33),
transdisciplinary institutional grants (T32, T90), and short courses.
(Chapter 9)

The study of interactions presents a significant need for datasets that
provide information across multiple disciplines, thus allowing the evalua-
tion of gene-environment interactions. Datasets to study such interactions
are typically large, difficult to collect, and costly. Therefore, it is important
to support the development and use of datasets that can be shared among a
wide audience of researchers.

Datasets that already include biological and genetic measures could be
augmented to include social and behavioral variables. However, these addi-
tions must not only be feasible, but more importantly, they must be scien-
tifically compelling. Alternatively, new datasets with the necessary vari-
ables could be developed. For example, health conditions or diseases could
be identified for which there is a suspected or known genetic contribution,
behavioral factors are likely to be involved, and hypotheses have been
formed regarding the role of social factors.

Because there is a significant need for datasets that provide information
for the three domains discussed (social, behavioral, and genetic factors), the
committee recommends the following:

Recommendation 9: Enhance Existing and Develop New Datasets.
The NIH should support datasets that can be used by investigators
to address complex levels of social, behavioral, and genetic vari-
ables and their interactive pathways (i.e., physiological). This
should include the enhancement of existing datasets that already
provide many, but not all, of the needed measures (e.g., the Na-
tional Longitudinal Survey of Youth, ADDHealth) and the en-
couragement of their use. Furthermore, NIH should develop new
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10 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

datasets that address specific topics that have high potential for
showing genetic contribution, social variability, and behavioral
contributions—topics such as obesity, diabetes, and smoking.
(Chapter 9)

The report Facilitating Interdisciplinary Research (NAS/NAE/IOM,
2004) outlined several key conditions for effective interdisciplinary research,
including “sustained and intense communication, talented leadership, appro-
priate reward and incentive mechanisms (including career and financial re-
wards), adequate time, seed funding for initial exploration, and willingness to
support risky research.” The committee believes that these same conditions
apply to transdisciplinary research. Although aspects of university function-
ing, such as rewards and incentives, are not within the purview of NIH, they
may ultimately affect the ability of NIH to find researchers who can conduct
the kind of transdisciplinary research that is envisioned here.

One major challenge is acknowledging multiple investigators on team
projects. The recent NIH announcement of plans to recognize multiple
Principal Investigators represents a significant advancement in providing
external recognition for members of research teams. As NIH explores such
new approaches, the next step would be for universities to use that informa-
tion in ways that would ensure that the impact of the incentives and re-
wards are felt at the campus level, such as the credit toward promotion and
tenure that accrues to those who participate in such projects.

Scientific peer review of research applications also is a key step in-
volved in the support of any area of research. It is not uncommon to hear
investigators lament that transdisciplinary projects have difficulty in under-
going the peer review process. An important goal, therefore, is to ensure
that transdisciplinary work is fairly reviewed and truly valued throughout
the review process. It is not enough to simply place people from different
disciplines on a review group. Specific steps need to be taken to ensure that
reviewers will be able to appreciate the transdisciplinary nature or goals of
a proposal. These steps include selecting reviewers who have engaged in
transdisciplinary work and training reviewers about its importance and the
differences between transdisciplinary research and other types of research.

Approaches to advance the field of transdisciplinary research need to
be systematically applied toward the goal of fostering a type of research
that has inherent scientific challenges and that faces specific institutional
hurdles. Therefore, the committe makes the following recommendation:

Recommendation 10: Create Incentives to Foster Transdisciplinary
Research. The NIH and universities should explore ways to create
incentives for the kinds of team science needed to support trans-
disciplinary research. Areas to address include (1) hiring, promo-
tion, and tenure policies that acknowledge the contributions of
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collaborators on transdisciplinary teams; (2) peer review that in-
cludes reviewers who have experience with inter- or transdisciplin-
ary research and are educated about the complexity and challenges
involved in such research; (3) mechanisms for peer review of
research grants that ensure the appropriate evaluation of trans-
disciplinary research projects; and (4) credit for collaborators in
teams, such as NIH acknowledgement of co-investigators and uni-
versity sharing of incentive funds. (Chapter 9)

Ethical, Legal, and Social Implications

Several important ethical and legal issues need to be addressed when
considering information produced by research assessing the impact on
health of interactions among social, behavioral, and genetic factors. Al-
though these issues apply to all types of research, they are especially sensi-
tive when considering the transdisciplinary research discussed in this re-
port. First is the issue of conveying complex scientific findings accurately to
the public, policymakers, and other researchers. Claims about scientific
findings are at times simplified and even exaggerated, sometimes because of
the complexity of the concepts or because of economic and social pressures
to emphasize the significance of findings in easily understandable terms.
These difficulties are compounded by the fact that the media, understand-
ably, prefers straightforward, easy-to-deliver messages. However, failure to
convey the limitations and complexity of scientific findings has a significant
impact, because beliefs about causation of health and disease affect the
allocation of responsibility and resources, which has ethical and social
implications.

Another issue of concern is the development of policy based on scientific
findings. The array of factors that must be considered in deciding how to use
the knowledge gained from research on gene-environment interactions in
developing social policy is very broad and extends far beyond the science
itself and into a variety of social and ethical considerations. To address
difficulties in how individuals and groups understand complex scientific find-
ings, as well as the potential impact such findings could have on policy
development, the committee makes the following recommendations:

Recommendation 11: Communicate with Policymakers and the
Public. Researchers should (1) be mindful of public and policy-
makers’ concerns, (2) develop mechanisms to involve and inform
these constituencies, (3) avoid overstating their scientific findings,
and (4) give careful consideration to the appropriate level of com-
munity involvement and the level of community oversight needed
for such studies. (Chapter 10)
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In addition to research assessing the impact on health of interactions
among social, behavioral, and genetic factors and their interactive pathways
(i.e., physiological), improving health also requires individuals to act upon
research findings. Therefore, the committee recommends the following:

Recommendation 12: Expand the Research Focus. The NIH should
develop RFAs for research that elucidate how best to encourage
people to engage in health-promoting behaviors that are informed by
a greater understanding of these interactions, how best to effectively
communicate research results to the public and other stakeholders,
and how best to inform research participants about the nature of the
investigation (gene-environment interactions) and the uses of data
following the study. (Chapter 10)

According to the Criteria for IRB Approval of Research (45 CFR
§ 46.111(a)(7) (2006)), Institutional Review Boards (IRBs) are responsible
for ensuring, where appropriate, the protection of research participants’
privacy and the data regarding them. Studying the impact of interactions
among social, behavioral, and genetic factors on health requires the collec-
tion of information about relevant DNA variants as well as clinical or other
phenotypic information. This often includes sensitive personal behavior
information and social factors. The risk to research participants could be
substantial if such information is accessed by people and institutions out-
side the study. Given the sensitivity of such research and its implications, it
is of primary importance to address the issues of data sharing and informed
consent. Therefore, the committee makes the following recommendations:

Recommendation 13: Establish Data-Sharing Policies That Ensure
Privacy. IRBs and investigators should establish policies regarding
the collection, sharing, and use of data that include information
about (1) whether and to what extent data will be shared; (2) the
level of security to be provided by all members of the research team
as well as the research and administrative process; (3) the use of
state-of-the-art security for collected data, including, but not lim-
ited to, NIH’s Certificates of Confidentiality; (4) the use of formal
criteria for identifying the circumstances under which individual
research results will be revealed; and (5) how, before sharing data
with others, recipients must agree to use data only in ways that are
consistent with those agreed to by the research participants. Fur-
thermore, if a mechanism to identify individual research partici-
pants is retained in the database, IRBs and investigators should
consider whether to contact participants prior to initiating research
on new hypotheses or other new research. (Chapter 10)
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Recommendation 14: Improve the Informed Consent Process. Re-
searchers should ensure that informed consent includes the follow-
ing: (1) descriptions of the individual and social risks and benefits
of the research; (2) the identification of which individual results
participants will and will not receive; (3) the definition of the pro-
cedural protections that will be provided, including access policies
and scientific and lay oversight; and (4) specific security, privacy,
and confidentiality protections for protect the data and samples of
research participants. (Chapter 10)

CONCLUDING REMARKS

This report is intended to encourage and facilitate the growth of trans-
disciplinary research on the impact on health of interactions among social,
behavioral, and genetic factors. Such research could further understanding
of disease risk and aid in the development of effective interventions to
improve the health of individuals and populations. Yet, achieving such
understanding is not a short-term effort. Immediate priorities for action
include training investigators in transdisciplinary research, expanding and
developing datasets that include social, behavioral, and genetic variables
(measured over the life course), developing new research strategies, and
attending to the important ethical, legal, and social implications of such
research. Such steps will facilitate the conduct of hypothesis-generating
research to identify high-priority areas for study, which will then lead to
targeted studies of interactions focused on specific health outcomes.

Health outcomes are multidetermined and result from complex interac-
tions of many factors over time. Yet, the study of health outcomes has been
driven primarily by disciplines that focus upon their own unique areas of
expertise. If the study of health outcomes is to advance, investigators must
break out of these disciplinary “silos” and attack the determinants of health
in concert.
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1

Introduction

Why are some people healthy and others not? It seems a simple question.
The answers, however, are complex and have to do not only with disease
and illness, but also with who we are, where we live and work, and the
social and economic policies of our government, all of which play a role
in determining our health.

Institute of Medicine. The Future of the
Public’s Health in the 21st Century, 2003.

In recent years, attempts to determine why some people are healthy
while others experience pain and illness most often have focused on the
biological aspects of health. Biomedical research has contributed enor-
mously to our knowledge of disease and to the development of new medical
technologies and clinical and pharmaceutical interventions that improve
the lives of so many. Most recently, the mapping of the human genome has
uncovered new information about the association of genomics with disease.
As Guttmacher and Collins have noted, “Genomics, which has quickly
emerged as the central basic science of biomedical research, is poised to
take center stage in clinical medicine as well” (Guttmacher and Collins,
2004).

Yet, over the years a large body of evidence also emerged that indicates
that “almost half of all causes of mortality in the United States are linked to
social and behavioral factors such as smoking, diet, alcohol use, sedentary
life-style, and accidents” (IOM, 2000). Few diseases or conditions are
caused purely by genetic factors; most are the result of interactions between
genetic and environmental factors. Therefore, in order to continue to ex-
pand our knowledge of how to improve the health of individuals and
populations, it becomes imperative to conduct research that explores how
the interactions among social, behavioral, and genetic factors affect health.
As a result, many are now engaged in attempts to determine how best to
integrate research priorities to include a greater focus on these factors.

The National Institutes of Health (NIH), Office of Behavioral and
Social Sciences Research, in conjunction with the National Human Genome
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Research Institute and the National Institute of General Medical Sciences
requested that the Institute of Medicine (IOM) undertake a study to exam-
ine the state of the science on gene-environment interactions that affect
human health, with a focus on the social environment.1  The study was to
identify approaches and strategies to strengthen the integration of social,
behavioral, and genetic research and to consider the relevant training and
infrastructure needs. More specifically, the study was to:

1. Review the state of the science on the interactions between the social
environment and genetics that affect human health.

2. Develop case studies that will demonstrate how the interactions of the
social environment and genetics affect health outcomes; illustrate the meth-
odological issues involved in measuring the interactions; elucidate the re-
search gaps; point to key areas necessary for integrating social, behavioral,
and genetic research; and suggest mechanisms for overcoming barriers.

3. Identify gaps in the knowledge and barriers that exist to integrating
social, behavioral, and genetic research in this area.

4. Recommend specific short- and long-term priorities for social and
behavioral research on gene-social environment interactions; identify
mechanisms that can be used to encourage interdisciplinary research in this
area.

5. Assess workforce, resource, and infrastructure needs and make ac-
tionable recommendations on overcoming barriers and developing mecha-
nisms to accelerate progress.

In response to the NIH request, IOM established the Committee on
Assessing Interactions Among Social, Behavioral, and Genetic Factors in
Health. (See Appendix A for a discussion of committee methodology and
Appendix G for biographical sketches of committee members.)

Assessing the impact on health of interactions among social, behav-
ioral, and genetic factors is an emerging and complex field. Much remains
to be learned about how these factors interact to impact health, including
the most basic concept of defining interaction and how it can be character-
ized. Because there is a need for greater etiological understanding in order
to identify future clinical research or develop effective interventions aimed
at improving health outcomes, the committee has focused its efforts and
this report on etiological research.

Of primary importance to the work of the committee was the recogni-

1For purposes of the study, sponsors clarified that the term social environment refers to the
relations among people as individuals and in societies and not to environmental conditions
such as global warming and toxic waste even if they result from human activities.
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tion that multiple determinants contribute to the health of individuals and
populations. Furthermore, the committee emphasized the development of a
common understanding of concepts and terms crucial to advancing our
understanding of the interaction of multiple determinants of health.

DETERMINANTS OF HEALTH

The definition of health has evolved over time, as has its measurement.
Because health cannot be measured directly, a number of variables have
been used as indicators of the concept of health. Prior to the mid-1900s,
negative indicators such as mortality and disease rates were used—with the
idea that the lower the rate, the healthier the population. Mortality or
disease rates continue to be used as broad indicators when comparing
populations—such as infant mortality rates or rates of specific diseases.
However, a view of health as something much broader than the mere
absence of disease has led to an evolution in thinking about the framework
for health determinants.

One such framework was developed by Lalonde (1974) and includes
environment, lifestyle, human biology, medical care, and health care orga-
nization as major determinants of health. The Lalonde framework recog-
nized the importance of individual risk factors to health and led to further
analysis and exploration of these factors’ impact on health. A more com-
plex model developed by Evans and Stoddart (1990) suggested a new frame-
work for health determinants:

It should accommodate distinctions among disease, as defined and treated
by the health care system, health and functioning, as perceived and expe-
rienced by individuals, and well-being, a still broader concept to which
health is an important but not the only, contributor. It should . . . permit
and encourage a more subtle and more complex consideration of both
behavioural and biological responses to social and physical environments.

Since the work of Evans and Stoddart, a number of models of health
determinants have been developed. A 1999 IOM report explored core con-
cepts of health, proposing a model of determinants that illustrated how
individual characteristics (biology and life course, lifestyle and health be-
havior, illness behavior, personality and motivation, and values and prefer-
ences) and environmental characteristics (social and cultural, economic and
political, physical and geographic, and health and social care) influence
health-related quality of life (symptoms, functional status, health percep-
tions, and opportunity) (IOM, 1999).

Kaplan and colleagues (2000) proposed a framework that “builds
bridges between levels rather than attributing primary importance to one
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level or another.” Their multilevel approach to health determinants in-
cludes pathophysiological pathways, genetic/constitutional factors, indi-
vidual risk factors, social relationships, living conditions, neighborhoods
and communities, institutions, and social and economic policies as the
major forces that affect health. The Future of the Public’s Health (IOM,
2003a) and Who Will Keep the Public Healthy? (IOM, 2003b) emphasized
that improving the health of populations requires understanding the ecol-
ogy of health and the interconnectedness of the biological, behavioral,
physical, and socioenvironmental spheres.

For the purposes of developing this report, the committee has focused
its examination and analysis of factors on three major domains: social
factors, behavioral factors, and genetic factors. Furthermore, the committee
found it most useful to embrace a model that includes multiple determi-
nants of health that are related and linked in many ways. Such a model is
frequently referred to as an ecological model, because it emphasizes the
linkages and relationships among multiple factors (or determinants) affect-
ing health. As noted by IOM (2003b):

An ecological model assumes that health and well-being are affected by
interaction among multiple determinants including biology, behavior,
and the environment. Interaction unfolds over the life course of individ-
uals, families, and communities, and evidence is emerging that societal-
level factors are critical to understanding and improving the health of
the public.

An ecological model, therefore, provides the appropriate framework
for assessing the impact on health of interactions among social, behavioral,
and genetic factors.

Despite the fact that a complex interplay of factors influences vulner-
ability and resistance to disease, “the vast majority of the nation’s health
research resources have been directed toward biomedical research endeav-
ors” (IOM, 2000). However, recent studies suggest that research on inter-
actions of genetics with social-environmental factors is essential to under-
standing health and illness. For example, Caspi and colleagues (2003) found
“evidence of a gene-by-environment interaction, in which an individual’s
response to environmental insults is moderated by his or her genetic
makeup.” In another study, Manuck et al. (2005) found that the socioeco-
nomic status of communities is associated with variations in central ner-
vous system serotonergic responsivity, which may have implications on the
prevalence of psychological disorders and behaviors such as depression,
impulsive aggression, and suicide.

Various pathway diagrams have been developed to represent the many
ways in which social, behavioral, and genetic factors influence health. How-

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


INTRODUCTION 19

ever, it is the committee’s hope that, no matter which model one chooses,
the discussion and recommendations set forth in this report will facilitate
efforts to examine the interaction of multiple determinants on health, with
a specific emphasis upon the interaction of the social environment and
behavior with the genome.

TRANSDISCIPLINARY RESEARCH

To conduct research on interactions requires a shift in focus from
research that is dominated by single disciplines—even when their work is
complementary—to transdisciplinary research. “Transdisciplinary research
involves broadly constituted teams of researchers that work across disci-
plines in the development of the research questions to be addressed” (IOM,
2003b). While interdisciplinary research focuses on answering a question of
mutual concern to those of various disciplines, and multidisciplinary re-
search involves research on questions of both mutual and separate interest
to participating investigators, transdisciplinary research “implies the con-
ception of research questions that transcend the individual departments or
specialized knowledge bases because they are intended to solve . . . research
questions that are, by definition, beyond the purview of the individual
disciplines” (IOM, 2003b). Transdisciplinary research calls for the various
disciplines involved to work together as a team to define the nature of the
problem to be resolved. As stated in the above mentioned IOM report
(2003b):

The practical ramifications of such an approach are that the disciplines
will no longer function like “silos” that exist side-by-side, deeply rooted
in their respective traditions. Rather, these disciplines will involve more
broadly constituted and integrated “teams.”

In other words, in transdisciplinary research all of the disciplines in-
volved are forced to change the ways in which they think about the prob-
lem, which in turn requires a transformation in the training of a cadre of
new investigators, as well as new training for experienced investigators.
Making this shift may be the most difficult challenge that is involved in
studying the interaction of the genome and the social environment.

Developing teams of scientists who can engage in and conduct the
necessary transdisciplinary research presents several practical difficulties.
For example, researchers from different disciplines must be able to under-
stand and value one another’s language, concepts, and methods. Addition-
ally, sources of data that support such transdisciplinary efforts must be
developed or enhanced. Nowhere are the difficulties of transdisciplinary
research better illustrated than when attempting to develop research efforts
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that addresses the impact of interactions among social, behavioral, and
genetic factors. Such research could include research scientists from the
fields of anthropology, sociology, psychology, genetics, molecular biology,
biostatistics, and epidemiology.

Unfortunately, barriers to conducting effective transdisciplinary re-
search exist within the institutions that prepare researchers, which are, for
the most part, organized along single discipline departmental lines. In this
system, promotion and rewards within the institution flow from the depart-
ments, each of which tends to value most highly the research and teaching
that is conducted within its particular sphere. In addition, faculty members
within these institutions do not have the knowledge and skills that are
needed to engage in transdisciplinary research or teaching. Even when the
results from such research emerge, there are not enough “peers” available
to evaluate those results because most scientists and reviewers, while firmly
grounded in their respective disciplines, are not sufficiently grounded in the
other disciplines that may be involved in the research.

The report by the National Academy of Sciences/National Academy of
Engineering/Institute of Medicine Facilitating Interdisciplinary Research
(NAS/NAE/IOM, 2004) outlines several changes that are needed to foster
interdisciplinary research, many of which also could be applied to attempts
to facilitate transdisciplinary research, such as overcoming institutional
barriers related to policies that govern hiring, promotion, tenure, and re-
source allocation. Furthermore, that report suggests that much can be
learned from industry and national laboratories that organize research ef-
forts around the problems they wish to address rather than by discipline.
(See Appendix B for a complete list of recommendations from the report on
interdisciplinary research.)

COMMISSIONED PAPERS

The committee commissioned papers to examine areas that might prove
fruitful for investigation of the impact on health of the interaction among
social, behavioral, and genetic factors. In the paper on obesity (see Appen-
dix C), Myles S. Faith and Tanya V.E. Kral present evidence that genetic
and social-environmental factors promote obesity through their indepen-
dent influences on intermediary behavioral variables. Robert J. Thompson,
Jr., in his study of sickle cell anemia (a Mendelian single-gene disorder)
found that the severity of the symptoms of this disease is influenced by
social and behavioral factors. He found that stress (primary related to
dealing with daily hassles) and stress processing (primarily in relation to
cognitive appraisals and attributions, coping methods, and family support)
is associated with variability in the manifestation of sickle cell disease (see
Appendix D). The paper on interactions prepared by Sharon Schwartz

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


INTRODUCTION 21

(Appendix E) explores new ways of thinking about biologic interaction. A
paper on immunology prepared by Steve W. Cole discusses what is known
about the interaction between genes and the social environment in the
context of immune system function.

Each of these papers, as well as additional analysis and synthesis of
information conducted by committee members, points to the need for re-
search on the interactions among social, behavioral, and genetic factors and
their impact on health.

CONTEXT

In its charge to the committee, NIH sponsors defined social environ-
ment as the relations among people as both individuals and in societies. The
term was not defined in a way that included environmental conditions such
as global warming and toxic waste, even if they result from human activi-
ties. The committee has chosen to emphasize certain variables of the social
environment as having high potential for research about interactions, both
because there is a large body of evidence that examines the impact of these
variables on health and because there exist well-established and well-
accepted measures for the investigation of these variables. These variables
are socioeconomic status, race/ethnicity, social networks/social support,
and the psychosocial work environment. Furthermore, the committee de-
termined that the life course perspective is crucial when studying interac-
tions because, as stated in Chapter 2, “the influence of social and cultural
variables on health involves dimensions of both time (critical stages in the
life course and the effects of cumulative exposure) as well as place (multiple
levels of exposure).” Chapter 2 explores the impact of the social and cul-
tural environment on health, providing definitions, examining what we
know about the influences of these factors on health, and identifying the
limitations of current research.

Genetic factors and their impact on health are examined in Chapter 3,
which focuses on what is known or theorized about the direct link between
genes and health and what still must be explored to understand the environ-
mental interactions and relative roles among genes that contribute to health
and illness. This chapter describes simple Mendelian patterns of disease
inheritance and also explores genetic susceptibility to disease as the conse-
quence of the joint effects of many genes, each with small to moderate
effects and often with interaction among themselves and the environment
that give rise to the distribution of disease risk that is seen in a population.
It also includes a discussion of epigenetic phenomenon, mechanisms of gene
expression and regulation, aspects of health influenced by genetics, and the
limitations of current research on the interactions of genetic factors with
social and behavioral factors.
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The impact of behavioral factors on health is explored in Chapter 4.
The term behavior includes two components. First are observable behaviors
that influence health, including smoking, drinking, drug use, diet, and exer-
cise. Such factors are frequently referred to as risk factors. The second
component includes certain psychological characteristics, including cogni-
tive and emotional function and resilience. The discussion of behavioral
and psychological states includes an examination of stress and coping, and
it identifies the limits of current research on the interactions of behavioral
factors with genetics and social factors.

The search for a better understanding of genetic and environmental
interactions as determinants of health has revealed some fundamental yet
complex aspects, or traits, of human identity that pose a challenge to re-
searchers, but also provide an opportunity for clarification. Chapter 5 dis-
cusses two such complex traits: sex/gender and race/ethnicity. These traits
are particularly useful and important because they have clear social dimen-
sions that need to be taken into account in order to understand their impact
on health, and each has genetic underpinnings to varying degrees. As dis-
cussed earlier, the committee believes that research on the impact of inter-
actions among social, behavioral, and genetic factors on health must be
conducted from a life course perspective:

As a concept, a life course is defined as “a sequence of socially defined
events and roles that the individual enacts over time” (Giele and Elder,
1998).

These events and roles do not necessarily proceed in a given sequence, but
rather constitute the sum total of the person’s actual experience. Thus the
concept of life course implies age-differentiated social phenomena distinct
from uniform life-cycle states and the life span (Families.com, 2003).

Chapter 6 discusses how future research needs to reflect the integrated
nature of the social and physical environment and gene function that is the
salient feature of biological systems, describing the variety of models needed
in light of the fact that rarely is there a one-to-one relationship between
genes and a trait.

The use of animal models for understanding interactions is explored in
Chapter 7, which describes what can be learned from animal models about
how social systems regulate physiological systems and gene functions, pre-
sents criteria for the conduct of animal models, and describes the limita-
tions of and power for generalizations from animal studies.

Chapter 8 explores research design and analysis approaches for the
study of interactions. This chapter defines types of interactions, provides an
example of the systems or pathways through which the social environment
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affects health—including behavioral, physiological, cellular, and genetic
paths—and discusses models through which genes and the social environ-
ment could affect health. It also describes a progression of studies that
could be used to study each of these models and discusses statistical issues
related to testing gene-environment interactions.

Chapter 9 addresses infrastructure needs. It examines three aspects of
infrastructure: education, data, and incentives and rewards. The discussion
explores ways in which existing mechanisms can be focused to strengthen
the infrastructure and also examines potential new mechanisms that could
be developed.

Chapter 10 addresses ethical and social implications, focusing on such
factors as the need for transparency in research and exploring the level of
general public understanding of research on interactions, the disclosure of
research results to participants, the social meaning of the research that is
conducted, and the challenges of data privacy and availability. Chapter 11,
the final chapter, briefly summarizes the main points of the study and
presents the conclusions of the report.

GOALS OF THE REPORT

The primary goals of this report are to provide a research framework
for assessing the impact of interactions among social, behavioral, and ge-
netic factors on health, to identify and make recommendations about infra-
structure needs and options, and to emphasize the importance of integrat-
ing the ethical and social implications into all research involving these
interactions.

CONCLUSION

Research assessing the impact of interactions among social, behavioral,
and genetic factors on health holds great promise for helping explicate
some of the complex relationships between health outcomes and the myriad
multiple determinants of health. The findings of such research may well
assist us in devising interventions that will benefit both individuals and the
larger populations and groups within society.
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2

The Impact of Social and Cultural
Environment on Health

DEFINING THE SOCIAL AND CULTURAL ENVIRONMENT

Health is determined by several factors including genetic inheritance,
personal behaviors, access to quality health care, and the general external
environment (such as the quality of air, water, and housing conditions). In
addition, a growing body of research has documented associations between
social and cultural factors and health (Berkman and Kawachi, 2000;
Marmot and Wilkinson, 2006). For some types of social variables, such as
socioeconomic status (SES) or poverty, robust evidence of their links to
health has existed since the beginning of official record keeping. For other
kinds of variables—such as social networks and social support or job
stress—evidence of their links to health has accumulated over the past 30
years. The purpose of this chapter is to provide an overview of the social
variables that have been researched as inputs to health (the so-called social
determinants of health), as well as to describe approaches to their measure-
ment and the empirical evidence linking each variable to health outcomes.

It should be emphasized at the outset that the social determinants of
health can be conceptualized as influencing health at multiple levels through-
out the life course. Thus, for example, poverty can be conceptualized as an
exposure influencing the health of individuals at different levels of organi-
zation—within families or within the neighborhoods in which individuals
reside. Moreover, these different levels of influence may co-occur and inter-
act with one another to produce health. For example, the detrimental health
impact of growing up in a poor family may be potentiated if that family
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also happens to reside in a disadvantaged community (where other families
are poor) rather than in a middle-class community. Furthermore, poverty
may differentially and independently affect the health of an individual at
different stages of the life course (e.g., in utero, during infancy and child-
hood, during pregnancy, or during old age).

In short, the influence of social and cultural variables on health
involves dimensions of both time (critical stages in the life course and
the effects of cumulative exposure) as well as place (multiple levels of
exposure). The contexts in which social and cultural variables operate to
influence health outcomes are called, generically, the social and cultural
environment.

THE INFLUENCE OF SOCIAL AND CULTURAL VARIABLES ON
HEALTH: AN OVERVIEW OF PAST RESEARCH

In recent years, social scientists and social epidemiologists have turned
their attention to a growing range of social and cultural variables as ante-
cedents of health. These variables include SES, race/ethnicity, gender and
sex roles, immigration status and acculturation, poverty and deprivation,
social networks and social support, and the psychosocial work environ-
ment, in addition to aggregate characteristics of the social environments
such as the distribution of income, social cohesion, social capital, and
collective efficacy. Comprehensive surveys of current areas of research
in the social determinants of health can be found in existing textbooks
(Marmot and Wilkinson, 2006; Berkman and Kawachi, 2000). This chap-
ter focuses on presenting the key research findings for a few selected social
variables—SES, the psychosocial work environment, and social networks/
social support. These variables are highlighted because of their robust asso-
ciations with health status and their well-documented and reliable methods
of measuring these variables, and because there are good reasons to believe
that these variables interact with both behavioral as well as inherited char-
acteristics to influence health. Race/ethnicity, another set of important vari-
ables with robust associations to health, is addressed in Chapter 5.

SES and Health

An association between SES and health has been recognized for centu-
ries (Antonovsky, 1967). Socioeconomic differences in health are large,
persistent, and widespread across different societies and for a diverse range
of health outcomes. In the social sciences, SES has been measured by three
different indicators, taken either separately or in combination: educational
attainment, income, and occupational status. Although these measures are
moderately correlated, each captures distinctive aspects of social position,

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


THE IMPACT OF SOCIAL AND CULTURAL ENVIRONMENT ON HEALTH 27

and each potentially is related to health and health behaviors through
distinct mechanisms.

Educational Attainment

Education is usually assessed by the use of two standard questions that
ask about the number of years of schooling completed and the educational
credentials gained. The quality of education also may be relevant to health,
but it is more difficult to assess accurately. An extensive literature has
linked education to health outcomes, including mortality, morbidity, health
behaviors, and functional limitations. The relationship between lower edu-
cational attainment and worse health outcomes occurs throughout the life
course. For example, infants born to Caucasian mothers with fewer than 12
years of schooling are 2.4 times more likely to die before their first birthday
than infants born to mothers with 16 or more years of education (NCHS,
1998). The pattern of association between maternal education and infant
mortality has been described as a “gradient,” with higher mortality risk
occurring with successively lower levels of educational attainment (NCHS,
1998). A similar pattern of educational disparities is apparent for all racial/
ethnic groups, including African American, Hispanic, American Indian,
and Asian/Pacific Islander infants (NCHS, 1998). Steep educational gradi-
ents also are observed for children’s health (e.g., cigarette smoking,
sedentarism and obesity, elevated blood lead levels), health in midlife (e.g.,
mortality rates between the ages of 25 and 64), and at older ages (the
prevalence of activity limitations resulting from chronic conditions such as
diabetes and hypertension) (NCHS, 1998).

An association between education and health in observational data
does not necessarily imply causation. For example, an association between
lower educational attainment and an increased risk of premature mortality
during midlife (even in longitudinal study designs) may partly reflect the
influence of reverse causation—that is, lower educational attainment in
adulthood may have been the consequence of serious childhood illness that
truncated the ability of a given individual to complete his/her desired years
of schooling (and which independently placed that person at higher risk of
premature mortality). Alternatively, the association between education and
health may partly reflect confounding by a third variable, such as ability,
which is a prior common cause of both educational attainment and health
status. Although highly unlikely, in the extreme case, if the association
between education and health is entirely accounted for by confounding
bias, then improving the individual’s level of schooling would do nothing to
improve his/her health chances.

The totality of the evidence suggests, nonetheless, that education is a
causal variable in improving health. Natural policy experiments—such as
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the passage of compulsory schooling legislation at different times in differ-
ent localities within the United States—suggest that higher levels of educa-
tion are associated with better health (lower mortality) (Lleras-Muney,
2002). In addition, randomized trials of preschool education, such as the
High/Scope Perry Preschool Project, indicate beneficial outcomes even in
adolescence and adulthood, such as fewer teenage pregnancies, lower rates
of high-school drop-out, and better earnings and employments prospects
(which may independently improve health chances) (Parks, 2000; Reynolds
et al., 2001). It is therefore likely that the association between schooling
and health reflects both a causal effect of education on health, as well as an
interaction between the level of schooling and inherited characteristics.

Several causal pathways have been hypothesized through which higher
levels of schooling can improve health outcomes. They include the acquisi-
tion of knowledge and skills that promote health (e.g., the adoption of
healthier behaviors); improved “health literacy” and the ability to navigate
the health care system; higher status and prestige, as well as a greater sense
of mastery and control, associated with a higher level of schooling (a psy-
chosocial mechanism); as well as the indirect effects of education on earn-
ings and employment prospects (Cutler and Lleras-Muney, 2006). Although
it is not established which of these pathways matter more for health, they
each are likely to contribute to the overall pattern of higher years of school-
ing being associated with better health status. Moreover, the evidence points
to the importance of improving access to preschool education as a means of
enhancing the health prospects of disadvantaged children (Acheson, 1998).

Income

The measurement of income is more complex than assessing educational
attainment. Survey-based questions inquiring about income must minimally
specify the following components: (a) time frame—for example monthly,
annually, or over a lifetime (in general, the shorter the time frame for the
assessment of income, the greater the measurement error); (b) sources, such
as wages and salary, self-employment income, rent, interest and dividends,
pensions and social security, unemployment benefits, alimony and near-cash
sources such as food stamps; (c) unit of measurement, that is, whether income
is assessed for the individual or the household (with appropriate adjustments
for household size in the latter case); and (d) whether it is gross or disposable
income (i.e., taking account of taxes and transfer payments). In addition to
the higher rate of measurement error for income (as compared to educational
attainment), this variable also is associated with higher refusal rates in sur-
veys that are administered to the general population.

As with education, an extensive literature has documented the associa-
tion between income and health. For example, even after controlling for
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educational attainment and occupational status, post-tax family income
was associated with a 3.6-fold mortality risk among working-age adults in
the Panel Study of Income Dynamics, comparing the top (>$70,000 in 1984
dollars) to the bottom (<$15,000) categories of income (Duncan et al.,
2002). The association between income and mortality also has been de-
scribed as a “gradient” (Adler et al., 1994). That is, the excess risks of poor
health are not confined simply to individuals below the official poverty
threshold of income. Rather, an individual’s chances of having good health
(e.g., avoiding premature mortality) improve with each incremental rise in
income (although the relationship is also steepest at lower levels of income
and tends to flatten out beyond incomes that are about twice the median
level).

Also, as with education, the causal direction of an association between
income and health does not entirely run from income →  health. That is, the
relationship between the two variables is acknowledged to be dynamic and
reciprocal. Ill health is a potent cause of job loss and reduction in income.
Indeed, income as an indicator of SES is more susceptible to reverse causa-
tion than education, which tends to be completed in early adult life prior to
the onset of major causes of morbidity and functional limitations.

Nonetheless, tests of the income/health relationship in different datasets
suggest that lower income is likely to be a cause of worse health status. For
example, children do not normally contribute to household incomes, yet
their health is strongly associated with levels of household income in both
the Panel Study of Income Dynamics and the National Health Interview
Surveys (Case et al., 2002). Furthermore, the adverse health effects of lower
income accumulate over children’s lives, so that the relationship between
income and children’s health becomes more pronounced as children grow
older (Case et al., 2002).

An alternative possibility is that the relationship between income and
health is explained by a third variable—such as inherited ability—that is
associated with both socioeconomic mobility and the adoption of health
maintenance behaviors. However, even inherited ability is unlikely to en-
tirely account for the income/health association. If inherited ability is the
sole explanation for the income/health relationship, we would not expect to
find any association between family income and health among children
who are adopted soon after birth by nonbiological parents (assuming that
adoptive parents do not get to choose the children they will adopt based on
their background, including their socioeconomic circumstances). Yet, in the
National Health Interview Survey, the impact of family income on child
health has been found to be similar among children who were adopted by
nonbiological parents compared to children who were reared by their bio-
logical parents (Case et al., 2002). Other types of tests of the income/health
association—such as the use of instrumental variable estimation (Ettner,
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1996) and the observation of natural experiments that resulted in exog-
enous increases in income (Costello et al., 2003)—similarly have led to the
conclusion that the effect of higher incomes on improved health status is
likely to be causal.

The causal pathways linking income to health are likely to be different
from those linking education to health. Most obviously, income enables
individuals to purchase various goods and services (e.g., nutrition, heating,
health insurance) that are necessary for maintaining health. Additionally,
secure incomes may provide individuals with a psychological sense of con-
trol and mastery over their environment. (See Chapter 4 for a detailed
discussion of psychological factors and health.) That said, it has also been
observed that higher incomes are associated with healthier behaviors (such
as wearing seatbelts and refraining from smoking in homes) that do not, in
themselves, cost money (Case and Paxson, 2002). Although the causal
mechanisms underlying these relationships are not clear, it has been specu-
lated that “the lack of adequate resources strips parents of the energy
necessary to wrestle children into seat belts. Poorer parents may also smoke
to buffer themselves from poverty-related stress and depression” (Case and
Paxson, 2002).

Debate also exists in the literature concerning whether it is absolute
income or relative income that matters for health (Kawachi and Kennedy,
2002). The absolute income theory posits that an individual’s level of well-
being is determined by his/her own (absolute) level of income, and only
his/her own income. Many definitions of poverty, for example, are based
upon the concept of the failure to meet a minimal standard of living
defined in absolute terms (e.g., the inability to afford food). By contrast,
the relative income theory posits that individual health is determined
by the relative distance (or gap) between a given individual’s income and
that of others around him/her (Kawachi and Kennedy, 2002).

The concept of relative income has been operationalized in empirical
research by measures of relative deprivation (at the individual level) as well
as by aggregate measures of income inequality (at the community level).
Measures of relative deprivation involve assessments of the income distance
between individuals and their comparison (or reference) group—that is
defined by others who are alike with respect to age group, occupational
class, or community of residence. The causal mechanisms underlying the
relationship between absolute income and health are linked to the ability to
access material goods and services necessary for the maintenance of health.
Relative income is hypothesized to be linked to health through psychosocial
stresses generated by invidious social comparisons as well as by the inability
to participate fully in society because of the failure to attain normative
standards of consumption. Growing evidence has suggested an association
between relative deprivation (measured among individuals) and poor health
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outcomes (Aberg Yngwe et al., 2003; Eibner et al., 2004). A related litera-
ture has attempted to link the societal distribution of income (as an aggre-
gate index of relative deprivation) to individual health outcomes, although
the findings in this area remain contested (Subramanian and Kawachi,
2004; Lynch et al., 2004).

Variables other than household income also may be useful for health
research—such as assets including inherited wealth, savings, or ownership
of homes or motor vehicles (Berkman and Macintyre, 1997). While income
represents the flow of resources over a defined period, wealth captures the
stock of assets (minus liabilities) at a given point in time, and thus indicates
economic reserves. Measuring wealth is particularly salient for studies that
involve subjects towards the end of the life course, a time when many
individuals have retired and depend on their savings. In the Panel Study of
Income Dynamics, for example, only a weak association was seen between
post-tax family income and mortality among post-retirement-age subjects,
while measures of wealth continued to indicate a strong association with
mortality risk (Duncan et al., 2002).

Finally, measures of income, poverty, and deprivation have been ex-
tended to incorporate the dimension of place. Growing research, utilizing
multilevel study designs, has conceptualized economic status as an attribute
of neighborhoods (Kawachi and Berkman, 2003). These studies have re-
vealed that residing in a disadvantaged (or high-poverty) neighborhood
imposes an additional risk to health beyond the effects of individual SES. A
recent Department of Housing and Urban Development randomized ex-
periment in neighborhood mobility, the so-called Moving To Opportunity
study, found results consistent with observational data: Moving from a
poor to a wealthier neighborhood was associated with significant improve-
ments in adult mental health and rates of obesity (Kling et al., 2004).
Disadvantaged neighborhoods are often characterized by adverse physical,
social, and service environments, including exposure to more air pollution
via proximity to heavy traffic, a lack of local amenities such as grocery
stores, health clinics, and safe venues for physical activity, and exposure to
signs of social disorder (Kawachi and Berkman, 2003). In other words, the
relevant social and cultural “environments” for the production of health
include not only an individual’s immediate personal environment (e.g., his/
her family), but also the broader social contexts such as the community in
which a person resides.

Occupational Status

The third standard component of SES that typically is measured by
social scientists is occupational status, which summarizes the levels of pres-
tige, authority, power, and other resources that are associated with differ-
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ent positions in the labor market. Occupational status has the advantage
over income of being a more permanent marker of access to economic
resources.

Three main traditions can be discerned in the way in which different
disciplines have approached the measurement of aspects of occupations
relevant to health. In the traditional occupational health field, researchers
have focused on the physical aspects of the job, such as exposure to chemi-
cal toxins or physical hazards of injury (Slote, 1987). In the fields of occu-
pational health psychology and social epidemiology, researchers have fo-
cused on characterizing the psychosocial work environment, including
measures of job security, psychological job demands and stress, and deci-
sion latitude (control over the work process) (Karasek and Theorell, 1990).
Finally, the sociological tradition has tended to focus on occupational sta-
tus, which includes both objective indicators (e.g., educational require-
ments associated with different jobs) as well as subjective indicators (e.g.,
the level of prestige associated with different jobs in the occupational hier-
archy) (Berkman and Macintyre, 1997).

Several alternative approaches currently exist for the measurement of
occupational status. For a detailed description, see Berkman and Macintyre
(1997) as well as Lynch and Kaplan (2000). For example, the Edwards
classification (U.S. Census Bureau, 1963) is a scheme based upon the con-
ceptual distinction between manual and nonmanual occupations. The
Edwards classification was used to demonstrate that individuals who grew
up in manual (as compared to nonmanual) households during childhood
and adolescence were at increased risk of developing heart disease in later
adult life, independently of the individual’s own attained SES (Gliksman et
al., 1995). An alternative and commonly used measure of occupational
status is the Duncan Socioeconomic Index (SEI), which combines subjective
ratings of occupational prestige with objective measures of education and
incomes associated with each occupation. SEI scores, which range from 0 to
100, were originally constructed by Duncan (1961) using data from the
1947 National Opinion Research Center study, which provided public opin-
ions about the relative prestige rankings of representative occupations.
These prestige rankings were then combined with U.S. Census information
on the levels of education and incomes associated with each Census-defined
occupation. The resulting SEI scores have been updated several times
(Burgard et al., 2003). In the Wisconsin Longitudinal Survey of men and
women who graduated from Wisconsin high schools in 1957 (53 or 54
years old in 1992-1993), Duncan SEI scores were inversely associated with
self-reported health, depression, psychological well-being, and smoking sta-
tus (Marmot et al., 1997).

As is the case with both education and income, an association between
occupational status and health may partly reflect reverse causation. That is,
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ill health (e.g., depression or alcoholism) is a major cause of downward
occupational mobility, as well as a constraint on upward social mobility.
An individual’s choice of occupation also may reflect unmeasured variables
(such as ability) that simultaneously influence health status. Although the
adverse health impact of job loss (e.g., through factory closure studies) is
widely accepted (Kasl and Jones, 2000), fewer studies have convincingly
demonstrated a causal effect of variables such as occupational prestige on
health outcomes. As noted above, existing measures of occupational status
such as the Duncan SEI combine measures of prestige with indicators of
education and income that are thought to affect health independently. In
addition, there are uncertainties regarding the optimal time point for mea-
suring occupational status, especially since individuals change occupations
over their life course. Job changes that occur earlier in people’s careers are
often associated with upward social mobility, while late-career changes
may be related to a diminished capacity to function within demanding
occupations (Burgard et al., 2003). For this reason, the frequently used
“final occupation”—that is the occupation of an individual at the time of
death or at the onset of disease—may not be an optimal indicator of the
occupational conditions experienced over the individual’s life course. Few
studies have examined the health effects of occupational status over an
individual’s entire life course (Burgard et al., 2003), although some evi-
dence suggests that persistently low occupational status measured at mul-
tiple time points or downward status mobility over time may be associated
with worse health outcomes (Williams, 1990).

The potential pathways linking occupational status to health outcomes
are again distinct from those linking either education or income to health.
First, higher status (and nonmanual) occupations are less likely to be asso-
ciated with hazardous exposures to chemicals, toxins, and risks of physical
injury. Higher status jobs also are more likely to be associated with a
healthier psychosocial work environment (Karasek and Theorell, 1990),
including higher levels of control (decision latitude) as well as a greater
range of skill utilization (lack of monotony). A greater sense of control in
turn implies improved ability to cope with daily stress, including a reduced
likelihood of deleterious coping behaviors such as smoking or alcohol abuse.
Undoubtedly, a major intervening pathway between occupational status
and health is through the indirect effects of higher incomes and access to a
wider range of resources such as powerful social connections.

In summary, there is good evidence linking each of the major indicators
of SES to health outcomes. Together, education, income, and occupation
mutually influence and interact with one another over the life course to
shape the health outcomes of individuals at multiple levels of social organi-
zation (the family, neighborhoods, and beyond).
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Social Networks, Social Support, and Health

An independent social determinant of health is the extent, strength, and
quality of our social connections with others. Recognition of the impor-
tance of social connections for health dates back as far as the work of Emile
Durkheim. More recently John Bowlby (1969) maintained that secure at-
tachments are not only necessary for food, warmth, and other material
resources, but also because they provide love, security, and other nonmate-
rial resources that are necessary for normal human development (Berkman
and Glass, 2000). Certain periods during the life course may be critical for
the development of bonds and attachment (Fonagy, 1996). According to
attachment theory, secure attachments during infancy satisfy a universal
human need to form close affective bonds (Bowlby, 1969).

Two social variables are of particular interest in characterizing social
relationships: social networks and social support. Social networks are de-
fined as the web of person-centered social ties (Berkman and Glass, 2000).
Its assessment includes the structural aspects of social relationships, such as
size (the number of network members), density (the extent to which mem-
bers are connected to one another), boundedness (the degree to which ties
are based on group structures such as work and neighborhood), and homo-
geneity (the extent to which individuals are similar to one another). Its
assessment also may extend to aspects including frequency of contact, ex-
tent of reciprocity, and duration. Social support refers to the various types
of assistance that people receive from their social networks and can be
further differentiated into three types: instrumental, emotional, and infor-
mational support. Instrumental support refers to the tangible resources
(such as cash loans, labor in kind) that people receive from their social
networks, while emotional support includes less tangible (but equally im-
portant) forms of assistance that make people feel cared for and loved (such
as sharing confidences, talking over problems). Informational support re-
fers to the social support that people receive in the form of valuable infor-
mation, such as advice about healthy diets or tips about a new cancer
screening test.

A variety of pencil-and-paper instruments exist to measure both social
networks and social support; for a detailed guide, see Cohen et al. (2000).
Several of these instruments have been psychometrically validated and indi-
cate good internal consistency and test-retest reliability. However, one criti-
cism of measurement in this area has been the lack of an established “gold
standard.” The variety of different measures currently in use makes it diffi-
cult to compare results across studies (Seeman, 1998).

A substantial body of epidemiological evidence has linked social net-
works and social support to positive physical and mental health outcomes
throughout the life course (Stansfeld, 1999). Social connectedness is be-
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lieved to confer generalized host resistance to a broad range of health
outcomes, ranging from morbidity and mortality to functional outcomes
(Cassel, 1976). Prospective epidemiological studies in adult populations
have found consistently that social networks predict the risk of all-cause
and cause-specific mortality (including cardiovascular disease, cancer, and
traumatic causes of death) (Berkman and Glass, 2000). For mental health
outcomes, a wealth of evidence indicates that social support buffers the
effects of stressful life events and helps to prevent the onset of psychiatric
disorders, particularly depression (Kawachi and Berkman, 2001). Both so-
cial networks and social support have been linked to better prognoses and
survival following major illnesses, such as myocardial infarction, stroke,
and certain types of cancer, including melanoma (Berkman and Glass,
2000). Some experimental evidence in the field of psychoneuroimmunology
has suggested that social connectedness may confer host resistance against
the development of infections (Cohen et al., 2000). In addition, a growing
body of research has linked social support to neuroendocrine regulation.
For example, the presence of a supportive caregiver among children has
been shown to lower hypothalamic-pituitary-adrenal (HPA) reactivity (as
measured by salivary cortisol levels) to maternal separation (Gunnar et al.,
1992). Among adults, social support predicts lower levels of HPA axis and
sympathetic nervous system reactivity in laboratory-based challenge para-
digms (Seeman and McEwen, 1996).

The relationship between social networks/social support and health is
bidirectional in two ways. First, major illnesses (such as a diagnosis of
depression or HIV) can be a potent trigger of changes in social networks
and social support. Depression typically results in social withdrawal, while
newly diagnosed patients with HIV may find that members of their social
network either avoid them (because of the associated stigma) or rally to
their support. Second, social networks/social support can be both a positive
and negative influence on health outcomes simultaneously. For example, it
may not be health promoting to belong to one’s intimate network if that
network happens to be one of injection drug users. Similarly, abusive part-
ners or abusive parents are sources of negative social support. The associa-
tion between social networks/social support and health also may reflect
confounding by a third variable, such as temperament or personality. (See
Chapter 4 for a detailed discussion of personality and temperament.)

The most rigorous approach to overcoming the threats to causal infer-
ence (caused by endogeneity or omitted variable bias) is to conduct a ran-
domized controlled trial. To date, however, the results of randomized trials
of social support provision have been mixed. For example, recent large-scale
randomized trials following major illnesses, such as myocardial infarction
(Writing Committee for the ENRICHD Investigators, 2003), stroke (Glass et
al., 2004), and metastatic breast cancer (Goodwin et al., 2001), have not
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found beneficial effects on clinical outcomes (improved survival or func-
tional recovery). However, it is premature to conclude on the basis of these
intervention trials that social support has no causal effect on health. For
example, it has been pointed out that most of the observational evidence on
social support has focused on support received from naturally occurring
networks, while most interventions have attempted to bolster social sup-
port through strangers (e.g., patient support groups) (Cohen et al., 2000).
The typical “treatment” in intervention studies also may have been of
insufficient “dose” or duration to affect clinical outcomes. The bottom line
seems to be that effective interventions to strengthen social support (to
affect clinical outcomes) have yet to be devised (Cohen et al., 2000).

From the standpoint of mechanisms, recent research suggests that
affiliative behavior has a basis in biology. Animal models point to the role
of the neuropeptide oxytocin in facilitating various social behaviors such
as maternal attachment and pair bonding (Zak et al., 2004). Social support
and the administration of oxytocin have been shown to reduce stress re-
sponses during a public speaking task (Heinrichs et al., 2003). In the
emerging field of neuroeconomics, it was recently demonstrated that the
intranasal administration of oxytocin causes a substantial increase in trust
among humans, thereby greatly increasing the benefits from social interac-
tions (Kosfeld et al., 2005). If oxytocin is indeed the biological substrate
for prosocial behavior, these preliminary findings suggest promising
experimental and laboratory-based approaches for investigating gene-
environment interactions in the association of social support and health.

The investigation of the health effects of social networks/social support
can be further extended to the community level. The concept of social
capital has been defined as the resources that are available to members of
communities and other social contexts (e.g., workplaces) by virtue of the
existence of a rich network of social interactions (Kawachi et al., 2004).
Measures of social capital typically emphasize two components, both mea-
sured (or aggregated) to the community level. The structural component of
social capital includes the extent and intensity of associational links and
activity in society (e.g., density of civic associations; measures of informal
sociability; indicators of civic engagement). The cognitive component as-
sesses people’s perceptions of trust, sharing, and reciprocity (Harpham et
al., 2002). A growing number of multilevel studies have found an associa-
tion between community stocks of social capital and individual health out-
comes (e.g., mortality, self-rated health, some health behaviors) net of the
influence of individual socioeconomic characteristics (Kawachi et al., 2004).
Although causality in this area is still contested (Pearce and Smith, 2003),
there are plausible grounds for supposing that a more socially cohesive
community (evidenced by higher stocks of social capital) would be better
able to protect the health of its members. For example, higher stocks of
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social capital are associated with the improved ability of communities to
exercise informal social control over deviant behaviors (such as smoking
and drinking by minors), as well as to undertake collective action for mu-
tual benefit (e.g., passage of local ordinances to restrict smoking in public
places). Social capital and social cohesion are therefore potentially impor-
tant characteristics of the “social and cultural environment” that ultimately
influence patterns of health achievement.

The Psychosocial Work Environment and Health

The psychosocial work environment—particularly exposure to job
stress—has been linked to the onset of several conditions, including cardio-
vascular disease, musculoskeletal disorders, and mental illness (Marmot
and Wilkinson, 2006). Two models of job stress have received particular
attention in the literature: the job demand-control model (Karasek and
Theorell, 1990) and the effort-reward imbalance model (Siegrist et al.,
1986). The demand-control model posits that it is the combination of high
psychological demands and low level of control (low decision authority and
skill utilization) that leads to high physiological strain among workers and
hence to the onset of disease (such as hypertension and cardiovascular
disease) (Marmot and Wilkinson, 2006). A pencil-and-paper questionnaire
to measure job demands and job control has been developed and validated
for use in population-based studies (and can be accessed at www.uml.edu/
Dept/WE/research/jcq).

In contrast to the demand-control model of job stress, the effort-reward
imbalance model developed by Siegrist maintains that working conditions
produce adverse health outcomes when the costs associated with the job
(e.g., high level of effort) exceed its rewards (money, esteem, and career
opportunities) (Siegrist et al, 1986). As with the demand-control model, a
self-administered questionnaire has been developed and validated. Both the
demand-control model and the effort-reward imbalance model have been
shown to predict the incidence of cardiovascular disease and other health
outcomes in longitudinal observational studies (Marmot and Wilkinson,
2006).

The relationship between job stress and health is likely to be reciprocal,
however. For example, the onset of subtle illness symptoms may result in
the worker switching to a less demanding job. In theory, this issue could be
addressed in longitudinal studies through careful and repeated assessments
of workers’ health symptoms over time. On the other hand, other prob-
lems, such as omitted variable bias, can present formidable challenges to
causal inference in this field. For example, some individuals may “select
into” certain occupations based on temperament, personality, and innate
“hardiness;” while others may “select out” of stressful jobs for the same
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reasons. If these third variables (temperament, hardiness) remain unmea-
sured, their omission may result in biased estimates of the effect of psycho-
social working conditions on health outcomes. Future research in psy-
chosocial work environment should therefore attempt to control for these
variables and investigate the potential interactions between inherited indi-
vidual characteristics and the psychosocial work environment in producing
differential patterns of health and disease.

ASPECTS OF HEALTH INFLUENCED BY
THE SOCIAL ENVIRONMENT

Social variables potentially affect health outcomes throughout the en-
tire spectrum of etiology: from disease onset (beginning prenatally
and accumulating in their effects throughout the life course) to disease
progression and survival. During each stage of the disease continuum,
social-environmental variables can influence outcomes in a variety of differ-
ent ways. Prior to the onset of disease, social variables might influence the
risk of prenatal infections, the adoption of risky or health-promoting be-
haviors, or the ability to cope with adverse circumstances. Subsequent to
the development of illness, social variables may determine the rate of pro-
gression of disease (or recovery) through differential rates of access to
treatment, treatment adherence, coping behaviors, or “direct” effects on
immune surveillance and tissue repair.

It is important to note, however, that the relevance and magnitude of
the associations between social-environmental variables and health out-
comes can vary at different points of the disease process. For example, the
incidence of some cancers, notably breast cancer and melanoma, is higher
among more advantaged SES groups, reflecting in part the underlying so-
cioeconomic distribution of their risk factors. For breast cancer, the in-
creased incidence among higher SES women is in part explained by repro-
ductive factors, including earlier age at menarche, later age at first birth,
and lower fertility.1  On the other hand, survival following the diagnosis of
breast cancer consistently favors higher SES women, due, among other
things, to earlier detection and better access to effective treatment (Lochner
and Kawachi, 2000). Likewise, observational evidence suggests the strong

1It should be noted that genetic factors also may apparently vary by socioeconomic group.
For example, the prevalence of the BRCA1 gene mutations is higher among women of
Ashkenazi Jewish descent than among other women. In turn, Americans of Ashkenazi Jewish
origin tend to have a higher than average socioeconomic position than the average. Disentan-
gling the various contributions of genes and social factors is therefore challenging (McClain et
al., 2005).
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role of social support in improving survival and functional recovery follow-
ing major diseases (such as stroke or heart attack), but the evidence is less
consistent for preventing the incidence of disease (where social networks
appear to have a stronger role) (Seeman, 1998).

There also may be critical stages in the life course during which
the social environment has a stronger impact on later life health outcomes.
For example, the Barker hypothesis implicates the prenatal period as
being particularly relevant for the later development of coronary heart
disease and some cancers (Barker and Bagby, 2005). In addition, social-
environmental conditions often cumulate over the life course, so that for
example, persistent poverty may be more detrimental to health than tran-
sient poverty, and studying the dynamic trajectories of social variables is
likely to be of additional interest in explaining patterns of health. Finally,
social-environmental conditions may be reproduced across generations,
because parents “pass on” their disadvantage to their children. For ex-
ample, poor households are more likely to have sick children (Cutler and
Lleras-Muney, 2006). Childhood illness can in turn truncate the educa-
tional and occupational mobility of the affected individuals. This consti-
tutes a social mechanism—separate from a genetic mechanism—for the
inheritance or transmission of disease risk. There may, of course, be gene-
environment interactions involved in the ways in which these two separate
influences shape the patterns of health across the life course.

LIMITATIONS OF CURRENT RESEARCH

The current state of research on social variables demonstrates incred-
ible potential for improving our understanding of health. It also provides
an excellent backdrop for contributing to the development research and
the research agenda on gene-environment interactions. Specifically,
benefits may result from the increased interest in understanding gene-
environment interactions that may include insights into the social vari-
ables that represent important sources of variance and increased under-
standing about how physiological pathways for some disease processes
might be modified, constrained, or moderated by environmental influ-
ences. For example, if one were interested in how stress is related to drug
abuse, given the higher levels of chronic social stress, an ethnically diverse
sample would be of great benefit to drawing conclusions about extremes
of the stress continuum by studying African Americans who have experi-
enced psychosocial sources such as racism and discrimination (e.g., Clark
et al., 1999). Additionally, how the accumulation of stressful experiences
over a lifetime impacts the relationship between stress, SES, and drug
abuse would provide important additional information about how genetic
mechanisms work.
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CONCLUSION

There remain important unanswered questions in understanding the
contribution of the social and cultural environment to health. Given the
burgeoning interest in examining gene-environment interactions in health,
there exists an opportunity to make a major investment in new research
initiatives—parallel to current investments in genetics and molecular sci-
ence—to expand our understanding of social and cultural influences on
health. A research agenda for expanding the scope of such research has
already been outlined by previous National Research Council reports.2

This chapter has presented an overview of the state of the field in the
measurement of social-environmental variables and our empirical under-
standing of the mechanisms by which these variables influence disease onset
and progression. Significant opportunities are at hand to bridge the gaps in
our understanding of how social and genetic factors interact and mutually
influence health outcomes. The next chapter discusses the relationship of
genetics and health.
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3

Genetics and Health

Although there are many possible causes of human disease, family
history is often one of the strongest risk factors for common disease com-
plexes such as cancer, cardiovascular disease (CVD), diabetes, autoimmune
disorders, and psychiatric illnesses. A person inherits a complete set of
genes from each parent, as well as a vast array of cultural and socioeco-
nomic experiences from his/her family. Family history is thought to be a
good predictor of an individual’s disease risk because family members most
closely represent the unique genomic and environmental interactions that
an individual experiences (Kardia et al., 2003). Inherited genetic variation
within families clearly contributes both directly and indirectly to the patho-
genesis of disease. This chapter focuses on what is known or theorized
about the direct link between genes and health and what still must be
explored in order to understand the environmental interactions and relative
roles among genes that contribute to health and illness.

GENETIC SUSCEPTIBILITY

For more than 100 years, human geneticists have been studying how
variations in genes contribute to variations in disease risk. These studies
have taken two approaches. The first approach focuses on identifying the
individual genes with variations that give rise to simple Mendelian patterns
of disease inheritance (e.g., autosomal dominant, autosomal recessive, and
X-linked) (see Table 3-1; Mendelian Inheritance in Man). The second ap-
proach seeks to understand the genetic susceptibility to disease as the con-

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


GENETICS AND HEALTH 45

sequence of the joint effects of many genes. Each of these approaches will
be discussed below.

In general, diseases with simple Mendelian patterns of inheritance
tend to be relatively uncommon or frequently rare, with early ages of
onset, such as phenylketonuria, sickle cell anemia, Tay-Sachs disease, and
cystic fibrosis. In addition, some of these genes have been associated with
extreme forms of common diseases, such as familial hypercholesterolemia,
which is caused by mutations in the low-density lipoprotein (LDL) recep-
tor that predispose individuals to early onset of heart disease (Brown and
Goldstein, 1981).

Another example of Mendelian inheritance is familial forms of breast
cancer associated with mutations in the BRCA1 and BRCA2 genes that
predispose women to early onset breast cancer and often ovarian cancer.
The genes identified have mutations that often are highly penetrant—that
is, the probability of developing the disease in someone carrying the disease
susceptibility genotype is relatively high (greater than 50 percent). These
genetic diseases often exhibit a genetic phenomenon known as allelic het-
erogeneity, in which multiple mutations within the same gene (i.e., alleles)
are found to be associated with the same disease. This allelic heterogeneity

TABLE 3-1  Online Mendelian Inheritance in Man (OMIM) Statistics (as
of May 15, 2006), Number of Entries

X- Y-
Autosomal Linked Linked Mitochondrial Total

Gene with 10,215 472 48 37 10,772
known sequence

Gene with 349 31 0 0 380
known sequence
and phenotype

Phenotype 1,710 153 2 26 1,891
description
molecular basis
known

Mendelian 1,384 134 4 0 1,522
phenotype or locus,
molecular basis
unknown

Other, mainly 2,065 145 2 0 2,212
phenotypes with
suspected
Mendelian basis

Total 15,723 9,353 56 63 16,777

SOURCE: OMIM, www.ncbi.nlm.nih.gov/Omim/mimstats.html, accessed May 15, 2006.
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often is population specific and can represent the unique demographic and
mutational history of the population.

In some cases, genetic diseases also are associated with locus heteroge-
neity, meaning that a deleterious mutation in any one of several genes can
give rise to an increased risk of the disease. This is a finding common to
many human diseases including Alzheimer’s disease and polycystic kidney
disease. Both allelic heterogeneity and locus heterogeneity are sources of
variation in these disease phenotypes since they can have varying effects on
the disease initiation, progression, and clinical severity.

Environmental factors also vary across individuals and the combined
effect of environmental and genetic heterogeneity is etiologic heterogeneity.
Etiologic heterogeneity refers to a phenomenon that occurs in the general
population when multiple groups of disease cases, such as breast cancer
clusters, exhibit similar clinical features, but are in fact the result of differ-
ing events or exposures. Insight into the etiology of specific diseases as well
as identification of possible causative agents is facilitated by discovery and
examination of disease cases demonstrating etiologic heterogeneity. The
results of these studies may also highlight possible gene-gene interactions
and gene-environment interactions important in the disease process. Identi-
fying etiologic heterogeneity can be an important step toward analysis of
diseases using molecular epidemiology techniques and may eventually lead
to improved disease prevention strategies (Rebbeck et al., 1997).

As opposed to the Mendelian approach, the second approach to study-
ing how variations in genes contribute to variations in disease risk focuses
on understanding the genetic susceptibility to diseases as the consequence
of the joint effects of many genes, each with small to moderate effects (i.e.,
polygenic models of disease) and often interacting among themselves and
with the environment to give rise to the distribution of disease risk seen in
a population (i.e., multifactorial models of disease). This approach has been
used primarily for understanding the genetics of birth defects and common
diseases and their risk factors. As described below, several steps are in-
volved in developing such an understanding.

As a first step, study participants are asked to provide a detailed family
history to assess the presence of familial aggregation. If individuals with
the disease in question have more relatives affected by the disease than
individuals without the disease, familial aggregation is identified. While
familial aggregation may be accounted for through genetic etiology, it may
also represent an exposure (e.g., pesticides, contaminated drinking water,
or diet) common to all family members due to the likelihood of shared
environment.

When there is evidence of familial aggregation, the second step is to
focus research studies on estimating the heritability of the disease and/or its
risk factors. Heritability is defined as the proportion of variation in disease
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risk in a population that is attributable to unmeasured genetic variations
inferred through familial patterns of disease. It is a broad population-based
measure of genetic influence that is used to determine whether further
genetic studies are warranted, since it allows investigators to test the
overarching null hypothesis that no genes are involved in determining dis-
ease risk. Twin studies and family studies are frequently used in the study of
heritability.

Twin studies comparing the disease and risk factor variability of
monozygotic and dizygotic twins have been a common study design used to
easily estimate both genetic and cultural inheritance. Studies of monozy-
gotic twins reared together versus those reared apart also have been impor-
tant in estimating both genetic and environmental contributions to patterns
of inheritance. The modeling of the sources of phenotypic variation using
family studies has become quite sophisticated, allowing the inclusion of
model parameters to represent the additive genetic component (i.e., poly-
genes), the nonadditive genetic component (i.e., genetic dominance, as well
as gene-environment and gene-gene interactions), shared family environ-
ment, and individual environments. The contributions of these factors have
been shown to vary by age and population.

When significant evidence of genetic involvement is established, the
next step is to identify the responsible genes and the mutations that are
associated with increased or decreased risk, using either genetic linkage
analysis or genetic association studies. For example, in the study of birth
defects, this often involves the search for chromosomal deletions, inser-
tions, duplications, or translocations.

GENETIC LINKAGE ANALYSIS AND
GENETIC ASSOCIATION STUDIES

The human genome is made up of tens of thousands of genes. With
approximately 30,000 genes to choose from, assigning a specific gene or
group of genes to a corresponding human disease demands a methodical
approach consisting of many steps. Traditionally, the process of gene dis-
covery begins with a linkage analysis that assesses disease within families.
Linkage analyses are typically followed by genetic association studies that
assess disease across families or across unrelated individuals.

Genetic Linkage Analysis

The term linkage refers to the tendency of genes proximally located on
the same chromosome to be inherited together. Linkage analysis is one step
in the search for a disease susceptibility gene. The goal of this analysis is to
approximate the location of the disease gene in relation to a known genetic
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marker, applying an understanding of the patterns of linkage. Traditional
linkage analysis that traces patterns of heredity of both the disease pheno-
type and genetic markers in large, high-risk families have been used to
locate disease-causing gene mutations such as the breast cancer gene
(BRCA1) on chromosome 17 (Hall et al., 1990).

Because the mode of inheritance is often not clear for common diseases,
an alternative approach to classic linkage analysis was developed to capital-
ize on the basic genetic principle that siblings share half of their alleles on
average. By investigating the degree of allelic sharing across their genomes,
pairs of affected siblings (i.e., two or more siblings with the same disease)
can be used to identify chromosomal regions that may contain genes whose
variations are related to the disease being studied. If numerous sibling pairs
affected by the disease of interest exhibit a greater than expected sharing of
the known alleles of the polymorphic genetic marker being used, then the
genetic marker is likely to be linked (that is, within close proximity along
the chromosome) to the susceptibility gene responsible for the disease being
studied. To find chromosomal regions that show evidence for linkage using
this affected sibling pair method typically requires typing numerous af-
fected sibships with hundreds of highly polymorphic markers uniformly
positioned along the human genome (Mathew, 2001).

This approach has been widely used to identify regions of the genome
thought to contribute to common chronic diseases. However, results of
linkage analyses have not been consistently replicated. The inability to
successfully replicate linkage findings may be a result of insufficient statis-
tical power (that is, including an inadequate number of sibling pairs with
the disease of interest) or results that included false positives in the original
study. An alternate explanation could be that different populations are
affected by different susceptibility genes than those that were studied origi-
nally (Mathew, 2001). Without consistent replication of results it is prema-
ture to draw conclusions about the contribution of a gene locus to a specific
disease.

Upon the confirmation of a linkage, researchers can begin to search the
region for the candidate susceptibility gene. The search for a single suscep-
tibility gene for common diseases often involves examination of very large
linkage regions, containing 20 to 30 million base pairs and potentially
hundreds of genes (Mathew, 2001). It is also important to note, however,
that while linkage mapping is a powerful tool for finding Mendelian disease
genes, it often produces weak and sometimes inconsistent signals in studies
of complex diseases that may be multifactorial. Linkage studies perform
best when there is a single susceptibility allele at any given disease locus and
generally performs poorly when there is substantial genetic heterogeneity.
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Genetic Association Studies

Technological advances in high-throughput genotyping have allowed
the direct examination of specific genetic differences among sizable num-
bers of people. Genetic association techniques are often the most efficient
approach for assessing how specific genetic variation can affect disease risk.
Genetic association studies, which have been used for decades, have per-
petually progressed in terms of the development of new study designs (such
as case-only and family-based association designs), new genotyping systems
(such as array-based genotyping and multiplexing assays), and new meth-
ods used for addressing biases such as population (Haines and Pericak-
Vance, 1998).

Analysis of the effects of genetic variation typically involves first the
discovery of single nucleotide polymorphisms (SNPs)1  and then the analy-
sis of these variations in samples from populations. SNPs occur on average
approximately every 500 to 2,000 bases in the human genome. The most
common approach to SNP discovery is to sequence the gene of interest in a
representative sample of individuals. Currently, sequencing of entire genes
on small numbers of individuals (~25 to 50) can detect polymorphisms
occurring in 1 to 3 percent of the population with approximately 95 per-
cent confidence. The Human DNA Polymorphism Discovery Program of
the National Institute of Environmental Health Sciences’ Environmental
Genome Project is one example of the application of automated DNA
sequencing technologies to identify SNPs in human genes that may be
associated with disease susceptibility and response to environment
(Livingston et al., 2004). The National Heart, Lung, and Blood Institute’s
Programs in Genomic Applications also has led to important increases in
our knowledge about the distribution of SNPs in key genes thought to be
already biologically implicated in disease risk (i.e., biological candidate
genes2 ).

Impressive and rapid advances in SNP analysis technology are rapidly
redefining the scope of SNP discovery, mapping, and genotyping. New
array-based genotyping technology enables “whole genome association”
analyses of SNPs between individuals or between strains of laboratory
animal species (Syvanen, 2005). Arrays used for these analyses can repre-
sent hundreds of thousands of SNPs mapped across a genome (Klein et al.,

1An SNP is the DNA sequence variation that occurs when a single nucleotide (A, T, C, or
G) in the genome sequence is altered (Smith, 2005).

2A candidate gene is a gene whose protein product is involved in the metabolic or physi-
ological pathways associated with a particular disease (IOM, 2005).
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2005; Hinds et al., 2005; Gunderson et al., 2005). This approach allows
rapid identification of SNPs associated with disease and susceptibility to
environmental factors. The strength of this technology is the massive
amount of easily measurable genetic variation it puts in the hands of re-
searchers in a cost-effective manner ($500 to $1,000 per chip). The criteria
for the selection of SNPs to be included on these arrays are a critical
consideration, since they affect the inferences that can be drawn from using
these platforms. Of course, the ultimate tool for SNP discovery and
genotyping is individual whole genome sequencing. Although not currently
feasible, the rapid advancement of technology now being stimulated by the
National Human Genome Research Institute’s “$1,000 genome” project
likely will make this approach the optimal one for SNP discovery and
genotyping in the future.

With the ability to examine large quantities of genetic variations, re-
searchers are moving from investigations of single genes, one at a time, to
consideration of entire pathways or physiological systems that include in-
formation from genomic, transcriptomic, proteomic, and metabonomic lev-
els that are all subject to different environmental factors (Haines and
Pericak-Vance, 1998). However, these genome- and pathway-driven study
designs and analytic techniques are still in the early stages of development
and will require the joint efforts of multiple disciplines, ranging from mo-
lecular biologists to clinicians to social scientists to bioinformaticians, in
order to make the most effective use of these vast amounts of data.

GENE-ENVIRONMENT AND GENE-GENE INTERACTIONS

The study of gene-environment and gene-gene interactions represents a
broad class of genetic association studies focused on understanding how
human genetic variability is associated with differential responses to envi-
ronmental exposures and with differential effects depending on variations
in other genes. To illustrate the concept of gene-environment interactions,
recent studies that identify genetic mutations that appear to be associated
with differential response to cigarette smoke and its association with lung
cancer are reviewed below. Tobacco smoke contains a broad array of chemi-
cal carcinogens that may cause DNA damage. There are several DNA re-
pair pathways that operate to repair this damage, and the genes within this
pathway are prime biological candidates for understanding why some smok-
ers develop lung cancers but others do not. In a study by Zhou et al. (2003),
variations in two genes responsible for DNA repair were examined for their
potential interaction with the level of cigarette smoking and concomitant
association with lung cancer. Briefly, one putatively functional mutation in
the XRCC1 (X-ray cross-complementing group 1) gene and two putatively
functional mutations in the ERCC2 (excision repair cross-complementing
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group 2) gene were genotyped in 1,091 lung cancer cases and 1,240 con-
trols. When the cases and controls were stratified into heavy smokers versus
nonsmokers, Zhou et al. (2003) found that nonsmokers with the mutant
XRCCI genotype had a 2.4 times greater risk of lung cancer than nonsmok-
ers with the normal genotype. In contrast, heavy smokers with the mutant
XRCCI genotype had a 50 percent reduction in lung cancer risk compared
to their counterparts with the more frequent normal genotype. When the
three mutations from these two genes were examined together in the ex-
treme genotype combination (individual with five or six mutations present
in his/her genotype) there was a 5.2 time greater risk of lung cancer in
nonsmokers and a 70 percent reduction of risk in the heavy smokers com-
pared to individuals with no mutations. The protective effect of these ge-
netic variations in heavy smokers may be caused by the differential increase
in the activity of these protective genes stimulated by heavy smoking. Simi-
lar types of gene-smoking interactions also have been found for other genes
in this pathway, such as ERCC1. These studies illustrate the importance of
identifying the genetic variations that are associated with the differential
risk of disease related to human behaviors. Note that this type of research
also raises many different kinds of ethical and social issues, since it identi-
fies susceptible subgroups and protected subgroups of subjects by both
genetic and human behavior strata (see Chapter 10).

The study by Zhou et al. (2003) also demonstrates the increased infor-
mation provided by jointly examining the effects of multiple mutations on
toxicity-related disease. Other studies of mutations in genes involved in the
Phase II metabolism (GSTM1, GSTT1, GSTP1) also have demonstrated the
importance of investigating the joint effects of mutations (Miller et al.,
2002) on cancer risk. Although these two studies focused on the additive
effects of multiple genes, gene-gene interactions are another important com-
ponent to develop a better understanding of human susceptibility to disease
and to interactions with the environment.

To adequately understand the continuum of genomic susceptibility to
environmental agents that influences the public’s health, more studies of the
joint effects of multiple mutations need to be conducted. Advances in
bioinformatics can play a key role in this endeavor. For example, methods
to screen SNP databases for mutations in transcriptional regulatory regions
can be used for both discovery and functional validation of polymorphic
regulatory elements, such as the antioxidant regulatory element found in
the promoter regions of many genes encoding antioxidative and Phase II
detoxification enzymes (Wang et al., 2005). Comparative sequence analysis
methods also are becoming increasingly valuable to human genetic studies,
because they provide a means to rank order SNPs in terms of their potential
deleterious effects on protein function or gene regulation (Wang et al.,
2004). Methods of performing large-scale analysis of nonsynonymous SNPs
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to predict whether a particular mutation impairs protein function (Clifford
et al., 2004) can help in SNP selection for genetic epidemiological studies
and can be used to streamline functional analysis of mutations that are
found to be statistically associated with differential response to environ-
mental factors such as diet, stress, and socioeconomic factors.

MECHANISMS OF GENE EXPRESSION

Identifying genes whose variations are associated with disease is just
the first step in linking genetics and health. Understanding the mechanisms
by which the gene is expressed and how it is influenced by other genes,
proteins, and the environment is becoming increasingly important to the
development of preventive, diagnostic, and therapeutic strategies.

When genes are expressed, the chromosomal DNA must be transcribed
into RNA and the RNA is then processed and transported to be translated
into protein. Regulating the expression of genes is a vital process in the cell
and involves the organization of the chromosomal DNA into an appropri-
ate higher-order chromatin structure. It also involves the action of a host of
specific protein factors (to either encourage or suppress gene expression),
which can act at different steps in the gene expression pathway.

In all organisms, networks of biochemical reactions and feedback signals
organize developmental pathways, cellular metabolism, and progression
through the cell cycle. Overall coordination of the cell cycle and cellular
metabolism results from feed-forward and feedback controls arising from
sets of dependent pathways in which the initiation of events is dependent on
earlier events. Within these networks, gene expression is controlled by mo-
lecular signals that regulate when, where, and how often a given gene is
transcribed. These signals often are stimulated by environmental influences
or by signals from other cells that affect the gene expression of many genes
through a single regulatory pathway. Since a regulatory gene can act in
combination with other signals to control many other genes, complex branch-
ing networks of interactions are possible (McAdams and Arkin, 1997).

Gene regulation is critical because by switching genes on or off when
needed, cells can be responsive to changes in environment (e.g., changes in
diet or activity) and can prevent resources from being wasted. Variation in
the DNA sequences associated with the regulation of a gene’s expression
are therefore likely candidates for understanding gene-environment interac-
tions at the molecular level, since these variations will affect whether an
environmental signal transduced to the nucleus will successfully bind to the
promoter sequence in the gene and stimulate or repress gene expression.
Combining genomic technologies for SNP genotyping with high-density
gene expression arrays in human studies has only recently elucidated the
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extent to which this type of molecular gene-environment interaction may be
occurring.

Cells also regulate gene expression by post-transcriptional modifica-
tion; by allowing only a subset of the mRNAs to go on to translation; or by
restricting translation of specific mRNAs to only when and where the
product is needed. The genetic factors that influence post-transcriptional
control are much more difficult to study because they often involve
multiprotein complexes not easily retrieved or assayed from cells. At other
levels, cells regulate gene expression through epigenetic mechanisms, in-
cluding DNA folding, histone acetylation, and methylation (i.e., chemical
modification) of the nucleotide bases. These mechanisms are likely to be
influenced by genetic variations in the target genes as well as variations
manifested in translated cellular regulatory proteins. Gene regulation oc-
curs throughout life at all levels of organismal development and aging.

A classic example of developmental control of gene expression is the
differential expression of embryonic, fetal, and adult hemoglobin genes (see
Box 3-1). The regulation of the epsilon, delta, gamma, alpha, and beta
genes occurs through DNA methylation that is tightly controlled through
developmental signals. During development a large number of genes are
turned on and off through epigenetic regulation. One of the fastest growing
fields in genetics is the study of the developmental consequences of environ-
mental exposures on gene expression patterns and the impact of genetic
variations on these developmental trajectories.

An Example of a Single-Gene Disorder with
Significant Clinical Variability: Sickle Cell Disease3

Sickle cell disease refers to an autosomal recessive blood disorder caused
by a variant of the β-globin gene called sickle hemoglobin (Hb S). A single
nucleotide substitution (T→A) in the sixth codon of the β-globin gene
results in the substitution of valine for glutamic acid (GTG→GAG), which
can cause Hb S to polymerize (form long chains) when deoxygenated (Stuart
and Nagel, 2004). An individual inheriting two copies of Hb S (Hb SS) is
considered to have sickle cell anemia, while an individual inheriting one
copy of Hb S plus another deleterious β-globin variant (e.g., Hb C or Hb β-
thalassemia) is considered to have sickle cell disease. An individual is con-
sidered to be a carrier of the sickle cell trait if he/she has one copy of the

3The sickle cell example is abstracted from a commissioned paper prepared by Robert J.
Thompson, Jr., Ph.D. (Appendix D).
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normal β-globin gene and one copy of the sickle variant (Hb AS) (Ashley-
Koch et al., 2000).

Four major β-globin gene haplotypes have been identified. Three are
named for the regions in Africa where the mutations first appeared: BEN
(Benin), SEN (Senegal), and CAR (Central African Republic). The fourth
haplotype, Arabic-India, occurs in India and the Arabic peninsula (Quinn
and Miller, 2004).

Disease severity is associated with several genetic factors (Ashley-Koch
et al., 2000). The highest degree of severity is associated with Hb SS,
followed by Hb s/β0-thalassemia, and Hb SC. Hb S/β+-thalassemia is asso-
ciated with a more benign course of the disease (Ashley-Koch et al., 2000).
Disease severity also is related to β-globin haplotypes, probably due to

BOX 3-1
Gene Expression and Globin

The production of hemoglobin is regulated by a number of transcriptional con-
trols, such as switching, that dictate the expression of a different set of globin
genes in different parts of the body throughout the various stages of the develop-
ment process. This transcriptional regulation of globin genes is a result of many
different DNA sequences and methylation of those sequences. The process be-
gins shortly after conception when the yolk of the egg sac expresses genes that
are responsible for the embryonic hemoglobin are deactivated, while the genes
responsible for producing fetal hemoglobin in the liver are activated. Upon birth,
the adult globin genes are activated and the bone marrow stem cells begin to
produce adult hemoglobin and red blood cells (Rimoin et al., 2002).

A group of diseases that are the result of defective switching among the globin
genes during the development process are called thalassemias. This class of dis-
eases results in the decreased capacity to carry oxygen due to the complete ab-
sence of hemoglobin or the production of abnormal hemoglobin. Two types of
thalassemias, alpha and beta, are the product of ineffective gene regulation. The
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variations in hemoglobin level and fetal hemoglobin concentrations. The
Senegal haplotype is the most benign form, followed by the Benin, and the
Central African Republic haplotype is the most severe form (Ashley-Koch
et al., 2000).

Thus, although sickle cell disease is a monogenetic disorder, its pheno-
typic expression is multigenic (see Appendix D). There are two cardinal
pathophysiologic features of sickle cell disease—chronic hemolytic anemia
and vasoocclusion. Two primary consequences of hypoxia secondary to
vasoocclusive crisis are pain and damage to organ systems. The organs at
greatest risk are those in which blood flow is slow, such as the spleen and
bone marrow, or those that have a limited terminal arterial blood supply,
including the eye, the head of the femur and the humerus, and the lung as

3′

3′ 3′

5′

Beta Gobin Gene Cluster
Chromasome 11

Alpha Gobin Gene Cluster
Chromasome 16

α2 α1

βAγGγε δ

Hb A2Hb F Hb A
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SOURCE: Figures adapted from Thompson et al., 1991; Bridges, 2002; and Rimoin et al.,
2002.

globin genes activated during fetal stages of development are often not completely
deactivated following the birth of individuals affected by thalassemia. Although it is
not nearly as effective as the hemoglobin produced by the bone marrow, the re-
maining globin activation in the liver cells offers an additional source of necessary
oxygen suppliers to the cells (Rimoin et al., 2002).
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the recipient of deoxygenated sickle cells that escape the spleen or bone
marrow. Major clinical manifestations of sickle cell disease include painful
events, acute chest syndrome, splenic dysfunction, and cerebrovascular ac-
cidents.

Efforts to enhance clinical care are focusing on increasing our under-
standing of the pathophysiology of sickle cell disease in order to facilitate a
precise prognosis and individualized treatment. Required is knowledge
about which genes are associated with the hemolytic and vascular compli-
cations of sickle cell disease and how variants of these genes interact among
themselves and with their environment (Steinberg, 2005).

ASPECTS OF HEALTH INFLUENCED BY GENETICS

Because every cell in the body, with rare exception, carries an entire
genome full of variation as the template for the development of its protein
machinery, it can be argued that genetic variation impacts all cellular,
biochemical, physiological, and morphological aspects of a human being.
How that genetic variation is associated with particular disease risk is the
focus of much current research. For common diseases such as CVD, hyper-
tension, cancer, diabetes, and many mental illnesses, there is a growing
appreciation that different genes and different genetic variations can be
involved in different aspects of their natural history. For example, there are
likely to be genes whose variations are associated with a predisposition
toward the initiation of disease and other genes or gene variations that are
involved in the progression of a disease to a clinically defined endpoint.
Furthermore, an entirely different set of genes may be involved in how an
individual responds to pharmaceutical treatments for that disease. There
also are likely to be genes whose variability controls how much or how little
a person is likely to be responsive to the environmental risk factors that are
associated with disease risk. Finally, there are thought to be genes that
affect a person’s overall longevity that may counteract or interact with
genes that may otherwise predispose that person to a particular disease
outcome and thus may have an additional impact on survivorship.

In many ways, we are only at the beginning the process of developing a
true understanding of how genomic variations give rise to disease susceptibil-
ity. Indeed many would argue that, without incorporating the equally impor-
tant role of the environment, we will never fully understand the role of
genetics in health. As progress is made through utilizing the new technologies
for measuring biological variation in the genome, transcriptome, proteome,
and metabonome, we are likely to have to make large shifts in our conceptual
frameworks about the roles of genes in disease. Global patterns of genomic
susceptibility are likely to emerge only when we consider the influence of the
many interacting components working simultaneously that are dependent on
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contexts such as age, sex, diet, and physical activity that modify the relation-
ship with risk. For the most part, we are still at the stage of documenting the
complexity, finding examples and types of genetic susceptibility genes, under-
standing disease heterogeneity, and postulating ways to develop models of
risk that use the totality of what we know about human biology, from our
genomes to our ecologies to model risk.

Cardiovascular Disease (CVD)

The study of CVD can be used to illustrate the issues that are encoun-
tered in using genetic information in order to understand the etiology of the
most common chronic diseases as well as in identifying those at highest risk
of developing these diseases. The majority of CVD cases have a complex
multifactorial etiology, and even full knowledge of an individual’s genetic
makeup cannot predict with certainty the onset, progression, or severity of
disease (Sing et al., 2003). Disease develops as a consequence of interac-
tions between a person’s genotype and exposures to environmental agents,
which influence cardiovascular phenotypes beginning at conception and
continuing throughout adulthood. CVD research has found many high-risk
environmental agents and hundreds of genes, each with many variations
that are thought to influence disease risk. As the number of interacting
agents involved increases, a smaller number of cases of disease will be
found to have the same etiology and be associated with a particular geno-
type (Sing et al., 2003). The many feedback mechanisms and interactions of
agents from the genome through intermediate biochemical and physiologi-
cal subsystems with exposure to environmental agents contribute to the
emergence of a given individual’s clinical phenotype. In attempting to sort
out the relative contributions of genes and environment to CVD, a large
array of factors must be considered, from the influence of genes on choles-
terol (e.g., LDL levels) to psychosocial factors such as stress and anger.
Although hundreds of genes have been implicated in the initiation, progres-
sion, and clinical manifestation of CVD, relatively little is known about
how a person’s environment interacts with these genes to tip the balance
between the atherogenic and anti-atherogenic processes that result in clini-
cally manifested CVD. Please see Chapters 4 and 6 for further discussion of
effects of social environment on CVD.

It is well known that many social and behavioral factors ranging from
socioeconomic status, job stress, and depression, to smoking, exercise, and
diet affect cardiovascular disease risk (see Chapters 2, 3, and 6 for more
detailed discussion of these factors). As more studies of gene-environment
interaction consider these factors as part of the “environment,” which are
examined in conjunction with genetic variations, multiple intellectual and
methodological challenges arise. First, how are the social factors embodied
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such that an interaction with a particular genotype can be associated with
differential risk? Second, how can we handle complex interactions to address
questions, such as how does an individual’s genotype influence his/her behav-
ior? For example, one’s genetic susceptibility to nicotine addiction is actually
a risk factor for CVD and its effect on CVD risk may be contingent on
interactions with other genetic factors.

Pharmacogenetics

It has been well established that individuals often respond differently to
the same drug therapy. The drug disposition process is a complex set of
physiological reactions that begin immediately upon administration. The
drug is absorbed and distributed to the targeted areas of the body where it
interacts with cellular components, such as receptors and enzymes, that
further metabolize the drug, and ultimately the drug is excreted from the
body (Weinshilboum, 2003). At any point during this process, genetic varia-
tion may alter the therapeutic response of an individual and cause an ad-
verse drug reaction (ADR) (Evans and McLeod, 2003). It has been esti-
mated that 20 to 95 percent of variations in drug disposition, such as
ADRs, can be attributed to genetic variation (Kalow et al., 1998; Evans and
McLeod, 2003).

Sensitivity to both dose-dependent and dose-independent ADRs can
have roots in genetic variation. Polymorphisms in kinetic and dynamic
factors, such as cytochrome P450 and specific drug targets can cause these
individuals susceptibilities to ADRs. While the characteristics of the ADR
dictate the true significance of these factors, in most cases, multiple genes
are involved (Pirmohamed and Park, 2001). Future analyses using genome-
wide SNP profiling could provide a technique for assessing several genetic
susceptibility factors for ADRs and ascertaining their joint effects. One of
the challenges to the study of the relationship between genetic variation and
ADRs is an inadequate number of patient samples. To remedy this prob-
lem, Pirmohamed and Park (2001) have proposed that prospective random-
ized controlled clinical trials become a part of standardized practice to
ultimately prove the clinical utility of genotyping all patients as a measure
to prevent ADRs.

Here we review some of the current work in pharmacogenetics as an
example of what might be expected to arise from rigorous study of the
interaction between social, behavioral, and genetic factors. Researchers
have provided a few well-established examples of differences in individual
drug response that have been ascribed to genetic variations in a variety of
cellular drug disposition machinery, such as drug transporters or enzymes
responsible for drug metabolism (Evans and McLeod, 2003). For example:
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• With the knowledge that the HER2 gene is overexpressed in ap-
proximately one fourth of breast cancer cases, researchers developed a
humanized monoclonal antibody against the HER2 receptor in hopes of
inhibiting the tumor growth associated with the receptor. Genotyping ad-
vanced breast cancer patients to identify those with tumors that overexpress
the HER2 receptor has produced promising results in improving the clinical
outcomes for these breast cancer patients (Cobleigh et al., 1999).

• A therapeutic class of drugs called thiopurines is used as part of the
treatment regimen for childhood acute lymphoblastic leukemia. One in 300
Caucasians has a genetic variation that results in low or nonexistent levels
of thiopurine methyltransferase (TPMT), an enzyme that is responsible for
the metabolism of the thiopurine drugs. If patients with this genetic varia-
tion are given thiopurines, the drug accumulates to toxic levels in their body
causing life-threatening myelosuppression. Assessing the TPMT phenotype
and genotype of the patient can be used to determine the individualized
dosage of the drug (Armstrong et al., 2004).

• The family of liver enzymes called cytochrome P450s plays a major
role in the metabolism of as many as 40 different types of drugs. Genetic
variants in these enzymes may diminish their ability to effectively break
down certain drugs, thus creating the potential for overdose in patients
with less active or inactive forms of the cytochrome P450 enzyme. Varying
levels of reduced cytochrome P450 activity is also a concern for patients
taking multiple drugs that may interact if they are not properly metabolized
by well-functioning enzymes. Strategies to evaluate the activity level of
cytochrome P450 enzymes have been devised and are valuable in planning
and monitoring successful drug therapy. Some pharmaceutical drug trials
are now incorporating early tests that evaluate the ability of differing forms
of cytochrome P450 to metabolize the new drug compound (Obach et al.,
2006).

Some pharmacogenetics research has focused on the treatment of psy-
chiatric disorders. With the introduction of a class of drugs known as
selective serotonin re-uptake inhibitors (SSRIs), pharmacological treatment
of many psychiatric disorders changed drastically. SSRIs offer significant
improvements over the previous generation of treatments, including im-
proved efficacy and tolerance for many patients. However, not all patients
respond positively to SSRI treatment and many experience ADRs. New
pharmacogenetic studies have indicated that these ADRs may be the result
of genetic variations in serotonin transporter genes and cytochrome P450
genes. Further study and replication of these findings are necessary. If the
characterization of the genetic variations is completed and is fully under-
stood it would be possible to screen and monitor patients using genotyping
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techniques to create individualized drug therapies similar to those discussed
above (Mancama and Kerwin, 2003).

A significant challenge to the development of individualized drug thera-
pies is the often polygenic or multifactorial inherited component of drug
responses. Isolating the polygenic determinants of the drug responses is a
sizable task. A good understanding of the drug’s mechanism of action and
metabolic and disposition pathways should be the basis of all investiga-
tions. This knowledge can aid in directing genome-wide searches for gene
variations associated with drug effects and subsequent candidate-gene ap-
proaches of investigation. Additionally, proteomic and gene-expression pro-
filing studies are also important ways to substantiate and understand the
pathways by which the gene of interest operates to affect the individual’s
response to the drug (Evans and McLeod, 2003). It is not enough to show
an association; characterization of the underlying biological mechanisms is
an essential component of moving genetic findings into the area of risk
reduction. Another key component of utilizing genetics to improve preven-
tion and reduce disease is an understanding of the distribution of the ge-
netic variations in the populations being served.

GENETICS OF POPULATONS AS RELATED TO
HEALTH AND DISEASE

Human populations differ in their distribution of genetic variations.
This is a consequence of their historical patterns of mutation, migration,
reproduction, mating, selection, and genetic drift. Inherited mutations typi-
cally occur during gametogenesis within a single individual and then can be
passed on to offspring for many generations. Whether that mutation goes
on to become a prevalent polymorphism (i.e., a mutation with a population
frequency of greater than 1 percent) is determined by both evolutionary
forces and chance events. For example, it depends on whether the original
child who inherited the mutation survives to adulthood and reproduces and
whether that child’s children survive to reproduce, and so on. The number
of children in a family also influences the prevalence of the mutation, and
this is often tied to environmental factors that impact fertility and mating
patterns that influence the speed with which a private mutation becomes a
public polymorphism. There are well-known examples of what are called
founder mutations in which this trajectory can be documented. For ex-
ample, one particular district in what is Quebec (Canada) today was origi-
nally founded by only a few families from a particular French province.
One of the founding fathers carried a 10kb deletion in his LDL receptor
(LDL-R) gene that was passed down through the generations quickly and
today is carried by 1 in 154 French Canadians in northeastern Quebec. This
mutation is associated with familial hypercholesterolemia, and French Ca-
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nadians have one of the highest prevalences of this disease in the world
because of the small founding populations followed by population expan-
sion (Moorjani et al., 1989).

There are also a number of examples where mutations that arise in an
individual become more prevalent because of the selective advantage they
impart on their carriers. The best known example is the mutation associ-
ated with sickle cell anemia. The geographical pattern of this mutation
strongly mirrors the geographical pattern of malarial infection. It has been
molecularly demonstrated that individuals carrying the sickle cell mutation
have a resistance to malarial infection. Because many of the selection pres-
sures that may have given rise to the current distribution of mutations in
particular populations are in our evolutionary past, it is difficult to assess
how much variation within or among populations is due to these types of
selection forces.

Another major force in determining the distribution of genetic varia-
tions within and among human populations is their migration and repro-
ductive isolation. According to our best knowledge, one of the most impor-
tant periods in human evolution occurred approximately 100,000 years
ago, when some humans migrated to other continents from the African
basin and established new communities with relative reproductive isola-
tion. Genetic differences among people in different geographical areas have
been associated with the concept of race for hundreds of years. Although
race is still used as a label, the original concept of race as genetically distinct
subspecies of humans has been rejected through modern genetic informa-
tion. For numerous reasons, discussed in the section below, it is more
appropriate to reconceptualize the old genetics of race into a more accurate
genetics of ancestry.

In addition to distant evolutionary patterns of migration, more modern
migration patterns also have had a profound effect on the genetics of popu-
lations. For example, the current population of the United States and much
of North America is very diverse genetically as a consequence of the mixing
of many people from many different countries and continents.

A central reason for studying the origins and nature of human genetic
variation is that the similarities and differences in the type and frequencies
of genetic variations within and among populations can have a profound
impact on studies that attempt to understand the influence of genes on
disease risk. For example, some genetic variations, such as the
apolipoprotein E protein polymorphisms, are found in every population
and have very similar genotype frequencies around the world (Wu et al.,
2002; Deniz Naranjo et al., 2004). The variation’s association with in-
creased heart disease and Alzheimer’s disease could be and has been tested
in many of the world’s populations. Other mutations such as the 10kb
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deletion in the LDL-R gene described above are more population-specific
variations.

Furthermore, from a statistical point of view, the effect of a genetic
variation on the continuum of risk found in any population is correlated
with its frequency. For example, common genetic polymorphisms with fre-
quencies near 50 percent cannot be associated with large phenotypic effects
within a population because the genotype classes each represent a large
fraction of the population and, since most risk is normally distributed, the
average risk for a highly prevalent genotype class cannot deviate from the
overall risk of the population to any large degree. This correlation between
genotype frequency and effect does not mean that common variations can-
not be significant in their effects. The statistical significance of an associa-
tion between a genetic variant and a disease is a joint function of sample
size and the size of the effect. In addition, genetic research among popula-
tions that differ in their genotype frequencies can differ in their inferences
about which polymorphisms have significant effects even if the absolute
phenotypic effect is the same. See Cheverud and Routman (1995) for a
more formal statistical explanation of this phenomenon and its impact on
assessing gene-gene interactions.

Another key consideration in understanding the relationship between
genetic variations and measures of disease risk is the population differences
in the correlations between genotype frequencies at different SNP locations.
There are two common reasons why the frequency of an allele or genotype
at a particular SNP could be correlated with the frequency of an allele or
genotype for a different SNP. First, a phenomenon known as linkage dis-
equilibrium creates correlations among SNPs as a consequence of the
mutation’s history. When mutations arise, they occur on a particular ge-
netic background, which creates a correlation with the other SNPs on the
chromosome. Second, the mixing of populations known as admixture that
occurs typically through migration means that SNPs with population-
specific frequencies will be correlated in a larger mixed sample. In this case,
population stratification is the cause of the correlation, and there has been
much genetic epidemiological research on this phenomenon and how to
control for it. Population stratification is thought to be a possible source of
spurious genetic associations with disease (see Box 3-2).

CONCLUSION

In large part, the twentieth century was dominated by studies of human
health and disease that focused on identifying single genetic and environ-
mental agents that could explain variation in disease susceptibility. This
new century has been characterized by huge advances in our understanding
of Mendelian disorders with severe clinical outcomes. However, the Men-
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delian paradigm has failed to elucidate the genetic contribution to suscepti-
bility to most common chronic diseases, which researchers know have a
substantial genetic component because of their familial aggregation and
studies that demonstrate significant heritabilities for these diseases. Like-
wise, environmental and social epidemiological studies have been wildly
successful in illuminating the role of many environmental factors such as
diet, exercise, and stress on disease risk. However, these environmental
factors still do not, by themselves, fully explain the variance in the preva-
lence of several diseases in different populations. Researchers are only now
beginning to study in earnest the potential interactions between the genetic

BOX 3-2
Population Stratification (Confounding)

When the risk of disease varies between two ethnic groups, any genetic or
environmental factor that also varies between the groups will appear to be relat-
ed to disease. This phenomenon is called “population stratification” in epidemio-
logic studies investigating the effect of a genetic factor on disease, and it is a
form of confounding. Population stratification refers to the presence of sub-
groups—for example ethnic groups—in the sample, which could potentially
cause a spurious association between genetic variations and trait. Concerns
about population stratification have raised doubts about the credibility of some
reported findings in candidate gene studies and have led to calls for the routine
use of related controls in case-control studies of genetic factors to eliminate the
possibility of population stratification (Lander and Schork, 1994; Altshuler et al.,
1998). In fact, although population stratification is frequently used as an explana-
tion for nonreplicable associations in the literature, there are few actual exam-
ples to support this assumption (Risch, 2000) and many agree that the problem
probably has been overstated (Cardon and Bell, 2001). For example, Wacholder
et al. (2000) argued that population stratification to an extent large enough to
distort results is unlikely to occur in many realistic situations. Population stratifi-
cation is a manifestation of confounding—that is, the distortion of the relationship
between the exposure of interest and disease due to the effect of a true risk
factor that is related to the exposure (Wacholder et al., 2000). Thus, in population
stratification ethnicity acts as a surrogate for the true risk factor, which may be
environmental or genetic. This means that controlling for ethnicity can reduce the
confounding bias.

Ardlie et al. (2002) evaluated four moderately sized case-control studies for the
presence of population structure and concluded that carefully matched case-con-
trol samples in U.S. and European populations are unlikely to contain levels of
population stratification that would result in significantly inflated numbers of false
positive associations. However, methods have been developed by which unlinked
genetic markers can be used to detect stratification and even correct for it when it
is present (Pritchard and Rosenberg, 1999; Satten et al., 2001).
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and environmental factors that are likely to be contributing to a large
fraction of disease in most populations. There is much that can be done to
incorporate measures of social environment into genetic studies and to also
incorporate genetic measures into social epidemiological studies.

Over the last two decades, progress in identifying specific genes and
mutations that explain genetic susceptibility to common conditions has
been relatively slow, for a variety of reasons. First, the diseases being stud-
ied tend to be complex in their etiology, meaning that different people in a
population will develop disease for different genetic and/or environmental
reasons. Any single genetic or environmental factor is expected to explain
only a very small fraction of disease risk in a population. Moreover, these
factors are expected to interact, and other biological processes (e.g., epige-
netic modifications) are likely to be contributors to the complex puzzle of
susceptibility. An accurate phenotypic definition of disease and its subtypes
is crucial to identifying and understanding the complexities of disease-
specific genetic and environmental causes.

Second, geneticists only recently have developed the knowledge base or
methods needed to measure genetic variations and their metabolic conse-
quences with sufficient ease and cost-effectiveness so that the large number
of genes thought to be involved can be studied. With the completion of the
Human Genome Project in 2003, many different scientific entities (e.g., the
Environmental Genome Project and the International HapMap Consor-
tium) have been working to identify the mutational spectra in human popu-
lations, and genetic epidemiologists are just now beginning to understand
the extensive nature of common variations (>1 percent population fre-
quency) within the human genome that could be affecting people’s risk of
disease. The SNP data generated by these initiatives are now centrally
located in a number of public databases, including the National Center for
Biotechnology Information’s dbSNPs database, the National Cancer
Institute’s CGAP Genetic Annotation Initiative SNP Database, and the
Karolinska Institute Human Genic Bi-Allelic Sequences Database. At
present, the largest dataset on human variation is being generated by the
International HapMap Project,4  which is genotyping millions of SNPs on
270 individuals from 4 geographically separated sites from around the
world. The International HapMap Project has greatly increased the number
of validated SNPs available to the research community to be used to study
human variation and is producing a map of genomic haplotypes in four
populations with ancestry from parts of Africa, Asia, and Europe. In addi-
tion, high-throughput methods of genotyping large numbers of SNPs (thou-
sands) in large epidemiological cohorts are only now becoming available

4See www.hapmap.org.
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(see above). Unfortunately, high-throughput methods of measuring the en-
vironment have not kept a similar pace. For many studies of common
disease, a rate-limiting step to increasing our understanding will continue to
be the difficult and costly measurement of environmental factors.

Finally, progress also has been hampered because of a lack of adequate
investment in developing new methods of analysis that can incorporate the
high-dimensional biological reality that we can now measure. The complex
genetic and environmental architecture of multifactorial diseases is not
easily detected or deciphered using the traditional statistical modeling meth-
ods that are focused on the estimation of a single overall model of disease
for a population. For example, using traditional logistic regression methods
it would be simply impossible to enter all the hundreds of genetic variations
that are thought to be involved in CVD risk or in any of the other common
disease complexes currently being studied. Beyond the obvious issues of
power and overdetermination in such a large-scale model, we also do not
know how to model or interpret interactions among many factors simulta-
neously or how to incorporate the rare, large effects of some genes relative
to the common, small effects of others. New modeling strategies that take
advantage of advances in pattern recognition, machine learning, and sys-
tems analysis (e.g., scale-free networks, Bayesian belief networks, random
forest methods) are going to be needed in order to build more comprehen-
sive, predictive models of these etiologically heterogeneous diseases.

The field of human genetics, like many other disciplines, is in transi-
tion, and there is much to be gained by joining forces with a wide range of
other disciplines that are focused on improving prevention and reducing the
disease burden in our populations.
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4

Genetic, Environmental, and Personality
Determinants of Health Risk Behaviors

INTRODUCTION AND OVERVIEW

Tobacco use, obesity, and physical inactivity are the greatest prevent-
able causes of morbidity and mortality in the United States (Mokdad et al.,
2004). These behaviors involve motivational and reward systems within the
individual that develop through gene interactions with the social environ-
ment. Therefore, a better understanding of the genetic, social environmen-
tal, and individual determinants of risk behaviors, such as tobacco use,
unhealthy eating behaviors, and physical inactivity could contribute to im-
proved strategies for primary, secondary, and tertiary disease prevention.

Models of gene, environment, and behavior interactions in disease
have been proposed, one of which has been adapted here to illustrate the
central role of health risk behaviors (Rebbeck, 2002). Risk behaviors such
as tobacco use, unhealthy eating behaviors, and physical inactivity play an
important role in models of genetic and environmental interactions in
health outcomes. As illustrated in Figure 4-1, gene-environment interac-
tions contribute to the initiation and maintenance of these risk behaviors,
which in turn increase risk for poor health outcomes (pathway a). In
addition, gene-environment interactions can modify the effects of these
risk behaviors on disease states and health outcomes (pathway b) and also
can have direct effects on health outcomes (pathway c) (see also models of
gene-environment interactions in Chapter 8 and Appendix E).

The goal of this chapter is three-fold: (1) to provide a brief overview of
the epidemiology of tobacco use, unhealthy diet/obesity, and physical inac-
tivity in relation to health outcomes; (2) to describe the genetic and environ-

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


GENES, ENVIRONMENT, AND PERSONALITY 69

mental determinants of these risk behaviors and their underlying motiva-
tional systems; and (3) to discuss how the measurement of intermediate
phenotypes (recently termed endophenotypes), such as personality and tem-
perament, can advance our knowledge of the role of gene-environment
interactions in risk behaviors and health.

DEFINITIONS OF HEALTH RISK BEHAVIORS

Although definitions of health risk behaviors vary across studies, there
are some generally accepted definitions that will be presented for the pur-
poses of this chapter. With regard to tobacco use, the behavioral definition
of smoking used in most prevalence studies includes having smoked more
than 100 cigarettes in one’s lifetime and smoking every day or most days
(CDC, 2005). Increasingly, studies of the determinants of tobacco use,
including genetic studies, are using more refined behavioral definitions to
characterize trajectories of smoking initiation and progression, as well as
phenotypes related to nicotine addiction and smoking persistence (Audrain-
McGovern et al., 2004b).

The definition of obesity is more straightforward. The World Health
Organization (WHO) defines overweight as having a body mass index
(BMI) from 25 to 30, and obesity as a BMI greater than 30 (WHO, 1998).
Broadly speaking, physical activity includes any bodily muscular move-
ments that produce energy expenditure (Caspersen et al., 1985; Pate et al.,
1995). To reduce health risks, it is recommended that healthy adults engage
in at least 150 minutes of moderate intensity physical activity per week
(Pate et al., 1995), which can include brisk walking and some forms of
aerobic exercise such as running and bicycle riding.

The importance of phenotype definition for investigations of genetic
risk factors and gene-environment interaction cannot be overestimated.

Genes x Environment*

Risk Behaviors
(exposure)

Health 
Outcomes

a
b

a

c

FIGURE 4-1  Role of genes, environment, and risk behaviors in health (adapted
from Rebbeck, 2002).

*Refers to main effects and interactions; see also Chapter 8.
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Increasingly, studies are focusing on intermediate phenotypes, the interme-
diate measures of these health behaviors that are considered more proximal
to the biological determinants. For example, in studies of tobacco use,
laboratory-based intermediate phenotypes have included individual differ-
ences in the rewarding value of nicotine, the psychophysiological and cog-
nitive effects of nicotine, as well as the effects of nicotine tolerance and
deprivation (Munafo et al., 2005b). In obesity studies, psychological inter-
mediate markers have included the reinforcing value of food, food prefer-
ences, food intake, and satiety (see Appendix C for additional discussion).
As discussed in more detail below, these intermediate phenotypes also may
include the dimensions of personality and temperament that are partly
biologically based and that may increase the likelihood that an individual
will engage in health risk behaviors.

TOBACCO USE

Epidemiology and Health Consequences of Tobacco Use

Although the prevalence of tobacco use in adults has declined signifi-
cantly since the Surgeon General’s report in 1965, 23 percent of the Ameri-
can population continues to smoke (NCHS, 2003; CDC, 2004a). Smoking
rates remain higher in persons who have less than a high school education,
compared to college graduates. Furthermore, 18 percent of 13-year-olds
and 58 percent of high school students report having smoked a whole
cigarette (CDC, 2004b).

Tobacco use is the leading cause of preventable mortality in the United
States, accounting for one in five cancer deaths (CDC, 2002; Mokdad et al.,
2004). Furthermore, continued smoking following a diagnosis of cancer
increases the risk of recurrence and reduces the likelihood of survival
(Browman et al., 1993; Kawahara et al., 1998; Khuri et al., 2001; McBride
and Ostroff, 2003). The nicotine in cigarettes is known to have significant
adverse effects on cardiovascular function (Benowitz and Gourlay, 1997),
and smoking cessation following an acute myocardial infarction can reduce
mortality rates (Kinjo et al., 2005). Nicotine, thiocyanate, and other toxins
in cigarette smoke also can impair thyroid, pituitary, and renal function
and contribute to insulin resistance (Kapoor and Jones, 2005). Evidence
from rodent models suggests that nicotine also may alter antibody forma-
tion and T-cell function (Friedman and Eisenstein, 2004).

Genetic and Environmental Determinants of Tobacco Use

Motivation to begin smoking is strongly influenced by the social envi-
ronment, although genetic factors also play a role (Audrain-McGovern et
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al., 2004a). Risk factors for smoking initiation in youth include peer and
family smoking, family conflict, and exposure to tobacco industry promo-
tional campaigns (Pierce et al., 1998; Choi et al., 2002). In contrast, physi-
cal activity has protective effects on youth smoking (Audrain-McGovern et
al., 2003a). The importance of the social environment also is supported by
evidence for the efficacy of some anti-tobacco media campaigns, smoke-
free environment policies, and cigarette taxes (Holm, 1979; Chaloupka et
al., 2002).

Once tobacco use has been initiated, smoking cessation can be difficult
because of the development of an addiction to nicotine. There is abundant
evidence from animal and human studies for an inherited susceptibility to
the rewarding effects of nicotine and to nicotine addiction. In fact, data
from twin studies indicate that as much as 70 percent of the variance in
nicotine addiction is attributable to genetic factors (Sullivan and Kendler,
1999). Investigations of the specific genetic mechanisms that underlie nico-
tine addiction have focused on candidate genes in neurobiological path-
ways that play a role in nicotine’s reinforcing and addictive effects, includ-
ing the dopamine, serotonin, and opioid pathways, as well as genetic
variation in nicotine metabolic pathways and neuronal nicotinic receptors
(Lerman and Berrettini, 2003). While several genetic associations have been
reported in the literature, heterogeneity in ascertainment, population strati-
fication, and limitations in phenotype definition have contributed to
nonreplication (Lerman and Swan, 2002; Munafo and Flint, 2004; Redden
et al., 2005). Given the importance of smoking persistence to health out-
comes, efforts are increasing to elucidate the role of inherited genetic varia-
tion in response to pharmacotherapies for nicotine dependence (Lerman et
al., 2005).

Clearly, tobacco use and nicotine addiction are complex traits arising
from the interactions among social-environmental, psychological, and ge-
netic factors (Swan et al., 2003). For example, evidence from twin studies
suggests that the importance of genetic factors in cigarette smoking de-
pends, in part, on family functioning (Kendler et al., 2004). Specifically, the
heritability estimates for cigarette smoking were lower in families with
reports of higher levels of family dysfunction. This finding highlights both
the importance of gene-environment interactions in risk behaviors, as well
as the potential for identifying and quantifying such interactions through
careful research. Furthermore, the genetic effects on the progression to
regular smoking among adolescents are greatest among those with higher
levels of depressive symptoms (Audrain-McGovern et al., 2004a). Despite
awareness of the importance of gene-environment interactions in tobacco
use, few molecular genetic studies have incorporated social environmental
effects, and few studies of social environment have considered whether such
influences are moderated by genetic factors.
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UNHEALTHY EATING BEHAVIORS AND OBESITY

Epidemiology and the Health Consequences of Obesity

The WHO defines overweight as having a BMI from 25 to 30, and
obesity as a BMI greater than 30 (WHO, 1998). Based on this definition,
approximately 57 percent of adult Americans are classified as being over-
weight or obese (Flegal et al., 2005), and rates of obesity have increased in
recent decades (Allison et al., 1999; CDC, 2000; Flegal et al., 2005). The
rising prevalence of obesity in the United States has been linked to increased
health risks (Harris, 1998).

Like tobacco use, obesity is a major cause of mortality in the United
States, with approximately 325,000 deaths attributable to obesity among
nonsmokers (Allison et al., 1999). Obesity is a major risk factor for the
development of diabetes, cardiovascular disease (CVD), osteoarthritis, and
many forms of cancer (Allison et al., 1999; Bianchini et al., 2002). Poor diet
and obesity can also increase treatment complications and reduce the like-
lihood of survival following a cancer diagnosis (Pinto et al., 2000; Rock
and Demark-Wahnefried, 2002). Although the mechanisms linking obesity
to these disease outcomes remains the subject of intense investigation, the
adverse health outcomes result in part from alterations in the metabolism of
steroid hormones, metabolic alterations including lipid and glucose levels,
and increases in the turnover of free fatty acids that lead to insulin resis-
tance syndrome (Seidell et al., 1994; Turcato et al., 2000; Rose et al., 2002;
Eckel et al., 2002). In addition, excess adiposity has been linked to impaired
immune function and increased cortisol secretion (Stallone, 1994), possibly
influencing the adverse pathophysiological effects of environmental and
psychological stress.

Genetic and Environmental Determinants of Unhealthy
Eating Behaviors and Obesity

The development and maintenance of obesity, like tobacco use and
nicotine addiction, result from a complex interplay of social, motivational,
emotional, and genetic factors (Kopelman, 2000). Increases in obesity preva-
lence may be largely attributable to changes in the social environment that
support a sedentary lifestyle (e.g., television and video games), the promo-
tion of high-calorie fast foods and “supersize” portions, and increased
access to vending machines with high-calorie foods in schools and commu-
nity settings (Hill and Peters, 1998). Although these environmental factors
clearly increase the likelihood of feeding behaviors that lead to obesity in
the population as a whole, genetic factors are thought to influence an
individual’s susceptibility to unhealthy feeding behaviors given a particular
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social environment, and to his/her likelihood of becoming obese given a
particular level of energy intake and expenditure (Costanzo and Schiffman,
1989; Hill and Peters, 1998).

There is abundant evidence from animal and human models for genetic
contributions to obesity, with 40 to 70 percent of the variability in suscep-
tibility to human obesity attributable to heritable factors (Comuzzie and
Allison, 1998). There are single gene disorders that include obesity as part
of the syndrome, such as Prader-Willi and Bardet-Biedel; however, such
major genetic effects are rare. Mutations studied in rodent models of obe-
sity that are associated with leptin abnormalities also are rare in humans
(Kopelman, 2000). For example, a single gene mutation in the melanocortin
4 receptor (MC4R) is thought to account for less than 5 percent of morbid
obesity (Vaisse et al., 1998). Molecular genetic studies have identified a
very large number of susceptibility genes for multiple obesity phenotypes,
including BMI, feeding behavior, and satiety (Comuzzie and Allison, 1998);
however, the attributable risks associated with these variants remain un-
clear. Candidate genes identified in these studies include those coding for
agouti signaling proteins, leptin and leptin receptors, and cholecystokinin A
receptor (reviewed in Comuzzie and Allison, 1998). Genetic variation in the
dopamine transporter and dopamine 2 receptor also has been associated
with obesity in some studies (Noble et al., 1994; Epstein et al., 2002).
Despite the known complex etiology of obesity, studies of genetic modula-
tion of social environmental exposures are rare. However, there is evidence
that fetal nutrition may affect gene expression, possibly altering susceptibil-
ity to diet and environmental stressors that promote obesity in later life
(Barker et al., 1989; Barker, 1995).

PHYSICAL INACTIVITY

Epidemiology and the Health Consequences of Physical Inactivity

It is recommended that, to reduce health risks, healthy adults engage in at
least 150 minutes of moderate intensity physical activity per week (Pate et al.,
1995). Despite the positive effects of regular physical activity on breast and
colon cancer (McTiernan et al., 1998) and on CVD risk factors (U.S. DHHS,
1996), approximately one-half of adult Americans do not engage in moder-
ate physical activity for at least 30 minutes at least 3 times a week (Sullivan et
al., 2005). Engaging in regular physical activity also has important benefits
following a cancer diagnosis. A meta-analysis of randomized controlled trials
of physical activity interventions concluded that such interventions have sig-
nificant benefits for cardiovascular respiratory fitness and can reduce cancer
treatment side effects (Schmitz et al., 2005b). Physical activity interventions

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


74 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

for cancer patients also have been shown to reduce body fat and plasma
levels of insulin-like growth factor (Schmitz et al., 2005a).

Genetic and Environmental Determinants of Physical Activity

Levels of physical activity are determined by a complex set of factors.
Yet, these determinants are less well studied than those for tobacco use and
obesity. Investigations of locomotor activity in inbred mouse strains provide
evidence for significant genetic influences on activity when confined to a
running wheel (Mhyre et al., 2005). However, it is yet to be determined
which behavioral systems underlie this effect (e.g., reward, exploration, or
motor drive) or how activity levels would be affected when the animal’s
environment provided the opportunity for a variety of behaviors requiring
different levels of activity for different types of rewards (McClintock, 1981;
Hermes et al., 2005). Environmental factors, such as food shortage, can
enhance or attenuate mouse strain differences in locomotor activity in re-
sponse to stimulants, underscoring the importance of gene-environment in-
teractions (Cabib et al., 2000). In humans, approximately 30 to 60 percent of
the variance in physical activity and sports participation is due to heritable
factors (Perusse et al., 1989; Beunen and Thomis, 1999). A polymorphism in
the MC4R gene has been implicated in physical activity levels in nonobese
humans and in the general population. This association has been attributed
to the role of this receptor in metabolic rate and energy expenditure, how-
ever, the precise mechanism is not yet clear (Loos et al., 2005). Features of the
social environment that reinforce a sedentary lifestyle (e.g., television, video
games, computers) as well as the built environment (large shopping malls
located outside of the city, zoning laws prohibiting building businesses within
walking distance of homes) contribute to physical inactivity and may modify
the effects of genetic predisposition to inactivity.

Specific genetic factors should be examined in conjunction with known
social environmental determinants (e.g., media exposure, family and peer
influences). For initiation studies, there is a need to focus on critical devel-
opment periods; for example, early to late adolescence for tobacco use and
early childhood through adolescence for obesity and physical inactivity. For
studies of persistence and behavior change, there is a need to include inves-
tigations of critical periods in adulthood when environmental transitions
occur, such as young adulthood (ages 18 to 25).

USING INTERMEDIATE PHENOTYPES TO INVESTIGATE THE
EFFECTS OF GENE-ENVIRONMENT INTERACTIONS

Intermediate phenotypes are traits or outcome measures that mediate
the effects of gene-environment influences on risk behaviors (see Figure
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4-2). Such measures tend to be more proximal to the biological determi-
nants than are the risk behaviors themselves, and therefore, they can be
assessed with greater experimental control in human models. For example,
in studies of tobacco use, laboratory-based intermediate phenotypes have
included individual differences in the rewarding value and tolerance of
nicotine, its cognitive and autonomic effects, and the effects of nicotine
deprivation (Munafo et al., 2005b). Intermediate phenotypes in obesity
studies have included the reinforcing value of food, food preferences, food
intake, and satiety (see also the commissioned paper on obesity in Appen-
dix C). As discussed in more detail below, these measures also may include
dimensions of personality or temperament that are partly biologically based
and that may increase the likelihood that an individual will engage in health
risk behaviors. In fact, some of the most convincing evidence for gene-
environment interactions has been provided by research in these areas.
However, while intermediate phenotypes are likely to provide useful re-
search tools, they are quite complex and, therefore, caution should be used
when extrapolating the clinical application of such research.

Measuring biological and genetic modifiers of risk also is essential,
particularly for predicting whether engaging in a health risk behavior actu-
ally results in disease. For example, some people who consume large quan-
tities of animal fat do not necessarily have proportionately high low-density
lipoprotein (LDL) levels, which are associated with increased risk for CVD.
The Inuit of Greenland, who eat a traditional diet of orsoq, seal, and whale

Genes x Environment

Risk Behaviors
(exposure)

Health 
Outcomes

Intermediate 
Phenotypes

FIGURE 4-2  Intermediate phenotypes of gene-environment effects on risk behav-
iors and health.
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fat, do not have the expected high LDL cholesterol levels or the resultant
high rates of CVD (Bjerregaard et al., 1997). Likewise, polymorphisms in
apolipoprotein E, a carrier protein important to liver metabolism of LDL,
result in different levels of LDL and cardiovascular risk in people who eat
similar diets (Miltiadous et al., 2005). A more detailed discussion of both
biological and behavioral traits is provided in the following section.

Beyond Risk Behaviors

The inclusion of measurable intermediate phenotypes will assist inves-
tigators in the exploration of the relationship among gene-environment
interactions, risk behaviors, and health. This may involve incorporating
more extensive assessments of biologically based dimensions of personality
and temperament and/or incorporating laboratory-based measures of risk
behavior propensity (e.g., the rewarding value of nicotine or high-fat foods).
Animal and human laboratory models can be performed in parallel to test
the effects of genetic factors and environmental influences on intermediate
phenotype measures (Blendy et al., 2005). Using genetic animal models and
human genetic association studies to stratify populations, the genetic effects
on risk behaviors can be measured in the presence and absence of key social
environmental cues and stressors.

However, it is not only through risk behaviors like smoking, poor
eating habits and obesity, or low exercise levels that gene-environment
interactions influence health. Another key pathway that is just as important
involves effects of gene-environment interactions on biological characteris-
tics involving neuroendocrine, autonomic, cardiovascular, metabolic, in-
flammatory, and hemostatic functions. There are several examples in the
recent literature that illustrate these gene-environment interaction effects
on biomarkers.

The Lys198Asn polymorphism of the Endothelin-1 gene moderates the
impact of both obesity and socioeconomic status on systolic blood pressure
reactivity to an acute environmental stressor in African American and Cau-
casian young adults (Treiber et al., 2003). The G308A polymorphism of the
TNFα gene moderates the impact of chronic environmental stress, as mea-
sured by vital exhaustion levels, on plasma levels of C-reactive protein, a
potent risk factor for CVD (Jeanmonod et al., 2004). The extensively stud-
ied promoter polymorphism of the serotonin transporter gene (5HTTLPR)
moderates the impact of acute mental stress on blood pressure (Williams et
al., 2001), an effect that has been cited as one potential mechanism that
could be mediating the reported association between the 5HTTLPR long
allele and increased risk of myocardial infarction (Fumeron et al., 2002).
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Personality and Temperament as Intermediate Phenotypes in
Investigations of Risk Behaviors and Health

After many years of distrust and disuse, the concept of a personality
trait is once more proving useful in many types of studies. New tools of
analysis have made it possible to define and refine the idea of what person-
ality traits actually are, and to demonstrate the universality of certain kinds
of individual differences. The term personality captures the collective and
dynamic organization of all the psychophysical systems that determine the
adjustment of the person to his/her environment (Svrakic and Cloninger,
2005). Temperament is defined more restrictively as the body’s biases as it
modulates behavioral responses to and styles of coping with prescriptive
physical stimuli, such as danger, stressors, or various types of reward.
Personality and temperament are of importance to health professionals
because they can underlie certain psychiatric illness (Hirschfeld, 1999). In
addition, certain aspects of personality have been associated with increased
risk for coronary artery disease and the contraction of human immunodefi-
ciency virus (HIV), psoriasis, ulcerative colitis, and many other diseases
that have been described as psychosomatic (McCown, 1993; Tyrer, 1995).
Dimensions of temperament may also predispose people to health risk
behaviors such as tobacco use.

Personality

A principal reason for the scientific re-birth of personality traits is the
use of factor analysis to define and validate them. The “Big Five” model,
the one whose use is most widespread and accepted, is based on factor
analyses of self-reported descriptions of social and emotional behavior. The
five personality domains are: Neuroticism (N, negative affectivity), Extra-
version (E versus Introversion), Openness to experience (O), Agreeableness,
and Conscientiousness. This model is based on a robust factor structure
that has been validated in a variety of populations and cultures using the
NEO-Personality Inventory (NEO-PI), a personality test designed to assess
normal adult personality (McCrae and Costa, 2002). The population
samples were drawn from the United States, Germany, Portugal, Israel,
China, Korea, and Japan, and included people from ages 18 to 105 (McCrae
et al., 1999; Labouvie-Vief et al., 2000).

Personality traits are consistent and are associated with behavioral
trends, coping strategies, and health behaviors. This makes it possible to
use them to predict health and life outcomes (Whitbourne, 1987; Bosworth
et al., 1999; Caspi and Roberts, 1999), depending on the strength of certain
traits. To some extent, Alzheimer’s disease (Siegler et al., 1994) and CVD
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(Hemingway and Marmot, 1999; Williams et al., 2000) can be predicted
from certain personality traits.

Personality, in turn, is influenced by both genes and gene-environment
interactions. There is an important body of literature, beginning with a
seminal paper by Lesch et al. (1996), that reports associations between
genotypes of the promoter polymorphism of the serotonin transporter gene
(5HTTLPR) and the personality domains of neuroticism (including facets
of anxiety, angry hostility, depression, and impulsiveness) and agreeable-
ness. Lesch and colleagues reported a positive correlation of the 5HTTLPR
short allele not only with Harm Avoidance but also with the NEO domain
of Neuroticism. There was a negative correlation with Agreeableness, thus
relating candidate genes that regulate function of the key neurotransmitter
serotonin to personality or temperament.

There have now been three meta-analyses published evaluating studies
on the association between the 5HTTLPR polymorphism and anxiety-
related traits. Two of these (Schinka et al., 2004; Sen et al., 2004) found
that there are reliable associations between 5HTTLLPR and Neuroticism as
measured by the NEO-PI, but not Harm Avoidance. A third meta-analysis
(Munafo et al., 2005a) found the opposite pattern. Whatever the ultimate
outcome of this issue, the weight of the evidence suggests that the five-
factor model as assessed by the NEO-PI is reliably associated with variation
in one highly studied candidate gene, the serotonin transporter.

There is extensive research showing that psychological factors like de-
pressed affect (as opposed to the illness of major depressive disorder—see
below), hostility and anger, and anxiety are associated with increased risk
of CVD and the biological and behavioral factors that likely mediate that
increased risk (see, for example, Williams et al., 2003a). The critical impor-
tance of psychosocial stressors on disease risk has been strongly confirmed
in the INTERHEART Study (Rosengren et al., 2004) that examined over
24,000 heart attack patients and controls in countries around the world.
The study found that social-environmental factors (such as stress at home
or work) and psychological factors (such as depression) were associated
with as large an increase in heart attack risk as that associated with biologi-
cal risk factors (e.g., high blood pressure or high lipids) and with behavioral
risk factors (e.g., smoking).

In fact, the psychological risk factor hostility is associated in both
prospective and cross-sectional studies with increases in several health risk
behaviors, including smoking, overeating/obesity, higher lipid levels, and
increased alcohol consumption (Scherwitz et al., 1992; Siegler et al., 1992).
Thus it would appear that it is through negative affect and accompanying
biological and behavioral characteristics that the social environment influ-
ences disease processes in ways that are moderated by genetic factors. There
is, moreover, some evidence that the opposite of negative affect (optimism)
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is associated with more positive outcomes both subjectively and objectively
with respect to feelings of well-being and recovery from ill health (Smith and
Spiro, 2002), although the genetic associations have not yet been studied.

Temperament

Of the many methods proposed to assess temperament, perhaps the
most widely used is the Temperament and Character Inventory (Cloninger
et al., 1998). Four major temperament traits have been identified through
factor analysis and investigated in many experiments: harm avoidance,
novelty seeking, reward dependence, and persistence (Cloninger et al.,
1998). The study of temperament underscores the notion that genetic risk
factors for a disease may not be mediated directly by gene function related
to the diseased system, but rather by genetic risk factors for psychological
traits that change neuroendocrine function and regulate gene expression
involved in disease.

Harm avoidance is a measure of behavioral inhibition and fearfulness
(Cloninger et al., 1998). Some studies suggest that individuals high in harm
avoidance may be more susceptible to tobacco use (Etter et al., 2003).
Adrenal axis function may mediate this association since corticotropin re-
leasing factor-like proteins also are associated with prolonged nicotine with-
drawal and higher rates of relapse (Bruijnzeel and Gold, 2005).

Novelty seeking is a measure of behavioral activation and excitement
seeking that includes subscales measuring exploratory excitability, impul-
siveness, extravagance, and a tendency to disorder (Cloninger et al., 1998)
that may increase susceptibility to tobacco use by increasing the likelihood
that an adolescent will be exposed to environments in which tobacco is
more available (Tercyak and Audrain-McGovern, 2003). Novelty seekers
also have been shown to be more susceptible to effects of tobacco advertis-
ing (Audrain-McGovern et al., 2003b). Animal models indicate that both of
these associations also may be mediated by individual differences in adrenal
axis function (Piazza et al., 1993; Spina et al., 2005).

Two aspects of temperament (reward dependence and persistence) have
been linked with craving during abstinence from gambling and alcohol.
Reward dependence is a measure of social attachment (Cloninger et al.,
1998) and persistence is a measure of perseverance (Svrakic and Cloninger,
2005). Reward dependence is negatively correlated with craving for gam-
bling, while persistence is negatively associated with craving for alcohol
(Tavares et al., 2005). Thus, if nicotine addiction shares mechanisms with
other addictions, future research may uncover a role for these other aspects
of temperament and their underlying neuroendocrine and pharmacological
systems (Svrakic and Cloninger, 2005).

Temperament has also been investigated regarding its association with
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specific disease states, such as Attention Deficit Hyperactivity Disorder
(ADHD), which is a risk factor for the initiation and persistence of tobacco
use (Lerman et al., 2001; Tercyak et al., 2002). Lynn and colleagues (2005)
hypothesized that the dopamine D4 receptor mediated the association be-
tween novelty seeking and ADHD. However, they found that the DRD4
gene variant independently predicted ADHD, but not novelty seeking. This
finding highlights the complexity of the associations between temperament,
genetics, neural intermediate phenotypes, and disease states.

Sex/Gender, Race/Ethnicity, and Personality

Both sex/gender and race/ethnicity have been reported to moderate the
effects of genotype on personality dimensions. Gelernter et al. (1998) found
that the 5HTTLPR short allele was associated with higher Harm Avoidance
scores in males but with lower scores in females; and also that the short
allele was associated with higher Neuroticism scores in European Ameri-
cans but with lower scores in African Americans. Interestingly, these effects
parallel moderation of 5HTTLPR effects on a measure of central nervous
system serotonin function, cerebrospinal fluid levels of the serotonin major
metabolite 5HIAA, by both race/ethnicity (short allele → high 5HIAA in
African Americans, low 5HIAA in European Americans) and sex/gender
(short allele → high 5HIAA in women, low 5HIAA in men) (Williams et al.,
2003b). The mechanisms responsible for these differential effects of
5HTTLPR genotype on personality and brain serotonin levels are not clear
at present, but could involve differential patterns of linkage disequilibrium
between the 5HTTLPR polymorphism and other sites on the serotonin
transporter gene in different population groups, as reported by Gelenter et
al. (1999).

Depression, Genes, the Environment, and Health

Emotional or motivational states also can be a critical intermediate
phenotype between gene-environment interaction and health risk behav-
iors, depression being, perhaps, the prototype. Diagnosed depressive disor-
ders (Schulz et al., 2002) such as major depression as well as depressive
symptoms (Blazer et al., 2001) have been associated with adverse health
outcomes. Depression has been demonstrated to be a risk for a variety of
disorders, including diabetes and certain types of cancer, but especially for
CVD (Schulz et al., 2000). The factors by which depression leads to poorer
health outcomes may include some that are indirect, such as a reduced
likelihood seeking health care and of complying with the recommendations
of health care professionals. They also may include direct links (Schulz et
al., 2000). For example Schulz et al. (2000) suggested that motivational
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depletion may directly contribute to compromised cardiac function and
increased risk for myocardial infarction. A listing of potential mediators of
the effects of both depression and hostility/anger on CDV risk would in-
clude decreased parasympathetic tone, increased hypothalamic-pituitary-
adrenal axis and sympathetic nervous system activation, and increased in-
flammatory cytokines, and increased platelet activation.

In addition, depression is clearly determined by an interaction be-
tween genetic and environmental factors. It has been recognized for many
years that depression is in part an inherited trait, and the influence of that
heritability persists into later life (Gatz et al., 1992; Kendler, 1996). In
studies of twins reared apart, both genetic and environmental factors have
been shown repeatedly to contribute to depressive symptoms (Kendler,
1996). In addition, population studies have demonstrated the interaction
of genetic polymorphisms and environmental stressors (Caspi et al., 2003;
Kendler et al., 2005).

For example, in a prospective, longitudinal study of a representative
birth cohort, Caspi et al. (2003) tested the observation that stressful experi-
ences lead to depression in some people, but not in others. A functional
polymorphism in the promoter region of the serotonin transporter (5-HT
T) gene was found to moderate the influence of stressful life events on
depression. Individuals with one or two copies of the short allele of the 5-
HT T promoter polymorphism exhibited more depressive symptoms, diag-
nosable depression, and suicidality in relation to stressful life events than
did individuals homozygous for the long allele. This epidemiological study
thus provides remarkable evidence for a gene-environment interaction in
which an individual’s response to environmental stressors is moderated by
his/her genetic makeup.

Not only does this study have important implications for the investiga-
tion of how gene-environment interactions affect health, the rapid and
extensive replication of its gene association results has been unusually sig-
nificant. The 2003 study by Caspi and colleagues was replicated and ex-
tended through findings by Eley et al. (2004), Kaufman et al. (2004), Grabe
et al. (2005), and Kendler et al. (2005). The immediate replication of gene
association findings has been the exception rather than the rule for such
studies. The replication of this gene-environment finding with respect not
only to incidence of major depression, but also to depressive symptom
levels suggests the likelihood that genetic effects on various endophenotypes
are far larger when varying levels of critical environmental exposures are
taken into account (Moffitt et al., 2005).

In the Caspi et al. (2003) study, for example, there was no effect of the
5HTTLPR genotype on incidence of major depression in persons with no
stressful life events over the preceding five years. In marked contrast, among
those with four or more stressful life events, there was no increased inci-
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dence of major depression among those with the 5HTTLPRL/L genotype, a
21 percent increase in those with the L/S genotype, and a 33 percent in-
crease among those with the S/S genotype.

It would be hard to overstate the implications of this replicated demon-
stration of a very large genetic effect on the health of persons only with
certain social-environmental exposures. It means that if the appropriate
environmental exposures are taken into account, it will be far easier to
detect and replicate the effects of genes on disease-relevant endophenotypes
than it was when the search for genes was conducted in heterogeneous
samples. There is reason to believe that this principle will operate not only
with respect to chronic levels of stress over time, but also with respect to
single, major life stresses. For example, myocardial infarction is a major life
stress in which the presence of the 5HTTLPR short allele predicted in-
creased levels of depression over the ensuing months (Nakatani et al., 2005).
The same is suggested by a study on stroke that used a very small sample
size (Ramasubbu et al., 2006).

CONCLUSION

A better understanding of risk behaviors is critical to improving the
public’s health. To date, most efforts have been directed toward modifying
risk behaviors, such as programs to increase physical activity or to decrease
smoking. Biological augmentation of behavioral modification has been par-
tially successful, such as the use of the nicotine patch for smoking cessation.
Health psychologists are increasingly calling attention to the critical role of
sociocultural context, a necessary factor to consider if efforts to modify risk
behaviors are to be effective. In other words, a risk-prevention program
that is effective in one culture may be much less effective in another. Only
recently have the genetic contributions of risk behaviors and the environ-
ments that lead to the expression of intermediate phenotypes been brought
into focus. The recognition that behaviors that increase risk for disease may
be driven by genetic factors and modified by social factors presents a rich
yet complex paradigm for designing and testing intervention strategies for
the future.
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5

Sex/Gender, Race/Ethnicity, and Health

In the search for a better understanding of genetic and environmental
interactions as determinants of health, certain fundamental aspects of hu-
man identity pose both a challenge and an opportunity for clarification.
Sex/gender and race/ethnicity are complex traits that are particularly useful
and important because each includes the social dimensions necessary for
understanding its impact on health and each has genetic underpinnings, to
varying degrees.

Although there have been numerous genetic studies of sex and
gender—and more recently race and ethnicity—over the past several de-
cades, detailed information about the extent of our genetic similarities and
differences did not reach the public’s attention until the completion of the
Human Genome Project. With base pair comparisons possible across the
individuals sequenced, the estimate that any two humans are 99.9 percent
the same has raised our awareness that all humans are incredibly similar at
the genetic level. Paradoxically, the evidence of vast numbers of DNA base
pairs at which humans differ also became known at this time. It is estimated
currently that any two people will differ at approximately 3 million posi-
tions along their genomes. Although there is some evidence that informa-
tion about an individual’s sex or ancestry would provide information about
the likelihood that he/she carries one allele versus another, it is typically a
matter of probability—not a discrete or absolute determinant (even for the
Y chromosome). While there is growing evidence of a number of significant
differences between males and females in terms of health and health out-
comes (IOM, 2001), “considerable controversy remains about the existence
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and importance of racial differences in genetic effects, particularly for com-
plex diseases” (Ioannidis et al., 2004).

Previous chapters have discussed the contributions of the social envi-
ronment, behavior, psychological factors, physiological mechanisms, and
genetic variation to health. This chapter highlights the fact that the contri-
butions of these variables are not monolithic and that fundamental indi-
vidual traits, such as sex/gender and race/ethnicity, can change their mean-
ing and health impact in different contexts. These complex traits are
multifaceted, and the goal is to tease apart the facets at different levels of
organization in order to identify which of them directly modulate health.
This is a reciprocal process, because these various domains in turn inform
our understanding of sex/gender and race/ethnicity. Failing to distinguish
these different facets, both in the aggregate and within each level of analy-
sis, will compromise the ability to obtain a more fine-grained understand-
ing of how the different aspects of these fundamental individual traits
interact to influence health.

SEX/GENDER

Although the terms sex and gender are often used interchangeably,
they, in fact, have distinct meanings. Sex is a classification based on biologi-
cal differences—for example, differences between males and females rooted
in their anatomy or physiology. By contrast, gender is a classification based
on the social construction (and maintenance) of cultural distinctions be-
tween males and females. Gender refers to “a social construct regarding
culture-bound conventions, roles, and behaviors for, as well as relations
between and among, women and men, boys and girls” (Krieger, 2003).

Differences in the health of males and females often reflect the simulta-
neous influence of both sex and gender. Not only can gender relations
influence the expression of biological traits, but also sex-associated biologi-
cal characteristics can contribute to amplify gender differentials in health
(Krieger, 2003). The relative contributions of gender relations and sex-
linked biology to health differences between males and females depend on
the specific health outcome under consideration. In some instances,
sex-linked biology is the sole determinant of a health outcome—for ex-
ample gonadal digenesis among women with Turner’s syndrome (due to X-
monosomy). In other instances, gender relations account substantially for
observed gender differentials for a given health outcome—for example the
higher prevalence of needle-stick injuries among female compared to male
health care workers, which is in turn attributed to the gender segregation of
the health care workforce. The prevalence of HIV infection through needle-
stick injury is higher among female health care workers because the major-
ity of doctors are men, the majority of nurses and phlebotomists are women,
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and drawing blood is relegated to nurses and phlebotomists (who are mostly
women) (Ippolito et al., 1999).

In yet other instances, gender relations can act synergistically with sex-
linked biology to produce a health outcome. For example, the risk of hy-
pospadias is higher among male infants born to women exposed to poten-
tial endocrine-disrupting agents at work. In this example, maternal exposure
to the endocrine-disrupting agent (e.g., phthalates) arises because of gender
segregation in the labor market (e.g., exposure among hair-dressers who
are mainly women). Once exposure occurs, the risk of the outcome is
predicated on sex-linked biology and is different for women and men, as
well as for female and male fetuses, because only women can be pregnant,
and exposure can lead to the outcome (hypospadias) only among male
fetuses (all examples cited in Krieger, 2003).

Finally, in some instances, sex-linked biology can be obscured by the
influence of gender relations in producing health differentials between women
and men. For example, women’s lower risk of coronary heart disease (CHD)
prior to menopause often has been ascribed to the cardioprotective effects of
endogenous estrogens (a sex difference), but at the same time, the male/
female differential in heart disease also may reflect a diagnostic artifact; that
is, the underdetection of heart disease among women caused by an uncon-
scious bias among physicians to ascribe the symptoms of a real heart attack
among premenopausal women to some other disorder (a gender difference)
(McKinlay, 1996). Arber and colleagues (2006) demonstrated the presence
of such bias in a randomized experimental study involving video-vignettes
of a scripted consultation in which patients presented with standardized
symptoms of CHD. The videotaped consultations were identical in terms
of symptoms, but the patients’ gender, age (55 versus 75), class, and race
varied. A probability sample of 256 primary care doctors from the United
States and the United Kingdom viewed these video-vignettes and the results
demonstrated that the diagnosis and patient management decisions were
significantly affected by the patient’s gender. Women were asked fewer ques-
tions and received fewer diagnostic tests compared to men. The authors
found evidence of “gendered ageism,” in which middle-aged women present-
ing with classic symptoms of CHD were asked the least amount of questions
and prescribed the fewest CHD-related medications (Arber et al., 2006).

Besides the behavior of health care providers, a number of other social
processes are recognized as contributing to gender inequalities in health. At
the macro (or societal) level, these include the gender segregation of the
labor force (alluded to above) and gender discrimination. Gender segrega-
tion of the workforce and gender discrimination together contribute to the
persistence of the gender wage gap—that is the fact that women earn less
than men in paid employment (Reskin and Padavic, 1994). The gender
wage gap in turn contributes to the feminization of poverty. Women—
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particularly female heads of households—are over-represented among poor
households in virtually every society. The adverse health effects of poverty
(see Chapter 2 of this report) therefore fall disproportionately on women
and their children. At the societal level, indicators of women’s economic
autonomy or lack thereof (e.g., rates of poverty among women, the size of
the gender wage gap, and the proportion of women in managerial and
technical professions) have been shown to closely mirror women’s health
status (mortality and rates of disability) (Kawachi et al., 1999).

Within households, gender relations also are characterized by the un-
equal division of labor (e.g., care giving roles are more often assumed by
women), as well as by the unequal exercise of authority and power. Women
with paid work are more likely than men to engage in the “second shift”
(Hochschild, 1989), taking on responsibilities for childcare, housework,
and care giving. The stresses associated with care giving, particularly pro-
viding care for ill spouses, have been linked to adverse health outcomes,
such as cardiovascular disease (Lee et al., 2003).

Men and women differ biologically because their primary reproductive
hormones are different. Less well recognized are the sex differences in certain
aspects of immune function that stem from the fact that women and men face
different immune challenges. In women, but not in men, successful reproduc-
tion requires the support of “foreign bodies”—sperm and a developing fetus.
Moreover, as is the case for many other mammalian species, other aspects of
male and female biology also may differ because they have different roles in
caring for offspring or function in different ecological niches, thus reducing
parental competition. For example, a brief stressor mimicking a burrow
collapse results in a more pronounced long-term innate inflammatory re-
sponse in female rats than in male rats exposed to the same stressor (Hermes
et al., 2006). Given that females become aggressive during lactation and may
likely suffer from wounding, selection would favor those who can mount an
inflammatory response that is effective enough to enable them to survive at
least long enough to wean their nursing pups. Given that males do not behave
paternally in this species, a selection pressure at this juncture of the reproduc-
tive lifespan would not be as strong.

The central point is that sex differences in health and risk for disease
are not simply minor correlates of differences in reproductive hormones.
They also result from deeply embedded highly coordinated physiological
systems that have evolved to serve sex-specific functions. For example,
women must have sufficient energy reserves to sustain the huge metabolic
demands of pregnancy and lactation. Thus, it is not surprising to see sex
differences in energy metabolism. In men, insulin functions as a negative
feedback signal in the regulation of fat metabolism, reducing body fat, but
this does not occur in women, where it serves to conserve women’s fat
stores (Hallschmid et al., 2004). Sex hormones have both genomic and
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nongenomic effects on the accumulation, distribution, and metabolism of
adipose tissue, including the regulation of leptin (Mayes and Watson, 2004).
Leptin has long-term effects on the regulation of body weight, mediated
through appetite, energy expenditure and body temperature. Marked sex
differences can be seen in levels of leptin, which in men (but not women) are
associated with hypertension (Sheu et al., 1999). Moreover, leptin stimu-
lates cellular components of innate immunity, stimulating T-cells, mac-
rophages, and neutrophils, as well as preventing the programmed cell death
of neutrophils (apoptosis) (Bruno et al., 2005). Indeed, leptin is increased
during infections. Thus, fat metabolism and immune functions are differen-
tially controlled in men and women, and the implications for disease risk
and treatment are only now beginning to be explored.

In recent years, there has been an increased focus on understanding the
differences and similarities between females and males at the societal level
(i.e., behaviors, lifestyles, environment), at the level of the whole organism,
and at the cellular and molecular levels (IOM, 2001) (see Table 5-1). There
is, of course, huge variation in the degree of overlap in the physical traits of
men and women. Sexual dimorphism is typically reserved for traits for
which the difference is relatively large, such as height (population overlap
of one standard deviation—10 percent of men are smaller than the average
woman), while smaller differences are typically termed as sexually differen-
tiated, such as hand shape (Williams et al., 2000).

A significant number of studies have documented the differences be-
tween sexes across the lifespan. Genetic and physiological make up, in
addition to an individual’s personal experiences and interactions with the
environment, can play a large part in observed sex differences such as
varying incidence and severity of disease. This may be the result of differ-
ences in exposure to the risk factors, the routes of exposure and processing
of a foreign agent, and cellular responses to the body. Differences cannot
simply be attributed to hormones. Sex affects behavior, perception, and
health in multiple complex ways. Differences in the sex chromosomes are
but one factor, although a significant one for a small number of diseases
influenced by gene dosage (i.e., specific to the X chromosome), or for genes
found only on the Y chromosome (IOM, 2001).

In order to understand the impact of sex/gender on health, it will be
necessary to deeply appreciate that it is not a simple categorical variable,
ultimately definable by the presence or absence of the Y chromosome. Rather,
it is a multifaceted variable, biologically, psychologically and socially, with
each facet having different effects on health and risk for disease. Each facet is
oriented along dimensions that typically covary so strongly that many assume
that they are inseparable (see the typical phenotypes of sex/gender in Table 5-
1). However, there can be variance, if not sex reversals, along a given dimen-
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TABLE 5-1 The Independent Dimensions of Sex/Gender in Humans
Typical Phenotypes

7 Dimensions of Sex
Differences Female Male Variants

Genetic XX XY XO (Turner Syndrome),
XYY (Kleinfelter
Syndrome), XY′ (Y
deletions), genetic mosaics

Gonadal Ovary Testis Streak gonads, ovatestis

Hormone Profiles Estrogens > Androgens > Androgen receptors with
androgens estrogens low binding affinity,

adrenal androgens

Reproductive Tract Uterus, fallo- Vas deferens, True hermaphrodite
pian tubes prostate (hemiuterus), fused

mullarian ducts

External Genitalia Labia, clitoris Scrotum, Hypospadia, microphallus,
penis vaginal agenesis and

hypoplasia

Secondary Sex Breasts Beard Gynecomastia, hirsute
Characteristics

Anatomy and Wide pelvis Tall, fast- Such variables typically
Metabolism inlet and outlet, twich mus- are continuous, as is

abdominal fat, cles, low height; thus, variants
delayed neutro- cardiac levels typically have values
phil apoptosis of heat shock in the range typical of

protein 27 the opposite sex

Gender Identity I am a woman I am a man Turnim man, third gender,
guevodoces, intersex

Sexual Orientation Men erotic Women erotic Homosexuality, lesbian,
bisexuality

Sex Role Primary care- Construction Such variables are typically
giver worker, continuous, as is parental
homemaker firefighter care, and so variants are

typically having values in
the range typical of the
opposite sex

Psychological Verbal fluency, Visuospatial Such psychological
Processes: emotional reasoning, processes typically are
Cognition, Emotion, intelligence, physical continuous, as is verbal
Social Styles social aggression fluency; thus, variants

aggression typically have values in the
range typical of the
opposite sex

xxx
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sion without comparable variation in the others. This disassociation clearly
demonstrates their independence. Thus, future research on the impact of
interactions among social, behavioral, and genetic factors on health must
determine which of these facets and dimensions contribute directly to sex
differences in health and which are merely correlates.

An example helps to illustrate human variation. There are XY individu-
als with a genetic variant of the androgen receptor who are unambiguously
heterosexual women and who are engaged in feminine social roles ranging
from actresses to Olympic athletes. They have testes and hormone levels
higher than those of pubertal boys. But, because their androgen receptors
do not bind androgen, their genitalia, secondary sex characteristics, and
musculature are fully differentiated as women. Until the Olympic commit-
tee changed its definition of sex from genetic to hormonal sex, such women
had to compete as men. These women share the health risk of gonadal
cancer, and typically their testes—their source of estrogens—are removed.
However, their social roles—as actresses or Olympic athletes, for example—
are better predictors of cardiovascular health and risk for muscle injury.

Moreover, sex/gender differences in health represent another arena that
demonstrates powerfully that taking only a statistical approach to the prob-
lem of gene-environment interactions, and simply dividing variance in health
into main effects and interactions, blinds researchers to the multitude of
inseparable gene-environment interactions that have co-evolved to enable
survival and successful reproduction. An excellent model for conducting
research on development in dynamic terms was put forth in the National
Research Council/Institute of Medicine (NRC/IOM) report entitled From
Neurons to Neighborhoods: The Science of Early Childhood Development
(2000).

The constructs of race and ethnicity, which have similar limitations and
complexity as sex and gender, are explored in the following section.

RACE/ETHNICITY

Unlike sex, race is not firmly biologically based but rather is a “con-
struct of human variability based on perceived differences in biology, physi-
cal appearance, and behavior” (IOM, 1999). According to Shields and
colleagues (2005),

with the exception of the health disparities context, in which self-
identified race remains a socially important metric, race should be avoid-
ed or used with caution and clarification, as its meaning encompasses
both ancestry . . . and ethnicity . . .
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Both race and ethnicity can be potent predictors for disease risk; how-
ever, it is important to emphasize the distinction between correlation and
causation and to explore interactions among factors, while rejecting a uni-
directional model that moves from genotype to phenotype.

With the increased attention being given to racial disparities in health,
the definition of race has come under increased scientific scrutiny. Race
continues to be one of the most politically charged subjects in American
life, because its associated sociocultural component often has led to catego-
rizations that have been misleading and inappropriately used (Kittles and
Weiss, 2003). Definitions of race involve descriptions that are embedded in
cultural as well as biological factors, and a careful distinction must be made
between race as a statistical risk factor and as causal genetic variables
(Kittles and Weiss, 2003). Thus, genetics cannot provide a single all-
purpose human classification scheme that will be adequate for addressing
all of the multifaceted dimensions of health differentials. It may be found
that some alleles associated with destructive or protective factors related to
disease and health are created, modified, or triggered by cultural and con-
textual factors.

Race also is notoriously difficult to define and is inconsistently reported
in the literature and in self-reports. Self-report has been the classic measure
for race and is still reliable in some cases given certain caveats. The useful-
ness of the data derived from self-reports of race in health research, how-
ever, has been the subject of much debate (Risch et al., 2002; Cooper et al.,
2003; Burchard et al., 2003). In 2003, Burchard and colleagues wrote the
following:

Excessive focus on racial or ethnic differences runs the risk of undervalu-
ing the great diversity that exists among persons within groups. However,
this risk needs to be weighed against the fact that in epidemiologic and
clinical research, racial and ethnic categories are useful for generating and
exploring hypotheses about environmental and genetic risk factors, as
well as interactions between risk factors, for important medical outcomes.
Erecting barriers to the collection of information such as race and ethnic
background may provide protection against the aforementioned risks;
however, it will simultaneously retard progress in biomedical research and
limit the effectiveness of clinical decision-making.

Although there are requirements for reporting race in specific catego-
ries in federally sponsored research, the Office of Management and Budget
directive that set out this requirement notes that these are not scientific
categories. The National Institutes of Health (NIH) has reiterated that
researchers should collect any additional data that would be more useful or
appropriate for their specific projects. Researchers would advance our un-
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derstanding of race and ethnicity by addressing factors that are related to
race such as geographic area of ancestry or by providing greater detail
about ancestors. In the 2000 Census, less than 3 percent (6.8 million) of the
total population reported being of mixed race, and 7 percent of these 6.8
million people reported a heritage that included 3 or more races (Grieco and
Cassidy, 2001). However, even those who report one race may have very
complex backgrounds in terms of geography. For example, a black American
could have origins in East Africa, West Africa, North Africa, or the Caribbean.

NIH has prescribed that all research projects will involve a good faith
effort to include minorities when appropriate. By requiring funded research
to make appropriate accommodations for minority subject recruitment,
NIH has encouraged scientists to begin to consider issues of race, ethnicity,
and culture in research as never before. Some of the emphasis on learning
more about minority populations arises from the acknowledgement of the
stark disparities in health when comparisons are made across racial groups.

Health Disparities and Race

Disadvantages in health exist for many groups such as Pacific Islanders,
Hispanics, and Native Americans, when compared to Caucasians. Asians
on many accounts are found to have more positive health profiles but are
not without disadvantages in comparison with Caucasians (Whitfield et al.,
2002). Literature on health disparities has documented African American/
Caucasian differences in major causes of death such as hypertension, diabe-
tes, fatal stroke, and heart disease. The gap in health seems to be greatest
between the ages of 51 and 63 (Hayward et al., 2000). Despite the 30-year
trend toward convergence, the age-adjusted mortality rate from all causes
of death for African Americans remains 1.3 times greater than that of
Caucasians. This differential produces a life expectancy gap between Afri-
can Americans and Caucasians of 5.3 years for men and 4.4 years for
women (Hoyert et al., 2006). Furthermore, it also appears that African
Americans are less likely to survive to middle age, and if they do, they are
more likely to have health problems (Hayward et al., 2000).

Health disparities are a major public health concern and are a major
emphasis of research across the country and across many disciplines. Ge-
netic, social, and behavioral studies have shown that there are a large
number of correlated differences across ethnic groups at the genetic, cul-
tural, and environmental levels. From a methodological point of view, any
comparison across ethnic groups from a single disciplinary vantage point
will have a tremendous confounding issue. It is only by studying the mul-
tiple levels and risk factors simultaneously within subgroups (defined by
ethnicity, geography, genetic backgrounds, and exposures to the environ-
ment) that we will begin to understand how specific combinations of envi-
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ronmental factors combine with specific combinations of genetic factors to
give rise to health differences.

Race and Genetic Variation

Geographic origin, patterns of migration, selection, and historic events
can lead to development of populations with very different genetic allele
frequencies. Historically, to the extent that barriers such as large deserts or
bodies of water, high mountains, or major cultural factors impeded com-
munication and interaction of people, mating was restricted within group,
producing genetic marker differences and thus, differences in the presence
of specific disease-related alleles (see Box 5-1) (Kittles and Weiss, 2003). In
line with this, Burchard and colleagues (2003) found that population ge-
netic research of the last 20 years shows that the largest genetic differences
occur between groups separated by continents. However, an analysis
of 134 meta-analyses of genetic association studies by Ioannidis et al.
(2004) found “at least 85% of genetic variation is accounted for by within-
population interindividual differences, not by differences between groups.”

Claims about correlations among genetic variation and race vary widely.
Self-identified race/ethnicity corresponds highly to genetic cluster categories
according to Tang and colleagues (2005); of the 3,636 individuals studied,
less than 1 percent exhibited differences between their self-identified race/
ethnicity and genetic cluster membership. However Bamshad (2005) in his
review of the literature suggests that while genetic ancestry and geographic
ancestry are correlated, race and genetic ancestry is only modestly related.

Research into differences among population groups often uses single
nucleotide polymorphism (SNP) markers to identify phenotypic variation.
SNPs may affect a given phenotype at multiple levels so that a given protein
is altered in its sequence, in its proper place in the organism, and in its
proper development time. A codon may be altered that leads to protein
with an altered amino acid sequence which results in either an inactive or a
hyperactive form of the protein in every cell where the protein is expressed.
A part of the promoter may be altered such that a protein is absent in some
of its normal tissues but not in others or is present in the wrong tissue or at
the wrong time. An mRNA splice site may be altered such that protein
isoforms are inappropriately expressed in a given tissue. A target sequence
may be altered leading to aberrant targeting of the protein to cellular com-
partments. An untranslated sequence in the 3′-end of the gene may be
altered to give a longer or shorter period of existence for a given mRNA.
Finally, an epigenetic mechanism may be altered leading to changes in
developmental timing of a particular protein.

Due to evolutionary history, sequence is more highly conserved in cod-
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ing regions when compared to noncoding regions. This feature creates the
following situation in the genetic research of traits of great importance for
public health: the interactions of SNPs with environment will be subtle and
so will require large studies comprised of large cohorts carefully phenotyped
for large numbers of environmental factors and genotyped for thousands of
SNPs. Yet another challenge facing investigation using SNPs is that the bulk
of SNPs found are not located in the conserved coding regions. Coordina-
tion of researchers involved in studies of humans, of other mammalian
systems, of protein biochemistry and site-directed mutagenesis, and of cel-
lular biology will be required to understand the interaction of genes and

BOX 5-1
The Importance of Ancestral Origin

Despite the complexities and care that must be taken in attributing phenotypic
differences to genetic differences among races, much may be gained by focusing
on disorders that occur more frequently within a well-defined population. Ethnic
groups or groups that share common ancestry have the same total frequency of
genetic disorders (Clayton-Smith and Donnai, 2002; Rimoin et al., 2002). Howev-
er, each differs in the frequency of different specific genetic disorders, which may
have occurred through a variety of mechanisms, such as founder effects and bot-
tlenecks. One of these mechanisms is natural selection, when heterozygotes have
a selective advantage. In the homozygous state, however, these alleles lead to
deleterious disorders. For example, sickle cell disease is thought to occur with high
frequency in populations originating in Africa where malaria is common, because
the heterozygotes are relatively resistant to malaria.

By studying these diseases within the populations in which they are most com-
mon, it has been possible to identify the genes responsible for some of these
disorders, knowledge that can then be used to alter the incidence of disease. Ex-
citing outgrowths of these investigations would be the development of genotype-
specific prevention strategies and the eventual development of disease-specific
treatments to benefit affected individuals—although the possibility of incomplete
penetrance always must be considered, especially for complex diseases.

For example, in addition to having a shared religion, a cultural heritage, an oral
tradition, and a written language, Jews also share a common gene pool, dating
back to their common origins almost 4,000 years ago. Although the frequency of
genetic diseases in general is no greater in Jews than in any other ethnic group,
this shared genetic background has resulted in certain hereditary diseases occur-
ring at a higher frequency in individuals of Jewish ancestry (Abel, 2001). Because
of the historical migrations of Jews out of Israel over the millennia and the subse-
quent centuries of long geographic separation of segments of the Jewish commu-
nity, there are disorders that are more common among certain subgroups within
the Jewish community; such as Ashkenazi, Sephardi, and Persian.
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environment required to make an impact on public health in the United
States.1

The use of SNPs also may aid in understanding variations in health
outcomes among racial/ethnic groups. Using a sample that included a small
number (less than 50 each) of African Americans, Hispanics, Asians, and
Europeans, Smith et al. (2001) found that distribution of genetic variants

• Diseases, such as Tay-Sachs disease and Gaucher disease, are relatively
common among Ashkenazi Jews. Many other less common disorders (Bloom syn-
drome, Familial Dysautonomia, Niemann Pick disease and Canavan’s syndrome)
also occur at higher incidence in individuals with a European Jewish heritage
(Kaback, 2001; Brady, 2006).

• More common among other branches of Jewish people is Familial Mediterra-
nean Fever and Beta-thalassemia in Sephardic Jews, while Persian Jews experi-
ence Inclusion Body Myopathy more often (Shohat et al., 1992; Zeharia et al., 2005).

• Of more far-reaching clinical impact is the recognition that several of the
most common diseases of mankind are seen at a high frequency within Jewish
families, and within Jewish families there are characteristic molecular genetic
markers for these diseases. Among these are coronary artery disease, inflamma-
tory bowel disease (ulcerative colitis and Crohn’s disease), diabetes, and certain
forms of cancer, such as breast and colon cancer (McClain et al., 2005).

Screening for carriers of Tay-Sachs disease has virtually eliminated this once
common and devastating disorder among Jews. Research into the biochemical
basis of Gaucher disease has led to enzyme replacement therapy, which is of
enormous benefit to affected individuals. Testing the relatives of individuals with
genetic disorders (such as cystic fibrosis or Canavan’s disease) can help prevent
the recurrence of these disorders in the family. Screening for mutations associated
with breast cancer has relieved the anxiety of many women who have seen their
female relatives develop cancer and has allowed for more careful follow-up of
those who are at higher risk. Additional research will undoubtedly lead to more
effective screening and treatment programs for other disorders that affect Jewish
families (McGinness and Kaback, 2002).

Other subpopulations have higher frequencies of certain diseases that have
strong genetic contributions. Cystic fibrosis is more common in the Scots and Irish,
while thalassemias are more prevalent in Mediterranean populations. Hemochroma-
tosis is associated with a mutant allele (C282Y) that is found in all European groups
and at especially high frequency (8 to 10 percent) in northern Europeans, but it is
virtually absent in non-Caucasian groups (Merryweather-Clarke et al., 2000).

1The committee would like to thank Kent Taylor, Ph.D., Associate Director, Genotyping
Laboratory, Medical Genetics Institute at Cedars Sinai Medical Center for his explication of
SNP variation.
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showed a median difference of 15 to 20 percent at both the microsatellite
and SNP markers. Additionally, 10 percent of all markers showed a differ-
ence of 40 percent or more. To the extent that findings from this study
reflect the larger population, one would hypothesize that an allele with 20
percent or greater frequency in one racial group would also be found in
another racial group, while those with a frequency below 20 percent would
most likely be race-specific.

According to Burchard (2003), “race-specificity of variants is particu-
larly common among Africans, who display greater genetic variability than
other racial groups and have a larger number of low-frequency alleles.”
Burchard concludes that variation among racial groups in the occurrence of
variant alleles underlying disease or normal phenotypes may lead to differ-
ences in occurrence of the phenotypes themselves. For example, in some
studies of hypertension, variation of SNPs at different allelic frequencies
from one population to another suggest that higher rates of hypertension
found in African Americans may be related to the alternations in DNA that
vary by group (Cui et al., 2003; Erlich et al., 2003). Prior to drawing
conclusions, however, one must consider alternative explanations that in-
clude gene-environment interactions as possible contributors to observed
disparities (Whitfield and McClearn, 2005).

Arguments that genetic factors cannot be a major cause of health dis-
parities arise out of a paradigm of genetic research that focuses on indepen-
dent effects of genetics. Research on health disparities is an important
opportunity to integrate biological knowledge with social and behavioral
knowledge in order to better understand the determinants of disease. Social
factors are certainly key contributors, but there is evidence that those fac-
tors do not account for all health differences (Braun, 2002). Conversely,
solely focusing on molecular genetics ignores the dynamic nature of popu-
lations of DNA and the complex relationships among genes, organisms,
and environment.

Considerable literature exists concerning how environmental processes,
events, and circumstances contribute to development and behavior in ways
that influence health as well. Some of these environmental factors are nega-
tive and are found to be more prevalent in the development of minorities.
Some research suggests that African Americans may experience events and
circumstances that have sociocultural origins that significantly influence
development over the life course (Levine, 1982; Spencer et al., 1985;
McLoyd and Randolph, 1985; Jackson, 1985; Jackson and Chatters, 1986).
These sociocultural influences contribute to differences between racial
groups as well as to differences between individuals within groups (Krauss,
1980; Levine, 1982; Jackson and Chatters, 1986). Sources of individual
differences in health and behavior in African Americans have implications
for the quality of late life as well as quantity of late life (years of life
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remaining). The multiple jeopardy hypothesis, for example, holds that nega-
tive environmental, social, and economic conditions during the early years
of life for African Americans detrimentally affect social, psychological, and
biological conditions in late life (Jackson, 1989). Although this hypothesis
attempts to explain health differentials experienced by African Americans
relative to Caucasians, it is critical to remember that there is considerable
individual variability in these conditions within the African American popu-
lation and within other minority populations.

In the search for the environmental origins of health differentials among
ethnic groups, much of the earlier research focused on behaviors and social
structures (NRC, 2001). The complexity of variables within racial groups
presents challenges to identifying single, simple causes for poor health
among racial/ethnic minorities. For example, environmental and behavioral
variability among Hispanics evinces similarities and differences among its
subgroups. This racial/ethnic (Hispanic) category consists of people from
more than 20 different origins, but the people share a common language.
Conversely, the groups within the Hispanic category significantly differ in
their regional concentrations in the United States (e.g., Mexicans in the
Southwest, Puerto Ricans in the Northeast, and Cubans in the Southeast)
(NRC, 2001). In the United States, a significant relationship between race/
ethnicity and foreign birth status also is found (NRC, 2001). Contrasts
between immigrants and their U.S.-born peers suggest an advantage in
health status to those who are foreign born (Singh and Yu, 1996; Hummer
et al., 1999), at least until they become oriented to American culture. Then
the advantage decreases (Vega and Amaro, 1994).

Perhaps the most studied social variable in the search for environmental
origins of health differentials is socioeconomic status (SES) (see Chapter 2).
For example, substantial differences exist between African Americans and
Caucasian Americans with regard to their socioeconomic position. Thus,
according to the U.S. Census Bureau’s Current Population Survey (DeNavas
et al., 2005), the median income for African American households was
$30,134 in 2004 (the latest year for which data are available), compared to
$48,977 among non-Hispanic Caucasian Americans. Poverty rates among
African American households are nearly three times as high (24.7 percent in
2004), compared to Caucasian households (8.6 percent). Comparing house-
holds reporting similar levels of income, African American households report
substantially lower levels of net wealth compared to Caucasian Americans
(Conley, 1999). These differences in income and wealth are partly attribut-
able to differences in average educational attainment when comparing Afri-
can Americans (17.6 percent of whom reported having bachelor’s degree or
higher in 2004) to Caucasian Americans (30.6 percent of whom had a
bachelor’s degree or higher) (U.S. Census Bureau, 2005). Racial differences in
intergenerational transfers of wealth, the growth of home equity over time,
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and access to federal programs that facilitated home ownership after World
War II have played an even larger role in racial disparities in wealth over time
(Oliver and Shapiro, 1997). African Americans also report higher levels of
uninsurance (19.7 percent in 2004) compared to Caucasian Americans (11.3
percent) (DeNavas et al., 2005).

Research reveals that these socioeconomic differences between races
account for a substantial portion of the racial disparity in health outcomes
(IOM, 2000). At the same time, adjusting for socioeconomic differences
does not completely eliminate racial disparities for all health outcomes
(e.g., infant mortality). In other words, there is an independent contribution
of racial/ethnic status to disparities in specific health outcomes. These re-
sidual health differences may result from the adverse health consequences
of perceived discrimination for African Americans (IOM, 2000), from po-
tential differences in biological susceptibility to disease, and/or from gene-
environment interactions.

A universal finding is that people with higher indices of SES (education,
income, and occupational grade) have lower mortality rates and lower rates
of most diseases. However, more research is needed on how particular
markers of SES show linear or nonlinear effects on health status (NRC,
2001). These gradients will be critical to understand in examining how
genetic influences vary in social environments.

One of the future and formidable challenges to using the information
ascertained from adding genetic information to examinations of health differ-
entials is to gain an understanding of the underlying effect genes have on
health within these complex environments. It may be found that the polymor-
phisms that occur in genotypes are destructive or protective factors related to
disease and health that are created, modified, or triggered by cultural and
contextual factors (Whitfield, 2005; Whitfield and McClearn, 2005).

CONCLUSION

Sex-linked biology and gender relations, as well as the concepts of race
and ethnicity, require conceptual clarity in order to determine the interac-
tive influences of each in giving rise to health differentials. To narrowly
focus on such concepts impedes an appreciation of the rich variety among
humans, however attention must be given to these and other categories in
order to conduct meaningful research assessing the impact on health of
interactions among social, behavioral, and genetic factors. For example,
although a consistent genetic effect across racial groups can result in genetic
variants with a common biological effect, that effect can be modified by
both environmental exposures and the overall admixture of the population.
The challenge is to parse out how health outcomes are influenced by genetic
variations, behavioral and cultural practices, and social environments inde-
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pendently and as they interact with each others, while recognizing that sex,
gender, race, and ethnicity may play important roles in their own right and
because of their social meanings.
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6

Embedded Relationships Among Social,
Behavioral, and Genetic Factors

Over the past several decades, there has been an exponential increase in
our understanding of the social, behavioral, and genetic components of
health and disease. Accompanying that understanding is a need to more
fully connect and integrate knowledge across all levels of these determi-
nants of health. Such integration will provide a better understanding of
how social factors are translated into physiological effects on cellular re-
sponses, including changes in gene expression. Likewise, the genomics revo-
lution, catalyzed by the Human Genome Project, has stimulated wide-
spread interest in how genetic variations may influence human behavior
and response to social factors.

The previous chapters have implicitly used a linear, if not hierarchical,
model to describe the strengths of and lacunae in our current understanding
of reciprocal interactions among the various levels of organization: social
factors, individual behavior and experience, physiological systems, and gene
function. In this chapter we explore how future work must recognize that
such a linear approach does not fully reflect the integrated nature of the
social and physical environment and gene function that is the salient feature
of biological systems. Instead, we must use a variety of models in order to
address the fact that rarely is there a one-to-one relationship between genes
and a trait.

Indeed, with only ~30,000 genes in the human genome, most genes are
likely to serve different functions at different times and in different environ-
ments (McClintock et al., 2005). Moreover, the selection of our genome
occurred when our ancestors migrated, through the interaction with differ-
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ent social and physical environments. This affected not only their life-span
trajectories, fertility, health, and disease and survival rates, but also those of
their children and grandchildren (see Chapter 5 for additional discussion).
Thus information in the genome is inextricably linked with the cellular,
physiological, psychological, social, and physical environments in which it
functions over a lifetime, and many of these nongenetic factors are passed
on to subsequent generations.

One of the limitations of a purely hierarchical perspective to integrating
knowledge across levels is that, in reality, the effects of variation at any one
level (e.g., gene, gene transcript, protein, metabolite, or tissue) are actually
embedded in another level and are not simply “underneath” or “above” the
other level. A well-established hierarchy is illustrated by the ways in which
DNA is transcribed into messenger RNA, which is then translated into
protein, which in turn is appropriately folded and chemically modified in
order to perform a specific function in protein complexes. Conversely, an
example of the complex, nonhierarchical, and embedded nature of biologi-
cal information is the fact that some DNA variations affect transcription
but are not found in the messenger RNA; other variants are transcribed and
affect translation but are not found in the translated protein; and still others
are transcribed, translated, and ultimately affect protein function. The fol-
lowing subsections further illustrate this concept and its implications for
assessing the impact of associations and interactions among social, behav-
ioral, and genetic factors on health.

THINKING FROM THE BOTTOM UP:
GENOMIC INFORMATION INFLUENCING GENE EXPRESSION

The Human Genome Project and many other international efforts have
been focused on understanding the nature of the genome and its variations.
Millions of single nucleotide polymorphisms (SNPs) have been identified
(e.g., see dbSNP from the National Center for Biotechnology Informa-
tion1), and investigators around the world are engaged in performing ge-
netic association studies in order to better understand the influences of
these variations on measures of health and disease. It is well known that
genetic variations within a gene can alter its expression both quantitatively
and qualitatively. For example, mutations within the promoter region of a
gene can influence when, where, and how much a particular gene is ex-
pressed (i.e., transcribed in messenger RNA). Currently, most gene expres-
sion studies ignore individual-level variation in gene expression due to
genetic variation. However, over the past few years several landmark stud-

1See www.bioinfo.org.cn/relative/dbSNP%20Home%20Page.htm.
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ies in humans have shown that genetic variation within a gene can have
profound effects on gene expression. In a study by Lo et al. (2003), allele-
specific expression of 602 transcribed SNPs was examined, and 54 percent
of genes showed preferential expression of one allele over another. At least
25 percent of the 602 transcribed SNPs showed more than a four-fold
difference in expression between the two alleles. Cheung et al. (2005) have
demonstrated that the expression level of genes is highly heritable in hu-
mans and map onto different regions of the genome. In a small study of 14
pedigrees, variation in more than 1,000 genes expressed in human lympho-
cyte cell lines (out of 3,554 genes examined) was significantly heritable and
linked to regions of the genome. Further, they found that only 374 of these
1,000 genes with heritable expression patterns showed evidence of possible
mutations in their own gene region that directly affected transcription lev-
els. Using a genome-wide association approach with >770,000 SNPs,
Cheung et al. (2005) found 27 genes with the greatest evidence of inherited
expression patterns could be divided into 2 approximately equal subsets—
those with SNP associations in their genomic region (cis-effects) and those
with SNP associations on different chromosomes (trans-effects). Functional
analysis using allele-specific binding assays (HaploChip assay) were then
used to confirm the results from the SNP association study. By utilizing
transcriptomic and genomic data simultaneously, new insights into the
causes of variability in gene expression are being discovered. This type of
research (discussed in the following sections) could be very beneficial to
understanding why some people in a population have adverse responses to
environmental exposures while others do not.

Transcriptomics Technologies

Transcriptomics is a term used to describe the genome-wide measure-
ment of mRNA transcripts in a particular tissue or cell line. The two main
technologies used for genome-wide measurements of gene expression
(mRNA expression) are DNA microarrays and serial analysis of gene ex-
pression (SAGE). In DNA microarray technology, thousands of known
DNA sequences are bound systematically to a solid platform, and mRNA
that has been extracted from a particular sample (and fluorescently labeled)
is then hybridized to the DNA sequences. In contrast, SAGE is a high-
throughput technology based on the sequencing of short sequence tags
within each mRNA transcript found within a particular tissue. It provides a
method of directly sampling the population of mRNAs in a cell rather than
being restricted to preselected gene transcripts that have been placed on a
chip. A number of important issues have been identified involving the
reproducibility and standardization associated with these technologies and
the massive datasets they produce. Progress in data quality and data sharing
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has been facilitated in large part by the creation of the Minimum Informa-
tion About a Microarray Experiment guidelines by the Microarray Gene
Expression Data Society (Brazma et al., 2001; Ball et al., 2002a; Ball et al.,
2002b; Ball et al., 2004a; Ball et al., 2004b). The tremendous emphasis on
data sharing of transcriptomic studies has been a major asset to the scien-
tific community, both as a source of independent data that can be used as a
means of validating results in diverse sample populations and in cross-
species comparisons. It also has stimulated the development of new knowl-
edge about global patterns of gene expression that are associated with
particular cellular systems (Malek et al., 2002; Stuart et al., 2003).

The field of transcriptomics also has catalyzed the development of
many novel statistical and pattern recognition methods, as researchers ini-
tially struggled to analyze massive amounts of data to identify genes whose
expression profiles were found to be altered, co-regulated, or representative
of key pathways thought to be activated by environmental exposures. Clus-
ter analysis has been one commonly used tool for multidimensional visual-
ization and the discernment of underlying subgroups of individuals with
similar expression profiles (reviewed by Brun et al., 2004). Network models
and supervised machine learning algorithms also have been important in
generating new insights about key pathways in disease development or even
predicting disease outcomes using these high-dimensional data. Through
advances in bioinformatics it is now possible to merge gene expression data
with additional data sources in order to aid the investigative process. For
example, the hundreds of genes found to be associated with a disease or
environmental exposure in a transcriptomic study can easily be linked to
PubMed abstracts or the associated Medical Subject Heading terms (Jenssen
et al., 2001; Fink et al., 2003; Doniger et al., 2003; Djebbari et al., 2005).
Likewise, merging gene expression results with SNP databases, genetic link-
age databases, epigenetic information on imprinting, comparative genomic
hybridization arrays, proteomic databases, and metabolic pathway data-
bases provides an unparalleled opportunity for integration across the levels
of the molecular universe that characterizes our human biology. For ex-
ample, the Gene Ontology Project (www.geneontology.org) attempts to
classify gene products, assigning proteins to groups specifying their molecu-
lar function, the biological process to which they contribute, and their
cellular component (Ashburner et al., 2000). Similarly, using Enzyme Com-
mission numbers, genes can be mapped to metabolic and signaling pathway
databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(www.genome.ad.jp/kegg) (Kanehisa, 2002). In general, microarray tech-
nology is an incredibly powerful tool used to investigate complex gene
expression relationships on a genome-wide scale, and it likely will be in-
valuable in assessing the relationships among social, behavioral, and ge-
netic factors as they relate to health and disease.
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Epigenetic Phenomenon

Epigenesis originated as a term to describe the processes in embryonic
development that transforms the undifferentiated cells in the newly fertil-
ized egg into a complex, multitissue organism. Today, it is used in a much
broader sense to represent everything from the general concept of the forces
that shape how an individual’s genotype gives rise to a particular phenotype
(Waddington, 1957; Petronis, 2003) to the specific molecular mechanisms
by which cells differentiate, age, change metabolic functions, or even trans-
form into cancerous cells (Jablonka and Lamb, 2002). The most well-
known mechanism for the epigenetic regulation of cell phenotypes is DNA
methylation, which turns off a gene or gene region (i.e., keeps it from being
expressed) by changing the chemical structure of the DNA (Jaenisch and
Bird, 2003). Many different factors can affect the methylation pattern of
genes and thus affect their expression. For example, as a normal part of
human development genes are turned on and off using methylation pro-
cesses stimulated by other gene products in the embryo, fetus, newly born
infant, child, adolescent, and aging adult. Environmental factors such as
infection and diet are also known to affect gene methylation. For example,
the work of Waterland and Jirtle (2004) suggests that prenatal and postna-
tal nutrition can have long-lasting epigenetic effects on an adult’s predispo-
sition to obesity, cardiovascular disease (CVD), type 2 diabetes, and cancer.
Rett syndrome is an example of a clinical syndrome typified by mental
retardation and autistic-like behaviors that arises through the failure of
these methylation processes (Shahbazian and Zoghbi, 2002).

In addition to the growing body of research on the environmental and
developmental factors that affect epigenesis, there also is evidence that
epigenetic patterns of gene expression may be inherited and can affect
genetically inherited diseases. For example, through a process known as
genetic imprinting, the methylation pattern in a parent is passed onto off-
spring through the germline and in some cases this has been associated with
differential disease patterns.

In general, epigenetic phenomena are thought to govern a very wide
array of biological processes that determine how genotypes interact with
environmental factors in a complex, dynamic fashion to give rise to pheno-
typic variability both across individuals with the same genotype or same set
of environmental exposures as well as across a person’s lifetime. The ways
in which these epigenetic processes impart a kind of cellular memory of
activity and experience that is passed to daughter cells indicates that the
timing of particular environmental exposures may be key to the develop-
ment of particular diseases for individuals with particular genotypes. It also
has been suggested that this cellular memory may lead individuals to select
particular environments, thus creating a correlation between genotypes and
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environments (Carey, 2003; Gottesman and Hanson, 2005). From the
standpoint of assessing the associations and interactions among social, be-
havioral, and genetic factors, epigenetic processes are likely to play a major
role in determining how these seemingly disparate factors operate together
to give rise to the distribution of disease in a population. These processes
also are likely to explain differences in research results across studies or
populations when only simple single biomarkers or social indicators are
examined.

An increasing number of studies are starting to relate changes in DNA
methylation patterns to altered patterns of gene expression that are associ-
ated with disease risk (reviewed by Jones, 2005). These observations have
led to the development of technologies that are capable of scanning the
genome for altered patterns of DNA methylation (e.g., Kaminsky et al.,
2005). Nickel, cadmium, and xenobiotics (such as diethylstilbesterol or
DES) all have been shown to affect gene methylation (Sutherland and Costa,
2003; Bombail et al., 2004). Methylation, as a means of inhibiting gene
expression semi-permanently, means that some toxicological agents could
have permanent effects on the genomic capacity of the individual to adapt
to changing environments, including other toxic agents in their environ-
ment. CpG array-based technology is quickly advancing and now allows
for the simultaneous detection of altered DNA methylation, histone acety-
lation, and gene expression (Shi et al., 2003). As this field progresses, it will
be important to integrate epigenetic and genetic approaches in order to
better model the risk of disease caused by environmental toxicants. Models
of how to merge epigenotype and genotype information are now starting to
emerge (Bjornsson et al., 2004), and more theoretical, as well as applied,
work is needed in this area of toxicogenomics.

THINKING FROM THE BOTTOM UP: GENOMIC INFORMATION
EMBEDDED IN BIOCHEMICAL SYSTEMS

At the molecular level, SNPs are simple DNA substitutions of one A, T,
G, or C base in a DNA sequence for another. By knowing which portions of
the DNA sequence actually code for the protein sequence, it is possible to
predict whether a DNA sequence change (i.e., an SNP) will change the
sequence of the protein. If it does, then it is quite possible that the activity
of the protein will be altered and thus affect its metabolic or biochemical
functionality. Currently, there are 30,000 SNPs identified that alter the
DNA sequence of a gene in a way that alters the protein sequence it en-
codes. Approximately 60 percent of known genes have at least one SNP
with a frequency of 1 percent or greater that changes its protein sequence.
Moving our perspective to the level of biochemical and physiological sys-
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tems, it can be seen that these variations in protein sequence now constitute
a source of variation in the metabolic functionality of cellular and physi-
ological systems.

It may be helpful to consider this from the perspective of the human
population. With more than 6 million SNPs identified and each SNP giving
rise to 3 possible genotypes in the population, there are >36 million possible
genome types. Analogously, if 30,000 of these are translated into protein
sequence differences, there are >330,000 unique proteomes possible in the
population. This variation in proteome types will impact how social and
behavioral factors are translated into variation in health and disease. In
other words, many genomic variations are embedded in protein variations
that are embedded in variability in cellular and physiological systems. It
also should be noted that not all SNPs have a functional effect. Determining
whether a particular SNP is associated with a disease, that is, actually
having a biological effect, rather than being a correlate of the functional
polymorphism, currently is consuming much time and effort.

Proteomics Technologies

Proteomics is the study of the full collection of proteins that make up
our cellular and metabolic machinery. Because proteins are dynamically
created and turned over as a part of normal cellular processes, proteins
change in both quantity and activity depending on diet, stress, physical
activity, and other environmental exposures. Each protein may be present
in multiple chemically modified forms, and these protein modifications may
be more critical to its metabolic or biochemical function than the amount of
protein that is found in the cell (Mann and Jensen, 2003). Two major
approaches used to measure the large collection of proteins in cells are gel-
based proteomics and “shotgun” proteomics. In the gel-based approach,
proteins are first separated by electrophoresis and then further resolved by
another separation method (e.g., pH). Shotgun proteomic analysis involves
relatively random digestion of complex protein mixtures followed by mass
spectrometry analysis (Yates, 1998; Washburn et al., 2002). Another type
of proteome analysis that has attracted widespread attention is proteomic
profiling—a spectral profile of the proteins in a tissue or biofluid (e.g.,
serum)—using matrix-assisted laser desorption ionization-time of flight
mass (Chaurand et al., 1999; Petricoin et al., 2002; Villanueva et al., 2004).
The signals in these spectra contain hundreds or thousands of signals and
represent intact proteins, as well as protein fragments, that collectively
reflect the cellular protein machinery. This approach has been used for
discovering novel biomarkers of diseases, especially cancers, that could be
used for early detection (Conrads et al., 2004; Baggerly et al., 2005).
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Metabonomic Technologies

Metabonomics (also known as metabolomics) is the analysis of small
molecular products of biochemical and physiological processes. Since me-
tabolism is a highly complex, dynamic, and adaptive set of systems, mea-
surement of the metabonome, as well as proteomes and transcriptomes, is
expected to change in response to diet, stress, physical environment, circa-
dian rhythms, physical activity, developmental changes, and aging, as well
as during disease development. The range of metabolic molecules is quite
large, spanning from electrolytes to short-chain proteins to large lipid mol-
ecules or exogenous compounds (e.g., diet and drugs) that represent both
anabolic and catabolic processes from multiple tissues and organ systems.
The two main technologies for measuring the metabonome are nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry. Although
NMR has been used more extensively, mass spectrometry-based methods
have much greater sensitivity and can detect molecules at up to 10,000-fold
lower levels than NMR (Wilson et al., 2005; Brown et al., 2005). In some
cases, this level of sensitivity is necessary; however, in most cases it is
probably not needed. NMR spectra of urine contain thousands of signals
representing thousands of metabolites (Nicholson et al., 2002). Using pat-
tern recognition approaches, NMR spectra can be compared across samples
to identify distinguishing patterns that reflect differences in environmental
exposures. Given the current sophisticated algorithms for data processing
and analysis, it is possible to chemically identify most of the peaks in a
complex metabonomic spectra (Beckwith-Hall et al., 1998; Holmes et al.,
1998) and in some cases tissue-specific injury or disease (Azmi et al., 2002;
Griffin et al., 2004). By quantifying metabolite levels and mapping them
onto known metabolic pathways new inferences can be drawn about the
biochemical and cellular consequences of certain diseases (Griffin et al.,
2004). Interestingly, metabomonic studies also are raising awareness of the
important role that gut flora (estimated 1.5 kg/person) play in augmenting
normal metabolism and how they may be a significant source of metabolic
variability across individuals (Nicholson et al., 2005).

THINKING FROM THE TOP DOWN: SOCIAL FACTORS
INFLUENCING CELLS, TISSUES, AND PHYSIOLOGY

In contrast to the “bottom up” approach, in a “top down” approach,
external and human behavioral factors are mapped onto an individual’s
psychological response, which can then alter proteins, metabolites, and
physiological processes. In some cases, these factors can influence signal
transduction, which is a key pathway for modulating gene expression in
response to environmental signals. As discussed earlier, variation in the
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target gene may affect how the signal is translated into a change in gene
expression. This is a molecular example of gene-environment interaction.

One well-documented example of the top down approach of thinking is
the study of the pathways involved in the physiological effects of stress. The
direct connection between stress stimuli and the response of the neuroendo-
crine system was demonstrated by the work of Walter Cannon in the 1920s
(Cannon, 1932). The expression “fight or flight” was first used by Cannon
to illustrate the body’s primitive physiological responses to perceived threats
and other external stressors such as exposure to heat or cold.

The Effects of Stress

A vast body of research has been devoted to the study of the effects of
stress on many biological processes throughout the life course, including
CVD, immune function, and child development. Because psychologists,
physiologists, and the general public use the word stress in many varying
ways (Engle, 1985), there is no one agreed upon definition for the term.
Individual perceptions of stress and the resulting response to the stressor
depend on genetics, events that occur during early development, prior expe-
riences with the stressor, and behavior, such as lifestyle choices (McEwen
and Seeman, 1999). When using stress in relation to animals the term
typically is used to describe the body and brain’s various responses to the
presence of a threat that could compromise the physical or psychological
well-being of the animal (Selye, 1973; Selye, 1975). The complex physi-
ologic response to stress alters the natural priorities set by the body and can
result in substantial effects on normal health maintenance and development
(Johnson et al., 1992).

Brain structures that mediate stress response (e.g., hypothalamus and
brainstem) are also responsible for regulating vital body functions such as
heart rate, respiration, digestion, reproduction, growth and development,
sleep-wake cycles, and the establishment of energy stores in the absence of
stress. When presented with a threat that surpasses the limits of the body’s
available resources and capabilities, the brain initiates the intricate path-
ways and feedback loops of the hypothalamic-pituitary-adrenal system
(HPA). The HPA stimulates the production and release of steroid hor-
mones, such as glucocorticoids, and neurotransmitters, such as catechol-
amines. The release of cortisol, a glucocorticoid, and epinephrine, a cat-
echolamine that is also referred to as adrenaline, results in a multitude of
effects that allow for a quick protective response against the threat in the
short term, but have the potential for adverse effects if continued for an
extended period of time.

The presence of cortisol and epinephrine activates and potentiates some
biological processes of the body, while deactivating and dampening others.
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Important sympathetic nervous system responses elicited by increased levels
of cortisol and epinephrine include increased heart rate and respiration,
increased blood flow to muscles, mobilization of white blood cells in antici-
pation of injury, and the degradation of energy stores, thus increasing levels
of blood sugar. Increased levels of cortisol and epinephrine also suppress
blood flow to the digestive system, dampen immune responses involved
with fighting infection, and inhibit growth and reproductive hormones.
Neurological effects of these important neurochemicals include sharpening
vigilance and attention, while suppressing unnecessary short-term memory
and learning functions (IOM, 2000).

It has been postulated that exposure to stress at early life stages may have
effects on the stress response system that persist throughout the entire life
course. Meaney et al. (1996) used animal studies to demonstrate that infan-
tile rats exposed to short-term stress, such as handling, had decreased HPA
activity, thus depressing responses to stressors throughout the life course.
Conversely, rats exposed to prolonged stressors, such as maternal separation,
physical trauma, and administration of endotoxins, had increased HPA activ-
ity, thus exacerbating response to stressors throughout the life course.
In addition to these lasting HPA effects, increased levels of mRNA for
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP), ini-
tiators of the stress response, were observed in the hypothalamus. Evidence
from this study further indicated that exposure to stress early in life also
affects the gene expression of glucocorticoid receptors, explaining the high
levels of CRH and AVP, which are typically regulated through a negative-
feedback loop involving the glucocorticoid receptors. These findings indicate
that exposure to stress early in life can have monumental effects on the
development of the HPA system and future responsivity to stressors that are
presented throughout life (Meaney et al., 1996).

Chronic stress is implicated in many negative health outcomes that in-
clude diminished immune response, arthrosclerosis, resistance to glucocorti-
coids, and reproductive dysfunctions (Cavigelli and McClintock, 2003). Indi-
viduals exposed to chronic stress can suffer from allostatic load, which is the
accumulation of negative physiologic effects such as those listed above. It is
associated with persistent high levels of catecholamines and glucocorticoids,
as well as the continued struggle to achieve allostasis during times of chronic
stress exposure. Genes, early development, and behaviors such as diet and
exercise, and tobacco and alcohol use (see Chapter 4 for further discussions
of these behaviors) all contribute to an individual’s allostatic load (McEwen
and Seeman, 1999). In addition to allostatic load, Cavigelli and McClintock
(2003) found that individuals with naturally high levels of glucocorticoid
produced in response to stress also have decreased longevity.
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Stress and CVD

The deleterious effects of stress on CVD were clearly defined in the
1950s by Selye (1956). Since that time, substantial evidence has amassed
that supports the role of psychological factors in the etiology and progres-
sion of CVD. For example, Manuck et al. (1988) used animal studies to
illustrate an increased rate of atherosclerotic plaque buildup in individuals
with chronically high blood pressure and elevated levels of catecholamines
as a result of persistent socially stressful situations. The buildup of athero-
sclerotic plaque is a factor in the development or complication of CVD,
such as heart attack or stroke.

Another factor implicated in the risk of CVD is cholesterol. High blood
concentration of cholesterol and other lipids due to prolonged exposure to
stress can increase the risk of developing arthrosclerosis and the risks of
additional heart disease complications. Stoney et al. (1999a; 1999b) found
that levels of cholesterol in the blood varied according to the degree of
perceived stress, and operated independently of modifications to health
behaviors that are traditionally associated with cholesterol levels such as
diet and exercise. Studies of more mild exposure to stress for shorter dura-
tions have also revealed elevated levels of cholesterol, specifically low-
density lipoproteins, triglycerides, and other molecules associated with nega-
tive health outcomes and cardiovascular disease (Stoney et al., 1999a;
Stoney et al., 1999b). Traditionally it has been assumed that levels of
cholesterol in the blood are indirectly linked to chronic stress through the
direct effects stress has on health behavior (i.e., diet choices and physical
activity). However, Stoney has proposed a model of direct effect between
stress and lipid concentration. This new model hypothesizes that exposure
to short-term stressors that activate the sympathetic nervous system also
reduces lipase activity, the enzymes responsible for lipid metabolism and
storage, thus increasing the blood lipid level in times of stress (Stoney et al.,
1999a; Stoney et al., 1999b).

Stress and Immune Function

A considerable amount of evidence has established a relationship be-
tween stress and the suppression of certain aspects of the immune system.
It has also been determined that immune function during times of stress
can be mediated by different factors in humans. After performing a meta-
analysis of available literature, Herbert and Cohen (1993) determined for
example that duration of exposure to stress played an important role in
the level of the immune response. As previously mentioned, acute stress
has a protective immune response. This is exhibited by increased levels of
suppressor/cytotoxic T-cells. However, the presence of prolonged expo-
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sure diminishes levels of these important immune responders (Herbert
and Cohen, 1993). This study also evaluated the differences in immune
responses between objective stress and self-reported subjective stress.
When compared to self-reported stress, objective stress clearly had larger
alterations of immune system response in terms of measured levels of
natural killer (NK) cell activity and Immuglobulin A levels in saliva
(Herbert and Cohen, 1993).

Finally, the study analyzed whether stress originating from interper-
sonal/social situations had more of an impact on immune response than
stress that was the result of nonsocial factors. Despite the inconclusive
findings about which stress resulted in a greater immune response, it ap-
pears that social and nonsocial stressors induce different types of immune
responses. Stress related to social experiences resulted in changes in the
helper-to-suppressor ratio as well as the percent of suppressor/cytotoxic T
in the blood, while nonsocial stressors elicited changes in the number B-
cells and T-cells present and the percentage of helper T-cells in the blood
(Herbert and Cohen, 1993).

A specific example of stress altering immune responses comes from
animal studies conducted by Stefanski et al. (2005) that examined levels of
serum immune cells and corticosterones in response to pregnancy and so-
cial stress. Under normal circumstances and in the absence of stress, levels
of corticosterones gradually increased throughout the pregnancy, while
levels of immune cells such as specific T-cells—CD4 CD4 T, CD8 T—
B-cells, and lymphocyte proliferation, continually decreased. When con-
fronted with daily social stressors throughout the course of pregnancy,
levels of corticosterones drastically increased, while levels of immune cells
such as NK cells, B-cells, and lymphocyte proliferation were all substan-
tially reduced (Stefanski et al., 2005) (see Chapter 7 for a more extensive
discussion of animal models in relation to stress response).

In addition to the negative health outcomes associated with stress and
the immune response, evidence shows that both positive and negative emo-
tional styles can also affect one’s susceptibility to viral infection. Cohen et
al. (2003) found a dose-response relationship between exhibiting a positive
emotional style (i.e., feelings of happiness and being relaxed) and the risk of
developing a cold after a systematic laboratory exposure to the virus.

Child Development

By the time young children reach one year of age, stress-mediating
brain structures such as the amygdala are fully matured and allow children
to experience fear, anxiety, and stress. Late infancy is marked by the natu-
ral stress response of fear when confronted by unfamiliar people (Bronson,
1971; Waters et al., 1975) and the response of anxiety when removed from
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the presence of recognizable caregivers (Ainsworth and Bell, 1970; Sroufe,
1979). These likely responses to short-term stressors play an important
part in the emotional development of children and are not expected to
have long-term adverse effects. However, as previously mentioned, stress
responses inhibit normal growth and developmental processes that are an
essential part of a healthy childhood, thus long-term or repeated expo-
sures to stressors is likely to have negative effects on normal development
(IOM, 2000).

Animal studies show that infants are particularly susceptible to stress-
ful events, such as neglect, that have the potential to permanently alter the
HPA system, resulting in hyperactive stress responses (Meaney et al., 1996;
Denenberg, 1999). Decreased maternal attention such as licking and groom-
ing have also been implicated in the development of more stress-reactive
animals (Liu et al., 1997). Introducing an infant that is genetically predis-
posed to be more stress-reactive into the care of an adoptive mother that is
genetically predisposed to be less stress-reactive causes the infant to develop
with a higher than expected stress tolerance, implying a role of nurture in
addition to the genetic predisposition that determines the characteristics of
stress response.

Primate studies demonstrate the importance of maternal presence dur-
ing early life stages. Monkeys that are separated from their biological moth-
ers at a very young age and reared with a cloth surrogate, but provided with
daily peer interactions, are less socially inept than monkeys reared in com-
plete isolation. However, the monkeys reared with the cloth surrogate still
produce a number of physiological indicators that point toward anxiety
and fear (Suomi, 1991). When faced with stress, these animals produce
higher levels of stress response neurochemicals such as glucocorticoids and
catecholamines. Other studies indicate that monkeys reared without a cloth
surrogate and only in the presence of infant peers exhibit parallel hyperac-
tive stress responses to those reared with the surrogate (Champoux et al.,
1989; Champoux et al., 1992).

As discussed, early life inputs, such as maternal presence and attention,
can be crucial to the normal development of the stress response system as
children grow into adults. These key inputs can keep stress response activity
in check and result in the maturation of a response system that is capable of
rapidly shutting down responses when the stressor has been removed. How-
ever, lack of this positive input can create a system that is hyperactive and
unable to modulate responses to stimuli (NRC/IOM, 2000).

The 2000 National Research Council/Institute of Medicine report, From
Neurons to Neighborhoods: The Science of Early Childood Development,
highlights the importance and difficulty of crossing between disciplines to
understand the multiple factors that influence early childhood develop-
ment. The report recommends pursuing integrative science that includes:

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


122 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

a) understanding how experience is incorporated into the developing
nervous system and how the boundaries are determined that differentiate
deprivation from sufficiency and sufficiency from enrichment; b) under-
standing how biological processes, including neurochemical and neu-
roendocrine factors, interact with environmental influences to affect the
development of complex behaviors, including self-regulatory capacities,
prosocial or anti-social tendencies, planning and sustained attention,
and adaptive responses to stress; c) describing the dynamics of gene-
environmental interactions that underlie the development of behavior
and contribute to differential susceptibility to risk and capacity for resil-
ience; and d) elucidating the mechanism that underlie nonoptimal birth
outcomes and developmental disabilities (NRC/IOM, 2000).

MOLECULAR MECHANISMS OF
GENE-ENVIRONMENT INTERACTION

From a molecular perspective, gene-environment interaction can mean
different things to different researchers. For example, gene-environment
interaction could refer to the regulation of gene transcription (i.e., gene
expression) by signals from the environment binding to appropriate cell
surface receptors and stimulating a signal transduction pathway that carries
the molecular signal into the nucleus and eventually binding to the DNA in
the promoter region of the gene to stimulate or inhibit its expression. In this
case, environmental variation will increase variation in gene expression.
From another perspective, gene-environment interaction could refer to how
a DNA mutation in the gene alters its expression in response to the environ-
ment. In this case, genetic variation is contributing to variation in gene
expression even in the absence of environmental variation. From a third
perspective, gene-environment interactions occur when a DNA mutation
changes the protein sequence encoded by a gene and the altered protein has
a different activity than the nonmutant and acts differently when perform-
ing its role in a system that is processing an environmental factor. In this
case, the molecularly embedded genetic information in the protein isoforms
carried by the individual is translated into metabolic features that represent
a gene-environment interaction.

Our understanding of the molecular mechanisms of gene-environment
interactions are likely to continue to expand as the “omic” technologies
deliver more insight into the high-dimensional microcosms that self-
organize into the macro properties of human biology that have been fine
tuned to adapt to social, behavioral, and physical environments.
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THE NEED FOR SYSTEMS APPROACHES

The preceding sections of this chapter described many different levels
and agents of influence on health ranging from the social to the genomic to
the chemical. One of the most important contributions of the research of
the past few decades, climaxing for geneticists with the Human Genome
Project, is that it is pushing scientists toward a more holistic view of human
biology. As scientists try to put the pieces of the puzzle together, the natural
step beyond examining single agents of health and disease is to move to-
ward a systems view. Recently, there has been a resurgence in the amount
of attention that has been given to systems biology because of the vast
amount of data that can now be collected at the genomic, transcriptomic,
proteomic, and metabolomic levels. However, systems theories and meth-
ods have a long tradition in science. The development of path analysis by
Sewall Wright in the 1940s—a correlational approach—was one of the first
attempts at studying states and relationships among many variables in
order to understand the whole. This work more recently has evolved to use
the sophisticated statistical method called Structural Equation Modeling
(Hoyle, 1995; Maruyama, 1997), which has been used successfully in the
behavioral and social sciences. The development of a general systems theory
approach by Bertalanffy (1968) to describe dynamical systems catalyzed
the development of new methods of analysis such as Biochemical System
Theory (Savageau, 1976) and Metabolic Control Theory (Kacser and Burns,
1973). Arthur Guyton’s work using control theory to model the regulation
of physiological systems (Guyton, 1976) is another important example of
the use of systems concepts to model wholes from parts.

In attempting to build bridges between social, behavioral, and genetic
information about health and disease, investing in new systems approaches
is likely to yield many new insights in areas of investigations such as how
small nonlinear effects result in significant health outcomes. One of the
most difficult aspects of integrating this knowledge into a systems approach
is that the information is organized somewhat but not exactly hierarchi-
cally. For example, a traditional hierarchical view of biology looks some-
thing like this: DNA → mRNA → protein → protein interactions → meta-
bolic pathway → metabolic networks → cells → tissues → organs →
organisms → populations → ecologies. However, there also is feedback
from the ecology to the organism to metabolic pathways to the DNA,
which does not strictly follow the same pathways. Biological information
has several important features: it operates on multiple hierarchical levels of
organization at the same time and thus is indeed embedded. It is processed
in complex networks. These information networks are typically robust,
such that many single perturbations will not greatly affect them. There are
key nodes in the network where perturbations may have profound effects;
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these offer powerful targets for the understanding and manipulation of the
system (Ideker et al., 2001). The central task of a systems approach is to
(a) comprehensively gather information from each of the distinct levels, (b)
examine relationships among the agents of the system, (c) hypothesize sys-
tem topologies, (d) integrate data into predictive mathematical models of
the system, (e) test predictions, and (f) identify key regulatory signals and
relationships where intervention could stimulate new outcomes.

There are a growing number of publicly available molecular databases
and systems analysis software programs that could be used for initiating
systems modeling of social, behavioral, and genetic interactions. For in-
stance, the Database of Interacting Proteins (Xenarios et al., 2001), the
Biomolecular Interaction Network Database (Bader et al., 2001), and the
Munich Information Center for Protein Sequences of the German National
Center for Environment and Health (Mewes et al., 1999) contain search-
able catalogs of known protein-protein interactions; the Transcription Fac-
tors Database (Wingender et al., 2000) and The Promoter Database of
Saccharomyces cerevisiae (Zhu and Zhang, 1999) catalog interactions be-
tween proteins and DNA (i.e., transcription factor interactions), and data-
bases of metabolic pathways also recently have been established (e.g.,
EcoCyc [Karp et al., 2000], KEGG [Ogata et al., 1999], and What Is There
[Selkov et al., 1998]). A growing number of databases are also under devel-
opment for storing the now sizeable number of mRNA-expression datasets
(Ermolaeva et al., 1998; Stoeckert et al., 1999; Hawkins et al., 1999;
Ringwald et al., 2000; Aach et al., 2000); companies, such as Affymetrix,
Rosetta, Spotfire, Informax, Incyte, Gene Logic, and Silicon Genetics, mar-
ket gene-expression databases commercially. Notably lacking from this list,
however, are repositories of information on the behavioral and social com-
ponents of the system. Work toward developing publicly available informa-
tion on these levels could open up significant possibilities for the computer
modeling of health outcomes.

The development and practice of systems approaches to model social,
behavioral, and genetic interactions involves a number of requirements that
will pose particular challenges for researchers. These include: (a) bridging
disciplinary and language barriers encountered by teams of social scientists,
behavioral scientists, molecular biologists, geneticists, and computational
scientists; (b) the need for high-throughput facilities for molecular tech-
nologies, such as DNA sequencing, DNA arrays, genotyping, proteomics,
metabonomics, and tissue arrays; (c) a lack of integrated public health,
medical, and biological informatics systems; (d) the need to develop novel
analytical tools and efficient, powerful computational infrastructures; (e) a
lack of integration of discovery-driven and hypothesis-driven science; and
(f) the need to develop diverse partnerships among academia, community,
industry, and government.
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To address these challenges and advance our understanding of
the complex contributions to health of social, behavioral, and genetic fac-
tors, it becomes imperative to move toward conducting research that
assesses the interactions of these variables (see Chapter 8 for a detailed
discussion of interactions). Therefore, the committee makes the following
recommendations:

Recommendation 1: Conduct Transdisciplinary, Collaborative Re-
search. The National Institutes of Health (NIH) should develop
Requests for Applications (RFAs) to study the impact on health of
interactions among social, behavioral, and genetic factors and their
interactive pathways (i.e., physiological). Such transdisciplinary re-
search should involve the genuine collaboration of social, behav-
ioral, and genetic scientists. Genuine collaboration is essential for
the identification, incorporation, analysis, and interpretation of the
multiple variables used.

Recommendation 2: Measure Key Variables Over the Life Course
and Within the Context of Culture. The NIH should develop RFAs
for studies of interactions that incorporate measurement, over the
life course and within the context of culture, of key variables in the
important domains of social, behavioral, and genetic factors.

Essential social variables include educational attainment, income and
wealth, occupational status, social networks/social support, and the work
conditions that have been linked consistently and robustly to health out-
comes. Behavioral and psychological variables include tobacco/alcohol/drug
use, eating behavior, physical activity, temperament, perceived stress and
coping, perceived social support, emotional state, and motivation. Essential
genetic factors include the DNA sequence variation, structural chromo-
somal changes, gene expression, epigenetic modifications, and downstream
targets of gene expression. Physiological measures should consider relevant
hormones, neurotransmitters, signaling molecules, and cell types that serve
as transducing mechanisms between the social world and genetics. Further-
more, candidate physiological measures should be selected that recognize
biological and clinical relevance; practical application in the context of
large-scale field studies; interactions among multiple physiological systems
that are traditionally compartmentalized (e.g., the nervous system, the en-
docrine system, and the immune system); intracellular pathways that medi-
ate the interaction between gene function and physiological systems; and
the role of a given physiological measure in multiple biological systems.
Finally, because of the complexity encountered in variables related to sex/
gender and race/ethnicity, such variables must be considered and analyzed
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from a variety of perspectives, including social, cultural, psychological,
historical, political, genetic, and geographic/ancestral.

Additionally, as discussed previously and in Chapter 8, the study of
interactions will require new modeling strategies, the use of profiling ap-
proaches, and the conduct of research in diverse groups and settings. There-
fore, the committee proposes the following recommendations:

Recommendation 3: Develop and Implement New Modeling Strat-
egies to Build More Comprehensive, Predictive Models of Etio-
logically Heterogeneous Disease. The NIH should emphasize re-
search aimed at developing and implementing such models (e.g.,
pattern recognition, multivariate statistics, and systems-oriented
approaches) for incorporating social, behavioral, and genetic fac-
tors and their interactive pathways (i.e., physiological) in testable
models within populations, clinical settings, or animal studies.

Recommendation 4: Investigate Biological Signatures. Researchers
should use genomic, transcriptomic, proteomic, metabonomic, and
other high-dimensional molecular approaches to discover new con-
stellations of genetic factors, biomarkers, and mediating systems
through which interactions with social environment and behavior
influence health.

Recommendation 5: Conduct Research in Diverse Groups and
Settings. The NIH should encourage research on the impact of
interactions among social, behavioral, and genetic factors and their
interactive pathways (i.e., physiological) on health that empha-
sizes diversity in groups and settings. Furthermore, NIH should
support efforts to ensure that the findings of such research are
validated by replication in independent studies, translated to pa-
tient-oriented research, conducted and applied in the context of
public health, and used to design preventive and therapeutic
approaches.

Transdisciplinary research assessing the impact on health of interac-
tions among social, behavioral, and genetic factors has the potential to
bring to the fore new understanding of disease risk. Such an understanding
could lead to the development of more effective interventions and, ulti-
mately, to improved health for individuals and populations. This research
provides an exciting opportunity to advance our understanding and our
impact on improving health.
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7

Animal Models

ROLE OF ANIMAL MODELS1

Rationale

Most studies identifying gene-environment interactions that are risk
factors for disease in humans rely on observational studies of naturally
occurring genetic polymorphisms and environmental variability. These cor-
relational research designs, although a rich source of testable hypotheses,
cannot provide definitive evidence for the causal effects of genes, environ-
ments, or their interaction. Basic research using animal models is a feasible
way to establish causal relationships in the reciprocal interactions among
social, behavioral, and genetic contributors to health and disease. Thus,
animal studies are an important complement to clinical and community-
based research.

Specifically, animal models can be used to conduct studies for which
different aspects of social, behavioral, and genetic factors can be controlled
or standardized to a significantly larger extent than can be done in human
studies. Animal models enable the manipulation of single variables or spe-
cific groups of variables in a highly controlled context. In some cases,
animal models provide opportunities to establish causality through studies
examining the temporal sequence of events or studies involving the removal

1The commissioned paper submitted by Steve W. Cole was used in the preparation of this
chapter.
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followed by the add-back of hypothesized mediators. Such controlled re-
moval and add-back can be achieved at the genetic, protein, physiological,
behavioral, or social-environment level. Animal models also allow for inva-
sive examination of organ, tissue, and region-specific mechanisms at the
physiological, cellular, and molecular levels. Also animals with short repro-
ductive cycles and life spans provide an invaluable tool for conducting
developmental and life-span studies, and animal models enable the conduct
of breeding experiments and genetic manipulation that facilitate the eluci-
dation of inherited traits and genetic effects.

Strategies for Linking Animal and Human Research

Modeling Known Interactions and Diseases in Humans

Animal research can serve as models of gene-environment interactions
and diseases identified in humans. In the case of social control of disease
processes, the choice of species to be studied depends on the level of social
interactions that needs to be examined. For example, rodent models can
demonstrate how differences in social status, population density, or early
experiences interact with genetic makeup to affect susceptibility to disease
(e.g., examine effects of social factors in knockout or knockin animals [or
inbred strains] that differ in susceptibility to infection, cancer, autoimmu-
nity). The advantages of rodent models include significant control over
genetic, physiological, behavioral, and social factors and relatively short
reproductive, developmental, and life cycles. They are amenable to studying
a variety of important psychosocial variables, including social isolation,
social relationships, attachment, parenting, temperament, and motivational
states.

However, nonhuman primate models, which offer limited control over
genetic factors and have a longer life span, may be best suited to examine
the consequences of more complex social factors, such as those involving
cooperation or trust. For example, after bouts of aggression, nonhuman
primates demonstrate reconciliatory behavior that is thought to be impor-
tant for maintaining cooperative social hierarchies (de Waal, 2000). Some
aspects of human behavior (e.g., optimism, hope, guilt) may be studied in
animals only when the investigator can demonstrate a robust animal model
with multiple behavioral paradigms as well as shared neural mechanisms.

In addition, animal models developed for traditional biomedical re-
search are also powerful models for studying the psychosocial modulation
of known mechanisms of specific human diseases. There are many animal
species, strains, and transgenic models developed through biomedical sci-
ence, that have been well characterized in terms of the genetic, molecular,
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and cellular processes underlying human disease. Studying these animals in
a variety of psychosocial paradigms, based on variables identified through
survey, epidemiological, and human experimental research, can test hy-
pothesized causal relations derived from correlational data in humans.

Fundamental Biology: Nontraditional Laboratory Animals

It is essential to study animals as evolved biological systems in which
surviving and reproducing in particular social and physical environments
have selected a constellation of interactions between social, behavioral,
physiological systems, and gene function. Doing so reveals insights and
principles that also underlie human health and disease but that are not
salient in the modern world or in a typical biomedical approach. Moreover,
ethology and evolutionary biology recognize that individual differences are
not necessarily just “noise,” but represent different evolved strategies for
survival in different contexts. Taking an ethological approach to variation
in strategies reveals the range of gene-environment interactions that occur
within species as they have evolved in their natural ethological and ecologi-
cal contexts.

Studies of deer mice (Peromyscus maniculatus), who live in highly
seasonal environments, reveal that function of the immune system requires
significant energy, so much so that during winter an animal trades off
entering puberty and becoming reproductive in order to sustain the ener-
getic requirements of fighting infectious disease (Prendergast and Nelson,
2001; Nelson, 2004). It is not the demands of the cold weather itself that
signals this trade-off, but rather the shortened days that precede seasonal
temperature change, allowing the animal to modulate relative balance of
immune function and reproduction in anticipation of the energetic de-
mands of winter.

In house sparrows, immune activity increases energy expenditure, illus-
trating the energetic costs of immune function that could otherwise be
deployed to growth (Martin et al., 2003). Such animal research, set in an
ecological context, provides a powerful animal model for such trade-offs in
humans. When social structure restricts resources and results in a popula-
tion living in an environment with a high pathogen load, slower growth can
result, as is the case of children in the lowlands of Bolivia. This presumably
happens because the allocation of energetic resources to immune function
has been diverted from growth (McDade, 2005). This dynamic interaction
between social access to energy stores, pathogen interaction, fat deposition,
and growth likely involves leptin, a pleiotropic molecule with cytokine
properties that is produced by fat cells during an inflammatory response
(Faggioni et al., 2001; Fantuzzi, 2005).
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Limitations and Power for Generalization to Humans

One danger in using animal models is “overspecifying” what is being
measured—that is, interpreting the animal’s behavior anthropomorphically,
without measuring different facets of the behavior in order to clearly dem-
onstrate what behavioral system is being measured. For example, claims are
made about genetic or brain mechanisms in spatial learning and intelligence
when mice perform well or show deficits in a Morris water maze. In this
task however, the mouse is required to do something it did not evolve
to do—swim. Moreover, while swimming to avoid drowning, this non-
aquatic species is required to navigate a circular pool to find a submerged
platform—again, an improbable scenario. In fact, performance in a Morris
water maze can be affected by the rodent’s ability to handle stress, degree of
thigmotaxis (the tendency to stay close to a solid surface), and the ability to
inhibit a fixed-action pattern (Day and Schallert, 1996). Thus, when an
enriched environment aids recovery from a stroke, measured by improved
performance in a Morris water maze, it is essential to determine which of
these behavioral systems is being affected and not assume that it is spatial
learning and cognitive performance, which is the most salient aspect of the
test to human investigators (Ronnback et al., 2005).

Conversely, it is also a mistake to assume that human psychosocial
traits that affect disease are uniquely human and that humans do not have
psychological processes in common with animals. This is an error com-
monly made when human psychological states are measured with verbal
accounts of subjective experience—for example, “I do not feel I have people
I can turn to for social support” or “I feel overwhelmed.” Such verbal
reports are certainly unique to humans, but nonetheless they are likely
based on psychological processes and behavioral traits that have common-
ality with animal systems, especially when their underlying neuroendocrine
mechanisms are similar. The parallel is readily accepted in nonemotional
domains. The study of human hunger utilizes self-reports: “I feel hungry”
or “I feel sated.” Yet, few question that animals are an excellent model for
teasing apart the diverse aspects of hunger and satiety as a motivational
state. Indeed, rodent models have been a powerful tool for teasing apart
multiple facets of hunger, ranging from taste, chewing, insulin, leptin, and
hypothalamic activity to gastrointestinal activity; there are far more inde-
pendent factors than have been intuitively obvious (White, 1986; Morley,
1990; Hall and Swithers-Mulvey, 1992; Williams et al., 2001; Changizi et
al., 2002; Oka et al., 2003). Thus, social animals can be powerful models of
psychosocial effects on disease and gene expression, enabling the identifica-
tion of transduction pathways from the social world to disease as well as
the multiple functions of such pathways. Even such seemingly unique hu-
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man social activities as making business decisions involve neuroendocrine
mechanisms conserved across mammals, if not other species (Morse, 2006).

DEFINITIONS FROM ANIMAL RESEARCH

Animal research has clarified concepts that are key to understanding
the effects of social environment on health and disease and gene function,
extending and moderating the conclusions based on epidemiological studies
in humans. These concepts include genetics, immune and neuroendocrine
function, causality, pleitropy, and life-span fitness.

Genetics

Genetics requires a broad conception that includes both functional
genomics (intra-individual changes in gene expression over time) and the
more traditional topic of structural polymorphism (interindividual varia-
tions in DNA sequence or epigenetic characteristics). This broad concep-
tualization is essential because social influences on gene transcription are
fairly well studied, while few studies have examined the relationships be-
tween social factors and genetic polymorphisms. That such effects exist is
likely because structural polymorphisms generally exert their effects in the
context of expressed genes.

Physiology: The Missing Link

An essential role of animal research is to test the relationship between
presumptive genetic influences (e.g., inferred from studies of heritability)
and defined genetic influences (e.g., effects attributable to the expression of
specific genes or epigenetic characteristics). The immune system includes
classical immune cells (e.g., leukocytes) as well as other cellular contexts
relevant to disease pathogenesis or host defense, such as somatic cells re-
sponding to pathogens through innate immune responses (e.g., “danger
signals” produced by Toll-like receptors, Type I interferon production).
The neuroendocrine system also is broadly defined to include not only true
neurally driven hormone production (e.g., hypothalamic-pituitary-adrenal
[HPA] axis), but also neuroeffector processes that do not necessarily in-
volve systemic hormone distribution (e.g., local effects of neurotransmitter
release from autonomic or sensory neurons or neuropeptides such as vaso-
pressin and oxytocin).

Part of the reason so few genetic determinants of immune response
currently are presently known may be an overly restrictive focus on “im-
mune system” genes. Polymorphisms in many “nonimmune” genes, which
are regulated by the psychosocial environment through physiological sys-
tems, may also influence leukocyte function and/or the pathogenesis of
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diseases involving immune or inflammatory components. For example, cat-
echolamines are known to influence several aspects of leukocyte function
(Sanders and Straub, 2002; Kavelaars, 2002), and polymorphisms in genes
encoding their alpha—and beta—adrenergic receptors are associated with
differential incidence of asthma, parasitic infections, and cardiovascular
disease (Ramsay et al., 1999; Ulbrecht et al., 2000; Ukkola et al., 2001;
Weiss, 2005; Thakkinstian et al., 2005; Lanfear et al., 2005). Glucocorti-
coids, another physiological system exquisitely sensitive to the psychosocial
environment, play a key role in regulating inflammatory gene expression
(Webster et al., 2002), and polymorphisms in the glucocorticoid receptor
gene (NR3C1) have been linked to cardiovascular and autoimmune disease
(Lin et al., 1999; Ukkola et al., 2001; Jiang et al., 2001; Dobson et al.,
2001; van Rossum et al., 2002; Lin et al., 2003).

Causality

Mediating and moderating variables often are inferred in human stud-
ies through multivariate statistical analysis (Baron and Kenny, 1986). A
moderating variable is one that changes the way an independent variable is
related to a dependent variable (e.g., sex differences in the relationship
between reported symptoms and risk for cardiac disease). A mediating
variable is one that statistically accounts for the association between an
independent and dependent variable in a study (e.g., cortisol levels may be
a better predictor of disease onset than feelings of stress). However, the
disease process may be mediated by autonomic tone, not measured in the
study, and not cortisol itself.

In the animal literature, however, these terms have more stringent crite-
ria. Studies demonstrate “mediation” only when a hypothesized intermedi-
ate factor has been experimentally manipulated to block the effects of some
upstream influence on a downstream outcome within a transitive causal
chain. “Moderation” is reserved for cases in which one variable is experi-
mentally manipulated to alter the causal effect of a second manipulated
variable on an observed outcome. A statistical interaction is not sufficient.
The strongest evidence for genetic moderation comes from studies in which
both genes and environment are experimentally manipulated, but few stud-
ies meet this criterion. Based on this fact alone, it can be concluded that
much remains to be learned about the interaction between genes and the
social environment in the context of immune system function and disease.

Context, Pleitropy, and Lifetime Fitness

Behavioral ecologists have elegantly and dramatically revealed that we
cannot expect human studies to reveal monolithic or simple linear relation-
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ships among social behavior, hormones, immune function, and disease. The
reality of surviving and reproducing over a lifetime in a changing environ-
ment has selected for genetic and physiological traits that are highly context
dependent. This is enabled in part by both genetic and physiological
pleitropy, where the same gene or molecule can have very different func-
tions in different physiological systems. For example, genes encoding for
the major histocompatibility complex produce a molecule that is involved
not only in the presentation of pathogen proteins to a T-cell, but also in
selection of mates, choice of communal nesting partners, and guiding neu-
rons in the development of the nervous system (Manning et al., 1992;
Jordan and Bruford, 1998; Huh et al., 2000; Jacob et al., 2002; Rock and
Shen, 2005). Social isolation in rats accelerates puberty, seemingly enhanc-
ing fertility and fitness in the young animal, yet it accelerates reproductive
senesce, reducing fitness when considered over the life span (LeFevre and
McClintock, 1991; Zehr et al., 2001).

A rich and rigorously tested example is the relationship between social
interactions, immune function, fertility, and fitness in side-blotched lizards
(Svensson et al., 2001). The females of this species have two genetic mor-
phs—one with yellow throats and the other with orange. In addition, throat
color is correlated with steroid hormones that have physiological pleitropic
effects on behavior and fertility. In both morphs, high population density,
and its attendant aggressive encounters and pathogen exposure, is associ-
ated with a decreased antibody production to an antigen.

One might assume, as is often is done in laboratory and human studies,
that the lower antibody production is associated with greater mortality and
lower fitness. In the field, however, this relationship to fitness (survival
after the female’s first clutch) is seen only in the yellow morphs; in the
orange morphs higher survival actually is associated with lower antibody
production. The orange morph is particularly sensitive to the energetic
costs of immune function, and at high densities it suppresses immunity as
well as disperses. That is, within a species, immune function is density
dependent. The orange morph invests in large clutches of eggs, consistent
with reduced investment in immunity, and their daughters have reduced
antibody production. The yellow morphs produce smaller clutches, and
their daughters have high antibody production.

This system has resulted in a strong correlation of traits driven by
different loci—that is throat color and antibody production. Because males
prefer to mate with females of the rare color morph at any given time, the
population of females oscillates between predominantly yellow and orange
morphs, each with a different relationship among antibody production,
reproductive strategies, and fitness. The relationship of social interactions,
genetics, and immunity in humans, with their exquisite adaptability to a
wide variety of environments and social structures, cannot be expected to
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be simpler. As research progresses, the concepts of genetic and physiologi-
cal pleitropy, context dependence, and taking a life-span perspective on
costs and benefits will be essential.

IDENTIFYING GENE-SOCIAL ENVIRONMENT INTERACTIONS
AFFECTING HEALTH AND DISEASE

Early Life Experience

Meaney et al. have conducted a comprehensive series of studies showing
that early life events, such as maternal separation, handling, or natural
variations in maternal care, induce long-term changes in endocrine and
behavioral responses to stress that are observed well into adulthood (Meaney,
2001). Using cross-fostering studies, these authors showed that changes in
both maternal behavior and stress reactivity can be transmitted through
nongenomic mechanisms across generations (Francis et al., 1999). More-
over, these authors also showed that the changes resulting from differences
in maternal care are due to “environmental programming” that permanently
alters gene expression and has downstream effects on stress-axis responsivity
(Meaney and Szyf, 2005). Such epigenetic programming of stress reactivity
is mediated by changes in hippocampal glucocorticoid receptor gene expres-
sion that are regulated by differences in maternal care and mediated by
methylation of the consensus sequence for the transcription factor NGFI-A,
which activates glucocorticoid receptor gene expression in the hippocampus
(Fish et al., 2004). Increased DNA methylation prevents NGFI-A binding to
the promoter for the glucocorticoid receptor gene and hence inhibits tran-
scription, ultimately reducing expression of hippocampal glucocorticoid
receptors (Fish et al., 2004). Reduced receptor levels result in reduced sensi-
tivity to corticosterone-mediated negative feedback, which may result in
increased and prolonged reactivity of the HPA axis.

These studies illustrate that socially relevant environmental and behav-
ioral factors can induce epigenetic changes in specific brain regions that
translate into long-lasting differences in stress reactivity. These experiments
provide an excellent example of the advantages that are found in the use of
animal models. Aspects of these findings are now being translated to hu-
man subjects (Pruessner et al., 2004). In addition, pre- and postnatal expo-
sure to social stressors has been shown to induce significant effects on social
and sexual behavior, endocrine responses, and brain sex steroid receptor
distribution in adulthood in guinea pigs (Kaiser et al., 2003; Kaiser and
Sachser, 2005), and prenatal social stress also has been shown to masculin-
ize female behavior in adulthood (Sachser and Kaiser, 1996).

It may be assumed from these studies that higher stress reactivity may
transfer into greater chronic stress burden, which is known to adversely
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affect immune function and health. Other studies also have shown that
early life experiences involving social stressors are related to increased alco-
hol consumption (Fahlke et al., 2000) and dysregulated immune responses
that last well into adulthood (Coe et al., 1989). However, some studies
indicate that early life stressors actually enhance certain measures of im-
mune function in adulthood (Coe et al., 1992). Nonhuman primate studies
also have shown that exposure to mild early life stressors strengthens emo-
tional and neuroendocrine stress responses in adulthood (Parker et al.,
2005). Therefore, animal and human studies are needed to further examine
the downstream psychophysiological and health consequences of variations
in maternal care and other aspects of early life experience and to determine
why factors such as early life stressors show adaptive effects in some studies
but maladaptive effects in others.

Temperament

The earliest indications that social factors might affect individual health
came from clinical observations of increased vulnerability to cancer and
infectious disease among “socially withdrawn” individuals. A surprisingly
large number of clinical studies have shown that socially inhibited or intro-
verted individuals are at increased risk for immune-mediated infectious
diseases, allergies, and hypersensitivity responses (Kagan et al., 1991; Cole
et al., 1997; Cole et al., 1999; Cohen et al., 2003; Cole et al., 2003). Studies
by Cavigelli and McClintock have demonstrated the long-term health con-
sequences in rats of differences in temperament, such as increased fear of
novelty (neophobia) and stress reactivity (Cavigelli and McClintock, 2003).
Neophobia was measured using a modification of the open field arena that
was designed to quantify an animal’s degree of locomotion and interaction
with novel objects. The authors showed that males from the same litter that
demonstrate a high degree of neophobia and corticosterone stress responses
to novelty during infancy maintain these characteristics as adults. They also
showed that the predominant cause of death is the development of tumors
in neophobic and neophilic animals, and that high neophobic males die
sooner than their low neophobic brothers. The authors suggest that in-
creased neuroendocrine reactivity of the high neophobic animals may be a
mechanism that contributes to increased mortality over the life span of the
animal. These studies demonstrate the usefulness of using rodent models
for conducting life-span studies.

Other studies of social and behavioral development have linked socially
inhibited behavior to individual differences in central nervous system infor-
mation processing, brain neurotransmitter activity, and reactivity of the
autonomic nervous system and HPA to social stimuli (Kagan et al., 1988;
Kalin et al., 1998; Miller et al., 1999; Byrne and Suomi, 2002; Schwartz et
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al., 2003; Cavigelli and McClintock, 2003; Kalin and Shelton, 2003). In
primate models, socially withdrawn behavior is a prospective risk factor for
increased simian immunodeficiency virus (SIV) pathogenesis following a
controlled viral challenge (Capitanio et al., 1999). Specific immune param-
eters mediating differential disease vulnerability have not been well defined
in humans. However, selective breeding of mice to enhance socially inhib-
ited behavior has been found to induce correlated reductions in natural
killer (NK) cell numbers and cytotoxic activity (Petitto et al., 1993; Petitto
et al., 1999), and decreases in T lymphocyte numbers, proliferative poten-
tial, and cyto-kine production (Petitto et al., 1994). Conversely, selective
breeding for immune responses (e.g., antibody production) can produce
correlated changes in social behavior (Vidal and Rama, 1994).

Social Isolation

Observational epidemiologic and clinical studies in humans have repeat-
edly found increased morbidity and mortality among people with limited
social contact (House, 2001; Hawkley and Cacioppo, 2003; Cacioppo and
Hawkley, 2003; Cohen, 2004) and those recently bereaved of close social
partners (Schaefer et al., 1995; Martikainen and Valkonen, 1996; Li et al.,
2003). Experimental evidence from human laboratory studies suggests that
social relationships protect health in part by decreasing neuroendocrine re-
sponses to exogenous threats (Uchino et al., 1996; Sachser et al., 1998).
Other behavioral mechanisms also may contribute to the health-protective
effects of social relationships, including economic support (e.g., facilitating
health care), reference group support for healthy behavior (e.g., discouraging
tobacco or heavy alcohol use), and behavioral assistance with health services
utilization (e.g., assistance in accessing treatment, adhering to medical regi-
mens). The relative contributions of behavioral versus neuroendocrine mecha-
nisms to isolation-linked health risks are not well understood in humans.
However, experimental manipulation of social contact in animal models can
alter long-term neuroendocrine function in ways that increase the risk of
organic disease (e.g., isolation enhances hormone production rates to in-
crease breast cancer incidence in social rodent models) (McClintock et al.,
2005). In observational human studies, subjective social isolation (loneliness)
has been linked to reduced vaccine-induced antibody responses and leuko-
cyte proliferative activity (Glaser et al., 1992; Pressman et al., 2005).

Social isolation, which generally consists of housing animals individu-
ally instead of in groups, has been used as a stressor (Angulo et al., 1991;
Chida et al., 2005). Isolation may indeed be stressful for animals that live in
groups in their natural environments. However, it is important to keep in
mind that some effects of isolation “stress” may be due to increased sensi-
tivity or reactivity of the animal to external stimuli (e.g., handling) when
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the animal is no longer accustomed to being around or near other animals.
Therefore, rather than or in addition to being a stressor itself, social isola-
tion may increase stress reactivity or stress responsivity, which may be a
potential confounder if it is not the focus of study.

Social Affiliation and Support

Studies using different species of voles have begun to elucidate genetic
and hormonal mechanisms mediating complex social behaviors such as
those involving monogamy versus polygamy (Young et al., 1998; Young et
al., 2001). Male prairie voles show increased partner preference for a fe-
male with whom they are paired following stressful conditions that result in
elevations of plasma corticosterone or following pharmacologically induced
increases in plasma corticosterone, with females showing the opposite ef-
fect of exposure to stress (DeVries et al., 1996). Vasopressin-1a receptor
(V1aR) gene transfer into the ventral forebrain region of male prairie voles
(a monogamous species) increases affiliative behavior and strengthens part-
ner preference (Pitkow et al., 2001). Interestingly, similar gene transfer into
the ventral forebrain region of meadow voles significantly increased partner
preference formation in this polygamous species (Lim et al., 2004), and
transfer of vole V1aR in the rat septum increased social discrimination and
social behavior in rats (Landgraf et al., 2003). In contrast, V1aR gene
knockout mice show deficits in social recognition and anxiety-related be-
havior (Bielsky et al., 2004). Moreover, variations in microsatellite seg-
ments in the 5’ region of the transcription start site for the V1aR gene
differs in terms of length and regulatory control of gene expression among
different individuals and is associated with individual differences in recep-
tor expression and behavioral characteristics (Hammock and Young, 2005).

These studies suggest that some complex social and behavioral traits
may be strongly modulated by changes in gene expression in critical areas
of the brain. Such differences in regulation and expression of genes, their
effects on social behavior, and ultimately on health, need to be investigated
further. Moreover, more complex models of social affiliation may come
from nonhuman primates that have been shown to demonstrate reconcilia-
tory behavior after aggressive encounters, which are thought to be impor-
tant for maintaining cooperative social hierarchies (de Waal, 2000).

Genetic Differences in Stress-Responsivity and
Susceptibility to Autoimmune Disease

Evidence suggests that three contributing factors result in susceptibility
to inflammatory and autoimmune disorders (Mason, 1991; Tsigos and
Chrousos, 1994; Sternberg, 1995; Wick et al., 1998; Ermann and Fathman,
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2001): First is the presence of host immune response genes which carry the
potential for autoimmunity. Second is exposure to a proinflammatory or
antigenic challenge (which may include infection) that initiates the cascade
of immune reactions that ultimately result in autoimmunity. Third is a
dysregulation of the immune response to which a deficiency in the HPA
axis responsivity is thought to contribute.

Studies have shown that hyporeactive stress responsivity can contribute
to increased susceptibility to autoimmune and proinflammatory disorders
(Mason et al., 1990; Sternberg et al., 1992a; Harbuz et al., 1997; Tonelli et
al., 2001; Sternberg, 2001; Webster et al., 2002; Harbuz et al., 2003). In a
series of seminal studies, Sternberg et al. (1989) showed that decreased
HPA axis reactivity to inflammatory stimuli results in increased susceptibil-
ity to experimental arthritis (Sternberg et al., 1989a; Sternberg et al., 1989b;
Sternberg et al., 1992b). These investigators studied the development of
streptococcal cell wall (SCW)-induced arthritis in female rats belonging to
the genetically related Lewis/N (LEW/N) and Fischer 344/N (F344/N)
strains (Sternberg and Wilder, 1989; Sternberg et al., 1989a; Sternberg et
al., 1989b; Webster et al., 2002). The F344/N strain is resistant to the
development of SCW-induced arthritis, while the LEW/N strain is suscep-
tible. Interestingly, the F344/N strain mounts a significantly greater corti-
costerone and adrenocorticotropin response than does the LEW/N strain
when challenged with a variety of stressors or with inflammatory mediators
such as SCW peptidoglycan polysaccharide or interleukin-1α (IL-1α)
(Sternberg et al., 1989a; Sternberg et al., 1989b; Dhabhar et al., 1995a).

Compared to the F344 strain, the Lewis strain shows a significantly
greater habituation or adaptation to an acute or chronic stressor (Dhabhar
et al., 1997). F344/N rats treated with the glucocorticoid receptor antago-
nist RU486 are rendered susceptible to SCW-induced arthritis, indicating
that they do carry the immune response genes with potential for triggering
autoimmunity (Sternberg et al., 1989a; Sternberg et al., 1989b). Conversely,
LEW rats treated with pharmacologic doses of dexamethasone become
completely resistant to the development of SCW-induced arthritis (Sternberg
et al., 1989a; Sternberg et al., 1989b). Furthermore, compared to Fischer
344 (F344) rats, adrenal steroid receptors in neural and immune tissues of
LEW rats show a significantly lower magnitude of activation in response to
stress-induced increases in plasma corticosterone (Dhabhar et al., 1993;
Dhabhar et al., 1995a). Thus, strain differences in plasma corticosterone
levels also are manifest as significant differences in the extent of activation
of corticosterone receptors in target tissues.

Experimental allergic encephalomyelitis (EAE) is another animal model
of an autoimmune disease in which a similar immunosuppressive role for
the HPA axis has been proposed (for reviews see Mason et al., 1990;
Mason, 1991; Whitacre et al., 1998). The Lewis strain shows a greater
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susceptibility to EAE (Mason, 1991). Similar correlations between HPA
axis hyporeactivity and susceptibility to autoimmune disease have been
observed for autoimmune conditions in chickens (Wick et al., 1998) and
mice (Lechner et al., 1996).

Complementing these animal studies, a series of elegantly conducted
clinical studies (Torpy and Chrousos, 1996; Buske-Kirschbaum and
Hellhammer, 2003) have shown that patients with atopic dermatitis (Buske-
Kirschbaum et al., 1997; Buske-Kirschbaum et al., 1998; Buske-Kirschbaum
et al., 2001) and asthma (Buske-Kirschbaum et al., 2003) show decreased
HPA axis reactivity. Studies of pediatric rheumatic diseases suggest a simi-
lar HPA axis deficiency coupled with other proinflammatory hormonal
biases (Chikanza et al., 2000). Differences in NK cell stress reactivity and
beta(2)-adrenoreceptor upregulation on peripheral blood mononuclear cells
have been observed in patients with systemic lupus erythematosus (Pawlak
et al., 1999). A more complex role for sympathetic nervous system involve-
ment in autoimmune disease also has been proposed (Kuis et al., 1996;
Kavelaars et al., 1998).

Social Status

Epidemiologic studies have repeatedly linked low social status with
increased disease risk and mortality rates (Adler et al., 1994; Adler and
Ostrove, 1999). Sapolsky has proposed that the magnitude of chronic stress
experienced by individuals of different ranks within a social hierarchy de-
pends on the individual’s personality as well as on the characteristics of
social organization, such as dominance style, stability of ranks, availability
of coping mechanisms, and ease of avoidance (for review see Sapolsky,
2005). Thus, despotic, top-down hierarchies maintained through aggres-
sion are more stressful for dominant animals, while those maintained
through psychological intimidation are more stressful for subordinate ani-
mals (Sapolsky, 2005). Egalitarian, bottom-up hierarchies in which domi-
nance is obtained through support from subordinate individuals are less
stressful for all members. Unstable hierarchies are more stressful for domi-
nant animals, while stable hierarchies can be more stressful for subordinate
animals that have less access to food and mates. Societies that have a high
availability of coping outlets (grooming, physical contact, coalition forma-
tion) are less stressful for all individuals, while those that have a low avail-
ability of coping outlets are more stressful for low-ranking individuals.
Habitats that allow subordinates to easily avoid dominants are less stress-
ful, while those that are not conducive to avoidance are generally more
stressful for subordinate animals.

This highlights the fact that captive habitats that are not designed to

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


ANIMAL MODELS 145

allow subordinates to “escape” may be particularly stressful. Personality
also is important in determining the influence of the social environment,
regardless of rank. Individuals who perceive and react to innocuous or
neutral situations as threatening and/or who are not able to muster social
support are likely to experience a greater stress burden (Sapolsky, 2005).
Regardless of rank, individuals who are chronically stressed as a result of
their social environment show higher basal glucocorticoid hormones levels,
enlarged adrenal glands, and reduced sensitivity of the HPA axis to negative
glucocorticoid feedback (Sapolsky et al., 1997; Sapolsky, 2005). Such stress
profiles have been associated with decreased levels of high-density lipopro-
tein cholesterol (Sapolsky and Mott, 1987) and decreased hippocampal
volume (Uno et al., 1989).

Studies also have shown that low social status in the context of an
experimental social stress paradigm is associated with a greater suscepti-
bility to experimental viral infection (Cohen et al., 1997). Studies by
Capitanio et al. have shown that social stressors that include separations
and housing relocation of macaques increase susceptibility to SIV
(Capitanio et al., 1998; Capitanio and Lerche, 1998) and that personality
characteristics of individual animals are related to stable HPA axis re-
sponse characteristics (Capitanio et al., 2004). However, other studies
have shown that exposure to mild early life stressors strengthens emo-
tional and neuroendocrine stress responses in adulthood (Parker et al.,
2005). Winslow and Insel showed that oxytocin, a neurohypophyseal
peptide that is thought to modulate many aspects of social behavior, has
different effects depending on the social status of pairs of male squirrel
monkeys. Central oxytocin administration results in increased sexual be-
havior and aggression in dominant males and in increased associative and
marking behaviors in subordinates (Winslow and Insel, 1991). It also has
been shown that individual differences in the promoter for the serotonin
transporter gene interact with early rearing conditions to affect behav-
ioral development (Champoux et al., 2002), HPA axis reactivity, and
vulnerability to alcoholism (Barr et al., 2004) in nonhuman primates.
Tree shrews, which are thought to provide a model for early primate
behavior, have been used to study chronic social stress, which is thought
to model depression in subordinate animals (Fuchs et al., 2001; Fuchs,
2005). It has been suggested that the rhesus monkey provides a particu-
larly attractive model for aging because of the similarities between human
and rhesus aging phenotypes and the close genetic relationship of this
species to humans (Roth et al., 2004). Therefore, nonhuman primate
models provide a significant resource for examining interactions among
social environment, behavior, and health outcomes. These models, al-
though more difficult to study than rodent models, may offer the closest
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approximation for humans. More research is needed to examine the health
consequences of chronic social stressors and the contribution of genetic
factors within these models.

Social Stressors

Rodent models of social stressors include visible burrow systems that
examine group housed animals under conditions that attempt to mimic
their natural habitats (Blanchard et al., 1995) and models that use cage-
housed animals to induce experimentally social confrontation (Stefanski et
al., 1996; Stefanski et al., 2005), social disruption (Avitsur et al., 2002a),
and social isolation (Sanchez et al., 1998). Using the visible burrow system,
which consists of groups of male and female rats housed in a semi-natural,
visible environment, the Blanchards and their colleagues have examined the
deleterious consequences of chronic social stress on numerous brain, behav-
ioral, and physiological parameters (for review see Blanchard et al., 2001).
These include differences between subordinate and dominant animals in
behavior (Blanchard et al., 1993), metabolism (Tamashiro et al., 2004),
HPA axis reactivity (Blanchard et al., 1995), hippocampal 5HT1A receptor
levels (McKittrick et al., 1995), and corticotropin releasing factor and argi-
nine vasopressin mRNA expression in the paraventricular hypothalamic
nucleus and amygdala (Albeck et al., 1997).

Stefanski and colleagues have used a rat model of social confrontation
that involves introducing intruder rats to cages of established pairs of ani-
mals (Stefanski et al., 1996; Stefanski, 2001). In this model the intruder is
attacked and generally defeated. The social confrontation is allowed to
proceed for hours to days, and the endocrine and immune consequences of
the defeated and undefeated animals are studied (Stefanski, 2001). Studies
have shown social confrontation induces a significant increase in suscepti-
bility to metastases of injected tumor cell lines (Stefanski and Ben-Eliyahu,
1996; Stefanski, 2001), changes in blood immune cell distribution (Stefanski
and Engler, 1998), T-cell maturation (Engler and Stefanski, 2003), and
circulating stress hormones (Stefanski, 2000).

Sheridan and colleagues have used a model of social disruption that
involves placing an aggressive retired male breeder in a cage of male mice
for several consecutive stress sessions. In this model, home cage animals are
attacked by the aggressive intruder and are frequently wounded. Animals
that show subordinate behavior are wounded to a larger extent (Avitsur et
al., 2001). Animals that show a subordinate behavioral profile also develop
glucocorticoid resistance, which is measured by their lipopolysaccharide
stimulated splenocyte proliferation index in vitro being resistant to suppres-
sion by corticosterone (Stark et al., 2001). These authors have shown that
this stressor also alters splenocyte distribution and function (Avitsur et al.,
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2002b) and increases tumor necrosis factor-alpha secretion from in vitro
lipopolysaccharide stimulated splenic macrophages (Avitsur et al., 2005).
The critical role of aggressive physical contact that often results in wound-
ing in this model of social stress is highlighted by studies that show that
only mice that are physically in contact with the intruder animals show the
development of splenocyte glucocorticoid resistance, which is the hallmark
immunological effect of this stressor (Bailey et al., 2004).

Another example of the impact of social environment involves the
Watanabe heritable hyperlipidemic rabbit, which has a genetic defect in
lipoprotein clearance. This defect results in severe atherosclerosis in rabbits
that are raised in isolation or in an unstable social situation in which
unfamiliar rabbits are paired daily. In contrast, when the rabbits are paired
stably with littermates across the period of the experiment, atherosclerosis
is greatly reduced (McCabe et al., 2002)—a result that demonstrates how a
positive social environment that provides increased support can ameliorate
the health-damaging effects of a particular genetic variant. A most interest-
ing parallel with this animal study finding is found in one of the studies
(Kaufman et al., 2004) that found increased depression among maltreated
children carrying the 5HTTLPR short allele: in those with higher quality
and availability of social supports the effect of the short allele to increase
depression levels was ameliorated.

Stress Pathways as Mediators of Social and Behavioral Effects on Health

Physiological stress responses involving neurotransmitters and hor-
mones are likely mediators of effects examined in almost all of the animal
models described above. Therefore, it is useful to understand the concept of
stress and the role that it plays in the particular model systems under
examination. Numerous definitions have been proposed for the word stress.
Each definition focuses on an aspect of an internal or external challenge,
disturbance, or stimulus; on perception of a stimulus by an organism; or on
a physiological response of the organism to the stimulus (McEwen, 2002;
Goldstein and McEwen, 2002; Sapolsky, 2004). Physical stressors have
been defined as external challenges to homeostasis and psychological stres-
sors as the “anticipation, justified or not, that a challenge to homeostasis
looms” (Sapolsky, 2005). An integrated definition states that stress is a
constellation of events, consisting of a stimulus (stressor) that precipitates a
reaction in the brain (stress perception) that activates physiologic fight or
flight systems in the body (stress response) (Dhabhar and McEwen, 1997).
The ultimate effector molecules of stress are the neurotransmitters and
hormones that are released during stress, the principle mediators being
norepinephrine, epinephrine, and cortisol.

It often is overlooked that a stress response has salubrious adaptive

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


148 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

effects in the short run (Dhabhar et al., 1995b; Dhabhar and McEwen,
1996) although stress can be harmful when it is long lasting (Dhabhar and
McEwen, 1997; McEwen, 1998; Glaser and Kiecolt-Glaser, 2005). There-
fore, important distinguishing characteristics of stress include its duration
and intensity. Acute stress has been defined as stress that lasts for a period
of minutes to hours, and chronic stress as stress that persists for several
hours a day for an extended period (generally months to years) (Dhabhar
and McEwen, 1997). The magnitude of stress may be gauged by the peak
levels of stress hormones, neurotransmitters, and other physiological
changes such as increases in heart rate and blood pressure, and by the
amount of time that these changes persist during and following stressor
exposure. An important marker for deleterious amounts of chronic stress
may be a dysregulation of the circadian corticosterone rhythm in rodents
(Dhabhar and McEwen, 1997) and cortisol rhythm in humans (Sephton et
al., 2000). It has been shown that moderate chronic stress experienced
during UV exposure results in a significant increase in susceptibility to
skin cancer (squamous cell carcinoma). This increase is mediated by a
stress-induced suppression of Type 1 cytokine gene expression, a decrease
in numbers of protective T cells, and an increase in numbers of suppressor
T cells. Interestingly, the effects of stress on gene expression and immune
cell numbers are accompanied by a disruption of the diurnal corticoster-
one rhythm and observed nine months after the cessation of stress (Saul
et al., 2005). This indicates that stressors experienced during critical
moments of immune challenge or activation may have long-term
consequences.

Stress has long been suspected to play a role in the etiology of many
diseases, and numerous studies have shown that stress can dysregulate or
suppress immune function and hence may be detrimental to health (Herbert
and Cohen, 1993; Straub and Schedlowski, 2002; Sapolsky, 2005; Glaser
and Kiecolt-Glaser, 2005). Although decades of research have examined
the pathological effects of stress on immune function and on health, the
study of the salubrious or health-promoting effects of stress is relatively
new (Dhabhar and McEwen, 1996). Much work remains to be done to
elucidate the biological mechanisms mediating these bidirectional effects of
stress on health and to translate basic findings regarding the adaptive ef-
fects of stress from the bench to the bedside. For a given stimulus or
stressor, individual differences in genetic factors may interact with social
factors to affect the degree and nature of psychological stress perception
and/or the kinetics and magnitude of the physiological stress response.
Therefore, when examining interactions between genes, social environment,
and health, it may be critical to keep in mind the overall stress reactivity
and stress status of the individual or populations being studied.
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Epidemiology to Gene Knockout

Extensive epidemiological work and clinical genetics on families indi-
cated that there must be a gene on chromosome 17(q) whose heritable
mutation increased susceptibility to breast and ovarian cancer. With posi-
tional cloning, BRCA1 (BReast CAncer1) was identified (Futreal et al.,
1994) and subsequently many different mutations have been described in
diverse populations, including Ashkenazi Jewish, Japanese, Korean, Afri-
can, and Chinese families (Katagiri et al., 1996; Okobia and Bunker, 2003;
Ademuyiwa and Olopade, 2003; Lynch et al., 2004; Judkins et al., 2005;
Kim et al., 2006; Song et al., 2006).

Rodent models in which the homolog of BRCA1 is knocked out (Brodie
and Deng, 2001; Zan et al., 2003) have elucidated a variety of environmen-
tal, hormonal, and genetic factors that increase the penetrance of BRCA1
mutations causing breast and ovarian cancer. Such work is impossible in
humans. For example, conditional inactivation of BRCA1 in the epithelial
tissue of mice led to cancer development in organs other than the breast and
ovary (Berton et al., 2003). Other genes have been identified and manipu-
lated, such as ataxia telangiectasia mutated (Atm) heterozygosity and p53,
demonstrating their interaction with BRCA1 to increase mammary cancer
(Bachelier et al., 2005; Bowen et al., 2005). In this mouse model, even
though mammary tumors were estrogen receptor negative, removing the
ovaries nonetheless reduced the development of mammary tumors late in
the life span. However, in a wild-type rat model, phytoestrogen-rich diets
increased the BRCA1 mRNA, but not protein produced by the tumor sup-
pressor gene. Thus, the rodent models have the potential to manipulate the
environmental, hormonal, and genetic mechanisms affecting the expression
of BRCA1 mutations in order to determine which are mediators and only
modulate their effect on mammary tumorigenesis.

FUTURE ISSUES

Are New Animal Models Needed?

New models may not be necessary, but they could be useful. The quest
for new and improved models should continue. However, promising exist-
ing models also should be nurtured, fine-tuned, and developed further.

Criteria for Animal Models Suitable for Examination of
Gene-Social Environment Interactions

Animal models have a great deal to offer in furthering our understand-
ing of the impact of interactions among social, behavioral, and genetic
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factors on health and can provide an important complement to clinical and
community-based research. Therefore the committee makes the following
recommendation:

Recommendation 6: Use Animal Models to Study Gene-Social En-
vironment Interaction. The NIH should develop RFAs that use
carefully selected animal models for research on the impact on
health of interactions among social, behavioral, and genetic factors
and their interactive pathways (i.e., physiological).

The selection of the animal model should be based upon the type and
complexity of the interaction to be explored. Furthermore, studies should
be conducted using outbred, inbred, and wild caught animals. Appropriate
animal models should be sensitive enough to register clinically relevant
change in vivo; ensure that laboratory conditions are consistent with the
ecological and ethological context in which the animals naturally live; rec-
ognize, account for, and preferably measure unintended physiological con-
sequences of experimental manipulations when generating data and inter-
preting results; enable the examination and identification of psychological
and/or physiological mediators of interactions among genes, behavior, and
the social environment; enable the experimental testing of causality; and
parallel human models when relevant and possible.

It probably would be advisable to establish animal housing facilities
that more closely approximate each animal’s natural habitat, but this would
be difficult to implement. Care would need to be taken to ensure accuracy
(i.e., thoroughly understand and replicate most if not all relevant ecological
and ethological factors in the vivarium) and standardization across differ-
ent research groups (i.e., once ecological and ethological factors are estab-
lished, housing conditions designed to take them into account should be
standardized across different laboratories). The standardization aspect may
be a significant obstacle, because different research groups may have differ-
ent opinions on what ethologically and ecologically relevant conditions are
and how they should be replicated in the vivarium. However, not standard-
izing housing could result in significant interlaboratory variations that may
make studies difficult if not impossible to replicate and compare between
laboratories. In contrast, it also may be beneficial to have multiple types of
environments, as an approach that would more closely mimic human living
conditions (e.g., country versus city dwelling).
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8

Study Design and Analysis for
Assessment of Interactions

A clear formulation of the concept of “interaction” and an understand-
ing of the research designs that can be used to test for it are central to
progress in assessing the impact of interactions among social, behavioral,
and genetic factors on health. This chapter discusses definitions of interac-
tion, from both statistical and biological points of view. It also describes the
models of interaction that are likely to be relevant for evaluating the joint
influence of multiple factors on health. Finally, the chapter considers re-
search methods for the detection and elucidation of interactive effects and
statistical issues related to the application of these methods.

DEFINITIONS OF INTERACTIONS

Statistical tests for interaction are entirely dependent on the measure-
ment scale—additive or multiplicative—that is used to evaluate the effects
of different factors on health. This problem is absolutely critical to the
design of future studies and to the interpretation of their results. Research-
ers using different scales would reach different conclusions about the same
underlying biological processes and make different public health recom-
mendations depending on the scale being used. Moreover, the same data
can be made to fit more than one statistical model (e.g., by analysis of the
original measurement versus log-transformed data), making it very difficult
to interpret the results. Thus, if the goal is to understand biology, a different
way to conceptualize interaction must be found that is not dependent on
statistical models. Epidemiologists have struggled with this problem and
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have developed an alternative conceptual framework for interaction that is
not based on statistical models (Rothman and Greenland, 1998a; Rothman
and Greenland, 2005). The logic of this new conceptualization is described
in detail in the paper provided in Appendix E by Sharon Schwartz and
summarized below; it leads to the conclusion that the additive scale is the
only meaningful reference point for the measurement of interaction. Few
investigators are aware of this new conceptualization of interaction, and
hence few have used it as a basis for interpreting their findings.

Statistical Interaction

From a statistical point of view, interaction can be defined as a devia-
tion from conditional independence, a state in which the effect of one factor
(social, behavioral, or genetic) on health is the same within strata defined
by another factor. This definition implies that an interaction is present if the
effect of a social or behavioral factor on disease risk differs among individu-
als with different genotypes, or if the effect of a genotype on disease risk
differs among individuals with different levels of a social or behavioral
factor. The problem with this definition, as indicated above, is that it is
entirely dependent on the measurement scale (multiplicative or additive).
Ratio measures such as relative risks (RRs) or odds ratios (ORs) assess the
effects of risk factors on a multiplicative scale, because they reflect the
degree to which disease risk (for RR) or odds (for OR) are multiplied in
individuals with the risk factor compared to those without. In contrast, risk
differences (RD) assess the effects of risk factors on an additive scale,
because they reflect how much disease risk is added in individuals who have
the risk factor, compared with those who do not. The statistical definition
of interaction differs depending on which of these measurement scales is
used. For example, in the consideration of factors A and B, interaction on a
multiplicative scale is defined as a different RR for factor A across strata
defined by factor B, while on an additive scale, interaction is defined as a
different RD for factor A across strata defined by factor B. Use of these two
different measurement scales can lead to substantively different conclusions
in studies of interaction.

Table 8-1 illustrates the relationship, in general, between interaction
defined on the multiplicative and additive scales. The risks to four catego-
ries of individuals are considered: those who have both a risk-influencing
genotype and an environmental exposure (r11), the genotype but not the
exposure (r01), the exposure but not the genotype (r10), and neither (r00).
On the multiplicative scale, interaction is defined by (r11/r01) ≠ (r10/r00),
while on the additive scale it is defined by (r11− r01) ≠ (r10− r00). To facilitate
comparison of these two measures, it is convenient to express both as RRs,
with the risk in individuals with neither genotype nor exposure as the
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reference category, so that RR11 = (r11/r00), RR10 = (r10/r00), RR01 = (r01/r00),
and RR00 = (r00/r00) = 1.0. Table 8-1 illustrates how these RRs would be
calculated in a cohort study and how ORs would be calculated in a case-
control study, as estimates of these RRs. With these definitions it is easy to
show, by simple algebra, that interaction measured on a multiplicative scale
is defined by RR11 ≠ RR10 × RR01, while interaction measured on an addi-
tive scale is defined by RR11 ≠ RR10 + RR01 − 1. Thus, under a multiplica-
tive scale, interaction would be tested for by determining whether or not
RR11 is equal to the product of RR10 and RR01, while under an additive
scale, interaction would be tested for by determining whether or not RR11 is
equal to the sum of these two RRs − 1. The only circumstances under which
the same conclusion would be drawn about whether or not interaction is
present from both measurement scales is when either RR10 or RR01 is equal
to 1.0—that is, one (or both) of the risk factors has no effect when acting in
the absence of the other. If each risk factor increases risk when acting in the
absence of the other (i.e., RR10 > 1.0 and RR01 > 1.0), the RR11 that must be
observed to declare that interaction is present will be higher under a multi-
plicative scale than under an additive scale, thus, if a multiplicative scale is
used, interaction on an additive scale could be missed. Also, if both factors
have effects when acting by themselves and no interaction is present on a
multiplicative scale, interaction will always be present on an additive scale.

The importance of considering the underlying model against which
gene-environment interactions are tested (i.e., additive versus multiplica-

TABLE 8-1 Epidemiologic Measures of the Effects of a High-Risk
Genotype and a Social or Behavioral Risk Factor

High-Risk Genotype Low-Risk Genotype

Social or Social or Social or
behavioral behavioral behavioral

Disease risk factor risk factor risk factor Social or behavioral
Status present absent present risk factor absent

Cohort Study
Affected a B e f
Unaffected c D g h
Risk r11 = a/(a + c) r01 = b/(b + d) r10 = e/(e + g) r00 = f/(f + h)
Relative Risk RR11 = r11/r00 RR01 = r01/r00 RR10 = r10/r00 RR00 = 1.0 (referent)

Case-Control
Study

Cases a B e f
Controls c D g h
Odds Ratio OR11 = a h/cf OR01 = bh/df OR10 = eh/gf OR00 = 1.0 (referent)

xx
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tive) is illustrated by a study of the Factor V Leiden variant, use of oral
contraceptives (OCs), and risk of deep vein thrombosis (DVT)
(Vandenbroucke et al., 1994; Austin and Schwartz, 2006). The use of OCs
is associated with an approximately four-fold increased risk of DVT among
women who do not carry Factor V Leiden (RR10 = 3.7); and, similarly,
carrying Factor V Leiden is associated with a four-fold increased risk among
women who do not take OCs (RR01 = 4.0). The risk of DVT in women who
carry Factor V Leiden and use OCs is close to what would be expected
under a model of no interaction on a multiplicative scale—that is, RR11 =
19.8, which is very similar to 3.7 × 4.0 = 14.8. However, the absolute
incidence of DVT is higher among OC users compared to OC nonusers;
hence, the same relative increase in risk of DVT associated with OC use in
Factor V Leiden carriers and noncarriers translates into a larger absolute
risk difference due to OC use among Factor V Leiden carriers—that is,
RR11 (19.8) is almost three times greater than RR01 + RR10 − 1 (6.7). In
short, the use of a multiplicative scale to test for interaction fails to identify
an important interaction between these characteristics: excess DVT cases
occur among women who are both OC users and Factor V Leiden carriers
compared to what would be expected based on the sum of the individual
effects of these factors (Austin and Schwartz, 2006). Such information
could potentially be important, for example, in counseling Factor V Leiden
carriers regarding the risks and benefits of choosing OCs for birth control
as opposed to other available methods.

Newer Conceptualization in Epidemiology

To build a conceptual framework more closely tied to biology, epide-
miologists begin by considering what happens at the individual level rather
than at the level of the population. Much of this thinking is based on the
counterfactual model, which defines a “cause” of disease, in an individual,
as any factor without which the disease would not have occurred (Greenland
and Robins, 1986; Rothman and Greenland, 1998b; Maldonado and
Greenland, 2002; Rothman and Greenland, 2005). This framework as-
sumes that multiple etiologic pathways (“sufficient causes”) can lead to the
same disease, and within each etiologic pathway, multiple factors can work
in tandem (multiple “component causes” within a sufficient cause) to cause
the disease. An interaction, then, is defined as the co-participation of two
component causes within one sufficient cause, so that both factors are
necessary for the sufficient cause to occur. The commissioned paper by
Sharon Schwartz (see Appendix E) describes this “sufficient-component
cause” model in detail, specifically as it applies to the assessment of gene-
environment interactions. An abbreviated description appears here.

For an individual who is exposed to a set of risk factors, only two
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outcomes are possible with regard to disease occurrence: the individual
either develops disease or remains unaffected. Individuals can be classified
into “response types” depending on whether or not they develop disease
under different exposure combinations. In the simplest case of two dichoto-
mous risk factors, there are four possible risk factor combinations (i.e., in
the case considered here: both genotype and exposure, genotype alone,
exposure alone, and neither). For each risk factor combination, an indi-
vidual can be either a responder (i.e., he/she develops disease) or a
nonresponder (i.e., he/she remains unaffected), which means that there are
2 × 2 × 2 × 2 = 16 possible response types. For example, in one response
type, individuals develop disease under all four exposure combinations (so-
called Doomed). At the opposite extreme, some individuals never develop
disease regardless of their genotype or exposure status (so-called Immune)
(Rothman and Greenland, 1998a).

Among the 16 possible response types, 10 can be viewed as involving
interaction, in the sense that an individual’s response to one risk factor
depends on his/her status with respect to the other. (This definition may
appear similar to the statistical concept discussed above—a deviation from
conditional independence—but it is totally different because it considers the
response at an individual level, rather than at the level of population mea-
sures of risk.) For example, in one interaction type, an individual develops
disease only if exposed to both factors (causal synergism), and in another,
an individual develops disease if exposed to either factor alone, but not if
exposed to both or neither (causal antagonism). All other possible interac-
tion types are also considered, involving either risk-raising or protective
effects and either synergism or antagonism.

This model, based on conceptualizing risks at an individual level, can
be used to derive an expected pattern of risk in a population under different
exposure conditions. To do this, the population is assumed to contain a
distribution of the different response types. The average risk, or incidence
proportion, among individuals with each exposure combination is com-
puted by adding the proportions of response types who will be affected if
they have that exposure combination. When the average risks are computed
in this way, under the assumption that none of the 10 interaction types is
present in the population, the results show that the risks are consistent with
risk additivity (i.e., no interaction on an additive scale, or (r11 – r01) = (r10 –
r00)) (Rothman and Greenland, 1998a). This derivation demonstrates, based
on a conceptual rather than a statistical argument, that tests for the pres-
ence of interaction should be based on risks measured on an additive scale.
One important caveat should be noted in this regard, however: although
departures from risk additivity reflect the presence of interaction types in
the population, a lack of departure from additivity does not necessarily
imply absence of interaction types. This is because different types of inter-
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action could counterbalance one another. Moreover, departures from addi-
tivity may be difficult to detect because of limitations in statistical power.
Also, most commonly used statistical software tests for interaction only on
a multiplicative scale—for example, through the inclusion of an interaction
term in a logistic regression model.

Plausible Models of Gene-Environment Interaction

Khoury et al. (1988) and Ottman (1990, 1996) have outlined several
plausible models of interaction that are relevant for the consideration of the
joint effects of the interaction of social, behavioral, and genetic factors on
health (Figure 8-1). The following describes these models in both concep-
tual terms and in terms of the average risks expected in a population.

FIGURE 8-1 Five plausible models of interaction between a genotype and a social
or behavioral risk factor.
SOURCE: Adapted from Ottman, 1996.
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In model A, a genotype has a causal effect on a social or behavioral risk
factor and through this pathway influences disease risk indirectly (Ottman,
1990; Ottman, 1996). This model differs markedly from the others because
it does not involve interaction in either the statistical or biological sense.
One hypothetical example would be a genetic influence on the behavior of
alcohol consumption, which would be expected to affect risk for cirrhosis
of the liver and other alcohol-related diseases. In this model a behavioral
risk factor, alcohol consumption, is an intervening or mediating variable in
the relation of a genotype to health. Although this model does not involve
interaction, it is important for the consideration of the joint effects of
genetic, social, and behavioral factors on health. An understanding of the
intervening factors relevant to the effects of genes on health may facilitate
the development of methods to prevent adverse health outcomes associated
with genetic effects. For example, dietary treatment is used to prevent
mental retardation in individuals with phenylketonuria, an autosomal re-
cessive condition characterized by a deficiency of the enzyme needed to
convert phenylalanine to tyrosine. Removal of phenylalanine from the diet
prevents the buildup of blood levels of phenylalanine (the intervening vari-
able), which would otherwise have a toxic effect on brain development. In
the alcohol consumption example above, programs targeted to drinking
behavior in individuals with a genetic susceptibility could reduce the risk of
liver disease.

Model B postulates that a social or behavioral factor has a direct causal
relationship to disease, and a genotype exacerbates this relationship without
having any effect on disease when acting by itself. Returning to the example
of alcohol drinking behavior, this model might involve a genetic influence on
alcohol metabolism that leads to exacerbation of the health effects of drink-
ing behavior. No effect of the genotype would be expected in the absence of
exposure to drinking. In model C, a genotype is assumed to have a direct
effect on disease risk, and the social or behavioral factor exacerbates this
effect, without influencing disease risk when acting by itself. An example
might involve a genetic influence on liver disease that is exacerbated by even
small amounts of drinking (i.e., levels that do not influence risk in persons
who do not carry the high-risk genotype). In model D, both a genotype and
a social or behavioral risk factor are required to influence risk—neither
affects risk in the absence of the other. Such a model might involve an
alcohol-sensitivity genotype, heavy drinking, and liver disease—the assump-
tion being that only individuals who drink heavily and who have a genetically
mediated sensitivity to the effects of drinking develop disease. Finally, in
model E both a genotype and a social or behavioral factor influence disease
risk in the absence of the other factor. Although models B, C, and D involve
interaction regardless of the scale of measurement, in model E the joint effect

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


168 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

of the two factors can be consistent with interaction on an additive scale, a
multiplicative scale, or neither.

The models discussed above do not explicitly incorporate protective
effects of genes and social or behavioral factors, nor antagonistic rather
than synergistic interactions. These are important and are likely to become
increasingly so as new chemotherapeutic interventions and pharmacoge-
nomic applications are developed. For example, one model not included in
models B, C, D, and E involves a protective effect observed only in persons
with a particular genotype. This type of effect was observed in a recent
study, in which postmenopausal estrogen usage was protective for cognitive
impairment only in women who did not carry ApoE-ε4 alleles (Yaffe et al.,
2000). A risk-raising effect of carrying ≥ 1 ApoE-ε4 allele (RR01 > 1) and a
protective effect of menopausal estrogen usage (RR10 < 1) were observed,
and the RR in women with both the genotype and the exposure (RR11) was
greater than expected under an additive model, since the protective effect of
the exposure was restricted to those without the high-risk genotype. Taken
together, all of these models illustrate the potential complexity of evaluat-
ing interactions, even for a single genotype and a single social or behavioral
factor.

RESEARCH DESIGNS FOR EVALUATING INTERACTIONS

A number of research designs for testing models of gene-environment
interaction have been described (Ottman, 1994; Andrieu and Goldstein,
1998; Andrieu et al., 2001; Liu et al., 2004; Lake and Laird, 2004; Tweel
and Schipper, 2004; Andrieu and Goldstein, 2004; Kraft and Hunter, 2005;
Hunter, 2005; Moffit et al., 2005). These include traditional cohort and
case-control designs with measured genotypes, sibling pair and case-parent
triad designs, twin studies, and other approaches. The different designs
offer advantages and disadvantages with respect to validity and efficiency.
Population stratification, a special type of confounding in allelic association
studies (Wacholder et al., 2002; Thomas and Witte, 2002), also may affect
studies of gene-environment interaction, possibly leading to spurious find-
ings. In allelic association studies, this type of confounding consists of a
spurious association between an allele and disease, resulting from the exist-
ence of subgroups that vary both in allele frequency and disease occurrence.
In a population “stratified” in this way, the distribution of subgroups will
differ for affected and unaffected individuals, leading to a difference be-
tween the cases and controls in allele frequencies when the allele does not
have a true association with disease. The importance of population stratifi-
cation in studies of allelic association is controversial, but one recent study
found evidence for substantial confounding that would not have been de-
tected by standard analytical methods (Campbell et al., 2005). Campbell
and colleagues (2005) found that a single nucleotide polymorphism (SNP)
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in the LCT gene was strongly associated with height in a sample of Euro-
pean Americans. This association was due to stratification: both height and
the frequency of the SNP varied widely across Europe. When subjects were
rematched on the basis of location of European ancestry, the apparent
association was greatly diminished. Since population subgroups also may
be expected to differ with respect to environmental exposures, the same
type of confounding could occur in studies of gene-environment interac-
tion. That is, different subgroups may have both different genetic back-
grounds and different cultures or socioeconomically influenced patterns of
behavior, creating a correlation between genotype and environmental ex-
posure that must be controlled for. Thus the impact of stratification on
different designs should be considered.

Cohort Studies

Unlike retrospective case-control studies, prospective cohort studies are
immune to recall bias (i.e., different recall of exposures by cases and con-
trols) and are expected to have minimal selection bias if the follow-up rate
is high. If participation in the study is unrelated to ethnicity, the susceptibil-
ity of these types of studies to confounding due to population stratification
also should be minimal. However, if this is a concern, genomic control
methods can be used to control for stratification effects (Pritchard and
Donnelly, 2001; Devlin et al., 2001; Tang et al., 2005). Genomic control
methods make use of information on unlinked genetic markers throughout
the genome to assess population stratification and adjust for it, if necessary.
The rationale is that with population stratification, affected and unaffected
individuals are likely to differ with respect to allele frequencies at many loci
throughout the genome, while if an allele is truly related to disease risk, the
association is likely to be restricted to a single genomic region.

In nested case-control studies, cases and controls are ascertained from
within a cohort study. That is, cases are identified at follow-up and gener-
ally are matched on appropriate covariates to a group of controls, but risk
factor data collected at baseline are used as predictors. Thus, again, infor-
mation on exposures is collected prior to disease onset, and the problem of
recall bias is avoided. However, some selection bias (i.e., differential inclu-
sion of some subgroups of cases, because of differential survival or loss to
follow-up) may occur (although usually less than in retrospective case-
control studies). The main disadvantage of these studies is the large number
of subjects that must be enrolled to ensure an adequate number of cases
during the follow-up period for analysis. Also, for late-onset disorders, a
very long follow-up period may be needed. Prospective studies of gene-
environment interaction are feasible only for common disorders, and even
then, collaborative studies are essential to obtain sample sizes for sufficient
statistical power.
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Case-Control Studies

In retrospective case-control studies, the potential for recall bias and
selection bias is considerable (Kraft and Hunter, 2005). Case-control stud-
ies also are susceptible to bias due to population stratification; this should
be minimized by matching on ethnicity (Wacholder et al., 2000; Wacholder
et al., 2002; Cardon and Palmer, 2003; Reiner et al., 2005), and/or using
genomic control methods in the analysis (Pritchard and Donnelly, 2001;
Devlin et al., 2001; Tang et al., 2005). Temporality may be difficult to
establish with respect to the environmental exposures; that is, it may be
difficult to ensure that exposure occurred before the onset of disease. For
example, an association with a behavioral factor could be due to a change
in behavior in cases following the onset of disease symptoms. Liu et al.
(2004) compared the traditional case-control design with several alterna-
tives recently suggested for testing gene-environment interaction, including
the case-only (described below), partial case-control, and case-parent trio
designs. They found that the validity of these alternative designs was re-
duced by common problems such as population stratification, genotyping
error, and correlation between genotype and exposure in the population.
Thus, despite the potential for bias in the traditional case-control design,
they concluded it was preferable to the alternatives they assessed.

Case-Only Design

In the case-only design, interaction is assessed by testing for an associa-
tion between the genotype and the exposure within the cases only (Khoury
and Flanders, 1996). Such an association within the cases provides evidence
for interaction because it is not expected if there is no interaction on a
multiplicative scale, assuming that the genotype and environmental expo-
sure occur independently in the population (i.e., individuals are no more
likely to have both genotype and exposure than would be expected based
on their individual frequencies). This design has been criticized on several
grounds (Gatto et al., 2004; Hunter, 2005). First, it cannot be used to assess
the main effects of a genetic or environmental factor, but only the presence
or absence of interaction. Second, the assumption of independence between
genetic and environmental factors in the population can be difficult to
assess (Gatto et al., 2004). Third, it is a valid test for interaction only on a
multiplicative scale, and not on an additive scale (Ottman, 1996).

Family-Based Designs

Several family-based designs for evaluating gene-environment interac-
tion have been described (Witte et al., 1999; Goldstein and Andrieu, 1999),
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including case-control studies using sibling or cousin controls and designs
involving cases and their unaffected parents. Recently, Andrieu and
Goldstein (2004) described an alternative design using both related and
unrelated controls. An important advantage of family-based designs is the
elimination of the potential for population stratification (although power
for the detection of genetic effects is lower than in designs using unrelated
controls) (Risch and Teng, 1998; Teng and Risch, 1999). Gauderman
(2002) showed that designs using cases and their unaffected siblings were
more efficient for the detection of interaction than were those using unre-
lated controls. In some studies, family members may be more willing to
participate than unrelated subjects, leading to improved efficiency in data
collection; on the other hand, enrollment of family members can be compli-
cated and expensive and can involve difficult confidentiality issues. Also, in
family-based studies the collection of information on exposure status gener-
ally is retrospective, leading to the same potential for recall bias as in case-
control studies (Kraft and Hunter, 2005).

Mendelian Randomization

Mendelian randomization is another design used to examine the com-
bined effects of genetic and nongenetic factors on disease risk (Davey Smith
and Ebrahim, 2003). This design is not intended as a test of interaction;
instead, it is designed to validate an association between an environmental
exposure and disease risk. When a disease is found to be associated with an
environmental exposure, it can be difficult to prove that the association
reflects a true biological effect rather than confounding with some other
factor. Mendelian randomization is a way to test such a biological relation-
ship. If the exposure being studied is influenced by a genotype, the effect of
the exposure can be studied indirectly by testing for an association of the
genotype with disease. “Mendelian randomization” refers to the random
assignment of the genotype according to Mendel’s laws, which is assumed
to be less susceptible to confounding than is measurement of the exposure.
The model tested with this approach is one in which the exposure serves as
an intervening variable in the relation of a genotype to disease risk; this is
the same as in model A (Figure 8-1).

For example, one study used Mendelian randomization to test the va-
lidity of its findings regarding blood pressure and C-reactive protein (CRP).
The authors initially found that blood pressure was associated with CRP
levels, but they suspected that this finding was due to confounding (Davey
Smith et al., 2005). To evaluate the validity of the association, they exam-
ined the relationship between blood pressure and a genetic polymorphism
in the human CRP gene that was strongly associated with CRP levels. Blood
pressure did not vary by genotype of the CRP polymorphism, suggesting
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the original association was due to confounding. Although a disease-
genotype association may sometimes validate the idea that an environmen-
tal exposure raises disease risk, other design and analysis issues, such as
population stratification, complicate studies aimed at detecting the geno-
type association. Also, the genotype might influence phenotypic traits other
than the one being studied, thus its association with disease might not
validate the relationship that it is intended to validate.

Human Laboratory Research

Human laboratory designs, in which interventions are tested in human
subjects in a highly controlled laboratory setting, also can be utilized effec-
tively to investigate the interacting effects of social, behavioral, and genetic
factors on health. Such designs afford an opportunity for greater experi-
mental control over environmental exposures and the use of interventions
(within-subject designs) for exposure testing that increase statistical power.
A hypothetical example would be an investigation of the effects of genetic
variation in alcohol metabolizing enzymes (between subject factor) and
exposure to a stress paradigm (e.g., public speaking or interpersonal stress
compared to a low-stress task) (within subject factor) on alcohol sensitivity
and ad lib alcohol intake. One recent human laboratory study conducted by
Lerman et al. (2004) involved 71 smokers enrolled in a randomized con-
trolled trial of buproprion treatment versus placebo for smoking cessation.
The goal was to examine the degree to which abstinent smokers experience
increased reward from food (possibly related to weight gain following smok-
ing cessation), and the moderating effects of buproprion treatment and the
Taq 1 polymorphism of the dopamine D2 receptor gene (DRD2). At two
time points (before and after smoking cessation), subjects participated in a
taste test to measure palatability of various foods followed by a behavioral
economics evaluation of food reward. Carriers of the minor allele (A1) of
the DRD2 polymorphism had significant increases in the rewarding value
of food following smoking cessation that were not observed in noncarriers.
Moreover, these effects were attenuated by buproprion treatment and pre-
dicted subsequent weight gain. Similar paradigms can be tested in animal
and human laboratory models providing cross-species validation (Blendy et
al., 2005). However, this approach generally is not feasible on a population
basis.

Evaluation of Gene-Environment Interactions for
Nonbinary Outcome Variables

In most classical epidemiologic designs, the outcome variable is binary.
Other types of health outcomes include a continuous quantity (e.g., hyper-
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tension and quantitative scale of depression), count (e.g., number of brain
tumors), and occurrence of an event over time (e.g., timing of cancer or
heart attack). Many of the intermediate phenotypes (endophenotypes) likely
to be productive in the search for gene-environment interactions are quan-
titative rather than binary. For these nonbinary outcomes, the basic concept
of gene-environment interaction remains the same: co-participation of a
genotype and environmental exposure in the causal mechanism of the out-
come of interest (Siemiatycki and Thomas, 1981; Rothman and Greenland,
1998a). In an empirical analysis, the assessment of statistical interaction
depends on the type of outcome variable and the corresponding statistical
model; linear regression, Poisson regression, and survival analysis are the
standard statistical models for continuous, count, and survival outcomes,
respectively. A study of gene-environment interaction would be similar to a
study of interaction in general in the sense that a gene-environment interac-
tion study still needs to follow all the established rules of the statistical
model used. However, because an interaction study tends to involve more,
and oftentimes many more, parameters, issues such as sample size/power
and multiple testing would become more severe. With nonbinary outcomes
as with binary outcomes, analysis of statistical interaction is scale depen-
dent. To understand the underlying biology, a conceptual framework that
is not rooted solely in statistical modeling is needed, and the modern epide-
miologic framework also applies here (see Appendix E).

STATISTICAL ISSUES COMMON TO ALL RESEARCH DESIGNS

Sample Size and Power

A critical design issue is the determination of the minimum sample size
required to generate sufficient statistical power for a study to be able to
detect an interaction. That is, a sufficient sample size is needed to ensure
that an effect that is truly present can be detected in the study. A study on
interactions generally requires a substantially larger sample than a study
only on a main effect. Roughly speaking, for the multiplicative model,
detecting an interaction requires a sample at least four times as large as a
sample required for detecting a main effect (Smith and Day, 1984). Power
requirements are likely to be even greater for the detection of interaction on
an additive scale (Garcia-Closas and Lubin, 1999). For studies of gene-
environment interactions, the methods for calculating sample size have
been developed for cases in which the outcome variable is categorical and
the environmental exposure is binary, ordered categorical, or continuous
(Hwang et al., 1994; Foppa and Spiegelman, 1997; Garcia-Closas et al.,
1999; Garcia-Closas and Lubin, 1999) and for cases in which both the
outcome variable and the exposure are continuous (Luan et al., 2001).
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Yang et al. (2003) discussed the use of population attributable fraction
to determine sample size for case-control studies of gene-environment
interaction.

The sample size required for the detection of interaction between a
genetic variant and a continuous environmental exposure on a continuous
outcome is determined by the magnitude of the interaction, the allele fre-
quency, and the strength of the association between exposure and outcome.
In addition, statistical power and required sample size are highly influenced
by the amount of measurement error in environmental exposures and phe-
notypes (Wong et al., 2003). Wong et al. (2003) evaluated the effect of
measurement error on the sample size needed to detect gene-environment
interactions. The model examined was a simple linear regression relating a
continuous exposure to a continuous outcome, where the ratio of the slopes
of two genotypes served as the interaction parameter. These authors found
that the sample size required for the detection of interaction under this
model is determined by the magnitude of the interaction, the allele fre-
quency, and the strength of the association between exposure and outcome
in those with the common allele. They also found that statistical power and
required sample size are highly influenced by the amount of measurement
error in environmental exposures and phenotypes, so that studies using
imprecise exposure and outcome variables need much larger samples than
those that utilize repeated and more precise measures. This result suggests
that investment in more precise measures may be a more cost-effective
approach to studies of gene-environment interaction than investment in
larger samples. Vineis proposed a greatly increased investment in validated
exposure assessment procedures, including incorporating repeated mea-
sures, assessment of regression dilution bias (i.e., reduction of the differ-
ences between comparison groups because of measurement errors), and
validation of novel research methods (Vineis, 2004).

Pooling samples from a number of studies may be an effective means of
increasing power for studies on gene-environment interaction studies in
prospective analyses. The National Cancer Institute Breast and Prostate
Cancer and Hormone-Related Cohort Consortium, for example, is combin-
ing data across 10 prospective studies to examine gene-environment inter-
actions. The combined samples consist of 6,000 breast cancer patients and
8,000 prostate cancer patients based on more than 800,000 individuals and
more than 7 million years of life (Hunter, 2005). An additional advantage is
that these kinds of joint efforts will facilitate prior coordination and pro-
vide relatively uniform data and analyses.

Two computer programs that estimate power and sample size are avail-
able on the Internet: POWER (dceg.cancer.gov/POWER/) and QUANTO
(hydra.usc.edu/gxe/).
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Multiple Comparisons

The problem of multiple comparisons arises when researchers conduct
several tests simultaneously and affirm a statistically significant result from
any test having a p value smaller than a critical value of, say, 0.05. This
approach fails to take into consideration the increased probability of a false
positive test result as the number of tests performed increases. The problem
is well known and commonly addressed by procedures such as Bonferroni
correction, controlling the false discovery rate (FDR) (Hochberg, 1988;
Benjamini et al., 2001), and the permutation test (Edgington, 1995; Nichols
and Holmes, 2002).

The multiple comparisons problem poses a formidable challenge in
gene-environment interaction studies, because multiple variables will be
assessed, regardless of whether or not interaction is specifically evaluated.
In genome-wide association scans, thousands or hundreds of thousands of
SNPs are tested to search the genome for risk-associated variants. Such
tests recently have been made possible by technological advances in
genotyping (Thomas et al., 2005). In studies of gene-environment interac-
tions, the multiple-comparison problem is further exacerbated. Research-
ers must deal not only with a large number of SNPs, but also with envi-
ronmental exposures and social and behavioral factors, as well as a large
number of interactions among the SNPs and the exposures. The presence
of a large number of potential gene-environment interactions dramati-
cally increases the chance of finding false-positive results if the problem is
ignored. Moreover, the statistical correction for the problem, which nor-
mally requires extremely small p values, will result in a lower probability
of reporting true positive interactions. That is, the possibility of not de-
tecting important, real associations is increased in this setting.

Multiple testing must be addressed through a number of statistical
procedures. The classic Bonferroni correction tends to overcorrect the prob-
lem because it assumes tests are independent when often they are not.
Several advances in procedures used to correct for multiple testing have
been made in recent years. One of the seminal advances was the work of
Benjamini et al. (2001) who, following the ideas of Holm (1979) and
Hochberg (1988), focused on controlling the FDR (defined as the percent of
statistical tests that are false positives, among those deemed significant)
rather than the traditional family-wise type I error rates (FEW, the prob-
ability of making at least one false positive inference). By controlling the
FDR, the researchers assure themselves that on average only perhaps about
5 percent of the total positive discoveries are false. This preserves greater
power to detect true positives than the more traditional Bonferroni-type
FEW procedures. Several recent variations of this method have been pub-
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lished (Efron and Tibshirani, 2002; Keselman et al., 2002; Sabatti et al.,
2003; Storey and Tibshirani, 2003; Becker and Knapp, 2004).

Another approach uses permutation testing (Edgington, 1995; Nichols
and Holmes, 2002). Here researchers take advantage of the correlation
structure between the tests (testing SNPs in linkage disequilibrium will
produce correlated tests of significance) in the multiple adjustment proce-
dure. The permutation test computes significance by counting the number
of ways the data can be permuted that produce results more extreme than
observed (as in the Fisher’s exact test). Much less power is lost in correcting
for multiple testing, since researchers are automatically accounting for the
exact correlation between tests and not overcorrecting by assuming that all
tests are independent.

In addition to the statistical approaches to control the false positive
rate, which are largely similar to those proposed for the analysis of main
effects, Hunter (2005) suggested restricting the number of interactions by
biological plausibility and reproducibility. The exposures will be restricted
to those that plausibly interact with genetic variants in the same biological
pathways. Similarly, genetic variants will be restricted to those that plausi-
bly alter gene function. Biological plausibility, however, is relative, and
whether a particular gene-environment interaction is biologically plausible
is at least partially subject to interpretation. The reproducibility of gene-
environment interactions from more than one study also is crucial. The
assessment of reproducibility requires the prior coordination of large stud-
ies so that the results can be compared. It is important to make all results,
both positive and negative, available to avoid the publication bias of sup-
pressing “negative” results.

CONCLUSION

This chapter has examined several aspects of the concept of interaction
in order to establish a foundation for discussions about the effects of inter-
actions among specific social, behavioral, and genetic factors in their influ-
ence on health. It has been noted that statistical definitions of interaction,
and their interpretation, depend on whether the effects being studied are
characterized on a multiplicative scale using relative risk measures or on an
additive scale using risk difference measures. This chapter has described
recent developments in epidemiology that conceptualize interaction in terms
of patterns of response in individuals and that advocate the use of the
additive model and has characterized a series of models that can be used to
delineate the potential causal effects of combinations of multiple factors.

This chapter also considered a series of research designs that can be
used to investigate these interactions. These study designs include tradi-
tional epidemiological approaches such as prospective cohort studies and
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case-control studies, but also include less commonly used designs such as
family studies and case-only studies. Each of these research designs has
advantages and disadvantages, but all of them share common statistical
challenges in the context of interactions. These challenges include obtaining
sufficient study sample size to ensure that the statistical power is sufficient
to detect interactions, the growing problem of multiple comparisons as
genomic technologies dramatically increase the number of polymorphisms
being studied, the biological plausibility of gene-disease associations, and
the reproducibility of genetic association studies.

Testing for interactions will require the development of new, accessible
statistical software for implementing tests for interaction on an additive
scale. Furthermore, multisite collaborations may be required in order to
assemble databases of sufficient size needed to ensure adequate statistical
power for the testing of interactions. Additionally, several steps are needed
to advance the science of testing interactions. Therefore the committee
recommends the following:

Recommendation 7: Advance the Science of the Study of Interac-
tions. Researchers should base testing for interaction on a concep-
tual framework rather than simply the testing of a statistical model,
and they must specify the scale (e.g., additive or multiplicative)
used to evaluate whether or not interactions are present. If a mul-
tiplicative scale is used, consistency with an additive relation be-
tween the effects of different factors also should be evaluated. The
NIH should develop RFAs for research on developing study de-
signs that are efficient at testing interactions, including variations
in interactions over time and development.

The issues discussed in this chapter clearly illustrate the complexity of
studying interactions between genetic factors and social and environmental
factors and the need to consider carefully the feasibility of available re-
search approaches. However, as we build on existing study designs and use
emerging methodological and analysis techniques, it is becoming more and
more possible to understand these interactions and their potential for im-
proving public health and preventing disease on a population basis. In
order to make substantive advances in this transdisciplinary work, it will be
essential for genomic scientists and social scientists to learn to communicate
and collaborate effectively.
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9

Infrastructure

Research that is conducted to elaborate the impact of interactions
among social, behavioral, and genetic factors on human health places sev-
eral demands on the research infrastructure. This infrastructure includes, in
addition to laboratory space and equipment, the human infrastructure (e.g.,
education and training), data, and incentives and rewards. Some aspects of
infrastructure are largely affected by the actions of the National Institutes
of Health (NIH), while others are largely driven by university actions,
although the two domains are inextricably related. For example, NIH sup-
ports training, but the universities actually provide the training; research
tools are needed by university researchers, while NIH policies and practices
may dictate what tools are funded. This chapter examines three aspects of
infrastructure: education, data, and incentives and rewards. The discussion
explores ways in which existing mechanisms can be focused to strengthen
the infrastructure and examines potential new mechanisms that could be
developed.

EDUCATION

The foundation of the research enterprise is the education of its re-
searchers. Ideally, appropriate training would occur before launching a
research career. The committee believes that the responsibility for educa-
tion and training is shared among our universities (and high schools) and
NIH and other funders of research training. For example, the National
Science Foundation (NSF) calls for a more explicit involvement in precollege
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education. A partnership between NSF and NIH could help ensure the
seamless development of a talent pool that could address biomedical re-
search topics or other topics that require a fundamental grounding in math
and science.

However, since the advances in genomics have been recent—and the
challenge of incorporating genetic research with behavior and social factors
is even more recent—it is likely that there are many current researchers who
have gaps in their scientific training. Therefore, by and large, the recom-
mendations offered here are directed to NIH and aimed at the college level
and beyond.

NIH is the major source of funding for researchers in the biomedical
and behavioral arenas and is poised to contribute to the training of a cadre
of researchers who could address the issues described in this report. As the
pace setter for the biomedical research enterprise, NIH is central to the
infrastructure issues for this research, especially in the realm of education
and training.

NIH provided about $704 million in 2004 in support of research train-
ing through the National Research Service Act (NRSA) (NIH, 2004b). It is
generally agreed that postdoctoral training received in conjunction with
research grants serves at least as many—and perhaps twice as many—as
postdoctoral training through the NRSA (NRC, 2000). Since NIH is the
dominant source of funding for the training of researchers in these fields,
the NIH policies are fundamental to the ability of the United States to
advance research on transdisciplinary issues such as those addressed in this
report.

The need for transdisciplinary research to address the study of gene-
environment interactions was discussed earlier. As a beginning approach
to fostering the development of transdisciplinary research on the impact of
interactions among social, behavioral, and genetic factors on health, the
committee believes that NIH should consider holding a conference for
interested individuals. Such a conference would assist universities in shar-
ing their best practices in interdisciplinary and transdisciplinary research
and would foster the exchange of knowledge and practices. It will
be challenging, but important, to ensure that participants in such a confer-
ence share specific strategies that others could adopt or modify; the con-
ference should not simply provide another forum devoted to encouraging
the goal of collaboration.

Also, since the challenge of educating across boundaries is not exclusive
to health, it might be timely for the NSF or a private foundation (e.g., the
Pew Charitable Trust) to bring together educators from many fields that
have developed interdisciplinary and transdisciplinary programs specifi-
cally in order to educate across boundaries and help students learn how to
work in transdisciplinary teams. The Science Education Partnership Awards
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(NIH, 2005c) are an example of an excellent outreach effort to support
science at the K-12 level. Although this program does not focus on
transdisciplinary research, other programs, such as the Genome Science
Education Program (SEPA, 2005), could emphasize the transdisciplinary
aspects.

Early Career Education

At the initiation of careers, fellowship support is very important. There-
fore, NIH could advertise individual pre- and postdoctoral awards specifi-
cally for transdisciplinary research on the impact of interactions of social,
behavioral, and genetic factors on health and provide easy links to the
institutions and investigators who already are working in a transdisciplinary
manner. This would not involve creating any new mechanisms, or even
necessarily identifying additional funds. However, it would require NIH to
make support in this area a priority and to take active steps to ensure that
potential applicants are aware of NIH’s interests. As NIH identifies univer-
sities that are conducting transdisciplinary research effectively, such univer-
sities could be urged to advertise specific opportunities at their sites for
postdoctoral work. Additionally, these universities could be funded to sup-
port innovative outreach efforts in the topical areas of interest. In general,
the committee believes that NIH could apply its existing training mecha-
nisms specifically to the transdisciplinary topic addressed here. In other
cases, modifications of existing mechanisms would make them more valu-
able in this area.

Although postdoctoral training is common in biology, it is less so in the
social sciences. Therefore, it is important that opportunities at the post-
doctoral level are available in order to expose social scientists to broad,
transdisciplinary training. Also, since postdoctoral fellows may devote two
or three years to their disciplinary training, NIH could consider extending
training beyond three years for those who are reaching beyond their tradi-
tional boundaries and would be likely to contribute as researchers in the
areas of social, behavioral, and genetic factors and health. In general, there
is concern that individuals must be well grounded in a discipline, but also
able to work and communicate with other disciplines. A slight extension of
the training period might serve this focus well, and there may be value in
continuing to support mechanisms that support disciplinary training, while
also providing the means to extend skills to those in complementary scien-
tific areas (see Box 9-1).

NIH initiated a T90 grant in 2004 to support transdisciplinary training
(NIH, 2004a). Although these projects have been under way for only about
one year, it would be useful to assess what has been learned from these
early experiences and craft a T90 specifically for training in the impact of
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interactions among social, behavioral, and genetic factors on health. This
program is fairly new, and while some may believe that it is premature to
extend it without understanding the elements that lead to its success, the
concept is clearly in alignment with the issues addressed by this committee.
Therefore, the committee urges NIH to take every opportunity to learn
from this cohort of projects and to extend them, while incorporating into
new T90 projects the elements that have contributed to the program’s
success.

New programs require time to become organized and to enroll and
educate trainees. Also, a lengthy period of time is required to observe the
impact on the trainees’ careers and, subsequently, assess their impact on the
field. Thus, the committee urges NIH to develop and use intermediate
indicators for such programs in order to facilitate transdisciplinary training
efforts, rather than wait the years that it might take to conduct a definitive
assessment of impact. Intermediate indicators might include the level of
interest in the program, success in recruiting top students, successful comple-
tion of the training program, and continued interest in transdisciplinary
research.

Established Faculty

Transdisciplinary research requires the development of “professionals
that can interact synergistically” (IOM, 2003). Therefore, to develop a
cadre of researchers who can participate in transdisciplinary research, fac-
ulty members who are at a particular level of accomplishment in a particu-

BOX 9-1
Institute for Public Health Genetics,

University of Washington, Seattle

The Institute for Public Health Genetics (IPHG) at the University of Washington
provides graduate education, opportunities for interdisciplinary research, and pol-
icy workshops that integrate genomics with the public health sciences disciplines
(epidemiology, biostatistics, environmental health sciences, and health services),
and with pharmacogenetics, bioethics, social sciences, law, public policy and
health economics. The mission of the Institute is to “provide broad, interdisciplinary
training for future public health professionals, to facilitate research in public health
genetics, and to serve as a resource for continuing professional education” (Bro-
chure). Specifically, the IPHG offers an accredited masters of public health
(M.P.H.), a doctorate (Ph.D.) in Public Health Genetics, and a transcripted gradu-
ate certificate, all of which include this interdisciplinary training (IPHG, 2005).
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lar field must be presented with a realistic opportunity to extend their skills
into new or changing fields. To assist established faculty in broadening
their skills, NIH could revisit the senior fellowship (F33) concept to deter-
mine whether it might be used as a mechanism to provide salary support for
a defined release period (e.g., 30 percent to 50 percent). This support could
be specifically used in structured education for disciplines involved in re-
searching the impact of interactions among social, behavioral, and genetic
factors on health. The award also would need to provide a modest institu-
tional stipend. An advantage of this approach would be that researchers
would be encouraged to seek out existing expertise in fields that they them-
selves were lacking. NIH would not have to identify the fields or the indi-
viduals, but, instead, would provide support if researchers in one field (e.g.,
social sciences) were to propose a structured study in another field (e.g.,
genetics). Although it is appealing to envision a new cohort of researchers
who are trained from the earliest stages in transdisciplinary research, such a
process requires time to develop. This kind of program could be part of a
“toolbox” of approaches that would help to support the need for the
continuous extension of abilities in these complex and changing fields.

A more limited approach to extending skills could occur through the
short course approach. In this way, NIH could assist researchers at all
stages in broadening their skills by supporting a short course that focuses
on studying the impact of interactions among social, behavioral, and ge-
netic factors on health. Mechanisms exist (e.g., the T35) for this, but care is
needed to ensure that such a course takes advantage of lessons learned from
similar activities. It would be important for the short course to address the
theoretical, statistical, and ethical aspects of this work and to ensure that
participants are already strong in one (or more) of the arenas. In other
words, such a short course should not be narrowly constructed in ways that
would allow all of the students to be geneticists seeking to learn about
social factors or, as another example, to be sociologists seeking to under-
stand genetics. NIH has had experience in providing support in the past to
areas of focus such as population behavior and Alzheimer’s disease
(Bachrach and Abeles, 2004). The importance of bringing together investi-
gators to collaborate on the study of the impact of social, behavioral, and
genetic influences on health is no less compelling.

It certainly can be argued that education that prepares researchers to
work across fields needs to start early—perhaps at the undergraduate level.
Universities have considerable latitude in how they construct courses and
degree programs in order to allow, for example, social scientists to be
exposed genetics and biologists to be exposed to cultural studies. Some
universities offer degrees that explicitly encourage students to draw
from more than one field. NIH has provided limited programs for under-
graduates—typically those that encourage undergraduate programs to sup-
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port the growth of a diverse cohort of biomedical researchers. It has not
played a significant role in guiding undergraduate education, and no com-
pelling reason appears to indicate that the situation should be any different
in this area. However, universities are capable of adjusting their course
work to meet changing scientific needs—and this is clearly within their
purview.

The report Facilitating Interdisciplinary Research by the National Acad-
emy of Sciences/National Academy of Engineering/Institute of Medicine
(NAS/NAE/IOM) involved government, university, and industry members
participating in a broad discussion of ways to foster interdisciplinary re-
search, and offers many useful recommendations (NAS/NAE/IOM, 2004).
(See Appendix B for the complete set of recommendations.) The challenges
in supporting interdisciplinary research are not unique to the social, behav-
ioral, and genetic aspects of health, and the lessons that can be learned from
these other fields can be shared so that not all tools need to be developed de
novo. There is, however, no clear single way for the transmission of this
knowledge to take place.

MECHANISMS OF SUPPORT

NIH uses a variety of mechanisms to support research, each with its
own advantages. The core mechanism for supporting research is the R01,
the Research Project Grant or what is known as the “individual investigator
award,” which reflects the value that is placed on the work of sole investi-
gators. The challenge, however, is to reconcile the historic focus on the
work of the individual with the needs of team science. This is the heart of
the cultural challenge to research today. Should the R01 be changed to
reflect teams? Or, should the R01 continue to play a pivotal role as the
means to support an individual scientist’s work?

There always will be value in the work of the individual scientist,
and not all scientific questions require the mustering of a team. However,
when the R01 is portrayed as the highest form of achievement—the gold
standard—it then undermines the valuation of the team approach. How
can the scientific community best value both the work of the individual and
the work of the team? How can NIH best value the different types of
approaches needed for answering different scientific questions?

There is a benefit to clearly identifying the expectations for a given
support mechanism and, therefore, it is most likely that success would come
from creating a new mechanism that specifically supports team research.
Given a new identifying number, such a mechanism might be used only when
a team is needed and when the Principal Investigator (PI) is a team leader
with some number of co-PIs who clearly are equal collaborators. Such a
mechanism would differ from program projects in which the subprojects,
although oriented around a common theme, are fairly independent.
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Furthermore, this new mechanism would be different from a Core
Grant (P30) for a center that provides elements that are shared by other,
individually funded projects. The new mechanism would not be a center
mechanism, but rather would fund a specific research project that requires
a team of people working together to conduct the research. It is important
that this mechanism be given the same status as the R01 if the goal is to
support and reward team science. It also is important that all the members
of the team receive appropriate recognition, which would not eliminate the
role of the PI or minimize the leadership that is required to bring a team
together to ensure successful project functioning. Since, as described in the
2004 NAS report, it may take time to develop a team for transdisciplinary
research, it may be helpful to construct a mechanism that allows one to two
years for a developmental phase, followed by three to five years for the
support of the research following administrative review. This would help to
ensure that the team has established a well-functioning structure and has
access to the data or populations that are needed. Such an approach is
consistent with the NAS report (2004) suggestion that an allowance should
be made “for the longer startup time required by some IDR programs.”

Private foundations have used different mechanisms for supporting com-
plex teams of investigators. The MacArthur Foundation has supported net-
works devoted to specific topics. These awards typically are highly selective
of the individuals involved, flexible in structure, and well funded (see Box
9-2). Another transdisciplinary effort was that conducted under the auspices
of the Family Research Consortium III, described in Box 9-3 below.

Whatever approaches NIH decides to take, the value of flexibility and
sufficient funding should be incorporated into them.

Just as the topic of social, behavioral, and genetic influences on health
is broad, so too must be the approaches taken to support the diverse
workforce that can address these topics. Therefore, the committee makes
the following recommendation:

Recommendation 8: Expand and Enhance Training for Transdisci-
plinary Researchers. The NIH should use existing and modified
training tools both to reach the next generation of researchers and
to enhance the training of current researchers. Approaches include
individual fellowships (F31, F32) and senior fellowships (F33),
transdisciplinary institutional grants (T32, T90), and short courses.

DATA

Infrastructure also involves the tools that researchers use. In the area of
social, behavioral, and genetic effects on health, there is a significant need
for datasets that provide information across these disciplines and that would
allow for the testing of interactions. Datasets used to study such interac-
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tions typically are large, difficult to collect, and costly. Therefore, it is
important to support such datasets as a research tool to be shared among a
wide audience of researchers. Three ways that NIH could foster the devel-
opment of such datasets are described below. All three would have value,
but each has different costs and benefits.

Existing Datasets

First, it is important that NIH undertake a systematic review of existing
and ongoing datasets to determine their current usefulness for transdisci-
plinary research that is aimed at assessing the interactions among social,
behavioral, and genetic factors on health. Furthermore, this review should
examine how the datasets could be made more useful with supplemental

BOX 9-2
The MacArthur Network Model

The research networks that have been established by the John D. and
Catherine T. MacAthur Foundation over the last two decades are successful ex-
amples of interdisciplinary collaboration. As described by the foundation, these
research networks function as “research institutions without walls” devoted to top-
ics related primarily to human and community development. According to the de-
scription provided by the foundation:

“They are Foundation-initiated projects that bring together highly talented indi-
viduals from a spectrum of disciplines, perspectives, and research methods. The
networks explore basic theoretical issues and empirical questions that will increase
the understanding of fundamental social issues and are likely to yield significant
improvements in policy and practice” (www.macfound.org/site/c.lkLXJ8MQKrH/
b.948165/k.E3C/Domestic_Grantmaking__Research_Networks.htm).

An example of a currently ongoing network is the Network on Socioeconomic
Status and Health, established in 1997 and chaired by Nancy Adler of the Uni-
versity of California, San Francisco (www.macses.ucsf.edu). The mission of the
Network on Socioeconomic Status and Health is to enhance the understanding
of the mechanisms by which socioeconomic factors affect the health of individu-
als and their communities. The network’s research agenda is designed to inform
both policy and practice, to stimulate additional research in diverse fields, to
contribute data to discussions of economic and social policy, and to provide a
basis for social and medical interventions that will foster better health among
individuals and communities.

To achieve their mission, the network’s investigators are drawn from a diverse
range of fields including psychology, sociology, psychoimmunology, medicine,
epidemiology, neuroscience, biostatistics, and economics. Their research is orga-
nized around an integrated, transdisciplinary conceptual model of the environmen-
tal and psychosocial pathways by which socioeconomic status (SES) alters the
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data collection. In making this assessment, care should be given to identify
datasets:

• that are especially valuable for specific health outcomes,
• in which there is sufficient social variation, and
• in which the linkage to genetic factors can be plausibly explored

with genetic measures that could be added to an existing project.

It is possible that some datasets that already include biological and
genetic measures could be augmented to include social and behavioral vari-
ables. Not every dataset will ultimately be determined to be valuable for
transdisciplinary research. However, to the extent that existing datasets can
be augmented, there are efficiencies that should be exploited.

performance of biological systems, thereby affecting disease risk, disease pro-
gression, and ultimately, mortality.

In its first phase, the network undertook a variety of studies focusing on the
social, psychological, and biological processes involved in “social gradients” in
health and disease. For example, the Network added new measures to waves of
data collection in the Whitehall Study of British Civil Servants, a longitudinal study
that has shown a persistent influence of SES on health well into old age. The group
also has added new psychosocial measures to the 15-year follow-up wave of the
CARDIA study, a multisite, longitudinal project funded by the National Heart, Lung,
and Blood Institute, and has added the collection of biomarkers to characterize
“allostatic load” in ancillary studies at the project’s Oakland and Chicago sites.

The network also initiated a large study of work environment and health across
15 plants of a large industrial company. It is using data on administrative and
physical status, supplemented with new surveys, to assess psychosocial and en-
vironmental factors affecting allostatic indicators and health. Data collected from
these and other studies will enable the group to test its integrative, transdisci-
plinary model of the pathways by which SES alters biological systems and health
(description taken from the Network’s website: www.macses.ucsf.edu).

The success of the MacArthur Research Network model rests on several factors:
first, it has facilitated the integration (or “consilience”) of knowledge, concepts, and
methods across social and biological disciplines by carefully selecting a group of
scholars who have demonstrated the willingness and capacity to overstep disciplin-
ary boundaries in their previous research. Second, the network has been willing to
invest in innovative, high-risk/high-reward projects initiated by the group’s members.
These projects have ranged in size from small pilot projects to more ambitious un-
dertakings (such as the collection of new data piggy-backed onto large-scale ongo-
ing studies). Third, the network has been involved in mentoring a cadre of junior
investigators who have attended the meetings of the Network over the years, and
who have benefited from collaborating with the network investigators who have been
funded by the network in carrying out exploratory research projects.
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One example of a dataset that could be useful for the kind of trans-
disciplinary research described in this report is the National Longitudinal
Survey of Youth and Child Supplement. This dataset includes extensive
information on social factors, developmental measures of children, data on
family members (for a subset of participants), and a host of other measures.
It does not, however, include biomarkers (Bureau of Labor Statistics et al.,
2002). Therefore, NIH could explore the possibility of enhancing health
measures and adding biomarkers. The large size, the representativeness of
the sample, its longitudinal nature, and the wealth of existing data in this
survey argue for a careful review of its potential regarding the impact of
interactions on health.

It could be valuable to collect biologic samples at any point in time
during the course of a longitudinal study when the markers are stable over
time, such as is the case with the HapMap. If the biologic measure is quite
variable over time—and especially if the time sensitivity is associated with
other behaviors of interest—then it would be necessary to collect the speci-
mens at specific times. Similarly, social measures that are stable (e.g., paren-
tal education) can be collected at virtually any point, but some measures are
subject to considerable recall error, which makes the timing of their collec-
tion important.

The development of complex datasets must involve careful consider-
ation of the stability of measures, the importance of different levels of
stability, and the patience of research subjects to continue participation,
among other factors.

BOX 9-3
The Family Research Consortium III

The Family Research Consortium (FRC) III was a multisite, 3-year postdoctoral
training program that promoted interdisciplinary collaborative research and train-
ing for the study of ethnic/racial diversity, family process, and child and adolescent
mental health. Research partners and postdoctoral students came from a variety
of disciplines. Trainees attended yearly Summer Institutes designed to bring to-
gether members of the consortium as well as approximately 100 scholars from
various universities worldwide. Students also attended a 6-week intensive summer
training program during their first year, winter meetings focused on particular top-
ics, and worked with one of the consortium faculty at his/her home institution.
During their 3-year term, students were required to collaborate with at least two
faculty members at different sites. The success of this effort led to funding for FRC
IV which includes scholars from sociology, demography, developmental psycholo-
gy, anthropology, economics, statistics, public health, and pediatrics.
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The AddHealth survey currently includes measures of social, behav-
ioral, and genetic characteristics (Udry, 2003). In the recently funded Wave
IV data collection, biomarkers (e.g., glycosylated hemoglobin, C-reactive
protein levels, blood pressue, lipids, etc.) will be collected, and DNA will
also be collected from all 17,000+ participants. These new data, added to
the rich longitudinal social environment data already available from adoles-
cence on this sample that is now aged 25-31 will make the AddHealth
dataset a valuable resource for transdisciplinary research in the coming
years. Care should be taken to ensure that this uniquely valuable dataset is
sustained and made available to researchers. The inclusion of parents and
the oversampling of twins and siblings make this an especially valuable
dataset. Of course, the focus on adolescents restricts the types of health
questions that can be addressed, but each dataset has its own strengths and
weaknesses. In this case, the strengths are exceptional, and a high priority
should be placed on continuing the study and the excellent access that is
available to it.

With the increased use of existing datasets comes the challenges that
are associated with data sharing, privacy, confidentiality, and the scope of
informed consent. Chapter 10 examines these issues. However, it is worth a
brief discussion here. The sharing of data is a powerful tool for ensuring
that the benefits of large investments in complex datasets are realized and
that such datasets are not unduly restricted to a small number of research-
ers. Careful consideration must be given to the understanding that partici-
pants have about who will have access to their information, under what
circumstances, and perhaps for what purposes. However, it is difficult—if
not impossible—to envision all of the specific ways in which the data could
be used. Researchers and funding agencies should give careful attention to
how participants are informed of the potential sharing of their information
(i.e., data and/or biological samples), the protections in place to guard their
privacy, and the uses to which these data might be put. Although there is
movement toward greater sharing of data, the need still exists to be atten-
tive to and involved in this fast-moving field.

Another valuable NIH role could be the development of a guide that
includes measures of key concepts in data collection about the impact of
interactions among social, behavioral, and genetic factors on health. This
is not a new idea, but it is one that has proved useful in other fields (NIH,
2005b) and is one that also could help introduce researchers in disparate
fields to the methods used by their colleagues. It is not uncommon for
researchers to realize the need for measures from another field and, there-
fore, to add data elements that are either not state-of-the-art or not appro-
priate for the specific circumstances. To the extent that such a guide in-
cludes a discussion of the underlying concepts being measured or the
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circumstances in which specific measures were or were not appropriate, it
could be useful to researchers.

In some cases, the measures are either static (e.g., the genome) or can be
recalled (e.g., education), such that supplementation is feasible. However,
these additions must be scientifically compelling and not simply feasible. A
particularly challenging issue in data collection is the collection of biologi-
cal specimens, as well as their storage, sharing, and characterization. Also,
collecting DNA at one point in time does not provide the breadth of gene
expression data over time that might be necessary in order to understand
the interplay of genetic and environmental factors over time.

Development of such a guide also could also include a review that
would seek to identify broadly agreed-upon measures in different scientific
sectors. These measures would aid researchers who are interested in adding
biomarkers to a behavioral study, providing, for example, some specific
guidance about preferable measures and the logistics of collecting biologi-
cal samples. Similarly, guidance for geneticists about better or worse ways
to collect social and behavioral data could have widespread value and could
be a valuable contribution regardless of which approach is taken to data
collection. Such a guide would facilitate discussion of the concepts underly-
ing frequently used measures and specifically address them in the context of
contributing to the understanding of the impact of interactions among
social, behavioral, and genetic factors on health. Although such a review
would be a significant undertaking, it could provide a useful guide to a wide
array of researchers.

New Datasets

A second approach to strengthening the data infrastructure is to design
specific studies of social, behavioral, and genetics factors that influence
specific health outcomes. Health conditions or diseases could be identified
for which there is a suspected or known genetic contribution, for which
behavioral factors are likely to be involved, and for which hypotheses have
been formed regarding the role of social factors. Given the relationship of
some social factors, such as race, ethnicity, and social support, to a variety
of health conditions (see Chapters 2 and 5), the number of most likely
candidate studies could be narrowed. Such studies also could focus on
topics for which the best methodological tools already exist or can be
developed fairly easily. An advantage of this approach would be that the
datasets would be specifically focused on a given condition. However, it is
likely that a large sample size would be required, and this could make such
studies costly and perhaps difficult to construct.

Finally, it also is possible that true advancement in this field requires a
major new cohort study. Some refer to this as a “last cohort” concept. The
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benefits of such a study lie in the ability to craft specific measures of
relevant concepts and to ensure that the periods of data collection are
appropriate for the scientific questions being asked. A study to assess the
impact of interactions of social, behavioral, and genetic factors on health
could require hundreds of thousands—perhaps even a million—subjects
and would involve a large part of the scientific community. This number of
subjects would be far larger than any other existing U.S. cohort, but the
sheer size of such a cohort would make it a valuable tool for many different
exploratory projects, even those that were not conceptualized at the outset.
Although there would be benefit in having such statistical power, the cost
and the time required for data collection might seem daunting.

Because there is still the need to identify topics that are likely to benefit
from understanding the interplay of social, behavioral, and genetic factors
on health, it was not clear to the committee that a last cohort approach
would be necessary, at this time, to advance transdisciplinary research
linking these domains. Understanding the interplay of these factors and
health likely will progress through the building up of each of these key areas
and most likely will require substantial investment in understanding link-
ages, developing measures, and carefully selecting subjects. This is not to
say that a last cohort approach would not bring considerable insight and
statistical power to many issues related to our understanding of health and
disease, but it is not clear that this is an ideal strategy for understanding the
interactions among the levels discussed here. Such a major investment in a
research effort must build upon the basis of a skilled research workforce. It
is not clear that strategies exist for optimal training in transdisciplinary
skills, and it is not apparent that the necessary rewards and incentives are in
place to support successful transdisciplinary research on a massive scale.

Replication

Another area in which NIH could be involved concerns the replication
of research results. Scientific fields advance when findings are reproducible
and when replication is a routine, expected stage of research. One role that
NIH could play would be to ensure that the costs of replication are viewed
as legitimate—either as a part of the original study, as an add-on to a study,
or as a separate project. For example, supplements can be made available if
there are findings that warrant replication and the costs cannot be absorbed
within the basic costs of a research project. Projects that are essentially
replications of other findings may need to be funded, yet they often lack the
appeal (or innovativeness) of new projects. Without replication, however,
fields can zig-zag from “finding” to “finding” without developing a critical
mass of reproducible results. In a field such as the transdisciplinary study of
health, the demands of replication may be greater than for other, more
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discrete, fields because studies are more difficult to mount and more expen-
sive to replicate.

A number of data issues and concerns need to be addressed in order to
facilitate research that is aimed at explicating the impact on health of
interactions among social, behavioral, and genetic factors. Therefore, the
committee makes the following recommendation:

Recommendation 9: Enhance Existing and Develop New Datasets.
The NIH should support datasets that can be used by investigators
to address complex levels of social, behavioral, and genetic vari-
ables and their interactive pathways (i.e., physiological). This
should include the enhancement of existing datasets that already
provide many, but not all, of the needed measures (e.g., the Na-
tional Longitudinal Survey of Youth, ADDHealth) and the en-
couragement of their use. Furthermore, NIH should develop new
datasets that address specific topics that have high potential for
showing genetic contribution, social variability, and behavioral
contributions—topics such as obesity, diabetes, and smoking.

INCENTIVES AND REWARDS—NIH AND ACADEME

According to the 2004 NAS/NAE/IOM report on interdisciplinary re-
search, several key conditions are required for the conduct of effective
interdisciplinary research. The committee believes that these same condi-
tions are necessary for success in transdisciplinary research—a primary
recommendation of this current report. The conditions identified by the
2004 report include “sustained and intense communication, talented lead-
ership, appropriate reward and incentive mechanisms (including career and
financial rewards), adequate time, seed funding for initial exploration, and
willingness to support risky research.” Although such aspects of university
functioning are not within the NIH’s purview, they may affect its ability to
find scientists who can conduct the kind of transdisciplinary research that is
envisioned here. The 2004 report is thorough and detailed, and the commit-
tee believes that its recommendations are crucial to the successful imple-
mentation of interdisciplinary and transdisciplinary research. The purpose
of discussing certain key points of the 2004 report in the following section
of this report is to emphasize their relevance and importance to the topic
under consideration—assessing the interactions among social, behavioral,
and genetic factors on health.

Researchers generally work in a university environment (only about 10
percent of NIH research funds are expended at independent research insti-
tutes, and an additional 10 percent of the NIH budget is expended in the
NIH intramural program [IOM, 1998]). Furthermore, universities are the
sites for virtually all professional training. Therefore, it is useful to consider
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how the structures and reward systems of universities may influence the
incentives and rewards that are available for working in the area of trans-
disciplinary research.

One example is the hiring, promotion, and tenure (P/T) process, a key
aspect of success in the university research setting. It is widely acknowl-
edged that the P/T process rewards individual initiative and products of
research, such as grant proposals, research projects, and publications. Al-
though being a PI on a research project or a senior, lead, or sole author on
a paper is a clear sign of scholarly achievement, there may be other indica-
tors as well. Participation in team projects for transdisciplinary research
may be discouraged for those who have not yet achieved tenure, but there
would be value in providing junior faculty ways to become engaged in
transdisciplinary research from the early stages of their careers. The criteria
for promotion and tenure will, of course, affect the hiring process, because
presumably an institution seeks to hire people it believes will thrive and
grow in that instituition’s environment.

Because the review process for P/T shares some attributes with the NIH
peer review process, there may be some common observations about how
these processes can support transdisciplinary research. One would be the
importance of having someone participate in the P/T review who is experi-
enced in transdisciplinary research, who understands the challenges and
metrics for success, and who is able to evaluate contributions made by
individuals to team projects. Because the P/T process is so critical to the
career pathway of academic researchers it might be valuable for leading
university associations (e.g., the American Association of Universities, the
National Association of State Universities and Land Grant Colleges, and
the American Association of Medical Colleges) to jointly develop models
that would ensure that work in such important and critical fields is ad-
equately rewarded before faculty reach the senior—or tenured—level.

One of the suggestions made in the 2004 NAS/NAE/IOM report is that
academic institutions should “increase recognition of co-principal investi-
gators’ research activities during promotion and tenure decisions.” As NIH
explores new approaches to acknowledging multiple investigators on team
projects, the next step would be for universities to use that information in
ways that would ensure that the impact of the incentives and rewards are
felt at the campus level. Interestingly, in the guidance for the new clinical
(Clinical and Translational Science Award) awards, NIH specifically calls
on universities to put forward PIs with broad institutional authority, in-
cluding authority over promotion:

. . . that the program director have authority, perhaps shared with other
high-level institutional officials, over requisite space, resources, faculty
appointments, protected time, and promotion (NIH, 2005a).

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


196 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

This is a sign that NIH acknowledges the need for institutions to align
their policies with the goals of supporting transdisciplinary research, even
though these are policies and procedures that are under the control of the
university, not NIH.

Universities also should consider the incentives that come with sharing
funding with researchers, departments, and colleges. The NAS/NAE/IOM
report (2004) suggests that academic institutions “experiment with admin-
istrative structures that lower administrative and funding walls between
departments and other kinds of academic units.” Furthermore, the report
recommends that “institutions should develop equitable and flexible bud-
getary and cost-sharing policies that support IDR.” Among examples pro-
vided is the suggestion that institutions “credit a percentage of all projects’
indirect costs to support the infrastructure of research activities that cross
departmental and school boundaries.”

There is wide variability in how recovered indirect costs are shared
within universities, in part because universities face an array of demands
and constraints on their use of such funds. In many institutions, some
portion of the indirect cost recovery may be returned to investigators,
departments, colleges, or other components to be used for research pur-
poses. Even small amounts of such funding can either advance or retard the
development of transdisciplinary teams. If, for example, the only recovery
made is to the PI, then there is a clear disadvantage to being a participant on
a team project. On the other hand, if the recovery is divided according to
the involvement of individuals in the project, then there is a greater incen-
tive to engage in teamwork. Such sharing could also minimize individual
departments having to work to keep faculty participating only on projects
within the department and could help encourage faculty members to engage
in opportunities to work across organizational boundaries.

Another example comes from the experiences of nontraditional struc-
tures within universities, such as transdisciplinary research centers or insti-
tutes. If all of the faculty members involved in a project reside within such
an institute, there may not be any issue regarding how incentives flow. But,
if individuals have home departments or colleges, as well as center or
institute affiliations, there can be problems of attributing “credit” and
providing rewards. The amount of incentive funds could be increased to
ensure that some share went to such centers or institutes, or the overall
amount of funding could be held steady, with the proportions adjusted to
allow for incentives to accrue to such centers. Universities should examine
their practices to ensure that, to the extent funds are distributed as incen-
tives, they do not disadvantage the structures that may be key to conduct-
ing transdisciplinary research. Simply put, universities cannot embrace the
concept of transdisciplinary research without reviewing their policies and
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procedures in order to ensure that they facilitate such work rather than
penalize it.

Support for transdisciplinary research also will require incentives from
NIH. Although the most powerful incentive is the financial support that is
provided for such work, there are other types of incentives as well. One
incentive is the credit that accrues to those who participate in such projects.
The recent NIH announcement of plans to recognize multiple PIs represents
a significant advancement in providing external recognition for members of
research teams. This is a very important and valuable step in the enhance-
ment of team science, and it is a step that clearly is needed for trans-
disciplinary research. However, it is important that in seeking to appropri-
ately recognize those who are conducting team research, systems not
minimize the value of the leadership that such teams require. The develop-
ment of complex proposals and the leadership for projects has been histori-
cally recognized in the role of PI. That role still is important, even in settings
in which there may be several collaborators who are critically important to
the project. If NIH were also to recognize such collaborators, it would be
easier for institutions to see how those roles are being played, not just on
their own campus but on others as well.

In reflecting on the P/T discussion, it was noted that it is obvious that
those on an investigator’s campus know what their roles have been on
research projects. However, it may be challenging in P/T review to under-
stand how those roles are experienced by other researchers at a similar
career stage. Team members need to be recognized for support received
from NIH (e.g., through Computer Retrieval of Information on Scientific
Projects). The use of such data is the responsibility of the university, but
NIH (and other funders) could help by making the appropriate data easily
available.

The federal laboratories and industry have organizational structures
that differ from those in universities in that they tend to be more problem
focused than discipline focused. This structure may foster research that
brings together different skills through a team approach to address a prob-
lem, efforts that could provide insights for universities and, possibly, avoid
unwarranted advocacy for particular disciplines, independent of their con-
tribution to identified problems. In fact, the 2004 NAS report recommends
that “universities may benefit by incorporating many IDR [interdisciplinary
research] strategies used by industrial and national laboratories, which
have long experience in supporting IDR.” Interestingly, some industries
report that they prefer to hire trainees early in their careers before they have
become too focused on independent activity and the anticipation of indi-
vidual rewards. Industry frequently needs individuals who can work well in
teams, a skill that is not necessarily fostered through a lengthy commitment
to an academic career.
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However, the larger obligations of universities to provide a broad intel-
lectual environment and grounding for the next generation of scholars
would not make a totally problem-oriented focus plausible as a general
approach to institutional structure. The many calls for transdisciplinary
research approaches to contemporary problems may mean that it is timely
for universities to consider how to approach a balance of needs. Some of
the deliberation in this area should involve considering how best to educate
the next generation to contribute to the academy, as well as to industry and
government.

PEER REVIEW

Scientific peer review of applications is a key step in supporting any
area of research. It is not uncommon to hear investigators lament that
transdisciplinary projects have difficulty in peer review. This reality, or
even this impression, undermines the willingness of researchers to take on
these important and difficult scientific areas. Transdisciplinary research is a
challenge for the review of applications. The involvement of multiple disci-
plines means that review groups need to reflect that diversity. There is great
value in having more than one person representing a field on a review
group, and a significant number should represent transdisciplinary research
experiences and skills.

The need to have multiple people in multiple fields, not to mention the
need to include those who are skilled in systems approaches to analysis and
disease endpoints, could rapidly escalate the number of reviewers needed
overall. It is probably not enough to simply place people from different
disciplines on a review group. Rather, it is important to take specific steps
to ensure that reviewers will be able to appreciate the transdisciplinary
nature or goals of a proposal. For example, selecting reviewers who actu-
ally do transdisciplinary research would be one important step. If the project
members are expected to function as team, then real-life experience with
successful team science would be essential. This is far different from recruit-
ing reviewers who have knowledge of the specific elements of work that the
team will address, but no experience in working in teams.

Another strategy for the NIH could be to focus review criteria to spe-
cifically address transdisciplinary aspects (so that truly transdisciplinary
projects were clearly valued). Establishing a specific mechanism for such
team science could assist in focusing review groups on the requirements for
such research. Also, review group members might spend time in advance of
the specific review of proposals learning about one another’s disciplines,
discussing the meaning of transdisciplinary inquiry, or even presenting a
summary of the contributions of a field other than their own. Expanding
the skill set of reviewers (and presumably program and review staff at the
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same time) would lead to the development of more reviewers who are
aware of the conceptual and technical issues involved in a particular type of
research.

In any emerging field there is the risk of a dearth of qualified reviewers
or an over-reliance on a few reviewers. NIH could take modest steps that
would help to improve the quality of review and that would be helpful to its
own program and review staff as well. Although the tools might vary, the
goal is to ensure that transdisciplinary work is fairly reviewed and truly
valued. It is not sufficient to place individual scientists with expertise in the
elements of a complex, integrative project on review groups unless there are
already members with experience working in a transdisciplinary setting or
with a special initiative within the review group to build that perspective
prior to conducting the review. The gravitational pull to individual perspec-
tives must be actively countered.

If NIH establishes a goal of supporting projects that are addressing
transdisciplinary issues or bringing transdisciplinary teams to bear on a
project, then funding decisions need to reflect that goal. The value of adher-
ing to peer review assessments is obviously quite strong, but it is not incom-
patible with also making programmatic decisions in support of some de-
fined areas. If a field or approach is truly cutting edge, it may present a
challenge to peer review, but if it is to be advanced, then NIH should
consider making modest use of such programmatic decisions. It is not clear
that this necessarily requires specific solicitations for such research (al-
though Requests for Applications and Program Announcements have a
role), but may simply involve placing high programmatic relevance on such
projects when funding decisions are made.

In many respects the tools needed to advance this field are not novel,
but they need to be systematically applied toward the goal of fostering a
type of research that has inherent scientific challenges and that faces spe-
cific institutional hurdles. In other words, it is the determination to use the
available tools more than the need to rely on the development of new
administrative tools that will allow this field to grow. Therefore, the com-
mittee makes the following recommendation:

Recommendation 10: Create Incentives to Foster Transdisciplinary
Research. The NIH and universities should explore ways to create
incentives for the kinds of team science needed to support trans-
disciplinary research. Areas to address include (1) hiring, promo-
tion, and tenure policies that acknowledge the contributions of
collaborators on transdisciplinary teams; (2) peer review that in-
cludes reviewers who have experience with inter- or transdisciplin-
ary research and are educated about the complexity and challenges
involved in such research; (3) mechanisms for peer review of
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research grants that ensure the appropriate evaluation of trans-
disciplinary research projects; and (4) credit for collaborators in
teams, such as NIH acknowledgement of co-investigators and uni-
versity sharing of incentive funds.

CONCLUSION

The infrastructure needed to support research on the impact of interac-
tions among social, behavioral, and genetic aspects on health will require
transdisciplinary teams of researchers. This infrastructure may be construed
as a matrix of training, tools, and incentives that are applied by universities
and by funders, most specifically NIH. As discussed in this chapter, steps
could be taken in each of these arenas, some easy and some difficult.
However, it is unlikely that there are simple responses to this complex
challenge. If the university community and funding agencies would come
together to share experiences, many strategies that already exist to address
aspects of this challenge could be communicated and recorded. If a full
range of approaches was applied rigorously to the current problem, consid-
erable progress could undoubtedly be made. However, this may require
new funding mechanisms from NIH, and it may challenge universities to
address fundamental practices such as the P/T process.

The infrastructure needed may take the form of new ways to train and
educate researchers as well as ways to fund that training. The incentives to
conduct research are influenced by both university and funding agency
policies and practices and need to reflect the value of team science. Finally,
there are tools that are needed to conduct research, not just the concrete
tools of equipment and facilities, but the data that are key to this complex
area of research.
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10

Ethical, Legal, and Social Implications

Earlier in this report, the committee addressed the challenges involved
in identifying how individual human genes interact with other genes and
with social and behavioral factors over time to affect human health. Re-
search that elucidates how social, behavioral, and genetic influences inter-
act to impact health may reveal findings that demonstrate beneficial effects
on individuals and their health while other findings on interactions may
show harmful effects. This lack of consistency may lead to differing percep-
tions of the value of research on interactions, which in turn may affect the
willingness of researchers to do this work; funders to support it; care pro-
viders to act on existing evidence; and the population to embrace the find-
ings. At its best, such findings could ensure that public health practice and
medical care are attuned to the complex of factors that are affecting a
patient, or an individual might be able to use such information as motiva-
tion for his/her own health-promoting behavior. On the other hand, such
findings could lead to stigmatization and could have negative effects on the
ability of individuals or groups to receive appropriate health care and insur-
ance coverage. Consequently, it is important that transdisciplinary research
on the impact on health of interactions among social, behavioral, and
genetic factors also encompasses investigations that improve our under-
standing of how individuals make use of this information and how
policymakers and the public interpret such research.

Efforts to address the implications of this type of knowledge are not
new. For example, environmental regulation is focused to a large degree on
the protection of health. Some of the more difficult issues in that arena
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concern whose health is to be protected—that of the average person in the
population of interest and/or the health of high-risk individuals—as well as
how and at what cost. Over the last two decades, much attention has been
paid to the social and ethical implications of genetic and genomic informa-
tion (Murray et al., 1996; Walters and Palmer, 1997; Rothstein, 1997;
Rothstein, 2003; Mehlman, 2003). Indeed, the Human Genome Project occa-
sioned the first decision by an institute of the National Institutes of Health
(NIH) to designate specific funds to explore the social implications of a
project. In this arena, the focus has been broader, ranging from effects on
health to discrimination in work and insurance to notions of personal respon-
sibility, including health and criminal law. More recently, these areas of
inquiry have begun to merge in consideration of environmental genomics1

and pharmacogenomics2  (Need et al., 2005), both of which are concerned
explicitly with interactions. Discussion in the following section builds upon
all these discourses, with an emphasis on the implications of the interactions
between genetic susceptibility and social and behavioral factors.

Another very important area in the ethical, legal, and social implica-
tions realm is that of the granting and licensing of intellectual property
rights on discoveries related to genetics. A recent National Research Coun-
cil report (NRC, 2006) explores this issue in depth, concluding that “the
patent landscape, which is already becoming complicated in areas such as
gene expression and protein-protein interactions, could become consider-
ably more complex and burdensome over time.” For a thorough and de-
tailed examination of the very complex issues in this area, the committee
refers readers to the NRC report entitled Reaping the Benefits of Genomic
and Proteomic Research: Intellectual Property Rights and Innovation in
Public Health.

CONVEYING COMPLEX SCIENTIFIC FINDINGS ACCURATELY

The picture that emerges from the study of the impact of the interac-
tions among social, behavioral, and genetic factors on health is one of
complexity. Even single gene disorders such as familial hypercholester-
olemia (Austin et al., 2004a; Austin et al., 2004b) are anything but simple.
Such disorders may involve hundreds of different mutations, most with

1Environmental genomics is defined as understanding how individuals differ in their sus-
ceptibility to environmental agents and how these susceptibilities change over time. Environ-
mental genomics includes both the ways in which environmental factors cause genetic damage
as well as the ways in which genetic variation affects responses to environmental exposures.

2Pharmacogenetics is the “branch of genetics that studies the ways in which genetically
determined variations affect responses to drugs in humans or laboratory organisms” (Wordnet
2.0, 2003).
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reduced penetrance. Many have pleiotropic effects. Sickle cell disease, which
is caused by a single mutation but has many manifestations, is an even starker
example of complexity in the face of apparent simplicity. Furthermore, the
“common disease, common variant” hypothesis (Zondervan and Cardon,
2004) suggests that the most common variants in the genome have only
modest effects on disease susceptibility (relative risks of 1.5 to 2), so that
interactions among social, behavioral, and genetic factors may have major
effects on health only for specific subgroups. Moreover, to date, the over-
whelming majority of reported genetic associations have not been replicated
in subsequent studies (Hirschhorn et al., 2002). Social and behavioral factors
are even more difficult to measure than genetic variation. Nor are phenotypic
effects readily predictable simply by characterizing the relevant genetic se-
quences, behaviors, and social environments, either together or individu-
ally. Network theory teaches that living systems are remarkably resistant to
change and that the perturbation of one part tends to lead to a countervailing
response by another in order to promote stability (Barabasi, 2002).

In contrast to this complexity, claims about scientific findings are at
times simplistic and even exaggerated. The reasons for this tendency are
many. The language of science plays a role. Terms such as “the gene for
disease X” obscure distinctions between normal gene function—the normal
variation in most genes that is present in the population—and the role of
specific deleterious mutations that can cause abnormal function and disease
predisposition. Furthermore, the scientific method itself is reductionist, seek-
ing to isolate the impact of a particular factor on an outcome of interest.
Finally, scientists face economic and social pressures to emphasize the sig-
nificance of their findings in easily understandable terms that may have the
effect of distorting the subtleties and uncertainties of the results (Holtzman
et al., 2005).

These difficulties are compounded by those outside the scientific com-
munity who often are ill equipped to challenge what are perhaps overstated
scientific claims. The media understandably prefers straightforward mes-
sages, while concepts of relative risk are notoriously difficult to understand.
The legal system continues to struggle, in both regulatory settings and the
courtroom, with the enormous disjunction between its methods of truth
finding and those of science (Rothstein, 1999).

Failures to convey the limitations and complexity of scientific findings
are significant because beliefs about the causation of health and disease
affect the allocation of responsibility and resources, and this has ethical and
social implications. Given the consequences of identifying clear causal ex-
planations, the drive for simplification is strong. People generally seek
simple explanations for events in their lives. Tort law is premised to a large
degree on the notion that no more than a few factors can be held legally
“responsible” for injuries to people and property. The attraction of reduc-
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tionism and the search for a limited number of causes also contribute to the
prominence of determinism—the idea that once a particular factor is known,
biological and even social consequences follow more or less inexorably.
The trend toward deterministic thinking has been particularly prominent
regarding genetics, dating back at least to the eugenics movement of the
nineteenth and early twentieth centuries (Kevles, 1985; Duster, 1990), but
it extends throughout science and society. The history of how biological
information has been used to put people at a disadvantage still looms large
in the public’s mind. The first step to countering the resulting fear of science
is conveying accurately scientific findings and the difficulties involved in
predicting the responses of complex systems.

POLICY DOES NOT INEXORABLY FOLLOW FROM
SCIENTIFIC DISCOVERIES

Greater understanding of the influence of interactions among social
factors, behavior, and genetic variation on health and disease pulls us in
two directions (Shostak, 2003). Focusing on a person’s unique physiologi-
cal and genetic makeup focuses attention on the individual and his/her
unique susceptibilities. Acknowledging the role of behavior and social loca-
tion, however, directs attention to the situation in which the individual
lives, including the social factors that influence and constrain that person’s
situation and his/her health-related behaviors. The question is whether and
how to intervene to improve health, given this complexity.

For the purposes of this discussion, it is assumed that it will not be
possible to alter particular gene sequences in an individual, at least not in
the near future. Thus, any efforts to improve health and well-being in the
population as a whole will necessarily depend on using pharmacologic and
other medical interventions as well as on changing the social environments
and individual health behaviors. Opportunities to alter these nongenetic
factors in useful ways may exist at many levels, from the individual, to the
family and community, to larger—even global—approaches. However, the
array of realistic possibilities is constrained by a host of factors, such as the
individual’s personal and financial assets and cultural beliefs; the availabil-
ity of resources; legal rules; and concerns about issues such as discrimina-
tion. The goals of intervention may vary because notions of health change
over time and differ by cultural settings. Moreover, health-promoting ac-
tions can complement or compete with other goods at both the personal
and societal levels, including individual priorities and values as well as
commercial interests. Indeed, the matrix of factors that affect the applica-
tion of scientific knowledge about social, behavioral, and genetic interac-
tions and the values at stake is every bit as complex as the science that we
seek to understand.
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An example may be useful here. It is known that individuals who have
one copy of certain mutations in the gene that codes for alpha-1-antitrypsin
(A1AT) (i.e., are heterozygous) are more susceptible to lung damage when
exposed to certain inhalants, ranging from chemicals typically used and
produced in industry to smog and tobacco smoke (Ranes and Stoller, 2005).
On its face, it seems obvious that such individuals should not experience
these potential harmful exposures. But questions about how to achieve this
goal quickly arise.

One might think that people with mutations in A1AT would simply
choose to avoid being in harmful environments. However, a great deal of
evidence demonstrates that knowledge of risk does not lead inexorably to
health-promoting behavior change (Marteau and Lerman, 2001), and at
times it may lead to harmful responses. The possible explanations for these
apparently suboptimal outcomes are many. In some cases, susceptible indi-
viduals simply choose to ignore the risk of toxic exposures. Some argue that
protecting susceptible individuals by providing health care if they become
ill or by cleaning the environment creates “moral hazard”—the possibility
that predisposed people would engage in socially undesirable, unhealthy
activities because they are insulated from the consequences. The argument
in this case would be that people with mutations in A1AT do not avoid
exposing themselves to risk because they know they will receive treatment if
they become ill.

Some decisions not to avoid potentially harmful exposures, however,
result from trade-offs that are made with other goals. Some people with these
mutations may find that they can earn a living wage only if they live in a
smoggy city or work in sites with harmful fumes. They can be faced with
choosing between optimizing their health and meeting their immediate needs
and those of their families. Also, the personal protective equipment that
could ameliorate some of the risk to such susceptible individuals can be
onerous and expensive. However, no matter what the reason for lack of
avoidance, it does seem likely that most people do not choose ill health as a
matter of preference. Moreover, relatively little research has been done to
show how to increase health-promoting behavior in these type of situations.

Nor is it clear that protecting only those who have greater risk is
necessarily the best policy. Exposures to smoke and toxic fumes are po-
tentially harmful to a large part of the population, not just to those who
are particularly susceptible. Reducing such exposures, then, could im-
prove the health of the public generally, not just those members of the
public with mutations in A1AT or other susceptibilities. As a result, envi-
ronmental regulation has taken a variety of approaches, sometimes re-
quiring individual protective measures, but frequently trying to reduce
exposures for everyone. This has led to noticeable improvements in air
and water quality over the past 50 years, with benefits going beyond good
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health to those as simple as the pleasure of having blue skies and clean
water (Grodsky, 2005).

Policies regarding who should bear the costs of behavioral choices and
environmental exposures are mixed as well. In the individual health insur-
ance market, people who smoke or who work in hazardous jobs pay higher
premiums. At the same time, both the federal and many state governments
regulate the extent to which insurers can use some types of information,
particularly information about genetic predispositions, in their underwrit-
ing. Employers are concerned with health care costs because they pay higher
premiums if their workers have large claims. Over the last 20 years, the
ability of employers to exclude workers who may have high health care
costs has been limited by laws such as the Americans with Disabilities Act
(ADA) (42 U.S.C.A. §§ 12101 et seq. (2006)), which forbids discrimination
against workers with disabilities so long as they can fulfill the essential
elements of the job with reasonable accommodation, and cases such as
Automobile Workers v. Johnson Controls (499 U.S. 187 111 S.Ct. 1196,
113 L.Ed.2d 158 (1991)), which held that Johnson Controls could not
exclude women from the potentially fetotoxic workplace. Thus, Terri
Seargent, who was essentially asymptomatic, successfully claimed that she
was fired because of the costs of enzyme replacement for her A1AT defi-
ciency (Clayton, 2001).

This body of law, however, recently has been undercut by cases such
as Chevron v. Echazabal (536 U.S. 73, 122 S.Ct. 2045, 153 L.Ed.2d 82
(2002)), in which the Supreme Court upheld regulations issued under the
ADA that permitted employers to refuse to hire workers whose underly-
ing medical conditions make them more likely to be made ill by the toxic
workplace. Finally, although society often tries to encourage its members
to avoid risky behavior, it has chosen not to require people to bear all of
the consequences of their actions. Instead, reflecting a belief that a civil
society should provide basic care for its citizens, our health care system
provides a substantial, if spotty, safety net against catastrophic illness for
many of its members, even when those diseases result in part from per-
sonal behaviors.

Expressed another way, risks to individual health of whatever sort—
genetic, behavioral, or social—raise a set of common questions, as illus-
trated below. For these purposes, we assume that a threshold level of scien-
tific validity has been met demonstrating that a particular factor influences
disease risk.3

3What this level might be can itself be contested. Does the likelihood of the truth of a
particular scientific outcome need to be more probable than not, clear and convincing, be-
yond a reasonable doubt, or have a probably of less than 0.05?
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• Who decides whether it is known that a particular individual has a
specific risk factor, whether social, behavioral, or genetic, or a combination
thereof? Does the individual have the exclusive right to make decisions
about whether to find out about his/her risk status, or can third parties
require testing or make testing a condition for receiving employment or
other goods?

• People may have more control over access to some sorts of personal
risk information than to others. For example, the fact that an individual
smokes cigarettes is difficult to hide, while whether that person has a ge-
netic variant that affects the metabolism of that smoke may not be apparent
without a specific test.

• If the fact that a person has a particular risk factor is known, who
should be able to obtain access to this knowledge? Options include the
individual, the government, and private entities such as employers or
insurers.

• If the fact that a person has a particular risk is known, who gets to
act upon that information? Can a third party force the individual to amelio-
rate the risk, perhaps by denying employment to the person or requiring
him/her to use special protective equipment? Can an insurer permissibly
charge higher premiums?

• What are the costs of acting on the risk information, and who will
bear those costs? The answers to this inquiry can be complex. For example,
excluding particular individuals from certain opportunities or social goods
may benefit some entities, such as employers, while arguably harming the
individual as well as impinging on social norms of equality. It also is impor-
tant to recognize that most costs are shared, albeit to varying degrees, and
all, in the final analysis, are borne by the citizenry.

In some ways, traits such as the A1AT deficiency present a relatively
simple case in the United States, because these mutations are present prima-
rily in Caucasians and cause disorders—emphysema and liver damage—
that are not particularly stigmatizing. Questions about appropriate inter-
ventions almost certainly will become more vexing as more is learned about
the impact of interactions among social, behavioral, and genetic variation
on behavioral itself. For example, it was recently reported that individuals
with low levels of monoamine oxidase A (MAOA) who were subjected to
severe child abuse are more likely to engage in a variety of antisocial behav-
iors (Caspi et al., 2002). These results could raise a host of questions,
ranging from whether these children need special protection during child-
hood to whether they should be monitored for antisocial behavior more
closely as adults, all of which have serious implications for civil liberties.
Even assuming that the findings of Caspi et al. will be replicated in the
future, any intervention would be overly broad, because the majority of
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children in the high-risk group (low MAOA + abuse) in that study exhibited
no behavior problems, which often is the cause for complex phenotypes.

At times, particular genetic alleles are more frequent in individuals of a
certain geographic or historical origin. For example, mutations that cause
cystic fibrosis are more common in populations of Northern European
ancestry than in those of Asian or African origin (Nussbaum et al., 2004).
Similarly, behaviors and social environments and practices vary among
cultural groups. Because it often is difficult to ascertain these variables for
any particular person, it can be tempting to use more readily available
social groupings, such as race or ethnicity, as proxies for variations in all
these domains. (See Chapter 5 for a more detailed discussion of race/
ethnicity and sex/gender.) Using categories such as race as a proxy, how-
ever, can have adverse effects. For example, in the late 1980s and early
1990s, after it became clear that penicillin prophylaxis could be lifesaving
for children with sickle cell disease, a number of states decided to screen
only non-Caucasian newborns for hemoglobinopathies, with the reasoning
that focused screening would be more cost-effective because these muta-
tions are most prevalent in populations that arose in equatorial areas. Most
states subsequently abandoned this strategy for several reasons, not the
least of which is that some affected children were missed.

One reason for incomplete ascertainment is that hemoglobinopathies
occur in many populations in this country. More generally, states have
faced difficulties in defining which children were to be tested. Different
strategies were used, including visual determination of the race of the mother
and/or the child or asking the mothers to identify their race. No matter
what was tried, affected children were missed, including some whose ances-
try meant that they were more likely to have inherited these mutations. It
also has become increasingly clear that race is not a stable category, but
rather is a social construct whose definition changes over time. The prob-
lems with targeted newborn screening for hemoglobinopathies were all the
more challenging because they occurred in the context of the longstanding
history of race discrimination in this country and the more recent history in
the 1970s of discrimination against those with sickle cell trait (Reilly, 1977).
The memories of these events never have been too far from the surface.

This example, while focusing on genetic variation, illustrates some of
the difficulties that can be presented by interventions targeted at groups of
people. Risk factors, be they social, behavioral, or genetic, can be both
overinclusive and underinclusive—some individuals will be singled out for
further attention who would never have become ill, while others who are
actually at risk will not receive beneficial assistance. These problems of
over- and underinclusiveness are exacerbated when the criteria for targeting
are not fully concordant proxies for the actual risk factors. For example,
even though more men than women ride motorcycles, it would make little
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sense to teach only men about the importance of wearing helmets, because
most men do not ride, while some women do. Moreover, the use of histori-
cally disfavored groups as proxies for genetic variation, behavior, or social
environment creates the risk of reinforcing old prejudices and stereotypes.
Targeted intervention may well be appropriate at times, but such programs
should be undertaken only after careful consideration of the social conse-
quences and after weighing other alternatives.

It is beyond the scope of this report to make recommendations regard-
ing the application of knowledge of social, behavioral, and genetic interac-
tions in forming policy. However, the array of factors that must be consid-
ered in deciding how to use this knowledge is very broad and extends far
beyond the science itself. Often, a variety of social responses are ethically
and socially acceptable. Thus, the idea that social policy follows inexorably
from scientific discovery is every bit as misplaced as the notion of scientific
determinism itself.

To address difficulties in how individuals and groups understand
complex scientific findings, as well as the potential impact such findings
could have on policy development, the committee makes the following
recommendations:

Recommendation 11: Communicate with Policymakers and the
Public. Researchers should (1) be mindful of public and policy-
makers’ concerns, (2) develop mechanisms to involve and inform
these constituencies, (3) avoid overstating their scientific findings,
and (4) give careful consideration to the appropriate level of com-
munity involvement and the level of community oversight needed
for such studies.

Recommendation 12: Expand the Research Focus. The NIH should
develop RFAs for research that elucidate how best to encourage
people to engage in health-promoting behaviors that are informed by
a greater understanding of these interactions, how best to effectively
communicate research results to the public and other stakeholders,
and how best to inform research participants about the nature of the
investigation (gene-environment interactions) and the uses of data
following the study.

ETHICAL IMPLICATIONS FOR RESEARCH

Institutional Review Boards (IRBs) perform several roles in overseeing
research regarding interactions, but it is important at the outset to identify
one area in which they may not act. Although they are required to weigh
the risks and benefits of research protocols for research participants, they
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are specifically precluded from considering “possible long-range effects of
applying knowledge gained in the research (for example, the possible effects
of the research on public policy) as among those research risks that fall
within the purview of its responsibility” (45 CFR § 46.111(a)(2) (2006)).
(For an in-depth analysis of issues regarding protection of research partici-
pants, please see the report Responsible Research: A Systems Approach to
Protecting Research Participants [IOM, 2003].) Such factors, which we
have seen can be implicated by research regarding the effect of interactions
among social, behavioral, and genetic factors on health, must be considered
elsewhere, if at all.

Privacy and Security

IRBs are responsible for ensuring, where appropriate, the protection of
the research participants’ privacy and the protection of the data regarding
the participants (45 CFR § 46.111(a)(7) (2006)). Studying interactions
among variations in social, behavioral, and genetic factors requires the
collection of information about relevant DNA variants as well as clinical or
other phenotypic information, which often includes sensitive personal in-
formation about behavior and social factors. The risk to research partici-
pants, were such information to be accessed by people and institutions
outside the study, could be substantial. Indeed, fear that sensitive or stigma-
tizing information will be uncovered or revealed is a common reason people
give for declining to participate in research (Schwartz et al., 2001). Some
protection from disclosure is provided by laws such as the Privacy Rule
promulgated under the Health Insurance Portability and Accountability
Act of 1996 (HIPAA)(45 CFR Parts 160 and 164 (2006)). However, IRBs
should direct investigators to take additional administrative and techno-
logical steps to prevent the unwarranted release of data. The first approach
in this regard is to provide adequate security for the data, which can involve
storing data on computers that are kept in locked facilities with limited
access by personnel, allowing no connection to the Internet, and using
methods of encryption. The second draws upon the model provided by
HIPAA. In this approach, investigators who share their data with others
must execute data use agreements that ensure that the recipients will com-
ply with all the restrictions that apply to the individual or institution that
collected the information initially. The third approach is to obtain addi-
tional legal protections against disclosure. The most important of these
protections are the still relatively underutilized Certificates of Confidential-
ity, which can be obtained from the U.S. Department of Health and Human
Services (Cooper et al., 2004; Office of Extramural Research, 2005).

Several different methods, which vary in their impact on the utility of
the data, may be taken to secure data. Irretrievably removing identifiers
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provides the greatest security, but if this is done correctly, it may require
eliminating many variables. Furthermore, this method precludes following
study participants prospectively for disease incidence by adding new clini-
cal data. A different strategy may be to adopt one-way encryption so that
neither investigators nor database managers can identify individual research
participants, even though new clinical information can be added.

It also may be possible to code the information and maintain a key that
makes it possible to go back to particular individuals in order to obtain
additional specific data pertinent to new hypotheses, to invite them to
participate in new research projects, perhaps exploring preventive or thera-
peutic interventions, or even to provide them with clinically meaningful
research findings. Retaining a key, however, presents additional challenges.
Strict limits on access to the key would be necessary to avoid seriously
compromising security. Criteria and a process of review need to be devel-
oped to justify recontacting individuals for more information or to invite
further research participation.

Despite individuals’ concerns about their privacy, pressure is mounting
from many quarters to increase the availability of data. Pharmaceutical
companies are being asked to report details of all their clinical trials
(Herxheimer, 2004). Investigators and funding agencies around the world
are proposing expanded data sharing policies (Arzberger et al., 2004). Coun-
tries and funders are creating new, very large datasets with genomic and
phenotypic data to be made broadly available. The Data Quality Act en-
ables entities that dislike particular regulatory decisions to question the
science on which they are based (Rosenstock, 2006). To date, no clear
consensus has emerged about exactly what data need to be shared or how
individual privacy is to be protected, although at least some writers have
recognized that the latter is an issue. Given this uncertainty and the power
of datasets that include rich phenotypic, genomic, and environmental infor-
mation, it is particularly important that IRBs attend to questions of how
fully data can be encrypted or de-identified and what research participants
need to be told about the research.

Disclosure of Results

One of the most contentious issues posed by maintaining a mechanism
for personal contact involves the question of whether research participants
should receive individual results. Although some argue that this informa-
tion should be offered as a matter of right (Council for International Orga-
nizations of Medical Sciences, 2002; Shalowitz and Miller, 2005), strong
arguments have been made that it is better to reveal individual research
results, if at all, only under very limited circumstances. Routine disclosure
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fuels the therapeutic misconception (Appelbaum et al., 1982)—the mis-
taken belief that research is directed toward the same goal as clinical care,
namely the best interest of the patient. The purpose of research, instead, is
to create generalizable knowledge. The research process typically proceeds
by fits and starts. Because many initial findings cannot be replicated, par-
ticularly in areas as complex as the impact of interactions among social,
behavioral, and genetic factors on health, a practice of routine disclosure
often would provide misplaced reassurance or create unwarranted fear. On
a more practical level, most research is conducted in laboratories that are
not approved under the Clinical Laboratory Improvement Amendments
and their regulations (42 USCA § 263a (2006) and 42 CFR Part 493(2006)).
Therefore, research laboratories may not use the rigorous sample handling
and tracking procedures used in clinical laboratories. This increases the risk
that results would be attributed to the wrong person or be incorrectly
reported. Finally, some people may not welcome this information. Numer-
ous studies demonstrate that while many people express interest in learning
about individual risks, fewer actually pursue testing once it is available
(Bowen et al., 1999).

As a result of these problems, most commentators favor limits on the
disclosure of individual research results. The National Bioethics Advisory
Commission, for example, proposed that individual research results could
ethically be revealed only if an ethics committee or other review body
concluded that “a) the findings are scientifically valid and confirmed, b) the
findings have significant implications for the subject’s health concerns, and
c) a course of action to ameliorate or treat these concerns is readily avail-
able” (National Bioethics Advisory Commission, 1999). The availability of
effective prevention also may suffice to justify disclosure. This threshold
rarely would be met in research involving the impact of interactions among
social, behavioral, and genetic factors on health because the relative risks
are almost always relatively modest, and because behavioral and social
factors can be difficult to quantify. In any event, it is critical that investiga-
tors and IRBs define the criteria for the disclosure of individual results at
the outset of the project.

Even when individual research results are not revealed to participants,
it often is desirable to inform them periodically about general research
findings. This can be accomplished by routine mailings, by presentations at
meetings of patient organizations, or by creating websites, which may or
may not be password protected, that participants can visit. Informing re-
search participants about the progress of the project will enable them to
talk more effectively with their clinicians about seeking testing or other
interventions once the research findings become sufficiently robust to be
incorporated into clinical care.
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Community Involvement

The desirability and limits of including lay oversight and some level of
community involvement in research protocols were recently reviewed in the
National Research Council/Institute of Medicine’s report Ethical Consider-
ations for Research on Housing-Related Health Hazards Involving Chil-
dren (NRC/IOM, 2005). Lay involvement can take many different forms,
ranging from membership on IRBs to community-based participatory re-
search, in which laypeople and investigators jointly define every aspect of
the project. Including participants can improve research by identifying is-
sues or risk factors that would not have been considered by investigators,
improving recruitment and communication, and increasing transparency.
Community advisory groups, which represent an intermediate level of in-
volvement, increasingly act as conduits of research to the larger group of
research participants (Coriell Institute for Medical Research, 2006). At the
same time, greater lay involvement is time intensive for both investigators
and laypeople. To date, little data exist regarding its efficacy.

In considering what level of lay involvement is appropriate in studies of
the impact of interactions among social, behavioral, and genetic factors on
health risks of the research, the practicability of inclusion should be taken
into account. More active involvement may be desirable, for example, when
study results have the potential to stigmatize individuals or groups, as
might be the case in studies that explore genetic and environmental influ-
ences on antisocial behaviors. It is important to recognize that all types of
differences—social, behavioral, and genetic—can be potential sources of
stigma, and, where implicated, they may warrant greater lay involvement.
The risk to individuals or groups may be even greater when the research
participants are in some way vulnerable within the larger society.

One of the most vexing problems facing investigators is deciding what
to do when research involving samples and clinical information collected
for one purpose suggests new hypotheses. For example, researchers may
have focused initially on cardiovascular disease risk, but new findings may
suggest that the exploration of factors contributing to Alzheimer’s disease
also may be fruitful (e.g., the work currently being conducted on
apolipoprotein E isoforms). Consultation with the community may provide
insight into whether this new direction is consistent with the original intent
of the participants.

Lay involvement may be more obviously required when defined politi-
cal structures exist within the group from which research participants are
drawn. The paradigmatic example in the United States is research involving
Native Americans because they are members of sovereign nations; however,
in that setting, care must be taken to ensure the representativeness of the
process and of those who purport to speak on behalf of the participants
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(Council for International Organizations of Medical Sciences, 2002; Sharp
and Foster, 2002). Efforts to solicit public involvement in research design
and dissemination also may be warranted even when community groupings
are less well defined. Strategies will differ in each context, but will typically
involve tapping into local social networks within the larger group.

Informed Consent

The last decade has seen an enormous amount of debate regarding the
ethical and legal requirements of informed consent for the use of medical
information and human biological materials for research (Clayton et al.,
1995; Knoppers, 1997; National Action Plan for Breast Cancer, 1997;
National Bioethics Advisory Commission, 1999). Among the issues that are
often addressed in current consent forms are the types of research that may
be conducted; the risks and benefits, both personal and social, that may
result from the research; who is going to hold and have access to these
resources; what privacy and security protections are going to be used; under
what conditions, if any, individuals may be recontacted either to obtain
further consent or to be provided specific health-related results; and the
possibility that intellectual property may be developed. Particularly in light
of evidence that research participants often are not truly informed, more
work needs to be done to learn how to communicate this information
effectively. These issues merit particular attention in studies of the interac-
tions among social, behavioral, and genetic factors on health in order to
ensure that participants truly understand what is at stake in the research.

Given the sensitivity of research and its implications involving interac-
tions among the factors under discussion, it is of primary importance to
address the issues of data sharing and informed consent. Therefore, the
committee recommends the following:

Recommendation 13: Establish Data-Sharing Policies That Ensure
Privacy. IRBs and investigators should establish policies regarding
the collection, sharing, and use of data that include information
about (1) whether and to what extent data will be shared; (2) the
level of security to be provided by all members of the research team
as well as the research and administrative process; (3) the use of
state-of-the-art security for collected data, including, but not lim-
ited to, NIH’s Certificates of Confidentiality; (4) the use of formal
criteria for identifying the circumstances under which individual
research results will be revealed; and (5) how, before sharing data
with others, recipients must agree to use data only in ways that are
consistent with those agreed to by the research participants. Fur-
thermore, if a mechanism to identify individual research partici-
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pants is retained in the database, IRBs and investigators should
consider whether to contact participants prior to initiating research
on new hypotheses or other new research.

Recommendation 14: Improve the Informed Consent Process. Re-
searchers should ensure that informed consent includes the follow-
ing: (1) descriptions of the individual and social risks and benefits
of the research; (2) the identification of which individual results
participants will and will not receive; (3) the definition of the pro-
cedural protections that will be provided, including access policies
and scientific and lay oversight; and (4) specific security, privacy,
and confidentiality protections for protect the data and samples of
research participants.
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Conclusion

As discussed throughout this report, human health is determined by the
interaction of several factors, including the social environment, genetic
inheritance, and personal behaviors. Socioeconomic status, race/ethnicity,
social networks/social support, and the psychosocial work environment all
have been shown to affect health outcomes (Chapter 2). These social deter-
minants influence health at multiple levels throughout the life course. In
addition to the vast array of social determinants that influence health, a
person inherits a complete set of genes from each parent that contributes
both directly and indirectly to the pathogenesis of disease. Genes have been
identified for relatively uncommon, simple Mendelian patterns of disease
inheritance, such as Tay-Sachs disease and cystic fibrosis, and recently
research has begun to explore genetic susceptibility to disease as the conse-
quence of the joint effects of many genes, each with small-to-moderate
effects, often interacting among themselves and with the environment
(Chapter 3). Behaviors also have been shown to affect health (Chapter 4).
For example, tobacco use, obesity, and physical inactivity are the greatest
preventable causes of morbidity and mortality in the United States (Mokdad
et al., 2004). Furthermore, complex traits, such as sex/gender and race/
ethnicity, pose both a challenge and an opportunity in our search for a
better understanding of environmental, genetic, and behavioral interactions
as determinants of health (Chapter 5).

As this report demonstrates, research has documented associations be-
tween social factors and health, behaviors and health, and genetics and
health. Yet, researchers are only now beginning to study in earnest the
potential interactions between genetic and social environmental factors that
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are likely to be contributing to a large fraction of disease in most popula-
tions. Key to the success of research on these interactions is the conduct of
such research in a collaborative and transdisciplinary manner, which “im-
plies the conception of research questions that transcend the individual
departments or specialized knowledge bases because they are intended to
solve . . . research questions that are, by definition, beyond the purview of
the individual disciplines” (IOM, 2003). Furthermore, more comprehen-
sive, predictive models of etiologically heterogeneous disease are needed,
and this requires the development and implementation of new modeling
strategies and the use of profiling approaches. In order to ensure that
findings are applicable beyond a small population, research must be con-
ducted in diverse groups and settings (Chapter 6). Animal models, which
are explored in Chapter 7, have a great deal to offer in understanding the
effects of interactions of social, behavioral, and genetic factors on health.

A clear formulation of the concept of interaction, and an understanding
of research designs that can be used to test for it, are central to progress in
assessing the impact on health of interactions among multiple factors. This
report discusses several steps that are needed to advance the science of
testing interactions (Chapter 8). These include new, accessible statistical
software for implementing tests for interaction on an additive scale and
research on developing study designs that are efficient at testing interac-
tions, including variations in interactions over time and development.

Transdisciplinary research on the impact on health of interactions
among social, behavioral, and genetic factors places several demands on the
research infrastructure, including the need for education and training of
researchers, the enhancement and development of appropriate datasets,
and the creation of incentives and rewards that will encourage investigators
to move beyond the single discipline approach to research. Approaches that
the National Institutes of Health can use to address these barriers include
providing individual and senior fellowships, transdisciplinary institutional
grants, short courses, and datasets that can be enhanced to provide the
necessary information. The development of new datasets for topics that
have high potential for showing interactions also would be valuable. Other
incentives that foster the transdisciplinary research discussed in this report
address hiring, promotion and tenure policies, peer review, and the alloca-
tion of credit for collaborative research (Chapter 9).

Finally, research that elucidates how social, behavioral, and genetic
factors interact to influence health raises important ethical and legal issues,
including those involving how individuals and groups understand and use
complex scientific findings, as well as the potential impact such findings
might have on policy development (Chapter 10).

Furthermore, studying interactions among variations in social, behav-
ioral, and genetic factors requires the collection of information that could
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entail significant risk to research participants if it is inappropriately ac-
cessed. This report offers recommendations for communicating with
policymakers and the public, for expanding the research focus to include
research on how best to encourage people to engage in health-promoting
behaviors, for the establishment of data-sharing policies that ensure pri-
vacy, and for improving the informed consent process.

The intent of this report is to encourage and facilitate the growth of
research on the impact of interactions among social, behavioral, and ge-
netic factors on health that will further our understanding of disease risk
and aid in the development of effective interventions to improve the health
of individuals and populations. This report has resulted from collaboration
that has occurred between scientists from the social and the biological
worlds, and it provides a template for how their theories and methods can
be integrated to advance knowledge. It is timely and important because it
sets out an agenda for research that is needed to advance the science of
gene-environment interactions in explaining individual and population
health and health disparities.
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A

Methodology:
Data Collection and Analysis

INTRODUCTION

The committee reviewed a broad array of information while consider-
ing the issues associated with assessing the impact on health of interactions
among social, behavioral, physiological, and genetic factors. Sources of
information included primary scientific literature in sociology, psychology,
genetics, gene-environment interactions, and public health; books; scientific
reviews; news articles; presentations from researchers, and representatives
from the sponsor. Compilations of this background material commenced in
December of 2004 and ended in February of 2006, shortly after the com-
mittee held its final meeting.

To answer questions that were posed to the committee in the statement
of task, members of the committee relied on their own areas of expertise
supplemented by various methods of information gathering that are de-
scribed in more detail below.

Literature Review

The committee and Institute of Medicine (IOM) staff used an extensive
online bibliographic search to compile a reference database of peer-
reviewed literature relevant to the topic of the impact of interactions among
social, behavioral, physiological, and genetic factors on health. The online
bibliographic search was conducted using relevant databases (Box A-1) that
included EMBASE, LexisNexis, Medline, PsychINFO, Science Direct, and
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Sociological Abstracts. This online search was carried out throughout the
entire course of the study.

To begin the process of identifying peer-reviewed literature, the IOM
staff conducted a general bibliographic search on topics that were relevant
to interactions among genes and the social environment, and behavioral
and physiological factors. IOM staff then categorized these references ac-
cording to their subject matter and developed reference lists of key citations
that were provided to the committee for review. After discussing the refer-
ence lists with the committee, areas in which additional information was
needed were determined.

As the study progressed, searches of peer-reviewed literature continued
regularly. Additional references were identified by reviewing the reference
lists of major primary literature, key reports, relevant websites, and text-

BOX A-1
Online Databases

EMBASE (Excerpta Medica) database is a major biomedical and pharmaceutical
containing more than 9 million records from 1974 to the present from over 4,000
journals; approximately 450,000 records are added annually. More than 80 per-
cent of recent records contain full author abstracts. This bibliographic database
indexes international journals in the following fields: drug research, pharmacology,
pharmaceutics, toxicology, clinical and experimental human medicine, health pol-
icy and management, public health, occupational health, environmental health,
drug dependence and abuse, psychiatry, forensic medicine, and biomedical engi-
neering/instrumentation. EMBASE is produced by Elsevier Science.

LexisNexis provides access to full-text information from more than 5,600 sources,
including national and regional newspapers, wire services, broadcast transcripts,
international news, and non-English-language sources; U.S. federal and state case
law, codes, regulations, legal news, law reviews, and international legal informa-
tion; and business news journals, company financial information, Securities and
Exchange Commission filings and reports, and industry and market news. It is
produced by Reed Elsevier, Inc.

MEDLINE is the U.S. National Library of Medicine’s premier bibliographic data-
base, containing citations from the mid-1960s to the present and covering the
fields of medicine, nursing, dentistry, veterinary medicine, the health care system,
and the preclinical sciences. PubMed provides online access to more than 12
million MEDLINE citations. MEDLINE contains bibliographic citations and author
abstracts from more than 4,600 biomedical journals published in the United States
and 70 other countries. PubMed includes links to many sites providing full-text
articles and other related resources. This database can be accessed at www.
ncbi.nlm.nih.gov/PubMed.
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books. Throughout the process, committee members, workshop presenters,
and IOM staff supplied references and suggested key terms and authors
relevant to the study. The IOM staff maintained a searchable database that
was categorized to allow searches by keyword, type of literature (e.g.,
journal article), date, or other criteria. Reference lists of articles obtained
were regularly updated and provided to the committee and consultants,
who requested full text of the journal articles and other resources as needed
for their information and analysis.

After many months of reviewing the rapidly expanding literature avail-
able, the final count of articles was more than one thousand. Two-thirds of
the articles obtained were published after the year 2000, a reflection of the
fact that interest in studying the impact of interactions among social, be-
havioral, physiological, and genetic factors on health continues to increase.

PsycINFO is a bibliographic database of psychological literature with journal cov-
erage from the 1800s to the present and book coverage from 1987 to the present.
It contains more than 1,900,000 records, including citations and summaries of
journal articles, book chapters, books, and technical reports, as well as citations to
dissertations, all in the field of psychology and psychological aspects of related
disciplines. Journal coverage includes full-text article links to 42 American Psycho-
logical Association journals including peer-reviewed international journals.
PsycINFO is produced by the American Psychological Association.

Science Direct is a full-text journal database that indexes more than 1,800 scien-
tific, technical, and medical peer-reviewed journals and contains more than 59
million abstracts and more than two million full-text scientific journal articles. Sub-
ject coverage includes biological sciences; business management and account-
ing; computer science; earth and planetary sciences; engineering and technology;
environmental science; materials science; mathematics; medicine; physics and
astronomy; psychology; and social science.

Sociological Abstracts indexes the international literature in sociology and relat-
ed disciplines in the social and behavioral sciences from 1963 to the present. This
bibliographic database contains citations (from 1963) and abstracts (only after
1974) of journal articles, dissertations, conference reports, books, book chapters,
and reviews of books, films, and software. Approximately 1,700 journals and 900
other serials published in the United States and other countries in more than 30
languages are screened yearly and added to the database bimonthly. The Socio-
logical Abstracts database contained approximately 600,000 records in 2003. A
limited number of full-text references are available. Sociological Abstracts is pre-
pared by Cambridge Scientific Abstracts.
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Commissioned Papers

In the statement of task the committee was asked to “develop case
studies (e.g., obesity, stress, smoking) that will: demonstrate how the inter-
actions of the social environment and genetics affect health outcomes; illus-
trate the methodological issues involved in measuring the interactions; elu-
cidate the research gaps; point to key areas necessary for integrating social,
behavioral, and genetic research; and suggest mechanisms for overcoming
barriers.” The committee chose to address this task by obtaining commis-
sioned papers on sickle cell disease and obesity that would focus on the
points illustrated in the statement of task. Myles S. Faith, Ph.D., and Tanya
V.E. Kral, Ph.D., from the University of Pennsylvania School of Medicine,
were identified as the foremost experts with the specialized knowledge
necessary to write the commissioned paper on obesity. Dr. Faith and Dr.
Kral provided the committee with a paper entitled “Social Environmental
and Genetic Influences on Obesity and Obesit-Promoting Behaviors: Fos-
tering Research Integration,” which can be found in Appendix C. The
committee identified Robert J. Thompson, Jr., Ph.D., from Duke Univer-
sity, as having the necessary knowledge and expertise to prepare the paper
on sickle cell disease. He provided the committee with a paper entitled “The
Interaction of Social, Behavioral, and Genetic Factors in Sickle Cell Dis-
ease,” which can be found in Appendix D.

The committee also determined the need for a detailed analysis of
genetic interactions and the current state of the science in this area. Sharon
Schwartz, Ph.D., at Columbia University’s Mailman School of Public
Health, was asked to write this paper and provided the committee with a
paper titled “Modern Epidemiologic Approaches to Interaction: Applica-
tions to the Study of Genetic Interactions,” which can be found in Appen-
dix E. Steve Cole, Ph.D., at the University of California at Los Angeles
David Geffen School of Medicine, also provided a commissioned paper on
immunology that was designed to increase the committee’s understanding
of the impact of social and genetic variation on immune function and the
state of the science of this area.

Information from all four commissioned papers was used to invigorate
committee deliberations and enhance the quality of the report.

Public Workshops

The committee held a total of five meetings over the course of the
project. The purpose of these meetings was to address the study charge,
review the data collected, and develop the report and recommendations.
The first three meetings held by the committee included data-gathering
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BOX A-2
Open Agenda for Meeting 1: March 28-29, 2005

Institute of Medicine
Committee on Assessing Interactions Among Social,

Behavioral, and Genetic Factors in Health
500 5th St., NW

 Washington, D.C. 20001

Open Session: March 28, 2005

10:00 Welcome and Introduction
Dan G. Blazer, M.D., Committee Chair

10:15 Sponsor Presentation of Charge
Ronald Abeles, Ph.D., OBSSR

10:45 Discussion and Clarification of Charge

sessions, which were open to the public. These were held on March 28-29,
2005, June 16-17, 2005, and September 29-30, 2005.

In preparation for the data-gathering sessions, the committee discussed
areas in which there were gaps in the knowledge of committee members.
Once the gaps were identified, the committee developed a set of questions
that needed to be answered in order for the committee to adequately ad-
dress the statement of task. The committee then identified potential speak-
ers with the appropriate level of expertise to address the questions and
invited them to participate in open session workshops.

The first committee meeting, held March 28-29, 2005, in Washington,
D.C. (Box A-2), included a presentation of the charge to the committee by
Ronald Abeles of the Office of Behavioral and Social Sciences Research
(OBSSR) and an open discussion of the statement of task with representa-
tives from each of the sponsors from the National Institutes of Health,
including Ronald Abeles and Deborah Olster from OBSSR, Colleen
McBride from the National Human Genome Research Institute, and Brian
Pike from the National Institute of General Medical Sciences.

The second committee meeting, held June 16-17, 2005, in Washington,
D.C. (Box A-3), was the first of the two open data-gathering sessions.
During this meeting, the committee heard presentations from seven speak-
ers who provided overviews of social variables, genetics variables, gene
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BOX A-3
Open Agenda for Meeting 2: June 16-17, 2005

Institute of Medicine
Committee on Assessing Interactions Among Social,

Behavioral, and Genetic Factors in Health

Washington Terrace Hotel
1515 Rhode Island Ave., NW

Washington, D.C. 20005
Director’s Room (second floor)

Open Session: June 16, 2005

9:30 Welcome and Introductions
Dan Blazer M.D., Ph.D.
Committee Chair
J.P. Gibbons Professor of Psychiatry
Duke University Medical Center

9:45 Overview of Social Variables and Their Measurement
Ana Diez Roux, Ph.D.
Associate Professor of Epidemiology
Associate Director of the Center for Social Epidemiology and

Population Health
University of Michigan School of Public Health

10:05 Conceptualizing Social Variables to Facilitate and Promote
Gene/Environment Research

Eileen Crimmins, Ph.D.
Edna M. Jones Professor of Gerontology and Sociology
University of Southern California

10:25 Discussion

11:00 Overview of Genetic Variables and Their Measurement
Sharon Kardia, Ph.D.
Director, Public Health Genetic Programs
Associate Professor, Department of Epidemiology
University of Michigan School of Public Health
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11:20 Discussion

11:45 LUNCH

1:00-2:45 PANEL ON EPIGENETICS

1:00 Gene Expression over Time
Ming D. Li, Ph.D.
Associate Professor/START Center Genetic Professorship
Head, Program in Genomics and Bioinformatics on Drug

Addiction
University of Texas Health Science Center at San Antonio

1:20 Epigenetic Phenomenon: How to Approach Mechanisms by
Which Social Variables Influence Gene Expression

Arthur Beaudet, M.D.
Chair, Department of Molecular and Human Genetics
Baylor College of Medicine

1:40 Genetics of Ethnic Populations
Sharon Kardia, Ph.D.
Director, Public Health Genetic Programs
Associate Professor, Department of Epidemiology
University of Michigan School of Public Health

2:00 Implications of Genetics of Ethnic Populations for Common
Disease

Keith Whitfield, Ph.D.
Associate Professor of Biobehavioral Health
Pennsylvania State University

2:20 Animal Models
John Sheridan, Ph.D.
Professor, College of Medicine and Public Health
Associate Director, Institute for Behavioral Medicine Research
Ohio State University

2:45 Discussion

3:30 Workshop Adjourns
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BOX A-4
Open Agenda for Meeting 3: September 29-30, 2005

Institute of Medicine
Committee on Assessing Interactions Among Social,

Behavioral, and Genetic Factors in Health

Keck Building, Room 100
500 5th St., NW

Washington, D.C. 20001

Open Session: September 29, 2005

9:00 Welcome and Introductions
Dan Blazer, M.D., Ph.D.
Professor of Psychiatry
Duke University
Committee Chair

9:15 Cultural Influences on Health
Margaret Lock, Ph.D.
Professor in Social Studies in Medicine
McGill University

9:45 Discussion

10:00 Effects of Psychological Stress on Health
Sheldon Cohen, Ph.D.
Professor of Psychology
Carnegie Mellon University

10:30 Discussion

11:00 Gene-Environment Interactions: Definitions and Study Design
Ruth Ottman, Ph.D.
Professor of Epidemiology
Columbia University

11:30 Discussion

12:00 Workshop Adjourns
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expression over time, epigenetics, genetics of ethnic populations, and ani-
mal models.

The third committee meeting, held on September 29-30, 2005, in Wash-
ington, D.C. (Box A-4), was the second main data-gathering session open
to the public. During this meeting, the committee heard presentations from
three speakers who provided overviews of cultural influences on health, the
effects of psychological stress on health, and gene-environment interac-
tions. The remaining two committee meetings were closed to the public in
order to permit committee deliberation and report writing. They were held
in November of 2005 and January of 2006.
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B

Recommendation from the
National Academy of Sciences/

National Academy of Engineering/
Institute of Medicine Report

Facilitating Interdisciplinary Research1

RECOMMENDATIONS

On the basis of its findings, the committee offers the following recom-
mendations. They are listed by category of people and organizations in-
volved in interdisciplinary research, education, and training. The commit-
tee does not necessarily urge interdisciplinary research activities for all
institutions and individuals, but, for parties that are interested in imple-
menting or improving such activities, the committee provides the following
recommendations.

The majority of the recommendations the committee makes to facilitate
interdisciplinary research are “incremental”; however, the committee pro-
vides suggestions for “transformative” changes for those institutions willing
to experiment with new approaches. Most of these are described briefly here
in the section entitled “academic institutional structures,” but very specific
ideas are provided in Chapter 9 that expand upon these recommendations.

Students

S-1: Undergraduate students should seek out interdisciplinary experi-
ences, such as courses at the interfaces of traditional disciplines that address
basic research problems, interdisciplinary courses that address societal prob-
lems, and research experiences that span more than one traditional discipline.

1These recommendations were developed by the Committee on Facilitating Interdiscipli-
nary Research and were published in NAS/NAE/IOM. 2004. Facilitating Interdisciplinary
Research. Washington, DC: The National Academies Press.
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S-2: Graduate students should explore ways to broaden their experi-
ence by gaining “requisite” knowledge in one or more fields in addition to
their primary field.

Postdoctoral Scholars

P-1: Postdoctoral scholars can actively exploit formal and informal
means of gaining interdisciplinary experiences during their postdoctoral
appointments through such mechanisms as networking events and intern-
ships in industrial and nonacademic settings.

P-2: Postdoctoral scholars interested in interdisciplinary work should
seek to identify institutions and mentors favorable to interdisciplinary re-
search (IDR).

Researchers and Faculty Members

R-1: Researchers and faculty members desiring to work on IDR, edu-
cation, and training projects should immerse themselves in the languages,
cultures, and knowledge of their collaborators in IDR.

R-2: Researchers and faculty members who hire postdoctoral scholars
from other fields should assume the responsibility for educating them in the
new specialties and become acquainted with the postdoctoral scholars’
knowledge and techniques.

Educators

A-1: Educators should facilitate IDR by providing educational and
training opportunities for undergraduates, graduate students, and post-
doctoral scholars, such as relating foundation courses, data gathering and
analysis, and research activities to other fields of study and to society at
large.

Academic Institutions’ Policies

I-1: Academic institutions should develop new and strengthen exist-
ing policies and practices that lower or remove barriers to IDR and scholar-
ship, including developing joint programs with industry and government
and nongovernment organizations.

I-2: Beyond the measures suggested in I-1, institutions should experi-
ment with more innovative policies and structures to facilitate IDR, making
appropriate use of lessons learned from the performance of IDR in indus-
trial and national laboratories.
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I-3: Institutions should support interdisciplinary education and train-
ing for students, postdoctoral scholars, researchers, and faculty by provid-
ing such mechanisms as undergraduate research opportunities, faculty team-
teaching credit, and IDR management training.

I-4: Institutions should develop equitable and flexible budgetary and
cost-sharing policies that support IDR.

Team Leaders

T-1: To facilitate the work of an IDR team, its leaders should bring
together potential research collaborators early in the process and work
toward agreement on key issues.

T-2: IDR leaders should seek to ensure that each participant strikes an
appropriate balance between leading and following and between contribut-
ing to and benefiting from the efforts of the team.

Funding Organizations

F-1: Funding organizations should recognize and take into consider-
ation in their programs and processes the unique challenges faced by IDR
with respect to risk, organizational mode, and time.

F-2: Funding organizations, including interagency cooperative activi-
ties, should provide mechanisms that link interdisciplinary research and
education and should provide opportunities for broadening training for
researchers and faculty members.

F-3: Funding organizations should regularly evaluate, and if neces-
sary redesign, their proposal and review criteria to make them appropriate
for interdisciplinary activities.

F-4: Congress should continue to encourage federal research agencies
to be sensitive to maintaining a proper balance between the goal of stimu-
lating IRD and the need to maintain robust disciplinary research.

Professional Societies

PS-1: Professional societies should seek opportunities to facilitate
IDR at regular society meetings and through their publications and special
initiatives.

Journal Editors

J-1: Journal editors should actively encourage the publication of IDR
research results through various mechanisms, such as editorial-board mem-
bership and establishment of special IDR issues or sections.
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Evaluation of IDR

E-1: IDR programs and projects should be evaluated in such a way
that there is an appropriate balance between criteria characteristic of IDR,
such as contributions to creation of an emerging field and whether they lead
to practical answers to societal questions, and traditional disciplinary crite-
ria, such as research excellence.

E-2: Interdisciplinary education and training programs should be eval-
uated according to criteria specifically relevant to interdisciplinary activi-
ties, such as number and mix of general student population participation
and knowledge acquisition, in addition to the usual requirements of excel-
lence in content and presentation.

E-3: Funding organizations should enhance their proposal-review
mechanisms so as to ensure appropriate breadth and depth of expertise in
the review of proposals for IDR, education, and training activities.

E-4: Comparative evaluations of research institutions, such as the
National Academies’ assessment of doctoral programs and activities that
rank university departments, should include the contributions of interdisci-
plinary activities that involve more than one department (even if it involves
double-counting), as well as single-department contributions.

Academic Institutional Structure

U-1: Institutions should explore alternative administrative structures
and business models that facilitate IDR across traditional organizational
structures.

U-2: Allocations of resources from high-level administration to inter-
disciplinary units, to further their formation and continued operation,
should be considered in addition to resource allocations of discipline-driven
departments and colleges. Such allocations should be driven by the inherent
intellectual values of the research and by the promise of IDR in addressing
urgent societal problems.

U-3: Recruitment practices, from recruitment of graduate students to
hiring of faculty members, should be revised to include recruitment across
department and college lines.

U-4: The traditional practices and norms in hiring of faculty members
and in making tenure decisions should be revised to take into account more
fully the values inherent in IDR activities.

U-5: Continuing social science, humanities, and information-science-
based studies of the complex social and intellectual processes that make for
successful IDR are needed to deepen the understanding of these processes
and to enhance the prospects for the creation and management of successful
programs in specific fields and local institutions.
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C

Social Environmental and Genetic
Influences on Obesity and

Obesity-Promoting Behaviors:
Fostering Research Integration

Myles S. Faith, Ph.D. and Tanja V. E. Kral, Ph.D.*

Weight and Eating Disorders Program

SECTION 1: INTRODUCTION

Obesity is one of the most pressing public health disorders in the United
States and other westernized societies. Its prevalence is increasing world-
wide and it is associated with concerning medical comorbidities, most nota-
bly the metabolic syndrome and type 2 diabetes [1-4]. Hence, innovative
research that elucidates the causes of obesity has become an increasingly
important focus for the National Institutes of Health. A challenge to this
mission, however, is that fact that obesity is a “complex disorder.” For
most individuals in the population, obesity results from multiple genetic
and environmental factors that may interact with, or may be correlated
with, each other. Genes operate additively and through gene-gene interac-
tions to influence body weight [5].

The topic of genetic and social environmental influences on obesity, and
how they interact, is a unique topic for which conceptual frameworks are
scarce. Research within each domain appears to have advanced largely within
independent “camps,” each of which has undergone major advances in the
past decade. Research into the genetics of human obesity has become increas-
ingly sophisticated with respect to molecular technologies, biostatistics, and
efficient design strategies; however, as illustrated in this report, these studies
generally did not measure specific aspects of the social environment. Re-
search into social environmental influences on obesity has expanded its scope

 *University of Pennsylvania School of Medicine.
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of coverage from interpersonal variables to potential consequences of a
broader “toxic environment;” however, these studies generally did not collect
DNA or use genetically informative designs. Hence, there appears to be room
for greater scientific synergy between the domains.

There are two overarching aims to the present report: (a) to review
evidence for genetic and social-environmental influences on obesity, respec-
tively, and the types of methodologies used to establish these associations,
and (b) to consider opportunities for greater methodological synergy be-
tween the two domains. The report strives to foster ideas for new research
that bridge genetic and social-environmental research, as they relate to
obesity and obesity-promoting behaviors. Conceptual frameworks that posit
potential interactions or covariation among genetic and social environmen-
tal factors are proposed.

SECTION 2: ORGANIZATIONAL FRAMEWORK OF THIS REPORT

Figure C-1 presents the conceptual framework around which the present
report is organized. The model posits that genetic and social-environmental
factors promote obesity through their independent influences on intermedi-
ary behavioral variables. These intermediary phenotypes may induce a posi-
tive energy balance (i.e., greater energy intake than expenditure) that, when
sustained, promotes obesity. Although physiological variables are not de-
picted in the model, they clearly are central to energy balance regulation
and the putative behavior phenotypes listed in the figure. The model is
intended to reflect much of the current literature, in that correlations or
interactions among the social environment and genetic factors are not ex-
plicitly posited. However, as reviewed in this report, certain studies chal-
lenge this assumption and suggest that expansions of this model may help
guide future research. The final section of this report suggests additional
research that would test interactions and correlations among genetic and
social-environmental variables.

The following section of the report, Section 3, addresses putative
social-environmental influences on obesity-promoting behaviors and obe-
sity, corresponding to pathways b and c in Figure C-1. Section 4 addresses
evidence for selected refined behavioral traits that have been associated
with obesity in some studies, corresponding to the “putative behavioral
phenotypes” noted in the figure. Section 5 addresses putative genetic influ-
ences on obesity-promoting behaviors and obesity, corresponding to path-
ways a and c in the figure. Section 6 addresses evidence for potential inter-
actions among genetic, social, environmental, and behavioral influences on
obesity. The data presented in this section challenge the premise that ge-
netic and environmental factors do not interact or cannot influence each
other. Section 7 suggests additional research questions and designs that
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Genetic 
Risk/Genes

Social 
Environment

Obesity

Putative Behavioral Phenotypes

Food Intake: Physical Activity:
• Increased Disinhibition • Increased TV Viewing
• Impaired Satiation and Satiety             • Decreased Non-Exercise
• Enhanced Reinforcing Value of Food                Activity Thermogenesis

 (NEAT)              • Differences in Food Preferences                                
• Increased Rate of Eating and Sucking Avidity

a

b

c

FIGURE C-1 Conceptual model relating genetic and social-environmental factors
to obesity. In this figure, the effects of genetic and social-environmental
factors, respectively, are posited to operate through putative behavioral phenotypes
that promote positive energy balance. Although not depicted, genetic and social-
environmental factors are posited to impact on physiological variables as well.

might test new questions concerning the interplay between genes, social
environment, behavior, and obesity.

It should be noted that the term “obesity,” used throughout this report,
was not necessarily measured in the same way across all the reviewed
studies. Most studies defined obesity based on the body mass index (BMI;
kg/m2), which is a reasonable proxy measure of total body fat, at least in
population studies. Guidelines by the National Heart, Lung, and Blood
Institute stipulate a BMI between 25.0 and 29.9 as “overweight,” and
greater than 30.0 as “obese.” More refined body composition measures
were used in some studies.

Given the range of topics covered in this report, a table of contents for
the major report sections and subsections is provided for the reader (Table
C-1).

SECTION 3: SOCIAL-ENVIRONMENTAL INFLUENCES ON
OBESITY AND OBESITY-PROMOTING BEHAVIORS

For the purposes of this report, a broad definition of “social environ-
ment” is used. Specifically, as defined by Barnett and Casper [6], “Human
social environments encompass the immediate physical surroundings, so-
cial relationships, and cultural milieus within which defined groups of
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people function and interact. Components of the social environment in-
clude built infrastructure; industrial and occupational structure; labor mar-
kets; social and economic processes; wealth; social, human, and health
services; power relations; government; race relations; social inequality; cul-
tural practices; the arts; religious institutions and practices; and beliefs
about place and community. [ . . . ] Social environments can be experienced
at multiple scales, often simultaneously, including households, kin net-
works, neighborhoods, towns and cities, and regions.”

This section reviews evidence for potential social-environmental influ-
ences on obesity and obesity-promoting behaviors, corresponding to paths
b and c in Figure C-1. The social-environmental variables include two
“macroenvironmental” variables and two “microenvironmental” variables.
Macroenvironmental factors operate across larger communities or popula-
tions, specifically, exposure to components of the “toxic environment” and
socioeconomic status (SES); “microenvironmental” factors, on the other
hand, refer to smaller groups of individuals or family members, specifically,
the “social facilitation” of overeating that occurs in group settings and
parent-child feeding dynamics. The social-environmental variables reviewed
below are not necessarily independent of each other, but are presented
individually for ease of presentation.

TABLE C-1 Organizational Sections of Summary Report and
Accompanying Pages
Section Number and Topic Starting Page Number

1. Introduction 236
2. Organizational Framework of This Report 237
3. Social-Environmental Influences on Obesity and Obesity-

Promoting Behaviors 238
3a. Macroenvironmental Influences 240
3b. Microenvironmental Influences 242

4. Refined Behavioral Traits Associated with Obesity 245
4a. Eating Traits 245
4b. Physical Activity and Sedentary Behavior 251

5. Genetic Influences on Obesity and Obesity-Promoting 253
Behaviors
5a. Genetic Influences on BMI and Fat Mass 253
5b. Genetic Influences on Food Intake 257
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3a. Macroenvironmental Influences

The two macroenvironmental factors reviewed below are (i) exposure
to the “toxic environment” and (ii) SES. These particular factors are
reviewed because there is a reasonable database providing information
on these variables and because of their potential relevance for obesity
prevention.

i. Exposure to the “Toxic Environment”

Brownell coined the term “toxic environment” [7, 8], referring to a
pervasive series of social and economic changes that have occurred in the
United States during in the past several decades. Brownell argues that these
changes have caused the rising obesity prevalence, even though strong causal
inferences cannot be easily made from these observational trends. These
changes are outlined in detail elsewhere [9-12], but include the increased
portion sizes and the “super-sizing” of commercially available foods, the
proliferation of fast-food restaurants, the reduced cost of fast-food prod-
ucts, the increasing access to energy-dense foods in schools, the increased
use of labor saving devices that reduce physical activity, and reduced op-
portunities for physical activity in schools and at safe playgrounds.

Data have been published that are consistent with the notion that some
of these changes may have contributed to the rising obesity prevalence. As
reviewed elsewhere [13], for example, data on national food supply and
utilization from the U.S. Marketing System indicate that the overall energy
availability per capita in the United States increased by 15 percent between
1970 and 1994, a period during which there was also an increase in per
capita availability of dietary fat, increased consumption of added fats (com-
monly found in snack or confectionary foods), reduced milk intake, and
increased soft-drink intake. During this period, there was an increased
number of households with two or more television sets, home video record-
ers, and home computers.

Despite these findings, several caveats are warranted. First, although
these aforementioned findings are consistent with a causal influence (i.e.,
pathways b and c in Figure C-1), evidence for a causal relationship per se is
limited [13]. Much of the evidence comes from observational studies that
could not control for potential confounding factors or did not directly test
associations between participant weight status and exposure to putative
environmental risk factors. Second, specific aspects of the “toxic environ-
ment” that have the greatest impact on obesity are unknown [13]. Third,
findings from certain studies did not support expected predictions. For
example, in a cohort of over 7,000 children who were 36 to 59 months of
age and from low-income families, child obesity status was not associated
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with access to playgrounds, proximity to fast-food restaurants, or neigh-
borhood crime level [14].

Finally, it has not been tested whether exposure to the toxic environ-
ment is related to genotype. That is, individuals with obesity-predisposing
genes may be particularly responsive to the effects of such a “toxic” envi-
ronment. In addition, certain individuals may be more likely to seek out or
expose themselves to aspects of the toxic environment. The topic of gene-
environment correlations as a topic for additional research is discussed
further in Section 7.

ii. Socioeconomic Status (SES)

Several studies (e.g., [15-17]) have documented an inverse relationship
between SES and obesity in previous years. In a recent review, Ball and
colleagues [18] examined 34 articles to test the hypothesis that persons from
lower SES strata are at increased risk of weight gain. Their hypothesis was
supported for predominantly non-African American samples, but not for
African American samples. Reviewing relevant studies, they found little sup-
port for a relationship between SES and weight gain among African Ameri-
cans. In contrast, depending on the particular indicator for SES that was used
(i.e., occupational status, education, and income), they found that lower SES
was associated with an increased risk of weight gain in non-African American
individuals. Specifically, the authors found an inverse association between
occupational status and weight gain for men and women. When SES was
assessed using education as the indicator, the relationship became less strong
(particularly among men). Using income level as the particular indicator for SES,
findings for associations between weight gain and SES were inconsistent for both
men and women. Finally, the authors noted a differential rate of weight gain by
SES and attributed that finding to an early onset of weight gain in a person’s life,
when parental SES may still be influential.

Prospective analyses of the National Longitudinal Survey of Youth [19]
found that children from lower SES families were more likely to have been
overweight during the prior year than children from higher SES families.
Negative associations between obesity status and household income and
parental education were found even when controlling for ethnicity and
other demographic variables.

Several mechanisms could underlie the link between low SES and obe-
sity. Factors such as limited access to resources, poor knowledge of nutri-
tion and health, increased exposure to fast-food outlets, and limited physi-
cal activity due to deprived or unsafe neighborhoods [20, 21] have been
suggested to influence energy intake and energy expenditure and, conse-
quently, body weight. For instance, in an ecological study of 267 postal
districts in Melbourne, Australia, families living in the poorest SES strata
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had 2.5 times the exposure to fast-food outlets and thus increased access to
relatively inexpensive, calorically dense foods compared to families from
the wealthiest SES strata [22].

The relationship between SES and obesity may also be influenced by
differential costs of less or more nutritious foods. For instance, in a series of
elegant analyses, Drewnowski documented that the cost of healthy, nutri-
ent-dense foods such as fruits and vegetables were reliably more expensive
than more energy-dense, less nutritious foods [23-25]. Possibly for this
reason, the availability of fruits and vegetables in adolescents’ homes was
shown to be greater among families from high compared to low SES strata
[26]. These data suggest that families from lower SES strata have overall
fewer monetary resources to purchase more nutrient-dense, healthy foods
[23, 25, 27].

Reduced access to recreational facilities or parks in deprived neighbor-
hoods also may contribute to diminished energy expenditure and thus in-
creased body weight in individuals of lower SES [28].

In summary, lower SES may contribute to the onset of obesity in that it
provides an environment which promotes the intake of calorically dense
foods while it reduces the need or the opportunity for physical activity.

3b. Microenvironmental Influences

The two microenvironmental influences reviewed in this section are
social facilitation of eating and parental feeding practices. These particular
factors are reviewed because there is a reasonable database providing infor-
mation on these variables and, in regards to feeding practices, because of its
potential relevance for obesity prevention.

i. Social Facilitation of Eating

There is reliable evidence that total energy intake at meals is increased
significantly when eating in the presence of other people, a phenomenon
termed “social facilitation” [29]. This phenomenon would be represented
by pathway b in Figure C-1. De Castro [30] studied 63 adults who main-
tained a 7-day continuous food diary and recorded the number of people
present at each meal. Results indicated that energy intake during meals that
were eaten alone was significantly lower compared to energy intake during
meals that were consumed in the presence of others. This was observed for
total energy intake (410 vs. 591 kcals), carbohydrate intake (190 vs. 241
kcals), fat intake (157 vs. 230 kcals), and protein intake (65 vs. 100 kcals).
Satiety ratings were 30 percent greater following meals eaten with others
compared to meals eaten alone.

Additional analyses of de Castro’s data indicated that the social facili-
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tation effect was greater for meals consumed in the presence of a spouse,
family member, or friend compared to less familiar or unknown compan-
ions, suggesting that enhanced social interactions and discussions were the
underlying mechanisms [31]. Indeed, de Castro and de Castro [30] argued
that physiological signals that relate to appetite and meal size can be over-
ridden by social interactions. Specifically, they found that reported total
energy intake at meals was positively correlated with time since prior meal
consumption, but only for meals eaten alone. When others were present at
meals, there was no longer a significant association, suggesting that post-
prandial meal regulation may be “disrupted by the presence of other people”
(p. 246).

Laboratory studies have also demonstrated this social facilitation phe-
nomenon. Edelman et al. [32] showed that overweight and normal-weight
subjects consumed more lasagna when eating in groups of 4 or 5 persons
compared to when eating alone, and that there was no significant difference
between the weight groups in terms of this phenomenon. Klesges et al.
documented the social facilitation effect in a restaurant setting, with the
effect being more pronounced for women than men. Kimm and Kissileff
[33] also demonstrated the social facilitation of eating in a cafeteria setting.

The mechanism underlying social facilitation of eating has been termed
“time-extension” [29, 34] and has received the most empirical support.
Specifically, the presence of people at a meal serves to lengthen meal time
which, in turn, promotes further energy intake. The point is important to
the present paper because, as presented in Section 5, there is evidence that
the tendency to eat with others may be genetically influenced. Thus, the fact
that some individuals are more likely to eat in the presence of others may
not be a random event; rather, eating in the presence of others may be a
trait that is influenced by genes that indirectly promote social facilitation of
eating at meals.

ii. Parental Feeding Practices: Breast-Feeding vs. Bottle-Feeding

An area of active research concerns parental feeding practices and
parent-child feeding dynamics that might promote a positive energy balance
and overweight in young children. Review of this literature reveals two spe-
cific feeding practices that are prospectively associated with increased body
weight and weight gain in infants and children. These practices are, first,
bottle-feeding as opposed to breast-feeding, and, second, parental use of
restrictive child feeding practices. With respect to breast-feeding practices,
prospective epidemiology studies have shown that childhood and adolescent
obesity rates were reduced among infants who were breast-fed as opposed to
never breast-fed [35] and among infants who were breast-fed for longer
compared to shorter durations [36, 37]. In one seminal study, the prevalence
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of overweight was studied in 8,186 girls and 7,155 boys, 9 to 14 years of age,
who were participating in a national growth and development study [38].
Among children who were mostly or exclusively breast-fed during the first
6 months of life, compared to children who were mostly or exclusively
formula-fed, the odds ratio for being overweight was 0.78. This held true
when controlling for maternal BMI and other variables reflecting SES and
lifestyle activities. It should be noted that not all studies replicated this signifi-
cant association [39], and that one study found the association to be true in
non-Hispanic white families but not African American families [40].

The mechanisms for the apparent protective effect of breast-feeding on
overweight development were unknown, although recent data implicate
parental feeding patterns as a possible factor. Specifically, mothers who
breast-fed their infants were less restrictive in their feeding practices (as
measured by self-report questionnaire) than mothers who bottle-fed their
infants [41]. As discussed in the next section, restriction of child eating may
impede a child’s ability to self-regulate food intake and instead teach a child
to eat in response to external cues [42]. Whether or not this is the actual
mechanism needs to be clarified in future research.

iii. Parental Feeding Practices: Restrictive Feeding Practices

An extensive literature has examined which parental feeding practices,
if any, are associated with increased child food intake during meals and
increased weight status [43]. Investigators have measured feeding practices
by parent-report questionnaires, direct observation, or analysis of video-
tapes, with the most common assessment tool being the parent-report
Child Feeding Questionnaire [44]. A recent review of this literature con-
cluded that, across the range of parental feeding domains that have been
studied, only restriction of child eating was consistently associated with
increased child total energy intake and weight status [43]. Parents who
restrict their children’s access to foods tend to have heavier children. No
other feeding domains were associated with childhood obesity, including
use of food to calm infants and children, feeding on schedule, pushing
child to eat more, and provision of structure during feeding, or using food
as a reward [45, 46].

Several mechanisms by which parental restriction may promote in-
creased child energy intake and body weight have been proposed. First,
restrictive feeding practices may impede on a child’s ability to adhere to
internal hunger and satiety cues (i.e., impaired self-regulation) and thereby
teach children to eat in response to external cues (e.g., portion size, time of
day). Among preschool children, the ability to self-regulate food and energy
intake across meals was poorer among children whose parents reported
elevated efforts to control child eating [42]. Second, restricting children’s
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access to foods may have the counterproductive effect of making those
“forbidden” foods more desirable [47]. Third, restriction of foods may
teach children to eat in the absence of hunger, that is, to continue eating
despite being full when food is available [48].

At the same time, the body of evidence suggests that parental restriction
of child eating is elicited, at least in part, by a child’s increased body weight
[43, 49]. Indeed, in one study, the association between restrictive feeding
practices and increased child weight gain was only seen in children who
were born at high risk for obesity [49]. As in other realms of child develop-
ment, there appears to be a bidirectional association such that parental
restriction of child eating partially is elicited by child’s weight, which in
turn may exacerbate further child weight gain. This also suggests a possible
gene-environment correlation such that genes and environmental condi-
tions that promote childhood obesity are interrelated. The topic of gene-
environment correlations is discussed in Section 7.

4. REFINED BEHAVIORAL TRAITS
ASSOCIATED WITH OBESITY

This section reviews refined behavioral traits that have been associated
with obesity in cross-sectional or prospective investigations. As such, it
addresses the putative behavioral phenotypes listed in Figure C-1. Obesity
results from an imbalance between energy input and energy output. The
daily energy surplus that is necessary to promote weight gain is small;
specifically, Hill et al. [50] estimated that a sustained daily energy surplus
above a person’s daily energy requirements as small as 100 kcal/day is
sufficient to promote weight gain. For this reason, it is desirable to identify
refined behavioral traits that are related to positive energy balance and
obesity. Identifying such intermediary traits may help elucidate the path-
ways through which the social environment and/or genes promote obesity.

4a. Eating Traits

In the 1970s and early 1980s there was much interest in identifying an
“obese eating style” [51-57] which differentiates lean and obese individu-
als’ eating behavior. It has been argued that intraindividual differences in
various eating behaviors may underlie the disparity in energy intake and
body weight among both groups. In light of the recent obesity epidemic, the
search for distinctive patterns of food intake among individuals with differ-
ing body sizes continues to be of great importance. Following is a descrip-
tion of selected eating traits which may represent behavioral phenotypes of
obesity.
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i. Externality and Dietary Disinhibition

During the late 1960s results from a series of experiments conducted by
Schachter and colleagues [58-60] suggested that the eating behavior of
obese individuals is greatly influenced by the immediate (food) environ-
ment. In particular, the eating behavior of obese individuals was believed to
be controlled by external cues related to the perception of time, taste and
sight of food, and the number of highly palatable food cues present [53, 60,
61], rather than by internal physiological cues of hunger.

Subsequent studies [62, 63] failed to replicate consistent differences be-
tween lean and obese individuals in their responsiveness to external food-
related and non-food-related cues. These studies found large intraindividual
variability among individuals across all weight groups in their response to
external cues. However, this early research on “external eating” developed
into a more promising line of research on the trait of dietary “disinhibition.”

Disinhibition refers to the loss of self-imposed cognitive control of
eating behavior in response to external or emotional stimuli, and is the
behavioral trait that most consistently differentiates between obese and
nonobese individuals [64]. Obese subjects show greater disinhibition scores
than do nonobese individuals [65, 66] and degree of disinhibition is strongly
associated with energy intake [64, 67], weight status and weight gain [68,
69], weight fluctuations [65], binge eating [70], and body fat [71].

In summary, dietary disinhibition, a characteristic that associated with
external eating, may represent a behavioral phenotype which is relevant to
obesity and obesity-related traits.

ii. Impaired Satiation

In recent years there has been much debate over whether obesity is the
result of impairment in the regulation of energy intake. One way to study
food and energy intake in individuals is to examine satiation (or intrameal
satiety). Satiation refers to the process leading to the termination of eating.
It is assessed by measuring food and energy intake during a single meal
which subjects consumed ad libitum.

To date only a limited number of studies is available that investigated
the effects of dietary manipulation on satiation in both normal-weight and
overweight/obese subjects. A study conducted by Bell and Rolls [72] was
designed to examine the effects of energy density across three levels of
dietary fat on intake in both lean and obese women. Results demonstrated
that the energy density of the meals significantly affected subjects’ energy
intake across all levels of dietary fat. The response to the dietary manipula-
tion was similar between lean and obese women. All women consumed
approximately 20 percent less energy in the condition of low energy density
compared to high energy density.
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Likewise, studies which examined the effects of varying the portion size
[73, 74] or the portion size and the energy density of food [75] on subjects’
ad libitum intake found no significant difference in the eating response of
lean and obese individuals. Both groups consumed significantly more en-
ergy when the portion size or the portion size and the energy density of food
were increased. A longitudinal study [76] conducted in children analyzing
nutritional data from nationally representative databases (i.e., CSFII 94-96;
NFCS 77-78) found that portion sizes of commonly consumed foods were
positively related to children’s energy intake and body weight.

As outlined above, laboratory studies for the most part failed to detect
significant differences between lean and obese individuals in their response
to the dietary manipulation of the energy density and/or portion size. One
of the great difficulties in accurately assessing food intake in obese popula-
tions has been their altered eating behavior when being monitored. As
several studies on self-reported food intakes have indicated, obese individu-
als underreport their intakes to a greater extent than do lean individuals
[77]. The measured energy intakes of obese subjects in a controlled labora-
tory setting may likewise be compromised by the fact that their food intake
is being monitored.

Despite these null findings, there is some evidence that when self-selecting
their diets obese individuals tend to consume overall greater amounts of foods
that are higher in energy density than do their lean counterparts. In a study
conducted by Westerterp-Plantenga et al. [78] obese women reported consum-
ing larger portions and an overall greater percentage of their total energy
intake from foods that are higher in energy density than did lean women.

There is some evidence [79] of a difference in the pattern of cumulative
intakes within a meal between lean and obese individuals. While lean indi-
viduals showed a decrease in their eating rate over the course of a meal,
obese and latent obese as well as restrained subjects [80] failed to do so.
The authors suggested that this difference in the pattern of cumulative
intakes over the course of a meal may indicate that lean and obese individu-
als experience satiation differently.

Recent findings from neuroimaging studies confirmed intrameal differ-
ences between lean and obese individuals. It has been shown that the hypo-
thalamic response following glucose ingestion was significantly delayed
(~4-9 min) in obese individuals compared to their normal-weight counter-
parts [81]. These findings suggest that obesity may be associated with an
abnormal neuronal activity in certain regions of the brain [82], some of
which are believed to cause a delayed response in satiation over the course
of a meal.

In summary, the finding of a potentially delayed satiation in obese
individuals is of interest in that it may point to differences in the experience
of hunger and fullness between lean and obese individuals. Innovative re-
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search designs need to be developed to further study satiation as a possible
phenotype for obesity.

iii. Impaired Satiety

Another approach to examine energy intake regulation among indi-
viduals is the study of satiety. Satiety, defined as the effects of a food or a
meal after eating has ended [83], can be studied by administering a fixed
amount of a given food or nutrient (preload) and, after a predetermined
delay, measure its effects on subsequent intake (test meal).

Among adults, there is conflicting evidence that obese individuals expe-
rience satiety differently and compensate for energy less accurately than do
lean individuals. Data generated from an experiment that was designed to
compare effects of carbohydrate and fat on eating behavior in lean and
obese individuals [84] suggest that obese restrained females show a relative
insensitivity to the satiating power of fat in that they did not adjust their
energy intake as well as did their lean counterparts after the ingestion of a
high-fat preload. Outcomes from other investigations [85, 86], however,
failed to detect differences in caloric compensation (i.e., satiety) among
individuals with differing body sizes.

Studies have found that young children have the ability to adjust food
intake at test meals in response to preloads, although compensation often is
incomplete and differs between children. Johnson and Birch [42] found that
children with poorer caloric compensation abilities tended to be heavier
than children with better compensation abilities. On the other hand, other
studies have failed to detect this same association in young children [87].
Thus, whether or not this trait reliably relates to a child’s proneness for
obesity remains to be further investigated.

In summary, the degree to which an individual is able to compensate
for energy may represent an eating trait that distinguishes the lean from the
obese. It is possible that a predisposition for obesity moderates develop-
mental changes in compensation ability as environmental factors start to
override internal feelings of hunger and satiety.

iv. Increased Reinforcing Value of Food

The reinforcing value of food can be defined as the extent to which an
individual will work for a given food or food group when an alternative
commodity (e.g., money) is concurrently available. Typically assessed on a
computer keyboard that required “bar presses” on the keyboard, the rein-
forcing value of food represents the highest amount of work (i.e., bar
presses) an individual will emit to earn access to food. Thus, the measure
represents “drive” or hedonic motivation for foods (i.e., food reward). The
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paradigm is based on behavioral economics theory, which builds upon an
extensive animal literature and research in the additions [88]. In a series of
controlled studies, Epstein and colleagues have found that obese individuals
score higher on measures of food reward than nonobese individuals [89-
91]. This trait has proven to be one of the more consistent behavioral
phenotypes that relates to weight status and, as described in Section 6, has
even been linked to specific genes related to dopamine pathways.

v. Differences in the Eating Style

In 1962, Ferster and colleagues put forward the idea that obese indi-
viduals take larger bites and eat faster than do normal-weight individuals
and that the obese would eat less if they ate more slowly [92]. Subsequent
experiments tested potential differences between lean and obese individuals
in their eating style, including rate of eating, bite size, and the amount and
rate of chewing.

Early work by Dodd et al. [52] found that obese individuals ate more,
ate at a faster rate, and took in larger bites than nonobese individuals. Some
investigators [93] confirmed that obese individuals ate faster than lean
individuals, however, others [57, 94] did not replicate this finding. The
conflicting outcomes may have been due to methodological issues related to
how the rate of eating during a meal was manipulated, as well as the failure
to control for meal size in early studies.

An interesting finding has been the difference in the rate of sucking in
infants who were born at high or low risk for obesity based on maternal
pre-pregnancy BMI. That is, at 3 months of age, infants born at high risk
for obesity displayed greater nutritive sucking rates on an artificial nipple
than did infants born at low risk for obesity [95]. Moreover, among all
infants, increased sucking rate was predictive of increased weight gain dur-
ing the first two years of life [95, 96].

In adults, the rate of eating appears to be related to food consumption
in both obese and nonobese individuals. Spiegel et al. [97] tested the effects
of bite size on ingestion rate, satiation and meal size, and found that de-
creasing the bite size of test foods was associated with a lower ingestion rate
for the whole meal. Interestingly, this decrease in the rate of eating was
offset by an increase in meal duration such that overall meal sizes did not
differ across conditions. This result was found true for both lean and obese
individuals.

Spiegel [98] gave lean and obese men access to a buffet-style meal
during which they could choose between different flavors, kinds of foods,
and make their own sandwiches. Results showed that lean and obese sub-
jects did not differ significantly in their average bite size of different foods,
local ingestion rate (g ingested/min), chew efficiency (g ingested/chew), and
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chew frequency (chews/s). However, obese men consumed more energy per
minute than lean men, a difference that was due to the higher energy
density of the foods consumed by obese subjects, in particular the greater
energy density of the sandwiches. Thus, there may be an interrelation be-
tween a greater rate of eating and the tendency to eat more energy-dense
foods among obese individuals. Lean and obese individuals may respond
similarly to the physical properties of foods, while they may be differing in
the food preferences and food choices they make, which can promote a
positive energy balance.

vi. Potential Differences in Food Preferences

While there has been much interest in identifying distinct taste qualities
that are more or less preferred by lean versus obese populations, these
studies have yielded mixed results. For instance, studies conducted to exam-
ine differences in taste preferences between lean and obese individuals [99,
100] suggested that obesity is associated with an overall heightened prefer-
ence for high-fat stimuli. Others, however, could not confirm these findings
[101, 102] in that they failed to find differences between lean and obese
individuals for overall pleasantness scores or liking for foods with different
predominant taste qualities.

Another difficulty is to find evidence for the conception that sensory
preferences influence food choices in both lean and obese individuals. Epi-
demiologic data have documented a positive relationship between weight
status and dietary fat intake [103, 104]. Based on a comprehensive review
of animal, epidemiological, and clinical studies exploring the relation be-
tween fat intake and obesity, Bray and Popkin [105] concluded that dietary
fat is an important contributor to obesity in certain individuals. Likewise,
data from a cross-sectional study [106] using food frequency questionnaires
indicated a positive association between the consumption of red meats, fish,
oil, poultry, eggs, fats, oils, and condiments and BMI and a negative asso-
ciation between the consumption of legumes, soy, tofu, fruit juice, cold
cereals, and vegetables and BMI.

In summary, the consumption of certain foods and/or macronutrients
(i.e., dietary fat) has been associated with increased weight status, however,
this relationship may not hold true for all individuals. In general, it has been
difficult to establish clear associations between weight status and intake of
single foods or food groups [107].

vii. Influence of Fast-Food Consumption

Fast-food restaurants and the promotion of predominantly calorically
dense, relatively inexpensive foods, are considered by some to be the
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cornerstones of the “toxic” environment. That is, increased consumption
of fast foods has been associated with increased weight status. Among
891 adults enrolled in the “Pound of Prevention Study,” greater fre-
quency of eating fast foods was significantly associated with higher total
energy intake, higher percent fat intake, more frequent consumption of
hamburgers, french fries, and soft drinks, and less frequent consumption
of fiber and fruit. Over 3 years, each additional fast-food meal/week was
associated with an excess weight gain of 0.72 kg beyond the average
weight gain observed during that period. In a prospective study of over
3,000 young adults enrolled in the Coronary Artery Risk Development in
Young Adults (CARDIA) study, frequency of fast-food restaurant visits at
baseline (visits/week) predicted excess 15-year weight gain and worsening
of insulin resistance in Caucasian and African American respondents
[108].

Visiting fast-food restaurants may promote obesity by promoting in-
creased consumption of energy-dense foods. Prentice and Jebb [109] re-
viewed the nutritional content of the foods sold at three popular fast-food
outlets. The average energy densities for the three menus were 1.7-fold
greater than the average British diet. Other potential mechanisms by which
fast-food restaurants may promote a positive energy balance include the
increased portion sizes of foods (e.g., “super-sizing”).

In conclusion, fast-food establishments may put certain individuals at
an increased risk for the overconsumption of calories. As noted in Section
7, additional research is needed to test whether certain obesity-promoting
genotypes moderate this association (i.e., a gene-environment interaction)
or whether individuals with certain genotypes may be more likely to seek
out such restaurants (i.e., a gene-environment correlation).

4b. Physical Activity and Sedentary Behavior

Living in the modern-day environment has decreased the need for indi-
viduals to be physically active. Decreased physical activity, and thus de-
creased energy expenditure, has been negatively associated with BMI [110-
112] and maintenance of weight loss [68, 113]. The following two sections
will highlight two activity-related activities in particular. One is television
viewing and its association with weight status, the other is nonexercise
activity thermogenesis (NEAT).

i. Television Viewing

Increased television viewing (TVV) has been associated with increased
energy intake and body weight [114]. The mechanisms for this association
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are multifold. For one, increased TVV increases sedentary behavior which
in turn is likely to displace time spent in physical activity.

Second, TVV also provides a setting during which food, especially
energy-dense snack foods, can be consumed. A study conducted by Francis
et al. [114] showed that TVV viewing was associated with increases snack
food consumption in girls who were 5, 7, and 9 years old which in turn
predicted girls’ increase in BMI from age 5 to 9. Thus, TVV has been shown
to be a risk factor for excessive snack consumption and in turn increased
weight status, especially for those individuals who are predisposed for obe-
sity. Another study [115] also demonstrated that physical activity (nega-
tively associated) and TVV (positively associated) were the only significant
predictors, beyond baseline BMI, of BMI in children between the ages of 3
and 4 years during a 3-year study phase.

A third mechanism by which increased TVV may lead to increased
energy intake may involve the increased exposure to food advertising. A
study conducted by Henderson and Kelly [116] was designed to analyze the
content of food advertising appearing on either general market or African
American TV programming. The results of the study showed that African
American TV programs included more food advertisements, more adver-
tisements for unhealthy foods such as fast food, candy, soda, or meat, and
made more weight-related claims and those related to the fat content of
foods compared to advertisements that appeared in general market televi-
sion. Thus, food advertisements seem to be targeted at and tailored to
specific populations to increase product sales.

In summary, television viewing has been associated with increased en-
ergy intake and weight status among individuals. It remains to be further
investigated whether TVV is a behavior that, through its association with
sedentarianism, may be fostered through an individual’s biology, as the
following section on NEAT alludes to.

ii. Nonexercise Activity Thermogenesis (NEAT)

NEAT has been defined as energy expenditure that is associated with
daily activities such as sitting, standing, walking, and talking and as such is
different from purposeful, planned physical activity [117]. NEAT can fur-
ther be divided into thermogenesis that is associated with posture (standing,
sitting, and lying) and that associated with movement (ambulation). Re-
search conducted by Levine and colleagues [117] has shown that obese
individuals, on average, were seated longer per day and spent less time in an
upright position, compared to lean individuals. Overall this difference ac-
counted for an additional energy expenditure of 352 calories per day, on
average, for lean individuals. Interestingly, the difference in NEAT was not
due to the differential body weights of the study participants per se, but

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


APPENDIX C 253

seemed to be inherent in an individual’s biological/genetic makeup. That is,
even after the study team had obese subjects lose a considerable amount of
weight (8 kg) and had lean individuals gain weight (4 kg), the two subject
groups did not change their original posture allocation.

These data suggest that interindividual differences in posture alloca-
tion (i.e., NEAT) may be genetically determined. The authors of the re-
spective research [117] speculate that “( . . . ) obese and lean individuals
respond differently to the environmental cues that promote sedentary
behavior” (p. 586). This type of research, again, provides a rich ground to
further integrate more genetic-based research with studies on the social
environment.

5. GENETIC INFLUENCES ON OBESITY AND
OBESITY-PROMOTING BEHAVIORS

This section reviews evidence for genetic influences on obesity and
obesity-promoting behaviors, corresponding to paths b and c in Figure C-1.
The section is divided into two subsections. Subsection 5a examines evi-
dence for genetic influences on BMI and body fat measure, while sub-
section 5b examines evidence for genetic influences on obesity-promoting
behaviors related to food intake (i.e., pathway b in Figure C-1). Within
each subsection, data are presented for studies that estimate heritability of
the phenotype, followed by studies that tested the influence of specific genes
or genomic regions.

5a. Genetic Influences on BMI and Fat Mass

i. Heritability of BMI and Fat Mass

“Heritability” refers to the extent to which variability in a trait is
influenced by genetic variations within a population, and can be subdivided
into “narrow-sense” or “broad-sense” heritabilities [118]. The former re-
fers solely to additive genetic influences on the trait, whereas the latter
refers to nonadditive interactions among genes. Beyond heritability, the
remaining variance in weight status is due to environmental influences
which can be partitioned into “shared environment” or the “nonshared
environment” influences. Shared environment refers to aspects of the home
environment that are perfectly shared by siblings from the same home (e.g.,
food in the home cupboards, the number of television sets at home). The
nonshared environment refers to those aspects of the environment that are
uncorrelated among siblings (e.g., differential interactions with parents or
peers, or differential life experiences). Apropos to this report, specific as-
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pects of the environment are rarely directly measured in behavioral genetics
studies of obesity. Consequently, investigators generally could not test the
influence of putative social-environmental factors when modeling genetic
influences on fat mass.

Heritability of BMI has been estimated from a variety of designs, but
most commonly from twin and adoption studies that compared phenotypic
correlations for body fat between groups of individuals varying in genetic
relatedness. To the extent that fat mass is genetically influenced, phenotypic
correlations will be greater among individuals who are more genetically
similar (e.g., monozygotic, MZ, twins) than less genetically similar (e.g.,
dizyogotic, DZ, twins). Using biometric statistical models, heritability is
estimated along with the magnitude of shared and nonshared environmen-
tal factors.

Maes et al. [118] put forward a most comprehensive review of this
literature, the results of which provide indisputable support for a heritable
component to BMI and fat mass. Heritability estimates fall in the range of
20 to 80 percent when estimated from family studies that compared parent-
child and sibling correlations, 20 to 60 percent when estimated from adop-
tion studies, and 50 to 90 percent when estimated from twin studies. Al-
though the heritability estimates vary sizably, the most accurate estimates
arguably come from twin studies, which have methodological strengths
over other designs [118]. Also, studies of twins reared apart (i.e., twins
separated during childhood and therefore not exposed to the same home
environment) generally yield some of the higher heritability estimates.
Stunkard et al. [119] conducted the first study of twins reared apart, the
results of which estimated heritability at ~65 to 75 percent for BMI. Allison
et al. [120] obtained comparable heritability estimates when pooling an
international sample of twins reared apart from seven countries. Finally,
the inconsistent results that have been reported across studies were likely
due to small sample sizes.

Results of longitudinal behavior genetic studies suggest that there are
age-specific genetic effects on BMI, such that different obesity-promoting
genes may become active at different ages across the lifespan. This has been
documented throughout the lifespan [121, 122]. Thus, although some genes
exert a consistent influence over time and are partially responsible for the
“tracking” of BMI, other genetic influences may appear at different stages of
a child’s development. Apropos to the theme of this paper, considering devel-
opmental milestones may be especially important for future studies testing
the interplay of genetic and social-environmental influences on obesity.

Beyond heritability, unmeasured genotype studies have provided clues
into the nature of environmental influences on obesity. First, most studies
find no evidence for shared home environmental influences on fat mass
variability in adulthood. Rather, most environmental influences on fat
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mass appear to be of the nonshared variety. In regards to this report, efforts
to identify social-environmental influences on weight status might focus on
unique life experiences that are unshared among family members. Second,
among the few studies finding evidence for shared environmental influences
on weight status, most examined pediatric samples. For example, in an
analysis of over 3,500 twin pairs who were 4 years old, shared environmen-
tal factors accounted for 24 percent of variance in weight adjusted for
height in boys and 25 percent of the variance in girls [123]. Jacobson and
Rowe [124] reported shared environmental influences on BMI in white
adolescent females, but not in African American adolescent females or
adolescent males who were white or African American. Specific aspects of
the shared environment were not tested in these studies.

ii. Specific Gene Associations with BMI and Fat Mass

The “Human Obesity Gene Map” is the most comprehensive annually
updated compendium of specific genes that have been associated with obe-
sity and obesity-related phenotypes (e.g., physiological and metabolic mea-
sures, peptides and hormones, and behavioral traits) [125]. Initially pub-
lished in 1994, the Human Obesity Gene Map summarizes evidence from
the following classes of human studies: (a) obesity due to single-gene or
digenic mutations, (b) obesity associated with Mendelian disorders, such as
Prader-Willi syndrome or Bardet-Biedl syndrome, (c) “association studies”
that test whether candidate genes are associated with obesity phenotypes
among samples of unrelated participants, and (d) “linkage studies” that test
for causal associations between genomic regions and obesity phenotypes in
cohorts of families. Within each of these categories, studies have been
methodologically heterogeneous with respect to participant characteristics,
sample sizes, phenotype measurements, and data analytic strategies.

From this voluminous literature, several broad conclusions about spe-
cific gene effects on weight status can be made. First, the number of genes
shown to be statistically associated with fat mass and obesity-related traits
increased dramatically over the past decade. This is true across each of the
aforementioned study categories, as summarized in Table C-2. Thus, the
platform of specific genes that might contribute to obesity is very large and
involves loci throughout the genome. Similarly, the number of genes that
might interact with the social environment could also be large.

Second, the failure to replicate positive associations has been a com-
mon occurrence. For example, although 204 genomic regions for obesity-
related phenotypes were identified from 50 genome scans in the 2004 re-
port, replication of positive findings was found for only 38 genomic regions.
Similarly, although there were 358 significant associations with 113 candi-
date genes from association studies, only 18 positive associations were
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replicated across five studies. Probable reasons for nonreplication including
population stratification (i.e., the combination of individuals from different
racial/ethnic backgrounds), publication bias, Type 1 errors, and insufficient
statistical power [126].

Third, among the phenotypes investigated that were not body composi-
tion measures, the vast majority were metabolic or physiological measures
rather than measures of food intake, appetite, or food preferences. Thus, as
described below, behavioral measures have been largely unrepresented in
genotype studies and this may represent an opportunity for future research.

Fourth, single-gene mutations likely account for a small percent of the
cases of human obesity in the general population. For most obese individu-
als, obesity likely results from the influence of multiple genes on different
chromosomes that work additively and through gene-gene interactions [5].
Among the cases of monogenic obesity reported in the literature, most have
been related to mutations in the melanocortin 4 receptor (MC4R) gene
[125].

Finally, for most individuals in the population, the specific physiological
mechanisms by which genes influence obesity probably involve both energy
intake and expenditure pathways. A detailed discussion on this topic is be-
yond the scope of this report, which is more geared towards behavioral
phenotypes, but is provided elsewhere [127-129]. Several genes have been
implicated in the regulation of energy expenditure, including those related to
mitochondrial uncoupling proteins (i.e., UCP1, UPC2, and UCP3 genes), the
adrenergic systems (i.e., β2-AR and β3-AR genes), and the growth and devel-
opment of the adipocyte (PPARγ gene) [125, 127]. Although these genes are
involved in energy expenditure pathways, Loos and Bouchard [127] point
out that most genetics studies examined these genes in relation to obesity-
related phenotypes and not energy expenditure phenotypes per se.

The physiological pathways related to appetite are complicated and, as
reviewed by Badman and Flier [130], involve the integration of short-term
satiety signals from the gut to the brain along with longer-term homeostatic
systems. Figure C-2 depicts an overview of these physiological pathways,
which involve the integrated signaling of POMC, AGRP, MC4R, and NPY
systems. As Loos and Bouchard note [127], there have been relatively in-
consistent findings linking obesity phenotypes to genes for these proteins.
Perhaps the most encouraging findings in the literature involve the MC4R
gene, which, as discussed in the next section, has been associated with
human food intake in a few preliminary studies.

5b. Genetic Influences on Food Intake

A relatively small number of studies have tested genetic influences on
eating phenotypes, independent from body fat. They provide data pertinent
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FIGURE C-2 Pictorial representation of potential action of gut peptides on the
hypothalamus. Access circulating agents into the arcuate nucleus of the hypothala-
mus is facilitated by a relaxed blood-brain barrier. Primary neurons in the arcuate
nucleus contain multiple peptide neuromodulators. Appetite-inhibiting neurons
(red) contain pro-opiomelanocortin (POMC) peptides such as α−melanocyte-
stimulating hormone (αMSH), which acts on melanocortin receptors (MC3 and
MC4) and cocaine- and amphetamine-stimulated transcript peptide (CART), whose
receptor is unknown. Appetite-stimulating neurons in the arcuate nucleus (green)
contain neuropeptide Y (NPY), which acts on Y receptors (Y1 and Y5), and agouti-
related peptide (AgRP), which is an antagonist of MC3/4 receptor activity. Integra-
tion of peripheral signals within the brain involves interplay between the hypothal-
amus and hindbrain structures including the NTS, which receives vagal afferent
inputs. Inputs from the cortex, amygdala, and brainstem nuclei are integrated as
well, with resultant effects on meal size and frequency, gut handling of ingested
food, and energy expenditure. →, direct stimulatory;    , direct inhibitory; →,
indirect pathways. SOURCE: [130].
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to pathway a in Figure C-1. These studies are summarized below, divided
into those that estimated heritability and those that tested for specific genes
or genomic regions.

i. Heritability of Eating Behaviors

A seminal investigation by de Castro studied adult twin pairs who
recorded food and beverage intake continuously in the free-living environ-
ment for 7 days [131-134]. The initial cohort consisted of 109 identical and
86 fraternal twin pairs, who used diaries to record food and beverage
intake, time of food consumption, amount of food consumed, food prepa-
ration methods, the number of other people present when eating, hunger
and thirst levels, depression, anxiety, and perceived food attractiveness and
palatability. These data lead to a series of publications on the broader
genetic-environment architecture of adult food intake. In an initial report,
significant heritability estimates were documented for reported total energy
intake, weight of food intake, fat intake, carbohydrate intake, protein in-
take, and water intake, with the remaining variance due to nonshared
environmental factors [132].

In a multivariate analysis that tested genetic and environmental influ-
ences on meal-specific energy intake, cumulative daily energy intake, and
weight status, results supported the presence of independent genetic and
nonshared environmental influences on meal-specific energy intake [133].
Genes accounted for 46 percent of the variance in the frequency with which
meals were eaten and 56 percent of the variance in meal size, respectively.
Thus, there may be genes and environmental influences on food intake at
specific eating episodes that are different from those factors related to
habitual dietary intake. Specific social-environmental influences on meal
intake were not reported initially.

Gender differences in the heritability of food intake were reported in
other twin cohorts (see below) and, apropos to this report, may be an
important issue for studying the interplay of social-environmental and ge-
netic influences on obesity.

There were genetic influences on the full range of appetite and eating
phenotypes studied by de Castro [131-139] including premeal hunger
levels, time of meals, premeal stomach content, energy intake of high-
palatability foods, energy intake of low-palatability foods, and overcon-
sumption of foods rated as being high versus low in palatability. Apropos
to this report, the environmental conditions that promote social facilitation
of eating may be genetically influenced, suggesting a gene-environment
correlation. These data challenge the conceptual framework in Figure C-1,
suggesting that covariation between genes and the social-environmental
should be modeled. As de Castro concluded, “genes appear to affect the
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physiologic, psychologic, and social context in which eating occurs. In the
past, heredity and environment were seen to operate separately on behav-
ior. The present results indicated that there may not be such a clear separa-
tion [. . .] heredity ends up having a strong influence on the nature of the
environment in which individuals immerse themselves” (p. 554). This issue
is revisited in the final section of this report.

Building upon de Castro’s work, other twin studies tested the heritabil-
ity of dietary intake patterns. In a study of 4,640 adult twins who com-
pleted the National Cancer Institute food-frequency questionnaire, the heri-
tability of consuming foods high in fat, sugar, and salt was 15 percent for
women and 30 percent for men [140]. The heritability of consuming
“healthy foods,” including fruits and vegetables, was 15 percent for women
and 30 percent for men. Thus, heritability estimates were larger for men
than women and, for women only, there were significant shared environ-
mental influences on both food categories.

A recent study of 5,250 male and female twin pairs, 16 years of age,
examined the heritability of frequency of breakfast consumption [141].
Results indicated significant gender differences, in that heritability esti-
mates were higher for boys while shared environmental influences were
higher for girls. The authors concluded that “Breakfast eating is moderated
differently in adolescent boys and girls. Unlike boys, girls are much influ-
enced by the family and pair-specific environment. In girls, environmental
influences may override genetically driven factors” (p. 512).

With one exception, all studies testing the heritability of eating traits
used self-report measures of dietary intake. A recognized drawback to this
method is the fact that respondents tend to underreport food intake, a
finding that is more common among obese individuals [142]. To bypass
this problem, Faith et al. [143] studied 36 MZ and 18 DZ twins who
consumed a buffet lunch in a controlled feeding laboratory. The meal pro-
vided servings of 27 foods and beverages, including chicken nuggets, hot
dog sandwiches, apples, grapes, carrots, chocolate cookies, and donuts.
Results indicated that shared environmental factors had the biggest influ-
ence on total energy intake, accounting for 48 percent of the variance.
Additive genetic factors accounted for 33 percent of the variance, and
nonshared environmental factors accounted for 19 percent of the variance.
Thus, the results suggest that both genes and the shared environment can
influence total energy intake, although specific aspects of the environment
were not measured. The study also suggests the potential value of labora-
tory-based protocols for study eating phenotypes, a point that is reviewed
in the final section of this report for future research directions.
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ii. Specific Genes Associated with Eating Behaviors

There is a dearth of information on specific genes that influence dietary
patterns, at least for most individuals in the population [144]. There is a
subset of individuals whose obesity resulted from single gene mutations and
who were markedly hyperphagic [125]; however, these individuals are rela-
tively uncommon in the population. Studies that used association or linkage
designs to identify specific genes or genomic regions in larger cohorts have
been relatively uncommon and represent an area for future research.

A series of reports documented associations between the serotonin (5-
hydroxy-tryptamine, 5-HT) receptor gene and reported energy intake. Be-
cause serotonin has been shown to reduce food intake and may play a role
in the etiology of eating disorders, it was deemed an appropriate candidate
gene by some investigators. Aubert et al. [145] studied 276 unrelated over-
weight and obese adults who were genotyped for the −1438 GA polymor-
phism of the 5-HT2A receptor gene. Results indicted that reported daily
energy intake from 3-day food records was significantly associated with
genotype. Specifically, individuals carrying the A allele of the gene (i.e.,
genotypes G/A or A/A) consumed less total energy per day than individuals
not carrying the A allele (i.e., genotype G/G). Comparable findings were
made by the same investigators in an analysis of 370 children and adoles-
cents, 10 to 20 years old, who were participants in the Stanislas Family
Study. Youth carrying the A allele consumed less daily energy intake than
youth not carrying the allele, even when controlling for age, sex, weight,
and height [146].

Associations between MC4R polymorphisms and eating traits have
been reported, further implicating the role of this gene in obesity onset. In a
study of 500 children with severe obesity, 5.8 percent of the sample was
found to have mutations in the MC4R gene that were not found in nonobese
controls [147]. The investigators then compared the ad libitum test meal
intake of children who had fully inactive or partially inactive MC4R poly-
morphisms. When served a standardized breakfast, children with fully inac-
tive mutations consumed more food than children with partially inactive
mutations. In another study, MC4R genotype was associated with Binge
Eating Disorder status in a cohort of severely obese Caucasians adults and
nondieting controls [148].

Several linkage studies investigated genomic regions associated with
reported Dietary Restraint, Eating Disinhition, and Hunger levels, as mea-
sured by the Eating Inventory (EI) [149]. Steinle et al. [150] studied 624
related individuals, from 28 Amish families, who completed the EI. Results
of a genome-wide linkage analysis revealed five chromosomal regions that
contained genes for EI subscales. Specifically, markers for Restraint were
detected on chromosomes 3 (LOD score  =  2.5) and 6 (LOD score  =  2.3);
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markers for Disinhibition were detected on chromosomes 7 (LOD score
= 1.6) and 16 (LOD score  = 1.4); and a marker for Hunger was detected
on chromosome 3 (LOD score  = 1.4). Specific genes on these regions were
not identified. Thus, overall, it was dietary disinhibition which was identi-
fied as the behavior that had the highest heritability estimate (0.40 ± 0.10)
and showed the strongest association with obesity phenotypes.

In a subsequent linkage analysis of the EI conducted in 660
adults from the Quebec Family study, fine-mapping strategies identified
the Neuromedian β (NMB) gene on chromosome 15 as a possible gene
contributing to eating behaviors and obesity [151]. A specific polymor-
phism of NMB gene (i.e., the p.P73T polymorphism) was associated with
scores on the Disinhibition and Hunger subscales. Specifically, individuals
with the T/T genotype had higher Disinhibition and Hunger scores than
individuals with the P/T or P/P genotypes. Moreover, 6-year weight gain
was significantly greater among individuals with the T/T genotype com-
pared to the other genotypes. This study implicates a specific gene that
appears to promote increased food intake and weight gain. Specific social-
environmental factors were not identified in this report but remain an
avenue for future research.

SECTION 6: EVIDENCE FOR INTERACTIONS AMONG SOCIAL
ENVIRONMENTAL, GENETIC, AND BEHAVIORAL FACTORS AS

THEY RELATE TO OBESITY

The conceptual framework for this paper (Figure C-1) does not explic-
itly posit interactions among social-environmental and genetic factors due
to the paucity of research examining gene-environment interactions in the
human obesity literature. This section reviews the handful of studies that
have addressed this issue, which provides a potential framework for future
investigations (see Section 7). The section is divided into subsections exam-
ining (a) the potential moderating effects of the social environment on the
relationship between genetics and obesity, and (b) the potential moderating
effects of genetic factors on the relationship between the social environment
and obesity. The term “moderator” is used as is conventional for multiple
regression analysis [152]. Specifically, a variable X is considered a “mod-
erator” when the relationship between two other variables, Y and Z, de-
pends on the level of X. Figures C-2 and C-3 depict a modified version of
Figure C-1, allowing for interactions among the social environment and
genetic factors. The social environment serves as the moderator in Figure C-
2, while genetic factors serve as the moderator for Figure C-3.
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Genetic 
Risk/Genes

Moderator:
Social Environment

Obesity

Putative Behavioral Phenotypes

Food Intake: Physical Activity:
 • Increased Disinhibition • Increased TV Viewing
• Impaired Satiation and Satiety • Decreased Non-Exercise 

  Activity Thermogenesis (NEAT)      • Enhanced Reinforcing Value of Food
• Differences in Food Preferences
• Increased Rate of Eating and Sucking Avidity

a b

FIGURE C-3 Gene-environment interaction model, with social environment as
moderator. In this model, the effects of genetic risk/specific genes on obesity and
obesity-promoting behaviors depend on the level of exposure to a given social-
environmental factor.

6a. Social Environment as a Potential Moderator Variable

Ravussin et al. [153] compared the weight status and diabetes-related
comorbidities of Pima Indians living in remote rural regions of Mexico com-
pared to those living in Arizona. The Pima Indians of Arizona have been
extensively studied given their markedly high prevalences of obesity and type
2 diabetes. They are considered to be at genetically increased risk for these
disorders. Compared to Pima Indians living in rural Mexico, those living in
Arizona weighed significantly more (64.2 vs. 90.2 kg), had higher BMIs (24.9
vs. 33.4 kg/m2), and had higher total cholesterol levels (146 vs. 174mg/dl).
Among the Pima Indians from Mexico, 11 percent of the women and 6
percent of the men had type 2 diabetes; by contrast, among the Pima Indians
living in Arizona, 37 percent of the women and 54 percent of the men had
the diagnoses.

Bhatnagar et al. [154] compared 247 London residents who had mi-
grated from the Indian subcontinent of Punjabi against 117 of their siblings
who still lived in India. Compared to the siblings in India, those living in
London had significantly higher BMI values, systolic blood pressure, serum
cholesterol, apolipoprotein B, and fasting blood glucose.
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These results collectively suggest that genetic influences on the develop-
ment of obesity can be mitigated by environmental conditions. However,
these data do not necessarily provide support for the presence of gene-by-
environment interactions within the U.S. population at a single time period.
As noted in Section 7, this represents an avenue for additional research,
especially when considering the potential moderating effects of SES and
environmental factors associated with lower income.

i. Genetic Factors as a Potential Moderator Variable

Bouchard and colleagues conducted a seminal “overfeeding” study in
which 12 male MZ twin pairs were fed an additional 1,000 kcal/day be-
yond their baseline intake levels, for 6 days per week over 100 days [155].
The investigators tested whether changes in body composition in response
to overfeeding differed as a function of twinship. Outcome measures in-
cluded changes in body composition and metabolic parameters. Results
provided clear evidence that response to overfeeding was related to twin-
ship. Twins were significantly correlated with respect to changes in body
weight, percent fat mass, fat mass, and estimated subcutaneous fat, and
visceral adiposity. Table C-3 presents changes in study outcome measures
associated with experimental overfeeding and the intraclass correlation co-
efficients representing the within-twin pair association for change scores.

In recent years, a series of candidate gene analyses evaluated whether
specific genes were associated with response to overfeeding in this cohort.
As reviewed by Ukkola and Bouchard [156], a number of candidate genes
showed associations. For example, a polymorphism in the adipsin gene was
associated with greater increases in body weight, total fat mass, and subcu-
taneous fat in response to overfeeding; the Gln27Glu polymorphism of the
beta 2 adrenergic receptor gene was associated with greater gains in body
weight and subcutaneous fat. Few associations were found for changes in
visceral adiposity. Despite the limited sample size, these analyses have been
critical to the field for demonstrating how specific genes might moderate
the effects of a specific environmental manipulation that promotes weight
gain (i.e., overfeeding).

Finally, Epstein et al. [157] recently reported that the association be-
tween the “reinforcing value of food” phenotype (see Section 5) and ad
libitum energy intake in the laboratory was moderated by the dopamine
transporter gene (SLC6A3) and the dopamine 2 receptor gene (DRD2).
Participants were 88 smokers of European American ancestry who were
evaluated before beginning a smoking cessation treatment. With respect to
the SLC6A3 gene, subjects who scored high on the reinforcing value of food
and who lacked the SLC6A3*9 allele consumed more total energy than
participants with other SLC6A3 genotypes. With respect to the DRD2
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gene, subjects who scored high on reinforcing-value-of-food and who had
the A1 allele consumed more total calories compared to participants with
any other DRD2 genotype. This study is unique in that it focused on the
genetics of food reward as they relate to dopamine pathways, an area of
research that has been understudied and may be promising for future
research.

In sum, there have been very few studies of gene-environment interac-

TABLE C-3 Effect of 100d Overfeeding in 12 Pairs of Male Twins and
Measures of the Similarity Within Pairs

Similarity
Within Pairs

Before Over- After Over-
Variable Feeding Feeding F ratio ICC

Body weight (kg) 60.3 (8.0) 68.4 (8.2) 3.4 0.55a

Fat mass (kg) 6.9 (3.5) 12.3 (4.5) 3.0 0.50a

Subcutaneous fat (mm) 75.9 (21.1) 129.4 (32.9) 2.8 0.47a

Abdominal fatc

Total (cm2) 106.0 (46.0) 199.0 (50.0) 4.1 0.58b

Subcutaneous (cm2) 72.0 (40.0) 141.0 (46.0) 3.8 0.58a

Visceral (cm2) 34.0 (9.0) 58.0 (15.0) 6.1 0.72b

Fasting insulin (pmol L−1) 45.0 (10.0) 67.0 (29.0) 5.9 0.71b

OGTT insulin area (pmol L −1

min−1 10−3 54.5 (20.3) 70.6 (33.5) 2.6 0.44

OGTT glucose area (mmol L−1

min−1 10−3) 0.93 (0.13) 0.99 (0.11) 2.5 0.43

Total cholesterol (mmol L−1) 4.5 (0.8) 4.9 (1.2) 4.4 0.63b

HDL cholesterol (mmol L−1) 1.2 (0.2) 1.1 (0.2) 2.8 0.48a

Total triglycerides (mmol L−1) 1.1 (0.5) 1.8 (1.3) 12.1 0.85b

From: [156]. OGTT, oral glucose tolerance test; HDL, high-density lipoprotein. Values are
expressed as means (SD). The statistical significance was determined by a two-way analysis
of variance for repeated measures on one factor (time). The F ratio was the ratio of the
variance between pairs to that within pairs. The intraclass correlation coefficient (ICC) was
used to assess the similarity within pairs in the response to overfeeding.
ap < 0.05,
bp < 0.01.
cSimilarity within pairs was adjusted for gain in fat mass.
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tion as they relate to obesity and obesity-related behaviors. As noted in the
next and final section, this represents an avenue for additional research.

SECTION 7: OPPORTUNITIES FOR FUTURE RESEARCH THAT
WOULD ENLIGHTEN RELATIONSHIPS BETWEEN GENETICS

AND THE SOCIAL ENVIRONMENT

Building upon literature reviewed in this report, this final section
reviews opportunities for additional research that would bridge two ac-
tive, but so far separate, research areas: specifically, genetic and social-
environmental influences on obesity. This list is not exhaustive and the
ideas are not necessarily presented in order of importance. The overarching
recommendation is that current knowledge on the causes of obesity may
benefit from future research that explicitly tests the interactions between,
or covariations among, genetic and social-environmental factors that pro-
mote obesity. This would require greater collaborations among social and
behavioral scientists, physiologists, and molecular geneticists, with each
discipline bringing its unique perspectives and methodological tools to a
joint research effort. The potential benefits of integrative research need to
be weighed against the potential drawbacks, including greater recruitment
challenges, increased costs, and issues concerning adequate statistical
power.

New insights into the joint influences of genetics and the social-
environmental on obesity and obesity-promoting behaviors may be gener-
ated by:

• Additional prospective studies that test genetic and environmental
influences on obesity development during putative “critical growth peri-
ods.” Most genetic studies reviewed in Section 5 used cross-sectional de-
signs to test for genetic effects at a single time point, whether it was a
general heritability estimate or tests of a specific gene or genomic region.
However, the onset of obesity is a developmental process that may be
influenced by different genetic or environmental influences at different ages.
Thus, research that uses prospective designs to identify genetic and environ-
mental influences on the developmental trajectories of body fat stores would
be informative. This would be especially useful for studying putative “criti-
cal growth periods” for obesity: growth in the intra-uterine environment,
“adiposity rebound” in early childhood, and adolescence [158]. The extent
to which body composition changes during these periods is influenced by
life experiences specific to those periods, or age-specific genetic influences,
warrants additional research. If there is evidence for genetic influences at
specific ages, the role of individual genes needs to be elucidated. Very few
studies have used twin designs to test critical growth periods for obesity
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onset. Indeed, the results of one such twin study suggested that the intra-
uterine environment is a critical period for the development of adult height,
but not for adult BMI [159].

Likewise, new research, so far only in the animal model, is emerging
that suggests that maternal obesity during pre- and postnatal periods can
have profound, genotype-specific effects on the development of obesity in
offspring that is genetically predisposed to obesity (B. Levin, 2005: Oral
presentation at the Society for the Study of Ingestive Behavior).

The first year of life may be an especially interesting period to study
with respect to longer term obesity. Rapid weight gain during the first 4
months of life is a risk factor for obesity in childhood and adulthood. In one
study of 300 full-term African American infants, rapid weight gain was
defined as an increase in weight-for-age ≥ 1 SD between birth and 4 months
[160]. After adjusting for confounding factors, infants who had experi-
enced rapid weight gain by 4 months of age were 5.22 times more likely to
be obese at 20 years of age compared to infants who did not experience
rapid weight gain. In a separate analysis of 19,397 infants, results indicated
that both birth weight and rate of weight gain were associated with an
increased probability of childhood overweight at 7 years of age [161];
within each strata of birth weight, increased rate of weight gain was associ-
ated with increased childhood overweight prevalence. Potential genetic and
home environmental influences on early life rate of weight gain are poorly
understood and may be an important area for future research.

• Additional studies that evaluate the heritability of, or specific genes
associated with, refined behavioral phenotypes related to obesity. Very
little is known about the heritability of behavioral traits that are associated
with obesity, particularly those reviewed in Section 4. Studies that clarify
the genetic-environmental architecture of these traits would elucidate the
extent to which those behavioral traits are genetically influenced, as well as
the nature of environmental influences that influence those behaviors (i.e.,
shared vs. nonshared environmental effects). Such designs could also ad-
dress important multivariate questions, including the extent to which the
correlations between behaviors and body fat is influenced by the same
genes (i.e., “genetic correlations”) or the same environmental factors (i.e.,
“environmental correlations”). Especially interesting would be heritability
studies of laboratory-based behavioral traits, such as the reinforcing value
of food [90, 157], delayed satiation [78], disinhibition [64], or eating in the
absence of hunger [48, 162], which have been linked to obesity status.

One of the difficulties in identifying obese phenotypes and associated
eating behaviors lies in the existence of several subpopulations of over-
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weight and obese populations. It is likely that individuals who are gaining
or losing weight (i.e., reduced obese) exhibit different eating patterns and
intake behaviors than do those individuals who are obese but weight-stable.

Behavioral measures evaluated during infancy would be uniquely infor-
mative because sucking rate at 3 months of age predicts subsequent weight
gain during the first 2 years of life [95, 96]. It is possible that sucking
behavior is genetically influenced, because infants born at high risk for
obesity have been shown to suck at greater rates when studied in the
laboratory compared to infants born at low risk for obesity [95]. The
heritability of infant sucking rate is unknown. On the other hand, there is
considerable evidence that infants learn flavor preferences during the first
year of life through environmental exposure to specific foods [163-168], as
well as data that restrictive feeding patterns during infancy are associated
with excess infant weight gain [169]. Thus, the roles of learning and genet-
ics, early life sucking, appetite, and food intake needs greater attention. In
addition, the identification of genes for NEAT and other refined physical
activity traits would advance the field.

In summary, the obese phenotype is likely to be characterized by a
conglomerate of significant behaviors related to eating and physical activity
which likely work in conjunction to affect energy balance. One of the goals
could be to develop (a set of) tools that capture “obese” eating behaviors
and physical activity behaviors in an unobtrusive way, if possible at an
early age, to make predictions of an individual’s weight development.

• Additional research that incorporates specific measures of the envi-
ronment into genetics studies. Most genetic studies have not measured
specific aspects of the environment. This includes aspects of the home
environment, as well as components of the broader “macroenvironment”
discussed in Section 3. Genetics studies provide clear evidence that obesity
is influenced by the environment, with most studies suggesting that the non-
shared environment is more influential. However, the identity of specific
environmental influences has remained elusive, especially during child de-
velopment. Adding specific measures of the environment might help ad-
dress these issues.

It is noteworthy that valid measures of the home environment exist
and, in principle, could be incorporated into genetic studies. One of the
most extensively used instruments in the child development literature is the
“Home Observation for Measurement of the Environment” (HOME) sys-
tem [170]. Different versions of the HOME have been developed for differ-
ent ages, specifically, infancy and toddlerhood, preschool and early child-
hood, school-age and middle childhood, and adolescence. The HOME has
been used in at least one study of childhood obesity, finding that reduced
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levels of “cognitive stimulation” at home prospectively predicted increased
obesity incidence [171].

In addition to measures of the home environment, measures of the
broader environment would be informative for genetics research. In prin-
ciple, genetic influences on food intake or physical activity may depend on
the access to parks, playground, grocery shops, fast-food restaurants, or
other environmental variables associated with SES strata. Recent studies
have used Geographic Information Systems to “geocode” the physical dis-
tance between individual homes and these other components to the com-
munity [14]; however, there appear to be no studies to date that have used
this technology in the context of genetics of obesity. A handful of studies in
the child development literature used this approach to understand the inter-
action between genes and the broader social environment [172, 173]; these
provide useful examples for obesity researchers. For example, in a study of
1,081 MZ twin pairs and 1,061 DZ twin pairs, Caspi et al. [172] found
that 20 percent of the variability in 2-year-old children’s “behaviors prob-
lems” were influenced by shared environmental factors. When a specific
measure of “environmental deprivation” was added to the biometric model,
however, it was found to account for 5 percent of the variance in the shared
environment. Thus, geocoding and related tools that permit better measure-
ment of the macroenvironment, or exposure to the “toxic environment,”
may advance the field of genetics research.

• Additional observational and experimental research that evaluates
gene-environment interactions. As noted in Section 6, there are very few
studies of gene-environment interaction in the literature. This could be an
important area for research with respect to macroenvironmental variables,
such as SES, ethnicity, and exposure to the “toxic environment.” Thus, the
effects of certain obesity-promoting genes may depend on the broader so-
cial environment in which a population lives; this is an avenue for addi-
tional research and is depicted in Figure C-4.

In addition, experimental studies that test for gene-environment inter-
actions, in similar ways to the Quebec Overfeeding Study [155, 156], would
be most informative. In principle, aspects of the “toxic environment” can
be experimentally manipulated in a controlled feeding laboratory or meta-
bolic ward, in a manner that cannot be done in the free-living environment.
Examples include experimental manipulations of food portion size [74,
174], energy density [75], food deprivation status [175], and food variety
[176]. These rigorous laboratory protocols, if used with genetics designs,
could yield novel information regarding gene-environment interactions.
Potential designs include: co-twin control designs, in which MZ twins are
randomly assigned to different experimental conditions; classic twins de-
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a b

FIGURE C-4 Gene-environment interaction model, with genotype as moderator.
In this model, the effects of social-environmental influences on obesity and obesity-
promoting behaviors depend on genotype.

signs, in which MZ and DZ twins are used to estimate the heritability of
response to an experimental manipulation; or candidate gene designs, in
which participants are selected based on specific genotypes. In all cases,
pertinent outcome variables could be behavioral and/or physiological mea-
sures, as well as changes in body weight if the manipulation is sustained
over time.

• Additional research that evaluates gene-environment correlations.
Genetic studies of obesity most commonly used BMI or body fat as the
primary phenotype, followed by metabolic and physiological measures,
and, least commonly, behavioral measures. However, in principle, obesity-
promoting genes may operate by influencing the environments into which
individuals place themselves. Such a scenario is depicted in Figure C-5. That
is, social-environmental measures might be conceptualized as the pheno-
type in a genetics study, especially if genes influence whether certain indi-
viduals will seek out “obesity-promoting” environments (e.g., fast-food
restaurants). As noted in Section 3, there is evidence that obese individuals
may be more likely to attend restaurants than nonobese individuals on
the days that buffets are served, which would be suggestive of a gene-
environment correlation. Plomin et al. [177] provide a more detailed dis-
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FIGURE C-5 Gene-environment correlation model. In this model, there is a
correlation among genes and social-environmental factors that influence obesity
and obesity-promoting behaviors.

Genetic 
Risk/Genes

Social 
Environment

Obesity

Selected Putative Behavioral Phenotypes

Food Intake: Physical Activity 
• Increased Disinhibition • Increased T VViewing 
• Impaired Satiation and Satiety             • Decreased Non-Exercise
• Enhanced Reinforcing Value of Food               Activity Thermogenesis (NEAT)           

   

• Differences in Food Preferences                                
• Increased Rate of Eating and Sucking Avidity

cussion of such “active” gene-environment correlations, in which genes
influence people’s tendencies to create their own environments.

The issue of gene-environment correlations is also relevant to the do-
main of child development and, in recent years, there has been increasing
interest in the “genetics of parenting” [178-180]. Data suggest that certain
parenting behaviors towards children are, in fact, elicited by child attributes
and behavioral patterns that are probably genetically influenced. This may
be a useful framework for studying parent-child feeding dynamics as they
relate to obesity onset. As noted Section 3, there is evidence that parental
restriction of child eating is elicited by child weight characteristics [43] and
this in turn may exacerbate further weight gain by the child. Additional
genetics studies could evaluate whether parental feeding restriction, or other
parenting domains, are associated with specific candidate genes for obesity.

• Additional research that builds upon existing conceptual models for
“organism-environment interactions.” Conceptual models that explicitly
address the integration of genetic and social-environmental influences on
behavioral traits may help guide future studies. The field of developmental
behavioral genetics has addressed this issue, although not in regards to
obesity per se. Several pertinent books have been published [181-186]. In
addition, several longitudinal behavioral genetics studies measured specific
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aspects of the social environment and genetic factors and may provide
useful models for obesity research. De Castro [187-189] has one of the few
proposed models that integrates genetic and environmental influences on
food intake.

• Additional institutional and/or funding mechanisms to support inte-
grative research projects or interdisciplinary training for scientists. Interdis-
ciplinary research of the sort reviewed in this report would likely require
new collaborative relationships that bring together investigators from dif-
ferent “camps.” Institutional and/or funding initiatives that encourage such
collaborations may help advance such efforts, given the economic and lo-
gistical challenges of such research. Initial collaboration of this sort could
be exemplars for other institutions and investigators.

SECTION 8: CONCLUSION

This report set out to highlight two distinct areas of research that share
the common goal of identifying factors that contribute to weight gain and
obesity in the population. The areas reviewed in this report included re-
search on (social-) environmental factors, as well as the genetic factors, that
may be associated with obesity or the onset thereof. Despite their unique
focuses, the literature reviewed in this report shows that the two areas have
the potential to complement each other and to stimulate future collabora-
tions among investigators. The pathways that lead to obesity are complex
and multivariate for most individuals in the population. Additional re-
search that addresses how the genetics of obesity impacts on environmental
choices made by certain individuals, and how certain environments moder-
ate the expression of obesity-promoting genes, may advance the current
state of knowledge and provide new insights for the prevention and the
treatment of obesity.
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INTRODUCTION

The genomics revolution has added powerful new potentialities and
renewed impetus for understanding how biological, social, and behavioral
processes act together in health and illness. More specifically, the genomics
revolution is driving a paradigm shift from reductionistic approaches that
focus on elements in isolation to systems approaches that focus on the
interconnectedness of networks of elements acting as a whole. The chal-
lenge is “to connect the dots” and delineate patterns of transactions with
regard to mechanisms of effect across scale. In particular, the genomics
revolution has increased awareness of the role of promoters and enhancers
in switching on and off specific genes as one mechanism of effect for health
outcomes that can be triggered by social and behavioral factors as well as
biological factors. In this way, genes are viewed as more than units of
heredity but as mechanisms for extracting information from environmental
experiences (Ridley, 2003).

The current paradigm shift, propelled by the genomics revolution, can
be viewed as the most recent progression in conceptualization of health
and illness. By the mid-1970s there was growing recognition of the limits
of the biomedical model that explained illness in terms of single-factor
biological malfunction with little attention to behavioral and social pro-
cesses. George Engel (1977) traced the historical origins of the reduction-
istic biomedical model to assumptions of mind-body dualism and advo-
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cated a biopsychosocial model as a way to “broaden the approach to
disease to include the psychosocial without sacrificing the enormous ad-
vantages of the biomedical approach” (p. 131). The biopsychosocial model
maintains that health and illness are a function of multiple processes—
biological, psychological, and social—and these processes must be consid-
ered simultaneously. In particular, the emergence of multifactorial
approaches to the pathogenesis of disease enabled linkage between the
behavioral and biomedical sciences (Weiss, 1987). Also important were
systems theory perspectives and models of how biological and psychoso-
cial processes act together in human development across the life span
(Bronfenbrenner, 1977, 1979). A systems theory perspective focuses on the
accommodations that occur through the life span between the developing
organism and the changing environment.

The biopsychosocial model focuses on multiple factors in the etiology
and progression of disease. Three primary mechanisms of effect have
emerged: health behaviors, psychosocial processes, and genetics. Health
behaviors include exercise, nutrition, smoking, and adherence to medical
regimes. Psychosocial processes include a range of interpersonal and social
processes that affect interpretation of environmental experiences and re-
sponses to stress. Risk-resiliency models are also prevalent and seek to
identify factors and processes that enhance or decrease vulnerability to
disease processes. A particular area of focus has been neuroendocrine and
immune responses to stress. One mechanism of effect is through the impact
of how individuals interpret and respond to the environment which influ-
ences the degree of stress experienced which in turn influences health be-
haviors and neuroendocrine and immune responses that in turn affect the
etiology and progression of disease. Genetic mechanisms of effect involve
the identification of internal and external factors that trigger the switching
on or off of genes that modulate physiological processes.

The primary interest prompting this paper is enhanced understanding
of the interaction of social, behavioral, and genetic factors on health. Sickle
cell disease was selected as a good model for this investigation because it is
a monogenetic event but the phenotype is multigenetic resulting in consid-
erable individual differences in severity of the disease. More specifically,
this paper addresses the following questions:

• What do we know about the influence of social and behavioral
factors and the effects of other genes?

• What data do we have?
• What data do we need?
• What important questions remain to be answered about the influ-

ences of social and behavioral factors, including mechanisms, on sickle cell
disease?
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• Given the same genes, what is the evidence that social environment
affects genes?

• What additional research on sickle cell would enlighten the broader
relationship between single gene disorders and the social environment?

This review focused on the factors and processes associated with indi-
vidual differences in clinical manifestations of sickle cell disease. Three lines
of research are apparent that correspond to the three mechanisms of effect
that have emerged from the biopsychosocial model. There are data about
the effects of health behaviors on sickle cell disease, such as avoiding cold
and maintaining hydration. Similarly, there are data regarding the role of
psychosocial processes in the psychological adjustment of children, adoles-
cents, and adults with sickle cell disease and with regard to the specific
symptom of pain, and health services utilization. There are also data about
the role of polymorphic genetic factors in the variability in the phenotypic
expression of sickle cell disease as reflected in various indicators of patho-
physiology. However, data do not yet exist regarding the interaction of
psychosocial, behavioral, and genetic factors in the variability in the clinical
manifestations and course of sickle cell disease. It is rare for markers of
behavioral and psychosocial processes and genetic markers to be included
in the same study. In contrast, the interaction of behavioral, psychosocial,
and genetic factors in the variability in the physiological response to stress
has been investigated. This suggests that the way to advance our under-
standing of this interaction of factors in sickle cell disease, as a model of a
single gene disorder, is to focus on the interaction of behavioral, psychoso-
cial, and genetic factors in the neuroendocrine and immune physiological
response to stress and the subsequent impact on the pathophysiological
processes of vasoocclusion, infection, and neurocognitive dysfunction that
are central to sickle cell disease.

This paper is intended for a broad audience with varying degrees of
background in the genetic, pathophysiological, and psychosocial aspects of
sickle cell disease. The general, nontechnical level of this paper is a necessity
given that the author’s background is that of a pediatric psychologist and
not a molecular biologist or physician. References are provided to facilitate
fuller consideration and specific processes.

This report is organized in four parts. The first section reviews the
etiology, pathophysiology, and clinical manifestations of sickle cell disease
and considers what is known about the role of polymorphic genetic factors
in the phenotypic expression of the disease. The second section reviews
what is known about the impact of social and behavioral factors on the
clinical manifestations of sickle cell disease, particularly on psychological
adjustment, pain, and neurocognitive functioning. The third section consid-
ers stress as a common mechanism of effect through which behavioral,
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social, and genetic processes affect health outcomes. The paper concludes
with a consideration of future research needs and directions.

SICKLE CELL DISEASE:
ETIOLOGY, PATHOPHYSIOLOGY, AND

CLINICAL MANIFESTATIONS

The adult hemoglobin molecule (Hb A) is compromised of a duplicated
pair of alpha (α) and a pair of beta (β) chains. The α-globin gene cluster is
located on chromosome 6 and the β-globin gene cluster is located on chro-
mosome 11. The structure of hemoglobin changes during development.
Embryonic hemoglobin is replaced by fetal hemoglobin (Hb F) shortly
before birth which in turn is replaced by adult hemoglobin (Hb A) over the
first year of life (Weatherall, 2001).

Sickle cell disease refers to a group of related autosomal recessive
blood disorders caused by a variant of the β-globin gene called sickle hemo-
globin (Hb S). A single nucleotide substitution (GTG → GAG) in the sixth
codon of the β-globin gene results in the substitution of valine for glutomic
acid which in turn allows Hb S to polymerase when deoxygenated. “A
polymerization of deoxygenated Hb S is a primary indispensable event in
the molecular pathogenesis of sickle cell disease” (Stuart and Nagel, 2004,
p. 1343). Inherited autosomal recessively, either two copies of Hb S (Hb
SS), referred to as sickle cell anemia, or one copy of Hb S plus another β-
globin variant are required for sickle cell disease. In addition to sickle cell
anemia, homozygotic Hb SS disease, there are several other compound
heterozygote sickle genotypes of Hb S plus one copy of another β-globin
gene variant, Hb C or Hb β-thalassemia. The carrier state, sickle cell trait,
has one copy of the normal β-globin gene and one copy of the sickle variant
(Hb AS) (Ashley-Koch et al., 2000).

Four major β-globin gene haplotypes have been identified. Three are
named for regions in Africa in which the mutations first appeared: BEN
(Benin), SEN (Senegal), and CAR (Central African Republic). The fourth
haplotype, Arabic-India, occurs in India and the Arabic peninsula (Quinn
and Miller, 2004).

Disease severity is associated with several genetic factors. “Genotype is
the most important risk factor for disease severity” (Ashley-Koch et al., 2000,
p. 842). The highest degree of severity is associated with Hb SS followed by
Hb s/β0-thalassemia and Hb SC and Hb S/β+-thalassemia are associated with
a more benign course of the disease (Ashley-Koch et al., 2000). Disease
severity is also related to β-globin haplotypes, probably due to variations in
hemoglobin level and fetal hemoglobin concentrations. The Senegal haplo-
type is most benign, followed by the Benin, and the Central African Republic
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haplotype is the most severe form (Ashley-Koch et al., 2000). Another genetic
factor associated with disease severity is α-globin gene compliment.

Thus, although sickle cell disease is a monogenetic disorder, its pheno-
typical expression is multigenetic. Epistatic or modifier genes include the
co-presence of α-thalassemia, the .158 C →  T mutation that enhances Hb
F expression, particularly in the Senegal and the Arab-Indian globin cluster
haplotypes, and the female population (Stuart and Nagel, 2004). Steinberg
(2005) maintains that: “Understanding the vascular and inflammatory com-
ponents of the disease pathophysiology provides many loci where the dis-
ease phenotype can be impacted by modifying genes” (p. 465).

Pathophysiology

There are two cardinal pathophysiologic features of sickle cell disease:
chronic hemolytic anemia and vasoocclusion. The polymerization of the
hemoglobin S molecule (Hb S) within the red blood cells upon deoxygen-
ation causes the red blood cells to change from the usual biconcave disc to
an irregular sickled or crescent shape. Upon reoxygenation, the red cell
initially resumes a normal configuration but after repeated cycles, the
erythrocyte is damaged permanently, resulting in red cell dehydration
and erythrocyte destruction. Sickled red blood cells also have a propensity
to adhere to the walls of blood vessels and are susceptible to hemolysis,
causing chronic anemia (Ashley-Koch et al., 2000). The deformed red
blood cells cause microcirculatory obstruction and prevent normal blood
flow and decreased delivery of oxygen to organs and tissues resulting in
the vasoocclusive crisis. However, information summarized by Stuart and
Nagel (2004) indicates that the actual mechanism is more complicated.

One of the factors complicating the pathophysiology is cell heterogene-
ity. Sickle cells vary in their density and deformity because cation homeo-
stasis is impaired in some cells. The amount of hemolysis is related to the
number of irreversibly sickled cells and dense cells (Steinberg and Rodgers,
2001). Another factor that varies is fetal hemoglobin (Hb F) concentra-
tions. Vasoocclusive events depend on the interaction of features intrinsic
to the sickled erythrocyte, including degree of polymer formation and cellu-
lar damage, interacting with other factors in the cells environment such as
endothelial cells and leukocytes (Steinberg and Rodgers, 2001). Other po-
tentially contributing factors include neutrophil transmigration that “adds
to the increased inflammation in the microvascularture” and “disregulation
of vasomotor tone by perturbations in vasodilator mediators such as ni-
trous oxide (NO)” (Stuart and Nagel, 2004, p. 1345). The abnormal cation
homeostasis contributes to dehydrated dense sickle cells which in turn con-
tributes to anemia and hemolysis.
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The recognition that the adherence of sickled erythrocytes to the endo-
thelium correlated with disease severity focused attention on the mecha-
nisms involved (Stuart and Nagel, 2004). As a barrier between blood and
tissue, endothelial cells have a number of functions that may contribute to
the vascular pathology of sickle cell disease and “genetic differences are
likely to cause different responses among patients” (Steinberg and Rodgers,
2001, p. 300). One of the functions of endothelial cells is to control vascu-
lar tone by elaborating vasoconstrictors and vasodilators. Endothelial cells
also express genes adhesion molecules for blood cells and proteins (Steinberg
and Rodgers, 2001). Endothelial cell activators are generated by a number
of factors such as hypoxia, thrombin, and infection (Steinberg and Rodgers,
2001). Other extra-erythrocyte related pathophysiological factors include
leukocyte size, rigidity, and adhesive characteristics and coagulation activa-
tion, with thrombin hypothesized as potentially providing a crucial link
between coagulation activation and adhesion (Stuart and Nagel, 2004). Of
particular interest is the finding that laminin bonds strongly to sickle eryth-
rocytes via the protein that carries Lutheran blood-group antigens (B-CAM/
Lu) and epinephrine increases this adhesion. “Since stress is a potential
initiation factor for vasoocclusion, epinephrine modulation of adhesion
provides a powerful biological link between intraerythrocytic signaling path-
ways and the external milieu” (Stuart and Nagel, 2004, p. 1346).

Clinical Manifestations

Two primary consequences of hypoxia secondary to vasoocclusive cri-
sis are pain and damage of organ systems. The organs at greatest risk are
those where blood flow is slow, such as the spleen and bone marrow, or
those with a limited terminal arterial blood supply, including the eye and
the head of the femur and humerus, and lung as the recipient of deoxygen-
ated sickle cells that escape the spleen or bone marrow. Major clinical
manifestations of sickle cell disease include painful events, acute chest syn-
drome, splenic dysfunction, and cerebrovascular accidents.

Painful events occur as a result of ischemic tissue injury and can be
precipitated by hypoxia, dehydration, and extreme cold. The frequency and
severity of painful events are varied. Musculoskeletal pain is the most com-
mon, followed by abdominal pain, and low back pain. Painful events typi-
cally last 4-6 days. Transduction is the process whereby noxious inflamma-
tory mediators that are generated by tissue damage in turn activate
nocioceptors to chemical or mechanical forms of energy to an electrochemi-
cal impulse, which is transmitted along the spirothalamic tract to the thala-
mus which in turn transmits the signal to the brain where it is perceived as
pain (Ballas, 2001a). Descending fibers in the midbrain can inhibit the
transmission of painful stimuli via endogenous endorphins and communi-
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cations through the limbic system can modulate the emotional response to
pain and thereby enhance or inhibit the intensity of the perception of pain
(Ballas, 2001a).

Acute chest syndrome involves chest pain, fever, increased leukocyto-
sis, hypoxemia, and pneumonia-like symptoms. Typical causes include in-
fection and pulmonary infarction (Ballas, 2001b). This acute illness can be
self-limiting or can rapidly progress and may be fatal. “Risk factors include
HB SS genotype, low HB F concentrations and high steady state leukocyte
and HB concentrations” (Stuart and Nagel, 2004, p. 1350).

Splenic dysfunction develops during infancy and predisposes the infant
to overwhelming infection from encapsulated bacteria, particularly strepto-
coccus pneumonia and haemophilus influenza. Between the ages of 5
months and 2 years, children with sickle cell anemia are at risk for sudden
intrasplenic pooling of vast amounts of blood, known as splenic sequestra-
tion. The hemoglobin level can drop precipitously, causing hypovolemic
shock and death. High concentrations of Hb F serve as a protection factor
(Stuart and Nagel, 2004).

Stroke affects 6-12% of patients with sickle cell disease.  In children,
the most common cause of stroke is cerebral infarction; intracerebral hem-
orrhages become increasingly common with age. Recurrent stroke causes
progressive impairment of cognitive functioning. “Risk factors include the
HB SS phenotype, previous transient ischemic attacks, low steady state HB
concentrations, high leukocyte counts, raised systolic blood pressure, and
previous acute chest syndrome” (Stuart and Nagel, 2004, p. 1351). Silent
brain lesions have been evidenced on magnetic resonance imaging (MRI)
accompanied by neurocognitive deficits (Armstrong et al., 1996).

The efforts to enhance clinical care are focusing on increasing under-
standing of the pathophysiology of sickle cell disease to enable a precise
prognosis and individualized treatment. What is required is knowledge
about which genes are associated with the hemolytic and vascular compli-
cations of SCD and “how variants of these genes interact among themselves
and with their environment” (Steinberg, 2005, p. 465).

Genetic Modulation of Disease Severity

Individual differences occur in part through differences in the order and
pattern of gene expression (i.e., variations in the regulatory sequence of the
genome, referred to as promoters). A promoter is a special sequence of
bases usually found immediately upstream of the gene itself. A gene is
expressed or transcribed into messenger RNA by the binding of a protein
called a transcription factor to a promoter. The binding of a transcription
factor and the expression of a gene can be altered by experience (Ridley,
2004). An example is the elevation of cortisol that occurs upon appraisal of
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a situation as stressful, which in turn alters gene expression in the immune
system by reducing the expression of interleukin II and turning down the
activity, number, and life span of lymphocytes (Ridley, 2004).

Two broad molecular genetic strategies have been employed to identify
the role of genes (de Gues, 2002). One strategy involves whole genome
scans through linkage analysis. The advantage of this approach is that all
relevant genes are examined but the disadvantage is that it requires large
samples of genetically related subjects. A second approach is an allelic
association or candidate gene studies. Associations with known functional
candidate genes are investigated, for example “genes suspected to influence
neurotransmission in the brain because they code for protein constituents
of receptors, transporters, or enzymes involved in neurotransmitter synthe-
sis and degradation (Plomin and Crabbe, 2000)” (de Gues, 2002, p. 4). The
advantage of this approach is the ability to use smaller samples of unrelated
subjects but the disadvantage is that some genetic influences are missed
because they are not among the candidate genes studied.

It is easier to identify the effect of the gene on a more elementary trait
than on a complex one. The strategy is to identify an endophenotype that is
upstream of the more complex effect, determine the amount of variance
that the gene explains in the endophenotype, and then determine the vari-
ance explained in the disease outcome by the endophenotype. Identifying
allelic candidate genes is a matter of looking for genes that are part of a
system known to influence the disease. The genes influence the disease by
influencing the concentration of a protein or its functionality or efficiency
or responsiveness to the environment.

Ridley (2004) maintains that “Diversity in the human population is
starting to be explained at least as much by variations in the number of
repeats of a genetic phrase in the regulatory region of the gene as by single-
nucleotide polymorphisms” (p. 97). “Varying the number of repeats of a
phase has a much subtler effect on gene function then does changing a
single nucleotide in a codon, which tends to shut a gene down” (p. 97).

Steinberg (2005) views the use of Bayesian networks as a promising
approach for the discovery of the genetic basis of complex traits in large
association studies and describes a Bayesian network that was developed to
analyze 235 single nucleotide polymorphisms (SNPs) in 80 candidate genes
in 1398 unrelated patients with sickle cell anemia. The findings indicated
that “SNP’s on 11 genes and four clinical variables, including α-thalassemia
and Hb F, interacted in a complex network of dependency to modulate the
risk of stroke. This network of intersections included three genes, BMP6,
TGFBR2, and TGFBR3 with a functional role in the TGF-β [transforming
growth factor-β pathway and one gene (SELP) associated with stroke in the
general population” (Steinberg, 2005, p. 472). Subsequently, this model
was validated by predicting the occurrence of stroke in a different popula-
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tion with a true positive rate of 100%; a true negative rate of 98.14%; and
an overall predictive accuracy of 98.2% (Sabastiani et al., 2005). In his
comprehensive review of predictors of SCD complications, Steinberg (2005)
considers both established predictors, including fetal hemoglobin and α-
thalassemia, and potential predictors.

Fetal Hemoglobin

Fetal hemoglobin (Hb F) inhibits Hb S polymerization and higher levels
are associated with a reduction of most vasoocclusive complications of
sickle cell anemia (Steinberg, 2005). However, Hb F concentrations vary
among patients with sickle cell anemia, ranging from 0.1% to 30%, and
there is considerable variability in severity of complications among patients
with similar concentration levels.

Typical levels of Hb F vary across the four major β-globin haplotypes.
The highest Hb F level and mildest clinical course is found in carriers of the
Hb S gene on the Senegal or Arab-India haplotype, intermediate levels and
severity on the Benin haplotype, and the lowest levels and most severity on
the Bantu (Central African Republic) haplotype (Steinberg, 2005).

Fetal hemoglobin expression is a quantitative trait and investigations
are addressing complex interactions among transcription factors, genes
modulating erythropoiesis, and elements linked to the β-globin cluster. In
addition, similar genetic analyses are being undertaken in an effort to pre-
dict responsiveness to hydroxyurea, which is used to treat the complica-
tions of SCD and is thought to work by increasing Hb F levels (Steinberg,
2005).

α-Thalassemia

Alpha thalassemia is the result of the deletion of one of two α-globin
genes from a chromosome (Nagel and Steinberg, 2001). Coincidental α-
thalassemia occurs in approximately 30% of patients with sickle cell ane-
mia and affects the phenotype of sickle cell anemia by reducing the concen-
tration of Hb S polymerization (Steinberg, 2005). The presence of
α-thalassemia with sickle cell anemia is also associated with less hemolysis,
higher concentration of hemoglobin (Nagel and Steinberg, 2001) and
higher packed cell volume (PCV), and lower mean corpuscular volume and
reticulocyte counts (Steinberg, 2005). However, the clinical effects of co-
existing α-thalassemia are mixed. Benificial effects are generally found
with vasoocclusive events that are dependent on PCV, such as stroke and
leg ulcer, whereas deleterious effects are associated with complications
that are dependent on blood viscosity, such as painful episodes and acute
chest syndrome (Steinberg, 2005).
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Since the diversity of sickle cell anemia cannot be explained entirely by
Hb F and α-globin gene-linked modulation, attention is being directed to
epistatic or modifying genes that act independently of Hb S polymerization.
The genes that potentially could modulate the phenotype of sickle cell
anemia include: “mediators of inflammation, oxidant injury, NO biology,
vasoregulation, cell-cell interaction, blood coagulation, haemostasis, growth
factors, cytokine and receptors and transcriptional regulators” (Steinberg,
2005, p. 470). However, studies of candidate genes, seeking associations of
SNP with phenotypes, are in the beginning stages and present many inter-
pretative challenges (Steinberg, 2005).

ROLE OF BEHAVIORAL AND PSYCHOSOCIAL FACTORS IN
SICKLE CELL DISEASE

Consistent with the biopsychosocial model, investigations of the role of
behavioral and psychosocial factors in sickle cell disease have been bidirec-
tional. One line of research has focused on the impact of sickle cell disease
on psychological adjustment in children and adolescence with sickle cell
disease and their parents, and adults with sickle cell disease. Another line of
research has focused on the impact of behavioral and psychosocial pro-
cesses on selected dimensions of disease outcome, particularly with regard
to pain and neurocognitive functioning.

Psychological Adjustment

The findings with regard to the psychological adjustment of children
with sickle cell disease are consistent with those for children with chronic
illnesses in general (Thompson and Gustafson, 1996). The risk of psycho-
logical adjustment problems in children with chronic illness is 1.5 to 3 times
as high as with their healthy peers (Thompson and Gustafson, 1996). In
addition to determining the type and frequencies of adjustment problems,
effort has been directed to identifying the mediating and moderating role of
illness parameters, typically disease severity, and psychological and social
processes to adjustment to the stress of chronic illness. The transactional
stress and coping model (Thompson and Gustafson, 1996; Thompson et
al., 1992) has proven to be a useful conceptual framework for these inves-
tigations and psychological adjustment was the target of a number of stud-
ies done through the Duke University of North Carolina Sickle Cell Center.

Psychological adjustment was assessed in a study of 50 children, age 7
to 17 years of age with sickle cell disease, (Hb SS 60%; Hb SC 12%; sickle
β-thalassemia syndromes 16%). In terms of mother reported behavioral
problems, 64% of the children were classified with poor adjustment, pri-
marily of the internal behavior problem type. In terms of child self-report,
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as assessed through a semi-structured diagnostic interview, 50% reported
symptoms that met the criteria for one or more DSM-III diagnosis. Internal-
izing problems reflected in anxiety, phobic, and obsessive-compulsive diag-
noses were most frequent. In contrast, externalizing problems reflected in
conduct disorder and oppositional disorder were relatively infrequent. Hi-
erarchal multiple regression analysis was utilized to assess the increment in
psychological adjustment accounted for by maternal psychological adjust-
ment and children’s cognitive processes and pain coping strategies over and
above that accounted for by demographic parameters and illness severity
parameters, including type of sickle cell disease, pain frequency, pain sever-
ity, and number of complications. In terms of the variance in mother-
reported internalizing behavioral problems, the demographic variables of
gender, socioeconomic status, and age accounted for 8% and the illness
parameters of pain frequency and type of sickle cell disease accounted for
another 9% and 8%, respectively. Maternal anxiety accounted for 16% of
the variance in mother-reported internalizing behavioral problems and 33%
in mother-reported externalizing behavioral problems. In terms of child-
reported total symptom score, sickle cell type did not account for any of the
variance, the number of illness complications accounted for 2%, and pain
frequency accounted for 1%. The demographic variables of socioeconomic
status and gender only accounted for 6% of the variance. However,
children’s pain coping strategies characterized by negative thinking ac-
counted for a 21% increment in child reported total symptom score.

Psychological adjustment over time was assessed at 3 points across 2
years with a sample of 50 children with sickle cell disease (Hb SS, 54%; Hb
SC, 34%; sickle β-thalassemia, 12%; males, 64%; females, 36%). In terms
of child-reported symptoms, 12% met diagnostic criteria for a DSM-III
diagnosis across all three time points whereas 17% consistently demon-
strated good adjustment. The variability in report of symptoms meeting
diagnostic criteria over time is also reflected by the percentage of children
who had 1 (49%) or 2 (27%) changes in adjustment classification over the
three-time periods. In terms of specific diagnoses, internalizing disorders
were most frequent at each time but there was very little consistency in
specific diagnoses across time. In terms of mother-reported behavioral prob-
lems, 47% met the criteria for poor adjustment and 19% for good adjust-
ment across all three assessment points. One change in classification oc-
curred for 25% and two-changes occurred for 4% (Thompson et al.,
1999a).

Maternal psychological adjustment was assessed in a study of 78 moth-
ers of children and adolescence, 7 to 17 years of age, with sickle cell disease
(Hb SS, 62%; Hb SC 23%; and sickle β-thalassemia syndromes; 15%)
(Thompson et al., 1993b). In terms of self-reported symptoms of psycho-
logical distress, 36% of mothers’ met criteria for poor psychological adjust-
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ment. None of the illness or demographic parameters accounted for signifi-
cant amounts of variance in mothers’ symptoms scores. Over and above the
7% of variance in adjustment accounted for by illness parameters and 2%
by demographic parameters, a 46% increment in variance was accounted
for by three psychosocial processes: mother-reported use of palliative cop-
ing in relation to active coping (30%); stress associated with daily hassles
(13%); and family functioning characterized by an emphasis on control
(3%) (Thompson et al., 1993a).

In a study of maternal adjustment across three assessment points over 2
years, 43% of mothers of children with sickle cell disease consistently met
the criteria for poor adjustment (Thompson et al., 1999b). Mothers with
stable good adjustment differed significantly from those with stable poor
adjustment in terms of lower levels of daily stress and use of palliative
coping methods in relation to adaptive coping and lower levels of illness-
related stress.

The psychological adjustment of adults with sickle cell disease was
assessed in a sample of 109 patients (female, 55%; male, 45%;) ranging in
age from 18-68 years (Hb SS, 77%; Hb SC, 12%; and sickle β-thalassemia
syndromes, 11%). The criteria for poor adjustment in terms of self-
reported symptoms of psychological distress was met by 56% of the pa-
tients with 40% demonstrating elevations into the clinical range of distress
on depression and 32% on anxiety. In terms of illness parameters, type of
sickle cell disease and number of complications accounted for no significant
increment in reported psychological distress and pain frequency only ac-
counted for a 2% increment. Similarly, the demographic parameters of
socioeconomic status, gender, and age only accounted for an additional 9%
of the variance. In contrast, with these variables controlled, daily stress
accounted for an additional 35% of the variance in reported psychological
distress and pain coping strategies characterized by negative thinking ac-
counted for an additional 4% (Thompson et al., 1992).

The stability of psychological adjustment across three time periods
spanning 20 months was assessed in a study of 59 African American adults
with sickle cell anemia (Thompson et al., 1996). In terms of self-reported
symptoms of psychological distress, consistently poor adjustment was dem-
onstrated by 32% and consistently good adjustment by 25% of patients.
Variability in adjustment at the individual level was also reflected in 26%
of the patients changing classifications once and 17% changing twice over
the three assessment points. With adjustment at the 20-month follow-up
period as the outcome measure, the illness parameters of complications and
pain frequency at baseline did not account for any significant increment in
variance and the demographic parameter of socioeconomic status only ac-
counted for 6%. With illness and demographic parameters controlled,
baseline levels of daily stress accounted for a 29% increment in psychologi-
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cal distress at 20-month follow-up and illness-related stress accounted for
another 8% increment.

A multisite Cooperative Study of Sickle Cell Disease (Farber et al.,
1985; Gaston and Rosse, 1982) provided an opportunity to examine the
independent and combined contributions of family functioning and
neurocognitive functioning to behavioral problems in children with sickle
cell disease. In an initial cross-sectional study of 289 children (Hb SS, 68%;
Hb SC, 32%; males, 52%; females, 48%) 5.9 to 15.5 years of age com-
pleted a neuropsychological evaluation, brain MRI and mothers completed
the child behavior checklist and family environment scale (Thompson et al.,
1999a). Mother-reported behavior problems occurred with 30% of the
patients. The subgroup with behavior problems had significantly lower
verbal IQ, reading, and math scores and lower levels of family support and
higher levels of family conflict. The rate of behavioral problems did not
vary across the three subgroups formed on the basis of MRI status (normal,
clinically apparent cerebral infarction, and silent infarction). Demographic
parameters of child age and gender and mother age and education and the
biomedical parameters of hematocrit level and type of SCD each accounted
for only 2% of the variance in behavioral problems. However, family func-
tioning characterized as conflicted, reflecting both high levels of conflict
and a lack of organization and support, accounted for a 19% increment in
variance in behavioral problems.

The relationship of behavioral problems, intellectual functioning, and
family functioning was assessed longitudinally in a follow-up prospective
study of 222 children with at least two complete sets of measures obtained
across four assessment points over the study period of nine years. The
findings indicated that overall 60% of the children were consistently classi-
fied in terms of behavioral problems (9%) or good adjustment (51%) based
on at least three measures across four assessment points. The risk of consis-
tent behavior problems was not related to MRI classification, gender, edu-
cation level of the mother, or age of the child but significantly increased
with higher baseline levels of family conflict and decreased with higher
baseline full-scale IQ. More importantly, an increase in behavioral prob-
lems was associated with a reported increase in family conflict but was not
related to change in intellectual functioning. There was a decline in neuro-
cognitive functioning over time. On average, full-scale IQ decreased 1.2
points per year with age and compared with a child with a normal MRI,
was 3.8 points lower for a child with silent infarction and 14.4 points lower
for a child with stroke.

In summary, the findings across a number of studies indicate an in-
creased risk for psychological adjustment problems in children and adoles-
cents with sickle cell disease and their mothers and adults with sickle cell
disease. However, there is considerable variability in adjustment over time
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and good adjustment is the norm. Biomedical indicators of disease severity,
including type of sickle cell disease and number of complications and fre-
quency of pain episodes, account for very little variance in psychological
adjustment. Similarly, demographic factors of gender, age, and socioeco-
nomic status also account for very little variance in adjustment. In contrast
pain coping strategies characterized by negative thinking and passive adher-
ence account for a significant portion of variance in children and adolescent
psychological adjustment. Stress processing variables account for a signifi-
cant portion of variance in the adjustment of adult patients with sickle cell
disease and mothers of children and adolescents with sickle cell disease.
More specifically appraisals of stress, especially daily stress, use of pallia-
tive coping strategies, and family functioning characterized by low levels of
supportiveness and high levels of conflict account for significant increments
in adjustment variance over and above that accounted for by illness and
demographic factors.

Neurocognitive Functioning

The cooperative study of sickle cell disease included neuropsychologi-
cal and MRI assessment of children 6-12 years of age (Armstrong et al.,
1996). For children with Hb SS disease, 6.6% had a clinical CVA and
15.6% had a silent infarct. For children with Hb SC disease, none had
evidence of CVA and 5.1% demonstrated a silent infarct. For children with
Hb SS disease, those with a history of stroke had a significantly lower
verbal, performance, and full-scale IQ scores and math achievement scores
than children without MRI abnormalities and significantly lower perfor-
mance and full-scale IQ scores than with children with silent infarcts. In
turn, children with silent infarcts had significantly lower verbal scale IQ
scores than children without MRI abnormalities.

The independent and combined contribution of biomedical risk and
parenting risk to child neurocognitive functioning was assessed in a study
of young children with sickle cell disease through 3 years of age (Thompson
et al., 2002). The study sample included 89 African American children with
sickle cell disease (Hb SS, N = 55; Hb SC, N = 27; and other, N = 7).
Measures of cognitive and psychomotor development were obtained at 6,
12, 24, and 36 months of age. There was no significance decrease in psy-
chomotor functioning (PDI) over time but cognitive functioning (MDI)
declined, with a significant decrease occurring between the 12- and 24-
month assessment points. By 24 months of age, 29% of the children have
MDI scores and 24% had PDI scores more than one standard deviation
below the mean for the normative group. There were no significant differ-
ences in MDI or PDI scores at any assessment time as a function of type of
sickle cell disease. However, multiple regression analyses of developmental
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outcome at 24 months of age indicated that maternal learned helplessness
attributional style accounted for 20% of the variance in MDI followed by
type of sickle cell disease which accounted for another 22% increment in
variance. The findings indicated that developmental functioning at 24
months of age was associated with both Hb SS phenotype and maternal
learned helplessness attributional style, with parenting processes as the
hypothesized mechanism of effect.

Sickle Cell Disease Pain

Painful episodes or crises are a cardinal aspect of sickle cell disease. The
onset of pain is not predictable and the duration of pain is highly variable
from a few hours to several days. Sickle cell disease pain has been associ-
ated with increased utilization of health care services, decreased social ac-
tivities, and increased frequencies of psychological distress in children, ado-
lescents, and adults with sickle cell disease (Gil et al., 1991). A number of
studies have addressed the relationship of disease severity, demographic
parameters, and pain coping strategies on pain associated with sickle cell
disease (Gil et al., 1991).

In a study of 72 children and adolescents, ranging in age from 7 to 17
years, the relationship of reported pain coping strategies was assessed with
three outcome measures: health care utilization, reflected in the medical
record; psychological adjustment, as assessed through a structured diagnos-
tic interview; and reduction in activities reported by parents (Gil et al.,
1991). The Coping Strategies Questionnaire (Rosenstiel and Keefe, 1983)
was used to assess pain coping strategies and three major patterns of coping
were identified. Negative thinking is a pattern of coping in which children
engage in catastrophizing and self-statements of fear and anger. Passive
adherence is a pattern of coping in which children relied on concrete,
passive strategies, such as resting. Coping attempts is a pattern in which the
patient used multiple cognitive and behavioral strategies to deal with pain,
such as diverting attention and calming self-statements. The sample in-
cluded patients with Hb SS disease, Hb SC disease, and sickle β-thalassemia
syndromes. Children and adolescents high on the negative thinking and
passive adherence patterns were less active in school and social activities,
had higher levels of psychological distress during painful episodes, and had
higher levels of health care service utilization in comparison to those low on
these patterns. Children and adolescents high on coping attempts were
more active and required less frequent health care services. These coping
strategy patterns accounted for significant portions of variance in house-
hold, school, and social activity reduction and emergency room (ER) visits
and psychological distress even after controlling for the effects of age and
frequency of painful episodes.
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The extent to which pain coping strategies measured at baseline predict
subsequent adjustment in children and adolescents with sickle cell disease
was assessed with 70 patients ranging in age from 7 to 18 years (Hb SS,
58%; Hb SC, 13%; and sickle β-thalassemia syndromes, 29%). With age
and pain frequency controlled, baseline levels of pain coping strategies
characterized by coping attempts were associated with higher levels of
school, household, and social activity during painful episodes. In contrast,
baseline patterns of pain coping characterized by passive adherence were
associated with more frequent health care contacts. Furthermore, increases
in pain coping strategies characterized by negative thinking were associated
with further increases in health care contacts and those with less negative
thinking over time decreased their health care contacts (Gil et al., 1993).

In a study of 79 adults with sickle cell disease, pain coping strategies
characterized by negative thinking and passive adherence were associated
with more severe pain episodes, less activity during painful episodes, more
frequent hospitalization and ER visits and higher levels of self-reported
psychological distress (Gil et al., 1989). In a related study, the relationship
between stress, coping, and psychological adjustment was assessed in 109
patients with sickle cell disease (Hb SS, 77%; Hb SC disease, 12%; and
sickle β-thalassemia, 11%) ranging in age from 18 to 68 years (Thompson
et al., 1992). With self-reported levels of psychological distress as the out-
come variable, the demographic parameters of socioeconomic status, gen-
der, and age accounted for 9% of the variance, and illness parameters of
pain frequency, number of complications, and type of sickle cell disease
accounted for 2% of the variance. Over and above the contribution of these
variables, daily stress accounted for a 35% increment in psychological
distress and pain coping strategies characterized by negative thinking ac-
counted for an additional 4%.

The relationship between stress and pain was examined in a study of 53
adults ranging in age from 18 to 58 years with sickle cell disease (Hb SS,
85%; Hb SC, 8%; sickle β-thalassemia syndrome, 8%) (Porter et al., 1998).
Patients completed daily pain ratings for a 2-week period. Stress was as-
sessed in terms of daily hassles (Kanner et al., 1981). Activity reduction,
pain occurrence and intensity, reported medication use, and health care use
were not significantly related to type of sickle cell disease or the number of
sickle cell disease-related complications. However, higher pain intensity
ratings were associated with greater health care use in terms of ER visits,
hospitalizations, physician visits, and phone calls. Intensity ratings of daily
stress were significantly related to pain intensity levels, and reductions in
housework and social activities, even after controlling for pain intensity.
Thus higher levels of daily stress were related to greater pain and greater
functional impairment (Porter et al., 1998).
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This examination of the role of behavioral and social factors in sickle
cell disease indicates the limitations of the approaches utilized and thus our
state of knowledge. These studies were driven by biopsychosocial concep-
tual models. However, the specific studies predominantly focus on psycho-
logical adjustment as the outcome variable. Demographic and illness pa-
rameters, including type of sickle cell disease, pain frequency and severity,
and number of complications have little effect on psychological adjustment
but stress processing variables including appraisals, coping methods, and
social support have a large effect. There are a significant number of studies
that have addressed pain as an outcome measure and an emerging research
literature on neurocognitive functioning. The findings with regard to pain
are similar to those with psychological adjustment. Demographic and ill-
ness parameters account for relatively little variance in reported pain but
stress appraisal and pain coping strategies account for significant amounts of
variance. With regard to neurocognitive functioning, both phenotype and
parenting process account for significant amounts of variance. There is a
notable lack of studies in which physiological measures of illness severity or
complications are included as outcome variables. Furthermore, genetic mark-
ers, other than type of sickle cell disease, are for the most part not included in
behavioral and psychosocial studies. Although the field has not yet actualized
the potential of a full biopsychosocial model, the pathway is discernable.
Studies that assess the impact of candidate genes on multiple measures of
pathophysiology need to be conjoined with studies that assess the impact of
behavioral and social processes on stress and stress processing.

STRESS AS A MECHANISM OF EFFECT

A common pathway, that links genetic and environmental psychosocial
variables with disease outcome, is through physiological response to per-
ceived stress (Cruess et al., 2004). Stress is defined as the interpretation of
an event as threatening that in turn elicits physiological and behavioral
responses (McEwen, 2000). Stress hormones mediate both adaptive and
maladaptive responses and are protective in the short term but deleterious
in the long term if not shut off when no longer needed (McEwen, 2000).
Psychosocial stressors can affect a number of disease processes through
their impact on the autonomic nervous system, the hypothalamic-pituitary-
adrenal (HPA) axis, and the immune system (Cruess et al., 2004). Physi-
ological response to perceived stress can serve as an endophenotype, reflect-
ing the interaction of genetic, behavioral, and psychosocial processes, that
in turn affects the variability in manifestations of sickle cell disease.
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Stress Activation of the Sympathetic Nervous System (SNS)

Activation of the SNS in response to stress results in increased secre-
tions of catecholamines, epinephrine and norepinephrine, and higher levels
of catecholamines lead to increase in blood pressure and heart rate and
more oxygenated blood glucose is required (Cruess et al., 2004). There is
evidence that increased SNS activity is a mechanism for atherogenesis,
ventricular hypertrophy, and hypertension (Cruess et al., 2004). There is a
large body of evidence that perceived stress, personality characteristics, and
specific emotion states, including hostility and depression, are linked to
decreases in the neurotransmitter serotonin in particular, and depression
may have a link to coronary heart disease (CHD) through the serotonergic
system (Cruess et al., 2004). Depressive symptoms are often associated with
CHD and there are indications that proinflammatory cytokines mediate
this relationship (Cruess et al., 2004).

Stress Activation of the HPA Axis

Stress can also have an effect through over activation of the HPA axis.
Psychological stressors elicit a physiological response by activating specific
cognitive and affective processes and their central nervous system underpin-
nings (Dickerson and Kemeny, 2004). Sensory information is integrated
and the significance of environmental stimuli is appraised through the thala-
mus and frontal lobes. These cognitive appraisals can elicit emotional re-
sponses through the connections from the prefrontal cortex to structures of
the limbic system including the amygdala and hippocampus which connect
to the hypothalamus and serve as a pathway for activating the HPA axis
(Dickerson and Kemeny, 2004). Activation of the HPA axis is initiated by
the paraventricular nucleus of the hypothalamus releasing corticotropin
releasing hormone, which in turn stimulates the anterior pituitary to secrete
adrenocorticotropin hormone (ACTH) which in turn triggers the adrenal
cortex to release the glucocorticoid (GC) cortisol into the bloodstream
(Dickerson and Kemeny, 2004). GCs act to restore homeostasis. Cortisol
affects metabolism by mobilizing energy resources by elevating blood glu-
cose levels; surpresses the immune system by inhibiting proteins that play a
central role in regulating inflammation; and affects the cardiovascular sys-
tem through the catecholamines and other sympathetic products that in-
duce vasoconstriction (Dickerson and Kemeny, 2004; Herman et al., 2003).
“Although the effects of catecholamines are almost immediate and tran-
sient, cortisol is slower acting and more likely to influence blood flow and
glucose production during prolonged stress responses” (Cruess et al., 2004,
p. 43). Prolonged cortisol activation brought about by failure to shut down
this response after stressor termination or by frequent exposure to stressors
is associated with a number of negative health consequences including
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immune system suppression, for example decreased lymphocyte prolifera-
tion and cytokine production, damage to the hippocampus, and hyperten-
sion (Dickerson and Kemeny, 2004). The vasoconstrictive and immuno-
logical impact of the activation of the HPA axis is of relevance for sickle cell
disease.

The effect of cortisol on tissues is mediated by the glucocorticoid recep-
tor (GR) through direct binding to hormone-responsive elements in the
RNA or by interactions with, and modulation of, other transcription fac-
tors (Wüst et al., 2004b). The response of a cell to cortisol is a function of
the level of the steroid and its GC sensitivity. Variants of the GR gene
(located on chromosome 5, locus 5q31) affect sensitivity (Wüst et al.,
2004b). Support has been provided for the hypothesis that common poly-
morphisms in the GR gene may have modulating effects on the HPA re-
sponse to psychological stress. In a recent study, the impact of three GR
gene polymorphisms (BclI RFLP, N363S, and ER22/23EK) on cortisol and
ACTH responses to psychological stress and pharmacological stimulation
was assessed (Wüst et al., 2004b). In comparison to subjects with two wild-
type alleles, 363S carriers showed a significant increased salivary cortisol
response to stress whereas the cortisol response of the BclI homozygotes
was diminished. This study provides evidence that common polymorphisms
of a single gene impact HPA regulation and contribute to the individual
variability in response to psychological stress. The impact of genetic factors
on HPA axis activity was reported from findings of twin studies and asso-
ciation studies with polymorphisms in the GR gene (Wüst et al., 2004a). In
addition, a number of polymorphisms were identified as good candidate
genes for future studies (Wüst et al., 2004a).

Evidence suggests that the GCs act through genetic mechanisms, to
modify transcription of key regulatory proteins, and by non-genetic mecha-
nisms on cell signaling processes that have a more rapid impact on homeo-
static regulation (Herman et al., 2003). The HPA mediated response to
stressful stimuli differ depending upon whether the threat to homeostasis is
“real” or “predicted.” By real stressor is meant stimuli that are recognized
by somatic, visceral, or circumventricular sensory pathways as a challenge
to homeostasis. These stimuli include hormonal signals, such as renin-
angiotensin, visceral or somatic pain, or humoral inflammatory signals
such as blood-borne cytokines signaling infection (Herman et al., 2003). In
addition to these “reactive” responses, GC responses can occur in “antici-
pation” of homeostatic disruption under situations in which threat may be
predicted or associated with learned experience. The anticipatory responses
are under the control of limbic regions such as the hippocampus, amygdale,
and prefrontal cortex (Herman et al., 2003). These two systems act to-
gether in an integrated, hierarchal manner. The reactive pathway evokes
direct PVN activation whereas the anticipatory pathway involves forebrain
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processing of polysensorial and associational input that also mediate reac-
tive responses. “The resultant hierarchal organization of stress-responsive
neurocircuitries is capable of comparing information from multiple limbic
sources with internally generated and peripherally sensed information,
thereby tuning the relative activity of the adrenal cortex” (Herman et al.,
2003, p. 151). Both genetics and early life experiences can modulate re-
sponse characteristics of the HPA axis (Herman et al., 2003). Changes in
limbic system integration patterns as a function of experience are hypoth-
esized to play a role in HPA axis dysfunction (Herman et al., 2003).

The importance of psychological stress processing for the understand-
ing of the psychobiological stress response is becoming increasingly clear
(Gaab et al., 2005). Conceptualizations of stress have moved from that of a
stimulus or response to “A relationship between the person and the envi-
ronment that is appraised by the person as taxing or exceeding his or her
resources and endangering his or her well being” (Lazarus and Folkman,
1984, p. 19). A recent study provided support for the role of anticipatory
cognitive appraisal, but not general personality factors or retrospective
stress appraisal, in the salivary cortisol response to psychological stress
(Gaab et al., 2005).

Whereas there is evidence that psychological stressors are capable of
activating the HPA axis, the effects are highly variable. For example, sev-
eral aspects of perceived chronic stress, more specifically worries, social
stress, and lack of social recognition, were found to be significantly associ-
ated with increased cortisol awakening response (Wüst et al., 2000). To
evaluate the characteristics of psychological stressors that evoke a cortisol
response, a meta-analysis of 208 empirical studies was undertaken
(Dickerson and Kemeny, 2004). The findings indicated that psychosocial
stressors that involved social evaluative threat and uncontrollability were
significantly associated with increased cortisol response. The findings were
also similar for ACTH response. However, psychological distress in and of
itself was not associated with increased cortisol response. The findings
indicate that only those threats to central goals, such as physical self-
preservation or preservation of the social self, and not having control over
these situations, triggers cortisol activation. Sickle cell disease provides just
such a situation of threat to self-preservation and social evaluative threat
and the negative self-appraisals generated under these conditions rather
than emotional stress in general could constitute psychological stressors
that impact the HPA axis.

Stress and the Immune System

In understanding the relationship of psychosocial stressors to the im-
mune system, Segerstrom and Miller (2004) maintain that it is useful to
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distinguish between natural and specific immunity. Natural immunity in-
volves cells that do not provide a defense against a particular pathogen but
operate broadly in a short time frame. These cells include the granulocytes,
both neutrophil and macrophage, which releases cytokines such as inter-
leukin, and natural killer (NK) cells. Specific immunity involves cellular
response to intracellular pathogens and humoral responses to extracellular
pathogens. Lymphocytes have receptor sites that respond to a specific anti-
gen and when activated divide to create a population of cells in a process
referred to as colonal proliferation (Segerstrom and Miller, 2004).

The immune system is of importance in sickle cell disease and one way
of examining the impact of genetic, behavioral, and psychosocial processes
on the immune system is through the impact of stress and stress processing.
There are several ways that stress can affect the immune response
(Segerstrom and Miller, 2004). The immune system is regulated both by
neural inputs from the sensory, sympathetic, and parasympathetic system
as well as by circulating catecholamines and GCs (McEwen, 2000). The
substances released through the action of the nervous system bind to spe-
cific receptors on white blood cells and have a regulatory effect on their
distribution and function (Segerstrom and Miller, 2004). More specifically,
sympathetic fibers release substances that bind to receptors on lympho-
cytes, and “the hypothalamic-pituitary-adrenal axis, the sympathetic-
adrenal-medullary axis, and the hypothalamic-pituitary-ovarian axis se-
crete the adrenal hormones, epinephrine, norepinephrine, and cortisol; the
pituitary hormones prolactin and growth hormone; and the brain peptides
melatonin, β-endorphin, and enkephalin” (Segerstrom and Miller, 2004, p.
604). Under acute stress, elevations of stress hormones (catecholamines and
GCs) facilitate the movement of immune cells, lymphocytes, monocytes,
and NK cells which are reduced in other tissues where other mediators of
immune function activation become involved. For example, interferon
gamma “is known to induce expression of antigen-presenting and cell-
adhesion molecules on endothelia cells and macrophages and cell adhesion
molecules on leukocytes” (McEwen, 2000, p. 175).

Stress also affects the immune system through behaviors, such as
changes of sleep patterns, that could modify immune system processes
(Segerstrom and Miller, 2004). Another association of the immune system
with stress arises through the immunological activation of “sickness behav-
ior” which refers to a constellation of behavioral changes that accompany
infection that include a “reduction in activity, social interaction, and sexual
activity, as well as increased responsiveness to pain, anorexia, and de-
pressed mood” (Segerstrom and Miller, 2004, p. 604).

Support for the relationship of psychological stress and immune sys-
tem response was provided through a meta-analysis of more than 300
empirical studies (Segerstrom and Miller, 2004). The findings across these
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studies indicated that acute stressors were associated with upregulation of
natural immunity parameters and downregulation of specific immunity
functions (Segerstrom and Miller, 2004). Acute stressors were associated
with an increase in the number of NK cells, neutrophils, and large granular
lymphocytes in peripheral blood, increased production of proinflamma-
tory cytokines and cytokines, and decrease in colonal proliferation re-
sponse (Segerstrom and Miller, 2004). Chronic stressors were associated
with suppression of both cellular and humoral responses (Segerstrom
and Miller, 2004). Furthermore, stress appraisal was found to be associ-
ated with a reduction in NK cell cytotoxicity (Segerstrom and Miller,
2004).

Chronic stress leading to sustained levels of stress hormones can also
affect the immune system (Cruess et al., 2004). A proinflammatory
cytokine, interleukin-6 (IL-6) is elevated under stress and stimulates SNS
and HPA activation (Cruess et al., 2004). Furthermore, inflammation is
critical in the development and progression of atherosclerosis which is
associated with the rupture of plaque that can block blood flow (Cruess
et al., 2004). Low-density lipoprotein cholesterol retained in the cell wall
undergoes oxidative modification and the “resultant modified lipids can
induce the expression of adhesion molecules and proinflammatory
cytokines as mediators of inflammation in macrophages and vascular cell
walls” (Cruess et al., 2004, p. 40). Psychological factors such as depres-
sion and stress have been associated with decrements in lymphocyte pro-
liferative response and lower NK cell cytotoxicity (Cruess et al., 2004).
Thus, alterations in neuroendocrine functioning affect the immune sys-
tem and neurohormonal changes have been linked to a number of psy-
chosocial factors including cognitive appraisals, coping responses, per-
ceived loss of control, attributions of helplessness, and feelings of
hopelessness, low self-efficacy, passive coping strategies, and lack of so-
cial support (Cruess et al., 2004).

Stress and Erythrocyte Adhesion

The vasoocclusive process in sickle cell disease is complex and increas-
ing attention is focused on the role of the adhesion of sickle erythrocytes (SS
RBCs) to endothelial cells (ECs). A direct relationship between the rating of
vasoocclusive pain and biological markers of erythrocytes/EC adhesion has
been reported (Dampier et al., 2004). In addition, there is evidence that the
stress hormone epinephrine enhances adhesion of sickle erythrocytes (SS
RBCs), but not normal RBCs, to ECs (Zennadi et al., 2004). Febrile epi-
sodes are frequently associated with vasoocclusive pain episodes in sickle
cell anemia and are hypothesized to be viral in origin. Support was pro-
vided for the hypothesis that viruses, through double-stranded RNA, can
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induce sickle erythrocytes adherence to ECs through alpha4beta1-VCAM-
1-mediated adhesion (Smolinski et al., 1995). A recent review summarizes
the increasing knowledge about how membrane structures contribute to
cell adhesion (Telen, 2005).

Stress and Neurocognitive Functioning

Chronic high levels of stress hormones and GCs contribute to impair-
ment of cognitive function through effects on the hippocampus (McEwen,
2000). The hippocampus has two types of adrenal steroid receptors, type 1
(mineralocoiticoid), and type 2 (glucocorticoid), that mediate hormone ef-
fects on gene expression (McEwen, 2000). It is the combined action of
circulating GCs and catecholamines interacting with local tissue mediators,
such as cytokines, that affect the immune system and the excitatory amino
acids, such as glutamate, and neurotransmitters, particularly serotonin,
that affect the brain and cognitive functioning (McEwen, 2000). Brain
atrophy has been shown to occur, particularly of the hippocampus, as a
result of elevated GCs and severe stress and declines in hippocampally
related cognitive functions such as episodic memory are correlated with
increases in HPA activity (McEwen, 2000).

Adrenocortical stress responses to ordinary daily stress is sufficient to
produce atrophy of hippocampal structures (McEwen, 2000). However,
individual differences in stress responsiveness also play a role (McEwen,
2000). “Individuals with a more reactive stress hormone profile will expose
themselves to more cortisol and experience more stress-related neural activ-
ity, than other people who can more easily habituate to psychosocial chal-
lenges” (McEwen, 2000, p. 183).

In assessing the impact of stress, it is useful to have multiple physiologi-
cal measures within the same study. In a study of monozygotic and dizy-
gotic female twin pairs, genetic and environmental effects on autonomic
reactivity to a psychologically stressful situation was examined for both
single physiological variables and functional combinations of seven of these
variables (Lensvelt-Mulders and Hettema, 2001). The findings supported
the hypothesis that autonomic response profiles would yield larger genetic
effects than single autonomic measures and that the idiosyncratic relation-
ship of a person and his/her environment is a heritable trait. Up to 80% of
the variance in the functional profiles were accounted for by differences in
individual genotypes. The authors comment, “there are at least two ways
people physiologically respond to a situation: Directly, by making people
more genetically liable to express a certain trait, and indirectly by influenc-
ing idiosyncratic interactions between a person and his environment”
(Lensvelt-Mulders and Hettema, 2001, p. 38).
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Stress and Cardiovascular and Renal Response

It has been hypothesized that exaggerated cardiovascular response to
stress is a mechanism in the pathogenesis of essential hypertension and
CHD. Snieder et al. (2002) have developed a biobehavioral model of stress-
induced hypertension to explain how repeated exposure to stress, in combi-
nation with genetic susceptibility, could lead to the development of hyper-
tension. This model is useful to consider, not only because of the cardiovas-
cular problems in sickle cell disease, but because the biobehavioral model
enables a systems perspective. The biobehavioral model focuses on the
complex interrelationship of three underlying physiological systems that
mediate the stress response of the heart, vasculature, and kidney: the SNS;
the renin-angiotensin-aldosterone system (RAAS), and the endothelial sys-
tem (ES). In support of this model, evidence is reviewed for a genetic
influence on the two major intermediate phenotypes of the model: cardio-
vascular reactivity to psychological stress and the renal stress response in
terms of stress-induced sodium retention. The data reviewed were from
twin and family studies and a limited number of candidate gene association
studies. The authors acknowledge that other biological systems, such as the
HPA axis, parasympathetic autonomic reactivity, and serotonin function-
ing in the central nervous system may mediate the influence of stress on the
development of the essential hypertension, and the importance of genetic
variation of these systems has been demonstrated as well. The biobehavioral
model of stress-induced essential hypertension proposes that in response to
stress there is an increased central nervous system activity that in turn
results in the release of catecholamines, norepinephine and epinephrine,
which in turn increases heart rate. In addition, norepinephrine causes vaso-
constriction and epinephrine causes vasoconstriction in some vessels and
vasodilation in others (Snieder et al., 2002).

The ES influences the control of vascular smooth muscle function
through the production of nitric oxide (NO), a vasodilator, and endothelin-
1 (ET-1), a vasoconstrictor. SNS arousal potentiates the release of these
vasoactive substances. Under stress there is evidence of increased release of
ET-1 and decreased production of NO resulting in increased vasoconstictive
tone (Snieder et al., 2002). The RAAS is activated by both the activity of the
ES and SNS arousal. This results in further vasoconstriction and an increase
in sodium retention enhances the vasoconstrictive effects of norepinephrine
on peripheral vasculture (Snieder et al., 2002).

A complex interaction of these three systems contributes to increase
total peripheral resistance in response to stress and repeated exposure leads
to disregulation in appropriately activating, and/or turning off, cardiovas-
cular function (Sneider et al., 2002). The responses to stress result in in-
creases in cardiac and vascular wall tension and intravascular shear stress
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that leads to secondary renal damage and cardiovascular remodeling, in-
cluding diminished endothelium-dependent arterial dilation to reactive hy-
peremia (Snieder et al., 2002). Another manifestation of vascular remodel-
ing is increased arterial stiffness which in turn is associated with stroke,
renal failure, and coronary artery disease and left ventricular hypertrophy,
which is a strong predictor of cardiovascular morbidity and mortality
(Snieder et al., 2002).

Snieder et al. (2002) also examined the evidence for the role of specific
candidate genes on cardiovascular response to stress. Since the β2-adrener-
gic receptor mediates peripheral vasodilation, polymorphic variation in this
gene may influence response to stress. Evidence has been provided for an
association between Arg16Gly polymorphism β2-adrenergic receptor gene
(ADRB2) and the Arg389Gly and Arg16Gly polymorphisms in the
β1-adrenergic receptor gene (ADRB1) were associated with blood pressure
at rest and reactivity to stress. The Gln27Glu polymorphism of the β2-
adrenergic receptor gene also showed significantly higher levels of blood
pressure at rest and stress but interestingly, no associations were found
between these polymorphisms and cardiovascular reactivity for African
Americans (Snieder et al., 2002). It should also be noted that an increase in
cardiovascular response to stress has also been associated with a promoter
polymorphism of the serotonin transporter gene (5HTTLPR) through higher
levels of serotonin (Williams et al., 2001).

Snieder et al. (2002) suggested that future studies investigating genetic
influences on cardiovascular and renal stress should employ measures of
polymorphic variation in candidate genes that underlie the SNS, the ES, and
the RAAS. They argue that rather than studying the effects of candidate genes
in isolation that the biobehavioral model provides a framework for describ-
ing the interrelated physiological network underlying blood pressure regula-
tion in response to stress. More specifically, Snieder et al. (2002) suggest the
following candidate genes for the respective systems. SNS: “the α1- and α2-
adrenergic receptor gene (ADRA1, ADRA2) and the β1- and β2-adrenergic
receptor genes (ADRB1, ADRB2)”; RAAS: “the genes for angiotensin con-
verting enzyme, and the angiotensin II type-1 receptor (AGTR1), aldosterone
synthase (CYP11B2) and angiotensinogen”; ES: “the ET-1 gene (EDN1), the
gene for ET-1 receptor A (EDNRA) and the genes for the three types of nitric
oxide synthase (NOS1, NOS2, NOS3)” (Snieder et al., 2002, p. 87).

SUMMARY AND RECOMMENDATIONS

This review provides some information with regard to the specific ques-
tions of interest but may have its most significant contribution in terms of
guidance of future research. In terms of what knowledge/data we have, the
following findings are most salient:
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• Among social and behavioral factors, stress—primary related to daily
hassles, and stress processing—primarily in relation to cognitive appraisals
and attributions, coping methods, and family support, are associated with
variability in the manifestation of sickle cell disease—primarily psychologi-
cal adjustment, pain, and neurocognitive functioning.

• Stress and stress processing are related to an array of neuroendo-
crine-mediated physiological responses, that in turn are associated with
variability in vascular and inflammatory processes of importance in sickle
cell disease.

• Pain management is related to variability in health care utilization
and activity level.

• A number of candidate genes have been identified as mediators/
modulators of the physiological response to stress and of the vascular and
inflammatory manifestations of sickle cell disease.

The data that we do not yet have and the questions remaining to be
answered are at the systems level of analysis, to which the biopsychosocial
model aspires but has not yet reached. The current stage of research can most
appropriately be described as multiple dimensions—biological, psychologi-
cal, and social—considered concurrently but not transactionally. That is,
current studies examine the contribution of biological and psychosocial fac-
tors in terms of their independent and combined contributions to variability
in some aspect of sickle cell disease manifestations. This is one level of
consideration of how multiple processes “act together.” The next level is
considering “acting together” in terms of mutual influence through continu-
ous transactions over time. In addition, the studies of the contribution of
behavioral and social factors have been limited in terms of outcome measures
to primarily psychological adjustment, pain and health care utilization, and
neurocognitive impairment but not other physiological manifestations of
sickle cell disease. Finally, there are very few studies that include an examina-
tion of behavioral and psychosocial factors and candidate genes in the same
study. This review suggests that the next research step is to develop requests
for proposals for studies that are longitudinal, evaluate the role of stress
appraisal, stress processing, and candidate genes on physiological stress re-
sponses as the endophenotype and on vascular and immunological physi-
ological measures and cell adhesion as the endpoints.
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INTRODUCTION

Epidemiology attempts to discern the causes of disease through an
analysis of the patterns of exposure/disease relationships that are brought
into view by our study designs. The types of designs and methods that are
developed are largely influenced by the health challenges that the popula-
tion faces as well as any methodologic and technological constraints.

Current epidemiologic methods were sparked by the rise of chronic
diseases that did not fit well within the causal models underlying infectious
disease epidemiology. Infectious disease models, based on the Henle-Koch
principles, reserved the term “cause” for factors that were both necessary
and sufficient for disease occurrence. Although this assumption did not
apply strictly to the identified causes of many infectious diseases, this model
worked well enough to provide utility over time.

A crisis arose, however, over the study of the relationship between
smoking and lung cancer. Although the association between smoking and
lung cancer was strong and seemed persuasive, smoking clearly was neither
necessary nor sufficient for the development of lung cancer. This led to a
paradigmatic crisis that over time resulted in the development of a new
framework for the identification of causes, which crystallized as “risk fac-
tor epidemiology.” This framework is rooted in the notion that there are
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multiple pathways to the same disease and that within each pathway there
are multiple causes that work in tandem to lead to the disease. These types
of causes are often referred to as “risk factors.”

The risk factor framework generally is “egalitarian” in its assumptions
about causation; all types of factors that contribute to disease occurrence
can be called a cause. There may be some factors that are necessary causes
in the sense that the disease never occurs in their absence, but other causes
may not be necessary at all. In addition, even necessary causes require the
presence of causal partners to lead to disease occurrence. These causal
partners also are considered to be causes of the disease.

The necessity of a causal partner for disease occurrence is what we mean
by “biologic interaction.” Thus, the very definition of a cause in risk factor
epidemiology places the issue of interaction front and center. It is assumed
that virtually all diseases arise from the interaction of two or more causes.

Despite the centrality of interaction to this causal framework,
methodologic advances have focused mainly on the isolation of single causes
and the identification of individual risk factors that contribute to disease
occurrence in a population. New designs were developed to allow us to see
the relationships between exposures1  and disease in our data that would
provide clues to the identification of these causes. Statistical methods were
developed to aid in causal inference.

The identification of the causal partners of particular risk factors, the
assessment of interaction, was a more complex notion that awaited concep-
tual clarification and methodological advances. Considerable progress has
been made; however, often a lag occurs between the development of new
methods and approaches and their application and appearance in the litera-
ture. Thus, the way in which interaction is assessed in epidemiologic studies
is only now beginning to reflect these newer methods.

What follows is a discussion of this newer way of thinking about how
to identify “biologic interaction.” I prefer the use of the term “synergy” in
this discussion because it is more neutral to the level of organization at
which interaction is being described. Although these methods have devel-
oped separately from those in the field of genetics, they are fully applicable
to the field, and while genes have characteristics that are distinct from many
of the risk factors studied in epidemiology, an epidemiologic approach to
causation easily and naturally encompasses genes as causes. However, this
application requires a shift in perspective. From a genetic point of view
there is a hierarchy of causes, with “the gene” having centrality as the
defining cause and all other factors being ancillary to it. Factors that are

1This paper uses the term “exposure” to mean any factor that is being examined to see if
it is a cause of disease. The term applies to any factor under consideration—genetic or
environmental.
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considered equal causes from an epidemiologic frame are sometimes la-
beled in genetics in a way that gives them secondary status. One example is
the use of the term “phenocopy” to distinguish a case of disease caused in
the absence of a putative genetic cause. Another example is the concept of
“reduced penetrance.” This term refers to the inexact relationship between
a genotype and a phenotype and implies that this slippage is a characteristic
of a gene; the gene evidences “reduced penetrance,” or the gene is “fully
penetrant.” From an epidemiologic perspective, reduced penetrance is sim-
ply a normal characteristic of all causes—the lack of a one-to-one relation-
ship between causes and diseases due to interaction. From an epidemiologic
perspective, reduced penetrance is not a characteristic of the gene, but
rather a characteristic of the distribution of the causal partners with which
the gene works to cause disease. It is the natural state of most causal
relationships.

Thus epidemiologic approaches to interaction provide an exciting per-
spective on genetic concepts that may shed new light on genetic issues.
Likewise, the integration of genetic thinking into epidemiology can advance
methodology.

I begin this task with a discussion of why the assessment of interaction
is so problematic, and then I will discuss the current epidemiologic resolu-
tion to the problem. However, to fully understand the solution and its
applicability to a genetic context, we need to probe the concept of causation
in epidemiology more fully. Although this may seem a bit off topic, it is
central to understanding the elements of the new ways of thinking about
synergy. Finally, more specific problems of application and design will be
addressed.

CURRENT EPIDEMIOLOGIC FRAMEWORK
FOR ASSESSING INTERACTION

The Problem

Because the testing of our hypotheses and the assessment of our data
rely on statistical tools, we already are most familiar with the concept of
statistical interaction. From a statistical perspective, we can say that there is
interaction when in the presence of two factors the outcome occurs more
frequently than would be expected based on the independent effects of each
factor. By independent effect, we mean the effect of one factor in the
absence of the other factor. To make this more concrete, we would say that
interaction can be identified when among people with both a genetic vari-
ant and an environmental exposure the disease rate is higher than would be
expected if the genetic factor and environmental exposure each worked
independently.
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Although this definition is clear in statistical terms, it begs the question
of “what would be expected.” As it turns out, what would be expected
depends on the effect measure or statistical model used to express the
relationship between exposures and disease. This can be seen in the data
from a study in psychiatric epidemiology that proved to be very enlighten-
ing in this regard. Brown and Harris (1978) wanted to test the theory that
stressful life events and problems with intimacy interacted in causing de-
pression. They hypothesized that, while both stressful life events and inti-
macy problems each may confer a risk of depression, when they are both
present they confer a greater risk than would be expected if each worked
through a separate causal pathway. The data derived from a study to test
this hypothesis are depicted in Figure E-1.

Brown and Harris interpreted these data as supporting their claim for
an interaction between intimacy problems and stressful life events. The risk
of depression in those with neither stressful life events nor intimacy prob-
lems was 1 percent, while among those with only stressful life events was 10
percent, and among those with only intimacy problems was 3 percent. The
difference in the risk conferred by stressful life events alone was therefore 9
percent (10 percent − 1 percent), and the risk difference conferred by inti-
macy problems alone was 2 percent (3 percent − 1 percent). If there were no
interaction, one would expect that when both factors were present the risk
conferred would be 11 percent (9 percent + 2 percent). However, the data
show that the risk conferred when both were present was 32 percent, which
is substantially greater than would be expected based on the independent
effects of each risk factor. Brown and Harris therefore concluded that these
data supported their theory of an interaction between stressful life events
and intimacy problems in causing depression.

Tennant and Bebbington (1978) challenged this conclusion. They re-
analyzed these data using log linear modeling. This analysis calculated the
effects on a different scale by calculating risk ratios. Using this model, life
events acting alone increase the risk of depression by a factor of 10 (10

FIGURE E-1 Assessment of interaction: example from Brown and Harris (1978).

1%3%No

10%32%Yes

NoYes

Severe life event 
or major difficulty

Intimacy Problems

Proportion of Respondents Developing Depression
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percent = 1 percent * 10). Intimacy problems alone increased the risk by a
factor of 3 (3 percent = 1 percent * 3). Therefore, based on this calculus one
would expect the co-presence of these risk factors to increase the effect by a
factor of 30 (1 percent * 3 * 10) if they were acting independently of each
other. This is very close to the 32 percent risk actually found. Thus, Tennant
and Bebbington concluded from these same data that there was no support
for Brown and Harris’s conclusion.

What was not fully appreciated at the time was that both Brown and
Harris and Tennant and Bebbington provided absolutely correct interpreta-
tions of the data based on the unarticulated statistical assumptions of their
approaches. Brown and Harris, using risk differences to express the effects
of risk factors, used a model that implicitly assumed that, absent interac-
tion, risks add in their effects. They used an additive model. Tennant and
Bebbington, on the other hand, analyzed the data using a log linear model
that implicitly assumed that absent interaction, risks multiply in their ef-
fects. They used a multiplicative model. Thus, based on statistical defini-
tions of interaction the same data both did and did not support a theory of
interaction.

This state of affairs is disconcerting, to say the least. We depend on our
data and statistical tools to give us a rough estimate of the state of affairs in
the real world, and it is problematic when the answers to our questions
differ depending on the statistical model we use to assess our data. To make
matters worse, the choice of statistical model often is based on statistical
considerations. For example, we usually employ additive models, such as
linear regression, when our outcome variables are continuous. When our
outcomes are dichotomous, as they frequently are in genetic and epidemio-
logic contexts, we employ logistic regression, because such outcomes vio-
late the statistical assumptions of linear regression models. Although this
choice meets statistical requirements, it shifts us to a multiplicative model.
Linear regression assumes that risks add in their effects, and thus interac-
tion is indicated by an appreciable deviation from additivity (i.e., sub- or
superadditivity). Logistic regression assumes that risks multiply in their
effects, and thus interaction is indicated by an appreciable deviation from
multiplicativity (i.e., sub- or supermultiplicativity).

The problem is that if both risk factors have an effect, there always
will be interaction on at least one of these scales. As illustrated in Figure
E-2, additivity implies submultiplicativity, and multiplicativity implies
superadditivity. Thus, except in instances of supermultiplicativity (in which
both models will index positive interaction) and subadditivity (in which
both models index negative interaction), the answer to the question of
whether or not there is interaction will depend on the statistical model that
we choose.

This is very unsettling, because we want our statistical models to repre-
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sent our concepts rather than having them define our concepts. So, the
question would be one of what model best represents the “true” relation-
ship between risk factors. That is, do risk factors really add or multiply in
their effects? Darroch (1997), Rothman and Greenland (1998), and others
have grappled with this problem. It appears that the additive model with a
twist best represents what we mean by interaction. The twist is due to
redundancy in causes, as we shall see.

To appreciate this argument, and to assess its applicability to the con-
text of assessing interactions that include genetic factors, a fuller discussion
of the causal model on which this assessment is based is necessary. This
casual model—the counterfactual or potential outcomes model—developed
in philosophy and statistics (Mackie, 1974; Maldonado and Greenland,
2002; Rubin, 2004; Shadish et al., 2002) underlies much of the causal
thinking today in epidemiology and allied fields such as history, sociology,
and economics.

The solution to the interaction problem derives from the application of
this causal model to synergy. The advantage of this approach is obvious. It
provides a way to assess what we mean by interaction conceptually and
asks what mathematic representations support our concepts, rather than
providing a statistical model and then contorting our concepts to fit the

NO INTERACTION
PERFECT ADDITIVITY

RISK INCREMENT E1 = 5
RISK INCREMENT E2 = 5
RISK INCREMENT BOTH = 10 

NO INTERACTION
PERFECT MULTIPLICATIVITY

RISK INCREMENT E1 = 5
RISK INCREMENT E2 = 5
RISK INCREMENT BOTH = 25

-10 -5 0 5 10 15 20 25 30

PERFECT
MULT.

PERFECT
ADD.

SUBADDITIVE 

SUBMULTIPLICATIVE

SUPERADDITIVE

SUPERMULT.

E1 = Exposure 1

E2 = Exposure 2

Legend:

FIGURE E-2 Relationship between additive and multiplicative interaction.

Copyright © National Academy of Sciences. All rights reserved.

Genes, Behavior, and the Social Environment:  Moving Beyond the Nature/Nurture Debate
http://www.nap.edu/catalog/11693.html

http://www.nap.edu/catalog/11693.html


316 GENES, BEHAVIOR, AND THE SOCIAL ENVIRONMENT

requirements of that model. Whether or not you agree that Darroch’s solu-
tion is correct, this approach toward the solution seems reasonable.

The Underlying Causal Model

The counterfactual or potential outcomes model underlies many cur-
rent developments in epidemiologic methods. Although at first blush it
sounds intimidating, this way of thinking about causes echoes simple no-
tions that we apply in everyday circumstances. Nonetheless, its articulation
has many interesting implications for causal thinking and is an immensely
useful tool for grappling with difficult design decisions, and, as we shall see,
for assessing the relationship between our conceptual and statistical tools.

From a counterfactual perspective, a cause is any factor without which
the disease event would not have occurred, at least not when it did, given
that all other conditions are fixed (Greenland and Robins, 1986;
Maldonado and Greenland, 2002; Rothman and Greenland, 1998). Note
that this defines causation at the level of the individual, with the definition
applying to individual disease events.

The counterfactual way of thinking is familiar to all of us when we
second guess our actions and think about what would have happened had
we taken a different action. We compare what happened to what would
have happened had we made a different choice. Similarly, when we try to
make a decision about how to act in the future, we often imagine the
outcome under alternative sets of actions. We compare what we think
would happen under one action with what we think would happen under a
different action.

We also use this type of thought experiment to conceptually separate
co-occurrences that are coincidental from those that are causal. So, for
example, if a teakettle whistles and then the doorbell rings, we do not
assign causality to the teakettle’s whistle, because we think that the door-
bell would have rung even without the teakettle whistling, assuming all else
remained the same. This is the essence of causation from a counterfactual
perspective.

Rothman (1976) has developed a heuristic based on this definition of a
cause—referred to as causal pies—that provides a useful framework for
understanding the implications of this approach.

In this heuristic, the causes of each disease event are depicted by a
causal pie (a circle), cut into its constituent pieces. Each piece of the pie
represents an exposure that contributes to the occurrence of the disease
event. When all of the pieces of the pie are present, the disease occurs. Thus,
each pie represents a sufficient cause of disease that is comprised of compo-
nent causes each of which are necessary for the completion of this sufficient
cause of disease. For example, as depicted in Figure E-3, there are three
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posited causal pathways to this disease outcome; individuals can get this
disease from sufficient causes 1, 2, or 3. For sufficient cause 1 to occur, an
individual must be exposed to components A, B, and C. If any one of the
components is missing, the pie will not be complete and disease will not
occur, at least not through this mechanism.

Thus, each component in the pie is a cause according to the
counterfactual definition, because given that all else is fixed (i.e., all of the
causal partners are in place), if we remove component A, for example, the
outcome would not have occurred.

Thus, from this perspective, biologic interaction is the relationship be-
tween two factors in the same causal pie. In more technical language,
biologic interaction occurs when one risk factor allows the other to be
expressed in a disease outcome. I prefer to refer to this process as synergy (a
term also favored in the epidemiologic literature), because two factors may
have causal effects when they influence each other on some level of organi-
zation other than the biologic. In the Brown and Harris example above, the
interaction between stressful life events and intimacy problems in causing
depression might be considered “psychologic interaction.” Of course, these
psychological factors need to have biologic consequences to cause disease,
but the joint effects occur at the psychological level. The counterfactual
perspective and Rothman’s causal pies are neutral to the level of organiza-
tion under discussion.2

A B

C

ED F G

Sufficient Cause 1 Sufficient Cause 2 Sufficient Cause 3

FIGURE E-3 Rothman’s causal pies.

2The caveat to this is that an antecedent and a mediator cannot be considered simulta-
neously, because under that circumstance each component would not be necessary for the pie
to form. The pies cannot contain redundant “slices.” There is also an affinity for individual-
level variables from the causal pie schema, but it can accommodate levels below and above
the individual.
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Thus, for example, A could be a genetic mutation and B one of the
environmental factors that stimulates synthesis of a detrimental gene prod-
uct, or A and B could be two genes that interact to cause disease. Therefore,
several concepts that are distinguished from one another in genetics (e.g.,
epistasis, gene-environment interaction) would be considered to be the same
phenomenon in epidemiology. Note that because all of the components in
the same casual pie interact in this way, when we ask about interaction, we
always must specify the particular components for which we are assessing
interaction.

What becomes apparent from this model is that the effect of an expo-
sure depends on the presence of its causal partners. Thus, A will have an
effect if and only if its causal partners B and C are present. In contexts in
which the causal partners are ubiquitous, the exposure will have a huge
effect, since the conditions that activate it always will be present. In con-
texts in which the causal partners are absent, the exposure will have
no effect. In genetics, the classic example used to illustrate this point is
phenylketonuria (PKU). The genetic variant that causes PKU has a huge
effect in societies in which phenylalanine is a ubiquitous part of the human
diet, but a small effect in those in which it is not. Thus, the effect of the
“PKU gene” depends on the prevalence of its causal partners. Indeed, inter-
vention on the causal partner is the way in which we largely prevent the
deleterious effects of this genetic variant.

As noted above, causes are defined for the individual who gets the
disease, which makes sense because the disease occurs in the body of the
individual. However, although we use individuals as the units of our analy-
sis, we cannot draw conclusions about the units, but only about the average
of the units. Thus, the causal effect (also called the causal contrast) is
indexed by the difference between the proportion of exposed people who
got the disease at a particular moment in time and the proportion of these
same people who would have gotten the disease at that particular moment
in time had the exposure not occurred, all things being equal (Mackie,
1974; Rothman and Greenland, 1998), as illustrated in Figure E-4.

Causal effect =    
Proportion of exposed people with the disease

Proportion of these same people who would have 
gotten disease without the exposure 

FIGURE E-4 Causal effect (causal contrast).
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Estimating Causal Effects from a Counterfactual Perspective

It is apparent that although we can observe the amount of disease that
exposed people experience, we cannot observe the amount of disease that they
would have experienced during that same period had they not been exposed.
We cannot see both the “fact” (the exposure and disease state of a person) and
the “counterfactual” (the disease state under the condition of nonexposure).
The counterfactual is, by definition, counter to the facts and therefore not
visible. This is a reiteration of the central problem in disease etiology—that
causation is not observable. We can see the co-occurrence of exposures and
disease, but causation itself cannot be observed, it can only be inferred.

Since we cannot observe the counterfactual state, we select a group of
unexposed people as a substitute, or proxy, for the unobservable counter-
factual. This substitute gives us the “correct answer” (i.e., represents the
true casual effect) to the extent that it is a good proxy. What we mean by a
good proxy is that the disease proportion (i.e., disease risk) in this group of
unexposed people represents the disease risk the exposed would have had
had they not been exposed (i.e., the counterfactual risk).

For the unexposed to be a good proxy, the exposed and the unexposed
should be equal on all causes of disease other than the exposure of interest.
When this occurs, the exposed and unexposed are said to be “exchange-
able.” A lack of exchangeability—that is, when the disease risk in the
unexposed does not equal that of the exposed had they not been exposed—
is what we mean by confounding. When there is confounding, we cannot
see whether the exposure had an effect or not. However, assuming ex-
changeability, or assuming that the unexposed are a good proxy for the
counterfactual, the difference in the disease risk between the exposed and
unexposed provides an index of the effect of the exposure.

We will discuss this issue of confounding in a bit more detail in order to
more fully understand the implications of the counterfactual approach for
interaction. This simpler scenario, in which we are attempting to identify
the causal effect of a single exposure, will ease the discussion of the applica-
tion to the more complex scenario of synergy.

Suppose we have a disease such as depression, whose sufficient causes
are depicted in Figure E-5. Our hypothesis is that A (perhaps some genetic
variant) is a cause of depression. We assume that A has causal partners,
which are unidentified but indicated in this model by B. Note that B is
simply a stand-in for all of the factors that must be present for A to have an
effect. We also assume that there are other pathways to the disease that do
not include A. We will note all these other causal pathways by a causal pie
with X. X is neither a single exposure nor a single causal pathway. Rather,
X is a stand-in for all combinations of exposures that lead to disease that do
not include A. Another complication is that it is possible for A to prevent
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disease in some situations. If so, this means that some people have a combi-
nation of exposures (depicted by Q) that require the absence of A to get the
disease.

If we consider causation under the counterfactual model, we can imag-
ine what would happen to people with different causal partners if they were
exposed to the risk factor under investigation—A in this instance. These
potential outcomes are depicted in Figure E-6.

People exposed to X will get the disease if they are exposed to A or not
exposed to A (i.e., under the counterfactual they will get disease as well).
The exposure does not cause the disease for these people, since even with-
out the exposure they would have gotten it. We label these people Type 1,
Doomed.3  The word is a little stronger than the meaning implied. It simply
means that during the period under consideration these people will get the
disease under study with or without the exposure of interest. Types are also
not inherent characteristics of people; rather, they are a categorization of
people by the causal partners (i.e., all risk factors other than those under
study) to which they have been exposed by the end of the study period.

People with B will get the disease if they are exposed but not if they are
not exposed (i.e., under the counterfactual they will not get the disease). We
call these people Type 2, Causal Types (i.e., the exposure under investiga-
tion is causal for them). When we ask the question, “Is A a cause of
disease?” what we really want to know is whether there are any Causal
Types in the population.

People with exposure Q will not get the disease if they are exposed, but
under the counterfactual, if they were unexposed, they would get the dis-

A B X
Absence 

of A Q

Sufficient Cause 1 Sufficient Cause 2 Sufficient Cause 3

FIGURE E-5 Hypothetical example—causes of depression.

3In this paper I will, in general, use terminology from the original sources to allow easy
translation when consulting the original texts. Sometimes the terminology is confusing or can
be misinterpreted. In those instances, I will try to clarify the terms, but not invent new ones.
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ease. For these people the exposure has an effect, but it is preventive. They
are called Type 3, Preventive Types. People who do not have B, X, or Q are
labeled Type 4, Immune Types. Regardless of their exposure to A, they will
not get the disease.

Thus, the true causal effect of the disease is indicated by the proportion
of exposed people who get the disease compared with the proportion of
exposed people who would have gotten disease without the exposure. This
is the proportion of Doomed and Causal Types in the population compared
with the proportion of Doomed and Preventive Types.

But types are unobservable. They represent the potential disease out-
comes under the exposed and unexposed circumstances. If we could discern
a person’s type, we would know how he or she got the disease and know
whether or not the exposure under study is, in fact, a cause for him or her.
What can be observed is the disease experience of a cohort of people under
one of the two conditions, either exposed or unexposed, but not both.
Thus, if we take a cohort of people who are exposed, we can assess their
actual disease experience, but not their counterfactual disease experience
(i.e., what the disease proportion would have been among them had they
not been exposed).

XX

A BB

NOT
A

QQ

NO DISEASENO DISEASE

IMMUNE

DISEASENO DISEASE

A PREVENTIVE

NO DISEASEDISEASE

A CAUSAL

DISEASEDISEASE

DOOMED

Not exposed to AExposed to A
CAUSE PERSON 
IS SUSCEPTIBLE 

TO 

CAUSAL 
PARTNERS 

PERSON HAS

“Type” Person Is:

DISEASE EXPERIENCE IF  

FIGURE E-6 Exposure of interest A: Potential outcomes of people with different
causal partners.
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We use a comparison of the proportion of disease in an exposed and
unexposed group as our best representation of the causal contrast. For the
purposes of this discussion, I will hereafter assume that the unexposed are a
good proxy for the counterfactual (i.e., the exposed and unexposed are
exchangeable, and there is no confounding or bias of any type). Exchange-
ability also can be understood in terms of the types: it means that the
distribution of types is the same in the exposed and unexposed cohorts (or,
more specifically, the proportions of Doomed and Protective Types are the
same in the two cohorts).

It should be noted again that the causal contrast of a group of people
indexes the average effect of the exposure. If the exposure can have both
causal and preventive effects, then our measures tell us only whether or not
there are more people for whom the exposure is causal in the population
than people for whom the exposure is preventive. For example, the risk
difference is the difference in the proportion of Causal (Type 2) and Preven-
tive Types (Type 3) in the population, and the risk ratio is the ratio of Types
1 and 2 (Doomed and Causal) to Types 1 and 3 (Doomed and Protective).
If we can assume that the exposure can have only a causal effect, and never
a preventive effect, then the difference in these proportions tells us the
proportion of people for whom the exposure is, in fact, causal.

In sum, any time that we calculate a risk ratio or a risk difference, we
are using the data we have on patterns of exposure/disease relationships to
infer something about the types of people in the population. In particular,
we make inferences about the presence and proportion of Causal Types
(Type 2’s) in the population. This is the basis for causal inference in
epidemiology.

Darroch (1997) and Rothman and Greenland (1998) built on this in-
sight to assess the particular mathematical representations that would arise
in our data if, in fact, there were people in the population who got the
disease because of the biological interaction of two particular exposures.
From our definition of a cause, this has a particular meaning: There is
biologic interaction (synergy) if and only if there are some people in the
population who got the disease because they were exposed to both the
exposures under consideration and who would not have gotten the disease
otherwise. By “otherwise,” I mean they would not have gotten the disease if
they were exposed to only one of the two exposures or if they were exposed
to neither.

Estimating Synergy Under a Counterfactual Perspective

For purposes of exposition, I will assume that we are interested in the
hypothesis that a particular genetic polymorphism (Gene A) interacts with
a particular toxin (Environmental Exposure B) to cause a particular disease
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outcome. We can think about this as a genetic variant that makes the
body’s cells unable to clear some toxin from the system. We do not assume
that this is the only route to the disease.

One limitation to the detection of synergy is that we must assume that
Gene A and Environmental Toxin B are not causal in some people and
protective in others. In other words, to make the detection of synergy
possible at all, we must assume that this particular genetic polymorphism
and this particular environmental toxin can only cause damage and are
never protective (although they may be neutral).

We can then conceptualize the causal pies that would depict the causes
of disease from the point of view of interest in both Gene A and Environ-
mental Exposure B and, in particular, in their interaction. There would then
be four sufficient causes for this disease; one sufficient cause requires both
A and B and their causal partners, one requires A and its causal partners,
another B and its causal partners, and, finally, one requires neither A nor B
(see Figure E-7). Our interest in synergy means that we want to know if
there are any people, and, if so, how many, who got the disease from the
first sufficient cause.

Based on this model, there are different response types to our two
exposures of interest. People who are exposed to W will get the disease if
and only if they are exposed to both Gene A and Environmental Exposure

Z

All other causes of depression that do not 
include Gene A or Environmental Exposure B.

Environmental Exposure B
(causal partners represented by Y)

Gene A
(causal partners represented by X)

Gene A and Environmental Exposure 
B as causal partners (other casual 
partners represented by W).

Gene AXGene A
Environmental

Exposure
B

Environmental
Exposure

B

W

Y

FIGURE E-7 Sufficient causes of an outcome: interest in the interaction of Gene A
and Environmental Exposure B.
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B. These are the Synergistic Types whose presence or absence in the popu-
lation we want to detect. People with X will get the disease if they are
exposed to A, regardless of their exposure to B. They are the Gene A
Susceptible Types. Likewise, people exposed to Y will get the disease if they
are exposed to B, regardless of exposure to A. They are the Environmental
Exposure B Susceptible Types. People exposed to Z, the Doomed, will get
the disease whether or not they are exposed to A or B; they will get the
disease from a sufficient cause that does not include A or B in the causal
pathway. The Immune Type will not get disease by the end of the study,
regardless of their exposure to A or B. Finally, there is another type, more
recently discovered, that provides the “twist” alluded to above—people
who have both X and Y and who will get the disease if they are exposed to
either A or B. Such people are called Parallel Types.

One can think of the four right-hand columns of the figure as different,
exchangeable cohorts of people. By exchangeable, we mean that the distri-
bution of types across the cohorts is the same. That is, if 20 percent of the
cohort exposed to A is Doomed, then 20 percent of the cohort exposed to B
also is Doomed. This is simply an expansion of the “no confounding”
assumption described earlier in the context of the detection of single causes.

One cohort is exposed to A only, one to B only, one to both A and B,
and one to neither. The notation, diseased or not disease, in each column
indicates the disease outcome for the type described in each row under each
exposure condition. For example, row 2, the Gene A Susceptible Type, will
get the disease if exposed to A or if exposed to A and B, but not otherwise.
It should be noted that if exposed to A and B, the causal effect for this type
is still only A.

What we want to know are the types of people (or the proportion of
each type) in the population. But types are not visible. The only thing that
is visible is the pattern of exposure for the disease experience; we can see the
proportion of each exposure group that gets the disease. We want to use
these patterns of exposure disease associations to identify the proportion of
each type (and in particular the proportion of synergistic types) in the
population.

By looking down the four right-hand columns in Figure E-8, we can
easily identify the proportion of two types in the population—the Immune
and the Doomed. The Doomed are represented by the proportion of people
who get the disease among the cohort that is exposed to neither A nor B.
Similarly, the Immune are the proportion of people exposed to both A and
B who do not get the disease.

We also can see from Figure E-8 the types that contribute to disease
under each exposure condition, which are summarized in Figure E-9.
Among those exposed to both A and B, the Synergistic, Doomed, A Suscep-
tible, B Susceptible, and Parallel types all get disease and thus contribute to
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the proportion of diseased people (i.e., the risk) in this exposure cohort.
Among those exposed only to Gene A, the Doomed, A Susceptible Types,
and Parallel Types contribute to the risk; among those exposed to B only,
the Doomed, B Susceptible, and Parallel Types contribute to the risk; and
among those exposed to neither A nor B, only the Doomed contribute to
the risk.

We can see the risk (the proportion diseased) in each exposure group
for which we provide specific labels. R12 is the risk (the proportion dis-
eased) among those exposed to both A and B; R1 is the risk for those
exposed only to A; R2 the risk for those exposed only to B; and R the
baseline risk (i.e., the risk among those exposed to neither A nor B). We can
now translate the proportion diseased (the risk) we observe under each
exposure category into the underlying types that contribute to the risk in
each exposure category.

Using basic mathematical tools, we attempt to isolate Synergistic types
from the others. The closest we can come is the isolation of the balance
between Synergistic and Parallel Types. The proportion of (synergistic –
parallel) types in the population = R12 − R1 − R2 + R.4  This is the additive
model (R12 − R) − (R1 − R) − (R2 − R)5  that assumes risks add in their
effects, with the twist that parallelism makes the relationships somewhat
less than additive. Thus, if the risk of disease among those exposed to both
factors is more than the sum of the risk differences for each factor alone,
there is evidence of Synergistic Types in the population. This is evidence
that Gene A and Environmental Factor B work in a synergistic way to cause
disease for at least some people.

Note, however, that we cannot definitively state what proportion of the
disease is due to synergy. We can only say that the proportion of Synergistic
Types is greater than the proportion of Parallel Types. In addition, perfect
additivity is compatible with either no Synergistic Types in the population
or a perfect balance of Synergistic and Parallel Types. Just as in the simple
case of identifying single causes, we only identify the average risk—that is,
the preponderance of causal over protective effects of an exposure—so too

4If we take the types that contribute to disease among those exposed to both A and B (the
first box in Figure E-9), subtract from them those that contribute in the second box, subtract
from them those that contribute in the third box, and then add those in the fourth box, we are
left with (synergy – parallel). The Synergistic Types appear in only one box, so they cannot be
canceled out, and the Parallel Types occur in three boxes, so their cancellation leaves the
Parallel Type. All other types cancel out in this formula.

5R12 – R1 – R2 + R = (R12 – R) – (R1 – R) – (R2 – R). In the absence of synergy, the risk
difference for those with both factors (R12 – R) will simply equal the risk difference for factor
A (R1 – R) + the risk difference for factor B (R2 – R). Thus in the absence of synergy and
parallelism, or a balance of synergy and parallelism, (R12 – R) – (R1 – R) – (R2 – R) = 0.
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in the face of parallelism, we cannot rule out synergy if we find less than
superadditivity, but we do find support if there is superadditivity.

It is important to note the constraints on this conclusion. First, this
analysis makes all of the usual assumptions that apply in the way we
currently conduct research; it assumes such things as independence of out-
comes between units and no feedback loops. Second, it makes the impor-
tant assumption that the exposures under consideration express either syn-
ergy or antagonism, but not both; it is assumed that a risk factor has only a
casual effect or a preventive effect, but not both. How realistic this assump-
tion is depends on the exposures under consideration. In psychology, this
assumption is often unrealistic. For example, there may be parenting prac-
tices (such as strict discipline) that would be beneficial for children with one
type of temperament, but detrimental for children with another. In genetics,
the “norm of reaction,” where a genetic factor has positive or negative
effects depending on the context (Levins and Lewontin, 1985), could vio-
late this assumption. However, this is simply a recognition that under these
circumstances there are too many unknowns for any of our traditional
mathematical models to handle. These caveats notwithstanding, Darroch’s
argument begins with the conceptual model and then brings us to the
mathematical model that represents synergy most closely.

Applications in Practice

The conclusion drawn from these analyses is that synergy is indexed by
deviations from additivity. In practice then, how do we estimate synergy
using this approach? One method is to calculate an “interaction contrast”
(Rothman and Greenland, 1998). To illustrate how this is done, I will use
an example based on the interaction between a serotonin transporter gene
polymorphism and life stress in causing depression, as reported from the
Dunedin birth cohort (Caspi et al., 2003). The hypothesis was that there is
a synergistic relationship between a short “s” allele and multiple stressful
life events in causing depression.

As illustrated in Figure E-10, the disease prevalence among those with
neither the susceptible genotype nor life events was 10 percent; among
those with only the susceptible genotype, 10 percent; among those with
only life events, 17 percent; and among those with both life events and the
susceptible genotype, 33 percent. In this instance the interaction contrast
would be .33 − .17 − .10 + .10 = .16. The interaction contrast thus equals
the risk among those with both factors (.33), minus the risk among those
with one (.17), minus the risk among those with the other (.10), plus the
baseline risk (.10). Since the interaction contrast here is greater than zero
(.16), it indicates the presence of synergy in this population.

In this example, the risks required for the computation were directly
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provided by the report. However, in a cohort study we can compute the
interaction contrast, regardless of the form in which the results are analyzed
and presented. Suppose we analyzed the data under a logistic regression
model. The baseline odds of disease would be derived from the intercept.
The odds ratios from the logistic regression then would be used to obtain
the odds of disease under the other conditions. Finally, the odds would be
converted to risks (odds = p/1 − p).

When we cannot estimate the baseline risk of disease, as in a case-
control study, we can calculate an interaction contrast ratio using the odds
ratios computed from a logistic regression analysis. The interaction con-
trast ratio is the odds ratio for those with both factors, minus the odds ratio
for those with one factor, minus the odds ratio for those with the other
factor, plus one. For illustration, I computed the odds ratios for the Dunedin
study from the prevalence estimates given in Figure E-10. The baseline odds
of depression among those with neither the “s” allele nor stressful life
events are .11 (.10/1.10). The odds for those with both factors are .49 (.33/
1.33); for those with only the “s” allele they are .11 (.10/1.10), and for
those with only life event they are .20 (.17/1.17). Therefore the odds ratios
would be 4.4 for those with both factors, 1.8 for life events alone, and 1 for
the “s” allele alone. The interaction contrast ratio in this context would be
4.4 − 1.8 − 1 + 1 = 2.6. Since the interaction contrast ratio is greater than 0,
this indicates the presence of Synergistic Types in the population. Several
methods have been developed to calculate p values and confidence intervals
around these estimates (see, e.g., Assmann et al., 1996; Hosmer and
Lemeshow, 1992; Rothman and Greenland, 1998).

Although this is the understanding of synergy that is accepted in the
methodologic literature, it has begun to filter down into actual research
articles only recently (e.g., Li et al., 2005; Olshan et al., 2001; Rauscher et
al., 2003; Shen et al., 2005). It is interesting to note that many of these
articles assess gene-environment interactions. However, this model of as-

FIGURE E-10 Estimation of the interaction contrast.

10%10%No

17%33%Yes

NoYes

4+ Life events

“ S ” Genotype

Percentage of Individuals in Each Category Meeting Criteria for Depression  
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sessing synergy is applicable to genetic interactions only to the extent that
the underlying counterfactual causal model is applicable.

APPLICABILITY TO THE STUDY OF GENETIC INTERACTIONS

Applicability of a Counterfactual Approach to a Genetic Context

The counterfactual approach requires a thought experiment in which
we hold everything constant and manipulate the exposure to see what the
outcome would be under this new condition. The causal contrast—the
index of the true effect of the exposure—is the difference between what
was, given the exposure, and what would have been had the exposure been
altered but everything else remained constant. Because this thought experi-
ment requires the consideration of an alteration in the exposure and noth-
ing else, the applicability of a counterfactual approach to nonmanipulable
exposures has been questioned (e.g., Kaufman and Cooper, 1999). Since,
currently, genes are not easily manipulable, this might open the question of
the applicability of this approach to the consideration of genetic effects. In
a similar vein, some have argued that personal characteristics, such as age,
gender, ethnicity, and social class, should not be considered as causes be-
cause they are not manipulable.

However, others (Shadish et al., 2002; Susser and Schwartz, 2005) argue
that the counterfactual can apply to nonmanipulable causes, although their
detection is more difficult. Nonmanipulable causes cannot be randomly as-
signed to rule out the many potential sources of nonexchangeability between
the exposed and unexposed group that cause confounding. Nonetheless, at
the least, one can conduct the thought experiment and search for, or design,
studies that approximate the thought experiment as closely as possible.

In addition, what is nonmanipulable today may, in the future, become
manipulable. The use of animal “knock-out models” clearly indicates the
possibility of genetic manipulation and, with increasing knowledge, even
when the gene itself is not manipulable the active ingredients of the gene
vis-à-vis the disease, the gene product, may be manipulable.

In the final analysis, it seems that in genetic studies in which people are
compared who do and do not have a particular gene variant, or who do or
do not have a proxy for a genetic predisposition (e.g., family history), the
comparison only makes sense if there is some underlying notion of a causal
contrast underlying it. The association may not reflect causation due to the
nonexchangeability of the exposed and unexposed, but the logic of the
methods assumes that barring such methodological problems, the contrast
would imply a causal contrast. Otherwise, why do we use such methods to
try to detect causes? The counterfactual approach is merely the clear articu-
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lation of the framework that supports the logic that underlies all of our
study designs.

Primacy of the Genetic Effect

The egalitarian assumptions regarding causation constitute another pos-
sible objection to the application of this approach to a genetic context. As
discussed above, from a counterfactual perspective, genes, behaviors, and the
external environment share equally in the appellation “cause.” There is no
hierarchy of enabling factors and triggers versus the “real cause.” This view
is in contrast to genetic approaches that see the gene as the central actor, with
all other “causes” playing a supporting role. However, this should not be a
significant impediment to the application of epidemiologic approaches to
interaction. There are many possible approaches to its resolution. First, one
can impose a hierarchy on this approach by declaring a genetic factor to be a
necessary cause of the outcome and by defining the phenotype based on the
genetic component. As discussed above, there is nothing in this approach that
precludes a cause that is found in every causal pie (i.e., in every causal
pathway to disease). Of course, if the genetic factor is known to be a neces-
sary cause, the detection of interaction is simplified. In such an instance, one
would look for the main effects of a hypothesized causal partner among those
with the genetic factor. But even if the genetic factor is not necessary, one
could give it prominence by referring to the causal pies that do not contain
the genetic effects as phenocopies. Similarly, in discussing the interaction
between a genetic and an environmental cause, one can refer to the environ-
mental factor as triggering a genetic effect. These interpretational preferences
would not be inconsistent with a counterfactual approach.

On the other hand, the counterfactual approach also suggests that there
may be benefits, under some circumstances, to dismantling the hierarchy.
That is, one can often describe a gene-environment interaction equally well
as the interaction between an environmental factor and a genetic vulner-
ability that allows the environmental factor to be expressed or as an inter-
action between a genetic factor and an environmental context that allows
the gene to be expressed. The counterfactual approach points out the sym-
metry of interaction.

Application to Study Designs Used to Detect
Gene-Environment Interactions

Many of the study designs used to detect gene-environment interactions
are indistinguishable from those used to detect interactions between envi-
ronmental or other nongenetic factors. Cohort studies and case-control
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studies and their variants are prominent designs in general and genetic
epidemiology (Hunter, 2005). Thus, the statistical models used to analyze
the data—linear regression, logistic regression, Cox proportional hazards
models, and Poisson regression—are used in both fields. The problems and
arguments discussed above therefore apply directly.

There are other study designs, however, that have been developed spe-
cifically for the assessment of genetic exposures—for example, familial
aggregation studies, twin studies, and the case-only design. The problem of
the model dependence of interaction applies to these situations as well. In
each instance, the data are analyzed using a model that makes some as-
sumption about how independent effects influence risk and therefore about
how interaction is indicated. Even case-only studies, which assess gene-
environment interactions without the use of controls, make such an as-
sumption. This design is predicated on a multiplicative model. Thus, case-
only studies are also conservative if we think that synergy is best indicated
by deviations from additivity (Gatto et al., 2004). Twin studies are perhaps
the most problematic for assessing interaction, since the genetic and envi-
ronmental factors are not measured. Their effects are derived from the
pattern of results, which often have to assume the absence of interaction to
be interpretable. To the best of my knowledge, the basic problem of the
model dependence of measures of synergy is not solved by the use of spe-
cific genetic designs.

THE MESSINESS OF REAL-WORLD APPLICATIONS

One of the advantages of the counterfactual approach is that it illumi-
nates a central problem of causal inference: it is uncertain. Causality is an
unobservable construct that leaves footprints in the real world that are
open to misinterpretation. It is important to note that the counterfactual
approach does not cause these problems, but rather articulates them and
thus forces us to confront them. But forewarned is forearmed. Once we
recognize the reality of the uncertainty and subjectivity of causal inference,
we can think about the factors that exacerbate and mitigate these uncer-
tainties and design our studies and analyses accordingly. This approach
also should warn us against demanding more of our data than they can
provide and against interpreting our data beyond their inherent limitations.

The assessment of synergy is no exception. Our data can provide us
with evidence that is consistent or inconsistent with synergy, but they can
never provide definitive evidence for or against it. Each study has its own
strengths and weaknesses. The most productive approach is to consider all
of the extant evidence, consider our uncertainties about the data, and then
design new studies that confront those uncertainties directly. No one study
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will provide us with an answer, but carefully designed studies that directly
confront alternative hypotheses will move us toward greater clarity.

All of the threats to validity that apply to the detection of single causes
apply to the detection of synergy. Some become even more salient. I will,
therefore, only briefly touch on some of the issues that were specifically
raised in the mandate for this paper.

Power

Power, the ability to detect an association of a designated magnitude
when it exists in the population, is a problem in all studies, but it is one that
is particularly problematic for detecting synergy. Power is based on three
factors: how well variables are measured, how large the true effect is in the
population, and the sample size. It follows, therefore, that we can increase
power by measuring our variables well, looking for effects that are large (or
looking for them where they are large), and conducting studies with suffi-
cient numbers of people.

The genomic revolution should improve power because the genetic
effect is more clearly and closely measured. When family history of a dis-
ease, for example, is used as a proxy measure for a genetic effect, the bias
toward that null that derives from measurement error is enormous. A true
genetic effect of 50 can look like a genetic effect of 2 or less, depending on
the prevalence of the outcome and other factors (Zimmerman, 2003). Thus,
measuring actual genetic markers decreases measurement error and in-
creases power.

In detecting gene-environment interactions, accurate measurement of
the environmental factor is equally important. The more clearly articulated
the hypothesis, the more carefully the measures can be chosen, and the
more power there will be to detect an effect. Vague theories about gene-
environment interactions will be more likely to lead to poor construction of
measurable variables and therefore decreased ability to detect synergistic
effects. However, it should be noted that measurement error also can mas-
querade as interaction as well as mask it. Thus, false positive as well as false
negative results can be produced by poor measurement.

Power also can be enhanced by looking for situations or populations in
which the interaction is strong. As discussed in earlier sections of this paper,
the effect of an exposure depends not only on its biologic effects, but on the
prevalence of its causal partners and the number of sufficient causes in
which it is not a partner. Therefore, the same biologic effect will be easier to
detect in situations in which the other sufficient causes are rare and the
causal partners are common. Along these lines, one suggestion for enhanc-
ing power regarding main effects is to look for the effect of an exposure in
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a group in which the outcome is rare (Rothman and Poole, 1988). This
would enhance power because the base rate of disease in the unexposed
group would be low. Similarly, to detect specific gene-environment interac-
tions for a particular outcome, looking for populations in which the out-
come is less common may help. In these situations, the same biologic effects
will produce a larger risk ratio.

Power also should be a consideration in the choice of study design. For
the same number of people, case-control studies will in general provide
more power when the outcome is rare, and cohort studies will provide more
power when the exposures are rare.

But whatever the choice, sample sizes need to be sufficient. Articulating
hypotheses in advance has the added advantage of providing the basis for
more accurate power estimates. However, methods for estimating power
are less developed for synergy than they are for main effects, although some
work has been done on proper power analyses for both additive and multi-
plicative interaction (e.g., De Gonzalez and Cox, 2005; Greenland, 1983).
What is clear is that the detection of interaction requires considerably larger
sample sizes than the detection of the exposures’ main effects.

Multiple Comparisons

Multiple comparisons may be a particular problem regarding interaction
because researchers are less likely to hypothesize them in advance. This raises
the concern that we will increase the number of Type I errors in our studies;
we will frequently reject the null in error. Some have suggested an adjustment
to our alpha levels (e.g., Bonferroni adjustments) to take multiple compari-
sons into account. To fully address this issue requires a detailed discussion of
the meaning of p values and confidence intervals, which is beyond the scope
of this paper. I will, however, touch on some issues to consider.

The use of adjustments to the alpha level to correct for multiple com-
parisons reifies the p value and potentially contributes to a misuse of null
hypothesis testing. Null hypothesis testing tells us the probability of our
data if the null is true. What we really want to know is the probability that
the null is true, given our data. Unfortunately, these two probabilities are
not the same. There is a tendency, however, to treat significant results as
though they told us the latter rather than the former. In addition, p values
do not strictly apply in the context of observational studies because the
statistical premises on which they are constructed are often violated in
nonexperimental settings. For both reasons, the use of confidence intervals
rather than p values is preferred. Confidence intervals provide a rough
estimate of the precision of our data. Wide confidence intervals tell us that
our data do not provide much information about the effect. Narrow confi-
dence intervals suggest that our data are more precise. Of course, there may
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be confounding and other biases reflected in our estimates, but the associa-
tion is more trustworthy. The use of confidence intervals, with a statement
of the number of comparisons made, provides more information for the
reader to decide how seriously to take the results of a study. But nothing
solves the problem of multiple comparisons. Data that are consistent with
well-formulated hypotheses that are developed in advance of the study
provide better evidence than data that result from studies for which the
hypotheses are developed after the fact.

Population Stratification

From an epidemiologic perspective, population stratification is simply
confounding; the exposed and unexposed may differ for reasons other than
the exposure under study. One advantage of genetic epidemiology is that
the confounders of genetic associations are limited, and the more carefully
specified and measured the genetic factor, the more limited the potential
sources of nonexchangeability. For example, if you measure a genetic effect
by a family history of the outcome, the exposed and unexposed may differ
on a large number of factors other than the exposure of interest, which is a
genetic effect. However, if you measure the exposure as a particular genetic
variant or marker, it becomes less likely that there will be nonexchange-
ability of the exposed and unexposed on other causes of disease beyond
what would occur by chance.

Population stratification is simply confounding that arises because the
groups with unequal distributions of a particular genetic variant also have
unequal distributions of other risk factors for the disease. The problem is
exacerbated in case-control studies for which the selection of cases and
controls can create population stratification even when it does not exist in
the naturally occurring populations that gave rise to the cases, as is true
with most problems of confounding. In a cohort study, population stratifi-
cation would be more easily detected and controlled.

To the extent that population stratification is a problem in studies of
single exposures, it will be a problem in studies of synergy. Just as single
studies require the exposed and unexposed cohorts to be exchangeable
regarding all causes of the disease other than the exposure of interest, so too
the assessment of synergy requires that all four exposure cohorts (exposed
to both factors, each of the two alone, and neither) be exchangeable regard-
ing all causes of disease other than the two under investigation.

CONCLUSION

Epidemiologic approaches to biologic interaction have benefited from a
full articulation of the underlying causal assumptions of risk factor epide-
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miology. The counterfactual or potential outcomes approach clarifies
methodologic principles and provides a guide for methodologic choices.
This starting point suggests that risks add in their effects. Therefore, syn-
ergy is best indicated by deviations from an additive rather than a multipli-
cative model, with a twist. I think that this model applies as well to genetic
causes as it does to the environmental and behavioral causes that are more
frequently examined in traditional epidemiologic contexts. It has the added
advantage of clarifying and unifying other genetic constructs, providing a
basis for understanding confounding in general and population stratifica-
tion in particular, and providing a bridge between genetic and risk factor
epidemiology. Although this approach has limitations, the transparency of
its conceptual basis makes the limitations transparent as well. It brings the
limitations inherent in all forms of causal inference to light, making them
more amenable to amelioration.
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Acronyms

5-HT T serotonin transporter 5-hydroxytryptamine

A1AT alpha-1-antitrypsin
ACTH adrenocorticotropin hormone
ADA Americans with Disabilities Act
ADHD Attention Deficit Hyperactivity Disorder
ADR adverse drug reaction
ANS autonomic nervous system
ApoE apolipoprotein E
ATM ataxia telangiectasia mutated
AVP arginine vasopressin

BEN “Benin” β-globin gene haplotype
BIND Biomolecular Interactions Newtwork Database
BMI body mass index
bp base pairs
BRCA1 Breast Cancer Gene 1
BRCA2 Breast Cancer Gene 2

CAR “Central African Republic” β-globin gene haplotype
CDC Centers for Disease Control and Prevention
CF cystic fibrosis
CGAP Cancer Genome Anatomy Project
CLIA Clinical Laboratory Improvement Amendments
CNS central nervous system
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CPS Current Population Study
CRF corticotropin releasing factor
CRH corticotropin-releasing hormone
CRISP Computer Retrieval on Information on Scientific

Projects
CRP C-reactive protein
CVD cardiovascular disease
CYP cytochrome P450
CYP2D6 cytochrome P450, family 2, subfamily D, polypeptide 6
CYP3A4 cytochrome P450, family 3, subfamily A, polypeptide 4

dbSNP Single Nucleotide Polymorphism Database
DES diethylstilbestrol
DNA deoxyribonucleic acid
DRD4 dopamine receptor D4
DVT deep vein thrombosis

EAE experimental allergic encephalomyelitis
EC Enzyme Commission
EcoCyc Encyclopedia of Escherichia Coli K-12 Genes and Metabo-

lism
EGP Environmental Genome Project
ENRICHD Enhancing Recovery in Coronary Heart Disease Patients
ERα estrogen receptor a
ERCC2 excision repair cross-complementing group 2

F344 Fischer 344 rat strain
FDR false discovery rate
FEW family-wise type I error rates

GAI Genetic Annotation Initiative
GSF German National Center for Environment and Health
GSTM1 glutathione S-transferase M1
GSTP1 glutathione S-transferase pi
GSTT1 glutathione S-transferase theta 1

HaploChIP haplotype-specific chromatin immunoprecipitation
HapMap International Haplotype Mapping Project
Hb S sickle hemoglobin
HER2 human epidermal growth factor receptor 2
HIPAA Health Insurance Portability and Accountability Act of

1996
HIV human immunodeficiency virus
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HPA hypothalamic-pituitary-adrenal
HUD Department of Housing and Urban Development

IDR interdisciplinary research
IL-1α interleukin-1α
IOM Institute of Medicine
IRB Institutional Review Board

KEGG Kyoto Encyclopedia of Genes and Genomes

LD linkage disequilibrium
LDL low-density lipoprotein
LDL-R low-density lipoprotein receptor
LEW Lewis rat strain

MALDI-TOF matrix assisted laser desorption/ionization-time of flight
MAOA monoamine oxidase A
MC4R melanocortin 4 receptor
MeSH medical subject headings
MIAME Minimum Information About a Microarray Experiment
MIPS Munich Information Center for Protein Sequences
mRNA messenger ribonucleic acid
MTO Moving To Opportunity

NAS National Academy of Sciences
NAT2 N-acetyltransferase 2
NCBI National Center for Biotechnology Information
NCHS National Center for Health Statistics
NCI National Cancer Institute
NHGRI National Human Genome Research Institute
NIEHS National Institute of Environmental Health Sciences
NIGMS National Institute of General Medical Sciences
NIH National Institutes of Health
NMR nuclear magnetic resonance
NRC National Research Council
NRSA National Research Service Act
NSF National Science Foundation

OBSSR Office of Behavioral and Social Sciences Research
OC oral contraceptive
OMB Office of Management and Budget
OMIM Online Mendelian Inheritance in Man
OR odds ratio
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p53 tumor suppressor gene p53
p450 cytochrome P450
PBMC peripheral blood mononuclear cells
PI Principle Investigator
PNI psychoneuroimmunology
PKU phenylketonuria
P/T promotion and tenure

RD risk difference
RFA Request for Applications
RNA ribonucleic acid
RR risk ratio

SAGE serial analysis of gene expression
SCPD Promoter Database of Saccharomyces cerevisiae
SCW streptococcal cell wall
SEI Socioeconomic Index
SEN “Senegal” β-globin gene haplotype
SEPA Science Education Partnership Award
SES socioeconomic status
SIV simian immunodeficiency virus
SNP single nucleotide polymorphism
SNS sympathetic nervous system
SSRI selective serotonin re-uptake inhibitor

TPMT thiopurine S-methyltransferase

U.S. DHHS U.S. Department of Health and Human Services

V1aR vasopressin-1a receptor

WHO World Health Organization
WIT What Is There?

XRCC1 x-ray cross complementing group 1
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ADRB1, ADRB2 genes, 305
Adrenergic receptors, 137
Adrenocorticotropin, 143, 298, 299
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health disparities, 98, 102-103
multiple jeopardy hypothesis, 103
obesity, 241, 244, 251, 252, 253, 267
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TV programming, 252

Agouti signaling proteins, 73, 257, 258
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Alcohol use and alcoholism, 15, 33, 37, 78,

79, 140, 145, 167, 172
Alpha-1 antitrypsin deficiency, 206-207,
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258

Alzheimer’s disease, 46, 61, 77-78, 185,
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Americans with Disabilities Act, 207
Anger and hostility, 57, 298
Animal research

autoimmune disease, 132, 142-144
biomedical research, 133-134
cancer, 149
causality in, 132, 137
chickens, 144
context, pleitropy, and lifetime fitness,

137-139
criteria for suitable models, 149-150
deer mice (Peromyscus maniculatus),

134
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early life experience, 139-140, 145
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future issues, 149-150
gene-social environment interactions, 76,
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Arginine vasopressin, 118, 146
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Attention Deficit Hyperactivity Disorder, 80
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Bayesian belief networks, 65
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context for interaction studies, 22, 125
CVD, 57, 58, 70, 73
obesity, 245-251
peer and family influences, 71
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physiological processes, 116-122
β2-AR, β3-AR genes, 137, 257, 264, 305
β-Endorphins, 301
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Binge Eating Disorder, 261
Biochemical System Theory, 123
Biochemical systems and processes. See also
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affiliative behavior and, 36, 145
genomic information embedded in, 114-

116
modeling, 123
psychological response to social factors

and, 21, 116-122
stress and, 117-122

Bioinformatics, 51
Biologic interaction, 311, 317, 322
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Biomolecular Interaction Network
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Birth defects, 47
Blood lead levels, 27
Bloom syndrome, 101
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250, 252, 253-257, 263. See also
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149, 174
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C-reactive protein, 76, 171-172, 191
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Canavan’s syndrome, 101
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temperament, 140
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immune function and, 137
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301, 304
Caucasians. See also Race/ethnicity

A1AT deficiency, 208
insulin resistance, 251
obesity, 155, 261
stress, 76
thiopurine methyltransferase deficiency,

59
Causality

in animal research, 132, 137
in epidemiological approaches, 311, 312,

316, 319, 330-332
CGAP Genetic Annotation Initiative SNP

Database, 64
Child development. See Child health and

development
Child Feeding Questionnaire, 244
Child health and development

abused children, 208-209
adopted children, 29
depression, 147
eating behavior, 243-244, 247, 248

environmental influences, 268
gene-environment interactions, 53, 113,

268, 271-272
integrative study of, 121-122
and life-course patterns of health, 39,

139-140
obesity and overweight, 240-241, 244-

245, 247, 248, 252, 261, 267
SES and, 27, 29, 39
stress and, 117, 118, 120-122, 139, 144,

147, 300
Childhood acute lymphoblastic leukemia,

59
Cholecystokinin A receptor, 73
Cholesterol, 57, 75-76, 78, 119, 263, 302
Clinical and Translational Science Award,

195
Clinical Laboratory Improvement

Amendments, 213
Cluster analysis, 112
Cocaine- and amphetamine-stimulated

transcript peptide (CART), 258
Colon cancer, 73, 101
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involvement in research protocols, 214-
215

SES/health associations, 18, 26, 30, 31,
241

social capital, 36-37
Comparative sequence analysis, 51
Computer Retrieval of Information on

Scientific Projects, 195
Cooperative Study of Sickle Cell Disease,

293, 294
Coping Strategies Questionnaire, 295
Coronary artery disease, 77, 101, 305
Coronary Artery Risk Development in

Young Adults (CARDIA) study, 251
Coronary heart disease, 39, 61, 92, 98, 298,

304
Corticosterone, 142, 143, 146
Corticotropin releasing factor-like proteins,

79
Corticotropin releasing hormone, 117, 146,

298
Cortisol, 72, 117, 118, 137, 147, 287-288,

299, 300, 301, 303
CpG array-based technology, 114
Crohn’s disease, 101
CRP gene, 171-172
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Cystic fibrosis, 101, 209, 219
Cytochrome P450 enzymes, 59
Cytochrome P450 genes, 59
Cytokines, proinflammatory, 299, 302

D
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collection and analysis for this report,

223-231
commercial databases, 124
creating new datasets, 9, 192-193
gene expression, 124
guidance on data collection, 192
guide to measures of key concepts, 191-

192
informed consent, 191
infrastructure for transdisciplinary

research, 19, 187-194, 220
merging and integrating, 112
metabolic pathways, 124
pooling samples, 174
privacy and confidentiality issues, 191
proteomic, 112, 124
recommendation, 9-10, 194
replication of, 193-194
review of existing datasets, 188-192
security, 211-212, 220-221
sharing, 112, 188, 191, 212, 215-216
SNP databases, 64, 110
for systems modeling, 124
transcriptomic, 112, 124
use agreements, 211

Data Quality Act, 212
Database of Interacting Proteins, 124
Department of Housing and Urban

Development, 31
Depression

and cancer, 80
children, 147
and CVD, 57, 78, 80-81, 82
gene-environment interactions, 18, 80-

82, 328-330
heritability, 81
personality and, 78
sickle cell disease and, 292, 298
and smoking, 71
social environment and, 18, 31, 32, 35,

147

social supports and, 147
stress and, 81-82, 298, 301, 302, 313-

314, 328-330
Developmental behavioral genetics, 271-

272. See also Child health and
development

Dexamethasone, 143
Diabetes, 27, 72, 80, 98, 101, 113, 236,

263
Diethylstilbestrol, 114
DNA

damage and repair, 50
methylation, 113-114, 139
microarray technology, 111-112
sequencing technologies, 49-50

Dopamine
DRD2 gene, 73, 172, 264-265
DRD4 gene, 80
and eating behavior, 249
and nicotine addiction, 71
transporter, 73

Drug abuse, 39
Duke University, 290
Duncan Socioeconomic Index, 31, 32
Durkheim, Emile, 34

E

Earnings, 28
Eating behaviors (unhealthy)

access to energy-dense foods and, 240,
241, 242, 246, 250-251, 252, 269

animal research, 135
appetite and, 257, 258, 267, 268
and child health and development, 243-

244, 247, 248
disinhibition trait, 246, 261, 267
epidemiology, 72
external cues and, 244, 246
fast-food consumption, 72, 241, 242,

250-251, 270-271
food advertising and, 252
gene-environment interaction, 72-73,

259-260
genetic influences, 72-73, 243, 257-262,

264-265, 267-268
health consequences, 72; see also

Obesity
heritability, 259-260, 267
hypothalamic response and, 135, 247
and mortality, 15
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parent-child feeding dynamics and, 239,
243-245, 269, 271

portion size and, 247, 251, 269
reinforcing value of food and, 70, 75,

76, 172, 248-249, 264-265, 267
research opportunities, 267-268
restrictive feeding practices, 244-245, 271
satiation impairment and, 246-248, 267
satiety impairment and, 70, 73, 75, 135,

244, 248
self-regulation of intake, 244
smoking and, 172
social facilitation of, 72, 239, 242-243,

259
socioeconomic status and, 242
stress and, 301
style of eating, 135, 249-250
taste preferences and, 70, 75, 135, 172,

250, 257, 259, 268, 269
television viewing and, 252
time-extension mechanism and, 243
traits associated with obesity, 245-251

Eating Inventory, 261
EcoCyc, 124
Ecological model of health determinants,

18-19
EDN1 gene, 305
EDNRA gene, 305
Education and training of researchers

conferences, 182
evaluation of programs, 184
fellowships, 182, 183-184, 185, 190,

233
K-12, 181-182, 183
private support, 187, 190
professional development, 184-186
recommendation, 9, 187, 233
short course approach, 185
social sciences, 183
T90 grant, 183-184
undergraduate, 185-186

Education quality, 27
Educational attainment

and health, 27-28, 39, 103
and smoking, 70

Edwards classification, 31
Embedded information. See Genomic

information; Metabonomics;
Proteomics

Emotional support, 34
Endothelin-1 gene, 76

Endotoxins, 118
Energy-dense foods, 240, 241, 242, 246,

250-251, 252, 269
Energy expenditure regulation and, 257
Engel, George, 281
Enkephalin, 301
Environmental Genome Project, 49, 64
Environmental genomics, 203
Epidemiologic approaches to interactions

additive and superadditive models, 7, 8,
162, 163-164, 165-166, 168, 170,
173, 220, 313, 314, 315, 328, 334,
336

animal models, 330
biologic interaction, 311, 317, 322
biological plausibility restriction, 175,

177
Bonferroni correction, 174-175
case-control designs, 163, 168, 169,

170, 171, 174, 177, 329, 334, 335
case-only design, 49, 170, 177, 331-332
causal effect (causal contrast), 318, 319-

322, 328, 330
causal model, 315-318
causal pies heuristic (causal pathways),

316-317, 319-320, 323, 331
causality in, 311, 312, 316, 319, 330-

332
cohort designs, 163, 168, 169, 192-193,

329, 331-332, 334, 335
confidence intervals, 334-335
confidentiality issues, 171
confounding and bias, 62, 63, 65, 71,

168-169, 170, 171, 172, 174, 257,
319, 324, 330, 333, 335

counterfactual (potential outcomes)
model, 8, 316-328, 330-335, 336

definitions of interactions, 7, 161-168,
176, 220, 312-316, 317

designs of studies, 57-58, 166-173, 176-
177, 331-332

exposures, 171-172, 174-175, 311, 316,
319, 323-324

false positive test results, 175-176
family-based designs, 47, 49, 170-171,

332
framework for assessing interaction,

312-316
gene-environment interactions, 47, 49,

163, 166-173, 174, 311-312, 318,
329, 330-336
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genetic context, 52, 62, 330-332, 333
genomic control methods, 169, 170
Henle-Koch principles, 310
human laboratory (intervention)

research, 172
independent effect, 162, 165, 312
individual-level, 164-165
infectious disease models, 310
mathematical modeling, 327-330
measurement of environmental factors,

204, 333
measurement of interaction, 161-162
Mendelian randomization, 171-172
modeling innovations, 65
molecular techniques, 46
multiple comparisons, 175-176, 177,

334-335
multiplicative (log linear) or

supermultiplicative model, 7, 8, 162,
163-164, 168, 170, 173, 312-313,
332, 334, 336

for nonbinary outcome variables, 172-
173

permutation testing, 174, 175
population stratification, 62, 63, 65, 71,

168-169, 170, 171, 172, 257, 335
power of, 8, 65, 166, 171, 172, 333-334
practical applications, 164, 328-330
preventive effects in, 328
primacy of genetic effect, 331
protective effects in, 168
psychologic interactions, 317, 328
recommendations, 7-8, 177
reproducibility of results, 48, 63, 175,

177, 193-194, 204, 257
risk factor framework, 162, 310-311,

335-336
sample size and power, 8, 65, 166, 169,

171, 172, 173-174, 177, 192, 193,
333-334

statistical methods and issues, 8, 161-164,
173-175, 177, 311, 312-313, 332

sufficient-component cause model, 8,
164-166

synergy (interaction) assessment, 165,
311, 315, 319, 322-330, 332-333

temporality, 170
uncertainties in, 71, 332-335
validation, 174

Epigenetic phenomena, 53, 64, 112, 113-
114, 139

Epinephrine, 117, 118, 147, 286, 298, 301,
302, 304

ERCC2 gene, 50-51
Erythrocyte adhesion, 302-303
Ethical, legal, and social issues

civil liberties issues, 208-209
communicating research results, 203-205
community involvement in research

protocols, 214-215
data security, 211-212, 220-221
disclosure of research results to

participants, 212-213
discrimination and stigmatization, 202,

205, 207, 209-210
environmental regulation, 206-207
genetic association studies, 51
genetic screening, 209
health care issues, 202, 207
informed consent, 215, 216
insurance coverage, 202, 207
intellectual property rights, 203
intervention policies, 205-210, 220
lay oversight of protocols, 214-215
“moral hazard,” 206
new hypotheses arising from research,

214
privacy and confidentiality concerns,

171, 208, 211-212, 215-216
protection of research participants, 211
race/ethnicity as a proxy, 209
recommendations, 11-13, 210, 215-216

Eugenics movement, 205
Experimental allergic encephalomyelitis,

143-144

F

Familial aggregation studies, 47, 49, 170-
171, 332

Familial dysautonomia, 101
Familial hypercholesterolemia, 45, 60-62,

203
Familial Mediterranean Fever, 101
Family Research Consortium III, 187, 190
Fast-food consumption, 72, 241, 242, 250-

251, 270-271
Fetal

exposure to stressors, 139
hemoglobin, 284, 285, 289
nutrition, 39, 73, 113, 267
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Gaucher disease, 101
Gel electrophoresis, 115
Gender. See Sex/gender
Gene-environment interactions

animal models, 76, 133, 134, 136, 137,
139-150

and biological characteristics, 64, 76
biological plausibility, 175, 177
cancer, 113
correlation model, 270-271
counterfactual model, 8, 316-328, 330-

335, 336
CVD, 57-58, 75-76, 113, 137
depression and, 18, 80-82, 328-330
developmental consequences, 53, 113,

268, 271-272
eating behaviors and obesity, 72-73,

243, 257-262, 264-265, 267-268
epidemiologic approaches, 47, 49, 163,

166-173, 174, 311-312, 318, 329,
330-336

gene expression mechanisms and, 52-53,
113, 122

intermediate phenotypes as measures of,
74-82, 173

life-course perspective, 39, 47, 113-114
models of, 166-168
moderating, 76, 251, 262, 263-266,

269-270
molecular mechanisms, 116-122
for nonbinary outcome variables, 172-

173
in obesity, 76, 113, 236, 237-238, 251,

260, 262-272
personality and, 35, 37, 78-79
physical inactivity, 74
and proteomics, 122
psychosocial work environment and

health and, 37-38
racial/ethnic disparities in health, 99-

101, 102, 104-105
research challenges and opportunities,

39, 40, 64, 266-272
responsivity to environmental factors,

50-52, 56, 139
social isolation, 36, 121, 141-142
statistical modeling, 65
study design and analysis, 57-58, 166-

173, 176-177, 331-332

systems approach to modeling health,
123-126, 139

temperament and, 35, 37-38, 79, 140-
141, 328

tobacco use, 50-51, 70-71
“toxic environments,” 269-270

Gene expression
databases, 124
defined, 287
developmental control of, 53, 54-55
DNA methylation and, 114
environmental influences, 52, 116-117,

122, 137
epigenetic phenomena, 53, 64, 112, 113-

114, 139
fetal nutrition and, 73
and gene-environment interactions, 52-

53, 113, 122
genetic variation in, 6, 110-114, 122
and globin, 54-55
heritability of, 111
in immune response, 288
life-course perspective, 5-6
mechanisms, 52-56
pharmacogenetics research, 60
post-transcriptional control, 53
serial analysis of, 111
sickle cell disease, 53-56, 284, 287
social environment and, 142
stress and, 118, 139, 142, 148, 287-288,

303, 305
transcriptomics technologies, 111-112

Gene-gene interactions, 46, 51-52, 56, 62,
236, 257

Gene Logic, 124
Gene Ontology Project, 112
Gene products, classification, 112
Genetic association studies. See also Gene-

environment interactions; Gene-gene
interactions

Bayesian networks, 288
BMI and fat mass, 255-257
DNA sequencing technologies, 49-50
eating behaviors, 261-262
ethical issues, 51
genome-wide approach, 111, 174
HaloChip assay, 111
population stratification in, 62, 63, 76,

168-169
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race/ethnicity, 99
reproducibility, 177
sickle cell disease, 288, 299
SNP profiling, 49-50, 51-52, 58, 110
transcriptomic studies, 112

Genetic imprinting, 112, 113
Genetic linkage analysis

databases, 112
eating behaviors, 261-262
goal and principle, 47-48
sibling pair method, 48
statistical power, 48
whole-genome, 288

Genetic susceptibility. See also Gene-
environment interactions; Gene-gene
interactions

adverse drug reactions, 58-60
allelic heterogeneity, 45-46
aspects of health influenced by, 56-60
biases in studies, 49
cancer, 38 n.1, 45, 56, 149
clinical variability in diseases, 53-56
common disease, common variant

hypothesis, 204
CVD, 45, 56, 57-58, 76
diabetes, 56
differential risk, 51
etiologic heterogeneity, 46
founder mutations, 60-61, 100
genetic association studies, 49-52, 255-

257, 261; see also Genotype and
genotyping

hierarchy of causes, 311-312, 331
life-course perspective, 57, 254
linkage analysis, 47-48, 255, 261
linkage disequilibrium phenomenon, 62,

80, 175
locus heterogeneity, 46
mental illness, 56
molecular epidemiology techniques, 46
multifactorial models, 46, 48, 60, 65
nicotine addiction, 58, 71
obesity, 20, 72-73, 236, 248, 249, 253-

262, 264-266
OMIM statistics, 45
overeating, 72-73, 243, 257, 259-262
pathway-driven study design, 50
penetrance of mutations, 45, 149, 312
polygenic models, 44-45, 46, 47, 60,

219

population-based measures, 47, 49, 63,
71

population distribution of variations,
60-62, 63

research approaches, 44-48
single-gene disorders, 44, 45-46, 47, 48,

53-56, 63-64, 73, 203-204, 219,
255, 257, 260

SNPs, 49-50, 51-52
therapeutic response to drugs, 56
to “toxic environments,” 241

Genome Science Education Program, 183
Genomic information

in biochemical systems, 114-116
comparative genomic hybridization

assays, 112
epigenetic phenomena, 112, 113-114
and gene expression, 6, 110-114, 122
metabonomic technologies, 116
in proteomes, 111, 115
social and ethical implications, 203
transcriptomics, 111-112

Genotype and genotyping
array-based, 49, 52-53
interactions with environmental factors,

113-114
pharmacogenetic research, 59-60
moderator in gene-environment

interaction, 269-270
multiplexing arrays, 49
SNP initiatives, 64

Geographic Information Systems, 269
German National Center for Environment

and Health, 124
Glucocorticoids, 117, 118, 121, 137, 139,

145, 146, 298, 301
Glutamate, 303
GR gene, 299
Growth hormone, 301
GSTM1 gene, 51
GSTP1 gene, 51
GSTT1 gene, 51
Guyton, Arthur, 123

H

Health determinants
life course perspective, 5-6, 21, 22, 25-

26, 219, 282
systems approach to modeling, 5-6, 17-

19, 123-126
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Health Insurance Portability and
Accountability Act of 1996, Privacy
Rule, 211

Health literacy, 28
Health outcomes. See Mortality; Survival

and functional recovery; individual
diseases

Health risk behaviors. See also Eating
behaviors; Physical inactivity;
Tobacco use

definitions, 69-70
intermediate phenotypes, 70
outcome pathways, 68, 69
personality and, 70, 75, 77-79
social and cultural environment and, 30,

37, 71, 237-238
temperament and, 70, 75, 79-80

Hemochromatosis, 101
Hemoglobin gene expression, 53, 54-55
HER2 gene, 59
Heritability

of BMI and fat mass, 253-255
defined, 46-47. See also Genetic

susceptibility
of depression, 81
of eating behaviors, 259-260, 267
of gene expression, 111
narrow sense vs. broad sense, 253

High school dropouts, 28
High/Scope Perry Preschool Project, 28
Hispanics, 103. See also Race/ethnicity
Histone acetylation, 114
HIV infection, 35, 77, 91-92
Home Observation for Measurement of the

Environment (HOME) system, 268-
269

Human DNA Polymorphism Discovery
Program, 49

Human Genome Project, 3, 15, 64, 90, 109,
110, 123, 203

Human Obesity Gene Map, 255, 256
Hypertension, 27, 37, 94, 98, 102, 298,

299, 304
Hypospadias, 92
Hypothalamic-pituitary-adrenal (HPA)

reactivity, 35, 81, 117, 118, 121,
135, 136, 139, 140, 143, 144, 145,
247, 297, 298-300, 301, 302, 303,
304

Hypothalamic-pituitary-ovarian axis, 301

I

Immune function
animal research, 134, 136-137, 138-141,

143-144
and CVD, 137
gene expression, 288
genetic determinants, 136
natural vs. specific immunity, 301, 302
obesity and, 72
sex/gender and, 93, 94
sickle cell disease and, 283, 287, 300-

302
smoking and, 70
social environment and, 35, 134, 136-

137, 138-139
stress and, 21, 117, 118, 119-120, 139-

141, 145, 146-147, 148, 288, 297,
298-299, 300-302

Impulsive aggression, 18
Inclusion body myopathy, 101
Income

absolute vs. relative, 30
health associations, 29-31
measurement, 28-29
psychological and behavioral

associations, 30
race/ethnicity and, 103
societal distribution, 31
tests of associations, 29-30
and weight gain, 241

Incyte, 124
Indians, Asian, 263
Infants

breastfeeding vs. bottle feeding and,
243-244

mortality, 27
secure attachments, 34
sucking rates and obesity risk, 249, 268
weight gain, 267

Inflammatory bowel disease, 101
Informational support, 34
Informax, 124
Informed consent, 215, 216
Infrastructure for transdisciplinary research

academic institutional structure and
policies and, 10-11, 19, 181, 194-
198

data, 19, 187-194, 220
education and training of researchers, 8-

9, 19, 181-186, 193, 220
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federal and industry research structures
vs. academic, 197

IDR recommendations applied to, 10,
20, 186, 232-235

incentives and rewards, 10-11, 20, 193,
194-198, 220

MacArthur Network Model, 188-189
NIH support, 181, 182, 186-187, 194-

198
P30 Core Grant and, 187
peer review, 10, 20, 195, 198-200
private support, 187, 188-189, 190
R01 Research Project Grant and, 186-187
recommendations, 8-11, 187, 199-200
support mechanisms, 186-187, 272

Institute for Public Health Genetics, 184
Institutional Review Boards, 210-211
Instrumental support, 34
Insulin-like growth factor, 74
Insulin resistance, 70, 72, 251
Interactions. See also Gene-environment

interactions; Gene-gene interactions
definitions of, 7, 161-168, 176, 220,

312-316, 317
framework for assessing, 312-316
measurement of, 161-162

Interdisciplinary research (IDR)
academic institutional structure, 235
academic institutions’ policies, 233-234
defined, 3, 19
educators, 233
evaluation of programs, 235
funding organizations, 234
journal editors, 234
key conditions for effective programs,

194
MacArthur Network Model, 188-189
postdoctoral scholars, 190, 233
professional societies, 234
recommendations for facilitating, 10, 20,

186, 232-235
researchers and faculty members, 233
students, 232-233
team leaders, 234

Interferon γ, 301
INTERHEART Study, 78
Interleukin-1α, 143
Interleukin II, 288
Interleukin-6, 302
Intermediate phenotypes

and biological characteristics, 76

defined, 74-75
emotional/motivational states as, 80-82
measuring, 75-76
for obesity, 70, 73, 75, 78, 237
personality as, 75, 76, 77-79
for sickle cell disease, 288, 297
temperament as, 75, 76, 79-80
for tobacco use, 70, 75, 76

International HapMap Consortium, 64
International HapMap Project, 64, 190
Inuit of Greenland, 75-76

J

Job stress
and CVD, 57
effort-reward imbalance model, 37
job demand-control model, 37

K

Karolinska Institute Human Gene Bi-Allelic
Sequences Database, 64

Kleinfelter Syndrome, 94
Kyoto Encyclopedia of Genes and Genomes,

112, 124

L

Laminin, 286
Leptin and leptin receptors, 73, 94, 134, 135
Life-course patterns of health

animal models, 139-140, 145
Barker hypothesis, 39
CVD, 57
determinants, 5-6, 21, 22, 25-26, 219,

282
early life experience, 39, 139-140
in gene-environment interactions, 39, 47,

113-114
in gene expression, 5-6
genetic susceptibility to disease, 57, 254
obesity, 74, 253, 266-267
physical inactivity and, 74
poverty, 4-5, 39
race/ethnicity and, 102-103
sex/gender and, 94
social-environment associations, 25-26,

27, 31, 32, 34, 39, 138
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stress and, 118, 145, 300
in study design and analysis, 21, 22

Lipid metabolism, 119
Lung cancer, 50-51, 310
Lutheran blood group anitgens, 286

M

MacArthur Foundation, 187, 188
MacArthur Network Model, 188-189
Machine learning algorithms, 65, 112
Major histocompatibility complex, 138
Mass spectrometry, 116
Maternal

attachment, 36
education, 27
exposure to endocrine disrupting agents,

92
obesity, 267
separation, 35, 118, 121, 139

Matrix-assisted laser desorption ionization-
time of flight mass, 115

MC4R (melanocortin-4 receptor) gene, 257,
258, 261

Media campaigns, 71
Mediation and mediating variables

in animal research, 137
in models of interactions, 167
of social environment, 147-148
of stress reactivity, 139, 147-148, 304

Melanoma, 38
Melatonin, 301
Metabolic Control Theory, 123
Metabolic syndrome, 236
Metabolism

gut flora and, 116
sex/gender and, 93-94
social stressors and, 145, 298

Metabonomics, 6, 112, 116, 124
Microarray Gene Expression Data Society,

112
Midlife health, 27
Migration, and genome selection, 109-110,

263
Minimum Information About a Microarray

Experiment Guidelines, 112
Mitochondrial upcoupling proteins, 257
Modeling strategies

recommendations, 5-7
Moderation and moderating variables

animal research, 137

CVD risk, 76, 81
in gene-environment interactions, 76,

251, 262, 263-266, 269-270
of obesity, 76, 251, 262, 263-266
social environment, 262, 263
in stress response, 76, 285, 287-289,

290, 300
Monamine oxidase A deficiency, 208-209
Mortality

eating behavior and, 15
infant, 27
obesity and, 72
race/ethnicity, 98, 104
SES and, 27, 29, 104
smoking and, 70
social and behavioral factors and, 15,

27, 35
Moving to Opportunity study, 31
mRNA transcripts, 111-112, 118, 124, 146,

149, 287
Multidisciplinary research, defined, 3-4, 19
Multivariate statistical analysis, 137
Munich Information Center for Protein

Sequences, 124
Myelosuppression, 59
Myocardial infarction, 35, 39, 70, 76, 78,

81, 82, 119

N

National Association of State Universities
and Land Grant Colleges, 195

National Bioethics Advisory Commission,
213

National Cancer Institute
Breast and Prostate Cancer and

Hormone-Related Cohort
Consortium, 174

SNP database, 64
National Center for Biotechnology

Information, dbSNP database, 64,
110

National Health Interview Surveys, 29
National Heart, Lung, and Blood Institute

Programs in Genomic Applications, 49
National Human Genome Research

Institute, 15-16, 50
National Institute of Environmental Health

Sciences, 49
National Institute of General Medical

Sciences, 16
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National Institutes of Health (NIH), 97-98,
236

Certificates of Confidentiality, 211
Office of Behavioral and Social Sciences

Research, 15-16
and transdisciplinary research, 181, 182,

186-187, 194-198
National Longitudinal Survey of Youth, 241

Supplement, 9, 190, 194
National Opinion Research Center Study,

31
National Research Service Act, 182
National Science Foundation, 181, 182
Native Americans, research protocols, 214-

215
NEO-Personality Inventory, 77
Neophobia, 140
Network models, 65, 112
Network on Socioeconomic Status and

Health, 188-189
Network theory, 204
Neurocognitive functioning, 283, 287, 293,

294-295, 297, 303
Neuroeconomics, 36
Neuroendocrine regulation, 35
Neuropeptide-Y, 257, 258
NGFI-A transcription factor, 139
Nickel, 114
Nicotine

addiction, 70, 79
and cardiovascular function, 70
cognitive and autonomic effects, 75
patch, 82
reward value, 70, 75, 76, 79
tolerance and deprivation, 70, 75
withdrawal and relapse, 79

Niemann-Pick disease, 101
NMB (Neuromedian-β) gene, 262
Norepinephrine, 147, 298, 301, 304
North Carolina Sickle Cell Center, 290
NOS1, NOS2, NOS3 genes, 305
NR3C1 gene, 137
Nuclear magnetic resonance spectroscopy,

116

O

Obesity. See also Eating behaviors; Physical
inactivity

animal research, 73, 267
behavioral traits associated with, 245-251

BMI and fat mass, 69, 72, 73, 238, 253-
255

breastfeeding vs. bottle feeding and,
243-244

children, 240-241, 244-245, 247, 248,
252, 261, 267

conceptual model of interactions, 237-238
critical growth periods for, 266-267
energy expenditure regulation and, 257
epidemiology, 72, 236
gene-environment interactions, 76, 113,

236, 237-238, 251, 260, 262-272
genetic influences, 20, 72-73, 236, 248,

249, 253-262, 264-266
health consequences, 72, 236
hypothalamic response and, 247
intermediate phenotypes, 70, 73, 75, 78,

237
life-course perspective, 74, 253, 266-267
macroenvironmental influences, 240-

242, 268, 269-270
maternal, 267
microenvironmental influences, 242-245
moderating variables, 76, 251, 262, 263-

266
personality and, 78
physical inactivity and, 74, 240, 251-253
race/ethnicity and, 155, 241, 244, 251,

252, 253, 261, 267
research opportunities, 266-272
restrictive feeding practices and, 244-

245, 271
social environmental factors and, 20, 27,

72, 236-237, 238-245, 253-255,
263-266

socioeconomic status and, 239, 241-242,
264

“toxic environments,” 237, 239, 240-
241, 251, 269-270

and underreporting of intakes, 247
Occupational status, 28

child health and, 39
and health, 31
measures of, 31-32
and weight gain, 241

Office of Management and Budget, 97
Online Mendelian Inheritance in Man

(OMIM) statistics, 45
Osteoarthritis, 72
Ovarian cancer, 149
Oxytocin, 36, 145
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P

Pain, 286-287, 289, 295-297, 299, 302
Pair bonding, 36
Panel Study of Income Dynamics, 29, 31
Parasitic infections, 137
Parent-child feeding dynamics, 239, 243-

245, 269, 271
Path analysis, 123
Pattern recognition methods, 65, 112, 116
Peptidoglycan polysaccharide, 143
Persian Jews, 100, 101
Personality

and alcohol consumption, 78
“Big Five” model, 77-78
and CVD, 77-78
defined, 77
and depression, 78, 298
gene-environment interaction, 35, 37,

78-79
genetic factors, 78
and health risk behaviors, 70, 75, 77-79
as intermediate phenotype, 75, 76, 77-79
and obesity, 78
race/ethnicity and, 80
sex/gender and, 80
and social-environmental influences,

144-145
and stress response, 145, 298
and tobacco use, 78

Pew Charitable Trust, 182
Pharmacogenetics, 56, 58-60, 203
Phenylketonuria, 45, 167, 318
Physical activity

defined, 69
protective effects, 71, 73, 119
recommended, 69, 73

Physical inactivity
animal studies, 74
epidemiology, 73-74
gene-environment interactions, 74
genetic influences, 74
health consequences, 15, 73-74
life-course perspective, 74
nonexercise activity thermogenesis, 252-

253, 268
and obesity, 74, 240, 251-253
research opportunities, 268
social/cultural environment and, 27, 72,

74, 240, 241, 242
television, video recorders and

computers and, 240, 251-252

Pima Indians, 263-266
Pituitary function, 70
Polycystic kidney disease, 46
Population genetics, 60-62
Pound of Prevention Study, 251
Poverty. See also Income; Socioeconomic

status/health associations
definitions, 30
gender and, 92-93
health associations, 25
life-course perspective, 4-5, 39
persistent vs. transient, 39

PPARγ gene, 257
Prader-Willi syndrome, 73, 255
Preschool education, 28
Privacy and confidentiality concerns, 171,

208, 211-212, 215-216
Pro-opiomelanocortin (POMC) peptides,

257, 258
Prolactin, 301
Promoter Database of Saccharomyces

cerevisiae, 124
Prostate cancer, 174
Proteomics, 6, 60, 112, 114, 115, 122,

124
Psoriasis, 77
Psychological/psychiatric disorders and

behaviors. See also Depression
occupational status and, 31
personality and temperament and, 77
pharmacogenetics research, 59
SES of communities and, 18
social connectedness and, 35

Psychoneuroimmunology, 35
Psychosocial traits

animal models, 133, 135-136, 144
Psychosocial work environment/health

associations. See also Job stress
biases in, 37-38
gene-environment interactions,

37-38
evidence of, 25, 37-38
measures of, 31, 32, 37
occupational status and, 31, 32
reciprocal relationships, 37

Q

Quebec Family study, 262
Quebec Overfeeding Study, 269
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R

Race/ethnicity
and ancestral origin, 98, 99
confounding issues, 98
context for research, 96-98, 99, 125-

126, 219
definition, 97
gene-environment interactions, 99-101,

102, 104-105
and genetic variation, 38 n.1, 61, 97,

99-104
health disparities and, 90-91, 98-104
life-course perspective, 102-103
and mortality, 98, 104
and personality, 80
and SES, 27, 103-104
SNP markers of phenotypic variation,

99-101
and social stressors, 39, 76

Racism and discrimination, 39
Random forest methods, 65
Renal function, 70, 305
Renin-angiotensin-aldosterone system, 299,

304
Reproductive dysfunction, 138, 118
Research. See Epidemiologic approach;

Infrastructure; Interdisciplinary
research; Transdisciplinary
interactions research

Rett syndrome, 113
Rheumatic diseases, 144
Risk behaviors. See Health risk behaviors;

specific behaviors
Risk prevention programs, 82
Rosetta, 124

S

Satiation, 246-248, 267
Satiety, 70, 73, 75, 135, 244, 248
Scale-free networks, 65
Science Education Partnership Awards, 182-

183
Sedentary lifestyle. See Physical inactivity
Selective serotonin re-uptake inhibitors

(SSRIs), 59
SELP gene, 288
Sephardi Jews, 100, 101
Serotonin

central nervous system responsivity, 18

pathways, 71
stress response, 298, 303
transporter (5HTTLPR) gene, 59, 76,

78, 80, 81-82, 145, 146, 147, 261,
305, 328-330

Sex/gender
animal research, 93
and body weight and fat stores, 93-94
context for interactions research, 94,

125-126, 219
and CVD, 92, 96
definitions, 91
and delivery of health care, 92
and energy metabolism, 93-94
and health, 90, 91-96
and heritability of food intake, 259
and immune response, 93, 94
independent dimensions in humans, 95
and life-course patterns of health, 94
and personality, 80
and poverty, 92-93
and social environment, 92-93
and stress, 93
synergistic effects of biology and gender

relations, 91-92
variants, 95, 96

Sexual dimorphism, 94
Shotgun proteomic analysis, 115
Sickle cell disease

α-thalassemia, 285, 288, 289-290
ancestral origin and, 100
β-thalassemia, 54-55, 101, 284, 291,

292, 295, 296
cardiovascular and renal response, 286,

287, 304-305
clinical manifestations, 56, 286-287
definitions, 284
epistatic or modifier genes, 285, 287-

289, 290, 300
erythrocyte adhesion to endothelial cells,

285, 286, 302-303
etiology, 283-284
and family functioning, 293
fetal hemoglobin, 284, 285, 289
gene expression, 45, 53-56, 284, 287
HPA activation and, 298-300
hydroxyurea treatment, 289
and immune response, 283, 287, 300-

302
individual differences in severity, 282-

283, 287-289
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intermediate phenotype, 288, 297
maternal adjustment, 291-292
and neurocognitive functioning, 283,

287, 293, 294-295, 297, 303
pain, 286-287, 289, 295-297, 299, 302
pathogenesis, 284
pathophysiology, 55-56, 283, 285-286
psychological adjustment to, 287, 290-

294, 295
resistance to malarial infection, 61, 100
severity, 54-55, 284-285, 286, 287, 289,

295
stress and, 20, 283, 287-288, 292, 297-

305
and stroke, 286, 287, 288-289, 294, 305
sympathetic nervous system activation

and, 298, 302
trait, 53-54, 284

Sickness behavior, 301
Silicon Genetics, 124
Simian immunodeficiency virus, 141
Single nucleotide polymorphisms (SNPs),

49-50, 51-52, 58, 62, 64, 99-101,
110, 168-169

SLC6A3 gene, 264-265
Sleep patterns, 301
Social and cultural environment. See also

Psychosocial work environment;
Social networks; Social support;
Socioeconomic status

animal research, 36, 139-147
aspects of health influenced, 38-39, 57, 78
and biological processes, 36, 116-122
and cancer, 35, 38-39
context for interactions research, 5, 6-7,

21, 25-26, 125
cumulative effects, 39
and CVD, 31, 35, 57, 78, 119
defining, 21, 25-26, 238-239
and depression, 18, 31, 32, 35, 147
dynamic trajectories, 39
early life experience, 139-140
evidence of health associations, 26-38
and gene expression, 142
generational effects, 39
genetic selection of, 113-114
and health risk behaviors, 30, 37, 71,

237-238
and immune response, 35, 134, 136-

137, 138-139
life-course, multilevel perspective, 25-26,

27, 31, 32, 34, 39, 138

macroenvironmental variables, 240-242,
268, 269-270

measures of, 204, 268-271
mediators of effects of, 147-148
microenvironmental variables, 242-245
moderating effects, 262, 263
and mortality, 15, 27, 35
natural policy experiments, 27-28
and obesity, 20, 27, 72, 236-237, 238-

245, 253-255, 263-266
and personality, 144-145
population density, 138
research opportunities, 39, 268-269
and sedentary lifestyle, 27, 72, 74, 240,

241, 242
sex/gender and, 92-93
shared vs. unshared, 253-255, 267, 269
stressful, 20, 25, 30-31, 32, 39, 57, 78,

117-122, 138-139, 145, 146-147,
300, 312-313, 146-147

and temperament, 140-141
“toxic environments,” 237, 239, 240-

241, 251, 269-270
variables affecting health, 26, 240-245

Social attachment, 79
Social capital, 36-37
Social control, 37
Social isolation, 36, 121, 133, 138, 141-142
Social mobility, 32
Social networks/social supports and health

animal research, 141, 142, 147
bidirectional relationships, 35, 147
biological basis, 36
causality, 35-36
community-level, 36-37
confounding bias, 35
definitions and types, 34
and depression, 147
evidence of health effects, 25, 34-37
and health outcomes, 39
and immune function, 35
and incidence of disease, 39
measures of, 34-35
naturally occurring vs. strangers, 36
negative, 35
status and, 32, 302
temperament or personality and, 35

Social status. See also Occupational status;
Socioeconomic status

animal research, 133, 144-146
personality and, 144
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Social support. See Social networks
Socioeconomic status/health associations.

See also Social status
and cancer, 38-39
causal pathways, 27, 30, 32
causation, 27, 29, 32
and child health and development, 27,

29, 39
community-level, 18, 26, 30, 31, 241
confounding bias, 27
and eating behavior, 242
economic reserves, 31
education-related, 15, 25, 27-28
flow of resources, 31
income-related, 28-31
inherited ability and, 29
measures of, 26-27
moderating effects of, 76, 104, 264
and mortality, 27, 29, 104
and obesity, 239, 241-242, 264
occupational status-related, 31-33
psychological disorders and behaviors,

18, 30
and psychosocial stress, 30-31, 76
race/ethnicity and, 27, 103-104
relative deprivations, 30-31
research network, 188-189
reverse causation, 27, 29, 31-32
tests of, 29-30
variations in associations, 38-39
wealth, 31, 103-104

Spotfire, 124
Stanilas Family Study, 261
Statistical methods. See also Epidemiologic

approaches to interactions
Bonferroni correction, 174-175
confidence intervals, 334-335
gene expression profiles, 112
inferring causality, 137
Structural Equation Modeling, 123

Stress
acute, 148, 302
and alcoholism, 140, 145, 172
allostatic load, 118
animal research, 118, 120, 135, 137,

142-144, 145, 146-148
and autoimmune disease, 142-144
behavioral response, 139, 140
biochemical systems and processes, 117-

122
and cancer, 140, 146, 148

and child development, 117, 118, 120-
122, 139, 144, 147, 300

chronic, 118, 139-140, 148, 298, 300,
302, 303, 304

and CVD, 57, 78, 117, 118, 119, 298,
302, 304-305

defined, 117, 147-148, 297
deleterious coping behaviors, 32, 39
and depression, 81-82, 298, 301, 302,

313-314, 328-330
early life experiences, 145, 300
and eating behavior, 301
epigenetic programming, 139
and gene expression, 118, 139, 142,

148, 287-288, 303, 305
generational effects, 139
genetic differences in responsivity, 20,

142-144
health-promoting effects, 147-148
HPA axis activation, 297, 298-300, 301,

302, 303, 304
and immune function, 21, 117, 118,

119-120, 139-141, 145, 146-147,
148, 288, 297, 298-299, 300-302

as intermediate phenotype, 297
job-related, 25
life-course perspective, 118, 145, 300
and longevity, 118
magnitude of, 148
mediating variables, 139, 147-148, 304
moderators of, 76, 285, 287-289, 290,

300
nonsocial factors, 120
obesity and, 72
oxytocin and, 36, 145
and pain response, 301, 302
personality and, 145, 298
physiological responses, 72, 76, 81-82,

117-122, 147-148, 287-288
psychological response to, 21, 116-122,

302
race/ethnicity and, 39, 76
research opportunities, 39
SES and, 30-31, 76
sex/gender and, 93
and sickle cell disease, 20, 283, 287-288,

292, 297-305
social situations, 20, 25, 30-31, 32, 39,

57, 78, 117-122, 138-139, 145, 146-
147, 300, 312-313
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sympathetic nervous system activation,
297, 298, 301, 302

temperament and, 120, 140-141
Stroke, 35, 39, 82, 98, 119, 135, 286, 287,

288-289, 294, 305
Structural Equation Modeling, 123
Study design and analysis. See also

Epidemiologic approaches to
interactions

life-course perspective, 21, 22
Suicide, 18, 81
Survival and functional recovery

cancer, 72, 73
obesity and, 72
personality and, 79
social environment and, 38, 39

Sympathetic nervous system reactivity, 35,
81, 118, 119, 144, 297, 298, 301,
302

Systems approach to interactions modeling,
123-124

biobehavioral model, 304
challenges in development and practice,

124-125
databases and systems analysis software,

124
gene-environment interactions, 123-126,

139
health determinants, 5-6, 17-19, 123-

126
life-course perspective, 282
recommendations, 125-126

Systems biology, 123
System theory, 123

T

Tay-Sachs disease, 45, 101, 219
Television viewing

advertising, 252
and eating behavior, 252
and physical inactivity, 240, 251-252

Temperament
and ADHD, 80
animal research, 140-141
assessment, 79
and cancer, 140
defined, 77
gene-social environment interactions, 35,

37-38, 79, 140-141, 328
and health risk behaviors, 70, 75, 79-80

and immune function, 120
as intermediate phenotype, 75, 76, 79-

80
and social and cultural environment,

140-141
and stress response, 120, 140-141
and tobacco use, 77, 79, 80
traits, 79

Temperament and Character Inventory, 79
Testicular cancer, 96
TGFBR2, TGFBR3 genes, 288
Thiocyanate, 70
Thiopurine methyltransferase deficiency, 59
Thiopurines, 59
$1,000 Genome Project, 50
Thyroid function, 70
TNFα gene, 76
Tobacco use

advertising and, 79
bupropion treatment, 172
cessation, 82, 172
and CVD, 57, 58, 70
definition of smoking, 69
depression and, 71
epidemiology, 70
gene-environment interactions, 50-51,

70-71
genetic susceptibility to nicotine

addiction, 58, 70, 71
health consequences, 15, 57, 58, 70
intermediate phenotypes, 70, 75, 76
life-course perspective, 74
and lung cancer, 70, 310
nicotine addiction, 69, 70
personality and, 78
risk factors for initiation, 71
smoking persistence, 69
social and cultural environment and, 27,

30, 31, 32, 37, 70-71, 79
and social policy, 207
temperament and, 77, 79, 80

Transcription Factors Database, 124
Transcriptomics, 6, 111-112, 124
Transdisciplinary interactions research. See

also Epidemiologic approaches to
interactions; Infrastructure for
transdisciplinary research

barriers to, 19-20
behavioral and psychological variables,

4, 5, 125
biological signatures, 126
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defined, 4, 19, 220
diversity of groups and settings, 126,

220
funding, 272
genetic factors, 4, 125
hiring, promotion, and tenure policies

and, 195-196
life-course perspective, 4-5, 94, 125
minority subjects in, 97-98
physiological measures and pathways, 4,

22, 125
race/ethnicity context, 4, 96-98, 125-126
recommendations, 3-5, 125-126
sex/gender context, 4, 94, 125-126, 219
social variables, 4, 21, 25-26, 125
systems modeling approach, 3, 5-6, 123-

124, 126
team approach, 186-187, 195-196

Trust, 36
Tumor necrosis factor-alpha, 147
Tumor suppressor gene, 149
Turner’s syndrome, 91, 95
Twin studies, 47, 71, 81, 254, 255, 258,

264, 266-267, 269-270, 299

U

UCP1, UCP2, UCP3 genes, 257
Ulcerative colitis, 77, 101
University of Washington, Seattle, 184
U.S. Department of Health and Human

Services, 211

V

Vasopressin 1a receptor gene transfer, 142

W

What Is There, 124
Wisconsin Longitudinal Survey, 32
Work environment. See Psychosocial work

environment
World Health Organization, 69, 72
Wright, Sewall, 123

X

Xenobiotics, 114
XRCCI gene, 50-51
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