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�

Introduction

James W. Vaupel, Kenneth W. Wachter, and Maxine Weinstein

New kids on the block! This volume spreads the word. Population-
based sample surveys that combine demographic, social, and 
behavioral data with biological indicators have arrived in town. 

The subtitle of the precursor to this volume, Cells and Surveys, was the 
question “Should biological measures be included in social science 
research?” In practice, that question seems to be already answered: yes. 
Social surveys that include the collection of biological data have prolifer-
ated since that volume’s publication in 2001. Are these new studies going 
to be our friends?

Speculation gives way to assessment, as publications emerge from 
the dozen or more large-scale social surveys that have moved into col-
lecting biological measurements and materials ranging from grip strength 
to DNA. Unlike biomedical surveys and clinical studies, always rich in 
biological indicators, these social surveys probe demographic character-
istics, economic and health-related behaviors, resources, constraints, and 
life-course transitions in depth. Consequently, they hold out promise 
for shining a spotlight on interactions between biological factors and 
“environment” in its personalized complexity. They hold out promise for 
distinguishing causal pathways that turn out only statistically significant 
in experiments and trials from causal pathways that have real “oomph” in 
the squishy, messy, diverse, adapting world of whole populations.

But along with a chorus of greeting are glances of doubt. These new 
arrivals on the social science scene bring out feelings of caution among 
many, especially around analysis of genetic indicators in the study of 



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

� BIOSOCIAL SURVEYS

complex social traits. As practical challenges to the inclusion of biologi-
cal indicators are mastered and as technology rushes ahead, questions of 
meaning call for ongoing debate. 

Like the earlier one, this volume was sponsored by the Behavioral 
and Social Research Division of the National Institute on Aging and 
put together under the auspices of the Committee on Population of the 
National Research Council. Cells and Surveys was influential, but not 
because the book caused social scientists to add biological measures to 
their surveys. Doing that was an idea whose time had come. Rather, Cells 
and Surveys was influential because it provided an authoritative overview 
of the kinds of biological information that could be collected and how and 
what the problems and pitfalls were.

In this volume the focus shifts to what has been and can be learned. 
The authors of most of the chapters have firsthand experience with incor-
porating biomarkers into social science research and have followed the 
rapid development of the endeavor. They have thought long and hard 
about the critical issues. Although there are still many open questions, 
the time seems ripe for taking stock, not for advocacy but for aspiration 
to mature judiciousness and nuanced wisdom. 

The book emerges from a series of discussions and interchanges that 
started in 2005 and ended in mid-2007. A workshop, held in June 2006, 
enabled many of the authors to exchange information and perspectives. 
Participants in the workshop considered (and the contributions to the 
book reflect) a few fundamental questions: What has been learned from 
what has already been done? What is the place of genetic information in 
social research? What new concepts and methods are being developed or 
need to be developed?

Biodemography (National Research Council, 1997; Carey and Vaupel, 
2005) and its related disciplines have expanded rapidly; one book cannot 
begin to provide a comprehensive summary of its findings and chal-
lenges. We had to pick and choose. Our focus in this volume is on the 
inclusion of biomarkers in social science surveys: what does (or should) 
one include and how does (or can) one use the data. The volume grew as 
we proceeded; in particular, we found ourselves asking more questions 
about the collection and analysis of genetic information. We also made 
a conscious choice not to solicit manuscripts on some subjects: notably 
absent are chapters that specifically focus on ethics. This omission is not 
because we felt the concerns were unimportant, but because the enormity 
of the subject made it unfeasible to include. However, both explicitly and 
implicitly, almost every chapter discusses concerns relating to privacy, 
informed consent, and the appropriate treatment of study participants 
and their information. 

Hunting for genes that determine health or behavior is not the pre-
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occupation of the authors of these chapters. This may surprise readers 
who follow the news about science but who have not kept up with social 
science research that includes biological indicators. Most of the research 
being carried out in conjunction with such surveys does not even involve 
DNA: the biological indicators pertain to grip strength, pulmonary func-
tioning, clinical measurements of various substances in blood, saliva, or 
urine, blood pressure, heart rate variability, weight and height, perceived 
age, and various other physiological and anthropometric measures of risk 
factors, exposures, and health outcomes. 

It is sometimes argued that scientists should wait for some more 
advanced technology before trying to discover genes that influence some 
trait. The darling of the moment is genome-wide association studies, an 
approach that is powerful and rapidly becoming less expensive. This 
argument, however, is largely irrelevant for social science research that 
incorporates biological markers. Some social science surveys have col-
lected DNA, but the intent has not been to discover genes that determine 
health or behavior. The genetic information that is collected generally 
pertains to genes that have already been discovered to have (or report-
edly have) important effects. Social scientists can verify that the effect is 
indeed important: this is what Harald Göring cogently argues is a more 
appropriate task for social surveys than gene discovery (Chapter 11), and 
this is what Kaare Christensen and colleagues report as one of the many 
uses of data from surveys of elderly Danish twins, nonagenarians, and 
centenarians (Chapter 1). Social scientists can also use the genetic infor-
mation to better estimate environmental and behavioral effects on health: 
George Davey Smith and Shah Ebrahim describe an ingenious method to 
exploit genetic variants to make causal inferences about environmental 
variables (Chapter 16). Other chapters describe how knowledge about a 
person’s genotype can be used to study how genes and nongenetic vari-
ables interact to produce behavioral and health outcomes. Accounting for 
genetic variation among individuals permits more accurate estimation of 
how environmental and behavioral factors influence health and longevity. 
As summarized by David Abrams (quoted by Davey Smith and Ebrahim), 
“The more we learn about genes, the more we see how important environ-
ment and lifestyle really are.” These critically important areas of research 
should not be delayed because better methods of gene discovery are being 
developed.

A recurring question throughout the volume pertains to the utility of 
DNA markers for survey-based social and behavioral analysis. Skeptics 
predominate over enthusiasts. It seems appropriate, however, to include 
here one version of an enthusiast’s perspective. The key phrase in this 
discussion is “complex traits.” Many contributors explain why it is a mis-
take to look for genes or for simple genetic determinants of complex traits. 
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Cautiously put—and most contributors put it cautiously—this argument 
is a counterbalance to the extravagance of the press and of scientists seek-
ing celebrity billing. The gene for financial success, for tennis stardom, 
for obesity, for inanity, or for extroversion is not a target for reputable 
research. There is a continuing need for social science to test and bury 
false claims. Vehemently put, however, this kind of argument about com-
plex traits can amount to a radical critique. 

Suppose the decisions and outcomes now coming onto the explana-
tory horizon of social science are driven by large assemblages of interact-
ing factors, each with a hunk of its own variation. Then even the substan-
tial sample sizes of existing surveys will be too small to pin down the 
proliferating combinations. Multiway tables with too many multiways 
have too many cells to estimate. Nonlinear functional relationships with 
too many arguments are not identifiable with modest batteries of ques-
tions. This argument sees the enterprise of survey research coming up 
against its limits. 

Two modes of complexity need to be kept quite separate. One is 
complexity in the basic units that act as determinants. Single-nucleotide 
polymorphisms or single genes or epistatic pairs or triples or regulators 
or promoters may none of them be the right units to be studying. But 
there may still be some sort of complex units, gene networks, regula-
tory feedback systems—something else, perhaps as yet undiscovered, for 
which relevant causal variation can be specified by a modest number of 
bits of information. Low-dimensional structure may be hiding in high-
dimensional systems. This kind of complexity makes the problems of 
social scientists hard but soluble. Progress in genetics should translate 
into progress in behavioral analysis.

The other mode of complexity is the one implicated in the radical 
critique: many interlinked factors, each with variation of its own, each 
only sometimes a rate-limiting factor, each only sometimes a catalyst or 
inhibitor in feedback loops. This kind of complexity is akin to the com-
plexity of ordinary daily life. Relevant variation irreducibly requires large 
numbers of bits of information to specify. If such complexity is the rule 
in the behaviorally relevant structure of the genome, prospects for using 
genetic indicators from social surveys would seem daunting.

There are, however, countervailing reasons for encouragement. A 
complex structure with enough interacting but partly independently 
varying elements can often be modeled by a random system. In such a 
system, laws of large numbers often operate, and many detailed interac-
tions cancel out. Physicists successfully model complex particle systems 
with random matrices whose spectra obey simple, discoverable laws. 
Genetic influences that figure importantly in trends or in population dif-
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ferentials may prove to be accessible to research, without the necessity of 
fully untangling the underlying complex causal structure. 

We go to the beach and ask, “Why does this wave surge up far 
enough to wash away our sandcastle?” Hopeless. But we could ask, and 
answer, the other question, “Why do waves surge up far enough to wash 
away our sandcastle?” Pursuing knowledge of causal processes and path-
ways is important, but usable knowledge depends ultimately on finding 
something simple in the picture. The goal is not a secular theology of 
predestination. We are not aspiring to understand the full determinants 
of complex traits or tell out the person-specific reasons for each person’s 
path to troubled or successful aging. Survey research has to be a gamble 
on simplicity, no less so as we start to try to take advantage of our first 
samples of DNA.

The kind of complexity that might defeat social science research is 
also a kind of complexity that might have defeated natural selection. The 
genomic information that mattered for behavior and reproductive success 
over evolutionary time should not have been so contingent that selective 
pressure could not impinge on it. Environments matter, and it seems plau-
sible that some good part of existing functional genetic variation persists 
because variation has been adaptive in variable environments. Despite 
the complexity of complex traits, what natural selection manages to notice 
might be out there for us to find. Why hesitate to look? 

So it is that some social scientists hope that genes might be discovered 
that influence behavior—and that they can play a role in their discovery. 
Parts of Chapter 15 by Daniel Benjamin and colleagues point in this 
direction, albeit with cautious recognition of problems and difficulties. 
In particular, the authors hypothesize that genes with known effects on 
neurotransmission pathways or on memory (and some other cognitive 
functions and abilities) might influence labor force participation, wealth, 
and other economic behaviors and outcomes. The four chapters in Part II 
provide detailed explanations of how problematic and questionable such 
a quest is. The reader can make a judgment about whether Benjamin et al. 
are brave or reckless. The more general point is clear: most social science 
research using biological information does not pertain to genes, and the 
research that does include genes largely focuses on using this information 
to better assess nongenetic influences.

WHAT HAvE WE LEARNED SO FAR?

Part I, roughly “What we have learned from what we have already 
done,” includes chapters on six different research programs, a chapter 
that reviews other relevant surveys with an emphasis on biological indi-
cators, and a chapter that more generally reviews the theory and practice 
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of biomarkers in social science research on health and aging. The first 
three chapters cover large, well-established studies of health and aging 
that have long included biological information. Kaare Christensen and 
colleagues describe the main research directions and findings of the Dan-
ish studies of elderly twins, nonagenarians, and centenarians. Michael 
Marmot and Andrew Steptoe provide a review of two important Eng-
lish surveys, Whitehall II and ELSA (the English Longitudinal Study of 
Ageing). Jack Chang and colleagues describe and discuss the Taiwan 
biomarker project. These three chapters provide a wealth of details and 
insights based on deep experience.

The directors of the Health and Retirement Study, one of the largest 
and most widely used surveys of aging, were considering the addition of 
biomarkers at the time of Cells and Surveys (Weinstein and Willis, 2001). 
The study is cautiously adding the collection of a few markers. The rea-
sons for caution and lessons from recent experience are discussed by 
David Weir.

Robert Wallace calls social scientists’ attention to the Women’s Health 
Initiative, a very large, intricate set of clinical trials. He describes the dif-
ficulties in managing such an endeavor: the complexity of the nested stud-
ies and the extent of the collaborative networks constitute a Petri dish for 
nurturing administrative complications. Wallace emphasizes the poten-
tial value of the Women’s Health Initiative for social science research, a 
potential that has not yet been realized. Duncan Thomas and Elizabeth 
Frankenberg demonstrate that it is indeed possible for social scientists 
to use clinical trials to learn about behaviors and social outcomes. The 
experiment involved adults in Indonesia who were randomly assigned 
to two groups, one receiving iron supplements and the other a placebo. 
The health of those receiving the iron supplements improved. Thomas 
and Frankenberg studied how this affected workers’ productivity and 
time allocations. 

Not every significant study is or could be represented in this vol-
ume—a testament to how widespread the collection of biomarkers has 
become. Among others, important studies that do not have their own 
chapters include MIDUS (National Survey of Midlife Development in the 
United States), the Women’s Health and Aging Study, SHARE (Study of 
Health and Retirement in Europe), and SAHR (Stress, Aging, and Health 
in Russia). The chapters by Jennifer Harris, Tara Gruenewald, and Teresa 
Seeman and by Douglas Ewbank provide overviews of some of these 
other studies and their connections with the studies covered in the earlier 
chapters. Harris and colleagues critically review biomarker research from 
community and population-based studies, with an emphasis on physi-
ological parameters and genes. Ewbank reviews theory and practice, with 
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an emphasis on studies of social behaviors and environments. He concen-
trates on studies of the effects of chronic social and psychological stress. 

Taken together, the eight chapters on what we have learned so far 
include discussion of findings that have been made possible by the com-
bination of biological and social data. They also include candid commen-
taries on the logistical problems that the researchers encountered. These 
hurdles include consent processes; challenges in the field; difficulties in 
storing, archiving, and reusing specimens; and management of collabora-
tions across institutions. Ewbank reminds us that it is probably too early 
to draw generalizations from the studies. A corollary to this caution is 
that however great the temptation, it is also too early to restrict ourselves 
to “cookie cutter” surveys that simply replicate the biomarker collections 
of previous studies.

Still, the broad conclusion is clear: the studies to date provide new 
ways of understanding the interactions and joint effects of behavior, the 
social environment, and physiology on health. Of particular interest for 
future understanding of these effects is the growing number of studies 
that are being done outside the United States. For example, as noted by 
Marmot and Steptoe, the collection of biological and social data in both 
England and the United States has contributed to understanding of the 
higher rates of morbidity in the United States. The chapters by Harris et 
al. and Chang et al. note differences between results from the MacArthur 
study in the United States and the Taiwan biomarker project; these varia-
tions have the potential to open a window onto macro-level influences 
on the links between social experience and health. As additional studies 
are added to the “arsenal”—nascent and ongoing studies, for example, in 
Japan, Korea, mainland China, Mexico, and Russia—there will be oppor-
tunity to explore these factors.

WHAT ABOUT gENETICS IN SOCIAL SCIENCE RESEARCH?

Traditionally, social scientists have studied people’s behavioral, 
psychological and demographic characteristics, how these characteris-
tics interact, and how they are affected by the social environment. More 
recently, social scientists have begun to collect and analyze data on indi-
viduals’ health and on physiological and morphological factors that affect 
health. In the past few years, it has become possible not only to study 
phenotypes—observable traits of individuals—but also to study geno-
types, the genetic makeup of individuals. This ability presents a new set 
of scientific opportunities, practical difficulties, and ethical challenges. 
Part II offers an introduction to these issues. We expect that this primer 
will be of particular interest and value to social scientists.

The chapter by Mary Jane West-Eberhard provides a “reader’s guide 
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for how to relate genes to phenotypic traits . . . to better interpret research 
results and public discussions. . .” She explains why it is deeply mislead-
ing to claim that there is a gene for a complex trait, such as a gene for 
obesity or laughter. She stresses the role of the environment in shaping 
the action of genes and the enormous intricacy of the genetic architecture 
of complex traits, such as longevity or intelligence. 

George Vogler and Gerald McClearn provide a complementary per-
spective on the limited opportunities, subtle complexities, and numerous 
pitfalls in analyzing genetic markers in social science research. They dis-
miss the outmoded nature versus nurture distinction and outline various 
types of correlations and interactions among genetic and environmental 
factors.

Harald Göring covers many of the same issues of polygenes and 
complicated gene-environment interactions and correlations. He does 
so, however, from a different perspective: he focuses on explaining why 
large-scale social surveys are not well suited to the discovery of genes that 
influence complex traits related to behavior or health. Social surveys can, 
however, sometimes play an important role—not in gene discovery but in 
the validation of purported discoveries. Many of the published discover-
ies are false positives. Many do not accurately estimate effect sizes. And 
many are based on study of special populations that are not representa-
tive of the general population. Large social surveys can provide additional 
information to address these deficiencies.

The fourth chapter on genetics in social science research, by Kenneth 
Weiss, also emphasizes that many genes may influence a trait and 
that those genes interact with each other and with the environment in 
extremely complex ways. Furthermore, “genes typically harbor tens to 
hundreds or more alleles,” genetic variants that differ from individual to 
individual. Somatic mutations (that is, changes in genes over the course 
of life) and “stochasticities of countless sorts” further complicate analysis. 
Weiss also raises some uncomfortable and far-reaching ethical concerns. 
His questions are particularly important for demography, economics, and 
other domains of social science that have strong influences on policy for-
mulation. The hazards of entering into an arena with a history of political 
and social abuse should not be ignored.

Understanding the profound complexities of analyzing genes in social 
science research is enhanced by the complementary perspectives of the 
four chapters in this section. The chapters are a tutorial for social scien-
tists, valuable for naïve researchers intrigued by publicity about obesity 
or longevity “genes,” and even more valuable for experienced social sci-
ence researchers who have recognized the usefulness of incorporating 
(nongenetic) biological indicators in surveys and are now considering 
studying genes. 
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WHAT’S NEXT?

Part III explores concepts, methods, and modeling strategies that are 
emerging as biomarkers are increasingly collected. Although incorpora-
tion of biological indicators in social surveys has burgeoned over the past 
several years, the field is still young. New kinds of biomarkers and new 
ways of thinking about rich combinations of social and biological data 
are needed.

Stacy Tessler Lindau and Thomas McDade provide an overview of 
minimally invasive and innovative methods for collecting biological infor-
mation in population-based research. Some of the strategies they discuss 
are being implemented. For instance, information from MRIs is being col-
lected by a subproject headed by Richie Davidson as part of the MIDUS II 
study led by Carol Ryff and Burt Singer. Extensive electrocardiogram data 
from Holter monitoring of heart patterns over a 24-hour period are being 
gathered from a sample of hundreds of older individuals in Moscow as 
part of the study of Stress, Aging, and Health in Russia (SAHR) under the 
direction of Maria Shkolnikova. The use of Holter monitoring represents 
an innovative application of a well-established method to collect informa-
tion on the dynamics of physiological variation. Most of the biological 
indicators used to date are based on a single measurement at a single time. 
Multiple measurements two or more years apart are sometimes taken in 
longitudinal surveys, and these data can be valuable in reducing measure-
ment error as well as in tracking trends. Temporal patterns of variation 
over hours or days in an individual’s physiology are often much more 
informative than point values. Holter monitoring and other methods for 
continuously assessing a person’s biological activity and exposures to 
environmental influences will undoubtedly become a major feature of 
future social surveys, especially if comfortable, minimally invasive instru-
ments can be developed to gather such data. 

The salience of nutrition and its relationships with social and eco-
nomic characteristics are increasingly being recognized by social scien-
tists; the research described by Thomas and Frankenberg (Chapter 7) is an 
example. The potential importance of genetic influences on an individual’s 
response to nutrition and biomarkers for nutritional intake are described 
by John Milner and colleagues in their chapter on nutrigenomics. Given 
the well-documented and extensive problems in collecting complete and 
reliable data on diet (see, for example, comments in the chapter by Davey 
Smith and Ebrahim), the development of sensitive and specific biomark-
ers of nutritional intake would be a major advance.

The chapter by Daniel Benjamin and colleagues describes the nascent 
field of genoeconomics. The field includes three kinds of contributions. 
“First, economics can contribute a theoretical and empirical framework 
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for understanding how market forces and behavioral responses medi-
ate the influence of genetic factors. Second, incorporating genetics into 
economic analysis can help economists identify and measure important 
causal pathways (which may or may not be genetic). Finally, economics 
can aid in analyzing the policy issues raised by genetic information.” As 
an example, the authors present their ongoing work exploring candidate 
genes that may influence decision making and their associations with 
economic characteristics. As the authors acknowledge, it is a daunting 
enterprise, one that underscores the relevance of the warnings, both sci-
entific and ethical, raised in Part II.

The social scientists whose work is reviewed in this volume are pri-
marily interested in biological indicators in order to better understand 
how other kinds of factors—behavioral, social, environmental—affect 
health and aging. Social scientists would like to understand causal rela-
tionships. It is, however, difficult to distinguish causation from correla-
tion, association, or reverse causation in social science research. This 
difficulty is documented in the chapter by George Davey Smith and 
Shah Ebrahim. One strategy for identifying causal links is to conduct 
randomized, controlled experiments or clinical trials. Social scientists 
have only occasionally been able to do so, but Thomas and Frankenberg 
describe how a clinical trial with iron supplements could be used to 
study how health influenced workers’ productivity and time allocations 
in Indonesia. Davey Smith and Ebrahim describe an alternative strategy, 
in which quasi-randomization is produced by use of instrumental vari-
ables related to individuals’ genetic variants. 

How can social scientists move beyond simplistic associations to more 
sophisticated understanding of mechanisms and causal linkages? This 
overarching question is also the topic of the final two papers of the volume. 
John Cacioppo and colleagues consider the difficulties of interdisciplinary 
research that crosses biological and social levels of organization. They dis-
cuss how a scholar “can productively think about concepts, hypotheses, 
theories, theoretical conflicts, and theoretical tests” in multilevel investi-
gations. They describe concepts to aid thinking about the “mapping of 
biological measures to social and behavioral constructs in surveys.” John 
Hobcraft also considers general issues in the way one models and thinks 
about research questions. Social science research is increasingly drawing 
on multiple levels of biological, behavioral, social, and environmental 
observation; disparate sources of data; and diverse perspectives and areas 
of expertise. Hobcraft argues that “progress in understanding human 
behavior (or health) requires an integrative approach.” He recommends 
“greater attention to pathways within the individual and their interplays 
with the processes and progresses whereby the individual interplays with 
multiple contexts over the life course,” concluding that “a concentration 
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on chains or sequences of events, greater awareness of contingent rela-
tionships . . . and elaboration of partial mid-level frameworks or mecha-
nisms” is required.

Such an approach is difficult, and most research studies will continue 
to focus on fragments. Including biological indicators in social surveys 
will, however, encourage broader integrative thinking and produce deeper 
understanding of mechanisms and causal linkages. This volume docu-
ments how difficult and how promising the endeavor is—and provides 
practical advice and wise insights. The report concludes with an appendix 
that provides biographical sketches of contributors to this volume
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Biological Indicators and  
Genetic Information in  

Danish Twin and Oldest-Old Surveys

Kaare Christensen, Lise Bathum, and Lene Christiansen

Over the last 10 years, biological indicators and genetic information 
have been added to ongoing nationwide longitudinal surveys 
among twins and elderly people in Denmark. This chapter sum-

marizes experiences and some important results obtained by adding both 
traditional and new biological indicators to these surveys in order to get 
a better understanding of the predictors and determinants of healthy 
aging.

The overall strategy on biological indicators in these Danish stud-
ies was designed to achieve two goals. First, we decided to collect a few 
easily obtainable biological indicators from nearly all participants in the 
surveys to be able to make valid and statistically powerful tests of new (or 
old) findings from other studies—in particular, genetic association stud-
ies, which constitute a research field that suffers from many false positive 
findings due to multiple testing in many small-scale studies. Second, we 
decided to obtain more detailed biological indicators from individuals 
who were identified through the survey as particularly informative for a 
given research purpose, meaning that we used the survey as a screening 
instrument for follow-up ancillary studies. 

The chapter starts with a short description of the challenges and biases 
in the search for biological and nonbiological determinants of healthy 
aging. An overview of the Danish surveys follows, with a focus on the 
limited impact the inclusion of biological indicators in the surveys had on 
response rates and the experience that the small amount of DNA obtained 
by a finger prick or a cheek brush probably is enough for hundreds (if 
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not thousands) of genotypes. Then examples of cross-sectional and lon-
gitudinal large-scale genetic association studies in the Danish cohort are 
given, focusing on physical and cognitive functioning and survival. Stud-
ies using more detailed biological indicators for particularly interesting 
subsets of the survey participants, such as twin pairs, will also be covered. 
Finally, a new biological indicator, perceived age based on photographs, 
is described and we show how this biological indicator—which is at the 
other end of the biological spectrum from molecular indicators of aging—
correlates to environmental exposures and predicts survival.

CHALLENgES IN THE SEARCH FOR DETERMINANTS OF 
HEALTHy AgINg AND LONgEvITy

A large ongoing research effort is under way to identify the genetic, 
environmental, and behavioral determinants of extreme survival (longev-
ity) by comparing exceptional survivors (often centenarians) with younger 
cohorts—that is, case-control or association studies. A characteristic that 
is more common in centenarians than in the younger control group is 
interpreted as a determinant for exceptional longevity. A weakness of this 
approach is that, for all unfixed characteristics, it cannot be distinguished 
whether an observed characteristic among exceptional long-lived persons 
is a cause or an adaptive change. Another reason for the limited success of 
centenarian studies in identifying factors (even fixed characteristics such 
as genotype) of importance for survival until extreme ages may also be 
the lack of an appropriate control group, as cohort-specific characteristics 
may confound the comparison between the centenarians and younger 
cohorts.

The interference from an observation from such cross-sectional stud-
ies (e.g., that a fixed characteristic like a gene variant is decreasing in fre-
quency with age) is dependent on a stable population with little migration 
into or out of it—that is, no population stratification (Lewis and Brunner, 
2004). Remote islands or other isolated populations will therefore often 
be very well suited for such cross-sectional age dependency studies (also 
because of better preserved linkage disequilibrium between markers and 
putative causal mutations). Immigrant countries like the United States 
and Australia are less suited due to greater genetic and environmental 
heterogeneity. The case-control studies may also suffer from publication 
bias because many of the reported associations are often found in sub-
groups (defined by age or sex) and usually without an a priori hypothesis 
of which polymorphism is the advantageous one. Consequently, most 
associations fail to be replicated in independent studies (Ioannidis, 2003). 
Large longitudinal studies in genetically rather homogeneous popula-
tions, such as that in Denmark, avoid many of these biases.
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THE DANISH SURvEyS OF TWINS AND THE OLDEST-OLD

The Longitudinal Study of Aging Danish Twins (LSADT) and the 
Danish 1905 Cohort Study are longitudinal surveys aimed at understand-
ing the determinants of healthy aging and exceptional survival. They 
have been conducted in parallel and are both nationwide in scope and 
population based. 

Longitudinal Study of Aging Danish Twins

LSADT began in 1995 with the assessment of members of same-sex 
twin pairs born in Denmark prior to 1920 (i.e., at least 75 years old at 
the beginning of 1995). The surviving members of the initial cohort were 
followed up every two years in 1997, 1999, 2001, 2003, and 2005. Addi-
tional cohorts were added to the 1997, 1999, and 2001 assessments and 
subsequently followed at two-year intervals in 2003 and 2005. Twin pairs, 
in which both were alive and born between 1920 and 1923 (i.e., at least 
73 years old at the beginning of 1997), were added in 1997; twins born 
between 1921 and 1928 (i.e., at least 70 years old at the beginning of 1999) 
were added in 1999; and twins born between 1929 and 1930 (i.e., at least 
70 years old at the beginning of 2001) were added in 2001. An overview of 
the LSADT cohort-sequential design is given in Figure 1-1. These studies 
comprised a home-based two-hour multidimensional interview focusing 
on health issues, assessment of functional and cognitive abilities, and 
DNA sampling. 

Biological Indicators in LSADT

Full Blood Samples on Selected Individuals in 1997

Shortly after the interview in 1997, a trained phlebotomist collected 
a blood sample from all same-sex twin pairs in which both members 
were alive and willing to participate. In all a total of 689 subjects donated 
a blood sample, including 290 same-sex twin pairs and 109 pairs from 
whom we received blood from only one twin. The samples were sent by 
ordinary mail from all over Denmark and each sample, within two days 
of receipt, was separated into cells and plasma layers by centrifugation.

DNA Samples on All Nonproxy Participants from 1999

For the 1999 survey, all participants (except those who participated by 
proxy—spouse, children, or caretaker) were asked to provide a DNA sam-
ple by means of a finger prick blood spot sample. The blood was stored 
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FIGURE 1-1

FIgURE 1-1 Overview of the Longitudinal Study of Aging Danish Twins (LSADT). 
Participation rates are given in percentage in the white boxes. 

on filter paper, and the procedure is described in detail in Christensen 
(2000, pp. 56-60). The blood spot card was the preferred DNA collection 
method; however, the participants could provide biological material by 
using cheek brushes if they disliked the idea of a finger prick. A total of 
90 percent of the nonproxy participants provided a biological sample, of 
which 91 percent were blood spots. The same procedure was repeated 
in all subsequent waves (2001, 2003, and 2005) in order to study changes 
over time and to obtain more DNA. As seen in Figure 1-1, the inclusion 
of blood spots/cheek brushes did not affect the participation rates in a 
negative way. Furthermore, more demanding measurements, such as grip 
strength and pulmonary functioning, were also included for the first time 
in 1999, still with no apparent influence on the participation rate.

Photographs of All Participants from 2001

When assessing health, physicians traditionally compare perceived 
and chronological age. Among adults, “looking old for your age” is often 
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interpreted as an indicator of poor health and is used in clinical prac-
tice as a biomarker of aging. The sparse data available on the relation-
ship between perceived age and survival indicate an inverse association 
(Borkan, Bachman, and Norris, 1982). Starting with the 2001 LSADT sur-
vey (and continuing in 2003 and 2005), we obtained a digital photograph 
of each subject in order to explore this association further. 

The Danish 1905 Cohort Study

We surveyed the complete Danish 1905 cohort in 1998 when 3,600when 3,600 
individuals from this cohort were still alive and 2,262 participated in the 
survey that included an interview, physical and cognitive tests, as well as 
collection of biological material. Subsequently we made three in-personSubsequently we made three in-person 
follow-up studies of the participating survivors in 2001, 2003, and 2005 
(Figure 1-2) establishing the first large-scale centenarian study in which 
both environmental and genetic information is available from a noncen-

FIGURE 1-2

3,600
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(78%)

437
(77%)
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(74%)
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1998 200520032000
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256
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died
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5036149
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FIgURE 1-2 Overview of the Danish 1905 Cohort Study. All nonproxy partici-
pants were eligible for blood spots/cheek brushes at all waves. Participation rates 
are given in percentage in the white boxes. 
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tenarian control group from the same birth cohort. The participants werehe participants were 
age 92-93 when they entered the study, which is only “halfway to becom-
ing a centenarian” in terms of selection: only about 1 in 20 of the 1905 
cohort made it to age 92-93, and only about 1 in 20 of these survivors at 
age 92-93 lived to celebrate their 100th birthday. Hence, the Danish 1905 
cohort provides a powerful and unique opportunity for studying the 
determinants of survival in the second leg of the long trip to becoming a 
centenarian.

DNA Samples from All Participants in All Waves

All nonproxy participants, in all waves, were asked to provide blood 
spots or cheek brushes, and approximately 90 percent of the nonproxy 
respondents agreed. Of these, around 80 percent agreed to blood spots 
and 20 percent to cheek brushes.

Full Blood Samples from All Participants in 2005

To obtain comparable data to a Danish centenarian study conducted 
10 years earlier, that of the 1895-1896 cohort (Andersen-Ranberg, Schroll, 
and Jeune, 2001), full blood samples were taken in 2005 (shortly after the 
interview) from all participants who consented. Also to enhance com-
parability to the previous Danish study, we recontacted previous nonre-
sponders (a group comprised of both nonresponders and study dropouts) 
and were able to add 90 additional subjects to our study (Figure 1-2). The 
participation in 2005 of the former nonresponders in the 1905 cohort is 
likely to be influenced by the common misconception among the elderly 
(and their relatives) that, whereas studies of centenarians are interesting 
and important for science, this is not the case for studies of 93-year-olds.

How Many genotypes Can Be Obtained by 
 Blood Spots and Cheek Brushes?

Dried blood spot specimens are made by carefully placing a few 
drops of blood, freshly drawn by finger prick with a lancet, onto specially 
manufactured absorbent specimen collection (filter) paper. Cheek brushes 
collect cells by gently rubbing the inside of the cheek (Christensen, 2000). 
For both DNA sampling methods, the amount of collected cells and hence 
the amount of isolated DNA are very variable, especially in the eld-
erly. Using ordinary methods based on polymerase chain reactions, we based on polymerase chain reactions, webased on polymerase chain reactions, we 
have until now genotyped the entire 1905 cohort for 20 different single-
nucleotide polymorphisms (SNPs, microsatellites and smaller insertions/
deletions). We estimate that it is possible to genotype at least 2,000 SNPs 
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from a fully filled blood spot card, whereas each cheek brush is estimated 
to provide DNA for 200 genotypes if the analyses are carefully optimized 
for the use of a low DNA content. However, the development of whole 
genome amplification techniques may perhaps in the future make it fea-
sible to conduct large genetic epidemiological studies using small DNA 
sources, such as blood spots and cheek brushes. Several reports have 
shown that whole genome amplification methods are indeed applicable 
for low DNA yield samples; however, a higher rate of genotyping errors 
has been reported when using these low DNA yield samples, possibly due 
to allele dropout. The use of these techniques requires increased atten-
tion to genotyping quality control and caution when interpreting results 
(Silander et al., 2005).

IMPORTANT FINDINgS DUE TO INCLUSION OF  
BIOLOgICAL INDICATORS IN THE DANISH SURvEyS

Studies of Candidate genes for Healthy Aging Using the Full Surveys

A very large number of candidate genes have been investigated for 
putative associations with human aging and longevity (Christensen, 
Johnson, and Vaupel, 2006). Based on the promising results from animal 
studies, genes from the insulin/IGF-1 pathway, stress response genes 
(heat and oxidative stress), and genes influencing mitochondrial function-
ing have been obvious candidates. So have immune system–regulating 
genes (e.g., interleukines), as it is a biological system with a sufficiently 
broad spectrum of functions and hence likely to be associated with aging 
and survival (Finch and Crimmins, 2004; Franceschi et al., 2000). Other 
candidates have been selected based on known downstream functioning 
and association with early or late-in-life pathology and diseases, such as 
metabolic genes (e.g., lipoproteins), iron metabolism–regulating genes 
(e.g., HFE), genes affecting the cardiovascular system (e.g., ACE), and 
tumor suppressor genes called p53. A distinct group of candidates are suppressor genes called p53. A distinct group of candidates are 
the genes for the premature aging syndromes, such as the DNA repair 
helicase Werner syndrome (Yu et al., 1996) in which “leaky mutations” 
are considered—that is, the syndrome-causing gene is investigated to 
test if “milder” common mutations could be associated with aging and 
survival generally.

One candidate gene, microsomal triglyceride transfer protein (MTP) microsomal triglyceride transfer protein (MTP) triglyceride transfer protein (MTP) 
was identified after a genome-wide linkage scan in long-lived families 
had provided evidence for a locus for longevity on chromosome 4 (Puca 
et al., 2001; Geesaman et al., 2003). This finding received considerable 
coverage in both the scientific and the lay communities as a promising 
“longevity gene.” As illustrated by the examples below, one of the most 
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important aspects of having biological material in surveys like the Danish 
is that they can readily provide valid and powerful statistical tests of 
such findings on putative determinants of healthy aging or exceptional 
survival.

Microsomal Triglyceride Transfer Protein 

A genome-wide linkage scan in long-lived families provided evidence 
for a locus for longevity at chromosome 4 near microsatellite marker 
D4S1564 (Puca et al., 2001; Reed, Dick, Uniacke, Foroud, and Nichols, 
2004), although a follow-up study in a French population did not confirm 
this observation (Geesaman et al., 2003). Fine mapping of the region iden-
tified MTP as the gene most probably responsible for the chromosome 4 
linkage peak (Geesaman et al., 2003). The two SNPs found to account for 
the majority of the variation at the locus are rs2866164—an SNP in com-
plete linkage disequilibrium with rs1800591 (-493G/T), an MTP promoter 
mutation—and MTP Q/H—a semiconservative mutation in exon 3 of 
MTP (glutamine to histidine at aminoacid 95) (Geesaman et al., 2003). The 
rs2866164-G allele and the haplotype composed of rs2866164-G/MTP-Q9 
had a significantly lower frequency in long-lived individuals compared 
with a group of younger controls in the initial study.

MTP is necessary for the assembly of apolipoprotein B-containing 
lipoproteins in the liver and small intestine (Swift et al., 2003) and lack 
of the protein leads to abetalipoproteinemia, a rare genetic disorder that 
is characterized by an inability to produce chylomicrons and very low-
density lipoproteins. MTP is a good candidate for a gene involved in 
human longevity. Its functions and critical position in lipoprotein have 
made it the basis for a new generation of lipid-lowering drugs that have 
reached trials in animal models (Wierzbicki, 2003). However, we geno-
typed the 1,905 cohort, and even after seven years of follow-up with more 
than 80 percent of the population deceased, we were not able to detect any 
association between MTP and survival (Bathum et al., 2005) (Figure 1-3). 
Furthermore, a large case-control study of German centenarians (Nebel 
et al., 2005) and an association study in Dutch nonagenarians failed to 
confirm any association of MTP variants with longevity. Finally, in 2006, 
a meta-analysis of all published studies, analyzing data from 4,915 long-
lived cases older than 85 years and 3,002 younger controls, resulted in an 
odds ratio of 0.93 (95% CI, 0.77-1.14), thus confirming the lack of associa-
tion between MTP and longevity and illustrating the necessity of replica-
tion studies in identifying genes that affect human longevity (Beekman 
et al., 2006). 
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Apolipoprotein E

Apolipoprotein E plays an important role in lipoprotein metabolism, 
and the protein is found in three common variants (ApoE-2, ApoE-3, andis found in three common variants (ApoE-2, ApoE-3, and 
ApoE-4) that were known at the protein level before the gene was cloned. 
The ApoE-4 variant has been consistently associated with a moderately 
increased risk of both cardiovascular diseases and Alzheimer disease, 
while the ApoE-2 is protective (Corder et al., 1996; Panza et al., 2004;Corder et al., 1996; Panza et al., 2004; 1996; Panza et al., 2004;Panza et al., 2004; 2004; 
Lewis and Brunner, 2004). Not only has ApoE-4 been shown to be a risk 
factor for cardiovascular diseases and Alzheimer disease per se, but also 
several studies have found that the ApoE-4 carrier is more susceptible 
to some environmental exposures, making this an example of a gene-
environment interaction.

For example, an increased risk of chronic brain injury after head 
trauma has been observed for individuals who carry the ApoE-4 gene 

FIGURE 1-3
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FIgURE 1-3 Kaplan-Meier survival estimates in the 1905 Cohort Study (N = 
1,651) divided into the three haplotype groups for microsomal triglyceride trans-
fer protein (MTP). Haplotype 2 is the suggested risk haplotype composed of the 
rs2866164-G and Q95 allele and haplotype 1 is all other haplotypes. The analysis 
unit of time is days. The difference is not significant (p = 0.32). 
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variant, compared with non-ApoE-4 carriers (Jordan et al., 1997). ApoE-4, 1997). ApoE-4 1997). ApoE-4 
also seems to modulate the effect of other risk factors for cognitive decline. 
Individuals with ApoE-4 in combination with atherosclerosis, peripheral 
vascular disease, or diabetes mellitus have a substantially higher risk of 
cognitive decline than those without ApoE-4 (Haan, Shemanski, Jagust,, Shemanski, Jagust, 
Manolio, and Kuller, 1999).1999). 

Cross-sectional studies of allele frequency differences between age 
groups for ApoE have been remarkably consistent from study to study, in 
contrast to other candidate genes (Ewbank, 2004). The ApoE-4 frequency 
varies considerably among populations of younger adults (about 25 per-
cent among Finns, 17-20 percent among Danes, and about 10 percent 
among French, Italians, and Japanese), but in all these populations the 
frequency among centenarians is about half the value of the younger 
adults (Figure 1-4). Although these changes in ApoE allele frequency with 
age are substantial, it is compatible with a scenario in which ApoE-2 car-
riers in adulthood who have an estimated average mortality risk that is 
only 4-12 percent lower than in ApoE-3 and ApoE-4 carriers have a risk 
that is only 10-14 percent higher throughout adulthood (Gerdes, Jeune,, Jeune, 
Ranberg, Nybo, and Vaupel, 2000), making ApoE a “frailty gene” rather, 2000), making ApoE a “frailty gene” rather 
than a “longevity gene.” The longitudinal Danish 1905 cohort showed 
that the ApoE genotype has an association with cognitive functioning and genotype has an association with cognitive functioning and 
cognitive decline (Figure 1-5) in this age group, albeit of only borderline 
significance. However, when defining a well-functioning group, that is, 
those still alive, without interview by proxy or extreme decline in the Mini 
Mental State Examination at follow-up, there was a significant decrease in 
the frequency of ApoE-4 positive subjects from intake to first and second 
follow-up. So ApoE genotypes have a statistically significant effect on the 
probability of remaining a well-functioning nonagenarian (Bathum et al., 
2005). While the impact on survival is minor, the difference in survival 
between ApoE-4 positive and negative subjects did become statistically 
significant in January 2006 after more than seven years of follow-up and 
more than 1,200 deaths in the cohort. Preliminary analyses suggest that, 
at intake at age 92-93, the participants (both ApoE-4 positive and ApoE-4 
negative) have mortality rates below the population average, confirming 
that terminally ill individuals are overrepresented among the nonpartici-
pants and the proxy-responders. As follow-up time increases, the differ-
ence in survival becomes clear, showing that ApoE-4 positive individuals 
have higher mortality rates than the overall population, whereas ApoE-4 
negative individuals have lower mortality rates. This highlights the need 
for careful analyses of the nonparticipants. In Denmark such analyses can 
be carried out through linkage to national health registers.
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FIGURE 1-4
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FIgURE 1-4 The frequencies of apolipoprotein E alleles vary with age. Frequen-
cies of the three common ApoE alleles—ApoE-2, ApoE-3, and ApoE-4—are shown, 
taken from data in 13 published studies. Each line connects the frequencies in vari-
ous age groups in a given population. 
SOURCE: Reproduced from Gerdes et al. (2000).
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Angiotensin I-Converting Enzyme (ACE)

The insertion/deletion polymorphism in intron 16 in the gene coding 
for angiotensin I-converting enzyme (ACE) is also a biologically plausible 
candidate for successful aging and longevity. This is because the genotype 
accounts for approximately half of the variance in the circulating ACE 
level and from the II (homozygous insertion) to the DD (homozygous 
deletion) genotype the presence of each D allele is associated with an 
additive effect on ACE activity (50 percent higher in the DD compared 
with the II genotype) (Rigat et al., 1990). The cleavage of angiotensin I by 
ACE produces the octapeptide angiotensin II, which is a potent vasocon-
strictor. The association between ACE genotypes, in particular DD, and 
the occurrence of cardiovascular and renal diseases has therefore been 
thoroughly studied in the past decade. The results have been inconsistent, 
and, for ischemic heart disease, publication bias has been shown to be a 
likely explanation for the discrepancies (Keavney et al., 2000).
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In recent years the ACE gene polymorphism has also been associated 
with the outcome of physical exercise, especially extreme endurance and 
performance. Presence of the II genotype has been found to be associated 
with improved performance (Montgomery et al., 1998; Williams et al., 
2000; Gayagay et al., 1998; Myerson et al., 1999). However, the study sub-
jects have mostly been from highly selected populations (e.g., elite athletes 
and military recruits) and the samples were small. The associations could 
not be confirmed in LSADT (Frederiksen et al., 2003), but a recent paper 
suggests an interaction between ACE genotype and mobility limitations 
among those age 70-79 who exercise (Kritchevsky et al., 2005). Again, no 
a priori hypothesis about existence of the interaction was found. 

ACE genotype has been hypothesized to be associated with longevity 
since a German study found an increased frequency of the DD genotype 
in octogenarians (Luft, 1999), which was to some degree supported in 
LSADT data (Frederiksen et al., 2003). This finding could not, however, 
be confirmed in two large studies of centenarians and younger controls 
(Bladbjerg et al., 1999; Blanche, Cabanne, Sahbatou, and Thomas, 2001). 
ACE genotyping is currently being performed in the 1905 cohort.

Interleukin 6

Chronic low-grade inflammatory activity has been suggested to play 
a central role in aging processes, as it seems to be implicated in the pathol-
ogy of several age-related diseases, consequently leading to increased 
mortality (Bruunsgaard, Pedersen, and Pedersen, 2001; Harris et al., 1999). 
The multifunctional cytokine interleukin 6 (IL-6) is one of the inflamma-
tory markers central to low-grade inflammation. IL-6 is overexpressed in 
many of the stress conditions that are characteristic features of the aging 
process (Ershler and Keller, 2000; Bruunsgaard et al., 2001; Cohen, Pieper, 
Harris, Rao, and Currie, 1997).

It has been proposed that an increase in IL-6 is a risk factor for the 
development of age-related diseases, such as rheumatoid arthritis, osteo-
porosis, Alzheimer disease, cardiovascular disease, and type 2 diabetes 
(Pradhan, Manson, Rifai, Buring, and Ridker, 2001; Ershler and Keller, 
2000; Licastro et al., 2000; Bonaccorso et al., 1998; Robak, Gladalska, 
Stepien, and Robak, 1998), as well as for functional decline (Barbieri et 
al., 2003; Ferrucci et al., 1999; Cohen et al., 1997) and mortality (Harris et 
al., 1999). However, Petersen and Pedersen (2005) suggest that IL-6 is a 
marker of metabolic syndrome rather than a cause and that IL-6 is actu-
ally a “myokine” released by contracting skeletal muscle fibers and dis-
seminates the beneficial effects of exercise to other organs (Petersen and 
Pedersen, 2005). Twin studies have shown that interindividual variations 
in IL-6 expression have a substantial genetic component (de Maat et al., 
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2004; de Craen et al., 2005), and these differences may be a result of base 
variations located in the promoter region of the IL-6 gene.

Three single-point polymorphisms (-597G/A, -572G/C, and -174G/
C) and an AT-stretch polymorphism (-373(A)n(T)m) have been identified 
in the IL-6 promoter (Georges et al., 2001; Terry, Loukaci, and Green, 2000; 
Fishman et al., 1998). The potential significance of the -174G/C polymor-
phism for both the IL-6 level and hence disease susceptibility and mor-
tality risk has been investigated in a large number of studies involving 
a variety of diseases. The results have, however, been conflicting (Nauck 
et al., 2002; Humphries, Luong, Ogg, Hawe, and Miller, 2001; Rauramaa 
et al., 2000). 

Recent independent findings of a modest, but significant, increase 
in the frequency of interleukin 6 -174GG homozygotes both in Finland 
(Hume, 2005) and in our Danish surveys (Christiansen, Bathum, 
Andersen-Ranberg, Jeune, and Christensen, 2004) suggest that this geno-
type is advantageous for longevity. However, a very recent study in Italy 
(Ravaglia et al., 2005) was unable to confirm this.

Paraoxonase 1

Stress-response genes, such as paraoxonase, mediate protection 
against oxidative damage and are therefore excellent candidates for stud-
ies of successful aging and longevity. Paraoxonase 1 (PON1) is found 
to be associated with high-density lipoproteins (HDLs) in plasma. One 
physiological function of the enzyme appears to be the elimination of 
toxic oxidized lipids in lipoproteins, whereby it confers protection against 
atherosclerosis and coronary heart disease. Recent studies have demon-
strated a progressive decrease of PON1 activity with age, which may be 
related to oxidative stress conditions developing with increased age. In 
general, there is a 40-fold variation in PON1 activity among individuals, 
which is partly explained by genetic variations in both the coding region 
and the promoter of the gene, although environmental influences, for 
example, tobacco smoking, also exert an effect (Costa, Vitalone, Cole, and 
Furlong, 2005; Seres, Paragh, Deschene, Fulop, and Khalil, 2004). 

Investigating the influence of the two coding sequence polymor-
phisms, L55M and Q192R, on the efficacy of protection of low-density 
lipoproteins (LDL) lipid oxidation, Mackness et al. (1998) demonstrated 
that individuals with the PON1 192QQ/55MM genotype were most effec-
tive in protecting LDL against lipid oxidation, whereas PON1 192RR/55LL 
homozygotes were least effective. A meta-analysis of 43 studies involving 
11,212 cases and 12,786 controls suggested a weak overall association 
between 192Q/R and coronary heart disease. 

We explored the association between the PON1 192Q/R polymor-



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

KAARE CHRISTENSEN, LISE BATHUM, and LENE CHRISTIANSEN ��

phism both in LSADT and in the 1905 cohort. Using the longitudinal 
study design, we first found that 192RR homozygotes had a significantly 
poorer survival compared with QQ homozygotes in LSADT. We extended 
this study by testing an independent sample of 541 individuals from the 
1905 cohort and confirmed the initial findings. In both samples the effect 
was most pronounced in women, suggesting that PON1 192RR homozy-
gosity is associated with increased mortality in women in the second half 
of life (Christiansen et al., 2004). We just completed the PON1 genotyping 
of the whole 1905 cohort, and the seven years of follow-up (Figure 1-6) 
further corroborated the initial finding. One of the biggest challenges to 
genetic association studies are false positive findings (Ioannidis, 2003) and 
one of the major strengths of including biological material in both LSADT 
and the Danish 1905 Cohort Study has been that independent replication 
can be performed.
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FIgURE 1-6 Kaplan-Meier survival estimates in the combined group of partici-
pants from the 1905 cohort (N = 1,265) divided into the three genotype groups for 
PON1 192. The analysis time unit is days (p < 0.05).
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STUDIES OF BIOLOgICAL INDICATORS FOR HEALTHy AgINg 
USINg SELECTED SUBgROUPS IN THE SURvEyS

Biological indicators from elderly twin pairs provide a number of 
unique research opportunities, and therefore we included a full blood 
sample in the LSADT 1997 wave for the “intact twin pairs” in the survey. 
Among the key uses of the samples were to investigate telomere length, 
X inactivation, and gene expression. 

Telomere Length

The consistent findings of a negative correlation between telomere 
length and the replicative potential of cultured cells as well as a decreas-
ing telomere length in a number of different tissues in humans with age 
(Cherif, Tarry, Ozanne, and Hales, 2003) have led to the suggestion that 
telomeres play a role in cellular aging in vivo, and ultimately even in 
organismal aging. A possible association between telomere length andA possible association between telomere length and 
mortality late in life in humans was indicated by Cawthon, Smith, O’Brien, 
Sivatchenko, and Kerber (2003), who measured telomere length on blood 
samples drawn about 20 years ago from 147 healthy individuals (ages 60-
97). They found that, corrected for age, individuals with shorter telomeres 
had a poorer survival than those with longer telomeres. However, a larger 
independent study failed to confirm this finding and showed that tel-
omere measurements are fluctuating over time in blood cells (Martin-
Ruiz, Gussekloo, van Heemst, von Zglinicki, and Westendorp, 2005). We 
analyzed the 1997 LSADT samples (Bischoff et al., 2006) and also found 
that telomere length is not a predictor for remaining life span, once age 
is controlled for. The sample provided a unique opportunity to do intra-
pair comparisons among twins, in which the effect of the genetic factor is 
controlled for (100 percent for monozygotic and 50 percent for dizygotic 
pairs). Also, this approach did not reveal evidence for an association 
between telomere length and survival among the elderly. Currently we 
are reexamining the blood samples using new and improved methods of 
measurement of telomere length to test if the lack of association could be 
due to methodological problems.

X Inactivation

Although females have two X chromosomes, only one of them is 
active in each cell; the other is inactivated in early embryonic life and 
stays so throughout life (a phenomenon called X inactivation). The ran-The ran-
dom X inactivation makes females mosaics for two cell populations, usu-
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ally with an approximate 1:1 distribution. Males have only one cell lineMales have only one cell line 
because they receive only one X chromosome (from their mother) and one 
Y chromosome (from their father). 

Cross-sectional studies have shown that, among younger females, 
it is very rare to have a skewed distribution of X inactivation, while for 
females over age 60, more than a third have a predominance of one of 
the cell lines in their blood, and among centenarian females the major-
ity has a predominant cell line (Christensen et al., 2000). The skewing of skewing of 
this distribution in peripheral blood could be due to either depletion of 
hematopoietic stem cells followed by random differentiation or selection 
processes based on X-linked genetic factors. 

It has been difficult to make animal experiments or human observa-
tions that could critically test the random versus selection hypotheses. 
The female twins who provided full blood in the LSADT survey, however, 
provided an excellent opportunity. On one hand, if the often observedOn one hand, if the often observed 
predominance of one of the two cell lines in peripheral blood in elderly 
females was determined by a stochastic process with no selection, then 
one would expect little correlation in the X inactivation patterns between 
two monozygotic co-twins. A selection process based on X-linked genetic 
factors, on the other hand, would create a tendency for the same cell 
line to become predominant in two monozygotic co-twins. Our stud-Our stud-
ies indicate that the peripheral blood cells from LSADT monozygotic 
female twins show a strong tendency for the same cell line to become 
predominant in two co-twins, which suggests that X-linked genetic factors 
influence human hematopoietic stem cell kinetics and potentially organ-
ismal survival. The fact that females have two cell lines with different 
potentials could be one of the reasons why women live longer than men 
(Christensen et al., 2000).

gene Expression

Microarray analyses in animal and humans of gene expression and 
changes with age are still few, but many believe that a better under-
standing of gene expression will lead to insight into the mechanisms of 
aging. We used LSADT to identify three pairs of healthy 80+ year-old 
female monozygotic and dizygotic twins (six pairs in total), and even in 
this age group on this small sample we were able to detect a substantial 
genetic component to the variation in gene expression (Tan, Kruse, and 
Christensen, 2006).
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SURvEyS AS A SCREENINg INSTRUMENT TO IDENTIFy  
CASES FOR ANCILLARy STUDIES

The twin surveys have also been used as a screening instrument for 
a variety of conditions involving a two-stage study design with initial 
screening through the LSADT assessment and a follow-up assessment 
by a specialist. This has been done for movement disorders, in which 
the LSADT participants performed a so-called Archimedes spiral test—a 
drawing test to disclose individuals with movement disorders, such as 
essential tremor and Parkinson’s disease. Individuals whose spiral test 
was positive were recontacted, and 119 twin pairs were interviewed and 
examined by a movement disorder specialist. The study revealed a nearly 
complete concordance for monozygotic twins for essential tremor and a 
substantial lower concordance rate for dizygotic twins, indicating a high 
heritability for essential tremor, and hence a good candidate for a pheno-
type to be used in linkage studies (Lorenz et al., 2004).

In Europe there is also an extensive collaboration between the major 
twin registers (Skytthe et al., 2003), which together have information 
on more than half a million twin pairs. A collaborative effort includ-
ing LSADT has been used to identify particularly informative pairs, for 
example, dizygotic twin pairs extremely concordant or discordant for con-
tinuous traits that are especially powerful in genetic linkage studies (Risch 
and Zhang, 1995). Currently studies of twin pairs extremely concordant 
or discordant for body mass index are being conducted.

An outstanding example of the potentials of exceptional twin pairs is 
the cloning of the genes for Van der Woude syndrome (a syndrome with 
cleft lip and palate and lip pits). Family studies have for many years indi-
cated that this monogenic disease is caused by a gene on chromosome 1, 
but despite large collaborative efforts, identification of the actual gene has 
failed. The identification of one monozygotic twin pair discordant for the 
disease led to the identification. The discordance could be due to either 
reduced penetrance or alternatively a somatic mutation after a split of a 
two-cell-stage zygote. A sequencing of the candidate region revealed one 
genetic difference between the two monozygotic twins in the gene coding 
for interferon-regulatory factor 6 (IRF-6). With this information in hand, 
the previously identified families were reinvestigated. It became clear 
that it was indeed mutations in this gene, IRF-6, that was causing Van der 
Woude syndrome (Kondo et al., 2002).

A NEW BIOLOgICAL INDICATOR OF AgINg: PERCEIvED AgE

Modern medicine includes an increasing number of physiological 
parameters, biomarkers, and other “objective” measures through body 
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fluids and increasingly sophisticated imaging tools. However, when 
assessing health, physicians in many countries traditionally still com-
pare perceived and chronological age and record this in the patient’s 
record. Among adults, “looking old for your age” is often interpreted as 
an indicator of poor health. Hence in the clinic, perceived age is used as 
a “biomarker of aging,” yet little validation of this biomarker has been 
performed. The sparse data available on the relation between perceived 
age and survival indicate an inverse association (Christensen et al., 2004). 
It is not known whether looking old for your age is primarily a result of 
lifestyle and other environmental factors or whether genetic factors play 
an important role. 

We used the 2001 LSADT survey to test this: 91 percent of cognitively 
intact participants agreed to have their picture taken (digital camera, 0.6 
meter distance, neutral background, if possible). For a total of 387 same-
sex twin pairs we obtained high-quality pictures of both twins (Figure 
1-7). We engaged 20 female nurses (ages 25-46) to estimate the twins’ 
ages. The nurses were not informed beforehand about the age range of 
the twin pairs, and they assessed, based on the digital pictures, the ages 
of the first-born and the second-born twins on two different days. The 
mean of the nurses’ age estimates for each twin was used as the twin’s 
perceived age. The reliability of the mean age rating was estimated at .94The reliability of the mean age rating was estimated at .94 
from a one-way analysis of variance. The correlation between real ageThe correlation between real age 
and perceived age was 0.4 (p < 0.001), and the nurses’ estimates regressed 
towards a mean of 77 years.

The correlation between the nurses’ estimates for monozygotic twins 
(r ≈ 0.6, p < 0.01) is about twice the correlation for dizygotic twins (r ≈ 0.3, 
p < 0.01). This indicates an effect of additive genetic factors influenc-
ing perceived age. Biometrical models confirmed that the twin similar-
ity is best explained by a model including additive genetic factors and 
nonfamily environment, and that the heritability (i.e., the proportion of 
the variance explained by genetic factors) of perceived age is about 60 
percent, with no sex or age differences. 

By January 2003, nearly two years after having been photographed, 
one of the pictured twins in 49 pairs had died. Among these 49 pairs, theAmong these 49 pairs, the 
longer surviving twin was rated as looking younger on average than his 
or her co-twin (mean of 1.15 years, SD = 3.63, t = 2.22 on 48 df, p < 0.02). 
This significant difference, however, owed entirely to those twin pairs 
who were perceived to be discrepant in age. Among the 26 pairs for which 
perceived age differed by two or more years, the oldest looking twin died 
first in 19 (73 percent) cases (p < 0.01), verifying that perceived age is asso- verifying that perceived age is asso-
ciated with mortality. We are currently making a follow-up study of five 
years’ survival, and the preliminary analyses strongly support the initial 
findings (also using raters of different age, gender, and education).
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Figure 1-7

FIgURE 1-7 Longitudinal studies have demonstrated that perceived age is a 
predictor of survival among the elderly and that it is associated with a number of 
environmental exposures.

We have furthermore studied the determinants of perceived age and 
showed that when age and gender are controlled for factors like smok-
ing, socioeconomic status, body mass index, marital status, and depres-
sion symptomatology, all affect perceived age in the expected direction 
(Rexbye et al., 2006). We did follow-up pictures in 2003 and 2005. We also 
made high-quality pictures of 100 selected pairs, including facial imprint 
of the facial structure, to shed light on which immediate and distant fac-
tors are the basis for perceived age and its association with health and 
survival. 
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OTHER BIOMARkERS

In the Danish surveys of twins and the oldest-old, we have used a 
number of validated biomarkers, such as grip strength, spirometry, and 
walk test, as well as molecular markers based on blood samples and 
cheek swabs. Here we report on what we consider the key findings, but 
the rapid development within the biomarker field is likely to provide new 
(combinations of) biomarkers, in particular from the neuroendocrine and 
the immune system (Goldman et al., 2006). 

Finally, the ever-increasing possibilities in imaging and especially 
neuroimaging could yield major breakthroughs in the biomarker research 
in the coming years (Winterer et al., 2005), although neuroimaging is not 
likely to be included in large field surveys with 100+ interviewers in any 
foreseeable future.

Another promising research direction is the study of gene-environment 
interaction in aging, and how environmental factors, including social 
environment, can modify the gene effects and the biomarkers (Ryff and 
Singer, 2005).

CONCLUSION

The inclusion of biological markers in the Danish surveys of twins 
and the oldest-old has provided great leverage for these studies by mak-
ing them highly interdisciplinary in nature and very productive in terms 
of results. Some 70 papers based on LSADT and the Danish 1905 Cohort 
Study have been published in international peer-reviewed journals, and 
half of the papers include biological indicators, even though their inclu-
sion was not started until some years after the study had been launched. 
LSADT and the Danish 1905 Cohort Study aim at identifying the deter-
minants of healthy aging and longevity. Several studies—including the 
traditional twin analyses in LSADT—have shown that there is indeed a 
genetic influence on human lifespan, longevity, and cognitive and physi-
cal functioning among the oldest, providing support for the search for 
candidate genes involved in aging (Hjelmborg et al., 2006; Frederiksen 
and Christensen, 2003; McGue and Christensen, 2001, 2002; Herskind et 
al., 1996; Hjelmborg et al., 2006).

We have so far examined several candidate genes for healthy aging 
and longevity and corroborated some findings and refuted others in large-
scale studies with substantial power. In this area, our future studies will 
continue to focus on promising candidate genes identified in other studies 
or through biological insight. We intend to use haplotype-based analysesanalyses 
to thoroughly investigate the relevance of each candidate gene, including 
the regulatory areas surrounding it. Furthermore we intend to broaden. Furthermore we intend to broaden 
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our attention toward regulatory changes in the noncoding DNA, whichregulatory changes in the noncoding DNA, which 
could be functionally important. Also, we will extend our testing of bio-
logically plausible gene-environment interaction (a research area in which 
we expected major findings five years ago but which has yielded few up 
to this point). Our studies so far have shown that small amounts of DNAOur studies so far have shown that small amounts of DNA 
from population-based studies are sufficient to perform simple genotyp-
ings on a large scale: at least 2,000 genotypings can be performed on a 
fully filled blood spot card. We expect that new techniques will evolve that 
may enable us to further widen the use of the collected material. UsingUsing 
the surveys as a screening instrument for ancillary studies has proved to 
be particular fruitful, and we intend to further explore this option. WeWe 
feel that our most important research is a result of extending our surveys 
beyond the traditional items, and hence we feel that supplementing our 
epidemiological surveys with the collection of biological markers and 
indicators has brought us new insight and has helped us to think outside 
the box in our research field of healthy aging and longevity.
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Whitehall II and ELSA: Integrating 
Epidemiological and Psychobiological 

Approaches to the Assessment of 
Biological Indicators

Michael Marmot and Andrew Steptoe

The Whitehall II study of British civil servants was set up with the 
explicit purpose of testing hypotheses as to the causes of the social 
gradient in cardiovascular and other diseases (Marmot and Brunner, 

2005; Marmot et al., 1991). The scientific questions arose from key findings 
of the first Whitehall study: health followed a social gradient (Marmot, 
Shipley, and Rose, 1984). That is to say, the lower the position in the social 
hierarchy, the higher the mortality from cardiovascular disease and from 
a range of other major causes of death. Although the social gradient was 
defined in the Whitehall study by grade of employment, similar patterns 
emerge with classification on the basis of income or education (Mensah, 
Mokdad, Ford, Greenlund, and Croft, 2005). This gradient provided a par-
ticular challenge to explanation. One could not invoke the old notion of 
“executive stress” because people with more responsibility at work were 
at lower risk of disease. One could not look to poverty as an explanation 
because people second from the top of the hierarchy had worse health 
than those at the top—and so on all the way down the hierarchy—and it is 
an untenable hypothesis that higher executive officers in the British Civil 
Service, men (Whitehall II included women but the original Whitehall 
study was a women-free zone) with stable white-collar jobs, are somehow 
materially deprived.

Furthermore, the standard coronary risk factors—smoking, plasma 
cholesterol level, blood pressure, blood sugar level, and height (included 
as a marker of early life)—accounted for less than a third of the social gra-
dient in cardiovascular disease (Marmot, Bosma, Hemingway, Brunner, 
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and Stansfeld, 1997). Something else had to be going on. We hypothesized 
that the social gradient in disease occurrence could be attributed to psy-
chosocial factors. In order to test this hypothesis, we set up the Whitehall 
II study: a longitudinal study of 10,308 men and women working in the 
British Civil Service ages 35-55 at baseline in 1985. Participants were 
recruited from the entire range of occupational grades, from senior civil 
servants responsible for large government programs to clerical workers, 
porters, and messengers.

In the biomedical world, the idea of social causation sounds mystical. 
How, a biomedical scientist wants to know, can someone’s socioeconomic 
position get “under the skin” to cause disease (Adler and Ostrove, 1999)? 
Or, as a senior medical colleague put it to us, you will never convince 
medical scientists that people’s social circumstances, and particularly psy-
chosocial factors, influence health unless you have a biological pathway. 
An important part of the research agenda for Whitehall II is therefore to 
show how social and psychosocial factors influence biological pathways 
to cause social inequalities in disease.

Epidemiological studies are one, but not the only, research strategy 
to target this goal. Development and testing of hypotheses linking psy-
chosocial factors to biological pathways come also from psychobiological 
studies (see below) in which smaller numbers of individuals are studied 
intensively, either in the laboratory or under naturalistic conditions, to 
link changes in emotion and behavior with changes in relevant biologi-
cal markers. This is closely integrated with our overall scientific aim 
of understanding inequalities in health by studying civil servants from 
different levels of the hierarchy. There is thereby a conceptual link from 
Whitehall II to the psychobiology studies.

We also have a keen scientific interest in linking health, well-being, 
social participation, and economic and social circumstances in older 
people. To this end we set up ELSA, the English Longitudinal Study of 
Ageing (British spelling), very much influenced by, and modeled on, the 
Health and Retirement Study (HRS) in the United States (Marmot, Banks, 
Blundell, Lessof, and Nazroo, 2003). The sampling frame for ELSA was 
nationally representative surveys of the English population: the Health 
Surveys for England 1998, 1999, and 2001. The sample in ELSA comprises 
11,392 men and women ages 50-72, with an additional 636 partners under 
50, and 72 new partners were interviewed, leading to a total sample size 
of 12,100. The plan is to interview them at home every two years, and 
every second interview (i.e., every four years) will include a nurse visit in 
addition to the face-to-face interview. The nurse visit will allow physical 
function to be measured by a trained observer and blood samples to be 
drawn for biochemical analysis. One major difference from HRS is that 
the Health Survey data set contains biomarkers relevant to monitoring 
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cardiovascular disease. The drawing of blood samples every four years 
means that these biomarkers can be assessed repeatedly and newer ones 
measured according to the scientific questions being addressed. 

This chapter details the scientific insights that can be gained from 
measuring biological indicators in population studies and presents a 
rationale for complementing the observational epidemiological approach 
with more intensive psychobiological investigations.

BIOLOgICAL INDICATORS IN WHITEHALL II AND ELSA

The importance of biological markers can be illustrated by showing 
how they shed light on two issues of causation. Working with economists, 
we have found that the link between socioeconomic position and health 
has two major explanations. Public health scientists tend to start from the 
position that social circumstances associated with socioeconomic position 
lead to ill health. Economists tend to start from the position that health, 
or some resilience factor, leads to socioeconomic position. To sort between 
these competing positions, it is helpful to have further specification of a 
causal model. We, for example, posit that low social position is associated 
with increased exposure to psychosocial factors, which in turn activate the 
autonomic nervous system and the hypothalamic-pituitary-adrenal axis 
to influence metabolism and disease risk.

We do not, in other words, view the body as a black box with social 
conditions going in at one end and disease coming out the other or vice 
versa. Rather, we seek to gain evidence to support or refute our causal 
model. One major candidate to explain the social gradient in disease is the 
group of factors characterizing the metabolic syndrome: low high-density 
lipoprotein (HDL) cholesterol, high plasma triglyceride, high waist to hip 
ratio, and disturbances of insulin and glucose metabolism. To look at this 
in Whitehall II, we had to arrange for approximately 8,000 people to come 
to a clinic in a fasting state, have blood drawn, drink a standard glucose 
load, and have blood drawn again precisely two hours later—a mam-
moth undertaking. We performed this at the Phase 3 (5-year examination) 
of the Whitehall II cohort, repeated it at Phase 5 (10-year examination), 
and again at Phase 7 (15 years). We found that the metabolic syndrome 
showed a clear social gradient in men and women—lower grade, higher 
prevalence—making it a promising candidate to be a biological interme-
diary between social position and coronary heart disease (Brunner et al., 
1997). 

A further step in the causal model was to conduct a nested case-
control study, the cases being people with the metabolic syndrome and 
the controls a sample from the Whitehall II cohort without. People with 
the metabolic syndrome had evidence of increased urinary output of 
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metabolites of both cortisol and catecholamines, indicating more stress-
related neuroendocrine activity (Brunner et al., 2002). We also examined 
heart rate variability to see if the metabolic syndrome was related to this 
indicator of adverse autonomic (sympathetic-parasympathetic) balance. 
We found that heart rate variability was less in cases of metabolic syn-
drome. Involvement of autonomic function was shown further by the 
finding that low employment grade was associated with low heart rate 
variability. The link to psychosocial factors was made explicit by the find-
ing that people with low control at work had lower heart rate variability 
(high risk) than those with high control (Hemingway et al., 2005). 

These findings shed light also on the question of confounding. When 
we showed, in Whitehall II, that low job control appeared to be an impor-
tant link between low socioeconomic position and risk of coronary heart 
disease, we had to confront the question of whether low job control was 
confounded by some other causal exposure that was linked to socioeco-
nomic position (Marmot et al., 1997). We have now shown that chronic 
work stress, measured as low control/high demands/low supports 
(known as isostrain), is related to the metabolic syndrome (Chandola, 
Brunner, and Marmot, 2006). This independent association completes an 
important link in the causal chain from chronic work stress to congenital 
heart disease and illustrates the strength of complementing observational 
epidemiological studies of social factors with biomarker assessment.

We are only now beginning to make use of the biological markers in 
ELSA. One example illustrates their usefulness. We performed a com-
parison of socioeconomic differences in morbidity in England (ELSA) 
and the United States (HRS). We were struck by the finding of a higher 
rate of morbidity in the United States, even among affluent groups in the 
two countries. The possibility of higher levels of diagnosis and report-
ing in the United States had to be considered. Our economist colleagues 
took the initiative to use the biological measures in ELSA and, for com-
parison as HRS has no biomarkers, took data from the National Health 
and Nutrition Examination Survey. The U.S. samples had higher levels 
of glycosylated hemoglobin, of plasma fibrinogen, of C-reactive protein, 
and of blood pressure. These results suggest that there is genuinely more 
illness in the United States. If we had an isolated finding of, say, higher 
levels of glycosylated hemoglobin in the United States, this would have 
raised the possibility of laboratory differences across countries. The facts 
that each of our biomarkers were adverse in the United States compared 
with England and each of the reported morbidity measures were higher 
make it likely that the intercountry differences are valid (Banks, Marmot, 
Oldfield, and Smith, 2006).

In our view these findings illustrate the value of working across disci-
plines and across “levels” of measurement, by which we mean economic, 
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social, psychological, biological, and medical disease outcomes. Each dis-
cipline would have been impoverished without the input of the others in 
decisions of what to measure, how to measure them, how to analyze data, 
and interpretation.

A limitation of large-scale epidemiological studies that investigate 
biological pathways is the difficulty of examining the dynamics of bio-
logical markers. For example, if the interesting information will come 
from examining not the resting level of a biomarker but how it responds 
to a stress in the system, we may miss some relationships by using one 
measurement of a biomarker. It took a great deal of effort to measure how 
glucose and insulin responded to a glucose load administered in the fast-
ing state. It would be difficult to repeat this by examining in 8,000 people 
how other biomarkers responded to a psychological stressor. To conduct 
this sort of investigation, smaller scale intensive studies are appropriate, 
although they have the drawback that they do not have the statistical 
power to examine disease end points.

WHITEHALL PSyCHOBIOLOgy STUDy

Psychobiological studies give us the opportunity to understand the 
connections between psychosocial factors and health-related biological 
responses in more detail than is possible in large-scale epidemiological 
research. There are two basic strategies used in psychobiological research. 
The first is psychophysiological or mental stress testing, in which bio-
logical responses are measured in response to standardized psychologi-
cal or social stimuli (Steptoe, 2005). A wide range of challenging stimuli 
is employed, including cognitive and problem-solving tasks, simulated 
public speaking, and interpersonal conflict. These tests are usually carried 
out individually in the laboratory or clinic, with continuous monitoring 
of cardiovascular activity, sampling of saliva for the measurement of 
stress hormones like cortisol, and periodic blood sampling. The value of 
this experimental approach is that biological responses to psychosocial 
stimuli can be evaluated under environmentally controlled conditions, 
reducing many of the sources of confounding that might otherwise be 
present. Sophisticated measures can be employed that are difficult to 
assess in large-scale studies; for example, we have found that psycho-
logical stress stimulates transient disturbances of vascular endothelial 
function (thought to be important in the development of coronary athero-
sclerosis), up-regulation of the genes controlling release of inflammatory 
cytokines, and activation of blood platelets (Brydon et al., 2005; Ghiadoni 
et al., 2000; Steptoe et al., 2003c). The design of these studies does not 
assume that responses to these tasks are important per se, but rather that 
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they represent the way in which people respond biologically to everyday 
challenges. 

A more direct way of assessing responses in everyday life is to use a 
second strategy, namely ambulatory or naturalistic monitoring. The pur-
pose of these methods is to investigate biological function in real life at 
work, at home, and in other situations, rather than when people are tested 
in the screening clinic or laboratory. We can also study the covariation 
between biology, activities, emotions, and behavior. The design depends 
on the availability of unobtrusive measures of biological activity in every-
day life, with techniques depending on the health problem under investi-
gation. Research into cardiovascular diseases primarily uses ambulatory 
monitoring devices for the measurement of blood pressure, heart rate, and 
heart rate variability. Research on stress often involves saliva sampling for 
the assessment of cortisol, while studies of musculoskeletal problems and 
pain utilize lightweight monitors of electromyographic activity (muscle 
tension).

The Whitehall psychobiology study used both mental stress testing 
and naturalistic monitoring to explore the dynamic relationships between 
the social gradient, psychosocial stress factors, and biological responses 
relevant to coronary heart disease. We focused on the hypothesis devel-
oped in the full Whitehall II study that biological stress responsivity is 
greater in lower than higher socioeconomic status groups and partly 
mediates differences in disease risk (Steptoe and Marmot, 2002). We 
recruited 129 middle-aged men and 109 women from the Whitehall II 
cohort to take part in this study. They were sampled from higher (n = 
90), intermediate (n = 81), and lower (n = 67) grades of employment so 
that we could compare responses across the social gradient, and all the 
participants were in full-time paid employment. We excluded individuals 
with known coronary disease or diabetes, a task that was made simple 
by the detailed data collected from each person for more than a decade 
as part of the main Whitehall II study. The response rate was 55 percent. 
Participants attended a psychophysiological stress testing session and 
carried out ambulatory monitoring of blood pressure, heart rate, and 
salivary cortisol over a normal working day. Recruitment of the sample 
was relatively easy because participants were familiar with the Whitehall 
study setup. However, some of the people we asked did not take part 
since they thought it would be difficult to commit the time to this more 
intensive investigation. 

The psychobiology study has generated interesting results relating 
psychosocial factors such as work stress, depression, and loneliness with 
biological function, but the main emphasis has been on socioeconomic 
position. Box 2-1 summarizes findings from the laboratory psychophysi-
ological stress testing concerning socioeconomic position (Steptoe and 
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BOX 2-1 
Psychophysiological Stress Testing and Socioeconomic 

Position: Summary of Findings from the Whitehall 
Psychobiology Study

Dynamic Effects
Prolonged activation or impaired poststress recovery in lower socioeconomic  
status participants

•	 Systolic and diastolic blood pressure
•	 Heart rate
•	 Heart rate variability
•	 Factor VIII
•	 Plasma viscosity
•	 Blood viscosity

Larger stress reactions in lower socioeconomic status participants

•	 Interleukin-6
•	 Systolic and diastolic blood pressure (women only)

Static Effects
Higher stress levels in lower socioeconomic status participants, but no difference 
in reactivity or recovery

•	 Plasma fibrinogen
•	 Von Willebrand factor
•	 Platelet activation
•	 Tumor necrosis factor α
•	 Interleukin-1 receptor antagonist
•	 Natural killer cell counts

Marmot, 2005). An intriguing result was that, by and large, the social gra-
dient was not strongly related to the magnitude of biological responses to 
standardized tasks. However, lower socioeconomic status was character-
ized by delayed recovery or prolonged stress activation, so that biological 
responses remained elevated after tasks had been completed, rather than 
returning back to baseline levels promptly. For example, in comparison 
with high-status individuals, we calculated that the odds of impaired 
poststress recovery in the lower status group were 3.85 (95% CI, 1.48-10.0) 
for diastolic blood pressure, and 5.91 (CI, 1.88-18.6) for heart rate variabil-
ity (Steptoe et al., 2002). As noted in Box 2-1, other biological measures did 
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not show differential reactivity or recovery, but rather elevated levels in 
lower socioeconomic status participants throughout the protocol. 

These findings have led us to think again about the role that bio-
logical stress responses might play in mediating social gradients in car-
diovascular disease risk. Two simple models come to mind. The first is 
that there are differences in the magnitude and duration of biological 
responses between social groups that have developed through a lifetime 
of differential psychosocial challenge. The chronic allostatic load model 
formulated by McEwen (1998) suggests that the wear and tear imposed on 
biological regulatory systems as they are forced to respond repeatedly to 
life’s demands ultimately provokes reduced adaptability and the failure 
of systems to operate within optimal ranges. The association between 
lower socioeconomic position and prolonged activation after tasks have 
ended is a manifestation of this pattern. The second possibility is that 
adverse health effects arise out of differential exposure to adversity. The 
biological systems of lower status groups receive more “hits” on a daily 
basis because of greater exposure to chronic stressors, failures of coping, 
or reduced psychosocial and material resources. The higher levels of 
activation both during stress and at rest observed in several biological 
parameters listed in Box 2-1 will contribute to increased disease risk.

Naturalistic monitoring studies complement the psychophysiological 
stress testing results while demonstrating how these processes play out in 
everyday life. We have found that ambulatory blood pressure was greater 
in the lower than higher occupational grade groups in the mornings of 
working days, even after controlling for physical activity levels, body 
weight, smoking, and other factors (Steptoe et al., 2003b). Early morning 
blood pressure levels have special significance for cardiovascular disease 
since there is a blood pressure surge soon after waking, which coincides 
with an increased incidence of cardiac events (Giles, 2006). We also found 
that the cortisol awakening response, the rise in cortisol over the first 20-
40 minutes after waking in the morning, is greater in lower status groups 
(Kunz-Ebrecht, Kirschbaum, Marmot, and Steptoe, 2004). A heightened 
cortisol awakening response is also found in people experiencing work 
stress, financial strain, and depressive symptoms, and it appears to be an 
indicator of stress-related hypothalamic-pituitary-adrenocortical dysfunc-
tion (Steptoe, 2007). 

There are two important limitations to the psychobiological studies 
that we have carried out so far. The first is that, although the study was 
quite large from the perspective of laboratory science, the sample size 
was still limited for addressing socioeconomic issues. Some of the find-
ings summarized in Box 2-1 were graded across the three occupational 
status groups, while for others it was necessary to combine higher and 
intermediate groups and compare them with the lower occupational sta-
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tus group. Second, we have not shown associations with cardiovascular 
disease outcomes. Much larger samples need to be tracked over many 
years to document a relationship between disturbed stress responsivity 
and coronary heart disease end points, such as myocardial infarction or 
cardiac death. However, newer methods of imaging the coronary arter-
ies have given us the opportunity to study the progression of subclinical 
coronary disease. A fresh study with a larger sample that began in 2006 
is measuring psychobiological responses along with coronary artery cal-
cification quantified using nuclear imaging. We will repeat this imaging 
of the coronary arteries after three years to provide direct evidence of the 
clinical significance of these processes. 

INTERCHANgE BETWEEN EPIDEMIOLOgICAL AND 
PSyCHOBIOLOgICAL STUDIES

The nesting of psychobiological studies within the broader framework 
of the Whitehall II study has provided fertile ground for the exchange of 
methods and measures. Although the Whitehall II study is rooted in obser-
vational, population-based epidemiology and the psychobiology study 
has its origins in laboratory psychophysiology, each has gained from the 
association. For example, laboratory psychophysiological research has 
generally paid rather little attention to the sampling framework. Much 
work in this tradition continues to be carried out with select samples 
(notably college students), assuming that findings in such unique groups 
can be generalized to the rest of the population. The sampling framework 
provided by the Whitehall II cohort has allowed us to recruit participants 
into psychobiological testing who are much more representative of dif-
ferent social groups.

Findings from the Whitehall II study also give pointers to biological 
markers that we think would be interesting to study in more detail in 
laboratory work. For example, an association between elevated plasma 
fibrinogen and lower social class was identified in a pilot for the Whitehall 
II study, and this was subsequently confirmed in Whitehall II and other 
cohorts in the United States and Europe (Brunner et al., 1996; Markowe 
et al., 1985). Fibrinogen is involved both in thrombogenesis and in the 
stimulation of atherogenic cell proliferation, and elevated levels predict 
the development of coronary heart disease. We therefore assessed fibrino-
gen responses to acute stress in the psychobiology study and found that it 
increases acutely in response to stress, with higher levels in people from 
lower grades of employment (Steptoe et al., 2003a). In addition, we have 
seen that men who experience low levels of control at work show height-
ened fibrinogen stress reactivity, suggesting that it may be particularly 
relevant to the processes through which chronic work stress increases 
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cardiovascular disease risk. We have also found that heightened fibrino-
gen stress reactivity predicts increases in ambulatory blood pressure over 
a three-year period (Brydon and Steptoe, 2005), a result that is consistent 
with emerging evidence for the role of inflammation in the development 
of hypertension.

Experience in the psychobiology study has also informed the measures 
in the Whitehall II and ELSA studies. An instance is cortisol assessment. 
Cortisol has long been recognized as an important stress hormone, but it 
has been difficult to measure in large-scale studies because of its marked 
diurnal variation. This means that it cannot be adequately assessed in 
single blood samples, and collecting urine samples over the night or day 
is practically inconvenient and potentially aversive. Sampling of saliva 
has revolutionized cortisol assessment, since repeated samples can be 
collected over the day, stored in domestic refrigerators, and returned to 
the investigators by post. We included saliva sampling over a working 
and weekend day in the psychobiology study, and it proved acceptable to 
participants as well as scientifically valuable (Kunz-Ebrecht, Kirschbaum, 
and Steptoe, 2004; Steptoe et al., 2003b). This experience has encouraged 
us to include salivary cortisol assessment in a recent phase of the White-
hall II study and in the ELSA cohort. We have successfully obtained saliva 
samples over the day from more than 5,000 participants in ELSA, with a 
response rate of 89 percent. In Whitehall II, we have data from about 4,600 
people, representing 90 percent of those eligible for cortisol assessment. 
Each person was asked to collect six samples over the day, and 99.45 per-
cent of these were collected. These response rates are very encouraging, 
given that participants had to take measures in their own time at home 
and at work. This indicates that even measurement of biological variables 
that require some effort from study participants may be feasible on a large 
scale with appropriate management of data collection.

The continuing interchange between epidemiology and psychobiol-
ogy has also led us to analyze data in relation to emerging issues that 
were not near the top of the agenda when the studies were designed. A 
good example is the work we have been carrying out on the biological 
correlates of positive well-being. The notion that affective well-being or 
happiness has beneficial health effects over and above the mere absence 
of depression and distress has evolved over recent years with the devel-
opment of the field of positive psychology (Pressman and Cohen, 2005). 
We realized that arguments concerning the role of positive states in health 
would be greatly strengthened by an understanding of the underlying 
biology. We utilized the data from the naturalistic monitoring phase of 
the psychobiology study to address this issue. As part of that study, we 
obtained ratings of happiness every 20 minutes over the working day, at 
the same time that blood pressure readings were taken by the automated 
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monitor. We aggregated these over the working day, then tested associa-
tions with biological measures relevant to health.

We found that happiness was negatively associated with cortisol sam-
pled over the day (Steptoe, Wardle, and Marmot, 2005). This relationship 
was independent of other factors known to influence cortisol, such as age, 
gender, smoking, body mass index, and grade of employment. It was also 
apparent on a weekend as well as a working day, and it was replicated in 
the same individuals three years later, suggesting a stable pattern (Steptoe 
and Wardle, 2005). Another interesting observation is that stress-induced 
fibrinogen responses were smaller among happier individuals. Effects all 
remained statistically significant when psychological distress (measured 
with the General Health Questionnaire) was included in the analysis. The 
results therefore suggest that affective well-being has favorable effects on 
biological responses relevant to health independently of the influence of 
negative psychological states. 

LIMITATIONS TO THE USE OF BIOLOgICAL INDICATORS

The measurement of biomarkers is expensive, and collection of the 
data can be time-consuming and demanding both for the investigators 
and participants. The fact that a particular measure has been shown in 
animal research to relate to disease development, or that it predicts an 
outcome in clinical samples, is not a sufficient reason to embark on its 
assessment in a population cohort. Some biomarkers may be particularly 
significant at a specific point in the course of disease, while not being rel-
evant at other stages. Other measures may be attractive from the scientific 
perspective but difficult to collect in practice. For example, there are cur-
rently no simple direct measures of sympathetic nervous system activity 
that are suitable for large-scale population studies. Measures such as heart 
rate or heart rate variability are stimulated by the sympathetic nervous 
system, but they are also influenced by other factors, while sweat gland 
activity indexes responses only in the cholinergic sudomotor component 
of the sympathetic nervous system. Urinary measures of catecholamine 
metabolites are possible, but these require 24-hour collections, as we have 
done in a subset of the Whitehall II cohort (Brunner et al., 2002). Such 
techniques are difficult to use on a large scale. The inclusion of biological 
indicators in a population study therefore requires thorough consider-
ation of the literature to determine the relevance and potential value of 
the marker, consideration of the practicality of measurement, and careful 
thought about confounders. 

Another fundamental issue concerns the dynamics of biological mea-
sures. Some indicators, such as heart rate, blood pressure, and cortisol, 
change rapidly over minutes or even seconds, while others, like C-reactive 
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protein, are much more stable. This presents problems for both popula-
tion and laboratory studies. In population studies, a very labile measure 
is difficult to capture with one or two assessments, as we have pointed 
out in the last section in relation to cortisol. Disappointing results have 
sometimes emerged from studies of psychosocial factors that have used 
one or two values to assess the biological marker. A good example comes 
from research on job stress, in which a relationship between job strain 
(high demands, low-control work) and blood pressure has emerged much 
more consistently from studies involving repeated measures over the day 
than from investigations that have used conventional clinical measures of 
blood pressure (Steenland et al., 2000). 

From the perspective of psychobiological studies, important relation-
ships between psychosocial experiences and biology may be missed if 
measures are taken at the wrong time. For instance, the cytokine inter-
leukin 6 (IL-6) takes one to two hours to respond to psychological stress 
(Steptoe, Willemsen, Owen, Flower, and Mohamed-Ali, 2001). If blood 
samples are drawn before and immediately after a series of challenging 
stimuli lasting 15-20 minutes, then no IL-6 response will be observed. It 
is also becoming clear that stimuli of different intensities may be needed 
to elicit responses in different variables. An analysis of the experimental 
literature on cortisol responses to distress has shown that increases are 
much greater when social-evaluative tasks are used: situations like simu-
lated public speaking or carrying out mental arithmetic in front of an 
audience (Dickerson and Kemeny, 2004). We have typically used much 
less challenging stimuli in our studies, since we have been interested in 
conditions that more closely reflect everyday life, and under these circum-
stances cortisol responses are very modest.

Another issue to be borne in mind is that the levels of biological mark-
ers are determined by multiple factors, of which current psychosocial 
experiences are only one set. Genetic factors, health status, demographic 
factors such as gender, age, and ethnicity, health behaviors, and clinical 
risk factor profiles may all be relevant. Even in the psychosocial domain, 
early life experience may exert an influence independently of current 
circumstances. For example, an analysis of the Dunedin birth cohort has 
recently shown that maltreatment in childhood is a predictor of adult 
inflammatory responses (including C-reactive protein and fibrinogen), 
independently of other early life risk factors, health behaviors like smok-
ing, and adult stress and socioeconomic position (Danese, Pariante, Caspi, 
Taylor, and Poulton, 2007). In the light of these diverse influences, it is 
wise to expect that associations between biological markers and current 
social and economic experience will be moderate rather than strong.
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PRACTICAL AND ETHICAL ISSUES

Data Collection and Participant Burden

Our main motive for carrying out both the Whitehall II and ELSA 
studies is to understand the role that social factors play in the develop-
ment of disease. Data collection therefore involves face-to-face contact 
with participants and the assessment of physical measures, including 
blood sampling. There is danger that if these test sessions are too long or 
occur too frequently; participants and their employers may be discour-
aged from remaining in the studies. Data collection in the Whitehall II 
study involves assessment at a research clinic every five years, inter-
spersed with postal questionnaire data collection approximately halfway 
through each quinquennium. The clinical assessment takes about half a 
day and involves each person moving through several research stations 
for the measurement of physical characteristics, blood pressure, lung 
function, cognitive ability, blood sampling, heart rate variability, and 
so on. The organization of these clinics is complicated, and the work is 
labor intensive, with different research assistants, technicians, and nurses 
involved in different tests. As the cohort ages, some participants find it 
difficult to travel to the research clinic, so home visits are carried out. 
The fieldwork for the ELSA study is conducted entirely through home 
visits, since many of the cohort are quite infirm, whereas the psychobiol-
ogy study has involved for the participants half a day in the laboratory 
together with measurements in everyday life.

On one hand, the burden on participants is therefore rather greater 
than in demographic studies that do not involve biological sampling. On 
the other hand, participants benefit from these medical screening sessions, 
since health problems may be identified that would otherwise not be 
detected. Indeed, one of the major motives that volunteers have for con-
tinuing to take part is that they have a free health check every few years. 
In common with many cohort studies, there was a marked loss of about 
16 percent of participants between the baseline of the Whitehall II study 
in 1985-1988 and the first clinical follow-up. Subsequently, attrition has 
been minimized by maintaining good relationships with the study cohort 
and keeping in contact between screening phases (Marmot and Brunner, 
2005). All participants receive individual feedback on cardiovascular risk 
factors and other measures, and in addition we produce booklets con-
taining results and research findings that are distributed to participants. 
Parenthetically, it should be noted that while the British National Health 
Service provides health care that is free at the point of access, routine 
health checks are not carried out, so the information we provide is useful 
to participants. Interestingly, we have discovered that involving cohort 
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members in more intensive investigations does not put them off the whole 
enterprise or lead to sample attrition. Our analysis of the subgroup of 
Whitehall II participants who were involved in the psychobiology study 
suggests that, if anything, they were more rather than less likely to remain 
in the main study. This is partly because many people find these more 
intensive studies intrinsically interesting, and partly because they provide 
study members with even more detailed clinical information that helps 
them monitor their health status.

Ethical Issues

In Britain, there is a rather large anomaly in the issue of ethical 
approval for research. Although a social science survey does not need eth-
ical approval, a health survey does—even if the health survey is limited to 
questionnaire data. One clear way to identify a social science survey as a 
health survey is to add biomarkers. It then needs ethical approval.

In general we have had little difficulty gaining approval for including 
biomarkers in population research. However, three general difficulties 
are worth highlighting. First, the entire process of ethical approval for 
research has become far more cumbersome and bureaucratic than in the 
past. We know of no researcher who fails to recognize the importance 
of independent ethical approval of research. Equally, we know of no 
researcher who thinks other than that the present system has become 
so tortuous that it is in danger of damaging the public good by making 
it needlessly difficult to gain ethical approval. It can never be ethical to 
engage the public in research if the science is of poor quality. But in our 
experience, panels are often composed of nonscientists or nonspecialists 
whose good intentions are not accompanied by the technical knowledge 
or relevant experience in the field necessary to make informed judgments. 
In such situations, approval of research is unnecessarily delayed.

Second, we have pursued the common practice of storing biological 
specimens. This means that when biological researchers develop a new 
hypothesis, it can be tested with stored specimens. It is, however, common 
practice for ethics committees to require that, as part of informed con-
sent, participants be informed of all biomarkers that we plan to measure. 
This implies that if we decide that we could access stored data to test the 
hypothesis that, say, antibodies to the micro-organism H. pylori are associ-
ated with heart disease, we must go back to participants and ask permis-
sion for that specific test. It is a logistic nightmare with implications for 
participant cooperation.

Third is the specific and sensitive issue of genetic material. It is now 
common practice for this to be covered by a separate consent. There are 
unresolved issues that are still being debated as to how handle the shar-
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ing of genetic material within what is allowed by participants’ informed 
consent.

Another ethical issue that arises with increasing frequency as the 
populations we study get older is that new information emerges about 
the health risks of individual participants. For example, during the course 
of clinical assessments, we have found that some people have high lipid 
levels of which they were not aware, or perhaps show disorders of glu-
cose metabolism that indicate investigations for diabetes are warranted. 
In our new psychobiological study, we have identified some people with 
high levels of coronary calcification that suggest they are at particularly 
high risk for having a myocardial infarction. Even though our studies are 
observational and do not have an intervention component, it is clearly 
essential that we provide participants with risk data, so that they can 
decide in consultation with their general practitioners what steps should 
be taken. Such “interventions” pose knotty problems when it comes to 
statistical analysis of risk factors in relation to disease outcomes, but they 
cannot be avoided in clinically responsible research.

CONCLUSIONS: HARD AND SOFT DATA

There is a widespread belief that questionnaire data are “soft” and 
laboratory data and biomarkers are “hard.” This is simplistic. First, they 
are neither hard nor soft but convey different information. Second, ques-
tionnaire data and biomarker data each have their own requirements 
for quality control. In the case of biomarkers, these requirements range 
from the circumstances under which the specimens are collected, to their 
mode of collection, to their handling, to the important issue of labora-
tory standardization. For all types of data, there are issues of reliability 
and validity, since all measurements have potential for error, bias, and 
contamination. In many ways, social scientists are more sensitive to these 
issues than some laboratory scientists, who appear to believe that the 
numbers produced by their instruments reflect the absolute truth. Social 
determinants of health are indeed hard to grasp, and there are many pit-
falls in measurement and interpretation. But the integrated use of social 
epidemiological measures, biomarkers, and psychobiological approaches 
provides a means of triangulation on major problems of health and dis-
ease risk in an aging population.
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The Taiwan Biomarker Project

Ming�Cheng Chang, Dana A. Glei,  
Noreen Goldman, and Maxine Weinstein

It takes courage, optimism, and a remarkable degree of cooperation to 
field a study that engages colleagues from opposite ends of the earth. 
The Taiwan biomarker project—SEBAS (Social Environment and Bio-

markers of Aging Study) for short—owes its success to dedicated teams 
in both Taiwan and the United States. 

Our discussion in this chapter begins with an overview of the Taiwan 
biomarker project. We then review project logistics, summarize our sub-
stantive findings to date (and comment on the work we see in the near 
term), and offer some thoughts about how our experience might inform 
future research. Along the way, we engage in a candid discussion of the 
problems we have encountered.

OvERvIEW OF THE PROjECT

SEBAS builds on a longitudinal study of the elderly and near-elderly 
population of Taiwan. The Study of Health and Living Status of the 
Elderly in Taiwan was initiated by the Taiwan Provincial Institute of 
Family Planning (now the Bureau of Health Promotion, Department of 
Health) as a collaborative effort with Albert Hermalin at the University 
of Michigan. The first survey was conducted in 1989; 4,049 persons age 60 
and older were interviewed (a response rate of about 92 percent) (Chang 
and Hermalin, 1989). The survey included eight modules on (1) marital 
history and other demographic characteristics; (2) household roster, social 
and economic networks, and exchanges; (3) health, health care utilization, 
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and health-related behaviors; (4) occupational and employment histories; 
(5) activities and attitudes; (6) residential history; (7) economic and finan-
cial well-being; and (8) emotional and instrumental support (Weinstein 
and Willis, 2001). Since 1989, follow-up interviews have been conducted 
in 1993, 1996, 1999, and 2003. In both 1996 and 2003, the study drew a 
refresher sample to provide a sample of persons age 50 and older. 

The initial impetus for the biomarker arm of the Taiwan study of 
the elderly grew out of a seminar on the cumulative effects of stress on 
health that was presented by Burton Singer at the Office of Population 
Research at Princeton University in 1995. The focus of his presentation 
was the MacArthur Study of Successful Aging—a study of predominantly 
high-functioning individuals drawn from community-based cohorts that 
were part of the Established Populations for Epidemiological Studies of 
the Elderly. The longitudinal study of the elderly in Taiwan seemed to 
offer an opportunity to do a population-representative study—albeit of 
persons middle-aged and older—that incorporated biomarkers. The study 
had been going on for some years, there was a strong base of sociodemo-
graphic data, the institute in Taiwan had a competent staff and substantial 
experience fielding surveys, we had a long and productive history of 
cooperative work with each other, and we knew that the study sample 
was cooperative and responsive.

We have already presented a (simplified) diagram of our basic theo-
retical model in the predecessor to this volume, Cells and Surveys: Should 
Biological Measures Be Included in Social Science Research? (Weinstein and 
Willis, 2001, p. 259). Underlying the study was our interest in exploring 
the (often) reciprocal relationships linking the social environment with 
stressful experience and with health outcomes, and in elaborating the 
physiological responses that lie between those links and between stressful 
experience and health outcomes. There are huge—and growing—litera-
tures linking the social environment with exposure to challenge, linking 
the social environment with health outcomes, and some linking exposure 
to challenge with health outcomes. What we hoped to add to the discus-
sion (primarily) were better data on the physiological pathways that lie 
between the environment and health outcomes and the physiological 
effects of exposure to challenge. Our original approach to incorporating 
physiological dysregulation was based on the concept of allostatic load. 
The idea behind allostatic load is that stressful experience causes a chain 
of physiological changes that interrupt normal processes; repeated or pro-
longed exposure to such stressors can result in physiological dysregulation 
(McEwen, 2002; McEwen and Stellar, 1993). Proponents of the framework 
would argue that allostatic load can be viewed as an index of the relative 
degree of failure at a physiological level—a marker of the cumulative 
physiological costs of efforts to cope with life’s challenges.
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The realization of allostatic load used in the few studies that had 
already been done by the time of the first biomarker collection in Taiwan 
was a simple index of 10 parameters (and our choice of biomarkers was 
driven by them) based on data from various domains of physiological 
regulation. Early in the MacArthur studies (and in some of our work that 
compares the Taiwan data with the MacArthur results), allostatic load was 
measured by summing the number of parameters for which individuals fell 
into the highest risk quartile over each of the components. In recognition 
of its limitations (e.g., equal weight given to each parameter, the definition 
of high risk as only a single tail of a given distribution, exclusion of param-
eters pertaining to immune function and, more generally, the limited num-
ber of markers), this formulation is evolving (Seplaki, 2004, 2005, 2006a) 
and undoubtedly will continue to evolve, as our understanding of physi-
ological pathways increases. We have found, for example, that the simple 
score can be improved by incorporating additional biomarkers and allow-
ing for two tails of risk (when relevant). At the same time, a simple index 
has the potential to mask important information disclosed by analysis of 
individual biomarkers. As discussed by Wachter (2001, p. 335), the measure 
is an example of “dimensionality reduction” that could be accomplished in 
a number of ways. Findings to date suggest that indicators over multiple 
systems provide greater power than single markers in understanding the 
costs and consequences of stressful experience (Cohen, 2000; Karlamangla, 
Singer, McEwen, Rowe, and Seeman, 2002; Seeman, McEwen, Rowe, and 
Singer, 2001). Still, the pre-2000 surveys provided data that allowed us 
to take a longitudinal look at the effects of the social environment on the 
physiological markers and the effects of the social environment on health. 
Our findings are discussed following a description of the project logistics.

PROjECT LOgISTICS

We did a pilot test of the biomarker collection in December 1997-
January 1998. The idea was to assess feasibility: we obtained information 
regarding the logistics of collecting specimens and transporting them 
to the lab, training interviewers and staff, pretesting the instruments, 
and assessing participation rates (see Weinstein, Goldman, Hedley, Lin, 
and Seeman, 2003). SEBAS I—the first biomarker collection—was fielded 
between July and December 2000. We drew a random subsample of 1,713 
persons ages 54 and older from those interviewed in 1999. Older per-
sons (those age 71 and older in 2000) and persons in urban areas were 
over-sampled (for details see Goldman, Lin, Weinstein, and Lin, 2003 or 
Goldman, Glei, Turra, Glei, Lin, and Weinstein, 2006a). The study con-
sisted of two parts: a face-to-face interview and a hospital-based exami-
nation. Our goal was to complete hospital examinations for 1,000 partici-
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pants. The choice of a hospital setting for the tests was driven in large part 
by three factors. The first was the requirement in Taiwan that phlebotomy 
be performed by (or under the close supervision of) a physician. Second, 
we wished to provide some incentives for participation. The hospital set-
ting allowed us to offer an abdominal ultrasound and provided the set-
ting in which a physician could perform an examination similar to what 
the respondents would have received under National Health Insurance 
coverage. Third, our concern for the safety of the participants was the 
paramount consideration. We wanted to ensure that any problems could 
be addressed swiftly and effectively.

The face-to-face interviews were conducted by a local public health 
nurse who was well known and highly respected in the local area. A 
total of 1,497 persons responded to the home interview (93 percent of 
the elderly survivors and 91 percent of the near-elderly survivors). The 
in-home interview updated information on each respondent’s living situ-
ation, employment, and marital status. It included questions on health 
(e.g., measures of depressive symptoms, cognitive function, activities of 
daily living, and instrumental activities of daily living), use of health care 
services, participation in social activities, stressful experiences and assess-
ment of sources of stress and anxiety, and how respondents were affected 
by the 1999 earthquake (7.3 on the Richter scale and centered in Chi-Chi). 
The respondents also provided a subjective assessment of their position 
on a “social hierarchy ladder” separately for Taiwan as a whole and for 
their community. At the end of the interview, the interviewer evaluated 
whether the respondent’s health would allow participation in the hospital 
protocol. Exclusion criteria included living in an institution, being seri-
ously ill, needing a catheter or diaper, being on kidney dialysis, or having 
another health condition that would preclude blood drawing. About 7 
percent of the respondents were ineligible for the examination. Eligible 
respondents were asked to participate in a health examination at a nearby 
hospital. The interviewer explained the protocol, scheduled the examina-
tion (for several weeks later), and arranged transportation if needed. 

Hospitals were chosen by the Bureau of Health Promotion (BHP) 
based on reputation, accessibility, whether they had the interest—and 
capacity—to participate in the study, and whether they were within or 
close to a selected primary sampling unit (PSU). In the end, 24 hospitals 
were recruited; a few served more than one PSU. The night before the 
hospital appointment, a BHP staff member together with a public health 
nurse delivered a urine collection container (for an overnight 12-hour 
urine specimen) to the respondent’s home, explained the proper proce-
dures, provided written instructions for urine collection, and answered 
questions. They obtained informed consent for the health examination 
and reminded the participants not to eat anything from midnight until 
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after the examination was completed. The next morning—the morning 
of the hospital examination—a member of the BHP met the participant 
at home, picked up the 12-hour urine specimen, and accompanied the 
participant to the hospital.1

During the hospital visit, a team of seven staff members coordinated 
the respondent’s visit, processed the blood (collected at the hospital) and 
urine specimens, and processed the forms. Participants were asked about 
their health history, family disease history, health-related behaviors, and 
current long-term medications. A member of the team also confirmed that 
the participant had followed the urine collection procedure, had fasted 
since midnight, and did not have any contraindications to a blood draw. 
In addition, the team member reinterviewed the participant in order to 
obtain responses to questions that remained incomplete from the initial 
home interview and to resolve any inconsistencies in the home interview 
that were found when the staff reviewed and edited the questionnaire the 
previous evening. 

At the hospital, the participant provided a spot urine specimen, a 
phlebotomist drew a blood specimen, and a nurse measured the partici-
pant’s height, weight, waist and hip circumference, and blood pressure. 
Two blood pressure readings (about one minute apart with the respon-
dent in a seated position) using a mercury sphygmomanometer on the 
right arm were taken at least 20 minutes after the participant arrived at 
the hospital. A physician performed a medical examination that included 
a third blood pressure reading, an abdominal ultrasound, and health 
counseling. Among participants in the medical exam, compliance with 
the clinical protocol was high: all but 10 individuals collected the 12-hour 
urine sample, provided a sufficient volume of blood for analysis, and 
completed the medical exam. 

After the examination, participants were provided with breakfast, 
were given a small gift of nutritional supplements, and were accompanied 
back to their home. By noon on each day of the hospital visit, a staff mem-
ber of Union Clinical Laboratories (UCL) based in Taipei collected the 
blood and urine specimens from the hospitals. UCL was responsible for 
transporting the specimens to Taipei. They followed standard lab proce-
dures for the assays (details regarding the assays are provided in Seeman 
et al., 2004, and Goldman, Glei, Seplaki, Liu, and Weinstein, 2005) and 
returned the results to the BHP within two weeks.2 Several weeks after the 

1 Some respondents chose to come to the hospital on their own or by taxi. In these cases, 
the respondents brought the urine collection container with them.

2 In addition to the routine standardization and calibration tests performed by UCL, nine 
individuals (outside the target sample) contributed triplicate sets of specimens during the 
early stages of the fieldwork. In each case, two sets were submitted to UCL and a third was 
sent to Quest Diagnostics in the United States.
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fieldwork, participants were sent the results of the standard tests based 
on the blood and spot urine specimens and the findings from the physical 
examination. Participants whose results were outside normal ranges were 
encouraged to see a physician for further examination and were informed 
about health counseling services available at the hospital. 

Of the 1,497 respondents to the in-home interview, 1,023 participated 
in the hospital protocol (75 percent of the near-elderly and 61 percent of 
the elderly). Among the approximately 24 percent who declined to par-
ticipate (as noted above, 7 percent were ineligible), the primary reasons 
were that the respondent felt that she or he was healthy and did not need 
an exam, that the exam was too much trouble, that she or he had just had 
a health exam, and that the respondent had no free time or was out of 
town during the several-day period that the exams were offered. Dispro-
portionately high nonparticipation rates were found among the healthi-
est respondents and the least healthy. Overall, persons who received the 
medical exam reported the same average health status (on a five-point 
scale) as those who did not. Although respondents over age 70 were less 
likely than younger persons to participate, sex and measures of socioeco-
nomic status were not significantly related to participation (Goldman et 
al., 2003).

A full list of the biomarkers and clinical measures that we obtained is 
presented in Box 3-1. Briefly, in addition to a hematology panel routinely 
collected as part of a health examination, we tested for total and high-
density lipoprotein (HDL) cholesterol, glycosylated hemoglobin, dehy-
droepiandrosterone sulfate (DHEAS), IGF-1, and IL-6 from the blood 
specimens. We used the 12-hour urine specimens for assays of cortisol, 
epinephrine, norepinephrine, dopamine, and creatinine. At the suggestion 
of the study section that initially reviewed the proposal, we also added 
determination of apolipoprotein E (ApoE) genotype.

We stored three sets of aliquots of the specimens: one set at the BHP, 
one at UCL, and one at Georgetown University. Our experience with ship-
ment to the United States was scary: one set of the reliability/validation 
specimens—fortunately not specimens from our sample—was held up in 
customs on the West Coast. This happened despite the fact that we had 
obtained all the necessary clearances. We also found that we had to ship 
the (sample) specimens from Taiwan to the United States in two separate 
shipments; evidently the amount of dry ice required for a single shipment 
exceeded the post-9/11 guidelines. The storage freezers are kept at –80 
degrees C. All the storage facilities have emergency CO2 back-up systems; 
the Georgetown specimens are housed at the Medical Center in a building 
that also has an emergency electrical generator. We have not yet received 
any requests for the use of the stored specimens (other than our own plans 
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BOX 3-1 
Biomarkers and Clinical Measures Collected  

During the SEBAS 2000

Measure

Physical Examination
Anthropometry: height, weight, waist and hip circumference
Systolic and diastolic blood pressure (3 readings)
Examination of chest, heart rate, breathing, breasts, abdomen, arms, legs,  

  lymph and thyroid glands for abnormalities (similar to National Health  
  Insurance Exam)

Abdominal ultrasound (liver, pancreas, gallbladder, kidneys)
Fasting Blood Sample

Total and HDL cholesterol
Glycosylated hemoglobin
DHEA-S
ApoE genotype
Immune function and growth factor: IL-6, IGF-1,
Other routine blood tests (e.g., blood cell counts, hemoglobin, glucose, 
 triglycerides)

12-hour Urine Sample
Cortisol
Norepinephrine
Epinephrine
Dopamine
Creatinine

SOURCE: Glei et al. (2006).

for additional assays); however, for the second round, we have made a 
provision for an advisory board to review such requests. 

Moving forward to the second round of biomarker collection we have 
realized that one issue that we did not anticipate adequately is change in 
assay techniques. We recently discovered that standards for some assays 
have changed since 2000; indeed, they have changed to the extent that the 
reagents we used in 2000 are no longer available. UCL will be perform-
ing duplicate assays on the stored pilot study specimens with the new 
assays to see how well the results replicate the previous assays; however, 
at least for the assays that require fresh specimens, we will not be able 
to distinguish between the effects of sample deterioration and change in 
assay method. 

An important question in adding biomarkers to general surveys 
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relates to whether the additional burden imposed by the biomarker collec-
tion compromises participation in the parent study. We have no evidence 
that this has happened in Taiwan. The most recent round of household 
interviews, carried out by BHP as part of the Study of Health and Living 
Status, was done in 2003, based on a questionnaire similar to those in 
earlier waves of the survey. The response rate of 92 percent is consistent 
with rates from previous waves of the survey, suggesting that previous 
participation in the biomarker study did not affect participation rates in 
the main longitudinal study.3 Our pretest for the second round of bio-
marker collection was conducted in September-October 2005. Of the 66 
pretest participants in the household survey who were eligible for the 
hospital protocol, three reported that they were either tired of participat-
ing in the study as a whole or had a bad experience with the earlier (2000) 
biomarker study. It remains to be seen what will happen as we go into the 
field with the second round of the biomarker work.

Issues relating to human subjects and the process of informed consent 
are ongoing concerns for us. In particular, we are working with an elderly 
population, many of whom—particularly women—cannot read (31 per-
cent overall, 50 percent among women). For the second round, we have 
consent procedures for respondents who are able to provide consent for 
themselves and separate procedures for those who require the assistance 
of a proxy. The low literacy rates affect what we can include in the pro-
tocol as well. A complex protocol, with regard to the urine collection for 
example, is difficult and time-consuming to explain. In the second round, 
we had hoped to collect three saliva specimens (at bedtime, next morning 
before getting out of bed, and 30 minutes after waking up), but our pretest 
suggested that participants, particularly illiterate ones, simply could not 
handle both sets of instructions (for urine and saliva). 

The data from SEBAS I have been released through the Inter-university 
Consortium for Political and Social Research. The files include almost all 
the information that was collected at the time of the National Institutes of 
Health–funded 2000 study, along with some basic demographic data that 
were collected during the previous waves of the study (funded by the Tai-
wanese government). In order to protect the identity of the participants, 
some data were not included in the public release; we replaced identifiers 
for respondent, town of residence, PSU, hospital, examining physician, 
and town where respondent was during the earthquake with randomly 
generated identifiers, and we excluded other identifiers (i.e., for inter-
viewer, type of organization in which the respondent works) and all of the 

3 Among the SEBAS participants, the response rate in 2003 was 97 percent. This very high 
response rate may be attributable, however, to the fact that it is based only on those who did 
not refuse the examination in 2000 and who were not lost to follow-up by 2000.
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information regarding the arrangements for the hospital visit and reasons 
for nonparticipation. We did not anticipate the complex issues involved 
in responding to requests for cross-walks between the biomarker data 
and previous waves of the study. Apart from the 2000 wave of the study, 
which has been made publicly available as described above, the longitu-
dinal data are the intellectual property of the BHP. Researchers who want 
to use the data can apply to the BHP for their use; upon approval, such 
researchers have been provided copies of (some) data. 

The problem arises because the biomarker study does not have any 
contractual arrangements with these researchers regarding release or dis-
semination of the longitudinal data. If those data have already been shared 
with other researchers, and if we were to provide a cross-walk with the 
biomarker data, the possibility of deductive identification of the partici-
pants becomes very real indeed. A second problem—and we are working 
on this issue now—concerns the release of a second round of data. Again, 
the greatest concern is the need to protect our participants from deductive 
identification. We are working with Jim McNally, director of the National 
Archive of Computerized Data on Aging, and his staff in preparation for 
this release. There is also the need for ongoing support and funding by the 
research group—support that may not be available after the completion 
of the grants that fund the Taiwan project. This funding concern is also 
relevant to the storage and review of the use of the biological specimens. 
We have not yet identified a solution; however, the Behavioral and Social 
Research Branch of the National Institute on Aging is currently investigat-
ing these issues; we hope for some guidelines—and some support—as we 
go forward. The need for a curator (for the archived specimens and for the 
data) to ensure that these resources continue beyond the life of the grant 
(or the original researchers, for that matter) is very real indeed. Such an 
effort cannot be sustained indefinitely out of pocket of the research grant 
or the investigators.

This section on logistics would not be complete without acknowl-
edging the work of our colleagues in Taiwan. We cannot overstate the 
contributions of the dedicated staff at the BHP. The three team lead-
ers—Yu-Hsuan Lin, Shu-Hui Lin, and I-Wen Liu—and their supervisor, 
Yi-Li Chuang (now director of the Population and Health Research Center 
of the BHP) were remarkable. The interviewers, field workers, drivers, 
supervisors—absolutely everyone—pitched in to ensure the success of 
the project.

SUBSTANTIvE FINDINgS AND NONFINDINgS

Our study design integrated both biological and survey data from a 
population-representative sample; here we focus on results based on both 
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sources, although our discussion includes findings from all aspects of the 
design. In Taiwan—as elsewhere—the social environment matters for an 
individual’s health, but, unlike some previous work, we found that not all 
aspects of social ties or social support seem to matter. Specifically, contact 
with friends and participation in social or religious activities are associated 
with lower rates of functional disability, better survival, better self-rated 
health, fewer depressive symptoms, better cognitive function, and lower 
levels of allostatic load (Beckett, Goldman, Weinstein, Lin, and Chuang, 
2002; Cornman, Goldman, Weinstein, and Chang, 2003; Glei et al., 2005; 
Goldman, Glei, and Chang, 2004a; Seeman et al., 2004; Yeager et al., 2006). 
Contrary to expectation—especially in light of the traditional importance 
of the extended family system and filial piety in Taiwan—coresidence 
patterns, the number of children, and contact with these children reveal 
little, if any, association with these health outcomes. In addition to high-
lighting the importance of measuring different components of the social 
environment, the results of these studies demonstrate the need to include 
a broad range of health outcomes. For example, whereas perceptions about 
social support matter little for measures of physical well-being in this 
population, these perceptions appear to be protective against depressive 
symptoms (Cornman et al., 2003). Not only are adverse aspects of the 
social environment associated with health decline and mortality, but also 
a socially rich environment is significantly related to maintaining health 
(Beckett et al., 2002). 

Our research has also demonstrated that standard socioeconomic 
measures, most notably education and income, are related to health. A 
recent analysis, however, shows that the biomarkers measured in SEBAS 
do not account for the relationship between socioeconomic status (SES) 
and the two health outcomes considered—overall self-rated health and 
mobility difficulties (Dowd and Goldman, 2006). In particular, there is no 
evidence that sustained activation of neuroendocrine markers, including 
cortisol, is an important mediator in the relationship between SES and 
health. These results place an increased burden of proof on researchers 
who argue that psychosocial stress is an important link in the pathway 
linking low SES to poor health.

In an effort to gain new insights into social disparities in health, the 
Taiwan survey incorporated a recently developed instrument of subjec-
tive social position. This measure asks respondents to use the visual aid 
of a ladder to position themselves relative to other people in their com-
munity and society. An evaluation of this instrument reveals that the 
ladder captures diverse aspects of respondents’ lives that extend beyond 
the conventional indicators of education, occupation, income, and wealth 
(Goldman, Cornman, and Chang, 2006). Cross-sectional analyses of the 
social determinants of health suggest that the ladder has a stronger asso-
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ciation with health outcomes than the conventional measures of SES, 
but we await confirmation of these findings from longitudinal data (Hu, 
Adler, Goldman, Weinstein, and Seeman, 2005). 

A question of interest—particularly to those of us doing comparative 
work—is whether biological profiles are relatively constant across broad 
populations or whether they reveal large variations, potentially attribut-
able to environmental factors. A detailed comparison among SEBAS, the 
MacArthur study, and the Wisconsin Longitudinal Survey shows that 
with regard to risk factors for cardiovascular disease, men are at a clear 
disadvantage vis-à-vis women in the United States but not in Taiwan. The 
disparate findings for these two populations lead us to speculate that envi-
ronmental factors, such as cultural practices or social roles (e.g., higher 
levels of stratification by sex in Taiwanese society), as well as inherent sex 
differences, affect these biomarkers (Goldman et al., 2004). In contrast, our 
analysis of the ApoE gene demonstrates that not all intercountry varia-
tion can be attributed to social factors. SEBAS provides the first estimates 
of the frequency of ApoE alleles for a national sample of the Taiwanese 
population. The results support earlier evidence based on select samples 
(Gerdes, Klausen, Sihm, and Foergeman, 1992) that Chinese populations 
have substantially lower frequencies of the ApoE-4 allele of this gene (a 
risk factor for Alzheimer disease and ischemic heart disease) than most 
other national and ethnic groups and underscore the need to obtain better 
information on the prevalence of dementia in Chinese populations. 

When we look at the links between the social environment and physi-
ology and between challenge and physiology, we find generally smaller 
effects than those found in the MacArthur study. Seeman et al. (2004), for 
example, used the longitudinal data in SEBAS on levels of social integra-
tion and extent of social support to predict allostatic load in 2000. Only a 
small set of significant links emerged from this analysis. The analysis by 
Goldman et al. (2005) of perceived stress and its relation to physiological 
dysregulation identified several biomarkers for which high or low values 
were significantly associated with perceptions of stress. At the same time, 
however, they found that, in general, the associations between indexes of 
perceived stress (at baseline and at earlier waves) and physiological dys-
regulation were small. We are still struggling with a generally unwieldy 
set of analyses exploring associations between stressful experiences (such 
as the death of family members, relocation, and financial difficulties) and 
physiological dysregulation, as well as the potential moderating role of 
“vulnerability,” defined in terms of social position, social networks, and 
coping mechanisms. Still, our analyses identified the potential impor-
tance of traumatic experiences among the older population: questions 
that assess losses and reports of distress resulting from the 1999 earth-
quake show that damage to the home is significantly associated with 
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an increase in depressive symptoms, most notably among middle-aged 
women (Seplaki, Goldman, and Weinstein, 2006b).

The generally weak findings regarding links between the biomark-
ers and the social environment (including environmental stressors) con-
vinced us of the need to include a broader set of questions related to 
stressful experiences and perceptions of stress in the second round of 
the biomarker collection. We have added questions related to traumatic 
experience, perceptions of stress, caregiving, major life events, and daily 
hassles. Certainly, in terms of evaluating the framework of allostatic load, 
these are critical pieces. Our feeling is that much of the earlier work dis-
cussing allostatic load—which found associations between SES and allo-
static load—assumed that lower SES was associated with greater exposure 
to challenge (or possibly that lower SES was associated with a poorer 
response to challenge). 

It seems like a reasonable assumption, but it remains one that needs 
to be tested. The data in SEBAS II, along with the work of the National 
Survey of Midlife Development in the United States (MIDUS) II study, 
which includes a broad range of psychosocial measures along with similar 
biomarkers, may provide some insights into these questions. Of course, 
deficient measures of stressful experience may not be the only reason we 
are not finding strong associations. It may be that they simply aren’t there, 
or—as we discuss below—we are not collecting the “right” biomarkers. It 
may also be unreasonable to expect to find the same relationships across 
societies. Taiwan, for example, may be a more socially integrated and less 
stratified society than the United States.

Finally, as noted above, we have recently been able to explore links 
between our measures of physiological dysregulation and downstream 
health outcomes. Based on mortality data for SEBAS I respondents 
between 2000 and 2003, Turra et al. (2005) demonstrated that biomarkers 
are predictive of survival even in the presence of extensive controls for 
sociodemographic factors and self-reported measures of physical and 
mental health. These biomarkers include both clinical markers—the car-
diovascular and metabolic system measures customarily collected during 
physical examinations, which have well-defined clinical thresholds for 
normal function—and nonclinical markers—measures of neuroendocrine 
and immune dysfunction. 

The findings of this and an earlier analysis suggest that individu-
als may underestimate their probability of dying because they have no 
information about risk factors that act silently on the body and are not 
detected by clinical exams (Goldman, Glei, and Chang, 2004a). Additional 
results demonstrate that the nonclinical markers appear to be better pre-
dictors of mortality than the clinical markers (although the small number 
of deaths in the three-year period makes us somewhat wary of pressing 
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this claim), while the clinical markers generally have stronger relation-
ships with (nonfatal) health outcomes. The findings also suggest that the 
physiological effects of the nonclinical measures, considered as primary 
mediators hypothesized to affect cardiovascular and metabolic outcomes 
in the allostatic load framework, are broader than those captured by the 
clinical markers in this analysis (Goldman et al., 2006a, 2006b).

The recent availability of longitudinal information on health out-
comes (from the 2003 survey and from registered deaths between 2000 
and 2003) has enabled us to compare some of our findings based on analy-
ses of the 2000 data with similar analyses that use health outcome data 
assessed three years after the collection of the biomarkers and include 
health controls at baseline. We find some potentially important discrepan-
cies between cross-sectional and longitudinal results. Whereas analyses 
by Seplaki et al. (2004) based on the 2000 data indicate that the neuroen-
docrine and immune measures have significant associations with physical 
and mental function, the more recent analysis using reports of health in 
2003 does not find these effects (Goldman et al., 2006a); one caveat is that 
the two studies used different types of dysregulation scores to capture 
extreme values of these nonclinical markers (grade-of-membership analy-
sis versus more conventional cumulative dysregulation scores). 

In a separate set of analyses relating values of DHEAS to a range of 
health outcomes, estimates from statistical models based on 2000 data 
suggest stronger associations between high values of DHEAS and better 
health for women than for men (Glei et al., 2004). In contrast, statistical 
models that include measures of DHEAS and baseline health in 2000 to 
predict health outcomes in 2003 generally show that these associations 
exist for men, but not women. These two sets of comparisons underscore 
the limitations of cross-sectional analyses—in particular, the potential to 
overestimate associations between biomarkers and health because of pos-
sible reverse effects of poor health status on the biomarkers. The DHEAS 
results also raise intriguing questions as to why these types of biases may 
differ by sex.

LIMITATIONS

Of course, like all studies, our study has limitations. In terms of look-
ing at the effects of stress on health, one might wonder whether an older 
population is the right target sample. Work by Crimmins and her col-
leagues on the data from the National Health and Nutrition Examination 
Survey (Crimmins, Johnston, Hayward, and Seeman, 2003) suggests that 
allostatic load flattens with age; more generally, some research suggests 
that SES gradients in health diminish with age (House et al., 1990, 1994). 
By using a sample age of 54 and older, have we missed the ages at which 
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stressful experience and other social factors may have the greatest effect? 
We have some reassurance on this score: the probability of survival from 
ages 20 to 50 in 1970 was 0.90 for men and 0.94 for women (http://www.
moi.gov.tw/stat/english/elife/1970.htm). Thus, while it seems reason-
able to suppose that the effects of selective mortality are small, we cannot 
rule it out.

What about the biomarkers themselves? Did we collect the right 
biomarkers? Did we collect enough biomarkers? Are the generally small 
effects of our measures of stress on the biomarkers a result of having 
chosen markers that are relatively insensitive? Some biomarkers, cortisol 
for example, have substantial diurnal variation; our use of the overnight 
urine for this measure was intended to capture basal levels of production, 
but perhaps we are missing important information about more transient 
levels of response or recovery time. 

At the outset of any project, it is difficult—perhaps impossible—to 
anticipate all the future uses of the data. Like all research, we began with 
a set of questions in mind and then discovered that we had additional 
questions. Even when we started, we knew that—ideally at least—some 
additional biomarkers would be desirable. The amount of blood we could 
collect was limited and assays are expensive; collection of cerebral spinal 
fluid is out of the question for a population-based study. Is there a better 
way of collecting a broad spectrum of markers? Dried blood spots are 
now being used successfully in a number of studies; it is a technique that 
allows collection in the home, and while we would have been unable to 
perform all the assays we wanted, our understanding is that additional 
assays based on blood spots are being developed. We are currently explor-
ing the possibility of using tandem mass spectrometry on our stored 
serum specimens to identify peptides associated with the stress response; 
plasma would be an alternative compartment. Other approaches sug-
gested by Singer and his colleagues (Singer, Ryff, and Seeman, 2004) 
include identifying time-related metabolic changes from, for example, 
urine specimens.

Clearly, a major limitation affecting our existing analyses is that we 
have measured the biomarkers only once; the second round in 2006 will 
be of great importance, although we suspect that it will raise many new 
questions and concerns. An important improvement in our second round 
is that we will also be measuring some markers in the home (blood pres-
sure, lung function, grip strength, timed walks, and chair stands). These 
additional measurements should help us assess more accurately the mag-
nitude of nonresponse bias affecting estimates derived from the hospital-
based biomarker collection in the first round of the survey. In the case of 
blood pressure, the use of home assessments along with measurements in 
the hospital is likely to provide us with information about the degree of 
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white coat hypertension (involving people’s response to medical profes-
sionals), which we believe affected estimates in the first round. 

We know, too, that many of our biomarkers are affected by medica-
tion use; we have some of the relevant information that would allow us 
to disentangle these effects, but it is a complicated undertaking, made 
more complex by the difficulties in obtaining complete lists of medica-
tions, documenting the extensive array of traditional Chinese medicines, 
and identifying the effects of both traditional and Western medicines on 
the biomarkers. 

We remain concerned about the best way to measure physiological 
dysregulation; current scores—our own and those of other researchers—
continue to have problems in terms of choice of cut points in the absence 
of clinical information, as well as potential biological interactions among 
these biomarkers. The problems with interactions among the biomarkers 
are exacerbated by limitations of conventional statistical models: they are 
not well designed to incorporate large amounts of information over suc-
cessive waves, and we may not have the statistical power to get at some 
of the processes that interest us.

SUMMARy

Have we contributed to demographic knowledge? We would say yes. 
First, our analysis of SEBAS confirms earlier findings that the inclusion 
of biomarkers in household interview surveys improves the accuracy 
of the resulting health information (Goldman et al., 2003). Second, we 
demonstrate that the incorporation of biomarkers into statistical models 
of mortality substantially enhances the accuracy of the predictions, even 
in the presence of extensive control variables for self-reports of physical, 
mental, and cognitive health and sociodemographic information. Third, 
our exploratory analyses show that biological information can be used 
to identify biomarkers (and physiological systems) that do and do not 
account for demographic differentials in health and mortality (e.g., by 
sex), but that this may raise as many questions as it answers. Fourth, it is 
too early for us to answer the really big question: Does the inclusion of 
biomarkers in household surveys help us to understand SES differences 
in health, particularly with regard to the role of stressful experience? As 
described above, our research to date indicates that, at least among the 
older population in Taiwan, reports of stressful experience or percep-
tions of stress are only modestly correlated with the biological measures 
included in SEBAS and that these measures account for little of the asso-
ciation between SES and health outcomes.

Overall we think that, despite the limitations and occasional mistakes, 
and despite the logistical and financial constraints, the Taiwan study has 
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been remarkably successful in achieving many of its objectives. Would 
we argue that all social surveys should collect biomarkers? Certainly not. 
Our experience has shown us that it is a complex task, not to be under-
taken by the faint of heart. Because no single study can be all things to all 
people, we would suggest that considerable care be given to the choice of 
biomarkers and especially to archiving specimens for future use when the 
inevitable new questions arise and better technologies become available 
for the analysis of those specimens.
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Elastic Powers:  
The Integration of Biomarkers into the 

Health and Retirement Study

David Weir

The title of this chapter, “Elastic Powers,” appeared as the last words 
of Cells and Surveys: Should Biological Measures Be Included in Social 
Science Research?, the influential 2001 volume from the Committee 

on Population (National Research Council, 2001). In his closing reflections 
on the biosocial opportunities for surveys, Kenneth Wachter quoted from 
a Matthew Arnold poem that described the aging process as exhaustion 
from the cumulation of shocks and change—a literary anticipation of the 
concept of allostatic load that Wachter in turn stretched from a model of 
individual physiology in a social context into a model of paradigm shifts 
in the history of science (Wachter, 2001). He warned of the challenges to 
established modes of thinking that the integration of biology and social 
surveys would pose, calling for a renewal of what Arnold had termed 
“the elastic powers.”

Beginning the story of the integration of biomarkers into the Health 
and Retirement Study (HRS) with the closing words of Cells and Surveys 
is more than mere symbolism. Several contributors to that volume went 
on to be contributors to the HRS effort: Robert Wallace and Robert Willis 
as investigators, Eileen Crimmins and Douglas Ewbank as members of 
advisory groups, Teresa Seeman as an adviser to the study’s sponsor, 
the National Institute on Aging (NIA), and Jeffrey Halter as a consultant. 
Richard Suzman’s considerable role in organizing the first volume was 
acknowledged by Jane Menken in her preface, and his leadership on the 
NIA side of the HRS cooperative agreement is unrelenting. Together, their 
own elastic powers in picking up where Cells and Surveys left off have 
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been considerable, and through their influence the elasticity of the entire 
field of population research has been renewed.

The scientific rationale for including biomarkers in HRS is not fun-
damentally different from the rationale for including them in any popu-
lation survey concerned with health. They validate and add nuance to 
self-reports of health, they allow richer modeling of pathways of influ-
ence between the socioeconomic and the physical, and they may capture 
aspects of health unknown to survey participants. This chapter gives 
examples of how each of these are realized in the HRS. The development 
of biomarker data in other studies of older populations in the United 
States, such as the National Survey of Midlife Development in the United 
States (MIDUS) and the National Social Life, Health, and Aging Project 
(NSHAP), and outside the United States in the English Longitudinal Study 
of Ageing (ELSA) and the Mexican Health and Aging Study (MHAS), has 
both provided models of what can be done and created great potential for 
comparative work with the addition of such data to the HRS.

Because of the unique place of the HRS in population surveys of 
aging, however, the decision to add biology to the HRS involved a num-
ber of other considerations, several of which were clearly anticipated by 
Weinstein and Willis in their chapter of Cells and Surveys (Weinstein and 
Willis, 2001). The HRS is a large longitudinal study that serves a large 
constituency of researchers from many different disciplines. At last count, 
there were over 6,000 registered users of the data, and over 1,000 unique 
authors of written research using the data. Putting its traditional aims at 
risk through attrition of respondents or elimination of critical established 
content would have been unacceptable. Similarly, the confidentiality of 
respondents had to be protected, as well as the integrity of a longitudinal 
observation study not be transformed into an intervention study.

The ethical issues were considered carefully by the HRS investigators 
as well as the institutional review board (IRB) governing the study. Noti-
fying respondents of the results of well-established and commonly avail-
able diagnostic tests was deemed an ethical responsibility that overrides 
any concern that the information might alter future behavior. Because the 
tests contemplated by HRS assess familiar risk factors and do not identify, 
for example, life-threatening cancers, the ethical conflict is not particularly 
difficult at this time. Biological material stored in repository for future use 
is governed by a separate IRB review. Respondents were asked to consent 
to having this material stored anonymously for future research. Ethical 
issues arising from any particular future test will need to be addressed at 
that time. For example, it is conceivable that some test of scientific value 
might not be permitted if it carried with it the ethical obligation to notify 
children or other nonparticipants of the possibility of an inherited disease, 
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and if that notification were considered detrimental to the confidentiality 
of respondents.

Through the use of supplemental studies, some funded through peer 
review as competing supplements to the HRS, most of the elements of the 
HRS biomarker expansion were piloted on subsamples well before their 
introduction to the main survey. Those pilot efforts from 2001 through 
2004 are thus a crucial part of the story.

Adding biomarkers without subtracting other things from an ongoing 
panel study leads to the question of cost. After the baseline interviews, 
the primary mode of interview in the HRS has been telephone. Although 
some biological material can be collected by mail, and the HRS had some 
success with this in a study of diabetes described at some length below, 
it was clear that, for a thorough integration of biology, some form of per-
sonal contact would be needed: clinic visits, nurse visits to the home, or 
in-person interviewing. Because of the high cost of clinics or nurses, and 
because of technical innovations that have expanded what can be done 
by interviewers in the home, the HRS has designed its biomarker effort 
around conventional in-person interviewing.

First described in its 2005 renewal proposal and now fully imple-
mented in the ongoing 2006 data collection, the HRS has developed an 
integrated package of new content for a new model of in-home inter-
view we describe as “enhanced” face-to-face. It includes anthropometrics, 
physical measures, blood spots, salivary DNA, and a self-administered 
psychosocial questionnaire. Most of the elements of this dramatically new 
development for the HRS were piloted in one way or another in smaller 
supplemental studies. 

AgINg, DEMOgRAPHICS, AND MEMORy STUDy

The first effort at collecting biological specimens from HRS respon-
dents came in a supplemental study of dementia, known as the Aging, 
Demographics, and Memory Study (ADAMS). The primary aim of the 
ADAMS study was to establish the prevalence of dementia in the popula-
tion over 70 years of age from a nationally representative sample (Langa 
et al., 2005). Because dementia is not a common condition even at that 
age, a simple random sample of the population would need to be fairly 
large to derive reliable estimates. The great virtue of using the HRS as a 
sampling frame for the ADAMS was the ability to sample at higher rates 
from persons with higher likelihoods of dementia based on the cognitive 
assessments conducted by the HRS. 

The stratification of sample selection for ADAMS was based on five 
cognitive categories from the HRS interview. These had to be established 
separately for persons who did their own cognitive assessments and 
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respondents for whom interviews were taken by proxy. In the case of 
proxies, the proxy reporter provides to the HRS interviewer an assess-
ment of the cognitive function of the proxied respondent from the Jorm 
Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE). 
The cognitively normal group was further stratified by age (ages 70-79 
versus 80 or older) and sex in order to ensure adequate numbers in each of 
these subgroups. Finally, because of the long anticipated field period for 
the in-home ADAMS assessments, the recruitment was split between the 
2000 wave of HRS and the 2002 wave, with some geographic areas drawn 
in one and some in the other, on a randomly sampled basis.

Because the rigorous in-home dementia assessments were conducted 
by collaborators at Duke University Medical School, the consent process 
for ADAMS was in two parts. First, an interviewer from the Institute for 
Social Research (ISR) at the University of Michigan contacted the respon-
dent and an informed caregiver to obtain consent for Duke to contact 
them about the study. Duke then established contact and obtained consent 
for the home visit. This two-stage process worked against response rates 
in two ways. It extended the time interval between the HRS interview and 
the ADAMS visit, which resulted in loss due to mortality, and it provided 
respondents two opportunities to say no.

Overall, the response rate among survivors was 56 percent, yielding 
a final sample size of 856. Mortality rates (14 percent overall) were higher 
among the more cognitively impaired, but response rates conditional on 
survival were slightly higher for those groups. There were few significant 
predictors of nonresponse to the ADAMS study. Racial minorities partici-
pated at slightly higher rates than whites.

There are no established blood tests for dementia or cognitive impair-
ment. Consequently, the ADAMS protocol relied primarily on extensive 
neuropsychological testing and did not include any blood sampling. 
There is one well-established genetic risk factor for dementia, and that is 
the E-4 allele of the ApoE gene. The ADAMS protocol did include collect-
ing a cheek swab. Nearly everyone who participated in ADAMS agreed to 
provide this sample; only 11 of the 856 refused (1.3 percent). The samples 
were sent to the pathology lab of the University of Michigan for extracting 
and typing of ApoE. Only three of the samples could not be genotyped. 

The (weighted) distribution of genotypes found in the ADAMS 
respondents replicates fairly closely the expected population distribu-
tions (Table 4-1). As has been found elsewhere, the presence of any ApoE-
4 allele is a risk factor for dementia, but not a particularly powerful one 
(Hyman et al., 1996). Preliminary analyses show that presence of the 
ApoE-4 allele (either homozygous 4/4 or heterozygous 3/4) was associ-
ated with approximately twice the odds of dementia compared with those 
with the 3/3 genotype, which is in the range of previously reported values 
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(Breitner, Jarvik, Plassman, Saunders, and Welsh, 1998; Skoog et al., 1998). 
In the ADAMS data, the odds ratio for dementia associated with residing 
in a rural area compared with urban or suburban areas is nearly as high. 

The ADAMS study demonstrated that HRS respondents would be 
willing to provide samples of DNA for research purposes. In the group 
of respondents willing to participate in a three-hour home interview to 
assess dementia, cooperation with the DNA request was nearly universal. 
Combined with the 56 percent response rate to the ADAMS study overall, 
however, only 55 percent of the HRS respondents approached for ADAMS 
ultimately provided a DNA sample. 

DIABETES STUDy

In contrast to the ADAMS study, for which biomarker collection was 
a relatively small part of the overall assessment, the diabetes study was 
motivated in large part by the idea of collecting a clinically meaningful 
biomarker of the disease. Diabetes can result from a variety of underly-
ing conditions (pancreatic failure to produce insulin, cellular resistance 
to absorbing insulin), but it is always characterized by excessive levels of 
glucose in the blood. High levels of blood glucose cause damage to both 
large and small blood vessels and to nerves, potentially leading to many 
severe consequences (including cardiovascular disease). Among persons 
with diagnosed diabetes, the management of the disease targets the main-
tenance of lowered glucose levels (and, increasingly, the management of 
other cardiovascular disease risk factors, especially hypertension). Thus, 
while there is considerable interest in understanding how people manage 

TABLE 4-1 Distribution of ApoE Genotypes in ADAMS and Other 
Studies

Genotype
ADAMSa

%
IOWA 65+  
Populationb

Framingham 
Populationb

ApoE e2/2  1  1  1

ApoE e2/3 12 15 12

ApoE e2/4  2  2  2

ApoE e3/3 60 58 63

ApoE e3/4 22 22 19

ApoE e4/4  2  2  3

aADAMS percentages are weighted.
bData from Hyman et al. (1996).
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and cope with the disease, further study without a clinical marker for 
glucose levels seemed of relatively low priority.

A study on the scale of ADAMS, with an in-home assessment and 
blood draw, would have been quite expensive. Much of the nonbiological 
information about diabetes could easily be collected by a self-administered 
mail survey, which is far less expensive than even telephone interviews. 
The innovative aspect of the diabetes study was the attempt to gather 
dried blood spots (DBS) through the mail for the analysis of glycoslylated 
hemoglobin (HbA1c). A1c is an ideal measure for this study, as it is for 
the medical management of diabetes, because it summarizes the average 
levels of blood glucose over a two- or three-month period. It also does not 
require fasting and can be done from blood collected at any time of the 
day. Glucose levels vary widely over the course of a day and in response 
to the intake of food, making standard point-in-time readings very dif-
ficult to interpret in isolation. 

Because of the reliance on A1c measures in the medical management 
of diabetes, commercial laboratories have developed assays for A1c that 
can be done in DBS. This allows patients to take their own samples and 
mail them to a lab from which the results can be reported to their doctors, 
saving time and money. DBS assays for A1c require special proprietary 
pretreatment of filter paper and utilize proprietary laboratory methods 
for analysis. Working with a commercial partner that has developed a 
DBS assay is therefore essential. Flexsite Diagnostics was the laboratory 
that did the HRS diabetes study, and their support and cooperation were 
outstanding. They designed a specimen collection card specifically for the 
study. This allowed the respondents to mail their specimens directly to the 
lab with only an arbitrary numeric identifier, so that the laboratory would 
not know the name or address of the respondent. Results were reported 
to HRS by numeric identifiers and then merged with the questionnaire 
data and the usual HRS identifications.

The diabetes sample was selected from respondents to the 2002 wave 
of HRS. Only persons reporting a doctor diagnosis of diabetes were eli-
gible. About 20 percent of the eligible sample was excluded because of 
their participation in another HRS mail survey (the Consumption and 
Activities Mail Survey). The eligible sample numbered 2,518. Of that 
group, 133 (5.3 percent) died prior to the beginning of the diabetes study 
in late 2003. 

The diabetes study proceeded in two stages. First, respondents were 
sent a self-administered questionnaire, along with a check for $40 and an 
explanation that they would be receiving a second request to send a blood 
sample later (the usual HRS incentive for a mail survey is $20). Blood test 
kits were sent out to respondents when questionnaires were returned. 
A standard protocol of reminders was followed. After about six weeks, 
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duplicate questionnaires and blood kits were mailed to persons who had 
not responded. After about eight weeks, follow-up telephone calls were 
placed to some respondents.

Questionnaires were returned by 1,897 sample members (79.7 per-
cent). In contrast to both the core HRS interviews and the ADAMS study, 
but quite consistent with other HRS mail surveys, there were substantial 
racial and ethnic differences in participation. Blacks and Hispanics had 
response rates about 10 percent lower than those of whites. Blood kits 
were returned by 1,233 respondents, which is 65 percent of those who 
returned the questionnaire. There was not much difference between His-
panic and other respondents on the blood test response rate conditional 
on participation in the questionnaire, but there was again a lower response 
rate among blacks. Combined with the questionnaire response rate, the 
net biomarker rate was 52 percent of the eligible surviving sample. 

The quality of the A1c data collected seems to be quite satisfactory. 
Figure 4-1 shows the level of A1c according to the type of treatment 
regime: 7.9 for those on insulin, 7.2 for those taking oral medication only, 
and 6.5 for those not taking medication (F-statistic = 53.8, p < .0001). The 

Figure 4-1
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FIgURE 4-1 Mean HbA1c score by type of medication regime. 
SOURCE: HRS Diabetes Study.
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corresponding numbers for the population ages 50 and older from the 
National Health and Nutrition Examination Survey (NHANES) study 
for 2003-2004 are 7.8, 7.0, and 6.2. Figure 4-2 shows the differentials by 
race and ethnicity: 7.1 for white non-Hispanics, 7.7 for blacks, and 7.8 for 
Hispanics (F-statistic = 35.1, p < .0001). That again differs only slightly 
from the comparable NHANES figures of 7.1, 7.9, and 7.8. Finally, Figure 
4-3 shows that A1c also varies according to the respondent’s self-assessed 
performance at managing the disease. Respondents giving themselves an 
“A” had A1c scores of 7.0, compared with 7.3 for “B” grades, and 7.8 for 
“C” or lower (F-statistic = 15.1, p < .0001).

Thus, in comparison with ADAMS, the diabetes study had a much 
higher overall participation rate but a fairly comparable net completion 
rate on the biomarker. Taken together, these two experiments suggested 
several important guidelines for future work on biomarkers in the HRS. 
First, multistage requests, in which the biomarker request is conditional 
on agreeing to one or more prior request, are bad for response rates. Sec-
ond, self-administration and mailback of blood spots, while inexpensive, 
is unlikely to yield high response rates and seems particularly ill-suited 
to maintaining high response rates of minorities. In-home requests, with 
a trained person present to take the sample, seemed to provide the best 
basis for administering biomarkers.

Figure 4-2
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FIgURE 4-2 Mean HbA1c score by race and ethnicity. 
SOURCE: HRS Diabetes Study.
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Figure 4-3
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FIgURE 4-3 Mean HbA1c score by self-rated assessment (letter grade) of self-
management of diabetes. 
SOURCE: HRS Diabetes Study.

FACE-TO-FACE INTERvIEWS

In 2004, the HRS was given additional funding from the Social Secu-
rity Administration to use in-person interviewing to improve consent 
rates for linkage to Social Security records for two groups: all of the origi-
nal 1992 HRS cohort (born 1931-1941, plus spouses) and members of the 
1998 war baby cohort (born 1942-1947, plus younger spouses) who had 
not yet given consent. This effort was successful. Seizing the opportunity 
created by in-person interviewing to pilot some other measures, the HRS 
obtained administrative supplements from NIA to conduct in-person 
interviews with samples of the other cohorts to create a representative 
sample of the whole. From the combined set of in-person interviews, 
samples of about 100 persons from each single year of birth were assigned 
to do physical performance measures, with a subset getting height and 
weight measures.

Although the 2004 interviews did not include any blood or DNA 
work or blood pressure testing, they were an important step in develop-
ing the 2006 strategy for biomarkers. We observed that there was a fairly 
high loss of sample due to respondents declining the in-person interview 
in favor of telephone—about 10 percent of those assigned. Thus, address-
ing “mode switches” is important for the HRS, given its history as a 
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telephone survey. We also observed that failure to complete the physical 
performance measures (timed walk, puff test, grip strength) was related 
to self-reported physical limitations. Having good self-report indicators 
of those abilities would aid in understanding that censoring.

2006 Enhanced Face-to-Face Interview

All the work of the various supplemental studies and pilot projects 
were brought together in the design of the enhanced face-to-face inter-
view for 2006. The key elements of the 2006 HRS enhanced face-to-face 
interview are

• measured height and weight and waist circumference,
• blood pressure,
• timed walk, grip strength, puff test, balance test,
• dried blood spots for HbA1c, total cholesterol, high-density lipo-

protein cholesterol, C-reactive protein and repository,
• salivary DNA for repository, and
• self-administered mailback psychosocial questionnaire.

Selection of Measures

As a multidisciplinary population survey serving a wide community 
of researchers, the decision process in HRS about any survey content, 
including biomarkers, must consider a wide range of potential uses and 
not focus narrowly on specific hypotheses or interests. Input was sought 
from a large number of experts. The choice of measures attempted to bal-
ance scientific value against cost and respondent and interviewer burden. 
There are two primary foci of the measures: the first is obesity and meta-
bolic syndrome, for which the main goal is obtaining assessments now to 
model risks of future events, and the second is frailty, for which the main 
goal is improving our characterization of the dynamics of disability and 
care needs of the elderly. 

As an example of this selection process, the Quetelet body mass 
index (BMI) is obviously a critical measure for understanding obesity, and 
direct measures of height and weight should help to resolve any doubts 
about the accuracy of self-reports. But BMI is far from a perfect measure 
because of variability in muscle mass and other nonfat components of 
body weight. Waist circumference adds valuable complementary informa-
tion about fatness and in particular about central adiposity. Waist-hip ratio 
was considered to add relatively little to waist alone, and hip measure-
ment is more intrusive for respondents and difficult for interviewers. Grip 
strength is a somewhat expensive measure because of the high price of the 
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dynamometer devices, but when this is factored over an average of 50-60 
enhanced face-to-face (EFTF) interviews per interviewer in this wave, and 
the potential for reuse in other waves, its value in assessing loss of muscle 
strength clearly outweighs its cost. A more difficult set of choices had to be 
made regarding the physical performance measures. There are a number 
of well-known assessments of lower body mobility, such as chair stands 
and “get-up-and-go.” We determined in 2004 that timed walk was the 
best single measure for our needs. For 2006, after consultation with other 
experts, we decided that what was needed to complement timed walk 
was not another measure focused on lower body strength, but rather mea-
sures that directly assessed balance, because that can also be useful not 
only for modeling falls, but also in understanding cognition. We therefore 
added a 10-second semitandem stand, followed by a side-by-side stand, 
or a full tandem stand, depending on performance.

The most significant restriction imposed by cost constraints was on 
blood testing. Drawing of whole blood in the home or in a clinic would 
be extremely expensive in a dispersed national sample like the HRS. At 
the same time, the laboratory technologies for using dried blood spots are 
advancing rapidly, making the scientific potential of this relatively inex-
pensive field collection protocol extremely attractive. At present, the HRS 
blood spots will be used to assay for HbA1c, total cholesterol, HDL choles-
terol, and C-reactive protein. All these measures are of course important 
in metabolic syndrome and cardiovascular risk. Having established the 
protocol for DBS collection, other assays can be added as the technology 
improves and as scientific interest and funding develop.

Despite the restrictions imposed by both cost concerns and scientific 
focus, the new measures added to HRS cover a lot of ground. In their 
paper in Cells and Surveys, Eileen Crimmins and Teresa Seeman outlined a 
table of 17 measures on 8 different physiological systems that were related 
to social and behavioral influences and health outcomes (Crimmins and 
Seeman, 2001, p. 20). Of these, the HRS covers eight measures in four of 
the systems. The two most significant systems not covered are the sympa-
thetic nervous system and the hypothalamic pituitary adrenal axis. Good 
measures of functioning in these systems require either whole blood, 
urine, or multiple measures during the course of a day or over several 
days (e.g., cortisol). The HRS will continue to follow research using these 
measures and technologies for assessing them.

Sample Design

The 2005 renewal proposal called for spreading the EFTF interviews 
over the next three waves of the HRS—randomly assigning one-third of 
the sample to each. Following the successful review of the proposal, NIA 
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recommended that this be accelerated to assign one-half of the sample 
in 2006 and the other half in 2008, creating the possibility of a four-year 
interval between biomarker collections rather than six. That recommenda-
tion was adopted. The assignments were made randomly at the house-
hold level. That means that both persons in a two-person household 
will get the biomarker interview in the same year. It also means that all 
sample clusters will get a mix of conventional telephone follow-ups and 
enhanced face-to-face interviews, and therefore that all interviewers must 
be trained for both types of interviews. While this increases training costs 
slightly, it allows for operational efficiencies when interviewers can mix 
the two types of activities, and it allows for complete geographical repre-
sentation in each wave.

Interviewer Training

The HRS was fortunate to follow, with about a year’s lag, the devel-
opment of in-home biomarker interviews in the National Social Life, 
Health, and Aging Project at the National Opinion Research Center and 
the University of Chicago. Their success set a high standard. Critical to 
that success is the successful training of interviewers in both persuading 
respondents to participate and in conducting the various measures suc-
cessfully. The HRS had already developed protocols for height and weight 
measurement and physical performance measures. The ADAMS study 
had used cheek swabs to collect DNA. The switch to mouthwash samples 
offered both better quantities of genetic material and an easier mode of 
administration. The two main areas for which new training materials had 
to be developed were blood pressure and blood spots. For the latter we 
were advised by Professor Thomas McDade of Northwestern  University, 
as well as the commercial laboratory conducting the assays. For both we 
had input from Robert Wallace and Kenneth Langa, the two medical doc-
tors on the HRS investigative team.

The HRS survey operations group developed a DVD that demon-
strated the protocols for all aspects of the new content. This video was 
sent in advance to prospective interviewers interested in working on HRS 
(most of whom had worked for the study in previous years). It helped to 
screen out interviewers who were too uncomfortable with the methods 
to do the work. It also served as a training vehicle and continues to serve 
as a refresher for interviewers in the field.

Consent and Reporting

The HRS developed a booklet for the administration of physical mea-
sures and biomarkers. Respondents of course consent to participate in the 
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HRS itself before interviewing begins. The biomarker assessments occur 
around the middle of the interview. For each of three sections—physical 
measures, blood spots, and DNA sample—the respondents are shown a 
printed information form and asked to read it and sign a consent before 
proceeding. In addition, respondents are asked after signing the consent 
whether they feel it is safe for them to perform each measure immedi-
ately before doing it. Blood pressure results can be reported during the 
interview, and any respondent exceeding a specified threshold is given 
a card recommending that they see a doctor about their blood pressure. 
Respondents are also told that their blood test results for HbA1c and 
cholesterol will be reported to them by mail. Both the blood test and the 
DNA consents permit future analysis to be done for HRS-related research 
purposes without reporting back to the respondent.

Early Results

At this writing, the HRS is about 10 weeks from the end of its 2006 
field period, and about 90 percent of the expected interviews are com-
pleted. Early indications are that cooperation with the new EFTF inter-
view is going well. Relatively few respondents have refused the face-to-
face mode. Of those who have been interviewed, consent rates are over 94 
percent for the physical measures, 82 percent for the DNA sample, and 81 
percent for the blood spots. At present, older respondents are somewhat 
more likely to give DNA and less likely to give blood spots than younger 
respondents. 

In the 2004 pilot work with physical performance measures, we noted 
a significant correlation between noncompletion of the measures and self-
reported physical limitations. The distribution of measured scores thus 
does not represent the true population distribution of abilities. In the case 
of timed walk, we have several good self-reports of lower body function 
that allow one to assess the function level of persons who decline to do 
the task and potentially to impute a physical performance score. For the 
other measures, we do not. In 2006 we therefore added self-rating ques-
tions on hand strength and on lung function to aid in understanding the 
functional abilities of those who do not do the measures.

Table 4-2 shows that self-rated hand strength correlates very strongly 
with measured grip strength, and that persons reporting weakness in 
the hand had substantially lower completion rates on the grip strength 
test. For lung function, shown in Table 4-3, the question on frequency of 
breathlessness is not quite as good at predicting response rates to the puff 
test. This may be due to the fact that (unwarranted) fear of infection from 
the device leads some well-functioning respondents to decline this test. 
Self-rating does correlate well with performance on the test.
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There is some controversy about the quality of self-reports of height 
and weight, although the general finding seems to be that there is a gen-
eral tendency to overstate height among the elderly (Ezzati et al., 2006; 
Gunnell et al., 2000). The most plausible explanation for this is that older 
people report their maximum adult height, not their current height after 
shrinkage due to age-related compression. Weight tends to be underre-
ported by the overweight, and overreported by the underweight, leaving 
a relatively small bias on average. In preliminary results from 2006, as 
well as in a very small sample from 2004, the HRS tends also to find rather 
small errors in reported weight, and systematic overreporting of height. 
The self-reports of height and weight are obtained before respondents are 
told that they will be measured.

Figure 4-4 shows the pattern of heights found in 2006, graphing the 
mean measured height and mean self-reported height against the self-

TABLE 4-2 Self-Rated Grip Strength, Response Rate to Grip Test, 
and Measured Grip Strength

Self-Rated Hand 
Strength

Measured Grip 
Strength

Response  
Rate (%) N Measured

Very strong 36.7 86.5 1,440
Somewhat strong 31.9 88.1 4,149
Somewhat weak 24.7 78.8 1,213
Very weak 20.6 48.9  174

F-statistic 351.7 151.3
p-value < .0001 < .0001

SOURCE: Preliminary HRS 2006 production data, unweighted.

TABLE 4-3 Self-Rated Shortness of Breath, Response Rate to Lung 
Test, and Measured Lung Function

Self-Rated  
Shortness of Breath

Expiratory  
Force

Response  
Rate (%) N Measured

Often 272.2 72.3 391
Sometimes 313.2 85.3 1,221
Rarely 367.2 87.7 2,134
Never 378.0 87.6 3,411

F-statistic 135.6 33.7
p-value < .0001 < .0001

SOURCE: Preliminary HRS 2006 production data, unweighted.
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Figure 4-4
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FIgURE 4-4 Measured versus self-reported height. 
SOURCE: Preliminary HRS 2006 production data.

reported height. If self-reports were unbiased (equal to measured) on 
average, the graph should show a perfect 45-degree line. Instead, mea-
sured heights are lower than self-reports at every level of self-report, and 
more so at taller self-reported heights. The average differential is just 
under one inch. Measured heights are recorded to the nearest quarter-
inch, and self-reports are in round inches. In addition to the bias, there is 
some random error, as shown by the correlation coefficient of .89 between 
measured and self-reported height.

Figure 4-5 shows a similar graph for weights, grouping self-reports in 
10-pound ranges on the horizontal axis and graphing on the vertical axis 
the mean of measured and self-reported weight for each of those groups. 
The average error is about three pounds (self-reports below measured 
weight). The correlation is also impressively high at .97.

To put this in perspective, the average HRS respondent has a BMI 
of 29.1 using the measured data. Using instead the self-reported height 
lowers this to 28.2, while using instead the self-reported weight lowers it 
much less, to 28.6. Both together lower it to 27.8. Based on this evidence, 
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the real scientific value from measuring weight in an older population, 
as opposed to relying on self-report, does not appear to be as great as the 
gain from measuring height. Height measurements are also less costly and 
less burdensome than using scales to measure weight.

Blood pressure data appear to be of good quality. The HRS protocol 
calls for three repeated measures, using an upper arm cuff with an auto-
matic inflation device. These three measures are correlated at about .95, 

Figure 4-5
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FIgURE 4-5 Measured versus self-reported weight. 
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TABLE 4-4 Biomarkers and Self-Reports: Measured Blood Pressure 
by Self-Reported High Blood Pressure Diagnosis and Control (mean 
of 3 measurements)

Systolic Diastolic

No high blood pressure 126.4 78.1
Under control no meds 137.4 84.5
Under control using meds 134.2 79.9
Not under control 148.4 87.6

F-statistic 138.7 71.2
p-value < .0001 < .0001

SOURCE: Preliminary HRS 2006 production data, unweighted.
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indicating good reliability. Table 4-4 shows that the mean of the three 
measures is reasonably well correlated with self-reported status. Interest-
ingly, the mean blood pressure of persons who report a diagnosis and say 
it is under control is not much higher than those who say they do not have 
hypertension. Those who report their blood pressure is not under control 
do indeed have substantially higher measured levels.

CONCLUSION

The integration of biomarkers into the HRS is very much a work in 
progress. The first big steps have been taken to transform a primarily 
telephone study into one using in-person interviewing to obtain direct 
physical measurements and collect biological samples in the home, chal-
lenging the “elastic powers” of the survey’s designers and its funders. 
HRS respondents have shown themselves willing to participate in this 
new survey experience, and the data they have provided appears to be 
of high quality. The HRS investigators hope to continue to expand and 
innovate in the inclusion of biomarkers as appropriate to the overall aims 
of the HRS. While this provides valuable new content to the HRS and new 
points of contact with clinical and lab-based studies, a large population 
survey like HRS cannot replace the vastly greater biological detail attain-
able in small clinical studies.

Soon the challenge to the elastic powers will shift from the design 
and implementation of the measures to their integration into longitudinal 
analyses using the data. It is this crucial intellectual transformation of how 
researchers conceive of problems that Wachter saw as the real challenge. 
The effort to collect such measures in population surveys will be war-
ranted only by the new research insights they support. To support that 
challenge, we will need to seek ways to encourage researchers to develop 
models to make use of them. And that in turn will stimulate new ideas 
and new measures for future waves of data collection.
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An Overview of Biomarker Research 
from Community and Population-Based 

Studies on Aging

Jennifer R. Harris, Tara L. Gruenewald, and Teresa Seeman

The goal of this chapter is to provide an overview of findings from 
community-based studies that have profitably incorporated bio-
markers along with more traditional interview data to address 

important questions regarding factors that affect health risks at older 
ages. The focus on older age stems from a series of activities (National 
Research Council, 1997, 2001a) funded by the National Institute on Aging 
that promoted a new era of population aging research predicated on the 
importance of integrating biomarkers into survey research. 

Prior efforts to include biomarkers in community and population 
studies have yielded a wealth of knowledge regarding the role of biologi-
cal systems and processes in cognitive and physical functioning, mental 
and physical disease development, and mortality outcomes. The bio-
marker initiative under the National Institute on Aging was particularly 
concerned with identifying biomarkers of physiological age (Butler et 
al., 2004). In contrast, biomarker research in the social and behavioral 
sciences has emphasized elucidating the interplay of biological systems 
with sociodemographic, behavioral, psychosocial, pharmacological, and 
genetic factors in health outcomes (Institute of Medicine, 2006; National 
Research Council, 2001b). 

This chapter highlights research contributions from a selected group 
of community and population studies that include various biomarker 
measurements in study assessments. It is not intended to review com-
pletely, catalogue, or present in-depth results, but rather to provide an 
overview of the range of biomarker research conducted in these studies 
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and highlight some key findings and research directions stemming from 
this integrative research. 

For the purposes of this review, we have limited our consideration of 
biomarkers mainly to DNA and physiological biomarkers collected from 
blood (e.g., glycosylated hemoglobin, cholesterol), saliva (cortisol) or urine 
(cortisol and catecholamines); not included are more functional parameters 
that are also considered to be biomarkers, such as hand grip strength, mea-
sures of vision or hearing, and assessments of cognitive or physical func-
tioning. This chapter highlights the types of questions that can be addressed 
when social and behavioral studies are supplemented with biomarker data, 
and therefore we also exclude descriptions of biomarker research derived 
from postmortem studies of brain tissue. It is important to note, however, 
the value of postmortem biomarkers for elucidating biological pathways 
and mechanisms, including those linking social and behavioral measures 
with disease outcomes. This is illustrated by research from, for example, 
the Nun’s Study (Snowdon, Kemper, Mortimer, Wekstein, and Markesbery, 
1996), the Religious Order Study (Wilson, Bienias, and Evans, 2004), and the 
Memory and Aging Project (Bennett et al., 2005).

Our decision to focus on physiological parameters and genes was 
driven in large part by a central goal of the current volume, namely, to 
help inform social scientists about the potential value of incorporating 
biomarkers into their projects through exposition of prior research in 
which analyses of such biomarkers or candidate genes have provided 
insights into processes and mechanisms affecting healthy aging. In that 
context, the focus taken herein seems warranted, as such biomarkers have 
generally not been included in social surveys (whereas assessments of 
functioning have), so that evidence based on physiological biomarkers is 
much less well known to the social science community. 

Much of the information presented in this chapter derives from the 
studies summarized in Table 5-1. These were selected to represent a sam-
pling of ongoing community or population-based studies on aging that 
have collected DNA or other biological or physiological biomarkers and 
that are not reviewed elsewhere in this volume. We have organized the 
wide range of findings generated from the studies reviewed according to 
a number of critical thematic areas that emerged during our review. These 
include biomarkers and aging, genetic and environmental influences on 
risk factors for cardiovascular disease (CVD), social and psychological 
factors, behavior genetics, biomarkers of cognitive aging, biomarkers of 
physical function and aging, indices of cumulative biological risk, and the 
relationship between biomarkers and genetic pleiotropy. 
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BIOMARkERS IN COMMUNITy- OR  
POPULATION-BASED STUDIES

Scientists have long been interested in obtaining measures of biomark-
ers to understand the role of biological systems in functioning and disease 
processes. Much of this work has been conducted via well-controlled 
experiments in the laboratory with nonhuman animals or in small-scale 
human studies focused on specific physiological processes in the lab (e.g., 
physiological responses to a specific challenge or interaction of specific 
physiological systems). More recently, the value of collecting biomarker 
measurements in large-scale community and population studies has been 
recognized (National Research Council, 2001a) and greater emphasis is 
being placed, by researchers and by funding agencies, on banking bio-
logical samples. 

The impetus for the collection of biomarkers is to gain a better under-
standing of the role of specific biological systems in health conditions, 
including an understanding of the role of biological systems in associa-
tion with other sociodemographic, behavioral, pharmacological, psycho-
social, and genetic contributions to health outcomes. There is a growing 
literature in the behavioral sciences literature linking social and behav-
ioral factors (ranging from sociocultural and neighborhood influences to 
interpersonal relations) to biomarkers and health (Berkman and Kawachi, 
2000; Cacioppo, Hughes, Waite, Hawkley, and Thisted, 2006; Hawkley, 
Masi, Berry, and Cacioppo, 2006; House, Landis, and Umberson, 1988; 
Kiecolt-Glaser et al., 2005; Ryff and Singer, 2001; Uchino, Cacioppo, and 
Kiecolt-Glaser, 1996; Wen, Hawkley, and Cacioppo, 2006). These findings, 
in conjunction with methodological advances, are fostering integrative 
lines of research to study health and pathways to disease. For example, 
the recent Institute of Medicine report Genes, Behavior, and the Social Envi�
ronment (2006) focuses on social environments in the study of gene by 
environment interactions and health. 

A wide variety of biomarkers have been assessed in community- or 
population-based studies. Biomarkers of cardiovascular, metabolic, endo-
crine, and immune systems or processes are most commonly assessed. 
However, other types of biomarker measurements have also been obtained, 
including exposure indices (e.g., bone and blood lead levels or pesticide 
blood levels to assess environmental exposure), measurements of vitamin 
or antioxidant levels, anthropometric measures (e.g., bone length, height, 
weight), bone density scans, measurements of brain activity (e.g., func-
tional magnetic resonance imaging, fMRI, or electroencephalogram, EEG), 
as well as markers of the functional status of a bodily system (e.g., forced 
expiratory volume to assess lung function). 

Biomarker values are typically assessed for biological systems at a 
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resting state (e.g., resting blood pressure, blood levels of glucose), but 
values are also sometimes assessed under conditions of challenge to a 
system (e.g., blood pressure levels after standing, levels of glucose after 
a glucose challenge test). Blood, urine, and saliva samples are typical 
sources for biomarker assessments, although for some of the biomarkers 
described above, mechanical or electrical devices (e.g., MRI machine) are 
also used to obtain measurements. The measurement of biomarkers in 
community- or population-based studies presents a methodological chal-
lenge for researchers, as they must determine how and where to obtain 
biomarker measurements on a large number of people. Most studies have 
used home-based or clinic-based protocols for the collection of biological 
specimens, with some investigations utilizing both approaches.

The primary advantage of clinic-based specimen collection is the 
ability to implement protocols requiring greater temperature control (e.g., 
samples must be kept cold or iced) as well as meeting more restricted 
processing requirements (e.g., within minutes or several hours at most). 
However, sample representativeness can sometimes suffer as certain sub-
groups are less able or willing to come to a clinic for reasons related to 
health, transportation, or unfamiliarity with the location. Examples of 
studies that have used clinic-based protocols successfully include the 
Women’s Health and Aging Studies I and II, the Cardiovascular Health 
Study, and the Health, Aging and Body Composition Study. Studies using 
home-based protocols include the MacArthur Study of Successful Aging 
(Berkman et al., 1993), the Later Life Resilience Study (Ryff, Singer, and 
Dienberg Love, 2004), and the Swedish Twin Studies (Lichtenstein et al., 
2002). 

BIOMARkERS AND AgINg

Most established biomarkers indices reflect age norms in disease-
free samples from which individuals with known risks and diseases are 
excluded from study. This poses a challenge for aging studies because these 
criteria make it difficult to define “normal” values among groups of elderly 
individuals for whom morbidity is common. Furthermore, this approach 
could mask age changes in many biomarkers and values of routine bio-
chemical blood tests. A study of clinical biochemical values in a popula-
tion-based sample of twins ages 82 and older from the Swedish study of 
Origins of Variance in the Oldest-Old: Octogenarian Twins (OCTO-Twin) 
found few participants without clinical diagnoses; therefore, subsequent 
survival for six years was used as a marker of overall health in late life. 
Results revealed an association between mortality and higher serum levels 
of urea, urate, gamma-glutamyltransferase (gamma-GT), free thyroxin, and 
plasma homocysteine. In women, increased mortality was associated with 
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low serum values for albumin and total cholesterol. The authors propose 
that these results could provide guidelines for clinical practice and general 
health examinations (Nilsson et al., 2003a, 2003b). 

Further study of the association of biochemical values with morbidity, 
drug therapy, and anthropometry was examined. In addition to expected 
findings showing that biochemical values deviate under disease states 
common among the elderly, a number of biological risk factors exhibit 
patterns of increasing risk with age, including blood pressure, glucose, 
and markers of inflammation and homocysteine, each of which is associ-
ated with risks for one or more common diseases of aging, such as car-
diovascular disease, osteoporosis, hip fracture, depression, and dementia 
(Nilsson et al., 2003a, 2003b). These findings indicate that morbidity and 
health-related factors common in aging populations substantially influ-
ence routine biochemical values. 

Analyses of community-based studies, such as the MacArthur Study 
of Successful Aging, also point to potentially important age-related reduc-
tions in risks associated with some biological factors (e.g., a reduction in the 
apparent risks associated with elevated total cholesterol—Karlamangla, 
Singer, Reuben, and Seeman, 2004), although other major risk factors 
continue to exhibit strong effects with respect to risks for major outcomes, 
such as physical function (Reuben et al., 2002), cognitive function (Weaver 
et al., 2002), and longevity (Hu et al., 2005). Analyses of biomarker data 
from the Cardiovascular Health Study (CHS) have confirmed that lipid 
profiles (specifically total and low-density lipoprotein [LDL], cholesterol) 
are not significant predictors of myocardial infarction (MI), stroke, or 
mortality among older adults (Psaty et al., 2004). 

CHS data also point to the continued importance of such biomark-
ers as high blood pressure, fasted glucose, low albumin, elevated creati-
nine, and low forced vital capacity as significant, independent risk fac-
tors for mortality, along with additional measures of subclinical disease, 
including aortic stenosis, abnormal left ventricular ejection fraction, major 
electrocardiographic abnormalities, and stenosis of the internal carotid 
artery (Fried et al., 1998) and markers of inflammation (Jenny et al., 2006). 
Analyses from the Health, Aging and Body Composition Study (Health 
ABC) (another cohort study of adults ages 70 and older) suggest that 
the presence of metabolic syndrome (based on a complex of risk factors, 
including cholesterol, blood pressure, and glucose) in older adults does 
continue to predict subsequent coronary events, heart failure, myocardial 
infarctions, and cardiovascular-related mortality (Butler et al., 2006). Like 
the MacArthur and other studies of aging, Health ABC data indicate that 
inflammatory markers such as interleukin-6 (IL-6) and tumor necrosis 
factor (TNF)-α are associated cross-sectionally with the presence of sub-
clinical or clinical cardiovascular disease (Cesari et al., 2003a), and the 
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presence of peripheral artery disease (McDermott et al., 2005) and that 
high levels of IL-6, TNF-α, and C-reactive protein (CRP) also prospec-
tively predict incident coronary events, including coronary heart disease, 
stroke, and congestive heart failure (Cesari et al., 2003b).

A recent analysis of time trends in biological markers of health risks 
in participants ages 65 and older from the National Health and Nutrition 
Examination Surveys (NHANES) III (1988-1994) and NHANES IV (1999-
2000) found significant reductions in the levels of high-risk indices of 
total cholesterol and homocysteine. These findings are consistent with the 
hypothesis that lipid-lowering medications and folate supplementation, 
respectively, have been effective in reducing the prevalence of “high-risk” 
values for these biological parameters. However, other changes indicate 
an increased burden associated with obesity-related measures and high-
risk levels of CRP (Crimmins et al., 2005). 

Analyses based on available biomarker data in the Women’s Health 
and Aging Studies (WHAS I and II) have yielded insights into relation-
ships of novel and potentially modifiable biomarkers, such as serum sele-
nium and carotenoids and mortality—low levels in each case predicting 
higher mortality risk (Ray et al., 2006). Analyses also confirmed mortality 
risks associated with gradations of diabetic hyperglycemia (Blaum et al., 
2005a). 

Another example of age effects is illustrated by studies of mortality 
and the apolipoprotein E (ApoE) genotype. The ApoE gene is a choles-
terol transporter involved in brain repair mechanism and is among the 
most widely studied genes in aging research. It has three common alleles, 
ApoE-2, ApoE-3, and ApoE-4, with ApoE-4 conferring a higher risk for 
developing Alzheimer disease (AD). Demographic models investigating 
the association between ApoE genotype and mortality rates using data 
from several countries revealed diminishing risks with age and that the 
ApoE genotypes are associated with little variation in mortality among 
centenarians (Ewbank, 2002). 

gENETIC AND ENvIRONMENTAL INFLUENCES ON  
RISk FACTORS FOR CARDIOvASCULAR DISEASE

In certain respects, the strategy behind biomarker research reflects an 
endophenotype (intermediary phenotype) approach, described in psy-
chiatric genetics (Gottesman and Gould, 2003). In polygenic systems, in 
which environmental influences also figure prominently, biomarkers often 
represent “downstream” traits in the pathways between genes and a mea-
sured behavior or outcome. Endophenotype-based strategies are becom-
ing more common in gene detection studies, and it is critically important 
to recognize that many biomarkers are themselves complexly determined. 
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As illustrated by studies of CVD risk factors, genetic and environmental 
analyses of biomarkers can provide insights regarding biomarker effects 
in complex causal pathways. 

CVD risk factors are among the most studied biomarkers. They are 
well known, easy to measure, and routinely assayed in clinical practice. 
Heritable and environmental factors have long been known to play an 
important role in cardiovascular disease, although quantification of these 
risks in the population at large is not straightforward. Twin and family 
studies provide ample evidence that biological risk factors (biomarkers) 
for cardiovascular disease, such as serum lipids and apolipoproteins, are 
also influenced by multiple genetic and environmental factors. Develop-
mental trends in lipid and apolioproteins have been described (e.g., early 
life, adolescence, menopause in women, and older age) and age-sex dif-
ferences emerge in lipid profiles. 

A key question is how variation in these age and sex patterns is 
differentially influenced by genes and environment. Research on CVD 
risk factors from the Swedish Adoption Twin Study of Aging (SATSA) 
have helped to elucidate this. Genetic differences account for more than 
half the variation in plasma factor VII levels (Hong, Pedersen, Egberg, 
and deFaire, 1999). Analyses of total cholesterol, high-density lipoprotein 
(HDL), apolipoproteins A-I and B, and triglycerides revealed substantial 
heritabilities for these measures ranging from 0.63 to 0.78 in the younger 
group (ages 52-65) and from 0.28 to 0.55 in the older group (ages 66-86) 
for these measures. Heritabilities were consistently lower in the older 
age groups and significantly lower for apolipoprotein B and triglyceride 
levels (Heller, de Faire, Pedersen, Dahlen, and McClearn, 1993). 

Furthermore, the unique design involving twins reared apart and 
reared together revealed that shared rearing environmental effects contrib-
uted to variation in total cholesterol levels. Most of the nongenetic varia-
tion for the other biomarkers was explained by unique environmental 
factors. This research was expanded on in a further twin study using aug-
mented data that included SATSA, the Screening Across the Lifespan Twin 
(SALT) pilot study, and the Men and Women’s Aging (GENDER) study. 
Sex and age differences in lipid and apolipoprotein levels were investi-
gated in three age groups (17-49, 50-69, and 70-85). Heritabilities ranged 
from 35 to 74 percent and were consistently greater in women across all 
age groups. This age effect is almost entirely explained by greater vari-
ance associated with environmental factors (Iliadou, Lichtenstein, deFaire, 
and Pedersen, 2001). Age dependency in genetic effects for plasma lipids 
was also investigated in Dutch data, which showed some evidence for 
partially different sets of genes to influence lipid levels at different ages 
(Sneider, Van Doornen, and Boomsma, 1997). 

Numerous other studies have confirmed the importance of genetic 
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and environmental factors on cardiovascular risk factors in different coun-
tries (see Iliadou and Sneider, 2004, for a review), illustrating that genetic 
influences differentially affect various risk factors. For example, heritabili-
ties for lipoprotein a Lp(a) levels are exceptionally high (.90) but may be 
affected by the use of sex hormones among women (Hong et al., 1995). 
Future research that incorporates measured environments into these mod-
els will help identify the nature of nonshared influences that impinge on 
CVD risk factors and become more important with age and, potentially, 
impact CVD outcomes. 

SOCIAL AND PSyCHOLOgICAL FACTORS

A large and rapidly growing literature documents links among social, 
behavioral, and psychosocial measures with physiological, biological, and 
genetic factors (Harris, 2007; Ryff and Singer, 2005). A key goal of many 
of the studies reviewed here is to understand the nature of some of these 
links and to elucidate the interplay between these factors and their rela-
tionships to biology as these latter relationships affect healthy aging. This 
research has investigated an array of factors spanning different spheres 
of influence, including socioeconomic status, social engagement or social 
relationships, and various psychological factors. 

Socioeconomic Status

Although previous research has suggested that socioeconomic status 
(SES) is less strongly related to health outcomes at older ages (House et 
al., 1994), data from multiple population-based studies point to the con-
tinued impact of lower SES on health risks in later life, including links 
to greater biological dysregulation in various major regulatory systems. 
Multiple studies based on data from the Health ABC Study have docu-
mented relationships between indicators of SES and biomarkers and also 
provide evidence that lower SES confers a greater risk for poorer cogni-
tive and physical functioning outcomes. Lower SES (assessed by levels of 
education, income, and assets) was associated with higher levels of CRP, 
TNF-α, and IL-6 (Koster et al., 2006). Behavioral factors, such as smoking, 
alcohol consumption, and obesity accounted for a greater proportion of 
these associations than prevalent disease (e.g., heart disease, diabetes). 

Lower SES participants were also at greater hazard of developing 
mobility disability (Koster et al., 2005a). Body mass index and an index 
of the number of inflammatory biomarkers (CRP, IL-6, TNF-α) for which 
participants’ values were in the highest tertile were significant covariates 
in analyses, suggesting that these biomarkers may be important media-
tors of relationships between SES and mobility disability. 
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Lower SES has also been shown to predict the likelihood of cogni-
tive decline in Health ABC participants (Koster et al., 2005b). Although 
a number of biomarkers were associated with both SES and cognitive 
decline in this investigation, biomarkers explained only a small portion 
of the relationship between SES and cognitive decline. 

Data from the MacArthur Study of Successful Aging document 
similar SES gradients in major biomarkers (lower SES being associated 
with increased prevalence of higher risk levels), with a significant, nega-
tive gradient seen for a summary index of allostatic load (Seeman et al., 
2004a). Analyses also indicate that these SES differences in allostatic load 
mediate 35 percent of the SES gradient in mortality (Seeman et al., 2004a). 
Parallel evidence for such SES gradients in cumulative biological risk has 
been reported from the Wisconsin Longitudinal Study (Singer and Ryff, 
1999). And low levels of educational attainment were also shown to be 
associated with higher levels of allostatic load in the Normative Aging 
Study (NAS), with much of the association apparently mediated by higher 
levels of hostility (Kubzansky, Kawachi, and Sparrow, 1999). Recent anal-
yses of NHANES III data also show consistent SES gradients in levels 
of biological risks with respect to blood pressure, cholesterol, metabolic 
profiles, and levels of inflammation (Seeman, Merkin, Crimmins, Koretz, 
and Karlamangla, no date). 

Social Engagement and Social Relationships

A consistent body of evidence links greater social integration to bet-
ter health and longevity (Seeman, 1996). A growing literature further 
indicates that health effects of social relationships persist importantly into 
older age, with evidence linking greater social integration or engagement 
to lower risks for cognitive decline (Bassuk, Glass, and Berkman, 1999; 
Seeman, Lusignolo, Albert, and Berkman, 2001a) and dementia (Frati-
glioni, Wang, Ericsson, Maytan, and Winblad, 2000), as well as lower risks 
for physical disability (Seeman, Bruce, and McAvay, 1996) and greater 
longevity (Seeman, Kaplan, Knudsen, Cohen, and Guralnik, 1987; Seeman 
et al., 1993). 

More recently, attention has shifted to the identification of potential 
biological pathways through which social relationships affect health and 
aging. Greater social integration and higher levels of reported emotional 
support have been linked to lower levels of major stress hormones (e.g., 
cortisol, norepinephrine, epinephrine) among older men, with weaker 
and nonsignificant trends among women (Seeman, Berkman, Blazer, and 
Rowe, 1994), and similar findings have been reported more recently for 
patterns of association with IL-6 (Loucks, Berkman, Gruenewald, and 
Seeman, 2006). Examination of more cumulative measures of biological 
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risk has yielded evidence of an inverse relationship between levels of 
positive social engagement and cumulative risk for both men and women 
(Seeman, Singer, Ryff, and Levy-Storms, 2002). Importantly, data on levels 
of social conflict point to the increased health risks associated with greater 
exposure to such interactions (see Burg and Seeman, 1994, for a review).

Paralleling these earlier data, more recent data provide a growing 
body of evidence indicating that such negative social interactions are 
associated with heightened physiological activity and reactivity, resulting 
in significantly increased levels of biological risk (Seeman and McEwen, 
1996; Taylor, Repetti, and Seeman, 1997; Seeman et al., 2002). These find-
ings are consistent with the fact that man has evolved as a social animal. 
As such, it is not surprising that qualitative aspects of our social inter-
actions should be associated with underlying and parallel patterns of 
physiological activation reflecting reduced versus heightened biological 
risk profiles. 

Psychological Factors

The Later Life Resilience Study is another investigation that has 
focused on links between biomarkers and a number of social and psy-
chological factors. Using a sample of women drawn from a larger study 
of the process of relocating to “senior housing,” Ryff and colleagues (2006) 
examined biomarker correlates of positive and negative well-being in 
study participants to address the question of whether positive and nega-
tive well-being are opposite sides of a single mental health continuum or 
whether these forms of well-being are separate and independent dimen-
sions. They hypothesized that if positive and negative well-being are 
unique constructs, they should have distinct biomarker correlates, and 
this premise was largely supported by study findings. 

For example, salivary cortisol, norepinephrine, waist-hip ratio, HDL 
cholesterol, and total/HDL cholesterol showed significant associations 
with some measures of well-being (e.g., purpose in life, personal growth, 
perceived autonomy, positive affect, positive relations) but not with mea-
sures of ill-being, while dehydroepiandrosterone sulfate (DHEAS) and 
systolic blood pressure showed significant associations with negative 
well-being (e.g., depressive symptoms, negative affect, trait anxiety, trait 
anger) but not positive well-being. Only two biomarkers, weight and 
glycosylated hemoglobin, showed significant associations with indicators 
of both positive and negative well-being.

Other analyses have examined links between biomarkers and two 
dominant forms of positive well-being, eudaimonic (e.g., self-actualization, 
purpose in life) and hedonic (e.g., happiness, pleasure, satisfaction) well-
being. A number of biomarkers, including salivary cortisol, urinary nor-
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epinephrine, the soluble receptor for IL-6, weight, waist-hip ratio, HDL 
cholesterol, total/HDL cholesterol, glycosylated hemoglobin, and indica-
tors of better sleep quality were found to relate to scores on measures of 
eudaimonic well-being, while only HDL cholesterol was associated with 
hedonic well-being (Ryff et al., 2004). 

Women with more positive social relations have also been found to 
have lower levels of IL-6 and better sleep efficiency (Friedman et al., 2005). 
Interestingly, social relations and sleep quality showed an interaction in 
their association with IL-6, such that those with both poor social relations 
and sleep efficiency had the highest levels of IL-6, while those women 
with poor scores on only one measure showed more moderate levels. This 
finding suggests that social relationships and sleep may act to buffer one 
another for deficits in one domain in terms of potential impacts on inflam-
matory activity. Evidence that poor sleep may be related to CVD risk, 
particularly in older people under chronic stress, has also been reported. 
Poor sleep, as measured using polysomnography, was associated with 
higher plasma IL-6 and procoagulant marker fibrin D-dimer in a study of 
older community-dwelling caregiver and noncaregiver adults, and these 
effects were more pronounced in caregivers of patients with Alzheimer 
disease (von Kanel et al., 2006).

Data from the Normative Aging Study also point to the potential 
importance of hostility as a factor affecting patterns of biological risk 
as well as major health outcomes. For example, high hostility has been 
linked to high levels of insulin and triglycerides and low HDL levels, with 
much of these associations mediated by links between higher hostility and 
higher body mass index and waist-hip ratio (Niaura et al., 2000). As indi-
cated earlier, high levels of hostility have also been found to be associated 
with high scores on an allostatic load index, which represented a sum-
mary score of high-risk values on a range of cardiovascular, endocrine, 
and metabolic biomarkers (Kubzansky, Kawachi, and Sparrow, 1999). 
Investigations of NAS participants have also examined the interaction 
of both biological and psychosocial risk factors in the development of 
disease. For example, one investigation found that high levels of hostility 
and the presence of metabolic syndrome (high-risk scores on measures of 
triglycerides, glucose, HDL cholesterol, blood pressure, and body mass 
index [BMI]) independently predicted the likelihood of myocardial infarc-
tion over a 14-year follow-up period, but the concomitant presence of both 
high hostility and metabolic syndrome was associated with the greatest 
risk for subsequent myocardial infarction (Todaro et al., 2005). 

Chronic stress has also been linked to a myriad of effects, includ-
ing poor health, reduced immune function, premature aging, less robust 
responses to treatment, and earlier age of disease onset. Epel and col-
leagues (2004) analyzed peripheral blood mononuclear cells in pre-
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menopausal women to investigate the relationship between life stressors 
(chronic caretaking of an ill child) and cellular aging. Although there was 
no relationship between caregiver status and the indices of cellular aging, 
results revealed that perceived stress and duration of stress were associ-
ated with higher oxidative stress, lower telomerase activity, and shorter 
telomere length (TL), even after controlling for age. This research provides 
insight into potential mechanisms that link psychological stress to biologi-
cal aging and suggests that perceived or chronic stress may play a role 
in premature senescence. Longitudinal research that tracks changes in 
telomere length in association with other psychosocial and health indices 
is needed to provide further insights into the factors affecting telomere 
shortening across the lifespan. Although this research is not based upon 
a community sample, measures of telomere length and telomerase activ-
ity are becoming more common biomarkers in larger cohort studies. For 
example, in the MacArthur Study of Successful Aging, stored DNA has 
been used to assess telomere length, and analyses now under way are 
examining both relationships to subsequent health risks and predictors 
of TL.

BEHAvIOR gENETICS

Following the human genome project there has been a tremendous 
shift in the focus of behavioral genetic research that has moved this field 
more squarely into the realm of biomarker research. A large body of 
research unequivocally documents the importance of anonymous genetic 
influences for an array of behaviors that affect healthy aging, including 
symptoms of depression, physical functioning, personality, health-related 
behaviors, and cognition (see special issue of Behavior Genetics on Aging, 
��(2), March 2003). 

Candidate genes, and their protein products, represent biomarkers 
that are becoming more routinely catalogued and studied. For example, 
based on information regarding relevant biological pathways, projects 
from the Swedish twins (SATSA, OCTO-Twin, GENDER, HARMONY, 
and SALT) have identified a variety of candidate genes and gene markers 
to study in association with aging-related behaviors and health outcomes. 
An example finding from this approach and combining data from several 
studies (SATSA, OCTO-Twin, and GENDER) is the reported association 
between depressed mood in the elderly and the AA gene variant in the 
serotonin receptor gene (5-HTR2A) among men but not among women 
(Jansson et al., 2003). These results raise the question whether different 
genes or genetic mechanisms contribute to the development of depressed 
mood in the elderly. 

Methodological advancements have added a new focus to behavior 
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genetic research, and an increasing number of studies are interested in 
the localization and identification of functional genetic variants influenc-
ing individual differences in human behavior. For example, loneliness is 
common among the elderly and is central to a cluster of socioemotional 
states and affects behavior, psychological health (Cacioppo et al., 2006), 
and physical health (Tomaka, Thompson, and Palacios, 2006). Social iso-
lation and loneliness are implicated in the pathogenesis of multiple dis-
eases, responses to therapy, and mortality (Hawkley and Cacioppo, 2003). 
Putative disease pathways through which loneliness exerts an influence 
include health behaviors, excessive stress reactivity, and deficiencies in 
physiological repair and maintenance. Research indicates that genetic 
differences among people explain about half of the variation in loneli-
ness among children (McGuire and Clifford, 2000) and adults (Boomsma, 
Willemsen, Dolan, Hawkley, and Cacioppo, 2005). 

Data from the Netherlands Twin Registry (Boomsma et al., 2002) were 
analyzed to investigate the molecular-genetic basis for these findings. 
Genotypic marker (400 microsatellite markers) data were collected in 682 
sibling pairs and their parents. Linkage and association analyses were 
conducted to elucidate candidate regions that may contain genes that 
influence variation in loneliness. Results pointed to a region on chromo-
some 12q23-24, and follow-up association tests showed significant asso-
ciation to two neighboring markers, D12S79 and D12S395. Linkage results 
in this region have been reported previously for a number of psychiatric 
disorders and neuroticism. Although the collective linkage results are not 
definitive or consistent, they provide enough evidence for the authors to 
postulate that this region on chromosome 12 may contain genes involved 
in affective and social regulation and dysregulation (Boomsma, Cacioppo, 
Slagbom, and Posthuma, 2006). 

Although linkage studies per se do not constitute strict biomarker 
research, the effort to identify biomarkers of complex behaviors is becom-
ing more and more common, as illustrated by a recent special issue of 
Behavior Genetics, ��(1), January 2006, dedicated to genetic linkage studies 
for behavioral traits, including emotionality, depression, loneliness, cog-
nition, addictive behaviors, health behaviors, and their endophenotypes. 
Such an approach may potentially generate numerous useful biomarkers 
that may become standard covariates in large cohort studies. Aided by 
publicly available databases, the value of these data for exploring com-
plexly determined phenotypes could be greatly enhanced through cross-
study comparisons and data pooling possibilities.

Recently, attention has focused on the importance of studying gene- 
environment interactions, including how behaviors may modify gene 
expression (Harris,2007; Rutter, Moffit, and Caspi, 2006). One of the most 
extensively studied common genetic variants in human studies of social 
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behavior is the 5’-promoter polymorphism of the serotonin transporter 
gene (5HTT). A wave of studies has explored interactions between func-
tional polymorphisms of this gene with stressful life events and depres-
sion. Evidence supporting such an interaction effect is reported by some 
(Caspi et al., 2003; Eley et al., 2004; Grabe et al., 2005; Kaufman et al., 2004; 
Kendler, Kuhn, Vittum, Prescott, and Riley, 2005) but not confirmed by 
all (Gillespie, Whitfield, Williams, Heath, and Martin, 2005; Surtees et al., 
2006) studies. Although these findings do not derive from aging studies 
per se, they generate important aging-related questions regarding the role 
of functional polymorphisms in the serotonin transporter gene and late 
life depression. 

New findings from the Swedish SATSA study report evidence for 
genotype by environment interactions affecting change in a semantic 
memory task. This work investigated the role of several candidate genes 
including those coding for ApoE and estrogen receptor alpha (ESR1) and 
serotonin candidates (HTR2A and 5HTT). Further investigation aimed 
at identifying the nature of the environmental influences involved in 
this interaction examined social and stress factors, including social sup-
port, life events, and depressive symptoms. Results suggested that influ-
ences associated with depressive symptoms may moderate the gene-
environment interaction observed for ESR1 and ApoE and longitudinal 
semantic memory change. The authors explain that noncarriers of puta-
tive risk alleles may be relatively more sensitive to depression-evoking 
environmental contexts than carriers of the risk allele. This suggests that 
the contexts that facilitate or reduce depressive symptoms could affect 
resiliency in semantic memory dependent on genotype (Reynolds, Gatz, 
Berg, and Pedersen, 2007). 

BIOMARkERS OF COgNITIvE AgINg

Cognition represents one of the two major domains of functioning, 
the other being physical functioning (see below). Among the biomarkers 
known to affect risks for cognitive decline, the ApoE genotype, more spe-
cifically the ApoE-4 allele, has received by far the most attention to date. 
After the initial discovery of the role of ApoE-4 for dementia, numerous 
works have examined the role of ApoE and the ApoE-4 variant in trajec-
tories of normal aging as well as in the pathogenesis of other diseases. For 
example, analysis of stored samples in the MacArthur study confirmed 
that ApoE status is predictive of cognitive declines in this initially high-
functioning cohort (Bretsky, Guralnik, Launer, Albert, and Seeman, 2003). 
Studies of diverse populations reveal that the risk conferred by the ApoE-
4 allele does not pertain to all populations. Results from a study of healthy 
Medicare recipients in the Washington Heights–Inwood community of 
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New York City (WHICAP) revealed that ApoE-4 conferred a greater risk 
for Alzheimer disease among non-Hispanic whites, but that blacks and 
Hispanics were at increased risk regardless of their ApoE genotype (Tang 
et al., 1998). These results indicate that other, unknown genetic or environ-
mental risk factors contribute to the increased risk of Alzheimer disease 
in blacks and Hispanics. 

A particularly exciting opportunity is offered by the growing avail-
ability of more population-based genetic information in studies that 
include a rich array of other information. These data offer extraordinary 
new possibilities to investigate the ways in which risks associated with 
genotype may be importantly modified by other characteristics (i.e., to 
test for interactions). Such research, particularly as it relates to poten-
tially modifiable characteristics of individuals (or environments), may 
offer important insights regarding protective factors that can compensate 
for and reduce ultimate risks associated with particular genotypes—fac-
tors that could be the focus of interventions to reduce health risks. One 
such question has been whether acquisition of higher levels of education 
might provide a protective effect against the known risks for cognitive 
decline usually associated with the ApoE-4 allele. Results to date are 
mixed, although comparisons across studies are hampered by differences 
in study populations and, perhaps more importantly, by lack of compa-
rability in measures used to assess cognitive aging. Findings are nonethe-
less illustrative of the potential for use of growing genotypic data in the 
context of population studies with information on other characteristics 
of the individual, the environment, or both. For example, analysis from 
the MacArthur Successful Aging Study revealed that the presence of the 
ApoE-4 allele was associated with greater declines in cognitive perfor-
mance (based on detailed assessments of major domains of cognitive 
function, including naming, spatial recognition, praxis, and executive 
function) over a seven-year follow-up among the more educated but not 
among those with less than high school education; risks for cognitive 
decline were highest and comparable for those with and without the 
ApoE-4 allele (Seeman et al., 2005). 

Another epidemiological study from Washington state has examined 
this question using a community-dwelling (n = 2,168) sample of nonde-
mented elderly who were followed prospectively for six years using the 
cognitive abilities screening instrument. With their larger sample, analy-
ses of gene-dose effect were possible and provided evidence for biological 
effects of the ApoE-4/ApoE-4 genotype compared with the heterozygous 
and other homozygous configurations. Analyses of a possible interaction 
with education yielded evidence for education modification of effects 
only among those with the ApoE-4/ApoE-4 genotype; cognitive decline 
was greater among those with less education (Shadlen et al., 2005). Differ-
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ences in analytic approach and operationalization of ApoE status preclude 
direct comparisons to the MacArthur findings. However, the findings do 
appear to contrast with trends seen in the MacArthur study, in which 
greater overall declines were associated with the presence of the ApoE-
4 allele among those with higher education (though they remained at 
higher levels of function than carriers of the ApoE-4 allele who had lower 
education throughout the follow-up). However, comparisons between 
these studies are hampered by noncomparability on outcome measures 
as well as study populations. Nonetheless, their findings suggest that 
further attention to the joint effects of ApoE and education with respect 
to cognitive aging are clearly merited. 

Along similar lines to the foregoing studies are efforts to investigate 
the potential of early life socioeconomic environment to modify the rela-
tionship between ApoE status and risk for development of Alzheimer dis-
ease. Census data were used to index socioeconomic risk based on a num-
ber of parental and demographic measures. In addition to the increased 
risk conferred by genetic predisposition and early life environment, risk 
for AD was found to be greatly elevated (OR = 14.8; 95% CI, 4.9-46) when 
both the genetic and the environmental risk factors were present (Moceri 
et al., 2001). Other data from the CHS also point to possibly important 
interactions with dietary fatty fish consumption in relation to dementia 
risk: dietary intake had a significant effect only for those without the 
ApoE-4 allele (Huang et al., 2005). 

Findings from community-based studies on the effect of ApoE on 
memory performance and memory change are mixed, with some finding 
deficits in performance or quicker rates of decline and others reporting 
no effect. However, ApoE-4 influences are more consistently reported for 
episodic versus working memory. 

Two other genes with mixed support as genetic risk factors for 
Alzheimer disease, A2M (alpha-2-macroglobulin) and low-density LRP 
(lipoprotein receptor-related protein), have now been studied in relation 
to memory among nondemented adults. Variation in these three genes 
was analyzed in latent growth models measuring memory performance 
over a 13-year period in SATSA. Polymorphisms of ApoE and A2M (but 
not low-density LRP) were associated with memory performance and 
change in memory in this nondemented sample. Specifically, ApoE status 
affected ability levels of working and recall memory, the ApoE-4/ApoE-4 
genotype was associated with worst performance across all ages. Further-
more, this study provided evidence of within-locus interactions (genetic 
dominance deviations) because memory performance among the het-
erozygotes was better than among the noncarriers of the ApoE-4 allele. 
Finally, the rare del/del genotype of A2M was associated with a more 
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rapid rate of decline on figural recognition than the other two genotypes 
(Reynolds et al., 2006). 

The role of other candidate genes has recently been explored in rela-
tion to cognitive aging. Age-related loss of serotonin receptors 2A (5-
HT2A) is associated with a loss in brain regions including the hippocam-
pus and posterior medial prefrontal cortex. A functional variant (H452Y) 
of the gene coding for the 5-HT2A serotonin receptor (HTR2A) has been 
associated with recall tests in young adults (de Quervain et al., 2003). This 
was further investigated using a new approach that explored allelic asso-
ciations and trajectories of change in memory performance over a 13-year 
period in the SATSA data. Findings suggested that the 5-HT2A serotonin 
receptor is involved in the formation of episodic memories in older adults. 
Performance on figural memory at age 65 and change in figural memory 
were associated with the HTR2A genotype. Genotype-dependent effects 
comparing the AG, AA, and AG configurations revealed the steepest 
declines associated with AG heterozygotes. Performance over time was 
consistently worse among those with the AA compared with the GG 
genotypes, with trajectories differing by 2-6 percent per year (Reynolds, 
Jansson, Gatz, and Pedersen, 2006). 

Other biomarkers also show an association with cognitive decline. 
Data from the OCTO-Twin study revealed lower homocysteine values 
among those with intact cognitive function, a finding that contrasts results 
regarding dementia. These findings overlap somewhat with those from 
the MacArthur Study of Successful Aging and the NAS, both of which 
found that high levels of homocysteine and low levels of vitamin B and 
folate were associated with cognitive decline (Kado et al., 2005; Tucker, 
Qiao, Scott, Rosenberg, and Spiro, 2005). Elevations in various stress 
hormones (i.e., urinary free cortisol and/or epinephrine) have also been 
shown to predict increased risks for cognitive decline (Seeman, McEwen, 
Singer, Albert, and Rowe, 1997a; Karlamangla, Singer, Chodosh, McEwen, 
and Seeman, 2005b; Karlamangla, Singer, Greendale, and Seeman, 2005a). 
Additional biomarkers found to predict cognitive and mental health sta-
tus, independent of other standard sociodemographic and lifestyle risk 
factors, include low serum thyroxine (a marker of thyroid function) as 
a risk factor for cognitive decline (Volpato et al., 2002) and vitamin B12 
deficiency as a risk factor for depression (Penninx et al., 2000). High levels 
of lead in bone and blood have also been shown to be associated with 
cognitive impairment (Payton, Riggs, Spiro, Weiss, and Hu, 1998). Greater 
vitamin E intake or vitamin E levels have also been associated with less 
cognitive impairment and dementia in the InChianti study (Cherubini et 
al., 2005).

More detailed neuropsychological protocols have also provided evi-
dence linking early cognitive test performance to risks for Alzheimer 
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disease (Saxton et al., 2004), and more detailed MRI data show that levels 
of inflammation (e.g., fibrinogen) and forced vital capacity are positively 
and significantly related to white matter disease (Ding et al., 2003). 

BIOMARkERS OF PHySICAL FUNCTION AND AgINg

Physical functioning represents the second major functional domain 
and has been a focus of considerable research attention. Among the most 
detailed of this work has been that by Fried and colleagues as part of 
the WHAS. A particular strength of the WHAS I and II studies is their 
detailed evaluation of both lower and upper extremity function, including 
various assessments of balance, walking speed, timed chair stands and 
knee extension force for lower extremity function and hand grip, peg-
board, and putting-on-blouse tests for upper extremity function. Analy-
ses based on these data have documented the significant contribution of 
muscle weakness to risks for disability (Rantanen et al., 1999) and the 
more general contributions of physical performance across the various 
domains of upper and lower extremity functioning to both progressive 
and catastrophic disability (Onder et al., 2005). In the WHAS I and II, 
availability of detailed performance measures, plus information on bio-
logical processes thought to impact such performance, such as inflamma-
tion or growth factors, has afforded important opportunities to examine 
the joint and independent contributions of performance abilities and bio-
logical processes to actual levels of functional disability. 

Several analyses have highlighted the significant, negative impact of 
higher burdens of inflammation in terms of reduced muscle strength and 
declines in physical function (Ferrucci et al., 2002) as well as parallel nega-
tive associations between low insulin-like growth factor-1 (IGF-1) and 
declining IGF-1 with slower walking speed and reported difficulty with 
mobility tasks, respectively (Cappola, Bandeen-Roche, Wand, Volpato, and 
Fried, 2001). These findings on the relationship between muscle strength 
and inflammation mirror results from Health ABC showing that high lev-
els of oxidized LDL (oxLDL) and IL-6 predict incident mobility disability, 
with those individuals with high levels of both biomarkers being at great-
est risk. Loss of muscle strength and muscle mass may be one pathway 
involved in relationships between inflammation and physical disability, 
as high circulating levels of inflammatory biomarkers are associated with 
low muscle strength and muscle mass in study participants (Visser et al., 
2002; Yende et al., 2006). 

Inflammatory markers have also been linked to both levels of phys-
ical activity and risks for functional decline. Data from the InChianti 
(Invecchiare in Chianti, meaning “aging in the Chianti area”) Study, a pro-
spective investigation of over 1,000 community-dwelling French adults, 
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indicate that compared with sedentary individuals, physically active 
men have lower fibrinogen, CRP, IL-6, and TNF-α, as well as lower uric 
acid and a lower erythrocyte sedimentation rate, while physically active 
women have lower CRP, IL-6, and uric acid (Cherubini et al., 2005; Elosua 
et al., 2005). Similar findings have been reported from the MacArthur 
Study of Successful Aging in the United States (Reuben, Judd-Hamilton, 
Harris, and Seeman, 2003). Greater inflammatory burden has also been 
associated with increased risks for physical disability (Reuben et al., 2002) 
and with poorer physical performance (Cesari et al., 2005).

A number of investigations in InChianti have also examined bio-
marker correlates of anemia and links between anemia and indicators of 
physical health or functioning. Anemia is typically defined by low levels 
of blood hemoglobin (< 12 g/dL in women, < 13 g/dL in men). Hemoglo-
bin is found in red blood cells, which contain iron and are responsible for 
carrying oxygen to bodily tissues. Anemia or low blood hemoglobin lev-
els are associated with low muscle density, low skeletal muscle strength, 
a low muscle/total area ratio, and low bone mass and density (Cesari et 
al., 2005). Consistent with these bone and muscle correlates of anemia, 
anemic persons have also been found to be more likely to have physi-
cal disabilities, poor physical performance, lower hand grip strength, 
and lower knee extensor strength, compared with nonanemic individuals 
(Penninx et al., 2005). 

Data from the InChianti study also point to the importance of addi-
tional biomarkers, including antioxidants such as vitamin E (alpha-
tocopherol), which has been associated with a number of indicators of 
health and functioning in study participants. Those with lower vitamin E 
levels were less likely to be frail (as assessed by an index of weight loss, 
low energy, slow gait, low grip strength, and low physical activity; Ble et 
al., 2006), had higher conduction velocity in peripheral nerves (a slow-
ing of conduction velocity is thought to contribute to decline in muscle 
strength; Di Iorio et al., 2006), and were less likely to have peripheral 
arterial disease (Antonelli-Incalzi et al., 2006). 

The concept of frailty has become the focus of a growing body of 
research, stimulated in good measure by Linda Fried, a leader in devel-
oping and testing of an operational definition of the concept (Fried et al., 
2001). Using data from the WHAS I and II studies, Fried and colleagues 
have provided confirmation of the internal validity of the component 
measures, which include poor extremity strength (low grip strength), 
slow gait, low levels of physical activity, exhaustion and weight loss, 
and the independent risks for functional disability, institutionalization, 
and mortality associated with such frailty (Bandeen-Roche et al., 2006). 
WHAS I and II data have also contributed to understanding of the vari-
ous physiological processes that appear to contribute to frailty, includ-
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ing documenting the contribution of anemia (Chaves et al., 2005) and, 
perhaps most surprisingly, of obesity, which was found to be associated 
with prefrailty and frailty despite the fact that a defining characteristic of 
frailty is weight loss (Blaum, Xue, Michelon, Semba, and Fried, 2005b). 
This obesity-frailty association remained significant even with adjust-
ments for multiple conditions associated with frailty (e.g., inflammation 
burden). Data from the CHS provide parallel evidence linking increased 
burdens of inflammation to risks for frailty (Walston et al., 2002). Research 
is needed to determine whether frailty represents an important pathway 
that underlies known links between a number of the biomarker correlates 
of frailty (e.g., inflammation, anemia, vitamin E) and disability, morbidity, 
and mortality outcomes (see review above). 

INDICES OF CUMULATIvE BIOLOgICAL RISk

Using available biomarker data, investigators associated with the 
MacArthur study have been among the leaders in efforts to develop oper-
ational indices of allostatic load (AL)—that is, a multisystems measure of 
physiological dysregulation. Beginning with initial work using a simple 
count of the number of available biomarkers for which an individual 
had a value placing them in the top risk quartile, Seeman, McEwen, 
Singer, Albert, and Rowe (1997b) examined health risks associated with 
differences in such cumulative AL and demonstrated that higher levels 
of baseline AL were associated with significantly increased risks for car-
diovascular disease, cognitive and physical decline, as well as mortality 
(Seeman, Singer, Horwitz, and McEwen, 1997b; Seeman Singer, Rowe, 
and McEwen, 2001). Subsequent work by Karlamangla, Singer, McEwen, 
Rowe, and Seeman (2002) using canonical correlation techniques demon-
strated improved prediction of cognitive and physical decline when the 
full range of scores was used for each biomarker, and unequal weighting 
of the different biomarkers was incorporated into the scoring of overall 
AL. Recent work has also documented that measured change in AL pre-
dicts subsequent mortality risk (Karlamangla, Singer, and Seeman, 2006). 
Stimulated by Singer’s work on recursive partitioning (Zhang and Singer, 
1999; Singer, Ryff, and Seeman, 2004), recent analyses by Gruenewald, 
Seeman, Ryff, Karlamangla, and Singer (no date) have demonstrated 
that particular combinations of these biomarkers (e.g., inflammation and 
neuroendocrine biomarkers) predict higher versus lower mortality risks 
over a 12-year period. 

A common thread seen in all of the work on AL has been the confirma-
tion of contributions to cumulative health risks from multiple biological 
systems and the value of taking account of this range of contributions in 
understanding population variations in burdens of morbidity, disability, 
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and mortality. As illustrated in Seeman et al. (2004a), analyses of AL as a 
mediator of education effects on mortality risk, the more comprehensive 
AL index accounted for the largest percentage reduction in the education 
effect on mortality, with subsets of biomarkers representing cardiovas-
cular, inflammatory, and sympathetic nervous system/hypothalamic-
pituitary-adrenal activity, each contributing to this overall effect (Seeman 
et al., 2004a). 

As noted earlier, data from the Wisconsin Longitudinal Study (a 
cohort of men and women, ages 58-62, approximately a decade younger 
than the MacArthur study cohort) have provided evidence for relation-
ships between SES and levels of positive social engagement and a similar 
“count” index of allostatic load (Singer and Ryff, 1999; Seeman et al., 
2002). Using the MacArthur Study of Successful Aging protocols, the 
Social Environment and Biomarkers of Aging Study (SEBAS)  (see Chap-
ter 3) collected parallel biological data and provides another comparison 
to the MacArthur study. Analyses of SEBAS data have yielded intriguing 
similarities and differences with respect to relationships and allostatic 
load (weaker in Taiwan; Hu, Wagle, Goldman, Weinstein, and Seeman, 
2006), and between social integration and allostatic load (nonsignificant 
in Taiwan; Seeman, Glei, Goldman, Weinstein, Singer, and Lin, 2004b). 
The possible importance of sociocultural differences between Asia and the 
United States represents one area of potentially fruitful future research to 
better understand how aspects of the social environment impact health. 

RELATIONSHIP BETWEEN  
BIOMARkERS AND gENETIC PLEIOTROPy

Two other recent areas of interest in WHAS I and II include examina-
tion of possible interactions among biomarkers, with initial work showing 
cross-sectional relationships between higher serum levels of antioxidants 
and lower levels of IL-6 (as a marker of inflammation) and longitudinal 
relationships between initially low antioxidant levels and subsequent 
increases in IL-6 levels (Walston et al., 2006). A second area of investi-
gation has been to incorporate consideration of genetic information in 
tracking the factors contributing to observed profiles of biological activ-
ity. Initial analyses focused on IL-6 alleles and their relationship to serum 
IL-6 levels and to decreased muscle strength and frailty. No significant 
relationships were found for any of these outcomes with any single IL-6 
single nucleotide polymorphism (SNP) or any IL-6 haplotype (Walston 
et al., 2005). 

Genetic pleiotropy (in which a gene or set of genes influences mul-
tiple traits) could explain the association between biomarkers. A series 
of studies from the Swedish twin projects have investigated the variance 
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architecture explaining the clustering between biomarkers for cardiovas-
cular disease. Genetic and environmental correlations among the follow-
ing five serum lipid measures—total cholesterol, HDL cholesterol, triglyc-
erides, and apolipoproteins A-I and B—were analyzed in two different 
age groups from SATSA. Substantial genetic correlations were found in 
each age group, although there is no evidence for a single genetic factor 
common to all five lipids. There were significant age differences in the 
heritabilities for the various serum lipid levels, and genetic factors seemed 
to be more important for explaining the covariation between the lipid 
levels in the younger compared with the older group (Heller, Pedersen, 
de Faire U, and McClearn, 1994). Further research focused on the sources 
of clustering among five principal components (BMI, insulin resistance, 
triglycerides, HDL cholesterol, and systolic blood pressure) of the insulin 
resistance syndrome (IRS). Results suggest a single set of genetic fac-
tors is common to all five components; of particular note was the strong 
genetic association between BMI and insulin resistance. In contrast, the 
relationship between only three of the IRS components—triglycerides, 
insulin resistance, and HDL cholesterol—could be explained by shared 
sources of individual environmental influences. These findings demon-
strating a strong genetic correlation between BMI and insulin resistance 
raises the question whether behavioral factors that affect both of these 
phenotypes, such as overeating, act through genetic pathways, perhaps 
related to control and sensations of satiation, rather than through such 
environmental factors as availability of food (Hong, Pedersen, Brismar, 
and deFaire, 1997). 

SUMMARy AND FUTURE DIRECTION

Recent growth in the number of studies incorporating biomarkers 
into larger population-based surveys has yielded a rapidly growing body 
of evidence linking various aspects of biological functioning not only to 
major health outcomes, including cognitive and physical functioning and 
longevity, but also importantly to individual differences in socioeconomic 
and other social, psychological, and behavioral characteristics. Findings 
linking aspects of life situations to major biological risk factors provides 
important evidence on two fronts. First, it provides validation for various 
biopsychosocial models of aging and helps elucidate biological pathways 
through which social, psychological, and behavioral factors affect trajecto-
ries of aging and risks for various health outcomes. Second, such evidence 
provides further support for the potential value of interventions targeting 
such social, psychological, and behavioral factors as a means of altering 
underlying biological risk profiles.

A number of ongoing studies will soon provide even richer databases 
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for use in elucidating the complex pathways through which individuals’ 
life experiences and situations affect their health and aging and the bio-
logical pathways through which these effects are mediated. For example, 
current data collection for the MIDUS (Midlife Development in the United 
States) study will result in a rich set of data on life experiences, including 
longitudinal data covering the past decade, along with detailed biomarker 
data and daily diary data for subsets of some 1,500 MIDUS participants. 
These data will offer significantly improved opportunities to examine a 
wide variety of hypotheses regarding the role of life experiences (both 
current and past) in shaping patterns of biological risk and health trajec-
tories. As also outlined in other chapters, data collection for other studies, 
such as the Health and Retirement Study and the reassessments currently 
under way for the Taiwan SEBAS study, will offer yet additional national 
and cross-national data, including socioeconomic, psychosocial, and bio-
logical data, that can be used to replicate and extend findings outlined 
here.

The data and research potential generated from these studies will be 
greatly enhanced by coordinating efforts such as those undertaken by 
the Chicago Core on Biomarkers in Population-Based Aging Research 
(CCBAR) at the University of Chicago-NORC Center on Aging. Through a 
number of activities, CCBAR provides a central resource to help foster col-
laboration, exchange information, and promote interdisciplinary research 
related to biomarker collections in population-based health research and 
aging, including an interactive website, http://biomarkers.health-studies.
org/studydemo.php. 

It is instructive to consider the factors that affect the selection of bio-
markers for inclusion in these studies. These factors include at least three 
common and critical considerations—two scientific and one logistical or 
financial. First, from a scientific standpoint, biomarkers were selected 
to include those needed to address primary substantive, scientific ques-
tions of interest to the study investigators. Second, also from a scientific 
standpoint, in cases in which there is a presumption from the beginning 
that the wider community of health researchers will ultimately use these 
databases to address other, as yet unspecified, questions, there is clearly 
the additional question of whether additional biomarkers (i.e., other than 
those already selected based on the substantive interests of study inves-
tigators) should be included. Here, considerations generally relate to 
whether there are major biological systems or processes that are likely to 
affect health for which data would otherwise be missing. 

Perhaps most challenging are a third set of nonscientific consider-
ations that relate to issues of feasibility both with respect to require-
ments for implementation of protocols to collect and process needed 
biospecimens and with financial considerations. Perhaps foremost are 
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the logistical constraints imposed by time and handling requirements for 
obtaining many biological measurements. Examples include (1) the need 
for phlebotomy to collect venous blood (e.g., when dried blood spots can-
not be used), (2) the need for fasted blood samples, which can constrain 
collection to morning hours, (3) the need for sample collection at specific 
times due to diurnal rhythms of parameters such as cortisol, necessitating 
collection at the same time of day for everyone and collection of multiple 
samples over time, (4) the need for blood or urine samples to be processed 
within a limited time frame (usually within a couple of hours). The selec-
tion of biomarkers for inclusion in a given study will thus necessarily 
be heavily influenced by what is possible in the context of specific study 
designs and logistical parameters. For example, the national scope of the 
HRS study precludes collection of venous blood so dried blood spots 
are being collected. Selection of biomarkers is thus restricted to those 
for which assays are available that can use dried blood spots rather than 
venous blood. By contrast, the MIDUS study is collecting a wide array 
of biomarkers because participants are being brought to regional clinical 
research centers (each in a hospital setting) where venous blood can be 
drawn first thing in the morning (allowing for fasted samples) and where 
these samples can be processed immediately. 

Thus, the final set of biomarkers included in any studies will reflect 
both the underlying scientific questions investigators seek to address and 
what is possible given their logistical and financial constraints. Despite 
the demands and challenges inherent in incorporating biomarkers into 
social science surveys, continued research development and efforts in 
the directions presented herein are critical to understanding better the 
factors that affect patterns of biological aging and trajectories of health 
at older ages. 
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The Women’s Health Initiative: 
Lessons for the Population  

Study of Biomarkers

Robert B. Wallace

Much of the discussion in this workshop has been directed to the 
study of biomarkers in cohort studies. My commentary addresses 
some lessons learned from the Women’s Health Initiative (WHI), 

a research program comprising a set of large, randomized clinical trials as 
well as a cohort study. These lessons derive from the intricate and com-
plex management issues relevant to multisite collaborative studies, the 
challenges of establishing and maintaining a large biospecimen reposi-
tory, the difficulties of providing support for many investigative groups, 
the response to the changing bioethical environment, and the potential for 
future biomarker applications in the health and social sciences. 

WHI began in 1992 and is ongoing. Its main goal has been to evalu-
ate a series of interventions with the potential to prevent the onset of 
important chronic conditions in postmenopausal women, but, as dis-
cussed below, once the study data and biological specimens were in place, 
the opportunities for additional studies, some not previously planned, 
became substantial. In this report I briefly review the structure of WHI, 
describe the biomarker experience to date, discuss some of the strengths, 
weaknesses, and issues that arose in this very large, multicenter study, 
and offer general suggestions for further exploitation and investigation 
of stored specimens. In addition, I address some of the social and orga-
nizational aspects of managing biomarker studies and study investiga-
tors, as well as the large data sets, specimen collections, and scientific 
applications. 
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STRUCTURE OF THE WHI

WHI is comprised of a program office at the National Heart, Lung, 
and Blood Institute, National Institutes of Health (NIH), 40 clinical sites 
at which the participants are seen, a clinical coordinating center at the 
Fred Hutchinson Cancer Center in Seattle, and other supporting aca-
demic and laboratory units. The study design has been described in detail 
(Women’s Health Initiative Study Group, 1998). Basically, from 1993 to 
1997, postmenopausal women ages 50-79 were recruited into a set of three 
large, preventive, randomized, placebo-controlled trials, listed as follows 
with the primary outcomes: (1) estrogen alone or estrogen plus progestin 
therapy to assess the effect on coronary heart disease; (2) low-fat diet to 
prevent incident breast cancer; and (3) calcium and vitamin D dietary sup-
plements to prevent clinical fractures. The last trial, the calcium/vitamin 
D intervention, was a superimposed randomization on the participants 
of the other two trials and did not include separate participants. Of note, 
that makes the interpretation of the outcomes a bit more complex, despite 
the randomized experimental design, because the impact of the other 
intervention(s) must be accounted for in all analyses of outcomes. 

Recruitment to WHI was conducted by the 40 participating clinical 
sites, using such methods as media advertising, direct population mail-
ing, community lectures and public service announcements, and celeb-
rity endorsements. This yielded about 353,000 women who were evalu-
ated for participation in WHI. About 68,000 enrolled in the trials. Of the 
remainder, those who were ineligible, unwilling, or unable to participate 
in the clinical trials were invited into a cohort study, the Observational 
Study (OS), in which no interventions took place; about 93,000 women 
began full participation in the OS. There were many specific reasons why 
potential trial participants opted for OS participation. Three of the most 
important were not being able to spend the time undergoing the trials’ 
rigors; unwillingness to be randomized with respect to the use of hor-
monal therapy; and having too low a percentage of dietary fat calories, 
making them ineligible for the dietary modification trial. 

Participants in the clinical trials as well as the OS had the same, 
extensive baseline data collection, including medical history, risk fac-
tors for important chronic illnesses, social and behavioral characteristics, 
mental health characteristics, and diet and dietary supplement use. In 
addition, and important to this discussion, virtually all participants had 
blood obtained through venipuncture, which was aliquoted and stored, 
and much of it is available today for additional studies, in addition to the 
many ancillary biomarker studies that have already taken place. Addi-
tional blood samples were obtained from some participants at selected 
intervals after the study onset. Of interest, aside from some planned safety 
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studies related to the preventive trials, there were no specific plans on 
how the specimens might be applied or what determinations would take 
place. Yet many important issues have been addressed, related to modern 
and evolving scientific hypotheses, and some specimens have been used 
to better understand certain adverse effects of the trials that were not 
anticipated when they began. 

Although the major results of these trials have been published (Writ-
ing Group for the Women’s Health Initiative, 2002; Women’s Health Initia-
tive Steering Committee, 2004; Prentice, 2006; Jackson et al., 2006), much 
more work is occurring, and WHI has resulted in over 100 publications 
to date. Of import to the application of biomarker studies, there are many 
secondary and ancillary scientific hypotheses being evaluated with WHI 
specimens. These studies have consumed some of the blood specimens 
acquired in WHI, an important issue in itself. The specimens collected in 
WHI continue to be used for many scientific purposes, under the heading 
of “ancillary studies,” which are described below. 

SPECIMEN ACQUISITION AND THE  
INSTITUTIONAL REvIEW BOARD

Although many issues regarding the ethics of specimen collection 
are beyond the scope of this discussion, some issues and situations con-
cerning the WHI experience are worthy of note. A general problem of 
multicenter studies is the requirement that all institutional review boards 
(IRBs) approve study protocols. At times that was true of WHI, in which 
there were 40 clinical site IRBs, the coordinating center IRB, and ethi-
cal review at NIH and perhaps other sites, such as at institutions per-
forming biomarker determinations. Because WHI took place over many 
years, scientific advances occurring after the study was designed offered 
the possibility of new biomarker determinations on existing specimens. 
However, the initial informed consent for blood or urine or other speci-
men collection may not have covered some of the new, unexpected, and 
unspecified determinations that had not yet been conceived or invented. 
This can be solved in part by general consent form language that allows 
future, unspecified measures to be studied. 

Yet this may not cover all situations. An example is when a biomarker 
is developed that turns out to have the capacity to screen for a specific 
medical condition. For example, early studies of prostate-specific antigen 
(PSA) may have had biological import only, but as it became a candidate 
for clinical prostate cancer screening, studies conducting PSA determi-
nations would need to have medical expertise available to dispose of 
clinically elevated levels. The study of biomarkers that turn out to have 
clinical import raises several important bioethical issues, requiring consid-
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erable thought and medical consideration. Because of changing scientific 
interests and biomarker applications, WHI made a decision to reconsent 
surviving participants in 2005 for further, unspecified use of stored blood 
specimens, in order to modernize consent form language, address new 
tests being performed, and remind participants that the specimens were 
still in use. Both in collaborative and individual studies that maintain bio-
specimen repositories, oversight by IRBs is increasing and becoming more 
complex. For example, some universities require that all biorepositories 
have separate annual review, regardless of use. 

MANAgINg BIOMARkER STUDIES

The number of WHI investigators is large and may well become 
larger as other investigators take advantage of the biomarkers collected 
and stored by the study. In this section I discuss some of the logistical 
issues surrounding the management and disposition of blood biomarkers 
in WHI, with lessons for other long-term clinical trials as well as obser-
vational cohorts. 

Some context is needed when describing the WHI experience. WHI 
investigators early on developed priorities for specimen use. The first 
priority was for quality control and management of the study. Other bio-
marker applications, such as explaining WHI findings, pursuing industrial 
applications, and joining collaborative biospecimen groups, are discussed 
below. In addition, a major disposition for collected specimens is WHI 
investigator-initiated ancillary studies, those not part of the original WHI 
mission but that are deemed to be high-quality science and to have rel-
evance to women’s health issues. Individual investigative groups in WHI 
may have collected additional specimens in local studies, but these were 
not provided to the parent WHI repository. The main WHI repository is 
gradually being made available to collaborating, non-WHI investigators. 

While it is not the intent here to make a detailed account of the tech-
niques or logistics of specimen collection, the following is an overview 
of selected procedures and activities in WHI. In specimen collection, all 
participating staff were trained in the methods of specimen acquisition 
and initial processing, not only to standardize and preserve the accuracy 
of the determinations, but also to protect them from untoward exposure 
to biohazards. This was true even for staff who had substantial experi-
ence in prior studies or such techniques as venipuncture. Equal attention 
was paid to the timing of specimen collection, initial processing, shipping 
methods, and shipping duration in order to ensure that distortion of bio-
marker findings was minimized (Landi and Caporaso, 1997). Although 
not performed in WHI, if specimens for cell and molecular biological 
determinations were being performed, such as using cell cryopreserva-
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tion, additional steps would be needed (Holland, Smith, Eskenazi, and 
Bastaki, 2003). The same principles would be true for other types of 
biomarkers in population studies, such as trace elements in bodily fluids, 
microbiological specimens, or micronutrients (Wild, Andersson, O’Brien, 
Wilson, and Woods, 2001), each of which involves some separate process-
ing issues.1 Whatever the scientific goals for specimen collection, there is 
a need to ensure laboratory quality control, both at the start of the study 
and over time for longitudinal studies (Gompertz, 1997; Tworoger and 
Hankinson, 2006).2 A corollary but critical issue is that the methods of 
specimen collection, handling, and storage should be well documented 
for use by future investigators. At the very least, such information should 
either be published in the indexed literature or made publicly available 
through protocol documents. 

There are several issues related to the burdens of managing speci-
men distribution after they are collected and stored. With a large number 
of specimens, there is a problem of registering and tracking the speci-
mens—where they are, how much has been extracted, and how much is 
left for subsequent determinations. Not surprisingly, all of this requires 
a computerized database that is frequently updated and provides infor-
mation on the type and quantity of specimens, the number of times the 
specimens have been thawed, if at all, and, ideally, specific reference to 
databases in which previous determination results of those specimens can 
be found. Creating and maintaining a repository database can be a costly 
and demanding activity and must be confronted early in study design. 

The issue of specimen stability and integrity over time is critical for 
biorepositories and their long-term applications. Scrupulous records must 
be kept on storage conditions, possible power outages, specimen retriev-
als, and other lapses in specimen maintenance. Even under optimal stor-
age conditions, some potential and future biomarkers may not remain 
well preserved. In some cases, certain molecules are known to survive 
long periods, such as immune globulins and steroid hormones. However, 
other moieties, such as peptide hormones, may not. When proposing to 
use specimens that have been stored for long periods, the investigators 
should either cite the evidence for specimen stability or propose studies 
to demonstrate it. 

There are complex logistics with regard to distributing and retriev-
ing stored specimens. Can they all be identified and retrieved in a timely 

1 Additional useful information can be found at the website of the International Society for 
Biological and Environmental Repositories: http://www.isber.org. 

2 The September 15, 2006, issue of Cancer Epidemiology Biomarkers and Prevention has sev-
eral useful articles related to biomarker acquisition, processing, and storing in population 
studies. 
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manner? How are the fates of the remnant specimens monitored, and 
will these specimens be sent back for storage and forwarded to another 
investigator for other determinations? Is there a need for the parent study 
to monitor the quality of laboratory determinations that are done as part 
of ancillary research studies? Addressing this latter point is particularly 
important, because some research determinations may have direct impli-
cations for participant health status. If biomarker determinations are to be 
used for clinical alerts or those results are returned to participants for pos-
sible clinical use, then there may need to be appropriate certification of the 
laboratories providing the determinations. As is true of all biorepositories, 
someone has to pay for the management of specimens used for clinical 
alerts, and this should be considered when such studies are designed and 
budgeted. In this case, all storage and retrieval activity was sponsored for 
WHI by the National Heart, Lung, and Blood Institute. However, as new 
cohorts and other studies contemplating the acquisition of biomarkers are 
founded, budgets must include provision for these activities. 

A related but important concern is unapproved uses of distributed 
specimens to study investigators and their collaborators for ancillary 
research projects. If one gives an investigator specimens to do a certain 
number of tasks that have been scientifically endorsed, what if they use 
the specimens for another purpose, even if closely related to the approved 
application? For example, if an investigator is approved for determin-
ing certain candidate genes, is determining nearby regulatory genes or 
other, previously unspecified genes appropriate? In my view, this must 
be tightly controlled, because the specimens are commonly owned by all 
the investigators, both for their intellectual value and for their potential 
future applications. One must maintain the rules about how the speci-
mens are used and about returning them when the assays are completed. 
Of course, it is possible to request additional applications of the speci-
mens to the appropriate committee; in the case of WHI, it is the Ancillary 
Studies Committee. 

Another question is whether ancillary study findings related to bio-
markers should at some point be released to the scientific community 
or the public. That is, most WHI investigators think it is important to 
provide the findings from local ancillary studies to the WHI data bank 
back for further study after the primary scientific reports have become 
public, allowing other investigators to use the biomarker determinations 
for other hypotheses and avoiding duplication of cost or accelerated 
specimen depletion. In the longer term, NIH policies are likely to demand 
that the data become available from large studies such as WHI, but rapid 
archiving of information will accelerate this scientific process. 

Box 6-1 is a partial list of selected biomarkers that have been proposed 
for or performed in ancillary studies in WHI, to give a sense of the scope 
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BOX 6-1 
Examples of Biomarkers from Women’s Health Initiative  

Safety and Ancillary Study Protocols

Markers of Inflammation: IL-6, ultrasensitive C-reactive protein; tumor necrosis 
  factor alpha
Micronutrients: alpha and beta carotene; tocopherol; vitamin C; vitamin D
Obesity-Related Hormones: adiponectin; ghrelin; leptin
Gonadal Hormones: estrogens, progestins; hormone-binding globulins; markers  
 of testosterone metabolism
Pituitary Axis Hormones (free and bound): corticosteroids; growth hormone;  
 IGF-1; thyroid and parathyroid hormones
Clotting Factors: Factor VIII; Factor IX; elements of the complement cascade;  
 thrombin; prothrombin; fibrinogen
Lipids and Lipoproteins: LDL, HDL, and VLDL cholesterol and subfractions;  
 lipoprotein particle size
Tissue and Vascular Matrix Factors: E-selectin; matrix metalloproteinase factors 

of the biomarkers derived from investigator-initiated hypotheses that 
could be determined from frozen plasma, serum, and buffy coat/DNA. It 
is clear that many biomarkers of potential interest cannot be determined 
on these frozen blood materials. However, a potentially large number 
of determinations are available; an extensive discussion of organ- and 
disease-specific biomarkers is summarized in a recent compendium (Trull 
et al., 2002).

As of this writing, all large NIH-funded projects require a data-sharing 
plan. WHI has received requests for data from persons outside the study, 
and the usual issues of maintaining confidentiality as well as allowing 
investigators to complete and publish their original studies are important 
here. Biomarker studies in general may have special issues of confidenti-
ality, particularly for unique genetic coding sequences, and this must be 
considered when contemplating the release of such information. 

Whether distributing specimens to WHI investigators or to outside 
collaborators, the issue of developing procedures and priorities for speci-
men use is paramount. To begin, criteria are needed as to who is a suit-
able investigator to apply for the specimens and which investigators have 
priority. In the case of WHI, nonstudy investigators may apply only if 
they are affiliated with an existing WHI investigator or approved by the 
steering committee. Of course, the scientific promise and feasibility of a 
proposed ancillary study, and the relevance to the overall mission and 
themes of WHI, should be strong determinants of who receives speci-
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mens. Also, as an extra precaution with regard to retaining some control 
over specimen disposition, it is probably important to release specimens 
only to institutions that have IRB approval mechanisms, institutional will-
ingness to accept responsibility for the study, and possibly also an ongo-
ing relation to NIH, so that some level of administrative communication 
and quality assurance remains. 

Whether a proposed biomarker study has funding in place at the 
time of application is a difficult conundrum. If repository specimens are 
promised and held for yet unfunded studies, the delay in acquiring funds 
may occupy specimens that otherwise could be put to an equally impor-
tant use. However, applicants must demonstrate to a funding agency that 
the specimens will be adequate for their proposed goals (i.e., conduct 
pilot work) and also demonstrate ensured specimen access. The specimen 
distribution process would be simplified if the applicants had funding 
already in hand, but there is no easy solution to this dilemma. 

Another issue with respect to specimen allocation priorities is that, as 
ancillary studies progress and specimens are consumed, certain types of 
specimens may be in relatively short supply. Often, these are specimens 
from participants who had the outcomes of primary interest, conditions 
such as myocardial infarction, breast cancer, or bone fracture. In WHI, as 
in some other studies, planning for specimen use priorities among those 
with the greatest call may require special planning and political negotia-
tion. Even when agreed-upon rules are developed, they may have to be 
revisited for important specimens that are near exhaustion. 

Despite the large amount of work and the committee process to create 
priorities for specimen allocation, there may be superimposed additional 
priorities that must be rationalized within the existing system. In the case 
of WHI, two major situations arose. One that commanded a special prior-
ity was the decision on the part of the investigators to explore some pos-
sible biological mechanisms related to the adverse events that occurred 
with the use of estrogen plus progestin. Substantial research using bio-
markers is being conducted in WHI to determine possible causes of the 
adverse events as well as potentially to determine if specific high-risk 
groups can be defined. Laboratory investigations are being considered 
to explore other adverse effects that occurred with WHI interventions, 
such as an increased risk of dementia associated with hormone therapy 
(Shumaker et al., 2003) and a 17 percent increased risk of kidney stones 
associated among women taking calcium and vitamin D supplements. 

A second general priority was invoked when WHI was contacted 
by certain private companies, which inquired as to whether specimens 
and health outcome data might be used to search for genetic causes of 
the outcomes using high-throughput methods that otherwise would not 
be available to WHI. After considerable consultation with investigators 
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having suitable expertise and several discussions by WHI investigators, 
it was decided to allow a portion of the specimens to be used for this 
activity. In some instances, complex negotiations with regard to owner-
ship of the findings and their publication were necessary. Work on this 
partnership activity is continuing, and the possibility of defining genetic 
and other molecular risk factors for the hormone-related adverse effects 
may be important in the future. 

ADDITIONAL APPLICATIONS FOR  
BIOMARkER STUDIES IN WHI

Participation in Large Scientific Consortia Emphasizing Biomarkers

In addition to the priority dispositions of biomarker specimens gener-
ated by WHI leadership and investigators, larger population studies and 
clinical trials should consider partnering with collaborative studies that 
pool individual study data and findings, and thus have the capacity to 
explore important scientific questions that no one study can attain. As an 
example, WHI has agreed to participate in CGEMS, the Cancer Genetic 
Markers of Susceptibility project (find more information at http://cgems.
cancer.gov). This is a three-year project sponsored by the National Can-
cer Institute that explores genetic alterations that lead people to be at 
greater risk of breast and prostate cancer. Genetic case-control studies are 
performed with large sample sizes, evaluating over 500,000 tag single-
nucleotide polymorphisms. Although such participation may dilute indi-
vidual scientific and authorship credit, it may allow scientific discovery 
that otherwise would not be possible. In addition, negotiations are under 
way to utilize WHI biospecimens for proteomic studies. 

Applications of WHI to the Social and Behavioral Sciences

It is perhaps not adequately appreciated that WHI has many mea-
sures of social and behavioral function that might be of use to investiga-
tors interested in those domains, in addition to more disease-oriented 
themes. There are measures of general health status and health-related 
quality of life. Within the latter measures are subscales of physical func-
tioning, role limitations in general and due to emotional problems, bodily 
pain, energy and fatigue, social functioning, and mental health. There are 
also cognitive measures, such as the Modified Mini Mental State Examina-
tion, a depression scale, measures of sleep disturbance, and items related 
to sexual satisfaction and preference. There are some basic assessments of 
physical functional status (activities of daily living) and, in a subsample, 
tests of physical performance. The WHI database can be a very rich source 
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on the health, behavior, and aging of postmenopausal women, including 
the sociology and psychology of aging. 

Other Potential Research Directions

One area of biomarker application that can be exploited in such stud-
ies as WHI, in which both the sample size and geographic coverage are 
large, is to address the association of disease occurrence or biomarker 
levels with variation in the ambient environment. For example, if a new 
biomarker is becoming available that reflects an exposure to the physio-
chemical environment, such as an airborne pollutant, studies like WHI 
can test whether such pollutant levels are perturbed by a general set 
of population characteristics, such as smoking, alcohol consumption, or 
variation in diet, as well as age, race, ethnicity, and many other potential 
confounders of interest. Once the properties of these emerging biomarkers 
are understood, it is possible to apply them to scientific hypotheses that 
will lead to more specific associations. Variation in geographic distribu-
tions of certain environmental pollutants measured though biomarker 
determinations can then also be explored, as well as relating these mark-
ers to physiological and disease outcomes. 

Another use of the biomarkers has been to validate questionnaire 
responses. In the past, there have been substantial work on the validation 
of self-reports of cigarette smoking by determining nicotine metabolite 
levels. An additional example is the validation of dietary questionnaires. 
Self-report of diet has always been problematic, and while most dietary 
instruments used in population studies have some demonstrated valid-
ity, there may be problems with accuracy and precision. For example, 
accurate measures have been critical to understanding the outcomes of 
the dietary modification trial conducted by WHI. Measuring of micro-
nutrient biomarkers has been one way to address this problem. WHI 
is addressing the accuracy of dietary intake instruments in other ways 
as well: a doubly labeled water study has been performed to obtain an 
objective biomarker of energy intake, and verification of protein intake 
was conducted by comparing dietary reports with urinary creatine levels. 
Biomarkers can thus be used in selected situations to validate other kinds 
of data collection. 

It may be possible to use populations such as in WHI to explore 
health disparities, particularly those that may be manifest in biomarker 
determinations. With the range of ethnic and racial groups represented, 
the substantial representation of both rural and urban women, and the 
variation in health and functional status, this study in longitudinal con-
text may provide substantial insight into health outcomes related to bio-
logical measurement. Available outcomes, such as institutionalization 
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and mortality, are likely to be of interest in disparities research. It should 
be noted, however, that WHI did not provide general medical care and 
required that medical insurance for certain clinical outcomes be provided 
by the participants. Thus, there were fewer uninsured persons in WHI 
than in the general population. 

Finally, in addition to research applications, it is possible that popu-
lation study biomarker repositories may provide a set of services for the 
participants, if that is desired, related to the clinical uses of the specimens. 
Archived blood components, for example, may have several applications, 
such as providing preinfection antibody levels if there is a question of an 
incident infectious process, in which diagnostic assistance is needed. Fur-
thermore, there may be serological evidence of prior environmental toxi-
cant exposures that could help in diagnosis. If a participant is deceased, 
stored DNA may be helpful to living family members if there is an issue 
of genetic transmission leading to a risk of a chronic illness. The use of 
such services may be infrequent, but their availability may be of public 
relations value to establishing and maintaining cohorts. 

STRENgTHS AND WEAkNESSES OF BIOMARkERS STUDIES 
USINg CLINCAL TRIAL POPULATIONS

It is important to note the issues that population scientists face when 
attempting to study clinical trial populations such as WHI and its compan-
ion observational cohort. There are many strengths to such an approach, 
including the very large sample size, the broad age distribution, the large 
number of minority participants, the broad range of social and behavioral 
measures available for study, the large and multidisciplinary group of 
investigators who can provide collaboration and consultation, the exqui-
sitely documented nature of many of the health outcomes, including 
those that are less common and not part of the initial study design or 
primary outcomes, and the advanced planning for specimen storage and 
retrieval. 

Yet some weaknesses of this approach to secondary data analysis 
associated with primary exploration of the blood specimens are apparent. 
Most importantly, all of the cohorts in WHI are comprised of volunteers 
meeting several inclusion and exclusion criteria; these individuals are not 
likely to be referent to any particular geographically defined population. 
Among the most important criteria is the absence of disabling chronic 
illness and known preterminal or institutionalizable conditions. The OS 
is even further selected, since these are participants who had originally 
sought participation in the clinical trials. This lack of generalizability 
can be difficult to overcome if directly relevant to a particular set of 
scientific hypotheses, but nonetheless there may be suitable variation in 
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study measures to allow detailed exploration of many important scientific 
hypotheses. Other potential impediments include differing propensities 
of the 42 IRBs to allow ancillary studies and the potential IRB demand 
for reconsenting of participants for new, previously unplanned determi-
nations on archived biological specimens. In addition, the blood or blood 
components for specific participants may be dwindling or not available, 
and that may thwart certain types of studies of participants with spe-
cific characteristics. The specimens most likely to be exhausted are those 
belonging to participants with diseases and conditions comprising the 
primary outcomes of the study. 

CONCLUSION

Although WHI is perhaps a larger study than most investigators will 
ever encounter, there are important lessons for all population investiga-
tors about the acquisition, management, and disposition of biomarker 
collections. It is hoped that clinical trial populations will be considered as 
worthy populations for study. In many instances, the distinct strengths of 
this approach to large group scientific inquiry should more than counter-
balance the lack of population reference.
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Comments on Collecting and Utilizing 
Biological Indicators in  
Social Science Surveys

Duncan Thomas and Elizabeth Frankenberg

These are exciting times for population scientists. This volume 
describes several innovative population surveys that include bio-
logical and genetic information and have shed new light on impor-

tant questions in the social and health sciences. With the rapid rate of 
technological change in the collection and measurement of biological 
information and associated reduction in costs, it is increasingly common 
for biomarkers to be included in large-scale population-based socioeco-
nomic and demographic surveys. It is unlikely that the benefits to science 
of these innovations will not be realized until study designs more fully 
integrate the theoretical insights from the biological, medical, and social 
sciences. Such integration is likely to yield broad new vistas of inquiry 
and has the potential to herald a new era of scientific discovery at the 
interface of the health and population sciences.

The chapters in Part I provide a rich and textured description of some 
pioneering projects from across the globe that integrate social surveys with 
biomarker measurement. Each chapter tells a tale of exemplary creativity 
in the design and implementation of studies that have yielded insights 
regarding a broad array of indicators of health status, their prevalence in 
specific populations, and, in some cases, their associations with individual 
characteristics and the social environment. These studies provide a tanta-
lizing array of intriguing facts and promise extraordinary opportunities 
to better understand the complexities underlying the interplay between 
social behavior and biology. The studies also highlight the contributions 
of research that span different social and ecological environments and 
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provide sources of variation that are necessary to successfully discrimi-
nate among hypotheses.

CHALLENgES FOR THE FUTURE

The research in this volume reflects the current state of knowledge 
and the chapters in Part I also suggest several challenges that are likely to 
be faced in the future. Studies have clearly demonstrated the feasibility of 
including biomarkers in large-scale population surveys. Important ques-
tions remain about how to select biomarkers for inclusion in particular stud-
ies as well as questions about the trade-offs between resources allocated to 
biomarker measurement relative to other dimensions of a survey. The latter 
includes resources for the collection of other survey items, sample compo-
sition and sample size, including the age range of the sample, whether to 
include other family members in the study, whether to purposively sample 
particular subpopulations, and whether to follow subjects over time in 
order to collect longitudinal information on health and social status. These 
are not easy choices, and one size does not fit all.

Questions about the selection of biomarkers arise, in part, because 
there is little clarity on which biological, nutritional, and genetic markers 
should have the highest priority for inclusion in broad-purpose demo-
graphic and socioeconomic surveys. The typical population survey is 
large in scale and multipurpose in scope and designed to support the 
testing of an array of different hypotheses. Because health is multidimen-
sional, it is tempting to collect a wide array of different biometric indi-
cators to parallel both the broad-purpose nature of population surveys 
and the broad-based nature of most self-assessed indicators of health 
status reported in these surveys. Succumbing to this temptation quickly 
becomes prohibitively expensive. It is difficult to overstate the contribu-
tions of recent developments of simple, low-cost methods for the collec-
tion, storage, and analysis of biological samples, and future innovations 
promise to revolutionize the field. However, progress will be limited if 
we rely on innovation driven by measurement alone. It is important that 
theory-driven hypotheses also influence the development of technologies 
for measurement of biomarkers so they can be included in population 
surveys.

Some of the most influential social science surveys in the last 40 years 
have been guided by the integration of theory with measurement across 
multiple disciplines. For example, in economics, ideas that were pio-
neered by T.W. Schultz, Gary Becker, and their colleagues have influenced 
the design of many surveys across the globe. These include highlighting 
that decisions in any single domain of an individual’s life (such as health) 
affect decisions in other domains (such as work); that choices today affect 
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options tomorrow and are thus affected by choices yesterday; that choices 
are constrained by the opportunities available to an individual; and that 
the household and the family play a key role in decision making by 
individuals. 

To fully harness the benefits of integrating biomarker collection with 
social science surveys, it will be profitable to invest in integrating theory 
from the biological, biochemical, genetic, and behavioral science fields. 
This integration will provide direction for data collection and analyses 
that are hypothesis driven, and the evidence from those studies will serve 
as guideposts for further inquiries. 

An Example: The Work and Iron Status Evaluation

An ongoing nutrition intervention that we have been conducting in 
Indonesia provides an illustration. The study seeks to test the hypothesis 
that health has a causal impact on economic and social prosperity. Its 
design was influenced by one of our earlier studies, the 1997 wave of the 
Indonesia Family Life Survey (IFLS), in which we collected a series of bio-
markers. These included anthropometry, lung capacity (with a puff test), 
blood pressure, physical mobility, and, key for this discussion, hemoglo-
bin (Hb). Hb is assessed using an in-home Hemocue photometer, which 
is safe, inexpensive, and simple to field, calling for no more than blood 
from a finger prick.

Data from IFLS indicate that around a third of reproductive-age 
women (ages 15 to 40) in Indonesia have low levels of iron, as indi-
cated by Hb levels below 120g/L (the cutoff recommended by the World 
Health Organization). High rates of iron deficiency among women in this 
age group have been documented in many countries across the globe, 
and these women, along with infant children, are the focus of most iron 
supplementation programs. However, there are reasons to suppose that 
iron deficiency rates may be high among other demographic groups in 
Indonesia. The typical diet contains little by way of iron-rich foods (such 
as red meat), and rice, the primary staple, retards iron absorption (par-
ticularly from nonanimal sources). Because there was no evidence on 
prevalence rates at the population level in Indonesia, in IFLS we collected 
Hb from over 27,000 male and female respondents across the entire age 
distribution.

Among women, Hb levels decline with age after menopause and 
almost half of all women ages 65 and older in Indonesia are iron deficient 
(as indicated by Hb < 120g/L). The recommended cutoff for men is higher 
(Hb < 130g/L). The incidence of low iron is lower among prime-age men, 
with about one in six men ages 20-29 having Hb below the cutoff. How-
ever, as with women, Hb levels decline with age beginning around age 
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30. Slightly over half of all men ages 65 and older are iron deficient (as 
indicated by Hb < 130g/L) (Thomas and Frankenberg, 2002).

This is important. Iron deficiency is associated with elevated suscep-
tibility to disease and fatigue. Moreover, there is a substantial body of 
literature that demonstrates that iron deficient anemia—the combination 
of low Hb and inadequate iron stores—results in reduced work capacity, 
as measured by, for example, V02max. This has been demonstrated in rig-
orous treatment-control studies with both humans and animals. Because 
iron plays a critical role in transporting oxygen through the blood, the 
mechanisms underlying the relationship between iron and work capac-
ity are well understood right down to the cell level. What is not known 
is whether increased work capacity translates into higher hourly earn-
ings, more income, and improved well-being. It is possible that as health 
improves and work capacity increases, hourly earnings increase and, with 
no change in work effort, income will increase proportionately. However, 
it is also possible that as hourly earnings increase, individuals will allo-
cate less time to work, so that there is no change in income (or income 
could even decline). Economic theory suggests that the typical behavioral 
response will depend on the subject’s expectations about the longevity 
of the change in hourly earnings and is likely to lie between these two 
extremes.

With this background, we designed the Work and Iron Status Evalua-
tion (WISE) to address these questions. The study follows approximately 
5,000 older people (ages 30 through 70) and some 12,000 other household 
members for a period of six years. The study design and some results are 
described in Thomas et al. (2006, 2007). 

Subjects were randomly assigned to receive a weekly iron supple-
ment or an identical placebo for slightly over a year. During the first three 
years, subjects were interviewed every four months and administered a 
very detailed survey instrument that collects information on type of work, 
hours of work, own farm and nonfarm businesses, earnings, wealth and 
savings, consumption and spending, transfers to noncoresident family, 
participation in community activities, time allocation, risk and intertem-
poral preferences, along with self-assessed physical and psychosocial 
health.

Considerable time and effort were invested in ensuring that subjects 
took the tablets every week. Supplements and placebos were provided 
in blister packs of four tablets and, during the first four weeks, subjects 
were visited twice a week to ensure compliance with the protocols. The 
frequency of visits was reduced if subjects appeared to be following the 
protocols. Blister packs were resupplied every four weeks. At every visit 
to a household, the number of tablets remaining in the blister packs was 
recorded. Counting the number of tablets removed from the blister packs 
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can provide only an upper bound on the number of tablets ingested. An 
advantage of focusing on the impact of iron supplementation is that we 
can use biomarker assessments as a more direct indicator of compliance. 
Specifically, at each of the four-monthly interviews in WISE, several bio-
markers were assessed, including Hb. Changes in Hb for each subject 
across waves of the study provide biological evidence on compliance with 
the treatment protocols, at least among those who were iron deficient and 
received the treatment. In addition, by monitoring changes in Hb every 
four months, we are able to trace the time path of the effect of the iron 
supplementation on iron in the blood. We did this during the year that 
tablets were distributed and also after the supplements ended, in order 
to assess the longevity of any effect on Hb levels. 

Because low Hb alone does not indicate iron deficient anemia, we also 
measured iron stores with transferrin receptors using dried blood spots 
and an Elisa assay (McDade and Shell-Duncan, 2002) that were collected 
at the same time that Hb levels were measured. These data demonstrate 
that subjects who received iron and had low levels of iron at baseline, 
had higher levels of Hb and iron stores (as measured by lower transferrin 
receptors) relative to baseline levels when supplementation ended. For a 
subsample of respondents, we also measured work capacity by having 
each subject pedal to exhaustion (or a maximum of 18 minutes) on a sta-
tionary ergocycle with weights, while carefully monitoring the subject’s 
heart. The subjects who received iron supplements and who had low Hb 
at baseline were able to bike longer after the supplementation than similar 
controls.

The evidence from WISE thus far essentially replicates the results 
in the nutrition literature. The biomarkers provide direct evidence that 
among iron deficient subjects who received iron supplements, iron levels 
have increased. We have not ruled out that part of the low Hb is driven 
by a hemoglobinopathy. A potentially important candidate is inflamma-
tion. Because Hb tends to be depressed by inflammation and, at least in 
the United States, inflammation rates rise with age, it may be that the age 
profile of Hb reflects elevated levels of inflammation among older Indo-
nesians. To investigate that issue, we draw on the dried blood spots that 
were collected as part of the survey and measured a marker for inflam-
mation, C-reactive protein (Cordon, Elborn, Hiller, and Shale, 1991). While 
inflammation is probably a factor in the observed low levels of Hb in the 
Indonesian population, the evidence from our data clearly demonstrates 
that the age profile of C-reactive protein cannot possibly explain the age 
profile of Hb (Crimmins, Frankenberg, McDade, Seeman, and Thomas, 
2007).

Armed with the evidence from biomarker measures, which indicate 
that the treatment-control intervention has been implemented success-
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fully, we turn to measurement of the impact of a randomly assigned 
health shock on social and economic prosperity. Consider, first, produc-
tivity at work, which we measure by hourly earnings. It is unlikely that 
someone whose hourly wage is not directly related to productivity would 
see any increase in wages if their iron levels were improved by the treat-
ment. However, people whose hourly earnings are a reflection of pro-
ductivity are likely to have higher hourly earnings if they were iron 
deficient at baseline and received the treatment. We therefore examined 
self-employed men—most of whom are farmers or construction workers 
or run bicycle taxis—whose earnings are likely to be closely related to 
their own productivity. After six months of supplementation, relative to 
a year before, the hourly earnings of men who received the treatment and 
who had low iron at baseline were significantly higher than comparable 
controls. There were no differences among those working in the wage 
sector. Among men working in the wage sector at baseline, there were no 
productivity differences between treatments and controls but there were 
differences in how they allocated their time.

CONCLUSION

This example provides an illustration of the potential value of inte-
grating theoretical insights from the nutrition and biochemistry literatures 
with those from the social sciences. The credibility of this study relies 
crucially on the combination of direction from the health sciences on the 
likely impact of iron on health and well-being, knowledge of the appro-
priate markers to assess changes in iron (and thus health) status, and the 
insights suggested by economic theory on likely responses to changes 
in productivity associated with improved health. It is hard to imagine 
designing and implementing a study like this without guidance from 
theory and practice in all of these disciplines. It is also hard to imagine 
successfully completing a project like this without an interdisciplinary 
team of scientists involved in all aspects of the study.

REFERENCES

Cordon, S., Elborn, J., Hiller, E., and Shale, D. (1991). C-reactive protein measured in dried 
blood spots from patients with cystic fibrosis. Journal of Immunological Methods, 143, 
69-72.

Crimmins, E., Frankenberg, E., McDade, T., Seeman, T., and Thomas, D. (2007). Inflamma-
tion and socio-economic status in a low income population. Unpublished manuscript, 
University of California, Los Angeles.

McDade, T., and Shell-Duncan, B. (2002). Whole blood collected on filter paper provides a 
minimally invasive method for assessing human Transferrin Receptor level. Journal of 
Nutrition, ���, 3760-3763.



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

DUNCAN THOMAS and ELIZABETH FRANKENBERG  ���

Thomas, D., and Frankenberg, E. (2002). The measurement and interpretation of health in 
social surveys. In C. Murray, J. Salomon, C. Mathers, and A. Lopez (Eds.), Summary 
measures of population health: Concepts, ethics, measurement, and applications (Chapter 8.2, 
pp. 387-420). Geneva, Switzerland: World Health Organization.

Thomas, D., Frankenberg, E., Friedman, J., Habicht, J-P., Hakimi, M., Ingwersen, N., Jaswadi, 
Jones, N., McKelvey, C., Pelto, G., Seeman, T., Sikoki, B., Smith, J.P., Sumantri, C., 
Suriastini, W., and Wilopo, S. (2006). Causal effect of health on labor market outcomes: 
Experimental evidence. (CCPR working paper #2006-70.) Los Angeles: California Center 
for Population Research, University of California.

Thomas, D., Frankenberg, E., Friedman, J., Habicht, J.-P., McKelvey, C., Jones, N., Pelto, G., 
Sikoki, B., Sumantri, C., and Suriastini, W. (2007). Iron supplementation, iron deficient 
anemia, and hemoglobinopathies: Evidence from older adults in rural Indonesia. Un-
published manuscript, University of California, Los Angeles.



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

���

8

Biomarkers in Social Science Research 
on Health and Aging:  

A Review of Theory and Practice

Douglas C. Ewbank

Five years ago, Cells and Surveys: Should Biological Measures Be Included 
in Social Science Research? (National Research Council, 2001a) iden-
tified biomarkers as an important tool for understanding the asso-

ciation of socioeconomic status with health and mortality. Since then, 
biomarkers have rapidly become a standard feature in large-scale social 
surveys, and there has been growth of a new, rich literature on this topic. 
This is an appropriate time to pause and review the theories behind the 
use of biomarkers and to assess how far we have progressed in applying 
them in social science research.

There are many reasons to collect biomarkers in population-based lon-
gitudinal studies. For example, Harris, Gruenewald, and Seeman (Chap-
ter 5 in this volume) are primarily interested in understanding the role of 
various biological systems with a secondary interest in how they inter-
act with social factors. Similarly, Straub, Cutolo, Zietz, and Scholmerich 
(2001) call for the inclusion of biomarkers in longitudinal epidemiological 
studies to document the progression of the “vicious cycle of immunose-
nescence, endocrinosenescence, and neurosenescence.” However, from 
the perspective of social scientists studying aging and health, the research 
priorities are generally more limited. Biomarkers can be useful for study-
ing a variety of social behaviors and environments. They can operate as 
underlying risk factors (e.g., genetics or birth weight) or as intermedi-
ate variables. They can also provide an alternative to self-reports. For 
example, serum cotinine concentration has been used to evaluate the 
accuracy of self-reports of cigarette smoking (Perez-Stable, Marin, Marin, 
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Brody, and Benowitz, 1990). However, much of the recent research on 
aging has focused on the effects of chronic social and psychological stress 
and measures associated with the biological concepts of “robustness” and 
“allostatic load.” 

Social scientists studying health and aging face a great challenge. The 
health outcomes we study involve interactions among a wide variety of 
physical and cognitive conditions. The social and behavioral environ-
ments we want to relate to health problems are equally complex and 
difficult to measure. We therefore seek associations between very hetero-
geneous causes and equally heterogeneous outcomes. Biomarkers offer 
more narrowly defined, more proximal intermediate outcomes or, as dis-
cussed below, more specific characterization of social and behavioral 
environments.

Before trying to evaluate recent progress in using biomarkers to study 
health and aging, it is useful to review a few of the social and biological 
concepts that are central to much of the research. This review therefore 
begins with discussions of chronic social–psychological stress and biologi-
cal robustness. The next section considers strategies for identifying which 
biomarkers are potentially most valuable for social science research on 
stress and aging. This is followed by a discussion of life-cycle approaches 
to understanding the aging process from conception to senescence. The 
chapter concludes with a few words of caution for future research and an 
overview of the progress in using biomarkers in social science research 
on aging.

SOCIAL AND BEHAvIORAL STRESS

There are both short-term and long-term perspectives for studying the 
health impact of stress. In the short term, stress generally refers to events 
or circumstances that elicit an emotional (usually negative) response. Epi-
sodes of stress can affect the immune system and therefore susceptibility 
to disease (Segerstrom and Miller, 2004). Recently, social scientists have 
begun to study the cumulative effects of repeated episodes of a wider 
range of social-psychological, physical, and environmental stressors. This 
literature emphasizes links between stress and such chronic diseases as 
cardiovascular disease and diabetes.

We have a lot to learn about the sources of stress. For example, the 
Whitehall study quickly showed that the concept of “executive stress” 
was not consistent with the gradient they observed; the executives at the 
top of the hierarchy had the lowest risk of several major causes of death. 
This raises the question of whether we know real stress when we see it or 
whether we can identify sources of chronic stress.

Ironically, biomarkers can help us recognize stressful circumstances. 
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They provide one type of evidence about which individuals in an orga-
nization or society are most stressed, what kinds of social situations are 
most stressful, what kinds of social organizations relieve stress, and how 
individuals differ in their ability to handle stress. Much of the early 
research on this topic relied on measures associated with cardiovascular 
activation, which generally reflects reactions to recent events (up to 24 
hours). Few of these studies were population-based. For example, cat-
echolamines (epinephrine and norepinephrine) excretion rates (James and 
Brown, 1997) were used to identify which individuals in Otmoor villages 
in Oxfordshire were most stressed (Harrison, 1981) and which occupa-
tions were most stressful (Jenner, Harrison, Day, Huizinga, and Salzano, 
1982). However, as James and Brown have noted, these measures reflect 
“the complexity of the circumstance, including the subject’s perceptions 
and cognitive state, the nature of the social situation, potential food, 
stimulant and exercise effects, and the ambient environmental conditions, 
such as temperature or altitude” (James and Brown, 1997, p. 329). 

Recent research has emphasized biomarkers that reflect longer term 
damage to the body’s regulatory systems (see below). For example, chronic 
elevation of C-reactive protein (CRP) is a good marker for systemic infec-
tion and is closely associated with coronary heart disease (Danesh et al., 
2004). CRP levels have been used to examine the long-term effect of stress 
associated with socioeconomic status in Whitehall II (Owen, Poulton, Hay, 
Mohamed-Ali, and Steptoe, 2003), in Chicago (McDade, Hawkley, and 
Cacioppo, 2006), and in the United States as a whole (Alley et al., 2006).

Psychologists studying the effects of stress have proposed five cat-
egories of stress (Segerstrom and Miller, 2004). Most of their research 
has involved episodes of acute stress. Acute time�limited stressors involve 
artificial experiences produced in laboratory experiments, such as tasks 
involving mental arithmetic. Brief naturalistic stressors involve such events 
as students taking SAT exams. Although the effect of these brief stressors 
on immune function may cumulate to create serious health problems in 
the long run, they will be hard to document in large longitudinal surveys 
(Graham, Christian, and Kiecolt-Glaser, 2006).

Social scientists are more apt to be interested in sources of stress that 
have longer effects. Stressful event sequences involve a single event that has 
a number of consequences for one’s life. Examples include natural disas-
ters and the loss of a spouse or child. Although the effects may last for 
months or years, they can be expected to subside over time. Chronic stress�
ors usually require restructuring social roles or personal identity. These 
include becoming a caregiver for someone with dementia or a traumatic 
injury that causes permanent disability (Graham et al., 2006). The final 
category is distant stressors, traumatic experiences, such as sexual assaults 
in the past, that can have long-term psychological effects.
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Studies of the long-term effect of stress on health, such as those 
related to occupational or race/ethnic relations, may involve frequent 
(perhaps daily) exposure to a variety of stressors, some of which don’t 
fit neatly into these categories. For example, we might want to include 
unreasonable expectations, distrust, or lack of respect, which may reflect 
the general social environment, rather than simply the effects of single 
incidents.

There is no single biomarker that will identify all of the social and 
psychological circumstances that we consider stressful. In particular, it 
appears that different types of psychological stress can have very different 
effects on biomarkers. For example, within the category of stressful event 
sequences, the loss of a spouse is generally associated with a decline in 
natural inflammatory responses, which is not apparent following a breast 
biopsy (Segerstrom and Miller, 2004).1

The complex relationship between social environments and stress is 
apparent from animal models. Sapolsky (2005) has reviewed the literature 
on the physiological effects of social hierarchies in primates. He concludes 
that “no consensus exists as to whether dominant or subordinate animals 
are more physiologically ‘stressed.’ . . . Rank means different things in dif-
ferent societies and populations.” He offers a number of generalizations.

1. In social groups with a relatively fixed hierarchy, subordinate 
individuals feel stress from subjugation. However, when struc-
tures are more fluid, dominant individuals tend to be more 
stressed, since they must struggle to maintain their dominance. 
This suggests that results based on the Whitehall study that high-
status jobs are associated with less stress may not be generalizable 
across a wide range of social organizations. In particular, a study 
of men in the Otmoor villages in Oxfordshire found higher levels 
of adrenaline associated with high social class (professional and 
manual versus nonmanual labor) (Jenner, Reynolds, and Harrison, 
1980; Harrison, 1981).

2. Subordination is more stressful in species with greatest inequality 
in access to resources.

3. Coping strategies and social support including the presence of kin 
can ameliorate the effects of stressful circumstances.

4. Subordinates can develop social strategies for avoiding interac-
tions with dominants.

1 Segerstrom and Miller provide an excellent meta-analysis of the effects of various types of 
stressors on a wide range of immune indicators, including 24 articles on the effects of chronic 
stress and 44 articles on the effects of important life events (Segerstrom and Miller, 2004).
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These observations about primate societies are quite consistent with 
hypotheses that social scientists are beginning to study. For example, 
some discussions of the effects of social inequality have been framed in 
terms of stress (Geronimus, Bound, Waidmann, Colen, and Steffick, 2001), 
and researchers have used biomarkers to examine the importance of social 
support (Seeman et al., 2002) and social ties (Seeman et al., 2004).

BIOLOgICAL ROBUSTNESS

The challenge for social scientists is to identify a manageable number 
of biomarkers that capture the most important features of the aging pro-
cess and the development of chronic diseases. Two related concepts—bio-
logical robustness and allostatic load—provide a theoretical framework 
for selecting biomarkers for social science research.

Systems analysis provides a useful way of thinking about how an 
organism manages the numerous changes in chemistry required to deal 
with regular and irregular challenges that result from the interactions 
with the environment. The challenges come from the physical environ-
ment, stressful situations, persistent anxiety, and such behaviors as diet 
and smoking. This approach involves consideration of feedback loops, 
redundancy, and diversity of function. A central theme is the concept of 
robustness. Kitano states: “[r]obustness is a property that allows a sys-
tem to maintain its functions despite external and internal perturbations. 
It is one of the fundamental and ubiquitously observed systems-level 
phenomena that cannot be understood by looking at the individual com-
ponents” (2004, p. 826).

Over time, the functioning of biological systems leads to the accu-
mulation of damage that reduces robustness. Initially this can result in a 
delayed return to equilibrium following a challenge. Longer periods spent 
in disequilibrium cause additional damage. The rate of accumulation is 
determined, in part, by the frequency and severity of challenges as well 
as genetic and developmental factors that determine initial robustness. 
Eventually this process can lead to a state of chronic, severe disequilib-
rium. The concept of robust response to challenge is central to many ways 
of thinking about the aging process.

Proper functioning of biological systems does not rely on robust 
maintenance of a single equilibrium point (homeostasis). Instead, the 
appropriate balance point changes to minimize energy requirements (and 
expected requirements) in given circumstances. For example, when there 
is a perception of a need for defensiveness and vigilance, the mobilization 
of energy requirements is dominated by the sympathetic nervous system. 
At other times, the parasympathetic system imposes cognitive control 
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that can better balance resources. Therefore, the appropriate balance point 
depends, in part, on perceptions about the environment. 

These perceptions are managed by the prefrontal cortex of the brain, 
which provides the likely link between social and psychological stress and 
health. Thayer and Friedman note that “in modern society . . . inhibition 
[of the sympathetic system], delayed response, and cognitive flexibility 
are vital for successful adjustment and self-regulation.” However, such 
emotional states as worry and anxiety, reinforced by feedback loops, can 
lead to “prolonged prefrontal inactivity [that] can lead to hypervigilance, 
defensiveness, and perseveration” (Thayer and Friedman, 2004, p. 577). 
They postulate that the resulting imbalance between the sympathetic and 
parasympathetic systems may be the link between persistent feelings of 
stress and the development of chronic diseases. 

Social science research on the relationship between stress and health 
need not involve complex modeling of the biological linkages between 
cognition and other biological systems. Instead, we can use biomark-
ers that reflect important aspects of these systems as intermediate vari-
ables. Most research using biomarkers has examined associations with 
single biomarkers. However, McEwen and colleagues have described a 
more holistic approach that links social and psychological events to long-
term health outcomes (McEwen and Stellar, 1993; Seeman, Singer, Rowe, 
Horwitz, and McEwen, 1997; McEwen, 1998). They use the term “allosta-
sis” much like robustness to refer to a system’s maintenance of stability.2 
The term “allostatic load” (AL) then refers to the cumulated damage 
resulting from repeated cycles of allostasis. McEwen and Stellar defined it 
as “the strain on the body produced by repeated ups and downs of physi-
ologic response, as well as by the elevated activity of physiologic systems 
under challenge, and changes in metabolism . . . that can predispose the 
organism to disease” (McEwen et al., 1993, p. 2094).

Insulin resistance and type II diabetes offer a simple example. Insu-
lin resistance involves reduced sensitivity of cells to insulin-stimulated 
glucose absorption. This leads to an increased secretion of insulin and 
a slower response to increases in serum glucose levels (glucose intoler-
ance).3 As the condition worsens over a period of years, the body loses its 

2 McEwen points out that the terms “homeostasis” and “allostasis” are sometimes used 
in the narrow sense of stable levels of those functions immediately necessary to sustain life 
(e.g., temperature, pH, oxygen tension) and at other times they are expanded to include 
systems that are more variable (e.g., hormone levels, heart rate, blood pressure). He prefers 
to limit homeostasis to mean stability in those systems that are most essential to life. He uses 
the term allostasis in the broader sense to include those systems that maintain homeostasis 
by responding to changing environment (McEwen, 2000).

3 An alternative view is that this progression begins with inadequate production of insulin 
that only becomes a problem when there is decreased sensitivity to insulin. In either case, the 
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ability to produce enough insulin to stabilize serum glucose levels, which 
results in diabetes, a chronic disequilibrium in glucose levels. Excess 
serum glucose leads to the glycosylation of proteins that causes damage 
to numerous other biological systems (especially the circulatory system). 
One result is a reduction in the ability of the pancreas to produce insulin.4 
This simple model of insulin response to changes in serum glucose levels 
illustrates the progression from poor short-term responsiveness to chronic 
instability that develops in many systems in response to challenges.

This “glucose-centric” view of insulin resistance is grossly oversim-
plified. For example, the insulin resistance (or metabolic) syndrome is 
generally defined as including elevated insulin levels, glucose intoler-
ance, obesity (especially a concentration of fat around the waist), elevated 
blood pressure, elevated serum triglycerides, and decreased high-density 
lipoproteins (HDL).5 The last four are also commonly recognized risk 
factors for another major health problem: heart disease. The symptoms 
of the metabolic syndrome are related through complex feedback loops 
involving adiposity, triglycerides, insulin, leptin, interleukin-6 (IL-6), 
and tumor-necrosis factor α (TNFα) (Kitano et al., 2004). IL-6 and TNFα 
involve stimulation of the immune system, which plays an important role 
in the feedback loops that lead to chronic insulin resistance and which 
may contribute to the development of vascular disease. Their release is 
attenuated by the parasympathetic nervous system, thus providing an 
important link to emotional stress (Thayer and Friedman, 2004). This 
might explain, in part, the association of insulin resistance with affective 
disorders (including depression) and Alzheimer’s disease in addition to 
diabetes and heart disease (Rasgon and Jarvik, 2004).

SELECTINg THE MOST USEFUL BIOMARkERS

The list of biomarkers that could be included in large social science 
surveys is expanding rapidly (McDade et al., 2006). Singer, Ryff, and 
Seeman state that the operationalization of allostatic load is still in its 
infancy, and they provide guidelines for selecting biomarkers that provide 
insights into the concept. They propose that “any operationalization of 
the concept of AL should signal pending onset of diverse kinds of dis-

initial result is a decreased robustness in the body’s ability to deal with a sudden increase 
in serum glucose.

4 For a complete description of the metabolic syndrome from the perspective of system 
analysis and robustness, see Kitano (2004).

5 There is extensive evidence of statistical associations among the components of this 
syndrome, but the biological and clinical significance of these associations and the exact 
list of elements of the syndrome are still hotly debated (Kahn, Buse, Ferrannini, and Stern, 
2005; Kahn, 2006).
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ability and disease . . . [and] should represent the biological signature of 
cumulative antecedent challenges” (Singer, Ryff, and Seeman, 2005, pp. 
113-114). Therefore, we want both leading indicators as well as measures 
of cumulative damage. To limit the number of indicators, we need mea-
sures associated with multiple health conditions.

We can see aspects of these criteria in the 10 measures included in 
the original operationalization of allostatic load (Seeman et al., 1997). The 
list included six items that are generally part of the metabolic syndrome: 
systolic and diastolic blood pressure, HDL, the ratio of total cholesterol to 
HDL, glycosylated hemoglobin, and waist-hip ratio (a measure of abdom-
inal obesity). Three are chemical messengers that are primary mediators 
of allostatic load: cortisol (a major stress hormone) and its antagonist, 
DHEAS, as well as two measures of sympathetic nervous system activity, 
epinephrine, and norepinephrine.

Different measures are used to measure different stages of the accu-
mulation of allostatic load. We have already seen that the metabolic syn-
drome is associated with multiple important diseases, including diabetes 
and heart disease. Among the elements of the metabolic syndrome, the 
waist-hip ratio is a risk factor or precursor of disease, whereas glyco-
sylated hemoglobin measures the cumulative effect of serum glucose 
levels over the past few months. The Whitehall II study included a fast-
ing glucose tolerance test that directly measures the body’s response to 
challenge.

Singer, Ryff, and Seeman note that the complex dynamics of the 
immune system “suggest[s] that a large battery of the immune measures 
be incorporated in an allostatic load scoring scheme. On the other hand, 
because our larger objective is to use biological indicators that reflect 
possible malfunction across multiple systems . . . it is important to have 
a limited set of biomarkers in place for each system, but use those that 
are sensitive to broadly based dysregulation” (Singer et al., 2005, pp. 130-131, 
emphasis in original).

In this context, they discuss the value of adding IL-6 to the list of bio-
markers. Trauma, infection, fever, and stressful experiences are all associ-
ated with elevated levels of IL-6 (Singer et al., 2005). Elevated levels are 
also associated with a wide range of health conditions and with several 
forms of disability and poor health, including depression.6 The immune 
system is tightly integrated with the nervous system and the endocrine 
system (Cacioppo, Berntson, Sheridan, and McClintock, 2000; Glaser and 
Kiecolt-Glaser, 2005), which means that immune markers are associated 
with broader dysregulation. Measurements of Il-6 were included in the 
Social Environment and Biomarkers of Aging Study in Taiwan (Goldman, 

6 Note that these characteristics diminish its usefulness in a clinical context.



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

��� BIOSOCIAL SURVEYS

Glei, Seplaki, Liu, and Weinstein, 2005), a nested case-control study in 
Whitehall II (Brunner et al., 2002) and the Health ABC Study (Koster et 
al., 2006).

Similar criteria can be used to select genes for social science research 
on health.7 For example, a relatively common allele of the ApoE gene has 
been shown to be associated with increased risk of ischemic heart disease 
and Alzheimer disease (Farrer et al., 1997; Eichner et al., 2002). In addi-
tion, both ApoE genotype and serum concentration of ApoE are involved 
in regulating the acquired immune response (Colton, Brown, and Vitek, 
2005). Similarly, the central role of IL-6 in the immune system has led to 
a number of studies of mortality associated with a common allele of the 
gene for IL-6 (Christensen, Johnson, and Vaupel, 2006).

Several studies have examined the association of various causes of 
morbidity or mortality with individual biomarkers or subindexes contain-
ing some of the elements of allostatic load (Seeman, McEwen, Rowe, and 
Singer, 2001; Goldman et al., 2005; Chapter 3 in this volume). This type of 
analysis is important for testing the value of including specific biomark-
ers, and it may help to understand the specific mechanisms at work in a 
population. However, the potential value of an index of allostatic load 
is that it doesn’t simply measure a number of important biological sys-
tems. Rather it should recognize that these systems are not independent. 
Although the early signs of chronic dysregulation may first appear in 
one system or another, examining biomarkers of separate systems risks 
missing the forest for the trees. Although early reports are encouraging, 
the value of indexes of biomarkers based on the theory of allostatic load 
is still uncertain.

BIOMARkERS IN A LIFE-CyCLE CONTEXT

Aging is a process. Much recent research is based on the hypoth-
esis that many common chronic health problems, such as cardiovascular 
disease, diabetes, and dementia, can result from the cumulated effects 
of repeated or sustained social and physical challenges (Garruto, Little, 
James, and Brown, 1999). Yet socioeconomic characteristics can change 
over time and environmental or social change (e.g., moving to a new 
location, becoming unemployed or widowed) is itself associated with 
increased psychological stress. There is evidence that the negative effects 

7 Genetic material collected in social science surveys can be used to perform a large number 
of genetic tests. They can therefore contribute important information on genotype frequen-
cies for a large number of genes and may be useful for studying genetic risk factors for 
disease. However, only a few genotypes might be important enough to include in analyses 
of the associations between social factors and health.
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of stress begin in utero (Graham et al., 2006). Documenting a cohort’s 
history of early life conditions, social and psychological stress, and the 
appearance of dysfunction of several systems would require a longitu-
dinal study of extraordinary duration. For this reason, it will always be 
necessary to piece together results from different studies to create syn-
thetic cohorts. A good example of this approach is work by Seeman and 
colleagues that compares results from the Wisconsin Longitudinal Study 
(ages 58 and 59) and the MacArthur Study of Successful Aging (initially 
70-79) (Seeman et al., 2002).

Figure 8-1 suggests how a life-cycle approach could piece together 
results from a number of longitudinal surveys. The list of studies could be 
expanded to include research at younger ages on the short-term effects of 
stress at different parts of the life cycle (Lundberg, 2005). Among adoles-
cents and young adults, research should focus on the prevalence of risk 
factors and on measures of short-term responses to stress. For example, 
some studies on this topic suggest that responsiveness to stress at younger 
ages may interact with genetic predisposition to cause problems of hyper-
tension at later ages (Light et al., 1999). The Whitehall II study covers 

FIgURE 8-1 A life-cycle depiction of the ages included in six studies that em-
ployed biomarkers. The black rectangles show the ages included in the baseline 
and the grey indicate ages included in the follow-up surveys.

FIGURE 8-1

"fixed image"-- not easily altered
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a middle-aged group and provides evidence about both the response 
to acute stress and the effects of chronic stress. It included nested case-
control studies to examine differences in heart rate, blood pressure, and 
cortisol levels through the work day that can be compared with simpler 
case-control studies (Matthews et al., 2000; Steptoe et al., 2003). They 
have also examined heart rate variability (Hemingway et al., 2005), which 
Thayer and Friedman emphasize as an important marker for parasym-
pathetic nervous system (Thayer and Friedman, 2004). At the older ages, 
research can focus on chronic stress and chronic dysregulation.

The life-cycle approaches used in the social sciences parallel the more 
biological “life history” approach to studying development and aging. 
This approach is based on the fact that available resources must be allo-
cated among three processes: growth, maintenance, and reproduction. 
It has been used to examine the development of the immune system at 
early ages that can have serious implications for mortality at the older 
ages (McDade, 2005). It is also the basis for the “disposable soma” theory 
of the evolution of aging (Kirkwood and Austad, 2000).

Life-cycle models have been used extensively to study a wide range of 
topics in sociology and demography. However, the simplicity in diagrams 
of such models is deceiving. Issues of causal ordering and feedback loops 
raise some of the most serious modeling and statistical issues facing social 
scientists (National Research Council, 2001b). In addition, there are risks 
in combining results from different types of samples in different popula-
tions. At this point, we may not know enough about what is important to 
be able to tell when results from studies in one population can reliably be 
extrapolated to other populations. 

A FEW WORDS OF CAUTION

The extensive literature on the relationship between the ApoE gen-
otype and mortality suggests two important lessons that apply to all 
research on biomarkers. First, type 2 errors may be more frequent than 
type 1 errors in some types of research and are potentially more serious. 
The search for genes associated with longevity has led to many (appar-
ently) false positives. However, there have also been false negatives in 
longitudinal studies of single genes (Bader, Zuliani, Kostner, and Fellin, 
1998; Juva et al., 2000). Social scientists tend to obsess about avoiding false 
positives (p-values) and we are rarely concerned with the risk of false 
negatives (power). This attitude seems to be heightened in biomedical 
research. One reason is that clinicians have to be cautious in applying new 
research findings since the cost of type 1 errors can have serious effects. A 
second factor is that in genetic epidemiology scans of the genome gener-
ally involve a large number of multiple comparisons, which increases the 
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risk of type 2 errors. However, in certain circumstances, false negatives 
may outnumber false positives. For example, standard power calculations 
set the risk of a type 1 error at 0.05 and the risk of a type 2 error at 0.20. 
False negatives may also be more damaging than false positives because 
negative results tend to discourage further research. This emphasizes the 
need for replication and multiple tests of good hypotheses even when 
they don’t pan out immediately.8 

Second, at this stage of research using biomarkers, there is a serious 
risk of unwarranted generalization. The use of biomarkers in social sci-
ence research is still quite new. We are eager to draw conclusions and 
to base the design of new studies on previous results. However, a true 
negative in one population might be a true positive in another popula-
tion. This can happen for both biological and sociocultural reasons. For 
example, the ApoE e34 genotype is not associated with excess risk of 
death in African Americans but it is associated with excess risk in Euro-
peans (Ewbank, 2007). If research on the topic had started with studies of 
African Americans, this line of research might have ended after only one 
or two studies. Similar problems can arise with social variables. As noted 
above, similar social positions (e.g., manager) or events (e.g., widowhood) 
may be associated with very different levels of stress in different social 
settings. As scientists, we are trained to detect patterns and draw conclu-
sions. However, we have to be cautious when results are not confirmed in 
subsequent studies—especially when the studies are of populations that 
are biologically and socially as different as Whitehall and Taiwan.

CONCLUDINg COMMENTS

The use of biomarkers in social science research holds great promise. 
Biomarkers are quantifiable intermediate variables that can act between 
the complex and heterogeneous social factors and the equally diverse and 
complex health outcomes. Chang and colleagues note that “it is too early 
for us to answer the really big question: Does the inclusion of biomarkers 
in household surveys help us to understand SES differences in health, par-
ticularly with regard to the role of stressful experience?” (Chapter 3 in this 
volume). It is still early, but I am convinced that biomarkers will enable 
us to greatly expand our understanding of the effects of social factors on 
health. We are still testing new, promising biomarkers, and we are just 
beginning to get the data needed to sort out the effects of various kinds 

8 Many biomarkers measure normal levels of hormones that fluctuate over time. In many 
cases, it may be that the easiest way to increase the power of a test is to carry out multiple 
measurements on each individual (Jenner et al., 1980; Segerstrom, Lubach, and Coe, 2006).
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of stress at different ages. Work is still needed to better operationalize and 
test the concept of allostatic load. 

We have learned a lot in the past 10 years. First, a number of research-
ers have gained experience collecting samples and working with medi-
cal labs that can analyze them. This is a fundamental step and one that 
required a significant amount of work. Second, there are now data on 
several biomarkers in very different populations. We are just beginning 
to see comparable analyses of similar data in different settings. We have 
expanded the list of biomarkers that have been tested, and we have 
moved beyond the list of 10 initially used to measure allostatic load. In 
addition to these lessons, the new data from Taiwan should teach us to be 
cautious about drawing conclusions from cross-sectional data (see Chap-
ter 3). Similarly, the Whitehall II study has demonstrated the advantages 
of working in a defined, structured population in which it is possible to 
collect a wider range of biomarkers and the social structure is easier to 
define. It is not necessary for all studies to be nationally representative.

The experience thus far also offers lessons to guide future research. 
First, research at the older ages needs to be combined with studies of 
the early signs of reduced robustness in younger adults. The research 
on younger ages will require using biological challenges, like two-hour 
glucose tolerance tests, that are difficult to carry out in large population 
studies. Second, we need to be aware that some biomarkers might be 
associated with stress in different ways at different ages. There may also 
be different associations with different types of stress. This will complicate 
comparisons among studies until we have a sufficient amount of data to 
begin disentangling these relationships.

Finally, I think the most encouraging development in the past 10 years 
is the emergence of a cohort of young researchers who feel that biomark-
ers are central to what we do and how we do it. The pioneering research 
makes it easy to imagine what this approach has to offer and provides 
valuable models for future research.
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Are Genes Good Markers  
of Biological Traits?

Mary Jane West�Eberhard

The 20th century has been called “the century of the gene” (Keller, 
2000), an era of unprecedented progress in the understanding 
of inheritance. The 20th century began with the rediscovery of 

Mendel’s laws, witnessed the discovery of the structure and nature of 
DNA, and concluded with the launching of the human genome project. 
The result has been an accumulation of genetic information far beyond 
the comprehension of any single scientist. Nongeneticists are confronted 
almost daily with new facts about genes that seem to be of enormous 
relevance to their lives. What is one to make of these discoveries? How 
should one think about them?

I recently had to deal with this problem as a biologist writing about 
development in relation to evolution. Genetics is the foundation of mod-
ern evolutionary biology, so I had no doubt about the importance of genes. 
But I wanted to explain the evolution of phenotypes—-the observable 
behavioral, physiological, and morphological characteristics of organ-
isms. My main expertise is in the social behavior of insects, which made 
me keenly aware of the adaptive flexibility of behavior and the hormon-
ally mediated links between gene expression and morphological diver-
sification. I was especially aware that the dramatic differences between 
sterile social-insect “workers” and egg-laying “queens” do not depend on 
genetic differences between individuals, but instead spring from differ-
ences in their social environments, in particular the dominance relations 
among adults, and their diets as larvae. From such a background it is 
clear that phenotypic traits are not determined by genes alone. How then 
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should one think about the formative role of genes? In this essay I discuss 
some results of my own struggles with this problem that may help other 
nongeneticists think about genes. The companion volume to this one, Cells 
and Surveys (National Research Council, 2001) contains a chapter (Wallace, 
2001) on genetic markers in population surveys of human traits whose 
language could serve as a model of meticulous accuracy in the discussion 
of genetic data. This chapter is intended as a kind of reader’s guide for 
how to relate genes to phenotypic traits in general, in order to better inter-
pret research results and public discussions that attempt to relate genes 
to particular human characteristics. For a more thorough discussion, see 
West-Eberhard (2003, Part I).

vALUE OF A DEvELOPMENTAL-EvOLUTIONARy PERSPECTIvE 
FOR gENETIC ANALySES OF TRAITS

To understand how any complex apparatus works, it helps to know 
how it was put together. For traits of organisms, this means understand-
ing how they develop and how they have evolved. Sometimes evolu-
tion is depicted as a process of random genetic mutation and selection. 
Advances in the molecular genetics of gene expression and development, 
as well as in phylogenetic methods that permit more accurate histories of 
organismic change, support a different view: novel traits originate via the 
developmental reorganization of ancestral phenotypes, not just by a series 
of random mutations and their cumulative new effects. That is, the traits 
one observes have been assembled via the reorganization of older traits, 
with old genes used in new combinations. Furthermore, developmental 
reorganization can be initiated by environmental factors, as well as by 
mutations. In keeping with the universally acknowledged importance 
of environment in development, environmental induction can play an 
important role in the reorganizational origins of novel traits (for a sum-
mary and extensive documentation see West-Eberhard, 2003, Chapters 
9-18, on evolution by developmental reorganization; Chapters 6, 20, 26 
on the role of environmental factors). 

These findings are relevant to the search for genetic markers—genetic 
loci whose different alleles correlate strongly with, and can therefore be 
used to predict, variation in human traits. First, due to change by reorga-
nization of gene expression, related organisms or populations can have 
markedly distinctive characteristics, or “phenotypes,” without having a 
large number, or any, distinctive new genes or genetic alleles (alternative 
DNA sequences at the same chromosomal locus). This is illustrated by the 
small genetic distance between humans and chimpanzees despite con-
siderable differences in their behavioral and morphological phenotypes 
(King and Wilson, 1975). Second, the reuse of the same genes in different 
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contexts means that a gene found to be crucial for variation in a trait of 
interest—a disease phenotype or a demographic property like longevity 
or fertility—may prove to be expressed commonly in other contexts or 
may have different effects at different life stages (see, e.g., Ewbank, 2000, 
on the ApoE gene). Research on markers needs to take into account life 
stage and other contextual and environmental variables in the search 
for reliable predictors of particular traits. The role of the environment in 
the induction of genetically complex, reorganized phenotypes, as when 
fetal undernutrition affects the expression of obesity, diabetes, coronary 
heart disease, and hypertension in large numbers of adults (Osmond and 
Barker, 2000), is a reminder that human populations can contain appre-
ciable frequencies of complex, well-defined phenotypic variants that do 
not correspond to genetic variants.

An evolutionary perspective also adds to the arsenal of techniques 
that can be brought to bear in the search for genetic causes. Evolutionary 
biologists routinely compare different species and populations to illu-
minate the functions and causes of particular traits by ascertaining their 
correlations with other traits and with the conditions of life. Comparative 
study can facilitate the selection of organisms that are particularly likely 
to throw light on particular questions of interest to demographers and 
social scientists, and can pinpoint traits of unsuspected value for testing 
certain ideas. 

For example, a recent survey of a very wide range of species revealed a 
correlation between slow embryonic development and rapid aging among 
different species of birds and mammals (Ricklefs, 2006). And a phyloge-
netic study of parrots revealed peculiarities of the mitochondrial genome 
that may be associated with the unusual longevity of parrots among 
birds (Eberhard, Wright, and Bermingham, 2001; Wright and Eberhard, in 
press). In addition, evolutionary biologists are practiced in the analysis of 
the population genetics of genetically complex (polygenic) traits, like most 
of those of interest to epidemiologists and demographers (Sing, Haviland, 
Templeton, Zerba, and Reilly, 1992; Sing, Haviland, Templeton, and Reilly, 
1995). And the disciplined practice of wondering about the functional, 
adaptive significance of particular kinds of genes can lead to new insights 
with practical results. For example, an evolutionary hypothesis regarding 
the significance of parentally imprinted genes—genes whose expression 
depends on the parent of origin—has led to a focus on these particu-
lar genes as possibly being involved in the development of autism and 
related disorders (Badcock and Crespi, 2006).

The past belief in the importance of mutation for the origin of novel 
traits has helped to perpetuate misunderstanding of the role of single 
genes in the evolution and development of complex traits. The notion of 
one-gene, one-phenotype is now widely acknowledged by biologists to 
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be mistaken, but it is still an intuitively attractive idea that is reinforced 
by textbook exercises on Mendelian genetics and by research on bacterial 
genomes and their molecular phenotypes (e.g., Ptashne, 1992). Modern 
research on development and evolution in multicellular organisms helps 
pave the way for a more realistic view of the role of genes in the produc-
tion of complex phenotypes in humans and other organisms. The question 
of single-gene control is further explored in the next two sections. 

gENETIC STRUCTURE OF A TRAIT

A “trait” is simply a somewhat discrete characteristic of an organism. 
It could be an aspect of morphology, a physiological state, a behavior, a 
molecule, or a disease, but the implication is that it is a product of devel-
opment that is qualitatively distinct relative to other aspects of the organ-
ism. Some authors use the term “module” to describe a discrete trait. In 
operational terms, a discrete or modular trait can be defined as a product 
of a separate developmental pathway. But it is more accurate to say that 
a trait is “somewhat discrete” rather than “discrete,” or that it is “modu-
lar” rather than “a module” because no trait is completely independent 
of all other traits in an integrated individual organism. In addition to the 
discrete on-off qualitative traits of organisms, there are other traits, such 
as body size or longevity, that are “quantitative traits”—features that are 
described in terms of their numerically measurable (quantifiable) values 
(e.g., weight, mass, or life span). Discrete, qualitative traits have dimen-
sions (for example, the length of a bone, the duration of a behavior) that 
can be measured as quantitatively variable traits.

Examples of discrete traits are differentiated tissues like skin, bone, 
or blood; a differentiated sex (male or female); a behavior like courtship, 
laughter, or aggressive attack; or a disease like schizophrenia or the flu. 
Each of these complex traits involves the expression of a specific set of 
genes or the use of a specific set of gene products. In the development of 
an individual organism, a discrete trait is manifested or “expressed” when 
a threshold for its production is passed. Particular genes and their prod-
ucts are not always “on” or in use. An outburst of laughter, for example, 
presumably has some threshold of perception or sensitivity that is passed 
when it is triggered, and then there is another threshold for bringing it 
to an end. The same is true for physiological states and for the growth 
and differentiation of morphological traits. The timing of the “on” and 
the “off” determines the value of the quantitative dimension of a discrete 
trait, so one can measure the duration of laughter, the strength of a physi-
ological response like a muscle contraction, the length of a bone, or the 
time of onset and duration of a disease. 

To illustrate the genetic structure of a complex trait, consider a rela-
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tively simple and distinctive behavioral trait like laughter. How can one 
characterize the genetic underpinnings of such a trait? A laughter gene—
or, more accurately, a gene that influences the ability of an individual 
to laugh—could be a gene that affects the structure of the vocal chords, 
the form of the facial muscles that participate in the expression of mirth, 
and the muscles of the diaphragm that enable bursts of air to produce 
the characteristic sounds of laughter. These sets of genes—those that are 
expressed or whose products are used when a trait is manifested by an 
individual organism—are modifiers of form. Another set of genes—modifiers 
of regulation—influence whether or not, and when, the trait is expressed, 
or turned on and off. The modifiers of regulation might include genes 
that affect the sensory acuity (of vision, audition, and touch) that enable 
perception of laughter-provoking stimuli and the genes that affect the 
central processing of those stimuli in the brain. 

Sometimes the modifiers of regulation are described as acting 
“upstream” of the threshold point that turns the trait on; the modifiers 
of form are described as being expressed “downstream” of the switch 
(Figure 9-1). The threshold, or switch point, is a decision point, the point 
at which the expression of a trait is said to be determined. Clearly, both 
the modification of regulation and the modification of form can be highly 
polygenic, since all of these contributing systems are themselves geneti-
cally complex.

The genes themselves do not determine the expression of a trait like 
laughter—or any other trait. The genetically influenced laughter appa-
ratus requires some environmental factor—a joke, a comical event, or a 
siege of tickling—to be turned on. The expression of the trait is jointly 
modified by genes (e.g., those influencing the level of the threshold) and 
the environment. The environment further influences the structure that 
responds, for no gene can act alone to produce a structure (e.g., muscle, 
nerve, and bone) without stimuli and materials that are environmental in 
origin. Environmental factors that influence regulation and form can be 
as specific and precise in their properties as are the genomic instructions 
themselves, as illustrated by the precision of day-length cues that trigger 
hibernation and diapause in the winter physiologies of organisms, and 
the dietary elements, such as specific vitamins and amino acids, that are 
required for normal human development. 

The intertwined genomic and environmental influences on trait 
expression are further complicated by the fact that previous episodes of 
gene expression themselves add to the effective environment: genes act 
within cells, and gene products become part of the internal environment 
for subsequent gene expression. Previous gene expression and interaction 
with the environment also contribute to the physical and social environ-
ments of any subsequent episode of gene expression. In spite of this 
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FIgURE 9-1 The development of a phenotypic trait. Development can be visual-
ized as a series of branching pathways, each modular trait being the end point of a 
developmental pathway or branch. Trait determination occurs when a new branch 
is formed at a decision or switch point, depicted here as governed by a threshold 
that characterizes some environmentally sensitive, genetically influenced devel-
opmental mechanism. Alternative pathways lead to alternative phenotypic forms, 
which involve the expression of alternative sets of genetic modifiers or use of 
alternative sets of gene products. Environmental factors may also be determinants 
(building blocks) of phenotypic form. The events upstream and downstream of 
trait determination are influenced by different sets of genes.

intricate history of genetic influence, it would be inaccurate to think that 
the genome can run everything, for no gene can act to produce a devel-
opmental signal or a protein product without materials, energy, and often 
cues ultimately derived from outside the organism.

The complexity of trait structure is sometimes revealed by partial 
expression of the trait. In the full expression of laughter, for example, a 
single input (such as a tickle) affects a threshold of trait determination (the 
initiation of laughter) that coordinates a compound response, with vari-
ous, otherwise somewhat independent, aspects of the phenotype, such as 
respiration, facial expression, and vocal output brought into play in syn-
chrony. At a low level of stimulation, some of these elements of the com-
pound response might be omitted, if the threshold for all is not passed. 
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In such a compound or mosaic trait, several different semi-independent 
components, each influenced by a separate set of underlying genes, are 
brought into play. Similarly, an infection may induce a “typical” full set 
of disease symptoms, but some may be absent at sub- or near-threshold 
expressions of the disease.  

Variation in quantitative traits likewise typically depends on a multi-
tude of genes and on environmental factors. Body size, for example, may 
be influenced by metabolic efficiency, appetite, foraging ability, disease 
resistance, and the ability to learn how to obtain food—all genetically 
complex aspects of the individual phenotype. And obviously, body size 
is affected by such environmental factors as food availability, the energy 
demands of fluctuating physical conditions, and the incidence of preda-
tion or disease. 

This is a grossly simplified characterization of the genetic underpin-
nings of trait development and variation,1 but it is a useful guide for relat-
ing genes to observable phenotypic traits. Complex off-on traits, as well as 
quantitative traits, are universally polygenic in both regulation and form, 
as well as universally environmentally sensitive in their expression. In 
addition, discrete trait expression involves two major sets of genes: those 
upstream of the trait, whose expression or products influence whether or 
not and when the trait is produced; and those downstream of the trait, 
whose expression or whose products modify the form of the trait itself, 
rendering it distinctive relative to other traits of the same organism. 

SINgLE-gENE TRAIT MARkERS:  
THE MEANINg OF A gENE “FOR” A TRAIT

In spite of the genetic complexity of most traits of interest to biolo-
gists, medical researchers, and social scientists, it has long been common 
for theoretical geneticists to refer to genes “for” particular traits, like coat 
color or altruism. It is also common for biologists to think in terms of a 
gene for a trait in classroom explanations of how Mendelian genetics and 
trait evolution work. So language that refers to a gene “for” a complex 
trait is by no means new or unusual among biologists. But this linguistic 
convention has taken on a new significance in the present age, when 
genes associated with particular traits can be biochemically characterized, 
assigned names, and precisely located on particular chromosomes. What 

1 For a discussion of developmental processes actually affected by modifiers of regulation 
and form, of alternative terms like “regulatory genes” and “structural genes,” and a more 
thorough discussion of modularity and of genetics in relation to the development and evolu-
tion of novel traits, see West-Eberhard (2003). Gerhart and Kirschner (1997) and Kirschner 
and Gerhart (2005) discuss the nonrandom nature of novel traits derived from preexisting 
responses of cells. 
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was formerly an abstract manner of speaking has become a real assertion 
about the genetic determination of traits.

For some years I have been making a collection of genes “for” human 
traits announced in scientific journals and the popular press. The collec-
tion began in the early 1990s with the discovery of “the obesity gene.” 
It now includes, among others, announcements of genes for language, 
intelligence, alcoholism, bipolar illness, deafness, schizophrenia, asthma, 
longevity, and maternal solicitude. There is also a warrior gene, a “gay” 
(sexual orientation) gene, and even a graceful jaw gene responsible for a 
human facial trait not present in other primates.  

What is the empirical basis for these announcements? Usually the 
gene-for-trait claim is based on the discovery of a mutation or a genetic 
knockout that dramatically affects the probability of expressing the trait. 
What this means in developmental terms is that one of the many modifi-
ers of regulation of the trait, for example, one of the polygenes that affects 
its threshold of expression, has been altered and acquires a large, “major 
gene” effect on trait expression. That is, the mutation’s effect makes one 
of the polygenes predominate in trait determination so that it alone can 
control the switch for expression of the trait. This is a useful research tool 
because it renders one of the modifiers of regulation identifiable, whereas 
in its normal unmutated state its effect might have been so small as to be 
indistinguishable from those of the many other modifiers of regulation. 
The mutation’s large effect gives the impression of single-gene control 
of the trait. In fact, the expression or nonexpression of the phenotype in 
individuals of the population at large is subject to polygenic and environ-
mental influence.

Mutations of large effect are commonly responsible for familial, inher-
ited diseases, giving the false impression of a genetically simple pheno-
type devoid of environmental effects. Bipolar (manic-depressive) illness 
is an example of a “genetic” disease inherited within families. Patterns of 
inheritance within affected populations suggest that the genome of some 
ancestor suffered a mutation, whose bearers among descendents have an 
increased probability of manifesting the disease. 

If the model of polygenic genetic architecture I have just outlined 
is correct, several predictions are possible. First, mutations at different 
genetic loci should be associated with the disease in different families or 
populations. Second, there should be evidence of environmental influ-
ence on incidence of the disease. And third, there should be phenotypic 
(physiological, morphological, behavioral) evidence of the complexity of 
mechanisms underlying the disease. 

All of these predictions hold for bipolar illness. The disease has been 
linked to regions on at least eight different chromosomes (Blackwood, 
Visscher, and Muir, 2001; Kelsoe et al., 2001), and mutations at differ-
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ent chromosomal locations are important in different populations. For 
example, genetic markers are located on the X chromosome in a Finnish 
population (Pekkarinen, Terwilliger, Bredhacka, Lannqvist, and Peltonen, 
1995); chromosome 18 in Costa Rican families (Freimer et al., 1996); chro-
mosome 22 in a general North American population (Kelsoe et al., 2001) 
and (at a different locus) in northern European families of Caucasian 
ancestry (Barrett et al., 2003); and chromosome 12 in a Danish population 
and (with some chromosomal overlap) in an isolated population on the 
North Atlantic Faroe Islands, a region colonized by Scandinavians (Degn 
et al., 2001).

Environmental influence on the expression of bipolar illness is sug-
gested by the fact that occurrence of the depressive phase correlates with 
day length (incidence is higher in winter); and from the fact that 20 per-
cent of identical twins of affected individuals do not show the disease 
(Gershon, 1990). So the genetic mutation can be present without being 
expressed. 

The mosaic or compound nature of the bipolar disease phenotype is 
indicated by clinical variation in disease symptoms of this and related 
disorders, which has been referred to as the “bipolar spectrum” (Gershon, 
1990, p. 380). In bipolar type I disorder, patients have both manic and 
depressive phases; in bipolar type II disorder, they show hypomania but 
not a full manic phase; and twin studies have indicated that there is some 
overlap in vulnerability for unipolar (depressive) and bipolar (manic-
depressive) illness. There is also some evidence from studies of genetic 
relatives for an association between bipolar disease and other illnesses, 
such as schizoaffective disorder and cyclothymic personality disorder 
(Gershon, 1990).

Finally, the complexity of mechanisms underlying bipolar disease 
is evident from various studies. For example, research on signal trans-
duction mechanisms in the brain suggest that bipolar disease may be 
due to the interaction of many kinds of abnormalities in these systems 
(Bezchlibnyk and Young, 2002), a conclusion supported by the fact that 
lithium, a substance long known empirically to bring relief to bipolar 
patients, appears to act by stabilizing neuronal activities, including signal-
ing activities of several kinds and at multiple levels of influence on neural 
plasticity (Jope, 1999).

Mutation studies can aid in the genetic dissection of the causes of 
complex phenotypes. Study of the mutations and brain tissues in bipo-
lar disease, for example, have identified altered function and levels of 
particular effector molecules, such as protein kinase Lambda (PKΛ) and 
protein kinase C (PKC) (Bezchlibnyk and Young, 2002), and of G protein 
receptor kinase 3 (GRK3) (Barrett et al., 2003), as involved with the signal 
transduction abnormalities associated with the disease. 
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In sum, single-gene-locus studies are clearly valuable because they 
permit the identification of genes and pathways that influence the devel-
opment of complex traits. But they do not tell us that a particular genetic 
locus “controls” development of the trait. With the exception of a very 
few, rare diseases that appear to be truly under single-locus control (e.g., 
cystic fibrosis, Huntington’s disease (Huntington’s chorea), phenylke-
tonuria, and Smith-Lendi-Opitz syndrome), mutant loci associated with 
inherited disease are unreliable global markers because disease genotype 
may vary with the population of origin.

Inaccurate statements about the “genetic determination” or the “envi-
ronmental determination” of traits are easily fixed by simply using the 
word “influenced” rather that “determined.” Similarly, a gene “for” a 
particular trait is more accurately described as a gene that “influences” a 
particular trait. The single word “influence” turns a misleading headline 
into an accurate one. This is a linguistic mutation whose spread should 
be encouraged under strong selective pressure from biologists and social 
scientists alike.

QUANTITATIvE TRAIT MARkERS: LONgEvITy gENES

Three of the genes in my collection of genes “for” traits are genes 
for quantitatively variable traits—obesity, longevity, and intelligence. 
The polygenic nature and environmental sensitivity of variation in these 
traits is so obvious as to need no evidence beyond common experience. 
The control of the development of a polygenic quantitative trait can be 
overwhelmed by a mutation of major effect, just as the determination of 
a discrete trait can be. So the same reservations regarding single-gene 
markers outlined in the previous section apply to single-gene markers of 
quantitative traits as well. Here I focus on longevity genes because they 
are “demo-genes” (Ewbank, 2000)—genes that affect a parameter of inter-
est to demographers.

Evolutionary theory has a branch that deals with the evolution of lon-
gevity and senescence. Although this is not my specialty, one idea strikes 
me as particularly relevant to the search for a developmental-genetic 
basis of longevity. Williams (1957) has suggested that a postreproduc-
tive acceleration of senescence is expected due to a kind of antagonistic 
pleiotropy—the accumulation of negative pleiotropic postreproductive 
effects of genes that have positive effects on survival and reproduction at 
younger (reproductive and prereproductive) stages. Natural selection can 
only affect traits (and genes) expressed prior to the end of reproduction; 
postreproductive expression does not usually affect relative reproductive 
success (selection) unless it somehow affects the reproductive success of 
cocarriers of the same genetic alleles (e.g., relatives). This is one argu-
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ment used to explain the “grandmother effect”—the long postmenopausal 
survival and activity of human females, who often make a substantial 
postreproductive contribution to rearing their grandchildren (Hawkes, 
O’Connell, Jones, Alvarez, and Charnov, 1998). Antagonistic pleiotropy 
predicts that the diseases of aging are especially likely to be associated 
with early benefits (Williams and Nesse, 1991) and that some genes that 
contribute to senescence in the elderly may show little allelic variation 
(polymorphism) within populations, being under strong positive selec-
tion during earlier life stages.

Reading the literature on the search for longevity genes, one senses 
a conviction that there must be some underlying general basis for a long 
life span if only one could find it. It is a search older than science itself, 
dating back to the medieval alchemists’ search for the elixir that would 
prolong life. Longevity genes remain the quantitative-trait genes of wid-
est public interest. Not everyone has severely limited intelligence or an 
obesity problem, but everyone has a limited life span. 

Notwithstanding our deep-seated desires, commonsense reasoning 
and findings to date provide little hope for success in the discovery of 
major-effect longevity genes. Any of the enormous number of genes that 
contribute to survival could be considered longevity genes. Among the 
candidates that have been proposed are several heat-shock protein loci, 
which are given special attention because they are widespread among 
organisms, including humans, and are general-purpose responses to sev-
eral kinds of systemic stress, such as heat stress, oxidants, and starvation. 
Some heat-shock proteins have been shown to prolong life in transgenic 
lines of fruit flies subjected to these stresses (Wang, Kazemi-Esfarjani, and 
Benzer, 2004). I can see no reason to grant higher status to these genes as 
longevity genes than genes that affect, say, wing development, which like-
wise influences fruit fly survival in multiple contexts (e.g., location of food 
sources under starvation, movement into the shade under heat stress, 
flight to escape predators). Still, the Wang et al. (2004) study represents 
an advance in molecular research on longevity because, instead of ignor-
ing the environment, it experimentally manipulated the environment to 
investigate the longevity effects of particular genes.  

Ewbank (2000) lists four criteria that a longevity gene must have to 
be considered demographically useful markers able to predict variation in 
lifespan: (1) association with the most common causes of death; (2) mul-
tiple alleles (genetic polymorphism) of the gene, associated with substan-
tial variation in mortality; (3) large variation in frequencies of these alleles 
across populations; and (4) correlations of alleles with environmental or 
behavioral characteristics considered to be associated with mortality rates. 
Ewbank reports that only one human gene is known to satisfy all of these 
criteria, the apolipoprotein E (ApoE) gene. The ApoE gene (1) is a major 
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risk factor for ischemic heart disease and Alzheimer disease; (2) has three 
common alleles (ApoE-2, ApoE-3, ApoE-4), two combinations of them 
(ApoE-3/ApoE-4 and ApoE-4/ApoE-4) associated with increased risk 
of both diseases, and two others (ApoE-2/ApoE-2 and ApoE-2/ApoE-3) 
associated with decreased risk of both diseases—these risks vary with 
both age and genetic background (Ewbank, 2000, pp. 73-74)—and with 
environmental circumstances (fat content of diet; Ewbank, 2000, pp. 78-
79); (3) frequencies of the three alleles vary geographically (for example, 
the ApoE-4 allele is unusually common in Africa, where its frequency is 
.20); and (4) mortality rate associated with genotype is affected by diet, 
an environmental and behavioral trait of interest. Nonetheless, cautions 
Ewbank, “it is not likely that any single genotype will explain much of 
the heterogeneity of mortality under age 80. . . . To put this in perspective, 
I estimate that the APOE e4/4 genotype is associated with a relative risk 
of death at age 80 of about 2 relative to the most common genotype, e3/3. 
Less than 5 percent of the population has the e4/4 genotype” (Ewbank, 
2000, p. 83).

This very reserved conclusion regarding the one gene that fits mini-
mal characteristics of demographic utility suggests that particular genes 
are not promising markers of longevity. Perhaps there will prove to be 
genes or patterns of gene expression that do affect general energy or 
stamina over the long term. If so, parrots may be better model organisms 
than nematodes or fruit flies in the search for genomic characteristics 
associated with longevity. For studying phenotypic rather than genetic 
correlates of longevity with the needed large samples, insects have proven 
more suitable than either birds or mice (Carey, 2003).

gENETIC MARkERS: CRITERIA AND TRAPS

Criteria

Following Ewbank’s (2000) lead, we can list the criteria to be satisfied 
by a dependable single-locus genetic marker of a phenotypic trait:

1. The phenotypic trait whose future occurrence is to be predicted 
by the marker has to be uniformly and operationally well defined, 
for example, as a specific measurable value of a quantitative trait 
or a set of consistently associated distinctive characteristics of a 
qualitative, discrete trait. Intelligence, for example, is an insuf-
ficiently well-defined trait to serve as the basis for a biomarker 
search. Some particular aspect of what we call intelligence, as 
measured by some well-researched standardized test, would 
need to be used.
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2. To be of use as a predictor, the marker has to be detectable before 
the trait appears during individual development. A particular 
DNA sequence might satisfy this criterion, for genotype does not 
change during development. A protein specified by a particular 
DNA sequence is a less dependable marker, for reasons discussed 
below.

3. There must be multiple alleles (genetic polymorphism) of the 
marker gene, highly correlated with measurable variation in the 
expression of the trait. For qualitative (discrete) traits, this means 
variation in whether or not the trait is expressed, not variation in 
some feature of the trait once it is present.

4. The confidence in the marker is increased if it can be shown that 
its expression is involved in developmental mechanisms or path-
ways known to be involved in the development of the trait versus 
the nondevelopment of a discrete trait or lesser development of a 
quantitative trait.

Potential Traps

Given the structure of development in relation to gene expression and 
the polygenic nature of complex traits, there are several kinds of errors 
likely to appear in discussions of genetic markers and their evaluation by 
researchers.

Type 1 error. The assumption that a gene (a genetic allele) commonly 
expressed in bearers of a trait and not expressed in nonbearers of the 
trait is a major cause of the trait. This is erroneous for genes expressed 
downstream of discrete-trait determination, for modifiers of form, while 
they affect the characteristics of the trait, do not affect the likelihood of its 
expression during development. A type 1 error is akin to taking a symp-
tom (such as fever) to be a cause of a disease.

Type 2 error. Unwarranted extrapolation between populations. A muta-
tion that causes a highly heritable, familial trait may prove a useful genetic 
marker in the descendents of the mutant individual. But other popula-
tions with the same trait may have a different mutant cause, as in bipolar 
illness (see above). The same kind of variation in genetic underpinnings 
could occur in different populations for any polygenic trait.

Type 3 error. Use of a protein consistently expressed in individuals bear-
ing the trait. Proteins are sometimes used as gene identifiers, because the 
specific form of a protein reflects the expression of a particular genetic 
allele. But the presence of a protein means that the gene has already been 
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expressed, so to serve as a predictor of the future development of the trait, 
it would have to be the product of a modifier of regulation known to affect 
the probability of developing the trait, and upstream of trait determina-
tion, not a modifier of form (which would not affect probability of trait 
expression). Consider a disease phenotype, for example. A protein that 
is consistently a symptom of the disease could not serve as a predictive 
marker, even though it would be present in all carriers of the disease and 
might be absent in all noncarriers. Proteins that are expressed very early 
in trait development may sometimes be useful predictive markers. 

Type 4 error. Use of a genetic allele that produces a protein associated 
with a trait. For example, having discovered that a particular protein is 
consistently symptomatic of a disease and not present in nonbearers of 
the disease, one might erroneously suppose that the presence of the allele 
responsible for that protein in a genotyped young individual would be 
a good predictor of the later development of the trait. It is important to 
realize, however, that genes can be present without ever being expressed, 
as in the unaffected identical twins of bipolar patients. The presence of 
the allele would be a necessary, but not a sufficient, condition for expres-
sion of the trait.

These kinds of errors are especially likely to appear in pharmaceutical 
frenzies—races to find genetic markers that enable prediction of disease 
and allow the identification of molecular processes to be attacked by 
drugs. Facile discussions of “drug biomarkers” based on proteins and 
genes belie the complexity of traits and the stringent criteria required of 
dependable markers. An article on cancer research in Science (Kaiser, 2004) 
cited an experienced cancer researcher as arguing that, although only a 
handful of biomarkers are widely used, the sequencing of the human 
genome and the debut of new, automated mass spectrometry machines 
for detecting proteins leaves the field ripe for new breakthroughs in the 
search for biomarkers. Although the map of the human genome can help 
locate identified genes, by itself it provides no information on genetic 
variation between individuals and populations of the kind crucial to bio-
marker research, for each segment of the map is (necessarily, for techni-
cal reasons) based on the genome of a single individual (Marshall, 1996); 
masses of protein data generated by automated machines would need to 
be accompanied by masses of correlated data on polymorphic genotypes, 
clinically well-defined phenotypes, life stages, and geographic locations 
of samples to be useful in biomarker research.

The pessimistic view presented here regarding single-gene markers 
need not apply to the search for genetic markers in general. But it does 
suggest that the search should be redirected, away from single genes 
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and perhaps toward “collective markers”—sets of genetic alleles whose 
summed expression raises the probability of expression of a trait of inter-
est by a specified amount. By first carefully focusing on upstream genetic 
modifiers of regulation, which are better predictive markers than are 
modifiers of form, it may be possible to construct collective markers that 
reflect the polygenic nature of complex traits (see, e.g., Sing et al., 1992, 
1995). 

MARkERS OR MARkETINg?

Genes for traits have become great publicity devices for scientists 
anxious to claim applied significance and obtain increased funding for 
their research. Good advertising demands nice clean language, so “the 
obesity gene” or “the gene for alcoholism” readily displaces the more 
accurate “a gene that influences obesity” or “enhances the likelihood of 
addiction to alcohol.” The public could easily be educated, in classrooms 
and in the press, to exercise common sense about genetic explanations 
and to realize that many genes must affect traits like obesity, intelligence, 
and alcoholism, whose causes are obviously complex. People seem to 
prefer simple explanations and the promise of simple solutions to com-
plex problems. All too often wishful ignorance prevails, and “genes for 
traits” have become modern elixirs that can turn wishful ignorance to 
commercial gold. 

My favorite marker-icon is still the obesity gene, a lucrative leader in 
the gene-age parade that would be delightful in its absurdity had it not 
been so effectively misleading. Not surprisingly, given the complexity of 
obesity as a quantitative trait, there are now at least 10 known “obesity 
genes,” some of them with several allelic variants (Perusse et al., 2005). 
The first of the several obesity genes was hastily patented and brought 
millions of dollars for obesity research to the university where it was 
discovered. Even as I was finishing this chapter, a new gene for obesity 
was announced in Science (Herbert et al., 2006) and in the Washington Post 
(April 17, 2006, p. A6). The search for obesity genes is potentially virtually 
endless, given the great complexity of the trait and the variation in genetic 
composition of different populations for alleles that influence obesity 
(e.g., see Ewbank, 2000, and above, on the ApoE gene). 

I have heard scientists defend obesity-gene language as “only a man-
ner of speaking, for everyone knows that there is more to obesity than this 
one gene.” It is quite common for scientists, especially the many who try 
to be accurate in interviews, to blame the gene-for-trait language on the 
press, but this seems unfair if eminent scientists engage the same brand of 
genetic hyperbole in the scientific and public media. Nobel laureate David 
Baltimore (2001), for example, during the euphoria of human genome 
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announcements, wrote in Nature that “Analysis of Single Nucleotide Poly-
morphisms will provide us with the power to uncover the genetic basis of 
our individual capabilities such as mathematical ability, memory, physical 
coordination, and even, perhaps, creativity”; and James Watson, another 
Nobel laureate, proclaimed (Associated Press, 2000) that “Now we have the 
instruction book for human life. . . .” 

The human genome project was the most expensive genetic research 
project in history, a funding triumph as well as a scientific one. It is dif-
ficult to escape the impression that one reason for genetic hyperbole is the 
desire of scientists to bring public attention to their research and thereby 
increase their access to funding, space in prestigious journals, and career 
success. But marketing is not the only explanation for the exaggerated 
status of genes, for there is also genuine ignorance and misunderstand-
ing among scientists of the role of single genes in the development and 
evolution of complex traits. 

In addition to neglect of the developmental role of the environment 
and of the complexity of the genetic architecture of traits that I have 
discussed in this article, neglected features of evolutionary genetics also 
illuminate some aspects of human genetics that otherwise seem mys-
terious. For example, just as trait-specific genes are hard to find, so are 
human-specific genes, when the human genome is compared with that of 
other primates (Ridley, 1999). Both facts are explicable by the observation, 
already mentioned, that it is common to find that ancestral phenotypes, 
and the underlying genes, have been recombined during evolution in 
new coexpressed sets to produce novel phenotypic traits. Due to such 
“developmental” or phenotypic recombination (West-Eberhard, 2003) 
complexly distinctive human characteristics, such as many aspects of 
language, could have evolved, via reorganized gene expression, with 
few or even no new genes. Patterns like these require attention to whole 
organisms and to comparisons among related species that are increasingly 
rare in biology and in the training of modern biologists. 

Although the social sciences naturally look to biology for guidance 
in understanding genes, in fact the social sciences may be able to inject 
some sense into the genetic interpretations of biologists. Social scientists 
are experts in a model organism—Homo sapiens—that is unquestionably 
the best studied vertebrate. They are fully aware of environmental influ-
ence on phenotypes and of individuals as integrated wholes. The present 
century promises to be an exciting era for cross-disciplinary research 
in which the relatively holistic interests of social scientists and whole-
organism biologists will converge with those of geneticists. Genetics is 
moving toward genomic studies that are increasingly concerned with 
gene expression and therefore with development and the phenotype. 
This will mean increased attention to the conditions and mechanisms of 
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development, including hormone action, the nervous system, and behav-
ior. Ultimately, and unavoidably, understanding gene action will have to 
address variation in environments, including the social milieu. This will 
have profound consequences for understanding the properties of human 
populations that are the subjects of this volume.
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Genetic Markers in Social Science 
Research: Opportunities and Pitfalls

George P. Vogler and Gerald E. McClearn

Social science survey research provides rich databases that are infor-
mative regarding factors that influence the health and well-being of 
target populations. These studies frequently are rich in behavioral 

assessments that can include measures as diverse as cognitive assessment 
and personality characteristics, social support patterns, health behaviors, 
and the availability and utilization of health care services. Such research 
frequently has major advantages, including large, carefully selected sam-
ples that are nationally representative or that target particular populations, 
frequently with long-term longitudinal data to monitor secular changes 
in risk and protective factors over time or over developmental periods. 
Examples of such research include such well-known studies as the Health 
and Retirement Study (HRS, Juster and Suzman, 1995), the National Long 
Term Care Survey (NLTCS, Research Triangle Institute, 2002), and the 
National Health and Nutrition Examination Survey (NHANES, Centers 
for Disease Control and Prevention, 2006). 

Recently there have been efforts to incorporate collection of DNA 
and other biomarkers into these types of surveys through the collection 
of blood samples or cheek swabs. The incorporation of genetic markers 
into studies that have health as an emphasis has the potential to provide 
a more thorough understanding of the mechanisms of the complex fac-
tors that influence health outcomes, when considered with the other 
domains that are frequently assessed, including behavioral, psychologi-
cal, social, economic, and environmental indicators. Studies such as the 
MacArthur Study of Successful Aging that have incorporated DNA and 
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biological markers (Crimmins and Seeman, 2001) have demonstrated 
strong relationships between biological indicators and traditional demo-
graphic variables and health outcomes. In the following discussion, issues 
are considered regarding the incorporation of DNA collection into studies 
that were designed to address social science questions.

INCORPORATION OF DNA COLLECTION INTO  
SOCIAL SCIENCE SURvEyS

Incorporation of DNA collection into social science surveys has the 
potential to add considerable value to such studies. The utility of genetic 
information is based on the observation that there is variability in the 
allele form of individual genes that can be measured and that can con-
tribute to variability in health-related outcomes. Potential uses include 
investigation of genes that have well-established influences, such as the 
Apolipoprotein E (ApoE) gene and its relationship to risk for Alzheimer 
disease and cardiovascular disease; identification of genes that had not 
been previously known to have relationships with the outcome variables; 
investigation of whether an individual’s genetic status contributes to 
variability in the way in which other factors influence outcome variables 
(gene-environment interaction or gene-gene interaction); investigation of 
correlations between genetic and environmental factors; and other, more 
novel uses, such as controlling for genetic status to obtain a more accurate 
picture of how nongenetic factors are related to the outcome variables. 
For example, by controlling for genetic status at the ApoE gene, a clearer 
picture could emerge of the effect of other factors, such as cognitive activ-
ity, on the development of dementia.

COMPLEXITy OF THE COACTION OF  
gENES AND ENvIRONMENT

A central question is whether the complexity of the kinds of outcome 
variables that are considered in social science survey research is too great 
to be meaningfully considered in a genetic context. This argument might 
be considered to be valid if one is limited to the Mendelian perspective, 
which is the notion that genetic influences on a trait consist of the effect 
of a single major gene. Much early genetics research was concerned with 
determining the applicability of the Mendelian rules of transmission to 
an ever-broadening range of phenotypes. The phenotypes were typically 
dichotomous (presence or absence of a disease condition is a common 
type of Mendelian trait), and the principal concern was whether the rela-
tive numbers of organisms that were assignable to the different categories 
conformed to expectations derived from the Mendelian theory. Frequency 
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statistics were adequate to assess the outcomes. If category assignment 
was reasonably unambiguous, variability in the phenotype within the 
categories was usually ignorable, along with any influence on that vari-
ability due to environmental factors or to genes other than the primary 
one under investigation. The Mendelian perspective dominated medical 
genetics through much of the middle of the 20th century, when major 
progress was made in identifying single major genes that influenced 
a variety of medical conditions, usually devastating but rare diseases 
(National Center for Biotechnology Information, 2006).

A parallel avenue of research into heredity was that of biometric 
or quantitative genetics, which was explicitly concerned with pheno-
types that were continuously distributed.  The analytical statistics in this 
approach concerned means, variances, and covariances, and the vari-
ance decomposition algorithms provided for a component assignable to 
heredity, another to environment, and others to correlations and interac-
tions between these agencies. It is this perspective that is most likely to 
be the more appropriate one for considering the nature of genetic effects 
on complex traits that are of interest in social science survey studies. It 
is interesting to note that there has been a substantial emphasis on the 
analysis of complex traits in the recent genetic literature. This approach 
is applied widely in psychiatric genetics, behavioral genetics, and genetic 
epidemiological investigations of complex health-related factors, such as 
risk factors for cardiovascular disease.

For historical reasons that cannot be detailed here, in certain scien-
tific circles, heredity, under the label of “nature,” came to be regarded 
as antagonistic or oppositional to environment, labeled “nurture.” The 
antagonism of these terms was already implied in the presumed source, 
Shakespeare’s “The Tempest,” wherein Caliban is described as “a devil, 
a born devil, on whose nature nurture can never stick.” Galton (1883) 
brought the alliteration of nature-nurture into scientific discourse with the 
same intimation of hostility. Although his perspective was considerably 
more nuanced, his statement in respect to human faculty that “there is no 
escape from the conclusion that nature prevails enormously over nurture” 
was easily translated into a view of nature versus nurture. This percep-
tion had significant influence in the behavioral and social sciences, and 
led to a strong predilection to seek explanations from the environmental 
realm. Indeed, in some arenas, there was strong a priori rejection of any 
possibility of genetic involvement. In recent decades, however, a more 
balanced view has emerged, partaking increasingly of the quantitative 
genetics perspective attributing main effects to factors from both genetic 
and environmental domains, and with all of the subtle possibilities arising 
from the inevitable interaction terms. In its simplest version, the model 
can conceive of causal influences arising from these separate domains 
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and combining additively to produce the phenotype. But it is increasingly 
clear that the causal relationships can be much more complex than this, 
with significant correlations and interactions between nature and nurture. 
These coactions have substantial implications for the design and interpre-
tation of laboratory and field studies on health-related phenomena (see 
Moffitt, Caspi, and Rutter, 2005; Plomin and Rutter, 1998).

Plomin, DeFries, and Loehlin (1977) provided a now-classic descrip-
tion and terminology for various types of correlations and interactions in 
the context of behavioral genetics. Gene-environment correlations occur 
when the distribution of environmental influences on a particular pheno-
type is not independent of the distribution of genetic influences on that 
phenotype. Three classes are distinguished: passive, reactive, and active. 
A frequently cited example of the passive situation is the provision to 
children of an intellectually stimulating environment of books, education, 
and approbation of scholarly pursuits by parents who have also transmit-
ted genes that positively affect cognitive abilities. Reactive correlation 
arises from situations in which the (genetically influenced) behavior of 
an individual evokes a particular response from the social environment 
that tends to support (or inhibit, as the case may be) that behavior. Active 
correlation ensues when an individual seeks out or alters her or his envi-
ronment to be consistent with a genetically influenced predilection. 

Various sorts of gene-by-environment (G×E) interaction can also be 
identified (see, for example, Kearsey and Pooni, 1996). In general terms, 
however, a compact definition can encompass those circumstances in 
which the effect of a difference in genotype (single gene or polygenic 
set) depends on features of the environment or, equivalently, in which 
the effect of differences in features of the environment are dependent on 
genotype. 

The quantitative genetic perspective has been transformed by the 
wide availability of information about measured polymorphisms from 
DNA. This can be in the form of measurable polymorphisms in functional 
genes or as information on massive numbers of polymorphic markers 
distributed throughout the genome that are not necessarily functional 
polymorphisms in genes that affect the trait. The incorporation of mea-
sured genetic variability has the potential to increase greatly the ability 
to investigate complex traits, including a genetic perspective, particularly 
with respect to G×E interactions and other approaches that go beyond the 
idea of a main effect of an individual gene on a trait.

By virtue of the degree of control that can be exercised in experimen-
tal studies with animal models, G×E interactions can be displayed with 
striking clarity. Because these provide illustrations of the type of interac-
tive phenomena that might also be expected in human studies, we present 
here some examples to illustrate the phenomena. 
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Animal Model Studies

Some interactions have emerged from studies in which the environ-
mental differences were in effect for a sustained period of time. Blizard 
and Randt (1974), for example, reared two inbred strains of mice under 
one of three housing conditions—standard caging and relatively enriched 
or impoverished in terms of sensory stimulation. (The animals of an 
inbred strain are approximately uniform genetically, and different inbred 
strains differ genetically from each other). The measured phenotype, 
novel object-oriented activity, was an assessment of exploratory or anxi-
ety behavior exhibited when the animals were placed in a novel environ-
ment. Briefly, animals of one strain (C57BL/6) were totally unaffected by 
differences in rearing environment; animals of the other strain (DBA/2) 
displayed a strong effect, with animals from the enriched condition dis-
playing twice the level of activity as the impoverished group. 

A possible toxic risk factor for development of Alzheimer disease—
aluminum in the diet—was explored in a mouse study by Fosmire, Focht, 
and McClearn (1993). In each of five inbred strains, two groups were 
established, one being fed a normal control diet and the other a diet 
enriched in aluminum. The brain aluminum levels of three of the strains 
were unaltered by diet; one showed a trend toward increase, and one 
displayed a threefold increase. 

Falconer (see Falconer and Mackay, 1996) selectively bred mice for 
high or low growth from three to six weeks of age on either a standard 
diet, or on one for which nutritional value had been degraded by dilution 
with nondigestible fiber. Response to selection occurred in both condi-
tions. There was thus a line of animals that grew large on the good diet 
and another line that grew less on that diet; another line that grew large 
on the poor diet and one that grew less on that diet. Testing these groups 
under the alternate dietary condition made possible an evaluation of the 
extent to which the same genes influenced growth in the two environ-
ments. The genetic correlation was .66, indicating a large “overlap” of 
the genes involved, but indicating also a very substantial involvement of 
different genes in the two nutritional environments.

A further example may be drawn from the research literature on 
aging. Vieira and colleagues (2000) maintained Drosophila under different 
environmental circumstances throughout their lives. The five environ-
ments differed in the temperature of the incubator in which the animals 
lived—standard control, higher than control, lower than control, a control 
temperature but with a heat shock administered during pupal stage, and 
a reduced diet in a standard temperature. Seventeen quantitative trait loci 
(QTLs) affecting longevity were identified. (QTLs are genes associated 
with the phenotype but whose location on the chromosomes is known 
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only approximately.) Not one of the QTLs was uniformly influential in all 
environments. In several cases, the effect was detectable in one environ-
ment only. For some, the allele of the QTL that was associated with longer 
life in one environment was associated with shorter life in another; for 
some the influence was shown in one sex only; for some, in one particular 
environment, the “increasing” allele in females was a “decreasing” allele 
in males. In short, all of the genetic variance was involved in genotype-
environment interaction, genetic-sex interaction, or both.

Human Studies

A common feature of these examples is that a presumptive causal ele-
ment, genetic or environmental, may have differing effect depending on 
the context of other environmental and genetic elements that are present. 
Paraphrasing in terms of the health sciences, it may be expected that the 
virulence of risk factors and the beneficence of remedial or preventive 
interventions will vary greatly from individual to individual, depending 
on the unique context presented by each individual. As in the case of the 
animal model studies, we provide a sampling of the relevant literature, 
which is large and burgeoning.

Bouchard and colleagues (1990) investigated a putative risk factor—
the effects of long-term overfeeding—in young adult male monozygotic 
twins. For a variety of outcome variables, including gain in body weight, 
percentage of fat, fat mass, and estimated subcutaneous fat, the variance 
among pairs was about threefold the variance within pairs. This intrapair 
similarity is suggestive of involvement of genotype in response to this 
nutritional environmental intervention (shared environmental influence 
cannot be ruled out, however). 

A polymorphism in the angiotensin-converting enzyme (ACE) that is 
characterized by the absence (deletion) of a 287-base pair marker has been 
shown to be related to the response to exercise. In general, the insertion 
allele (presence of the 287-base pair marker) is associated with greater 
endurance, whereas the deletion allele is associated with greater muscular 
strength, although the results have been somewhat conflicting (Folland 
et al., 2000; Gayagay et al., 1998; Montgomery et al., 1997; Myerson et al., 
2001). On the basis of these findings, the relationship of ACE to efficacy of 
a health-promoting behavior in the elderly was explored by Kritchevsky 
and colleagues (2005). The risk to septuagenarians of developing mobility 
limitation was studied as a function of spontaneous activity level. Over-
all, those more active at baseline were less likely than those who did not 
exercise to incur limitations to their activity during a follow-up period. 
However, an interaction was present in that individuals with a particular 
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genotype at this locus (designated II) benefited less than did the other two 
genotypes (DD or DI).  

A well-studied gene with respect to gene-environment interactions 
related to cardiovascular health is the ApoE gene. This is one of the few 
genes identified to date that have common variants with well docu-variants with well docu-
mented and consistent main effects on traditional social science outcomes. 
Numerous studies have investigated the effect of the ApoE isoform on 
response to dietary intervention, with inconsistent results. In a meta-
analysis of a number of studies, Ordovas et al. (1995) found that the effect 
of the ApoE-4 showed a higher low-density lipoprotein (LDL) response 
than other ApoE alleles in diets that reduced total dietary fat, no dif-
ference in response in diets that reduced only dietary cholesterol, and 
a lower LDL response in diets in which the fat saturation (but not total 
amount of fat) was modified, although not all studies have found this 
effect (e.g., LeFevre et al., 1997). A differential response of LDL, high-
density lipoprotein, and triglyceride levels to diet as a function of the 
ApoE-2 and ApoE-4 alleles was observed in a Finnish study of children 
and young adults who were in a free-living situation rather than a dietary 
intervention study (Lehtimäki et al., 1995). Cardiovascular responsivity 
to mental stress has also been shown to vary as a function of the ApoE 
polymorphism (Ravaja et al., 1997). Another ApoE polymorphism in the 
gene’s promoter region (-219G→T) has been shown to affect LDL concen-
trations differentially (Moreno et al., 2004) and insulin sensitivity (Moreno 
et al., 2005) in response to a high-fat dietary modification.

Jaffee and colleagues (2005) examined conduct problems in young 
twins as a function of genetic risk (estimated from co-twin’s behavior) 
and from physical maltreatment. Maltreatment increased probability of a 
conduct disorder diagnosis by 2 percent in those with the lowest genetic 
risk and by 24 percent among children with the highest genetic risk. 

The intent of this discussion has been to illustrate the potential pres-
ence of interactions, not to imply that they are omnipresent. There are 
clearly variables in both the environmental and genetic domains that have 
powerful main effects. But interactions may be present, and they can be 
subtle and powerful. One implication is that identification of a gene as 
the gene for some attribute must be tentative; it might be without effect 
or with a different effect in some environment other than that in which 
it is first described. Similarly, environmental influences may have greater 
or lesser impact, depending on the genotype of the individuals on whom 
they impinge. Confidence in generality of the effect will accrue with sub-
sequent observations in altered contexts. An interesting issue is whether 
an investigation of interaction effects should be undertaken in the absence 
of observation of main effects. There are methodological issues that arise 
related to the number of tests for interactions that are possible, resulting in 
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the danger that a blind search for interaction effects in the absence of main 
effects could lead to a serious problem of false positive results. However, 
this should not preclude assessment of interaction effects in the absence 
of main effects under any circumstance. It is possible that subsequent 
work could provide a line of evidence in favor of a more careful search for 
interactions without main effects. The example from the meta-analysis of 
the differential effect of dietary intervention as a function of ApoE allele 
status noted above is a pertinent example, in which the differential effect 
of the alleles were in opposite directions, depending on the precise form 
of the dietary intervention.

In some respects and for some purposes, correlations and interactions 
such as we have described can be seen as vexing. A more positive view 
is perhaps warranted. It may well be that the interactions that appear are 
indications of key processes in the functioning of the complex systems 
mediating genetic and environmental influences on complex phenotypes. 
They may be signposts to particularly productive avenues of research. 

In summary, a genetic perspective can be incorporated into research 
despite the likely complexity of genetic and environmental influences and 
how they interact in complex ways in social science traits. By discarding 
the nature versus nurture perspective, researchers studying the genetics 
of complex traits have embraced a more interactive model. The incorpo-
ration of measured genetic variability into social science survey research, 
which frequently has excellent environmental assessment, opens up rich 
new opportunities to investigate G×E interactions in large samples, with 
the potential of providing a more realistic description of factors that affect 
social science survey outcomes.

POTENTIAL ADvANTAgES AND DISADvANTAgES 

The potential to investigate more complex, and more realistic, models 
that incorporate measured genetic information into social science survey 
studies is a major advantage of obtaining DNA. As noted above, the 
complexity of the outcomes makes utilizing DNA more challenging than 
simply including another predictor into a regression model. Researchers 
involved in genetic studies of complex traits, however, have recognized 
this complexity and have developed methodologies to deal appropriately 
with it. In the past, G×E interaction effects could be considered only in the 
context of latent variable models, which have extremely limited power to 
detect interactions. The recent explosion in the availability of measurable 
DNA variability through the use of DNA markers, coupled with advances 
in the assessment of environmental factors, opens up opportunities to 
make real progress in understanding these effects on complex traits. There 
is a danger of improperly dealing with the complexity, resulting in mis-
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leading or biased conclusions. It is therefore essential that the use of DNA 
is rigorously evaluated from a methodological perspective to limit the 
opportunities for erroneous conclusions to be drawn.

Potential Advantages

In addition to the broad potential advantages in making scientific 
progress in understanding more completely the nature of genetic and 
environmental factors on complex social science traits, there are several 
other practical advantages. One is the potential to have DNA in long-
term availability. It is possible to create either immortalized cell lines that 
provide unlimited access to the DNA indefinitely into the future, or to 
extract a finite amount of DNA from a blood, cheek cell, or saliva sample 
for long-term storage. Consequently, there is the potential to have long-
term access to DNA for research purposes not yet conceived or for use 
with technology not yet developed that will make more efficient use of 
limited samples. Timely collection of DNA can be important in survey 
research, particularly longitudinal research, in which attrition can result 
in substantial loss to follow-up of participants in later waves of assess-
ment. For surveys that focus on aging-related issues, there is the more 
significant issue of loss due to mortality.

At first glance, the issue of G×E interactions seems to introduce an 
annoying degree of complexity. When an investigator is interested pri-
marily in general characteristics of a population or specific subgroup, 
interactions do introduce an additional source of variability that can mask 
the primary effects that are of interest. However, if one takes a different 
perspective that more closely resembles that of a clinician, the ability to 
identify individual-level risk factors that are not constant across the group 
is significant. It has the potential to provide more effective individual-
level prediction of outcomes based on risk factors that are unique to the 
individual.

A related issue is that the identification of individual-level risk factors 
can be used to develop prospective procedures for identifying individuals 
who are at high risk for developing adverse outcomes. At a minimum, 
such individuals can be informed of their elevated risk status so that 
they can be monitored more closely than standard. Of potentially greater 
interest is the possibility of targeting interventions specifically to at-risk 
individuals. The significance of this approach is that while interventions 
might clearly have an advantage at the overall population level, indi-
viduals could respond to an intervention differentially, with its being 
effective for some, neutral for others, and potentially even damaging to 
still others. 
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Potential Disadvantages

The incorporation of DNA collection into social science surveys has 
several potential disadvantages. At a practical level, there are logistical 
and financial constraints surrounding the process of sample collection. 
How severe these constraints are depends on the method of DNA col-
lection and whether it is coupled with assessment of a more extensive 
battery of biomarker measures. If a survey is primarily conducted by 
mail or telephone, DNA samples of limited yield can be collected using 
cheek swabs that are returned through the mail. DNA can be extracted 
and stored for nominal cost. The drawback is that the amount of DNA 
is limited, and the failure rate for obtaining a useful DNA sample can be 
substantial. If blood is drawn, the yield and quality of the DNA improves 
substantially. However, this requires contact between the participant and 
a trained professional for the drawing of blood. If the study involves 
face-to-face contact, the logistical burden can be manageable, but other-
wise logistical factors can be challenging. Although the costs of obtaining 
a DNA sample can be minimal, the cost of genotyping large numbers 
of individuals from large surveys can be prohibitive unless the genetic 
component of the study is very tightly focused (for example, limited to 
genotyping of the ApoE gene).

Another potential disadvantage is related to the participant burden 
and the purpose of the study. Participants might be recruited to a survey 
study on the basis of their willingness to be involved in social science 
research. It might not be clear to participants why they are being asked 
to provide DNA samples for a study that has been described to them as 
a social science survey. If participants have been involved longitudinally 
in a survey, they would not have consented to providing a DNA sample, 
so additional consent would be required. A request for DNA potentially 
imposes an additional response burden that participants had not antici-
pated. If the purpose and procedures for collecting DNA are not thor-
oughly and properly planned, there is the potential to introduce a bias 
into the sample that is related to willingness to provide DNA and not 
related to the primary purpose of the study.

An issue that is not so much a disadvantage but a challenge involves 
the difficulties that arise when there is a large amount of data generated, 
in terms of potential type 1 and type 2 error rates and the practical issues 
that arise in trying to limit the number of statistical tests that are done 
and account for multiple comparisons. If a study opts to do a full genome 
scan using single-nucleotide polymorphisms (SNPs) assayed using DNA 
microchips, there is the potential to generate a million or more DNA 
markers. Dealing with such massive amounts of data requires special-
ized techniques in data reduction and haplotype block identification. 
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Substantial methodological work in statistical genetics is currently being 
conducted to address this issue effectively.

ETHICAL ISSUES

In addition to the more practical issues discussed above, incorpo-
ration of DNA collection raises a number of ethical issues (reviewed 
by Durfy, 2001, in the context of aging-related surveys). Ownership of 
genetic information is an area that is potentially troublesome, and issues 
regarding ownership need to be worked out explicitly. Some studies have 
a policy that requires all information be made publicly available to any 
investigator who desires access. Other studies involving private biotech-
nology companies consider the genetic information to be proprietary. It 
is important for issues of ownership to be clearly planned, and informa-
tion regarding ownership should be made clear to the participants in the 
informed consent process.

In addition to access issues, it is important to have a clear plan for 
the use that will be made of the genetic data, and these issues should be 
incorporated into the informed consent process. Questions regarding use 
include whether the use of DNA goes beyond the initial scientific goals of 
the survey study, whether the data will be made available to other inves-
tigators outside the scope of the original project, whether the data will be 
retained indefinitely so that use in the future cannot be anticipated, and 
whether results of DNA testing will be provided back to the participant. 
The last issue is important, since there are few genetic results that are 
clear-cut risk factors for individuals, particularly in the context of com-
plex traits. In the context of other modifying environmental and genetic 
factors, individual-level information on even well-known risk factors can 
be difficult to convey accurately to participants, since risk is generally 
reported in probabilistic terms. If the decision is to provide information to 
participants, considerable attention must be paid to how the information 
is presented. Conversely, if there is clear information about a risk factor, 
the investigators must consider their obligations to provide this informa-
tion to participants, either now or if future work clarifies the nature of a 
genetic risk factor.

While there are important issues regarding privacy and maintaining 
anonymity with public data sets for any potential identifying informa-
tion, including demographic factors, these issues merit special attention 
for genetic data, which contain the risks associated with sensitive medical 
data in general but also have additional risks. Depending on the extent 
to which genotyping is undertaken, genetic data can contain sufficient 
information to identify an individual uniquely. There also is a component 
of risk related to the familial nature of genetic data in which there is the 
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potential to identify individuals who have not consented to participate in 
the research but who are related to participants. Finally, misuse of genetic 
information following breach of anonymity can result in problems associ-
ated with stigmatization and discrimination on a variety of factors, such 
as the availability or cost of health insurance. Because of these concerns, 
attention is warranted to issues of risk of breach of anonymity in terms 
of making data publicly available to researchers outside the context of 
the original study (Annas, Glanz, and Roche, 1995; National Bioethics 
Advisory Commission, 1999). 

WHAT CAN ONE LEARN FROM DNA  
IN SOCIAL SCIENCE SURvEyS?

The incorporation of DNA into social science surveys can contribute 
to a more accurate understanding of both genetic and environmental fac-
tors that contribute to complex outcomes. Particularly for surveys that 
focus on health, DNA has a potentially important role to play. Reproduc-
tive outcomes, health and diseases, life span and aging, and cognitive 
function and personality all have substantial genetic influences that are 
not fully understood. Examples of areas for which genes have been iden-
tified include cardiovascular risk factors, diabetes, hypertension, obesity, 
markers of inflammation, lung function, cognitive function, and addictive 
behaviors. The extensive environmental assessment information in social 
science surveys provides a unique opportunity to improve understand-
ing of how these genes function in a broader context, as well as how they 
contribute to the context in which environmental factors influence social 
science outcomes.
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Comments on the Utility of  
Social Science Surveys for the  

Discovery and Validation of Genes 
Influencing Complex Traits

Harald H.H. Göring

The debate about the relative importance of “nature” and “nurture” 
in determining behavior and emotional and physical well-being has 
persisted to this day and is conducted among scientists, educators, 

parents, politicians, philosophers, and many other members of the society. 
In this phrasing, “nature” is used to represent those forces shaping our 
existence over which we have virtually no control (as of yet), namely our 
genetic constitution. “Nurture” is used as a short form to suggest those 
influences on our life that we (think we) can shape to at least some degree, 
namely our environment. We are born with our genes, but we have some 
control over our exposure to certain aspects of the environment. 

It is clear that virtually all traits are influenced by both genetic and 
environmental factors. This applies to the rare and often serious diseases 
for which a genetic defect is necessary and sufficient to bring about dis-
ease, but whose manifestation is nonetheless influenced by various other 
factors (that we often do not know) (Wexler et al., 2004). This likewise 
holds for infectious diseases, which are often viewed from the perspec-
tive of environmental exposure to the pathogen alone. As we now know, 
the genetic constitution of the human host greatly influences the risk of 
exposure, infection and disease, as well as its course and severity (Allison, 
1954, 1961; Kulkarni et al., 2003). 

The pendulum of prevailing social views keeps swinging back and 
forth between the two extremes. At the present time, the emphasis is 
clearly on the importance of genetic factors. The popular press contains 
daily reports of the discovery of yet another gene influencing yet another 
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disorder, and predictions that scientists will unravel the genetic mysteries 
of most conditions in only a few more years abound, often coupled with 
enormous promises for the prevention and cure of disease in the near 
future. Under these circumstances, it is not surprising that many individu-
als have a very deterministic perception of the action of genes and think 
that there is a gene for every condition, with the condition being fully 
and accurately determined by this gene, independently of anything else. 
Geneticists are not blameless for this situation, as they often do not correct 
such views, unintentionally promote them by using sloppy terminology 
consistent with such opinions, or even intentionally further them by mak-
ing exaggerated claims about the future impact of their area of research, 
perhaps in an effort to improve funding. It is in this environment that 
many researchers in other fields have begun thinking about whether they 
should and can incorporate gene discovery into their own studies.

In this chapter, I comment on the utility of large-scale social science 
surveys for the discovery and validation of genes influencing conditions 
of interest to social scientists. I start with a brief overview of the nature of 
so-called complex traits and highlight some of the concepts behind study 
designs that are being used for the identification of genes. I attempt to 
contrast the traits for which gene-mapping studies have succeeded and 
the designs of gene discovery experiments to social science surveys, with 
a focus of the suitability of the latter for gene identification. I close with a 
few remarks on how such surveys may be useful for gene discovery and 
validation from my perspective. 

ETIOLOgICAL ARCHITECTURE OF COMPLEX TRAITS

There is no accepted definition of what constitutes a so-called com-
plex or multifactorial trait. The term is generally used to denote the oppo-
site of a so-called Mendelian trait, in which a defect in a gene by itself can 
cause a specific phenotype (the focus is often on a disease). In contrast, 
the relationship between genotype and phenotype is not as deterministic 
in complex traits, for which individual genetic variants merely modulate 
the probability of presenting a particular phenotype. 

For many traits, we have absolutely no idea about the identity of envi-
ronmental factors and genes whose variants account for some of the vari-
ability in the phenotype in the population, and the designation of a trait as 
complex simply acknowledges the belief—based on common sense, failed 
gene mapping attempts, analogies with similar traits about which we 
have a better understanding, or evolutionary considerations—that a mul-
titude of genetic and environmental factors must influence the phenotype. 
It may well turn out that a trait is not as complicated as first assumed, 
such as when gene mapping studies readily succeed in pinpointing the 
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location of genes of substantial effect. The distinction between Mendelian 
and complex traits is by no means black and white. The terms merely refer 
to the two extremes, with most traits falling somewhere in the middle. 

Figure 11-1 provides a schematic view of the etiological architecture 
of a prototypical complex, multifactorial trait. The phenotype of an indi-
vidual depends on a number of genetic and environmental factors that in 
concert determine the phenotypic outcome. The individual components 
of the etiological spectrum modulate the probability of manifesting a 
dichotomous phenotype, such as a disease, or they may alter the expected 
value of a quantitative trait. Not all components are equally important.  

Figure 11-1
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FIgURE 11-1 Schematic of the etiological architecture of a prototypical complex 
trait. 
NOTE: The key goal when designing a gene-mapping study is to reduce the etio-
logical complexity as much as possible. In the ideal case, all influences on the trait 
of interest are eliminated except for the gene that is to be localized and identified. 
In this situation, the phenotypes of study participants are good predictors of the 
genotypes at the underlying gene, facilitating its discovery. 
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Among the genetic factors, one generally distinguishes between major 
genes and polygenes. Major genes have a substantial influence on the 
phenotype and may be individually identifiable with gene-mapping 
approaches. Polygenes may have a sizable effect in the aggregate, but 
their individual influence is small, making them impossible to identify 
using statistical genetic methods. The various etiological components may 
act independently from one another, or there may be interaction, such as 
between different genetic factors (gene-gene interaction), between specific 
genes and aspects of the environment (gene-environment interaction), 
or among different environmental factors (environment-environment 
interaction). 

The term “interaction” is widely used in scientific discourse, but the 
word is often misused and misunderstood because it has different mean-
ings in everyday language and in statistics (Cox, 1984). The fact that each 
of two factors influences a trait does not imply the existence of interaction 
between them. A well-known and often replicated, though not uncontro-
versial, example of gene-environment interaction in complex trait etiology 
is the moderating effect of a variant of the 5-HTT gene on the impact of 
stressful life events on depression (Caspi et al., 2003). 

While genetic factors are shared among related individuals in predict-
able ways, as a consequence of the simple rules of inheritance (in which 
an individual receives one complete set of chromosomes from each par-
ent, with random selection of which copy of a given chromosome in a 
parent is passed on), no such rules for sharing of environmental factors 
among family members exist. Some exposures are shared among mem-
bers of a household (household effect), cultural factors characteristic of a 
society may be shared among the members of the entire population, while 
other environmental factors are not shared within families but are unique 
to an individual. 

Another important distinction between genetic and environmental 
factors is that, while the rules of inheritance impose a correlation structure 
on the genetic factors, such that virtually all of them can be statistically 
assessed for having a potential influence on the trait of interest (see more 
on this point below), no such correlation structure exists for the environ-
mental factors, such that it is not possible to investigate all components of 
the environment. The investigator thus has to decide beforehand which 
aspects of the environment are to be measured, and for many complex 
traits knowledge of which environmental factors may be relevant is inad-
equate. From a gene-mapping perspective, all genetic and environmental 
factors except for the one gene to be located in the genome (denoted as 
major gene 1 in Figure 11-1) represent noise. The greater this noise is, the 
more difficult it is to map and identify any particular gene. 
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STUDy DESIgN CONSIDERATIONS  FOR  
COMPLEX TRAIT gENE IDENTIFICATION

The description of the contrast between Mendelian and complex, 
multifactorial traits above highlighted the different degree of determin-
ism in the relationship of genotype and phenotype. The probability 
of displaying a specific phenotype given an underlying genotype, or 
P(phenotype|genotype), is referred to as the penetrance. For Mendelian 
diseases, P(phenotype|genotype) → 1, that is, a defect in one or several 
genes will cause disease, and the disease will be absent otherwise. For 
complex diseases, the relationship is not as deterministic. In the extreme 
case, P(phenotype|genotype) → P(phenotype), that is, alleles of a gene 
have virtually no influence on the phenotype. 

Penetrances describe the unidirectional biological relationship between 
genes and traits: Genotype determines phenotype, but the reverse gener-
ally does not hold. As biological quantities, however, penetrances are not 
under the control of the investigator, although they do depend on the 
genetic and environmental background. The reverse relationship, often 
referred to as detectance, measures how well the observed phenotype pre-
dicts the underlying trait locus genotype, that is, P(genotype|phenotype). 
This quantity varies greatly with the design of a study. The power of a 
gene-mapping study is a function of the detectance (Weiss and Terwil-
liger, 2000), and a key goal of designing a powerful study is to select a 
design in which the observed phenotype predicts the underlying trait 
locus genotype as accurately as possible, that is, P(genotype|phenotype) 
→ 1. 

As a demonstration of the importance of study design on the power 
for gene localization, we previously computed the sample sizes to detect 
genes for retinitis pigmentosa (RP) under several different popular study 
designs based on different family sampling units (Terwilliger and Goring, 
2000). RP is a serious eye disease (Bhatti, 2006) that is often considered an 
example of a Mendelian disorder. However, the disease is by no means 
monogenic, and there is considerable variation in the mode of inheritance 
(Rivolta et al., 2002). In some families, the disease is found in multiple 
generations, consistent with dominant inheritance. In other families, RP is 
observed in only a single sibship or in offspring of consanguineous “mar-
riages” (i.e., the parents are related to each other), which is characteristic 
of recessive inheritance. Besides autosomal segregation, both dominant 
and recessive forms of sex-linked segregation are also found. 

What the different types of RP have in common is a high penetrance, 
that is, defects in various different genes cause the disease with high cer-
tainty. However, the detectance is fairly low because of substantial locus 
heterogeneity (i.e., defects in many different genes can cause the disease). 
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In a single affected individual, in particular if the case is viewed in isola-
tion, it is not clear which gene is responsible, and thus P(genotype at gene 
X|phenotype) is small. 

On the basis of the information provided in Heckenlively and Daiger 
(1996) and on several simplifying assumptions, we computed the sample 
size to detect significant evidence for a RP locus using linkage analysis on 
affected sib pairs (Penrose, 1935) (assuming that one does not attempt to 
stratify them by the mode of inheritance, which is generally not possible 
for complex traits). The required sample sizes run on the order of many 
hundreds to several thousands for recessive loci and tens of thousands 
for dominant loci. We also computed the sample sizes to detect the gene 
that is the most common cause of RP (rhodopsin) with trios consisting of 
parents and an affected offspring. This sampling scheme is popular, and 
such data are often analyzed using the transmission disequilibrium test 
(TDT) (Spielman et al., 1993). In this case, the sample sizes range in the 
tens to the hundreds of thousands. 

How is it possible that the sample size requirements for a relatively 
simple trait such as RP are this high for these two commonly used sam-
pling schemes? The reason is found in the enormous locus and allelic 
heterogeneity, such that the relationship of disease to causal genes and 
variants is one to many. As a result, the disease status is a poor predictor 
of the underlying genotype at any of the many possible RP loci. By col-
lecting extended families segregating the disease, the difficulties posed by 
the substantial heterogeneity have easily been overcome. By subgrouping 
these families based on the observed mode of inheritance, or by focusing 
on a single family of sufficient size, the genetic heterogeneity is greatly 
reduced, which permitted many different loci to be mapped (Rivolta et 
al., 2002). Within individual families, it can often be assumed (given the 
rarity of the disease) that all affected individuals harbor the same under-
lying genetic defect, that is, there is a one-to-one relationship of disease 
and causal gene. Hence, the detectance within a family is very high, and 
linkage analysis should succeed in gene localization. 

Hereditary deafness is another good example of substantial locus het-
erogeneity (Goldfarb and Avraham, 2002). These examples are given here 
to highlight the substantial impact that study design choices can have. 
RP and nonsyndromic hearing loss may be extreme examples of locus 
heterogeneity, perhaps due to the complexity of these sensory organs, but 
the brain is certainly much more complicated, suggesting that substantial 
obstacles may lie ahead for gene discovery for predominantly brain-
related phenotypes. 

Many different strategies can be pursued to increase the power of a 
gene-mapping study. These strategies are generally not mutually exclu-
sive but can be combined with one another, potentially to great advan-



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

��� BIOSOCIAL SURVEYS

tage. The following briefly describes some of the available study design 
choices, yet the list is by no means exhaustive. There is considerable 
discussion about the relative merits of the various approaches in the sci-
entific community. No approach is accepted as being the best universally. 
In fact, the choice of study design should be based on the nature of the 
trait being investigated. The debate about the pros and cons of various 
approaches is often phrased in terms of statistical methods and software 
implementations. However, in such a discussion it is important to rec-
ognize the critical assumptions that underlie these statistical approaches 
and computer programs. The chosen study design largely determines the 
analytical tools to be used in the analysis. And a study should certainly 
be designed based on fundamental considerations, rather than the ease of 
analysis with a particular software package. 

Population Isolates

One commonly used approach is to focus on an isolated popula-
tion (Wright et al., 1999). The idea is that, within such a population, the 
etiological complexity is likely to be substantially reduced, with regard 
to both genetic variants and environment factors. A population that has 
received much attention for gene mapping is Finland (Peltonen et al., 
1999), and many studies have also been conducted in Iceland, on French 
Canadians from the province of Quebec, Mormons from Utah, and the 
Amish and the Mennonite communities in the United States, among 
others. The genetic etiology may be simpler in such isolates because of 
a small founding population, such that the genetic material of the entire 
population goes back to a fairly small number of founder chromosomes, 
thereby limiting the amount of allelic variation, at least if admixture with 
other peoples has been absent or minimal since the population was ini-
tially established. 

For the search for genes influencing rare diseases, these populations 
have proven to be extremely valuable (Peltonen et al., 1999). For the 
analysis of complex traits, however, it is not clear whether the founding 
populations were of sufficiently small size to simplify the allelic architec-
ture to such a degree to make it tractable for genetic dissection (Hovatta 
et al., 1998, 1999). However, it is clear that these populations should be 
better suited for gene mapping than mixed populations with many differ-
ent ethnicities and cultural practices (as are common in many U.S. cities). 
In addition, some population isolates have very large families, unusual 
family structures (such as consanguineous parental relationships leading 
to inbreeding), low rates of nonpaternity, excellent genealogical records, 
good health care infrastructure, willing study participation, and other 
features that can be a boon to genetic studies. 
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Extended Pedigrees

Another strategy is to collect extended pedigrees. This should reduce 
the genetic complexity because the number of independent founder chro-
mosomes among related individuals is much smaller than the number of 
independent chromosomes in a set of randomly picked, unrelated indi-
viduals. Each founder individual contributes up to two different alleles at 
a given polymorphism, but, in the absence of mutation, descendants do 
not further increase the number of different alleles present in a sample, 
as they merely inherit copies of the founder alleles. Hence, in a case-
control study of unrelated individuals, there would be up to twice as 
many independent allelic forms of each chromosome as there are study 
participants. This ratio is reduced to 4:3 for parent-offspring trios and 
4:(2 + n) for nuclear families consisting of two parents and n siblings. In 
multigenerational families, the ratio depends on the width of the pedigree 
(i.e., the sibship sizes) and the depth of the pedigree (i.e., the number of 
generations). In addition, family members tend to be exposed to more 
similar environments than unrelated individuals living separately from 
one another, limiting the environmental complexity. 

The reasoning is in direct analogy to the situation of isolated popu-
lations whose members tend to be more similar to each other geneti-
cally and in environmental exposure than the members of other societies. 
Furthermore, if genotype data are available across multiple generations, 
then the segregation of chromosomal segments can be inferred more 
accurately. For these reasons, extended families tend to have more power 
to detect linkage per individual than smaller sampling units (Williams 
and Blangero, 1999; Blangero et al., 2003). And, if families are collected 
because they segregate some specific trait of interest, then within a family 
all members showing the trait may have it for the same genetic reason, as 
described above for RP. 

Ascertainment on Phenotype

Especially in the analysis of a rare condition, it is necessary to enrich 
the sample for the presence of the condition of interest. A “randomly 
ascertained” sample (i.e., a sample that is collected independently of the 
trait of interest) would contain few, if any, individuals with the condi-
tion. If there is no phenotypic variation in a sample, then genetic factors 
that may cause variation certainly cannot be identified in that sample. 
It may also be advantageous to collect families that are densely loaded 
with affected individuals. The presence of multiple cases in a family 
generally increases the probability that genetic factors are a major deter-
minant when compared with singleton individuals with the condition 
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(Terwilliger et al., 2002). Furthermore, the affected individual within a 
family may well share the same genetic risk factors, as was argued above 
in the example of RP. 

Phenotypic Subtypes

Another consideration may be to focus on subtypes of the trait of 
interest. For example, there may be considerable variation in the symp-
toms of individuals afflicted with a particular disorder, including age of 
onset, severity, or combination of symptoms. Rather than lumping all 
cases together, it may be advantageous to focus on a particular subclass, 
even if this reduces the available sample size. For example, in the analy-
sis of Alzheimer disease, studies focusing on early-onset forms of the 
disease have been much more successful in localization of susceptibility 
genes (Tilley et al., 1998). In the case of RP, grouping families by detailed 
symptoms and also the apparent mode of inheritance certainly makes a 
lot of sense. 

Eliminating Effects of known Risk Factors

Another consideration is to reduce the importance of known risk 
factors, which represent noise when attempting to localize new genes. 
In some cases, this can be done as part of the ascertainment scheme. For 
example, when attempting to identify genetic factors for lung cancer, one 
may focus on individuals or families with lung cancer despite the absence 
of smoking. Such individuals may be contrasted with lung cancer–free 
individuals despite heavy smoking. Alternatively, one may obtain infor-
mation on exposure to known risk factors and account for them by statis-
tical means, such as by adjusting a quantitative trait for the effects of, say, 
sex, age, and other variables of known importance. This approach can also 
be used to account for previously identified genetic risk factors (Blangero 
et al., 1999; Martin et al., 2001).

Biomarkers

One may focus gene discovery efforts on intermediate phenotypes 
rather than the trait of ultimate interest (such as clinical disease end 
points). These intermediate phenotypes are often referred to as biomark-
ers or endophenotypes. As shown in Figure 11-2, the conceptual basis 
of this approach is the concern that the trait of interest may be too far 
removed from the action of individual genes to make it a useful pheno-
type for gene mapping. However, the trait may be influenced by interme-
diate phenotypes that have a tractable genetic basis (Blangero et al., 2003). 
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Figure 11-2

Traits

Biomarkers

Genes

FIgURE 11-2 Utility of biomarkers for gene mapping. 
NOTE: The trait of interest may be too far removed from the action of individual 
genes to allow gene localization and identification. However, the influence of 
genes on the trait may be mediated through measurable biomarkers (also called 
endophenotypes) that are much simpler in genetic etiology and thus permit gene 
discovery. Note that one gene may influence different traits and that different 
genes may influence the same trait. In this figure, the average biomarker is influ-
enced by 1.8 genes (with a range of 1 to 3), while the average trait is influenced 
by 3.2 genes (with a range of 2 to 6).

For such intermediate phenotypes to be useful biomarkers, they must be 
(genetically) correlated with the trait of interest. In addition, they must 
be “upstream” of the trait of interest rather than “downstream”, that is, 
the endophenotype must influence the trait rather than the other way 
around. 

A problem for genetic research of behaviors, emotional and psycho-
logical phenotypes, and psychiatric diseases in particular is that current 
understanding of the brain is so rudimentary that there are few promis-
ing endophenotypes, although this situation is now beginning to change 
as a result of new techniques, such as improved imaging. Knowledge 
of other dimensions of human physiology is much more advanced, and 
many more biomarkers have been discovered and validated. For example, 
while cardiovascular disease is highly complex, such that the existence of 
a “stroke gene” or a “heart attack gene” that explains most of these events 
in the general population is unlikely, many risk factors for cardiovascular 
disease are known—such as blood pressure, various cholesterol subfrac-
tions, inflammatory markers, oxidative stress markers, blood clotting 
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factors, etc.—and most genetic investigations that succeeded in localizing 
genes have focused on these biomarkers (Comuzzie et al., 1997) rather 
than the clinical disease end points.

Quantitative Traits

Many endophenotypes are quantitative in nature. Continuous 
traits are attractive targets for genetic investigations for several reasons 
(Blangero, 2004). They often provide greater power for gene localization 
(Blangero et al., 2000). The dichotomization of a naturally continuous 
phenotype—such as categorizing individuals as obese or nonobese based 
on body mass index or grouping individuals into hypertensive and non-
hypertensive groups based on blood pressure—is generally a poor idea, 
as dichotomization discards information on the underlying trait locus 
genotypes (Blangero et al., 2001). For example, a severely hypertensive 
person with a systolic/diastolic blood pressure of, say, 200/120 mm Hg 
is more likely to harbor genetic variants of substantial elevating effect on 
blood pressure than a marginally hypertensive individual with a blood 
pressure of, say, 140/90 mm Hg. “Random ascertainment,” that is, selec-
tion of study participants independently of the trait of interest, is a com-
mon design of genetic studies of quantitative traits. 

The reason this is a suitable strategy is that there is ample variation 
in the quantitative phenotype in such a sample. This stands in contrast to 
the investigation of rare diseases in which random samples would contain 
exclusively or mostly healthy individuals. While nonrandom ascertain-
ment may clearly be used for continuous phenotypes, such as by enrich-
ing the sample for individuals with extreme phenotypes from one or both 
tails of the quantitative distribution, the advantage of such a protocol 
over random ascertainment is less clear, and attempting to collect larger 
families may yield greater benefit. 

Besides the concepts discussed above, many additional strategies 
may be pursued in collecting samples for complex trait gene mapping. 
The common logic behind these approaches is to make the genetic etiol-
ogy tractable. The goal is to convert, through smart study design, a com-
plicated trait with many etiological factors into a simple trait controlled 
by a few factors that have substantial importance and are individually 
identifiable. In a way, in studies of a nonexperimental organism such 
as humans, we attempt to take advantage of naturally occurring events 
(such as unusual phenotypes, families, or populations) to get as close as 
possible to the simplicity of experimental animal models, for which the 
experimenter has control over both genetic and environmental factors. 

Many complex trait gene-mapping studies employ nonrandom ascer-
tainment protocols, such as the preferential collection of families with 
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multiple affected individuals, as described above. As a result, such sam-
ples are not reflective of the population as a whole, and the effect size of 
any locus, gene, and polymorphism may differ between such nonrandom 
samples and the general population. While this would be a serious draw-
back for many types of investigations, researchers attempting to identify 
genetic factors tend to accept this as a condition of having any power for 
gene localization and identification. In addition, the fact that a sample 
ascertained on a specific phenotype is different from the wider popula-
tion is not crucial, because, even in randomly ascertained samples, it is 
nearly impossible to simultaneously identify genetic factors and estimate 
their effect size, because of what is sometimes referred to as the winner’s 
curse. Complex trait gene-mapping studies tend to have fairly low power. 
Many different pointwise tests are conducted when attempting to localize 
genetic factors in our genome. As a result, considerable luck is required 
for successful gene localization, and the effect sizes at peaks of the map-
ping statistic tend to be greatly inflated (Utz et al., 2000; Goring et al., 
2001). While various investigators have attempted to correct these biases 
(Allison et al., 2002; Siegmund, 2002; Sun and Bull, 2005), additional 
samples will often be required anyway to obtain more accurate estimates 
of the frequency and impact of genetic variants. Furthermore, given the 
genetic differences between different populations, multiple samples must 
be analyzed to establish the consistency of findings across populations 
and ethnicities. 

gENE EXPRESSION LEvELS AS AN EXAMPLE OF  
EXTREME ENDOPHENOTyPES

Due to recent technological advances, the concentrations of proteins, 
RNA molecules, and metabolites are increasingly being used as targets in 
gene-mapping experiments. Transcript abundance and protein levels may 
be viewed as extreme endophenotypes that are presumably much closer 
to the action of individual genes than complex human characteristics. 
The analysis of gene expression levels is now quickly becoming routine, 
because of the recent commercial availability of microarrays containing 
probes for vast numbers of transcripts, making it possible to investi-
gate nearly the entire known transcriptome in a single experiment. For 
recent reviews of genetic analysis of expression profiling, see de Koning 
and Haley (2005); Gibson and Weir (2005); Pastinen et al. (2006). Expres-
sion profiles have recently been generated for lymphocyte samples from 
1,240 Mexican American participants in the San Antonio Family Heart 
Study (Mitchell et al., 1996), the goal of which is to analyze the genetic 
underpinnings of atherosclerosis in Mexican Americans. We have recently 
published an initial paper on the genetic regulation of gene expression 
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(Göring et al., 2007). This example is mentioned here to caution against 
overly optimistic views on the prospects of complex trait gene-mapping 
experiments. 

A total of 19,648 unique probes detected substantial abundance of 
the autosomal transcript being targeted and were subjected to statistical 
genetic analyses. Using a variance components-based approach and the 
software package SOLAR (Almasy and Blangero, 1998), we observed 
that, at a 5 percent false discovery rate (Benjamini and Hochberg, 1995), 
85 percent of the expression phenotypes are significantly (additively) 
heritable (i.e., genetic factors in aggregate account for some proportion 
of the phenotypic variance). This is perhaps not unexpected, given that 
gene expression phenotypes are about as close to gene action as possible. 
However, the heritability estimates of many transcripts were modest (46, 
68, and 87 percent of transcripts have heritability estimates less than 20, 
30, and 40 percent, respectively), hinting at a substantial influence of the 
environment or physiological state of the individual at the time of blood 
draw. In an effort to localize major genetic factors influencing the expres-
sion levels of individual transcripts, we performed genome-wide variance 
components-based linkage analysis (Amos, 1994; Almasy and Blangero, 
1998). 

Figure 11-3 contains a scatterplot of the transcript-specific maximum 
linkage statistic by the estimated heritability. The figure is included here 
to make two points: First, no genes were reliably localized in linkage 
analysis of many transcripts. In fact, using the customary threshold of a 
lod score of 3 as the criterion (the lod score, short for logarithm of odds 
score, is the logarithm to base 10 of the likelihood ratio statistic that com-
pares the likelihood of the alternative hypothesis of linkage and the null 
hypothesis of no linkage; a lod score of 3 thus corresponds to a likelihood 
ratio of 1,000:1; asymptotically, the genome-wide significance correspond-
ing to this criterion is ~0.05 in humans), only ~10 percent of transcripts 
had significant linkages. This points out that the etiology of even such 
seemingly simple traits can be quite complicated, highlighting the chal-
lenges faced by investigators attempting to identify the genes underlying 
complex human conditions and behaviors. Although measurement error 
in transcript abundance undoubtedly reduces power, the vast majority of 
expression phenotypes are nonetheless substantially heritable, suggesting 
that measurement error alone is not the main reason for why no locus was 
identified for many transcripts. 

Second, the heritability estimate is a poor predictor of “mappabil-
ity.” This is illustrated in Figure 11-4. Heritability assesses the influence 
of genetic variation in the aggregate on phenotypic variation. However, 
a substantial heritability does not indicate the existence of major genes. 
While there is a positive correlation between the heritability estimate 
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Figure 11-3
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FIgURE 11-3 Relationship of heritability estimate and maximum lod score. 
NOTE: The figure shows the maximum lod score (obtained in variance components-
based linkage analysis across the autosomal chromosomes) as a function of the 
estimated heritability for the expression levels of 19,648 autosomal transcripts. 
The expression phenotypes were generated on lymphocyte samples from 1,240 
Mexican American family members, participants in the San Antonio Family Heart 
Study (Mitchell et al., 1996). The expression phenotypes were normalized by an 
inverse Gaussian transformation and were adjusted for the overall RNA levels in 
a sample and for the effects of sex and age. The vertical axis is truncated at 10 (the 
maximum obtained lod score was > 50).

and the probability that a major locus exists, this relationship is very 
imprecise. 

Another example that dramatically illustrates this point is human 
height. We have investigated normal variation in adult stature in nine 
extended pedigree samples from several different ethnic groups and 
countries (Göring et al., 2004a, 2004b). The samples comprised nearly 
7,500 phenotyped and genotyped individuals in total. After accounting 
for the sexual dimorphism in height and for the effects of age, height was 
found to be highly heritable (with heritability estimates ranging from 63 
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FIgURE 11-4 Heritability and genetic architecture. 
NOTE: The heritability estimate of a trait is a poor predictor of whether the trait 
has a “polygenic” or “oligogenic” genetic architecture. In polygenic inheritance, 
the genetic factors individually have a small influence on a trait of interest, mak-
ing their identification impossible by statistical genetic approaches. In oligogenic 
inheritance, one or several genes have substantial phenotypic effect, potentially 
allowing them to be localized and identified.

to 92 percent in these samples). Nonetheless, most samples failed to yield 
a significant lod score in genome-wide linkage analysis, and the few lod 
score peaks that exceeded the threshold of 3 were inconsistent between 
the different samples. Other groups have conducted similar studies, but 
on a smaller scale (Hirschhorn et al., 2001; Perola et al., 2001; Sammalisto 
et al., 2005). While some interesting linkage results were obtained, in my 
estimation the findings are consistent with the view that height in the 
general population, while highly heritable, is a good example of a largely 
polygenic trait that is quite intractable using standard gene-mapping 
approaches.
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SOCIAL SCIENCE SURvEyS:  
A TOOL FOR gENE DISCOvERy OR vALIDATION?

The etiological complexity of multifactorial traits poses an enormous 
challenge for efforts to localize and identify the underlying genes. The 
chance of success will be greatly improved if studies focus on biological 
characteristics that are amenable to genetic investigations and if studies 
are designed in order to reduce the complexity as much as possible. In 
the preceding sections, some strategies for simplifying the etiological 
architecture have been presented. 

Social science surveys come in many shapes and sizes, and it is thus 
difficult to provide general comments on their utility for gene localization, 
identification, and validation. Whether or not a particular cohort may be 
useful, these purposes depend on the many specific features of a par-
ticular survey. The remarks here are very general. They do not do justice 
to the uniqueness of individual surveys and do not highlight the many 
exceptions and caveats. For a more nuanced perspective, the reader is 
referred to the detailed descriptions of specific surveys that are provided 
in various chapters of this book. 

Social, political, economic, and demographic surveys have very 
different goals from gene-mapping studies, and thus they are typically 
designed in a very different and even diametrically opposed manner. 
Often surveys are conducted in a way that ensures that they are as repre-
sentative of the surveyed population as possible. This design goal tends to 
enrich the diversity of environmental factors as well as genetic factors that 
influence a characteristic of interest. In many cases, surveys conducted in 
the United States include individuals from many different ethnic groups, 
due to the ethnic diversity of this country and the desire to understand the 
importance of racial identity on social conditions. This additional pheno-
typic variance due to both genetic and environmental factors is generally 
best avoided in gene-mapping studies, although “admixture mapping” 
is a gene-mapping approach that seeks to take advantage of any existing 
allele frequency differences between the founder populations comprising 
an admixed society (Smith and O’Brien, 2005). 

The large size of most surveys necessitates the use of questionnaires 
or measurements that can be done quickly and cheaply. There often is 
no time or money for in-depth assessment of characteristics. Ethical con-
cerns may also limit what types of measurements can be conducted on a 
population-wide scale. Surveys in the social sciences are often primarily 
interested in behaviors, characteristics, and phenomena that are likely far 
removed from the influence of individual genes. There is no reason to 
believe, based on evolutionary considerations, practical gene-mapping 
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experience, and common sense, that a characteristic such as, say, socioeco-
nomic status is amenable to dissection by statistical genetic approaches. 

The multitude of factors—such as intelligence, talent, likes, and ambi-
tion, as well as family environment, parental socioeconomic status, qual-
ity of schooling, type of local economy, availability of jobs, and many 
others—appears too large to make gene-mapping strategies appear likely 
to succeed. The brain is so complex that it is extremely difficult to identify 
the genetic factors underlying even gross disturbances, such as in severe 
psychiatric disease. The large size of many surveys is wonderful attribute. 
However, it is unlikely that an increase in sample size alone can readily 
overcome the challenges of truly complex phenotypes and the drawbacks 
of study designs that are suboptimal for gene mapping. It appears likely 
that genotyping technologies will continue to improve so quickly that 
it will soon be feasible to obtain the entire DNA sequence of all study 
participants. However, even if complete sequence data were available for 
all 300 million U.S. residents or even all 6 billion humans on earth, the 
identification of causal genetic factors influencing human behaviors and 
similarly complex traits would still be very challenging. In all likelihood, 
subsetting strategies would be employed that mimic what is now being 
done through the selection of suitable populations and specific ascertain-
ment criteria. For these reasons, social science surveys are probably a poor 
tool for gene localization and identification in general. 

However, this conclusion does not address the question whether or 
not such surveys are suitable for “replication” of candidate genes previ-
ously identified elsewhere. One reason for the lack of power in gene-
mapping experiments is the extremely large hypothesis space. The human 
genome spans about 3 billion base pairs of DNA and harbors about 30 
thousand different genes (although this latter number is quite uncertain 
and depends on the definition of a gene). The rules of genetic inheritance 
impose a high degree of correlation among these many factors, mak-
ing it possible to exhaustively evaluate all hypotheses. No specific prior 
hypotheses are thus required, and gene-mapping experiments may be 
better viewed in the framework of estimation (i.e., in which the genes 
influencing a trait are located) than in the framework of testing (i.e., if 
a gene influencing the trait of interest is located at a specific position). 
However, the number of independent tests used to span the genome 
is still substantial: approximately 500 independent tests are required to 
span the genome with linkage analysis, and many more are required for 
genome-wide association analysis. The large number of “tests” substan-
tially reduces the power of genome-wide mapping studies. In contrast, 
once a specific factor has been identified as being a likely contributor to 
some trait of interest, a specific hypothesis is at hand that can be tested. 



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

HARALD H.H. GÖRING ���

No multiple testing applies in this situation, greatly improving power. 
Such validation is important for several reasons: 

• Given the lack of power of many complex trait gene-mapping 
studies, many of the published results may represent false posi-
tive findings. Replication by others is thus necessary in order for 
such findings to be accepted. 

• As mentioned above, it is next to impossible to map genes and at 
the same time estimate their effect sizes reliably. Naïve estimators 
tend to be greatly inflated, for reasons of selection bias (Göring et 
al., 2001). While procedures for bias reduction are actively being 
developed, the estimation of effect size in independent samples 
remains crucial. 

• Samples for gene-mapping studies are often not representative 
of the population as a whole. They are generally restricted to one 
ethnic group or are greatly enriched for the biological condition 
of interest. Thus, it is of great interest to assess the generality 
of findings in the wider population and in different population 
strata and ethnic groups.

Some characteristics that are typical of many social science surveys 
suggest that they may be highly suitable for examining individual genetic 
variants with substantial prior support. The large size of many such sur-
veys should in principle allow for very precise estimation of allelic effect 
size. And the fact that the sample is typically collected to be representative 
of the wider population should in principle improve effect size estimation 
when compared with deriving such estimates from samples that are ascer-
tained based on the trait of interest, as no correction for ascertainment is 
necessary (which is notoriously difficult). If surveys cover individuals 
from many different ethnic groups, then the replication of previously 
identified genetic variants can establish the generality of the findings in 
many different ethnicities within one survey cohort, assuming that reli-
able information on ethnic origin is available. 

While social science surveys may in principle be useful for validating 
previously identified genetic variants, survey cohorts are by no means 
universally useful for that purpose, nor are they the only or necessarily 
the best type of sample available for replication. In many instances, inves-
tigations of the genetic etiology of human traits are conducted by many 
research groups simultaneously, either in collaboration or in competition 
with one another. Hence, once one of these groups identifies a particular 
gene and/or variant and announces the results, replication studies are 
often done very rapidly, because many other cohorts in which the trait 
of interest has been measured are at hand. Given the international nature 
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of human gene identification efforts, these cohorts are likely to come 
from many countries and ethnic groups, such that the importance of the 
identified variants can be established for many human populations. In 
this situation, the need for and the utility of social science survey cohorts 
as further replication samples may then well be limited or nonexistent. 
And while large surveys can in principle be used for validation of spe-
cific genetic variants by association analysis, these cohorts will often not 
be useful for replicating findings of heritability or linkage, which require 
information on familial relationships that are missing from many social 
science surveys. 

If social science surveys are to be used for gene validation, two condi-
tions must be met: The phenotype of interest must have been assessed in 
the survey, and DNA samples must have been collected. To increase the 
range of phenotypes that can be used for gene validation, it may poten-
tially be useful to collect, as part of such surveys, biological specimens 
(such as saliva, blood, and urine) that can be obtained easily, cheaply, 
and at minimal risk to survey participants. A vast number of biomarkers 
underlying complex diseases have been detected and characterized in 
these readily available tissues (for details, see the chapters devoted to this 
topic). If DNA and/or biological specimens are to be collected in social 
science surveys, they should be designed for this purpose from the outset 
rather than retrofitted later. Thus, the pros and cons should be carefully 
weighed beforehand. These considerations should take into account both 
the many practical issues (such as cost, speed, effect on study participa-
tion, transport, storage, etc.) and also the expected value of a given survey 
for later genetic investigations. For example, if a survey is conducted in 
a population that is rarely investigated, then the collection of DNA may 
be more useful than in a well-studied population. And the more expen-
sive or difficult a trait or its associated environmental risk factors are to 
measure, the greater the potential value of DNA samples collected con-
currently. Finally, it is paramount that ethical concerns are given careful 
consideration. 

CONCLUSION

The etiological architecture of complex traits presents a formidable 
challenge to attempts to identify the underlying genetic components. To 
overcome this difficulty, gene-mapping studies should be designed in 
a manner that reduces the etiological complexity as much as possible. 
Enormous sample sizes, large-scale genotyping and sequencing efforts, 
sophisticated statistical approaches, and fast computers cannot compen-
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sate for a trait that is poorly chosen or for a study that is poorly designed. 
In general, social science surveys tend to focus on characteristics that are 
likely to be far removed from the action of individual genes. In addition, 
these surveys are designed with different goals in mind. For these rea-
sons, it appears that social science surveys will often be poorly suited for 
complex trait gene discovery. 

At the same time, the large size of many social science surveys, and 
the fact that by design the survey sample is often representative of the 
target population, make such surveys potentially useful for gene valida-
tion. This usage would permit “replication,” that is, confirming the role of 
specific genetic variants in specific traits, allow for a more accurate esti-
mation of the effect size of specific genes and functional variants therein, 
and allow gene effect size comparisons between different populations and 
ethnicities. In order to be used in this manner, surveys would need to col-
lect tissue samples that allow DNA extraction for genotyping and poten-
tially also biological specimens permitting phenotyping. Careful consid-
erations must be given to ethical concerns that may arise if genetic data or 
other information are generated or analyzed by individuals who are not 
involved in the survey. These issues should be addressed before a survey 
is conducted, and appropriate informed consent must be obtained. 

This chapter has focused mostly on the potential utility of social sci-
ence surveys for complex trait gene discovery and validation. However, 
social science and biological or genetic research obviously influence and 
aid each other in a myriad of ways. For example, if a genetic factor is 
known to influence some human condition that is of interest in a particular 
social science survey, then genotyping this genetic factor may be of great 
help when attempting to identify other explanatory variables underlying 
the condition. Conversely, known environmental risk factors, including 
those detected and characterized in social science studies, should certainly 
be measured and accounted for in genetic studies attempting to identify 
novel genetic risk factors. After all, the vast majority of human traits are 
influenced by both genetic and environmental factors, and we should not 
let ignorance or dogma (including whether a study should still be called a 
social science survey if it also collects biological specimens) get in the way 
of using any relevant information to advance the research. 

From a more distant perspective, the overarching question regarding 
the use of genetic indicators in social science surveys is whether it is more 
useful to have a larger number of smaller and more specialized studies 
or fewer studies that are larger and more general. As is so often the case, 
the correct answer probably is “it depends.” 
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Overview Thoughts on Genetics: 
Walking the Line Between  

Denial and Dreamland, or Genes 
Are Involved in Everything, But Not 

Everything Is “Genetic”

Kenneth M. Weiss

“. . . You know what M. de Talleyrand said, ‘If you don’t know how to play whist 
you are laying up for yourself a desolate old age.’” 

Honoré de Balzac, Lost Illusions

The word “genetic” is used in different ways by different people 
or by the same people at different times. There are three basic 
meanings that should be kept clear. The application of “genetics” 

to social survey problems depends on which meanings are being used. 
Indeed, the concept of a gene itself is much more complex than protein-
coding, a fact that adds underappreciated nuance and complications to 
proper genetic studies. 

“Genetic” can refer to mechanism, that is, what genes do and how they 
work, a kind of stereotypic biology. When we refer to the fact that p53 is 
a gene involved in cell cycle regulation in the development of normal tis-
sue, we assume some generality in “normal” people or a standard assay 
system. “Genetic” is also a population concept that refers to the correla-
tion between phenotype variation and inherited variation in populations. 
Inherited variation in the p53 gene is associated with abnormal tissue 
architecture and cancer. Finally, “genetic” refers to somatic change that 
occurs postinheritance—due to mutation in individual body cells—when 
the changes are inherited by their descendant cells during development 
and later life (including aging). 

But somatic changes that don’t occur in the germ line are not inherited 
from parent to offspring. Genetics in the form of somatic mutation gen-
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erates variation in mechanism within individuals, and it is fundamental 
in the etiology of cancer and a few other diseases, probably including 
cognitive aging, and may have much greater importance than has yet 
been documented (Weiss, 2005a, 2005b). Somatic mutation in p53 affects 
individual cells that can transform to found a clone of cells that constitute 
a life-threatening cancer. Some somatic changes can in various ways affect 
gene expression rather than gene sequence itself, and these are known as 
“epigenetic” effects. A number of epigenetic mechanisms are known and 
new ones are rapidly being discovered.

The “genetic architecture” of a biological trait refers to the number of 
genes that contribute to it, the way those genes interact with each other 
and with the environment, their relative contribution to the trait, and the 
role of their variation on the trait. It involves all three aspects of genetics. 
The genetic architecture of traits in multicellular organisms, including 
human traits of any complexity, is far from completely known. Indeed, 
“complex” is in the eye of the beholder, and even “simple” traits turn out 
not to be so simple on close inspection (Scriver and Waters, 1999). Most 
human genetic epidemiology is largely black-box genetics that searches 
for statistical correlation between inheritance and trait, initially without 
knowing (or at the discovery stage even caring) about its mechanism. The 
situation is made more complex by the expanding definition of “gene” 
to recognize many functions beyond protein-coding, and these are still 
being discovered.

The genetic architecture of any trait is the product of its evolution. 
Evolution is the population-historic process that generates the genomes 
that construct or affect phenotypes. Evolution involves population size, 
mating patterns, chance, migration, geographic and social distribution, 
differential reproduction, and the like. The variation that results depends 
on mutation rates, the size of the mutation target (number and length of 
relevant genetic units in the genome), and the effects of reproductive fit-
ness (natural selection). These factors are mediated through demographic 
history. Evolution helps account for and predict the general trait patterns 
that we see today, and because humans are a globally distributed species, 
it is especially useful in explaining the amount and geographic distribu-
tion of genetic variation affecting human traits. 

The 20th century began with the recognition of Mendel’s work on 
the particulate (discrete-factor) nature of inheritance. Discretely varying 
(e.g., presence/absence) traits initially seemed inconsistent with the more 
prevalent quantitative variation (e.g., height, weight) seen in nature and 
that seemed to be the working material for evolution. But early in the 20th 
century it was realized that the combined action of many independently 
segregating particulate genes could, through combinatorial contributions, 
lead to a quantitative phenotype (to which environmental variation con-
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tributes as well). The key fact of that realization (as also noted elsewhere 
in this volume) is many to many causation: many different genotypes gen-
erate essentially the same phenotype. The genes, known generally as poly�
genes, have been modeled as a homogeneous mix of infinitely many genes, 
each with two alleles (variant sequence states) of equal frequency, that 
additively contribute dose-like effects to the trait. The genetic variation in 
such a model easily generates the typical Gaussian-like trait distributions 
in a population and the trait-value correlations among relatives, leading 
to a consistent, complete theory of both variation and inheritance. 

This was a fundamental finding, and it can be a lesson difficult to 
digest for anyone hungering for simple genetic solutions to their favorite 
traits. It implied that the genetic contributions could not be individu-
ally identified. Nonetheless, the basic ideas have been systematically 
confirmed with ever-increasing depth of understanding during the 20th 
century. Gene mapping (observational and epidemiological studies to 
identify genes affecting a trait of interest) and experimental studies have 
documented these basic points. However, recent genetic and evolution-
ary research has added important and well-replicated characteristics to 
the general picture, which dehomogenize polygenic causation to some 
extent. A considerable amount of data and evolutionary theory show that 
the distributions of (1) allele frequency, (2) effects of individual alleles on 
traits they affect, and (3) the effects of alleles on evolutionary “fitness” 
(natural selection) are skewed. Most alleles in a given gene and popula-
tion of inference have low frequency, small effect on traits, and small effect 
on fitness. Since the frequencies of the alleles at a locus must sum to 100 
percent, there cannot be too many with high frequency. Most known high-
frequency susceptibility alleles have small individual, probabilistic effects 
on risk and/or risks substantially mediated by the environment, broadly 
defined and usually only partly known. There is usually a substantial tail 
of generally rare, strong phenotypic, and/or major fitness effects. The 
clearest segment of this is the aggregate of lethal mutations, in which the 
effects are clear and essentially deterministic. The practical upshot is that 
many complex traits can be called “oligogenic” or “multilocus,” in that 
embedded in a polygenic background are at least some specific loci with 
alleles frequent enough and/or effects strong enough that standard meth-
ods can detect them with adequate sample design—and new instances 
are continually being reported. But what fraction of genetic architecture 
comprises this low-hanging fruit in relation to common disease risk is a 
contentious question. The definition of “common” is a moving target in 
the eye of the beholder, and a potential source of bias in interpretation, 
reporting, or accepting or rejecting study results. Such tractable alleles 
attract scientific, commercial, and media attention, can satisfy vested 
interests, and can drive sampling and analytic strategies to find them. 
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There are, of course, clear examples where alleles with substantial effect 
on disease are at relatively high frequency. 

Complicating matters is that genes typically harbor tens to hundreds 
or more alleles. Most variants are individually rare, so that a given copy 
of a gene may differ by only one or a few variants relative to the human 
genome reference sequence. Thus, polygenic contributions involve 
many genes as well as many alleles within each gene, each with its own 
population-specific frequency. And because we are diploid, the effects of 
this variation are genotype-dependent as well. 

Because each allele arises by new mutation in some specific indi-
vidual, most rare alleles are recent and geographically localized, and the 
more frequent the allele, the older and more geographically dispersed it 
tends to be. The frequency and/or presence of a given allele varies from 
place to place. The spatial gradient of frequency is affected by many sto-
chastic demographic factors, but it generally forms a correlation between 
geographic distance and genetic difference, which applies to individuals 
and hence to populations. These differences are important for medicine 
because patients in different populations have different distributions of 
variation related to a given disease. But the pattern of difference or simi-
larity is probabilistic and subtle, and distant individuals can be more 
closely related (more similar) at a given gene than individuals from the 
same population (Witherspoon et al., 2007).

The frequency of an allele and its effect on a given trait are commonly 
statistically confounded. This is because traits—like disease or behavior—
are often defined in terms of deviations from the mean (from normal), 
and so they can be rare almost by definition: if the frequency of an allele 
contributing strongly to such a state were common, the mean would be 
near that allele’s effect. An allele could be common in the population and 
still have a major effect if it results from diversifying selection, such as 
seen in the immune system, frequency-dependent selection that reduces 
fitness of any allele that becomes too common, or other demographic or 
selective situations of that type. Generally with such selection the trait 
distribution in the population is not unimodal. Sex and sex-related traits 
are examples. 

However, we don’t always measure a trait strictly from the mean 
but sometimes use some desirability standard, such as healthy versus 
diseased. Hypertension refers to blood pressure elevated enough to pose 
a presumed universal risk factor for cardiovascular disease per se, not 
simply relative to the average in the population. In other words, every-
one in the population is presumed to be at higher risk with higher blood 
pressure. Such traits can be common, as for example obesity is in the 
United States, and certainly genetic risk for obesity could be common. For 
example, it might be that archetypal human metabolism deposits fat and 
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calcium and so on, such that excessive consumption would elevate blood 
pressure in anybody regardless of genotype. Such a situation may involve 
genetic mechanism but not be mappable in observational research: if 
we all share the genetic mechanism, there may be insufficient or genetic 
variation contrasts that are too heterogeneous for statistical inference. This 
usually points to exogenous causal factors, like diet, and does not mean 
the trait is genetic in the sense that variation in genetic susceptibility is a 
major cause of variation in risk. Obesity and hypertension are extensively 
studied traits that are still not well accounted for genetically, but they fit 
the general many-to-many nature of the polygenic model.

Whether or not a variant affects fitness in the health sense, if it has 
had little effect on selective fitness (that is, on differential reproduction in 
the natural selection sense) its frequency in a population depends on the 
chance aspects of reproducing during its sojourn on the population, and 
hence it can have any frequency. It can be common and yet manifest major 
harmful effects if there has been a rapid change in environment, so that 
what was once benign or even helpful is deleterious in today’s environ-
ments. This may include many chronic diseases of modernization, like 
heart disease and diabetes. The new harmful effects can, but need not, 
also confer a new selective disadvantage to the allele.

These facts are all relevant to the objectives of this volume, and other 
chapters in this book consider them. They are entirely consistent with 
what we know about evolution and the mechanistic as well as demo-
graphic aspects of genetics. They are consistent with the tens of thousands 
of papers that have been published on the genetics of human disease, both 
of single-gene and of complex—multigenic—traits. They are consistent 
with what we know about behavior as well. These facts are easily docu-
mented on the web (e.g., OMIM or PubMed at http://www.ncbi.nlm.nih.
gov, and many other places). 

LEARNINg FROM THE FACTS

Strong, rare effects segregate in families according to the principles 
Mendel discovered in his pea plant experiments, because like Mendel’s 
carefully selected traits, the effects are closely tied to the action of indi-
vidual genes. They are replicable among relatives within and between 
families that carry and transmit them. They are the flags by which single-
gene diseases were mapped (that is, the gene’s chromosomal location 
identified so the gene itself could then be found in various ways). And 
they are the flags by which individual genes contributing substantially 
to quantitative traits (known as quantitative trait loci, or QTL) have been 
found. There are hundreds if not thousands of success stories, and map-
ping results based on a variety of study sizes and designs pour forth new 
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results daily, documenting the elements of causal genetic architecture that 
I have described (e.g., Wellcome Trust Case Control Consortium, 2007). 
Usually, however, once the gene is found, many more mutations are dis-
covered whose effects are too small to have flagged the gene in a mapping 
study, but the aggregate of these effects can be an important, subtle source 
of trait variation in the population (Weiss and Buchanan, 2003).

However, mapping studies typically account for only a fraction of 
the familial correlation or aggregation of risk. As one moves down the 
effect-size scale from strong toward weak, or up the frequency scale from 
rare toward common, the detectability of the genetic signal often reduces, 
due to a multiplicity of competing factors of similar strength or frequency, 
measurement error, and environmental factors. Replicability also declines 
for most of the lesser-effect signals. The farther along this spectrum one 
goes, the more tightly designed a study may have to be to characterize 
or even detect their individual effects, because they may be too small or 
too embedded in heterogeneous complicating factors like environments. 
A typical finding of the dehomogenization of polygenic risk concepts, 
referred to above, is that the more restricted or precisely focused the 
phenotype definition, the more “mappable” it is to identifiable loci or 
alleles, and vice versa. But then the results apply to only a small subset 
of the overall trait. This is the case for such behavioral traits as autism, 
schizophrenia, even Down syndrome and the like. 

A potential complicating factor is a third aspect of genetic causation 
mentioned earlier, that of somatic mutation. We don’t yet know how 
important this may be, but somatic mutation is probably responsible for 
cases of behavior disorders related to epilepsy and may be a sleeping 
giant in behavioral biology that will be silent until attacked explicitly, 
which is difficult to do with today’s technologies (Weiss 2005a, 2005b). 
The scope of epigenetic effects, including those on behavioral traits, is 
probably much greater than has been thought (Wong, Gottesman, and 
Petronis, 2005; Petronis, 2006).

The effects of a given allele (which may be defined as a single nucleo-
tide variant or a pattern of them on a single chromosome, known as a 
haplotype) usually have large variances. We know from many kinds of 
data, including from experimental animals, that this variance includes the 
effects of variation in the genomic background (the rest of the genome) 
of individuals with the same test variant, as well as the environmental 
context. 

Most of our functional genome involves genes whose action is to reg-
ulate the expression of other genes. Consequently, much or most genetic 
variation involves context, timing, and level of expression. These are quan�
titative aspects of gene function. Perhaps especially for chronic disease or 
age-related traits, genotype-specific effects are manifest as dose-response 
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effects on the age-specific hazard function, rather than proteins made 
dysfunctional by mutations that change their amino acid sequence.

Overall, to varying but not precisely known extents, about 30-60 
percent of the variance in most complex traits, including chronic disease, 
generally called the heritability, is due to aggregate effects of genetic 
variation that can be estimated statistically by familial aggregation of risk, 
monozygotic versus dizygotic twin contrasts, and other common mea-
sures. Family-based estimates are probably somewhat inflated because of 
undetected confounding between environmental and genetic correlations 
(various study designs, such as adoptee studies, are often suggested to try 
to disentangle these), so that heritability is a relative measure applicable 
to a particular sample or population. For example, the common practice 
of doing genetic studies on multiply affected families may help mapping 
significance, but at the expense of overestimates of risk (e.g., Begg, 2002; 
Terwilliger and Weiss, 2003). Nonetheless, despite the many important 
technical issues associated with heritability as an indicator, it seems indis-
putable that the overall genetic contribution to most traits is not trivial 
and often substantial. 

However, the substantial heritability of most traits can lead to a kind 
of mirage of genetic simplicity. Variation in mapped, specifically identi-
fied genes usually accounts for only a fraction, usually a small fraction, 
of the total amount of familial aggregation (and a consequently smaller 
amount of overall variation). This is because most of the heritable varia-
tion appears to be in the form of polygenic effects, whose aggregate is 
comprised of effects of numerous genes that are individually too small 
to be reliably or replicably mapped, or they will be mappable in one but 
not other populations or samples, because while genetic in the sense of 
inherited variation, in each individual they will be due to a different set 
of particular genetic variants. 

This substantial fraction of apparent genetic etiology is an epistemo-
logical mirage in the sense that its individual components cannot be iden-
tified with practicable samples or study designs. To a substantial extent, 
cases of the trait may be causally so heterogeneous, for reasons described 
above, that reductionist approaches may be impossible in principle, since 
they are based on the replicability of observation. These instances of the 
trait can be characterized as noninferrably genetic, that is, putatively caused 
by genetic variation but in a way that can’t be inferred with practicable 
or even achievable samples or sample sizes. Causal assertion in such 
instances may perhaps be true but may border on the mystic. 

Note also that heritability refers to the fraction of trait variance that 
is statistically accounted for by genetic variance. How they do it is an 
entirely separate question. Thus h2 = 0.40 doesn’t imply that 40 percent of 
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cases are caused by a gene (or even by an aggregate of genes) while the 
remaining 60 percent have nothing to do with genes. 

Matters are made more complex—and, importantly, more ephem-
eral—by the “environmental” contributions, a term I put in quotes because 
we typically know very little about them except in broad or aggregate 
terms (e.g., stress, excess dietary intake, etc.). This is a source of major 
frustration in biomedical genetics today, but it is the expectable product 
of evolution in which many genes contribute to complex biological phe-
notypes in contextually dependent ways, and natural selection is tolerant 
of variation (Weiss and Buchanan, 2003; Buchanan, Weiss, and Fullerton, 
2006a, 2006b).

I’ve tried to illustrate these points heuristically in Figure 12-1. The 
genetic objective is to predict outcome from inherited genotype. Part A 
shows a symbolic DNA sequence with several alleles in fonts proportional 
to their inherent effect on some trait of interest (inherent effect is a rather 
epistemologically dubious notion itself, but we’ll let it pass). Surround-
ing the sequence are representatives of the factors that interpose between 
inheritance at the time of fertilization and eventual outcome. Part B shows 
how these factors overlay each other during life and the consequent dif-
ficulty we should expect in reliably inferring the underlying sequence 

FIgURE 12-1 How darkly through a glass? 
(Left). At the center, an inherited genotype with nucleotide font size proportional 
to an assumed inherent effect. Around this are several contributing factors that 
intervene between the genotype and the effect. 
 (Right). An important objective of genetic epidemiology is to be able to infer the 
genetic cause through these layers.

FIGURE 12-1
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effects from the final phenotype. Each individual differs in these various 
components (e.g., their degree of transparency or grayness in this heu-
ristic), at least to some extent, even if we somehow know what they are 
and measure them accurately. The immediate genetic epidemiological 
problem, the inverse of the causal process itself, is to infer the underlying 
genotype from a sample of outcomes, and from that to be able to make 
risk predictions. The figure shows metaphorically why it is problematic 
to think that genes code “for” complex traits. 

A common strategy to pull the causal rabbit out of the uncertainty 
hat is meta-analysis, the aggregation of different studies. This approach 
is taken when existing studies vary widely in their conclusions or in their 
estimates of a putative risk factor, or it is thought that individual studies 
may have insufficient statistical power to detect a putative effect. Fre-
quently, as the aggregate study size increases, the net overall estimated 
effect (e.g., relative risk) becomes smaller. While some substantial effects 
have been confirmed by meta-analysis, it must be recognized that there 
has been a continuing flow of meta-analyses finding that what initially 
seemed to be clear-cut risk factors turn out to have less or no effect. Along 
with causal and sampling heterogeneity, a likely reason for the latter 
outcomes is the bias in the design of samples that are responsible for the 
initial findings, referred to above. It remains difficult to find the rabbit, 
or to determine if it is the same rabbit in different hats. This makes the 
assessment of risk very problematic, even for frank disease, for which, 
unlike many aspects of social behavior, there is no controversy about the 
desire for risk assessment or intervention. 

SNATCHINg vICTORy FROM FAILURE

We do not yet know clearly where on the spectrum from monogenic 
to polygenic control the genetic components of complex traits lie, and this 
clearly varies among traits and to some extent among different popula-
tions because of their different population history. 

There are two possible explanations for the frustration we have faced 
in attempting to dissect complex traits into their genetic and environmen-
tal causes or to identify the factors when they interact. Some think (or 
fear) that the traits of interest really do lie mainly toward the polygenic 
range of the etiological spectrum. Alternatively, others think (or hope) 
that such traits are more likely to be oligogenic (involve only a few major 
genes) and that the appearance of complexity is due to poor trait defini-
tion or identification of environmental factors that affect the phenotypic 
variance around a modest number of genotypes. 

An important point worth repeating is that there are strong reasons 
to view the genetic contributions as environmentally contextual. The 
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environment can be the physical, psychological, genomic, or ecological 
setting in which each genotype uniquely finds itself. It may be difficult or 
epistemologically impossible to separate out interacting factors, but we do 
have enough evidence from many known secular epidemiological trends 
that major changes in risk occur rapidly in populations whose gene pool 
is essentially unchanged, in traits with substantial heritability, and even in 
specific genotypes that are among the strongest and clearest of genetic risk 
factors, such as the major mutations associated with breast cancer (e.g., 
Begg, 2002; King, Marks, and Mandell, 2003). When environments are not 
known, not measured, or change unpredictably, risk estimation on which 
prospective intervention is based may be more art than science.

It is a sign of scientific victory, not failure, that we basically under-
stand the nature of the uncertainties I have described, even aspects of 
risk we know that we don’t know, or perhaps can’t know with current 
conceptual approaches. Could complex traits really be genetically simple 
but we’re missing something? That seems unlikely to be the general case, 
after the diversity of approaches that have been taken to the genetics of 
such traits. 

 Science should be guided by this victory of understanding rather 
than decrying it as a source of failure or distress because it doesn’t lead to 
a tidy reduction of causation to a manageable number of clear causal ele-
ments. Current knowledge raises the epistemological and methodological 
question of what to do in the face of a substantial fraction of polygenic 
control, rather than hoping, against the bulk of the existing evidence, 
that we can identify a large fraction of individual contributing genes 
with expensive technological fixes, such as more elaborate statistics, more 
extensive genotyping technology, and faster computers. 

DENIAL vERSUS DREAMINg

The substantial debate about the nature and extent of genetic control 
of complex traits becomes more heated when the subject is social or non-
pathogenic behavioral traits. Peoples’ views are inextricably tied to their 
social politics, whether that fact is stated or tacit. Many wish to deny that 
nature controls traits they would rather see as facultative, as manifesta-
tions of free will, or as avoidable by lifestyle and societal change. Genetic 
determinism is a threat to a person’s inherent value, something history 
shows that society can and often does abuse. 

Others take the opposite world view. Basically, they see the living 
world in selfish gene terms, as the genetically determined, materialistic, 
reducible results of inevitable molecular interactions. They view natural 
selection as prescriptive, so that our traits today have limited genetic 
variation and high genetic control, although usually offering politically 
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correct denials that they are not being genetic determinists or essential-
ists. But since natural selection affects only genes that determine a trait, 
Darwinian arguments are inescapably deterministic.

Where between these views—one denying genetic involvement in 
social behavioral traits, and the other dreaming of a simple causal world—
does the truth lie? From the mechanistic sense of “genetic,” behavioral 
traits, like any other traits, clearly involve genes. For behavioral traits, 
the mechanisms are likely to be very indirect, since genes don’t talk, rape, 
shudder, cheat, or decide what pensions to invest in. But the same is true 
of diabetes, since genes don’t eat, avoid exercise, etc. 

In addition to mechanism, we also have every reason to assume that 
genetic variation affects variation in essentially every trait, social behavior 
included. This doesn’t imply simple genetic architecture, however, and 
again, as with complex disease traits, behavioral phenotype correlations 
among relatives do not imply that environments or their nonlinear inter-
action with genes are unimportant, or the causal genes few. Each case 
will differ, and the central issues involve the degree to which the latter 
applies, and to which behavior, no matter what inherent “tendencies” we 
may wish to ascribe to it, is malleable by culture, just as we ask whether 
obesity is malleable by diet or exercise. The situation is clearly complex 
and heavily nuanced (Ryff and Singer, 2005). However, genetics is a par-
ticularly strong attractant in social behavior research these days, and it is 
important to try to understand why this might be.

Some nonscientific factors are at work, including subjective, sociopo-
litical, status, and desperational views (“nothing else is working”) that are 
widespread in behavioral and social science. Funding and other entirely 
human considerations lead genetics to have a strong gravitational attrac-
tion for research, not unlike a black hole in space. 

From a strictly scientific viewpoint, reductionist causation is conve-
nient, manipulable. That suits our technophilic, interventionist yearn-
ing for simple and hence reassuring explanations. A driving force is the 
familial aggregation of many serious pathological behavioral (psychiatric) 
traits, even when specific genes have not yet been found. Also, some 
specific genetic variation with statistical effects on the nature or risk of 
behavioral traits have been found, as mentioned by various chapters in 
this book. As with other disease traits, such findings fire enthusiasm for 
continued searching. But there is a tendency to extend these findings to 
nonpathological aspects of behavior—to search for genetic determinants 
of normal social interactions.

I think it is very instructive to recall that Durkheim and the other 
founders of social science knew that social structure is the emergent result 
of superorganic interactions, not specific genotypes (basically everyone 
can speak Chinese, eat with a fork, be a Hindu, etc.) and that social facts 
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exist, change, and are to be explained mainly in terms of their natural 
level of organization, that is, in terms of other social facts. Those social 
thinkers were only beginning and certainly didn’t get everything right, 
but they had the central idea. 

One way to see the point is perhaps to recognize that just because 
tallness (and its genetic basis—after all, stature is 90 percent heritable) is 
correlated with basketball, it does little to explain basketball. But a tech-
nophilic excitement over discovering the “basketball genes” that might 
account for the extremes of height, and so truly could account for a frac-
tion of what we know about contemporary basketball, would distract 
from the more challenging effort to understand the phenomenon itself. 
And assuming that some positions of today’s style of basketball are opti-
mally played by people with genes for tallness (in a rich nutritional envi-
ronment) would ignore the facts that basketball originated and flourished 
when most people were short and tall people were gawky, and the game 
can be played by people in wheelchairs.

The founders of social science wrote to resist the growing late 19th- 
century reductionist zeitgeist to explain culture in terms of psychology, 
and they were right. It remains relevant to ask what the scientific rationale 
is that leads social scientists today to hunger yet again for rescue by aliens, 
in this case molecular rescue by genes, another reductionist approach that 
is too far below the emergent level of the phenomena to fully explain 
them, and a diversion from trying to fix the problems in social science 
itself. 

Why would social scientists essentially abandon the notion that social 
facts are to be understood in their own terms and instead seek to reduce 
these facts to molecular terms? I think the attraction, when it is scientific 
rather than one of funding politics and the like, rests understandably on 
two basic, often implicit assumptions. 

First, a human being develops from a single cell, and all the informa-
tion in the cell that affects development is ultimately genetic. Children 
look like their parents, twins highly resemble each other, and rabbits 
never give birth to mice. Ergo, genes must determine traits. That’s genes 
as mechanism. Second is the idea that evolution occurs through heritable 
variation, and since natural selection molds variation adaptively, what 
we are must be what nature intended us to be, which is controlled by 
genes.

These premises are substantial but not complete truths. Many factors 
affect development, most traits of importance to this volume develop 
gradually with age and are context-dependent, stochasticities of countless 
sorts demonstrably affect biological processes and organisms. Natural 
selection is far more tolerant of diversity than one would gather from the 
melodramatic accounts of selfish genes and ruthless nature that one sees 
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in the media (and often in the literature itself). To a great extent, what 
behavior is, and evolved “for,” is assessing unpredicted and unclear situ-
ations and responding to them. Facultative responses cannot be too highly 
hard-wired. This should be especially true for humans, who are the social, 
facultative species par excellence. We should be trying to understand how 
that works, not to make it into its robotic opposite.

BIOETHICS

Relevant ethical issues go beyond the routine mechanics of informed 
consent, and these are especially complex and sensitive when applied to 
behavioral or social traits rather than outright disease. This is especially 
true when the causal epistemology is shaky. Genetic findings relate to 
the subjects involved but also give some information about their rela-
tives. Topics discussed in this volume concern genetic contributions to 
behavioral traits that may be ultimately related to aspects of health but 
only indirectly so. Behavioral genetic findings also apply to those that 
the subject interacts with. Knowledge that you are an inherent gambler 
or intolerant to stress can be relevant to the lives of your affinal relatives, 
work cohorts, neighbors, and the like, not to mention those who might 
wish to exploit your characteristics commercially in one way or another. 
Let’s look before we leap into prenuptial genetic testing to see who is 
genetically suited for the state of marital bliss, or to tolerate child abuse 
best (or provoke others to abuse them), or whether you’ll be a liberal or 
conservative.

When social behavior affects health, it can be a legitimate concern of 
the National Institutes of Health, but genetic variation cuts many ways. 
It is usually thought that genetic variation responds to the social context, 
but to a considerable extent it may be that genetic variation contributes to 
the construction of that context (Odling-Smee, Laland, and Feldman, 2003; 
Weiss and Buchanan, 2004). As a society, we even hungrily modify our 
behavior when we’re told what our genes make us do, changing the causal 
landscape on the fly. This is poorly understood territory that deserves 
more attention before leaping into assumptions of genetic causation.

An important ethical issue is informed consent. Subjects should be 
informed of the true nature of what can be psychologically or socially 
intrusive as well as physically invasive research, and also of its risks and 
benefits, many of which one might only be able to guess at. Informed con-
sent should be frank and clear, and testing should be done to ensure that 
subjects understand that the investigators are going to be trying to find 
genetically inherited reasons why they are without adequate pensions, 
poor, poorly paid, divorced, bad investors, or whatever. Geneticists are 
aware of the damage that some of their work on disease per se can do if, 
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for example, confidentiality is breached. Employment, insurance, or other 
forms of discrimination can result. While known abuses may be rare, in 
the information age the increasing potential for unauthorized data trans-
fer keeps these issues on the table, and society’s guardians should always 
press legislators to ensure that the laws keep up. Probably the greatest 
risk is in the damage that could be done to people by screeners who don’t 
understand, but make decisions based on, the problematic probabilism 
of most genotypic risk assessment. What does informed consent actually 
inform study subjects of?

What do we intend to do with the information we’ll collect on genetic 
variation and behavior? Even at the individual level, discussion quickly 
slides from abstract investigation to the topic of intervention and preven-
tion. We should acknowledge our historical and clearly resurgent ten-
dency to extend from the individual to the group, which usually includes 
racial categorization. There is often a disclaimer that a given kind of social 
genetics is just exploration of the nature of nature, to build models of basic 
mechanism that can’t be done through mouse experiments, and that the 
work is not intended to identify individuals for policy reasons, nor is 
understanding mechanism necessarily a step toward genetic determinism 
in the variation sense. But read carefully: do the same authors—even the 
same paper—eventually relate their findings to points of intervention? 
Intervention by whom, and at whose discretion? 

Behavioral genetic studies often categorize groups, such as with/
without a test genotype, male/female, or by “race” and report statisti-
cally significant differences in some measured outcome. Even when the 
p-values are convincing and the result replicable, the actual differences 
are often very modest. Yet focus is naturally drawn to the “significant” 
mean difference and away from the variance and the much greater over-
lap between categories. A focus on the mean has potential for unintended 
social interpretation. Are women different from men in, say, spatial or 
mathematical ability? Does one “race” have a higher IQ than another? 
And how sensitive are the distributions to environment? These questions 
can easily be given less attention than they deserve, because they are less 
newsworthy and more problematic.

From the late 1800s through the end of World War II, developed soci-
eties experienced many aspects of eugenics. The nominal purpose was 
beneficent, to prevent the human species from deteriorating by accumu-
lating too much defective genetic variation. This was an obvious extension 
of Darwinian value judgments, since society has always to some extent 
or other cared for those in need. But the new idea was the notion that 
modern society protected the unfit in a deeper evolutionary sense when 
it allowed them to reproduce. Genetic knowledge can identify harmful 
variants, and they can thus be eliminated. 
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Eugenics deservedly became a dirty word and is easy to confuse with 
attempts to help those with life-limiting impairment. Individual eugenics 
is also routine and voluntary. It is eugenic for parents to decide whether to 
have children who inherit variation from them that might lead to disease, 
or to select the sex of their next child, or simply to pick mates with traits 
they like. Screening for deleterious genetic variation by amniocentesis, 
and other means, is possible for many different traits, and when the trait 
is clearly devastating and clearly genetic, as in Tay Sachs disease or thalas-
semia, this may not be controversial. But the definition of “harmful,” or 
the threshold of acceptable harm can open a slippery slope of subjective 
judgment, especially when the causal epistemology is weak. 

What about selective abortion based on genetic results for behavioral 
traits? How undesirable a behavioral trait might be involves subjective 
judgments or values, which can delve into senses of personal worth, 
and there are countless ways in which societal discrimination could be 
imposed on those deemed inherently less worthy. The potential to inter-
pret culturally defined worth as being what was mandated by our his-
tory of natural selection (and hence “good”) is a deterministic Darwinian 
excess to which there is great temptation. 

 I invite readers who think this isn’t dangerous and that we could 
never plausibly revisit the venomous abuses into which the eugenic 
movement morphed—that fed the Nazi era in Europe—to read some of 
the eugenic and human genetic literature of the time (e.g., the main source 
on human genetics for 20 years is Baur, Fischer, and Lenz, 1931, or see 
Proctor, 1989; Carlson, 2001). Filter out dated terms and knowledge and 
you will see that the logic is remarkably similar to what is being widely 
offered today. Eugenic societal policy, racial hygiene, scientific racism, 
and social Darwinism were propounded by respected scientists, often the 
leading scientists, and often in the name of medicine. The traits of interest 
then have uncanny resemblance to the targets of social and behavioral 
genetics now. 

What starts as “objective” and disinterested study of the facts of life as 
they are in the raw can lead even well-meaning scientists to accommodate 
for self-interested reasons to policies that are directly harmful, or even 
horrific, for many people. What may be benign in normal times turns ugly 
in societies under stress. To think that those days are over is to be oblivi-
ous not just to history but to trends in our own society today. Feelings 
are heated and opinions sharply divided when it comes to how, when, 
or whether to study what is “in our genes” regarding heavily culture-
dependent aspects of human life and behavior. The risk of societal abuse 
may be small, but it can’t be said to be zero. It’s inappropriate to dismiss 
these concerns as “just political.” This kind of science is by its very nature 
inherently political: social behavior is politics.
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CONCLUSION

A character in Balzac’s Lost Illusions says that “ideas are bipolar.” He 
means that clever people can find ways to argue opposite points of view 
from the same data. So far as we understand it today, the genetic archi-
tecture of diverse traits has the characteristics I’ve outlined above. I have 
tried to show why it has been so difficult to identify in specific genetic 
terms more than a modest fraction of the control and variation of complex 
traits or even of their familial aggregation. 

Work presented in this volume is consistent with that characteriza-
tion. There are positive findings that may help in the understanding of 
genetic mechanisms affecting social behavior, but even classic examples 
of success, like ApoE, have subtleties that may be important to take into 
account. Extensive data from research on complex disease traits, which 
one might think would be more tractable than behavioral traits, suggests 
that a lot of effort, time, distraction, and resources will be committed 
to chasing down false positive results if the studies are not properly 
designed to detect genetic factors or if due attention is not paid to temper-
ing results. Given the subtleties of environments in the social-behavioral 
context, really good design may be hard to come by.

Balzac’s epigram at the beginning of this commentary illustrates the 
bipolar nature of ideas. It’s relevant at this stage to keep them in mind. 
Some people may be born with a propensity to gamble at cards, but that 
propensity may only be enabled under peer pressure, and peer pressure 
is a societal structure that can coerce resistant genotypes to gamble as 
well. Is the cause of the economic disaster of a desolate old age, with its 
negative health consequences, in the gamblers’ genotypes? The gambling 
system? In the causes of the peer pressure? Or lack of societal guarantees? 
To build genetic essentialism carelessly into our thinking is to gamble 
with everyone’s future.
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Minimally Invasive and Innovative 
Methods for Biomeasure Collection in 

Population-Based Research

Stacy Tessler Lindau and Thomas W. McDade

A new laboratory for health research has emerged at the inter-
section of the social and biomedical sciences. Sociological, 
demographic, and economic inquiries that have traditionally 

relied on self-reported health data are increasingly complemented 
by objective physical measures at the individual level. Biomedical inves-
tigations constrained by biases derived from clinic-based samples can 
now pursue questions about health disparities between social groups 
and about mechanisms linking social conditions to health and disease. 
Data from large probability samples can also provide valuable reference 
data for clinical diagnosis. Broad advances in information and biomedi-
cal technology, combined with emphasis on interdisciplinary research 
from the National Institutes of Health (2005), the National Academy of 
Sciences (2004), and others, have given momentum to new approaches 
to primary collection of individual-level health data that span subjec-
tive and objective social, health, and biophysiological domains. Hybrid-
ization of gold standard social science methodologies with minimally 
invasive techniques for biophysiological data collection in the home or 
in vivo defines a new frontier for health research. 

In large part, these advances derive from rich traditions of field-based 
research that have valued the integration of multilevel data toward an 
understanding of human health and development. In the last several 
years, anthropometric measures (e.g., height, weight, waist and hip cir-
cumference) have replaced self-report or subjective estimates in many 
population-based studies and have proven highly clinically relevant. 

���
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Similarly, clinical measures, such as blood pressure sphygmomanometry, 
spirometry, and bone densitometry, have been successfully incorporated 
into epidemiological and other population-based health research. Inves-
tigators seeking to incorporate biophysiological measures must regularly 
choose between tried and true measures with established validity, reli-
ability, and predictive power and experimental or cutting-edge measures, 
such as those that may have unknown clinical utility or are newly adapted 
to home-based collection procedures. 

For this reason, in our review of innovative biophysiological methods 
suitable for population-based research, we include (1) methods with a 
track record of successful implementation in population-based research, 
(2) established clinical methods amenable to use in population settings, 
and (3) emerging and experimental methods with promise for future 
population research. This review is oriented toward experienced popu-
lation researchers with interest in health but with limited experience in 
the collection of objective measures of biological function. We emphasize 
procedures and rationale for collection of biological measures that can be 
reasonably implemented in field settings and that can be meaningfully 
integrated with survey research. 

ISSUES IN THE APPLICATION OF  
MINIMALLy INvASIvE METHODS

Biological measures collected in the population setting can include 
direct measures of physical or physiological characteristics (e.g., hip cir-
cumference, blood pressure), functional testing (e.g., cognitive function, 
balance, grip strength), or collection of specimens that require laboratory 
processing in order to generate analyzable data. Such data may also be 
generated via experimental design (e.g., neuropsychiatric or olfactory 
testing). In traditional survey research, such constructs are approximated 
using self-report or subjective assessment by the study subject or the data 
collector (or both). 

Translation of clinical or other laboratory methods for data and 
specimen collection to the population setting can occur by replication 
or adaptation. For example, investigators may choose to replicate the 
clinical encounter by sending a clinician, nurse, or phlebotomist to the 
home to conduct a physical examination or venipuncture for blood, or to 
bring participants into a mobile clinic close to where they live or work. 
Alternatively, adaptation of clinical or experimental laboratory methods 
using minimally invasive strategies and nonmedically trained interview 
personnel may enhance the feasibility of data collection and prove more 
cost-effective (Rockett, Buck, Lynch, and Perreault, 2004). Furthermore, 
the thrust for minimal invasiveness in population-based health research 
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encourages technological innovation (e.g., development of easily portable 
medical equipment, adaptation of venous blood assays for use with dried 
blood spots) that may contribute to improvements in clinical medical 
services, particularly in remote and resource-poor areas. Data from the 
largest ongoing population-based health study in the United States, the 
National Health and Nutrition Examination Survey (NHANES), uses a 
replicative approach (e.g., state-of-the-art mobile clinics) and provides a 
wealth of gold standard measures against which adapted methods can 
be benchmarked. 

As with any survey measure, several key considerations should guide 
decisions regarding implementation and application of biomeasures in 
population research. Test performance characteristics, such as reliability, 
validity, sensitivity and specificity, in combination with information about 
the expected distribution of the measure of interest in the population, 
require close attention. Issues particularly relevant to biological measures 
include the relationship of the instrument and measure to the clinical or 
laboratory gold standard, focused training of data collectors who may 
have limited experience with these methods, and quality control at the 
levels of data collection, transportation, and sample analysis. Changes 
in the availability of instrumentation and laboratory reagents may pose 
challenges for comparability across time and studies. Knowledge about 
the physiological and biological mechanisms pertinent to the system of 
interest, as well as variations in these across populations, is critical; this 
informs the sample design and size, timing, interpretation, consider-
ation of relevant confounders, and the full range of environmental and 
contextual factors that may influence the measure and the process of 
measurement. 

In the context of population-based research, several criteria must 
be met in order to achieve the goals of minimal invasiveness (Box 13-1). 
Minimally invasive methods aim to minimize burden to and maximize 
the safety of research subjects and data collectors and to contain research 
costs (York, Mahay, and Lindau, 2004; Mack, 2001). 

BIOMEASURES AND TECHNOLOgIES WITH ESTABLISHED USE 
IN THE POPULATION SETTINg

Anthropometrics

External measures of physical dimensions can be used to assess body 
size and composition as indicators of energy balance and nutritional his-
tory (Gibson, 2005; World Health Organization, 1995). Anthropometric 
measures can be performed quickly with portable equipment at minimal 
cost and therefore represent a set of objective health measures with low 
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BOX 13-1 
Principles of Minimal Invasiveness in  

Population-Based Biomeasure Collection

 1.  Compelling rationale: high value to individual health, population health, or 
scientific discovery.

 2. In-home collection is feasible.
 3. Cognitively simple.
 4.  Can be self-administered or implemented by single data collector during a 

single visit.
 5. Affordable.
 6. Low risk to participant and data collector.
 7. Low physical and psychological burden.
 8. Minimal interference with participant’s daily routine.
 9. Logistically simple process for transport from home to laboratory.
10. Validity with acceptable reliability, precision, and accuracy.

barriers to implementation. The availability of standardized methods 
and reference data improve the precision, reliability, and comparability 
of these measures (Lohman, Roche, and Martorell, 1988). 

Commonly obtained anthropometric measures include height and 
weight, as well as circumferences and skinfold thicknesses taken from 
various locations on the body (Lohman et al., 1988). Raw measures are 
often converted to indexes or compared with age- and sex-specific refer-
ence values. For children, particularly in low-income settings, standard-
ized scores for height-for-age, weight-for-age, and weight-for-height have 
long been used to identify short- and long-term growth faltering that 
increases risk for subsequent morbidity and mortality (World Health 
Organization, 1995). With growing awareness of an impending epidemic 
of overweight/obesity—both in the United States and internationally—
body mass index (BMI, also called Quetelet’s index; weight in kg/height 
in m2) is frequently used as a tool for assessing weight relative to height 
in both children and adults. 

However, BMI cannot differentiate lean tissue weight from weight 
due to body fat, nor does it reveal the pattern of fat distribution (e.g., 
central versus peripheral) that may be more predictive of disease risk. 
Waist-to-hip ratio, waist circumference, and strategically placed skinfold 
measurements provide more direct indicators of the quantity and dis-
tribution of fat and have therefore been implemented in a large number 
of epidemiological studies (Gibson, 2005). Better estimates of body fat 
also allow more accurate determinations of lean mass, which may have 
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implications for bone loss and glucose metabolism. Recently leg length 
in adulthood has received attention as a potential indicator of nutritional 
quality in early childhood, when leg growth is most rapid and may 
be compromised by adverse environments (Wadsworth, Hardy, Paul, 
Marshall, and Cole, 2002). 

More precise estimates of fat-free mass, fat mass, and relative body 
fat can be obtained through biological impedance analysis (BIA), using 
portable instruments that measure the impedance of a small electrical cur-
rent passed through the body (National Institutes of Health, 1996). Com-
puterized tomography, magnetic resonance imaging, and dual energy 
X-ray absorptiometry (DEXA) provide highly precise measures of body 
composition in clinical and laboratory settings, but they are too costly 
and cumbersome for field settings. However, relatively portable DEXA 
and ultrasound densitometry instruments have been successfully used 
in community settings to measure peripheral bone mass as a predictor of 
fracture risk (Andersen, Boeskov, Holm, and Laurberg, 2004; Wear and 
Garra, 1998).

grip Strength

Several population-based studies, particularly studies on aging, have 
incorporated measures of hand grip strength as a biomarker of general 
muscle strength. Grip strength offers a relatively simple, minimally inva-
sive measure of motor performance that has been shown to correlate with 
health status and a variety of health outcomes, including general physical 
function, bone density, mobility, and long-term mortality (Schaubert and 
Bohannon, 2005; Bohannon, 2001). Early work using grip strength in a 
French population study demonstrated progressive loss in strength with 
age (Clement, 1974).

Handheld dynamometry has been used as a research tool since 
1916. In a thorough review of the technology, four classes of instruments 
commonly used for measuring grip strength in the clinical setting are 
described: (1) hydraulic dynamometers, (2) sphygmomanometers, (3) the 
vigorimeter (manometer with tubing and rubber ball), and (4) computer-
ized dynamometry (Shechtman, Gestewitz, and Kimble, 2005). Hydraulic 
dynamometers, adapted from the gold standard Jamar™ dynamometer 
developed in 1954, have been the most widely used instrument in the 
population setting. This instrument uses a hydraulic mechanism to regis-
ter static grip strength in pounds (kilograms) of force and is manufactured 
in portable, handheld models. Although protocols vary, testing typically 
involves two or three repeated trials of hand contraction separated by 
periods of rest with the subject in a comfortable seated position (for clini-
cal protocol detail, see Shechtman et al., 2005). 
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Related measures that have been successfully used in population 
studies include lower extremity dynamometry, body weight, body mass 
index, chair stand, and timed-up-and-go (Schaubert and Bohannon, 2005). 
Computer-based, portable dynamometry for hand grip, pinch strength, 
and lower extremity strength may significantly enhance measurement 
and ease of integration with survey data collected in population studies.

Accelerometry

Physical activity is a central part of energy balance, but it is difficult to 
measure through self-report methods. Accelerometry provides objective 
measures of the frequency, intensity, and duration of physical activity in 
everyday settings (Crouter, Clowers, and Bassett, 2006; Chen and Bassett, 
2005; Welk, Schaben, and Morrow, 2004). Several watch-sized monitors are 
commercially available and are worn on the wrist, ankle, or waist. These 
monitors record acceleration of the body in one, two, or three dimensions 
and collect data for hours, days, or even weeks at a time. Some units have 
event markers, as well as light and temperature sensors. Data on accel-
eration events per unit time are downloaded and analyzed to provide 
estimates of physical activity and energy expenditure. At this point, data 
reduction algorithms are not standardized, and different approaches have 
significant implications for outcome variables (Masse et al., 2005). 

Accelerometry has been widely used in the exercise sciences and 
is increasingly applied to research on obesity and sleep (Treuth, Hou, 
Young, and Maynard, 2005; Ancoli-Israel et al., 2003; Yngve, Sjöström, 
and Ekelund, 2002). An accelerometry module was added to NHANES 
in 2003. Heart rate monitoring has also been successfully used in field 
settings to measure physical activity and energy expenditure (Wareham, 
Hennings, Prentice, and Day, 1997; Leonard, Katzmarzyk, Stephen, and 
Ross, 1995), and improved estimates may be possible with the integration 
of accelerometry and heart rate data (Strath, Brage, and Ekelund, 2005).

Dried Blood Spots

Population-based health research often seeks to define the reciprocal 
effects of health and sociodemographic factors. Until recently, the mea-
surement of biological measures in blood specimens was the exclusive 
domain of clinical or laboratory research. Many key biomarkers of health 
and physiological function are accessible only through serum or plasma, 
but venipuncture is a relatively invasive procedure that has served as 
an impediment to the application of biomeasures to population-level 
research. Dried blood spots—drops of capillary whole blood collected 
on filter paper following a simple prick of the finger—represent a viable 
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alternative to venipuncture and have recently been incorporated into a 
number of population-based studies. Table 13-1 summarizes the range of 
analytes currently being measured in blood spots among these studies. 
For additional information, see McDade, Williams, and Snodgrass (2007). 
This follows on the success of previous applications in remote settings 
internationally, including lowland Bolivia, Samoa, Kenya, Papua New 
Guinea, and Nepal (McDade et al., 2005; Shell-Duncan and McDade, 2004; 
Panter-Brick, Lunn, Baker, and Todd, 2001; McDade, Stallings, and Worth-
man, 2000; Worthman and Stallings, 1997).

Sample collection is relatively straightforward, and can be imple-
mented by nonmedical interviewers: (1) the participant’s finger is pricked 
using a sterile, single-use disposable lancet; (2) up to five drops of blood 
are spotted onto filter paper; (3) samples are allowed to dry (four hours 
to overnight); and (4) they are shipped via express or standard mail to 
the laboratory for freezer storage (most analytes are stable in dried blood 
spots at normal room temperatures for at least two weeks). A small disc 
of dried whole blood is punched from the filter paper blood spot and is 

TABLE 13-1 Recent Applications of Dried Blood Spots (DBS) in 
Large Population-Based Studies 

Study N Biomarkers in DBS

Great Smoky Mountains Study 1,071 Androstenedione, DHEAS, EBV 
antibodies, estradiol, FSH, LH, 
testosterone

Health and Retirement Study 7,000a CRP, HbA1c, total cholesterol, 
HDL

Los Angeles Family and Neighborhood 
Survey 

5,000a CRP, EBV antibodies, HbA1c, 
total cholesterol, HDL

National Longitudinal Study of 
Adolescent Health 

17,000a
CRP, EBV antibodies, HbA1c

National Social Life, Health, and Aging 
Project 

1,945 CRP, EBV antibodies, HbA1c, 
hemoglobin

Work and Iron Status Evaluation 18,000 CRP, transferrin receptor

Tsimane’ Amazonian Panel Study 600b CRP, EBV antibodies, transferrin 
receptor, leptin

aProjected; final plans for analyses are to be determined.
bPanel study; 3 waves of dried blood spots.
NOTES: DHEAS = dehydroepiandrosterone sulfate; EBV = Epstein-Barr virus; FHS = follicle 
stimulating hormone; LH = luteinizing hormone; CRP = C-reactive protein; HDL = high-
density lipoproteins; HbA1c = hemoglobin A1C.
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placed in solution to create a sample of reconstituted blood, analyzable in 
a similar manner as a serum or plasma sample. Since these filter papers 
were originally developed to facilitate the collection of blood samples 
from neonates as part of an ongoing national screening program, they are 
certified to performance standards for sample absorption and lot-to-lot 
consistency (Mei, Alexander, Adam, and Hannon, 2001). 

Protocols for over 100 analytes have been validated, including 
important indicators of endocrine, immune, reproductive, and metabolic 
function, as well as measures of nutritional status and infectious dis-
ease (McDade et al., 2007). Many of these biomarkers have been applied 
clinically and may be used in survey research to determine risk for the 
development of disease or to gain insight into the impact of psychosocial 
or behavioral contexts across multiple physiological systems. Recent inno-
vations in immunoassay technology now make it possible to simultane-
ously quantify multiple analytes in one sample, rather than measuring 
one analyte at a time (Bellisario, Colinas, and Pass, 2000).

Advantages of dried blood spots include the minimally invasive sam-
ple collection procedure, simplified field logistics associated with sample 
processing, transport, and storage, and long-term stability under freezer 
storage that allows for future analyses as new biomarkers of interest, such 
as genetic markers, emerge (McDade et al., 2007). Disadvantages derive 
primarily from the fact that biomarker measurement in serum or plasma 
represents the gold standard in clinical assessment. Protocols must there-
fore be validated specifically for use with dried blood spots, and results 
may not be directly comparable with serum or plasma methods. In addi-
tion, the relatively small quantity of sample collected with blood spots 
may be an insurmountable limitation for some analytes that require large 
volumes of blood.

Urine

Among biospecimens amenable to home collection, urine provides 
a relatively simple platform for a very wide array of analyses. These 
include measures of renal, neuroendocrine, and sex hormone function, 
urine chemistry and cytology, nutritional measures, human chorionic 
gonadotropin (pregnancy hormone), microbes including sexually trans-
mitted agents (e.g., chlamydia, N. gonorrhea, trichomonas, HIV) uro-
pathogens, toxic substances, drugs, and drug metabolites (Rockett et al., 
2004). Assays for the measurement of reproductive hormones or neuroen-
docrine metabolites commonly require collection of multiple urine voids 
over time (e.g., overnight, 12- or 24-hour periods, or daily) and sometimes 
involve food restriction, but most other assays can be performed on a 
single urine specimen. For some assays, and with younger participants, 
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a first morning specimen can approximate an 8-12 hour multiple void 
collection. Measurement of urinary creatinine, a metabolic correlate of 
muscle mass that is normally found in relatively constant concentrations 
in urine, can be used to adjust for variability in urinary volume and con-
centration (Garde, Hansen, Kristiansen, and Knudsen, 2004; Naranayan 
and Appleton, 1980).

In addition to data obtained via laboratory processing, physical char-
acteristics of urine, such as color, odor and temperature, can be useful. 
Urine temperature measured via an adhesive thermometer strip applied 
to the specimen cup can provide a close approximation of core body 
temperature. Decisions about specimen collection media depend on the 
volume of urine to be collected, the desired assays, and transportation 
issues. 

In most cases, urine is collected in plastic specimen cups or jugs. 
However, innovative collection methods include filter paper, diapers, and 
commode collection pans. Although filter paper collection is limited by 
the paucity of validated assays, further development could substantially 
improve ease of transportation and storage. For most assays, urine must 
either be refrigerated or frozen within two hours (Simerville, Maxted, and 
Pahira, 2005) of collection and therefore requires cold storage or packag-
ing. This method has been widely used and found acceptable in popula-
tion studies with younger and older samples, men and women, and in a 
variety of cultural settings (Auerswald, Sugano, Ellen, and Klausner, 2006; 
Zheng et al., 2005; Serlin et al., 2002; Wawer et al., 1998). Cell-free genetic 
information (DNA molecules) may also be obtained and amplified from 
urine specimens (Botezatu et al., 2000). 

Saliva

For many biomarkers, saliva is an attractive alternative to blood sam-
pling since collection is noninvasive and can be successfully performed 
by participants in their homes or as they go about their normal daily 
routines. Furthermore, many assays that can be collected via blood can 
also be obtained from saliva. Repeat sampling is possible, and saliva can 
be collected from infants and children with minimal difficulty. Most ana-
lytes are stable at room temperature for up to a week—much longer for 
some analytes and collection devices—and saliva samples can therefore 
be stored and shipped without refrigeration for limited periods of time 
(Hofman, 2001). For these reasons, biobehavioral research has a track 
record of success with saliva sampling, both in experimental and natu-
ralistic settings (Nepomnaschy et al., 2006; Gunnar and Donzella, 2002; 
Beall et al., 1992).

Assays for physiological indicators of stress, immune function and 
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infectious disease, reproductive function, and drug use have been vali-
dated for use with saliva (Hofman, 2001; Granger, Schwartz, Booth, and 
Arentz, 1999; Nishanian, Aziz, Chung, Detels, and Fahey, 1998; Kirschbaum 
and Hellhammer, 1994; Ellison, 1988). In most cases, salivary measures are 
of value only if they reflect circulating concentrations in serum. This may 
be an insurmountable obstacle for some analytes. For others (e.g., steroid 
hormones), concentrations in saliva are free of binding proteins and may 
provide a better estimate of the active fraction in circulation (Vining, 
McGinley, and Symons, 1983). 

Despite the noninvasive nature of saliva sampling, there are a number 
of important issues in the collection and processing of saliva that may 
significantly affect assay results. For example, concentrations of some ana-
lytes are affected by salivary flow rate, as well as contamination of saliva 
with blood or food (Kivlighan et al., 2004; Kugler, Hess, and Haake, 1992). 
The use of oral stimulants to promote saliva production and the absorption 
of saliva into cotton rolls to facilitate sample collection have been shown 
to modify assay results for some, but not all, analytes (Shirtcliff, Granger, 
Schwartz, and Curran, 2001; Schwartz, Granger, Susman, Gunnar, and 
Laird, 1998). The composition of the containers (e.g., glass, polystyrene) 
in which saliva is collected and stored can also affect some results and 
should be evaluated for each analyte (Ellison, 1988). These issues, as well 
as the application of different laboratory protocols, can lead to difficulties 
in interpretation and comparison across studies (Hofman, 2001). 

Currently, salivary cortisol is frequently measured in naturalistic set-
tings as a biomarker of stress, reflecting activation of the hypothalamic-
pituitary-adrenal axis (Adam, 2006; Cohen et al., 2006; Kirschbaum and 
Hellhammer, 1994). Normal diurnal rhythms in cortisol production pro-
vide the opportunity to investigate concentrations at different times of 
day, patterns of change across the day, and overall levels of cortisol expo-
sure. However, this variation poses significant challenges to measure-
ment, with little consensus on sampling protocols beyond recognition of 
the importance of collecting multiple samples per day, preferably across 
multiple days. The timing of sampling is critical, particularly in the morn-
ing, and some studies have used timers or tracking devices to ensure 
compliance with collection protocols (Broderick, Arnold, Kudielka, and 
Kirschbaum, 2004).
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TRANSLATION OF ESTABLISHED CLINICAL TECHNOLOgIES 
TO THE POPULATION SETTINg

Ambulatory Electrocardiogram

Holter monitors provide the possibility of measuring heart rate vari-
ability continuously as participants go about their normal daily activi-
ties. A compact monitor is worn on the waist or over the shoulder, and 
electrodes attached to the chest record heart rate activity for 24 to 72 
hours. Analysis of electrocardiogram data can be used to assess cardiac 
arrhythmias and vagal tone, both of which have been analyzed in rela-
tion to psychosocial factors and cardiovascular risk (Cacioppo, Tassinary, 
and Berntson, 2000; Kawachi, Sparrow, Vokonas, and Weiss, 1995). Holter 
monitoring is widely used clinically and has considerable potential for 
population-based research.

Spirometry

Pulmonary function testing is a mainstay of pulmonary medicine 
and plays an important role in the monitoring of such common diseases 
as asthma and obstructive pulmonary diseases. Spirometry has been 
used in several population studies, providing measures of lung volume 
(e.g., forced expiratory volume in one second or FEV1), and expiratory 
flow (e.g., peak expiratory flow or PEF), as well as estimates of lung 
capacity (e.g., forced vital capacity or FVC).

More recently, spirometry has been incorporated into home-based 
studies as an indicator of vitality or disability and has been found to be a 
useful predictor of functional status and decline in the elderly. Data from 
large, population studies demonstrate that reduced lung function as mea-
sured by FEV1 is associated with systemic inflammation (e.g., elevated 
C-reactive protein) and cardiovascular mortality independent of smoking 
(Sin, Wu, and Man, 2005), and it may be an independent predictor of long-
term mortality (Schunemann, Dorn, Grant, Winkelstein, and Trevisan, 
2000). A variety of portable spirometry devices are available, including 
handheld peak flow meters and computer-based devices (most clinical 
centers in developed nations use computerized spirometry). Interpreta-
tion of spirometry data for diagnostic purposes requires comparison with 
an appropriate reference group. An excellent review provides spirometry 
testing and interpretation standards as well as an overview of available 
equipment (Ruppel, 1997). Data from NHANES III provide clinic-based 
spirometry reference values for whites, African Americans, and Mexican 
Americans ages 8-80 (Hankinson, Odencrantz, and Fedan, 1999). 

Evaluation of portable spirometers against laboratory spirometry 
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shows acceptable agreement (Ezzahir, Leske, Peiffer, and Trang, 2005; 
Korhonen, Remes, Kannisto, and Korppi, 2005; Mortimer, Fallot, Balmes, 
and Tager, 2003; Koyama, Nishimura, Ikeda, Tsukino, and Izumi, 1998), 
but poor intermodel agreement (Koyama et al., 1998). This implies that 
longitudinal studies using peak flow meters should avoid changing meter 
models from one wave to another and highlights the importance of work-
ing with an established and reliable proprietor. Use of spirometry or 
peak flow meters in population research, particularly with nonmedically 
trained interviewers, requires careful training and a very detailed proto-
col. Similar to Holter monitoring, development of portable spirometers 
that have the capacity for longitudinal data storage and phone or com-
puter line transmission (i.e., telemetry) may facilitate longitudinal home-
based data collection (Giner and Casan, 2004; Wagner et al., 1999).

Hearing

Technological advances have significantly facilitated the transfer of 
audiometrics from the clinical to the population setting; in the near future, 
handheld and laptop-based platforms for hearing testing are likely to 
replace gold standard audiometry equipment even in clinical settings. 
For population studies, integration of audiometry software with laptop-
based questionnaires may significantly enhance ease of implementation. 
Hearing testing has been widely used in population studies, particu-
larly with older adults (e.g., NHANES, Sin et al., 2005) and the Leiden, 
Netherlands, 85+ Study (Gussekloo, de Craen, Oduber, van Boxtel, and 
Westendorp, 2005). Self-report is a poor indicator of hearing function 
(Newman, 1990).

Several minimally invasive instruments are currently available for 
hearing testing. The most widely used is the portable audiometer, a hand-
held device that performs physiological audiometry. A hybrid device, the 
audioscope, combines audiometry with an otoscope (allowing for direct 
inspection of the ear canal and tympanic membrane). Portable audiom-
etry in the frequency ranges of human speech (between 500 and 4,000 Hz 
at 25-40 dB) demonstrates excellent sensitivity against the gold standard 
(pure tone audiometry with sound booth isolation) and good specificity, 
but because it provides a physiological rather than a functional test, it 
may detect individuals with asymptomatic hearing loss. In contrast, it 
may fail to detect individuals with functional hearing impairment. These 
are appropriate for home use and can be handled by lay personnel.

Currently, the high cost of portable audiometry has limited its appli-
cation in population studies. The Hearing Handicap Inventory for the 
Elderly-Screening Version (HHIE-S) offers a low-cost, widely used alter-
native to objective physiological measurement of hearing. This 10-item, 
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2-5 minute test screens for functional hearing, with scores on a 0-40 point 
scale indicating a probability of hearing impairment. It has been widely 
used in population studies with acceptable performance compared with 
audiometry in detecting hearing loss. Older measures used to screen for 
hearing loss aim to detect threshold sensitivity to whispered voice, the 
sound of the examiner’s fingers rubbing together, or vibratory sensa-
tion with a tuning fork. Concerns about the subjectivity and particu-
larly reliability of these measures limit their use (Pirozzo, Papinczak, and 
Glasziou, 2003).

vision

Similar to hearing loss, ocular disorders are strongly associated with 
psychosocial impairment (Burmedi, Becker, Heyl, Wahl, and Himmelsbach, 
2002), and have been related to increase in mortality (Knudtson, Klein, 
and Klein, 2006). Protocols appropriate for home-based vision testing, 
particularly acuity assessment, can be informed to some degree by clini-
cal procedures and large-scale clinic-based studies that use population 
samples, such as the Beaver Dam Eye Study (Klein, Klein, Linton, and 
De Mets, 1991), the Baltimore Eye Survey (Tielsch, Sommer, Witt, Katz, 
and Royall, 1990), the Blue Mountains Eye Study (Attebo, Mitchell, and 
Smith, 1996), and the Salisbury Eye Evaluation Study (Muñoz et al., 2000). 
NHANES has also performed vision testing with population samples in 
a mobile clinic setting (Vitale, Cotch, and Sperduto, 2006). Together, these 
studies provide useful population prevalence estimates of vision impair-
ment and blindness (see Table 2 in Xu et al., 2006).

However, these studies typically bring individuals from a popula-
tion sample into a clinical examination setting. Home-based acuity test-
ing is limited in part by the size and rigidity of eye charts, the need for 
standardized lighting, and, in small residential spaces, the chart distance 
requirements. An excellent review of visual acuity assessment summa-
rizes the most widely used charts and scales for visual acuity testing of 
adults and children, such as the Snellen eye chart, the Early Treatment 
Diabetic Retinopathy Study Charts (ETDRS), and symbol charts that do 
not require English language or literacy skills (Kniestedt and Stamper, 
2003). Studies in developing countries have perhaps made greatest use of 
field-based visual acuity testing (Gouthaman et al., 2005; Amansakhatov, 
Volokhovskaya, Afanasyeva, and Limburg, 2002), using adaptations of the 
Snellen tumbling “E” chart or the ETDRS chart in ambient indoor light-
ing, sunlight, or portable lighting. Similar to developments with auditory 
testing, researchers are investigating the performance of computerized 
acuity testing (Rosser, Murdoch, Fitzke, and Laidlaw, 2003), although this 
has not yet been widely implemented. Also on the horizon, fundus pho-
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tography and other imaging instruments that can be used without retinal 
dilation (Wang, Tielsch, Ford, Quigley, and Whelton, 1998) may provide 
innovative opportunities for population-based research. Cost and ease 
of application by nonmedical personnel will determine the usefulness of 
these technologies in the field setting.

Point-of-Care Devices

Recent technological advances have led to the development of small, 
portable “point-of-care” devices that analyze clinically important bio-
markers in real time (Glazer, 2006). As with blood spot sampling, a sterile 
lancet is used to stimulate the flow of capillary whole blood, and a drop 
of blood is placed into a cartridge or cuvette, which is then inserted into 
the instrument. Results are available onsite seconds or minutes later. The 
HemoCue™ instrument for analysis of hemoglobin has been widely used 
in international and domestic settings, and other portable devices are cur-
rently available, such as those that measure glucose, HbA1c, CRP, lipids, 
blood chemistry, or liver function in a single drop of blood. Devices vary 
in weight, ease of setup, whether they can operate on batteries, and the 
conditions under which cartridges must be stored prior to use. A single 
finger prick can provide capillary whole blood for onsite analysis, as well 
as for collection on filter paper as dried blood spots. By combining these 
procedures, results can be shared with participants, while blood spots can 
be assayed in the lab for a broader range of measures. In some cases, this 
may provide valuable health screening services and act as an incentive 
for research participants.

TRANSLATION OF EMERgINg AND EXPERIMENTAL METHODS 
TO THE POPULATION SETTINg

Given rapidly growing interest in the integration of biomeasures into 
population-based data collection efforts, acceleration in the translation 
of new technology from clinical and experimental laboratory research 
is expected. As an example, the National Social Life, Health, and Aging 
Projects (NSHAP) study recently completed collection of a broad panel 
of sensory function data using lay interviewers in the home setting with 
excellent cooperation from field staff and respondents. This required 
adaptation of experimental methods used to quantify olfactory and gus-
tatory function in the laboratory setting as well as use of a simple and 
affordable clinical measure of tactile sensation.
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Tactile Sensation

Measures of tactile sensation have not yet been widely implemented 
in broad population studies. Aside from use by hand surgeons, thera-
pists, and neurologists to quantify neurological deficit and recovery, for 
example before and after hand surgery, population studies are limited 
to military personnel or workers using vibratory equipment (Wild et 
al., 2001) or method validation studies (Kaneko, Asai, and Kanda, 2005). 
NSHAP, a study of the interactions between social and biological factors 
at older ages, incorporates tactile sensation as part of a global evaluation 
of sensory function. Variations in touch sensibility may indicate micro-
vascular disease, as seen in diabetes, or they may correlate with social 
characteristics, such as occupation or social contact with others. Cogni-
tive function may also influence touch sensibility measures (Lundborg 
and Rosen, 2004). In a study of volunteers, thresholds for digital pressure 
perception appeared to increase with age (Kaneko et al., 2005). 

Sensation to touch, or hand sensibility, has long been estimated in the 
clinical setting using the two-point discrimination test (2PD), described 
originally by Weber in 1835 (Lundborg and Rosen, 2004). This test mea-
sures the distance (in millimeters) between two points necessary for the 
individual to feel two distinct contacts, indicating peripheral innervation 
density. 2PD instruments range from a simple paper clip or compass 
(aesthesiometer, about $65 U.S.) to a multisided handheld instrument 
with graded intraprong distances (e.g., Dellon’s Disk-Criminator™, about 
$100 U.S.) to pressure-specifying devices with force transducers in order 
to standardize application pressure. Despite concerns regarding stan-
dardization of 2PD equipment and protocols, particularly with regard 
to application of pressure with the prongs, 2PD has been demonstrated 
to be a valid measure of chronic nerve compromise (Dellon and Keller, 
1997). Semmes-Weinstein nylon filaments provide greater standardization 
in sensation and pressure perception testing (Mayfield and Sugarman, 
2000) but are relatively expensive for population use. Computer-assisted 
sensorimotor technologies are also available and may offer better perfor-
mance, but they have not yet been adapted for nonclinical use (Dellon 
and Keller, 1997).

Taste

Gustatory function plays an important role in nutrition and qual-
ity of life and serves as a defense against ingestion of noxious or toxic 
substances. Because social interactions and cultural traditions frequently 
involve eating, impairment of gustatory sensibility can be associated with 
social alienation or withdrawal. The vast majority of gustatory function 
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testing occurs in the clinical or laboratory settings, with important appli-
cations to diagnosis and prognosis of common otolaryngological and 
neurological disorders. Commonly used medications can interfere with 
gustatory function. Aging can result in diminished sensitivity to some 
tastes, salty and sweet for example, and therefore increased intake of 
foods that can have negative health consequences (Schiffman, 1997). Oral 
mucosal changes in postmenopausal women may contribute to changes in 
gustatory function with age (Delilbasi, Cehiz, Akal, and Yilmaz, 2003).

Work led largely by German researchers has resulted in advance-
ment of minimally invasive, easily portable, and well-performing meth-
ods for gustatory testing appropriate for population use. The latest of 
these innovations involves use of tastant-impregnated paper strips (sour, 
sweet, salty, bitter) in varying concentrations for evaluation of taste iden-
tification ability and threshold sensibility. The strips are designed so that 
both sides of the tongue can be tested separately. Long shelf life, ease of 
administration, and a relatively brief protocol offer major advantages over 
liquid-based drop tests commonly used for clinical purposes (Mueller et 
al., 2003). NSHAP has just completed olfactory testing using this method 
with a national U.S. probability sample of more than 3,000 men and 
women ages 57-85 with very high cooperation rates. Other technologies 
for gustatory testing that could be used in the home include taste disks 
and edible taste wafers. As opposed to regional testing accomplished with 
the taste strips, these measures provide whole mouth tests of gustatory 
function, perhaps a truer measure of everyday taste experiences (Ahne, 
Erras, Hummel, and Kobal, 2000). Of course, everyday taste experience 
typically involves complex combinations of tastes and aromas. Interde-
pendence between taste and olfactory function limits the value of assess-
ing one without the other (Mueller et al., 2003).

Olfaction

Over the last several years, a growing body of evidence linking olfac-
tory function to cognitive decline at older ages has prompted both public 
and research interest in this area and has motivated development of 
portable, minimally invasive, efficient olfactory function tests. Decline in 
olfactory function appears to occur with age (50 percent between ages 65 
and 80 suffer significant loss of function—Frank, Dulay, and Gesteland, 
2003) and some common medical illnesses and medication use, and it 
is closely related to taste sensibility. Compromised olfaction presents 
a risk for injury or other hazardous events, such as inability to detect 
smoke or other noxious fumes and consumption of spoiled food (Santos, 
Reiter, DiNardo, and Costanzo, 2004). Olfactory function testing shares 
common principles with psychophysical testing of gustatory and other 
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chemosensory abilities; odorants are presented and the subject is assessed 
on the ability to detect, identify, and discriminate these (Doty, 2006). 
Although most authors agree that no gold standard olfactory assessment 
test exists, many are compared with the widely used 40-item University of 
Pennsylvania Smell Identification Test (UPSIT) (Doty, Shaman, and Dann, 
1984), a comprehensive, self-administered, odor identification test using 
a scratch-and-sniff technique. Although probably too time-consuming 
for most population studies, this measure has been used in over 50,000 
individuals and is validated in several languages (Doty, 2006).

A recent review article (Doty, 2006) describes the broad range of olfac-
tory function measures available and provides a concise primer on the 
relative benefits and drawbacks of each. Shortened versions of the UPSIT 
have been successfully implemented in some clinical settings. In addition 
to the scratch-and-sniff technology, several other modalities offer options 
for population studies. These include “Sniffin’ Sticks,” which use a penlike 
odor device (Mueller and Renner, 2006; Hummel, Konnerth, Rosenheim, 
and Kobal, 2001; Kobal et al., 2000) and the odor stick identification test 
from Japan (Hashimoto et al., 2004). A laptop-based device is used for 
the sniff magnitude test, which assesses olfactory ability by comparing 
the nature of a person’s sniff in response to air versus sniff with odors. 
Although used primarily in the clinical research setting, the laptop-based 
operation and data capture offer unique advantages over other olfactory 
test methods. The NSHAP study protocol for olfactory function testing 
in a large probability sample of older adults is an adaptation of the short 
Sniffin’ Sticks olfactory function screening method (Mueller and Renner, 
2006) and takes about 3-5 minutes to administer with very high coopera-
tion rates (> 90 percent).

vaginal Self-Sampling

Vaginal self-sampling provides population and clinical researchers a 
minimially invasive method for obtaining data historically restricted to 
the clinical setting in which a gynecologic pelvic examination could be 
performed. In addition to microbial pathogen data, quantification of the 
normal vaginal flora and mucosal inflammation provide data points of 
relevance to health, sexual behavior and function, and systemic hormonal 
and inflammatory processes. In comparison to the methodologies sum-
marized here, vaginal self-sampling imposes relatively high respondent 
burden, albeit much less so than a gynecological examination. The imple-
mentation of this method, which requires a respondent to self-collect 
vaginal material in a private setting by inserting and rotating one or more 
small, sterile cotton- or Dacron™-tipped swabs, a small cytobrush, or a 
tampon in the vagina, derives primarily from experience in remote field 
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settings where clinical pelvic examination is infeasible. Recent introduc-
tion of flexible menstrual collection devices provides another method for 
self-sampling to obtain cervicovaginal secretions (Boskey, Moench, Hees, 
and Cone, 2003) and biomeasures of menstruation (Koks, Dunselman, de 
Goeij, Arends, and Evers, 1997).

Once the samples are obtained, they are placed into transport media 
appropriate to the assays of interest and typically must be frozen and deliv-
ered to a laboratory for analysis. Established clinical protocols for microbial 
testing are appropriate for specimens collected in the home; the NSHAP 
study is also developing protocols for home-based vaginal sampling appro-
priate for cytological analysis. The vaginal self-swabbing method has dem-
onstrated acceptability to study participants in a variety of settings (e.g., 
Bradshaw, Pierce, Tabrizi, Fairley, and Garland, 2005; Chernesky et al., 2005; 
Nelson, Bellamy, Gray, and Nachamkin, 2003; Serlin et al., 2002) and has 
performed favorably in comparison to urinary and clinical pelvic examina-
tion protocols for testing of sexually transmitted infections (e.g., Harper, 
Noll, Belloni, and Cole, 2002; Knox et al., 2002). 

Vaginal self-sampling requires careful selection and training of field 
staff to maximize both respondent and data collector comfort with and 
understanding of the rationale and steps for the sampling procedures. 
Cervical self-sampling can also be accomplished using similar techniques 
and can approximate Papanicalou smear findings. However, interpreta-
tion of assays, designed to detect dysplastic or malignant conditions, 
requires expert or expertly supervised personnel. Furthermore, anticipa-
tory guidance for research subjects must include clear information about 
the physical effects of self-sampling (e.g., transient irritation or a small 
amount of discharge or blood are not uncommon following sampling 
in older women) and whether the specimen will or will not be used for 
cancer screening. In almost all cases, implementation of vaginal sampling 
in population studies requires a professional results reporting and coun-
seling mechanism, such as that offered by the American Social Health 
Association. 

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a critical diagnostic tool that 
provides a window into the inner workings of the human body, but one 
that is not easily adapted to population research due to technical and 
logistical constraints. Brain imaging is emerging as a fundamental tool for 
social neuroscience inquiry that aims to locate and map the neurological 
pathways through which social stimuli may influence health and health 
outcomes. However, MRI systems contained in mobile trailers must be 
transported to centralized locations for community-based research. In 



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

STACY TESSLER LINDAU and THOMAS W. MCDADE ���

addition, a portable MRI device has recently been developed that can pro-
vide images of the extremities, although, at a weight of approximately 100 
pounds, it is still too large for household surveys. Additional innovations 
in MRI and functional MRI are likely to lead to more portable instrumen-
tation in the near future.

ADjUNCT METHODS

Widely used by psychiatric and psychological researchers, experi-
ence sampling methods do not directly measure biological or physiologi-
cal parameters, but instead serve as an adjunct to such measurements by 
providing documentation of real-time health-related information, feelings, 
symptoms, reflections, and thoughts or events pertinent to the individ-
ual psychosocial context, such as stress, mood, emotion, and well-being. 
These include paper-and-pencil diary, thought sampling (Hurlburt, 1997), 
and ecological momentary assessment (Stone and Shiffman, 1994) and are 
uniquely home- or field-based. However, most examples in the literature 
involve convenience, rather than probability, samples. These methods aim 
to reduce reporting bias caused by recall and the constraints of close-coded 
instruments used in traditional designs. Although the use of paper-and-
pencil diaries for research dates to the 1940s (Bolger, Davis, and Rafaeli, 
2003), thought sampling and experience sampling methods appear to have 
emerged nearly simultaneously in the mid-1970s (Hurlburt, 1997). Recently, 
Kahneman and colleagues reported on the Day Reconstruction Method, a 
hybrid of experience sampling methods and time-budget measurement 
(Kahneman, Krueger, Schkade, Schwarz, and Stone, 2004).

Vigorous debate in the recent literature about optimal diary methods 
suggests that no single method is superior for all study designs (Green, 
Rafaeli, Bolger, Shrout, and Reis, 2006; Broderick, Stone, Calvanese, 
Schwartz, and Turk, 2006; Bolger, Shrout, Green, Rafaeli, and Reis, 2006) 
and that these methods may, in some cases, be limited in their superiority 
to retrospective self-report (Takarangi, Garry, and Loftus, 2006). However, 
there is broad enthusiasm for advancement beyond paper-and-pencil 
methods toward augmentation with signaling devices (such as beepers, 
watch alarms, and phone calls) and for replacement of paper and pencil 
by electronic data collection using handheld devices, tablet personal com-
puters, and electronic mail or web-based entries. The electronic devices 
offer the advantage of time- and date-stamping to corroborate subject 
compliance with the research protocol and to provide response-time data. 
Such devices may also enhance privacy, minimize the risk of data loss, 
allow for closer monitoring by researchers, and, combined with signaling, 
allow for dynamic flexibility in the intervals between entries. In addition 
to cost, some downsides of high-technology diary methods may include 
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higher respondent burden due to disruptiveness, logistics of interacting 
with and transporting the equipment, or unfamiliarity with computer 
technology. A clinic-based study of patient compliance showed signif-
icantly higher compliance with an electronic versus paper-and-pencil 
diary (Stone, Shiffman, Schwartz, Broderick, and Hufford, 2003).

Rapid innovations in diary research methods include real-time elec-
tronic interaction with participants, voice recording and recognition tech-
nology for verbal entries, behavioral medicine technologies that integrate 
self-report of subjective mood, and cardiovascular and physical activity 
indices with ambulatory monitoring. One can imagine the combination of 
these innovative technologies with global satellite positioning; the value 
of the data versus potential infringements on subjects’ privacy will have 
to be carefully weighed. 

Medication use records provide another important adjunct to biomea-
sures, particularly in studies of aging. Self-report either by interview or 
self-administered questionnaire substantially limits the usefulness of such 
data. Direct observation of medication containers by in-home data collec-
tors with immediate data entry is likely to improve data quality (Landry 
et al., 1988), but lack of unique identifiers for pharmaceuticals presents a 
major challenge with regard to coding and analysis.

CONCLUSION

Major advances in minimally invasive and portable biomedical tech-
nology and growing collaborations between social, biomedical, and life 
scientists, combined with state-of-the art survey technology, offer a tre-
mendous opportunity for new kinds of health-related discovery. Many of 
the methods described here are innovative by virtue of bringing them into 
the field or home setting. Others implement novel inventions motivated 
by a desire to reach generalizable or remote samples. In the case of bio-
logical specimens, such as blood spots, saliva, vaginal samples, and urine, 
the power of the method is limited not by cooperation of the research 
participant, but by the availability and translation of suitable assays. The 
importance of high-quality, well-trained data collectors who embrace the 
rationale for biomeasure collection and can convey this to research par-
ticipants cannot be underestimated. Innovations for population research 
that accomplish minimal invasiveness may facilitate cooperation in the 
clinical setting and diagnosis and treatment of disease in populations who 
otherwise would or could not access medical care.
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Nutrigenomics

John Milner, Elaine B. Trujillo,  
Christine M. Kaefer, and Sharon Ross

Belief in the preventable nature of many chronic diseases coupled 
with rising health care costs has propelled consumers to seek more 
information about the quality of their diet and how dietary change 

might influence their life. This increased interest in the medicinal uses 
of foods or their components is not a new concept but has been handed 
down for generations. In fact, Hippocrates is often quoted as suggesting 
almost 2,500 years ago “to let food be thy medicine and medicine be thy 
food.” In the United States, approximately 80 percent of adults ages 65 
and older have at least one chronic health condition, and at least half of 
this population has two or more chronic health conditions that contribute 
to disability, decreased quality of life, and increases in health care costs 
(Goulding, 2003). Not surprisingly, the estimated health care costs for 
those ages 65 and older in developed countries typically range from three 
to five times greater than the health care costs associated with younger 
people. In addition, health care expenditures in the United States are 
almost double the amounts spent on health care in many other countries 
(Goulding, 2003; Organisation for Economic Co-operation and Develop-
ment, 2005). Many consumers believe lifestyle, which includes dietary 
habits, must be a contributor to the higher health care expenditures in 
the United States. Since more than 75 percent of U.S. health care costs are 
linked with one or more chronic diseases, and diet is linked to 5 of the 10 
major causes of death for Americans, there is ample justification for such 
widespread interest. 

The significance of dietary components to health is not limited to the 

���
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United States, since nearly 60 percent of deaths worldwide are diet related, 
and there is increased recognition that inappropriate nutrition contributes 
to increasing health care costs in most settings (World Health Organiza-
tion, 2004). Some of the most common causes of death both globally and 
domestically include cardiovascular disease, cancer, and diabetes, which 
are intimately linked to eating behaviors (Centers for Disease Control and 
Prevention, 2004; World Cancer Research Fund and American Institute for 
Cancer Research, 1997; World Health Organization, 2004, 2005). The 2003 
report from a Joint World Health Organization/Food and Agriculture 
Organization Expert Consultation on Diet, Nutrition, and the Preven-
tion of Chronic Diseases reviewed a large body of scientific evidence and 
found that up to 80 percent of coronary heart disease, 90 percent of type 
2 diabetes, and one-third of cancers may be prevented by healthy eating 
practices, maintenance of a normal weight, and regular physical activity 
(Nishida, Uauy, Kumanyika, and Shetty, 2004). 

Public health messages have centered on optimizing health for popu-
lations. The approach has considerable merit, although it is clear that 
not all individuals respond identically to treatment, whether by dietary 
change, lifestyle change, or drug therapy. There is much that needs to be 
learned regarding what accounts for individual differences, including the 
interactions occurring between genetics and the environment. As noted in 
a 2003 World Health Organization report on chronic diseases, genes help 
“define opportunities for health and susceptibility to disease, while envi-
ronmental factors, including diet, determine which susceptible individu-
als are most likely to develop illness” (World Health Organization, 2003). 
Each stage of life is influenced by manmade and environmental factors 
that affect chronic disease risk. The interaction of genes with environmen-
tal influences throughout the life span creates multiple opportunities for 
tailored behavioral health interventions.

“Genome” is a term that refers to the entire DNA sequence of an 
organism, and “genomics” is the scientific discipline of mapping, sequenc-
ing, and analyzing the genome (Mathers, 2004). The human genome is an 
undeniably amazing blueprint of information. While all DNA consists 
of four simple bases, their sequence has a pronounced effect on health. 
Advances in molecular biology have already begun to reveal a wealth 
of information about human growth and development. Fundamental to 
genomics is the transcription of DNA to RNA (transcriptomics), which 
is subsequently translated to proteins (proteomics). Proteins bring about 
changes in cellular structure and small molecular weight compounds 
(metabolomics), which can influence one or more biological processes that 
ultimately determine a person’s phenotype (Figure 14-1).

It is important to note that the relationship between transcriptomics, 
proteomics, and metabolomics is not linear. That is to say, there is not 
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FIgURE 14-1 Dietary components can modify DNA transcription, translation, 
and metabolism.

Figure 14-1
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necessarily a direct link between the amount of expression of a particular 
mRNA and the level of protein expressed. If the resulting protein is an 
enzyme, the resulting metabolite concentrations are not always propor-
tional. Thus, complex and poorly understood regulatory processes exist 
that can influence overall phenotype. Regardless, it is safe to conclude 
that the more knowledge gained about the human genome, the more there 
will be to learn about the prevention and treatment of human disease. The 
discovery of about 3 billion chemical coding units in human DNA has 
already opened unexpected opportunities for understanding in greater 
detail what commonalities are shared among all humans and what con-
stitutes individuality. 

Differences in gene pool may account for population differences in the 
risk of developing such diseases as diabetes, heart disease, and cancers. 
Single-nucleotide polymorphisms (SNPs) differ in a single base from the 
generally accepted sequence, which occurs in at least 1 percent of the 
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general population. SNPs are the commonest form of genetic variability. 
Humans have about 30,000 genes and roughly 5 to 8 million SNPs (Har-
land, 2005). Several gene polymorphisms have been identified as screen-
ing tools for predicting disease risk, including the HFE gene for heredi-
tary hemochromatosis and the E-4 allele of the apolipoprotein (ApoE) 
gene for hypercholesterolemia and Alzheimer disease (Motulsky, 1999). 
Recently, the Genetic Association Information Network (GAIN) was cre-
ated to support a series of genome-wide association studies designed to 
identify specific points of DNA variation associated with the occurrence 
of common diseases (http://www.genome.gov/19518664). In addition, 
in 2006, the National Institutes of Health (NIH) established the Genes 
and Environment Initiative (GEI) to support research that will lead to 
the understanding of gene-environment interactions in common diseases 
(http://www.genome.gov/19518663). 

NUTRIgENOMICS

It has long been recognized that humans have an individual respon-
siveness to the foods they consume. Phenotypic variation to foods can be 
as subtle as sensitivity to bitterness, as reflected by the response to com-
pounds like phenylthiocarbamide, or as gross as obesity, as reflected by 
differences in energy utilization (Clement, 2005; Wooding et al., 2004). Col-
lectively, the scientific study of the way foods or their components interact 
with genes to influence phenotype is referred to as “nutrigenomics” or 
“nutritional genomics” (Davis and Milner, 2004; Trujillo, Davis, and Milner, 
2006). The science of nutrigenomics is starting to provide greater clarity to 
the genetic pathways and associated molecular targets that account for the 
ability of food components to result in a physiologically relevant response. 
Researchers are beginning to unravel the genetic factors that influence an 
individual’s eating behaviors. Although this area of research is still in its 
infancy, new analytical approaches, including genome-wide linkage scans 
and association studies with candidate gene markers and eating behav-
ior are beginning to surface (Rankinen and Bouchard, 2006). This chapter 
focuses on the role of nutrigenomics in health and disease prevention and 
related insights on how nutrition-related biomarkers may assist in dissect-
ing individual differences in populations. 

The use of genomic technologies in nutrition research is relatively 
new but can have profound scientific implications for the development 
of public health messages and policy. Public screening programs that cap-
ture genetic information about an individual are already having an impact 
on nutritional intervention strategies. A perfect example is phenylketon-
uria (PKU), a rare metabolic disease involving the absence or deficiency 
of an enzyme needed to process an essential amino acid, which leads to 
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mental retardation without proper treatment. Newborn blood screening 
for PKU has been part of public health programs in many parts of the 
world for decades, and the use of a phenylalanine-restricted diet is the 
accepted standard of care for this disease (National Institutes of Health 
Consensus Panel, 2001). 

Nutrients and Single-Nucleotide Polymorphisms

Vitamin D is a fat-soluble vitamin that is found in food and can be 
formed in a person’s skin in response to sunlight. In the presence of 
adequate ultraviolet light (UVB) in the wavelength range of 290-315 nm, 
a dietary intake of vitamin D may not be needed. Since adequate exposure 
to UVB is not always possible for a variety of reasons, a dietary source 
of vitamin D is needed to avoid skeletal diseases that weaken bones, 
such as rickets and osteomalacia. There is also evidence that vitamin D 
adequacy may play a role in immune function and the regulation of cell 
growth and differentiation, and therefore vitamin D may be a factor in 
the development of cancer (Holick, 2006). The vitamin D receptor (VDR), 
a nuclear hormone receptor, is known to mediate the biological actions of 
1,25-dihydroxyvitamin D3 (1,25(OH)2 D3), which is the physiologically 
active form of vitamin D, by regulating a variety of target genes involved 
in cell proliferation and differentiation. 

There are several known VDR polymorphisms that may affect the 
response to various dietary components and disease risk. One particu-
lar VDR polymorphism is FokI, which results in a VDR protein that is 
three amino acids longer than the protein produced from individuals 
carrying the nonvariant F codon. Individuals with the Ff or ff genotype 
were reported to have a 51 and 84 percent greater risk, respectively, of 
developing colorectal cancer (Wong et al., 2003). Those consuming a low- 
calcium or low-fat diet were found to have more than double the risk of 
colorectal cancer when they carried the ff compared with the FF genotype. 
Data (Wong et al., 2003) suggest that once the inadequacy of the diet is 
eliminated, the effect of genotype disappears. Thus, this polymorphism 
may serve as a predictive marker for those who will benefit most from 
adequate nutrient intakes. 

Two additional vitamin D receptor polymorphisms (Bsm1 and poly 
A) also have been linked to calcium and vitamin D intake. Interestingly, 
these polymorphisms were related to energy consumption and the risk 
for colorectal cancer (Slattery et al., 2004). The occurrence of multiple 
VDR gene polymorphisms raises questions about the importance of single 
SNPs in accounting for variation and which diet-allele interactions are 
the most important determinants of phenotype. At least some evidence 
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suggests that racial differences may exist in regard to the type of variance 
that occurs and its relationship to disease (Kidd et al., 2005). 

Thus, multiple variables, including diet and race, can influence the 
relationship between VDR and disease risk (Slattery et al., 2004; Wong et 
al., 2003). Studies are needed to expand the understanding of the molecu-
lar and cellular significance of various polymorphisms, copy number 
variations, and their utility in population studies to detect susceptibility 
under a variety of environmental conditions (Redon et al., 2006). In fact, 
large longitudinal cohorts to evaluate both genetic and environmental 
factors that contribute to disease have been proposed (Manolio, Bailey-
Wilson, and Collins, 2006).

A polymorphism in the angiotensinogen gene may determine how an 
individual’s blood pressure responds to dietary fiber (Hegele, Jugenberg, 
Connelly, and Jenkins, 1997). Angiotensinogen is a liver protein involved 
with increasing vascular tone and promoting sodium retention, and 
plasma levels correlate with blood pressure. Individuals with a particular 
angiotensinogen genotype (TT) had a decrease in blood pressure when 
provided a diet with increased amounts of insoluble fiber compared with 
increased amounts of soluble fiber. In contrast, blood pressure in individu-
als with a different genotype (TM or MM) was not significantly influenced 
by the type of fiber consumed. Thus, some of the reported discrepancies 
in the response of blood pressure to dietary fiber may be related to inter-
individual genetic differences in response to different types of fiber. 

The response to other dietary components, such as caffeine, may also 
depend on specific SNPs. A study investigating the role of caffeine as a 
risk factor for bone loss in elderly women found that those with a variant 
of the vitamin D receptor (tt genotype) and who had caffeine intakes of 
greater than 300 mg/day had significantly higher rates of bone loss than 
did women with a different genotype (TT) (Rapuri, Gallagher, Kinyamu, 
and Ryschon, 2001). Since some individuals will not be receptive to caf-
feine avoidance, it may be wise to develop alternative strategies for mini-
mizing risk, including providing additional calcium, vitamin D, or both.

Some additional examples of the interrelationship between SNPs and 
food components illustrate how reported discrepancies in the response to 
disease may arise from failure to account for interindividual genetic dif-
ferences. The ApoE polymorphism is probably the most common example 
of a genetic polymorphism directly affected by a nutrient. ApoE plays 
an important role in lipid metabolism and its relationship to health and 
disease. There are three common allele variants, ApoE-2, ApoE-3, and 
ApoE-4. The ApoE-4 variant is associated with increased levels of total 
cholesterol and low-density lipoprotein cholesterol, which may increase 
risk for cardiovascular disease, but the opposite association occurs for 
carriers of ApoE-2. Some studies report greater plasma lipid responses to 
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dietary manipulation in subjects carrying the ApoE-4 allele, while others 
fail to do so. A meta-analysis showed that ApoE-4 carriers were hyper-
responsive to a low-fat diet. However, it is also true that ApoE-4 carriers 
may be hyporesponders to other types of interventions, such as dietary 
fiber (Ordovas et al., 1995; Uusitupa et al., 1992). While there is evidence 
that some diseases are associated with a SNP, the majority of the chronic 
diseases are thought to have multigenic roots. Thus, examining a single 
SNP may not provide sufficient detail to predict risk or appropriate inter-
vention strategies. 

Diet-gene interactions, including the impact of the ratios of nutri-
ents consumed on a particular genotype, may be particularly important. 
Nuclear receptors, specifically peroxisome proliferator-activated receptors 
(PPARs), regulate the expression of genes involved in the storage and 
metabolism of fats. One particular PPAR, PPAR gamma, is recognized 
for its involvement in regulating insulin resistance and blood pressure. 
In individuals with a specific polymorphism in PPAR gamma, a low 
polyunsaturated-to-saturated fat ratio is associated with an increase in 
body mass index and fasting insulin concentrations. When the dietary 
ratio of polyunsaturated to saturated fats is high, the opposite is true 
(Luan et al., 2001). The interaction between ratio and type of dietary 
fat and PPAR gamma genotype is another example of the complexity 
found in examining diet-nutrient interactions in conjunction with a single 
polymorphism.

While there is mounting evidence that the frequency of functional 
polymorphisms may influence the response to a variety of dietary com-
ponents, we need to validate and verify these findings (Davis et al., 2004; 
Stover, 2006; Trujillo, Davis, and Milner, 2006). Most findings are associ-
ated with single observations and therefore need to be substantiated for 
their relevance and physiological significance in other settings. In addi-
tion, attention needs to be given to the interaction of multiple genes in 
order to understand what is occurring within cells and ultimately being 
expressed in terms of health outcomes. Because of cost restraints, molecu-
lar epidemiological studies have considered only a limited number of 

polymorphisms that may confer disease susceptibility. The use of hap-
lotypes, which are a set of closely linked genetic markers present on one 
chromosome that tend to be inherited together, may offer a cost-effective 
solution for screening large populations. Alternatively, the need for low-
cost whole genome DNA sequencing is being encouraged by a recent 
initiative from the National Human Genome Research Institute of NIH in 
order to reduce costs for sequencing individual genomes (http://grants.
nih.gov/grants/guide/rfa-files/RFA-HG-04-003.html). 
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Nutritional Epigenomics

Epigenetics is the study of heritable changes in gene expression that 
occur without a change in DNA sequence and provide an extra layer of 
control in gene expression regulation. These regulatory processes are criti-
cal components for normal development and growth of cells. Evidence 
continues to support the hypothesis that epigenetic abnormalities are 
causative factors in cancer, genetic disorders, and pediatric syndromes as 
well as contributing factors in autoimmune diseases and aging. 

Three distinct mechanisms are intricately related to epigenetics: DNA 
methylation, histone modification, and RNA-associated silencing. Abnor-
mal methylation patterns are a nearly universal finding in cancer, as 
changes in DNA methylation have been observed in many cancer tissues, 
specifically colon, stomach, uterine cervix, prostate, thyroid, and breast 
tissues (Ross, 2003). Site-specific alterations in DNA methylation have 
also been observed in cancer and are thought to play a significant role in 
gene regulation and tumor behavior. The relationship between aberrant 
hypermethylation and hypomethylation on the expression of genes and 
their relationship to disease risk remains an area of active investigation. 

Because epigenetic events can be changed, they offer another explana-
tion for how environmental factors, including diet, can influence biologi-
cal processes and phenotypes. Dietary components have been reported to 
influence DNA methylation patterns. Food components influence these 
events in at least four different ways (Ross, 2003). First, dietary factors 
are important in providing and regulating the supply of methyl groups 
available for the formation of S-adenosylmethionine (SAM), the univer-
sal methyl donor. Second, dietary factors may modify the utilization of 
methyl groups by processes that include shifts in DNA methyltransferase 
activity. A third plausible mechanism relates to DNA demethylation activ-
ity. Finally, the DNA methylation patterns may influence the response 
by regulating genes that influence absorption, metabolism, or the site of 
action for the bioactive food component. 

The effect of maternal diet on phenotypic outcome in offspring has 
been examined in a mouse model, which is important because of its 
similarity in many ways to humans. The agouti mouse indicates that 
supplementation of choline, betaine, folic acid, vitamin B12, methionine, 
and zinc to the maternal diet increases the level of DNA methylation in 
the promoter region of the agouti gene and causes a change in the color 
pattern of the hair coat in offspring (Cooney, Dave, and Wolff, 2002). This 
phenotypic change coincides with a lower susceptibility to obesity, diabe-
tes, and cancer. More recently, dietary genistein supplementation during 
pregnancy has been found to change the coat color of the offspring and 
reduce body mass, which were again reported to be related to changes 
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in DNA methylation (Dolinoy, Weidman, Waterland, and Jirtle, 2006). 
While humans do not have the long-term repeating unit found in these 
mice, these studies serve as a proof-of-principle that diet can influence 
epigenetic events and lead to phenotypic change. These types of studies 
also suggest that in utero exposure to dietary components may not only 
influence embryonic development but also have profound and long-term 
health consequences. 

DNA methylation patterns are being utilized more frequently as bio-
markers in population and case-control studies to determine if differences 
exist between certain exposed groups or between cases and controls. In 
one such investigation in patients with alcohol dependence, the DNA 
methylation pattern in the HERP (homocysteine-induced endoplasmic 
reticulum protein) promoter region was found to be hypermethylated in 
patients with alcohol dependence when compared with healthy controls 
(Bleich et al., 2006). Interestingly, this aberrant hypermethylation was also 
significantly associated with diminished expression of HERP mRNA as 
well as elevated homocysteine levels. These findings assist in understand-
ing the pathogenesis of a disorder as well as support the importance of 
epigenetic control on gene expression and the impact of dietary influences 
on epigenetic control.

Nutritional Transcriptomics

Genomic and epigenomic shifts do not entirely account for the influ-
ence that dietary factors can have on a person’s phenotype, since changes 
in the rate of transcription of genes (transcriptomics) can also be exceed-
ingly important (Feder and Walser, 2005). Several bioactive food compo-
nents have been reported to be important regulators of gene expression 
patterns both in vitro and in vivo. Vitamins, minerals, and various phyto-
chemicals have been reported to significantly influence gene transcription 
and translation in a dose- and time-dependent manner. These changes are 
likely to be key to the ability of food components to influence one or more 
biological processes, including cellular energetics, cell growth, apoptosis, 
and differentiation, all of which are important in regulating disease risk 
and consequences. 

Transcriptomics allows for a genome-wide monitoring of expression 
for the simultaneous assessment of tens of thousands of genes and their 
relative expression. While microarray technologies provide an important 
tool to discover expression changes that are linked to cell processes, it 
must be remembered that any response may be cellular dependent and 
may vary between healthy and diseased conditions. Studies using ani-
mal models are beginning to identify specific sites of action of bioactive 
food components. For example, the nuclear factor E2 p45-related factor 
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2 (Nrf2) and the Kelch domain-containing partner Keap1 are modified 
by sulforaphane and allyl sulfur (Chen et al., 2004; Gamet-Payrastre, 
2006). Sulforaphane is primarily found in cruciferous vegetables, such as 
broccoli and cabbage. Gene expression profiles from wild-type and Nrf2-
deficient mice fed sulforaphane have shown several novel downstream 
events and thus provide more clues about the true biological response to 
this food component. The up-regulation of glutathione s-transferase, nico-
tinamide adenine dinucleotide phosphate:quinone reductase, gamma-
glutamylcysteine synthetase, and epoxide hydrolase, occurring because 
of release of Nrf2 from its cytosolic complex, may explain the ability of 
sulforaphane to influence multiple processes, including those involving 
xenobiotic metabolizing enzymes, antioxidants, and biosynthetic enzymes 
of the glutathione and glucuronidation conjugation pathways. 

Mammals are known to adapt to excess exposure to foods and their 
components through shifts in absorption, metabolism, or excretion. 
Thus, the quantity and duration of exposure must be considered when 
evaluating the response in gene expression patterns. Since microarray 
technologies provide only a single snapshot, overinterpretation of their 
physiological significance is certainly possible. While mRNA microarray 
technology continues to provide a powerful tool for examining potential 
sites of action of food components, their usefulness for population stud-
ies remains uncertain. Transcriptomic technologies have been used to 
examine the relationship between diet and prostate cancer among native 
Japanese and second-generation Japanese American men as a function of 
consumption of animal fat and soy (Marks et al., 2004). This technology 
was able to discriminate between men with cancer and those who were 
cancer free. Likewise, detectable changes associated with body mass and 
metabolism were observed (Marks et al., 2004). Weight loss caused by 
caloric restriction has been reported to be associated with changes in the 
expression of several inflammatory-related genes as discovered by tran-
scriptomics (Clement et al., 2004; Viguerie et al., 2005). 

To date, relatively few human studies have used transcriptomics to 
characterize the response to specific dietary components, and thus it is 
hard to make firm conclusions about the utility of this technology. Nev-
ertheless, a recent study demonstrates that dietary intervention with high 
protein or carbohydrate breakfast cereals can influence gene expression 
patterns within a few hours after food consumption (van Erk, Blom, van 
Ommen, and Hendriks, 2006). However, much of the current evidence 
suggests that mRNA abundance is not always proportional to protein 
activity and thus cannot substitute for functional and ecological analyses 
of candidate genes (Feder and Walser, 2005). While the transcriptional 
profile can be useful in predicting metabolic stress, simpler indicators 
may suffice. It is possible that more select arrays may be useful if targeted 
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to some cellular process. At this point it seems wise to evaluate carefully 
the costs and benefits of transcriptomics before including this research 
approach into large population studies. 

Other Factors Determining Risk: Population Differences

There are well-documented differences in health between various 
populations and geographic areas; however, there is debate over the 
extent to which health disparities are due to “innate genetic differences,” 
the “biological impact” of racial discrimination and lack of economic 
resources, or both (Krieger, 2005). Historically and in current scientific 
literature, a person’s race or ethnic group has been used as a way to cat-
egorize and compare individuals as well as populations and their risks for 
developing various health conditions. It has been suggested that many of 
these labels are quite arbitrary (Krieger, 2005) and that the self-report of a 
person’s race or ethnicity often fails to accurately identify the full range of 
their genetic makeup (Gonzalez et al., 2005). Ongoing projects are aimed 
at cataloguing the patterns of human genetic variation throughout popu-
lations in Africa, Asia, and the United States to assist in the identification 
of genes that impact health (Couzin, 2004). 

Genetic comparisons provide important information about ancestral 
links, and geographic distances between various populations may be 
more closely related to the intermingling of populations from different 
geographical areas than to the racial or ethnic group to which an indi-
vidual self-reports (Thomas, Irwin, Shaugnessy, Zuiker, and Millikan, 
2005). Nevertheless, migration studies provide interesting clues about the 
importance of the environment, including diet, in changing the health risk 
of individuals. For instance, men moving from Japan and China to the 
United States adopt increased risks of prostate cancer (Brawley, Knopf, 
and Thompson, 1998). Likewise, women moving from Japan to the United 
States were found to exhibit an increased risk of breast cancer in their new 
location (Cole and Cramer, 1977). Today, the incidence of breast and colon 
cancers is similar in both Japan and the United States, suggesting that 
environmental factors such as diet are primary determinants of risk. 

BIOMARkERS

The use of a biomarker to indicate a biological response to selected 
foods and food components is critical, since long-term intervention stud-
ies are difficult to conduct for a variety of reasons, including cost. Almost 
any measure that reflects a change in a biochemical process, structure, 
or function can serve as a useful biomarker. Several biomarkers may be 
used successfully to distinguish between healthy and diseased states and, 
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in some instances, to predict future susceptibility to disease. While risk 
factors, including diabetes mellitus, smoking, hypertension, and hyper-
cholesterolemia, have been linked to the risk of developing symptom-
atic atherosclerosis, more sensitive biomarkers may offer early signals of 
shifts in risk. For example, lipid metabolism-related biomarkers such as 
lipoprotein(a) and apolipoprotein A-1 are associated positively and nega-
tively, respectively, with premature atherosclerotic disease; however, there 
may be even earlier signals that are predictive of disease (Ordovas, 2006; 
Scheuner, 2001). Inflammatory markers, such as C-reactive protein (CRP) 
and fibrinogen, as well as thrombotic markers, such as fibrin D-dimer 
(DD) and tissue plasminogen activator, are receiving increased attention 
for their predictive value. Even nutrition-related factors, such as elevated 
plasma homocysteine, have been associated with the presence of athero-
sclerotic arterial disease and its progression.

It is highly unlikely that one biomarker will be shown to adequately 
predict disease risk; therefore, several sensitive, reliable, and inexpensive 
biomarkers are needed to adequately assess the benefits and risks associ-
ated with consumption of specific foods and their bioactive components. 
It is likely that intake, biological effect, and susceptibility biomarkers will 
be needed to adequately evaluate the effectiveness of foods and their bio-
active components (Figure 14-2). 

Assessment of dietary intake, performed by using various techniques 
such as 24-hour dietary recalls and food frequency questionnaires, is 

Susceptibility

Target
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Figure 14-2

FIgURE 14-2 The quantity and duration of dietary exposures may bring about 
changes in the target (or biomarker) and result in phenotypic outcomes. Suscep-
tibility factors may influence this process.
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central for studies of the relationship between diet and health, and thus 
it is important that these dietary methods give an adequate measure 
of dietary intake. Given the variation in the content of individual food 
components, biological intake indicators, as reflected by circulating con-
centrations or perhaps other obtainable tissue, may be particularly use-
ful for reflecting the amount of bioactive food component or metabolite 
present in cells, tissues, or body fluids. Assessment of intake indicators is 
relatively straightforward analytically, but their use is complicated by the 
need to know the optimal measurement period after consumption and 
by variability in rates of metabolism and accumulation across tissues and 
biological fluids (Kohlmeier, 1995). These and other measurement errors 
can have profound effects on how dietary data are interpreted (Paeratakul 
et al., 1998). 

An interesting example concerning the relationship between dietary 
questionnaire data and circulating concentrations is highlighted for lyco-
pene, a bioactive food component, in the European Prospective Investi-
gation into Cancer and Nutrition (EPIC) study (Jenab et al., 2005). Serum 
lycopene concentrations have been reported to be inversely related to 
prostate cancer risk. EPIC investigators measured the consumption of 
tomatoes (raw and cooked) and tomato products (sauces, pastes, ketchup) 
in 521,000 subjects with country-specific dietary questionnaires across 10 
countries. Furthermore, these investigators obtained plasma lycopene 
concentrations in a subgroup of 3,089 subjects from 16 EPIC regions (100 
men and 100 women per region). The overall correlation of the total toma-
toes and the tomato product intake with plasma lycopene was .33; the 
within-region correlation coefficient was .23, whereas the among-region 
correlation was .53. 

These modest correlations between the dietary consumption of tomato 
and the lycopene concentration in blood may be due to the imprecision of 
dietary measurements as well as variations in the bioavailability and the 
absorption of lycopene. The cooking and seasoning methods of tomatoes 
and tomato products and the methods of consumption can affect the bio-
availability of lycopene. In addition, these generally low correlations of 
tomatoes and tomato products with plasma lycopene may be related to 
the time span between the exposure and the blood sampling, especially in 
light of the strong seasonal variations in the intake of tomato and tomato 
products. This example illustrates the complexity of assessing dietary 
exposure and the need for new approaches. The National Heart, Lung, 
and Blood Institute, along with the National Cancer Institute and several 
other institutes and centers at NIH, and the National Science Foundation, 
recently released a request for applications to develop technologies or 
biomarkers to measure diet and physical activity in free-living, diverse 
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populations (http://grants.nih.gov/grants/guide/rfa-files/rfa-ca-07-032.
html).

Although serum and blood cells have frequently been used to evalu-
ate exposure to bioactive food components, evaluation of bioactive food 
components may not always be predictive of the target tissue. Surrogate 
samples, such as exfoliated cells, may offer a noninvasive opportunity 
to evaluate exposures and physiological responses in target tissues. A 
source of exfoliated cells for oral or esophageal tissue can presumably 
be found in saliva. Because of the possible application of tea in the pre-
vention of oral and esophageal cancers, Yang and collaborators (Yang, 
Lee, and Chen, 1999) measured the salivary levels of tea catechins in six 
human volunteers after drinking tea. Although exfoliated cells from saliva 
were not isolated in this study, the results suggest that tea catechins were 
absorbed through the oral mucosa and that saliva—a source of exfoliated 
cells—may be another biological source material in which to evaluate 
dietary exposure of certain bioactive food components and their physi-
ological effects.

Recently serum biomarkers were examined in a randomized con-
trolled trial using matrix-assisted laser desorption/ionization-time of 
flight mass spectrometry proteomic profiling (MALDI-TOF) and statisti-
cal analysis (Mitchell, Yasui, Lampe, Gafken, and Lampe, 2005). In this 
study, 38 participants ate a diet devoid of fruits and vegetables and one 
supplemented with cruciferous (broccoli) family vegetables. Interestingly, 
two significant peaks were detected (m/z values of 2,740 and 1,847) that 
could classify participants based on diet (control vs. cruciferous) with 76 
percent accuracy. The 2,740 m/z peak was identified as the B-chain of 
alpha 2-HS glycoprotein, a serum protein previously found to vary with 
diet and be involved in insulin resistance and immune function. Thus, 
the expanded use of proteomic technologies may provide some important 
clues not only about consumption patterns (exposure), but also about 
their biological consequences. 

Dietary components are known to have widespread “effects” on vari-
ous cellular processes associated with health and disease prevention, 
including carcinogen metabolism, hormonal balance, cell signaling, cell 
cycle control, apoptosis, and angiogenesis (Davis and Milner, 2004; Trujillo 
et al., 2006). In addition, the combination of foods or nutrients may incur 
favorable outcomes. Studies in men have found that soy combined with 
black or green tea has been reported to synergistically reduce serum pros-
tate-specific antigen concentrations, which is a marker for prostate cancer 
(Zhou, Yu, Zhong, and Blackburn, 2003). Moreover, certain combinations 
of foods or nutrients may diminish the magnitude of the response com-
pared to when those foods or nutrients are provided alone. For example, 
the impact of omega-3 fatty acids on gene expression was not observed 
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when combined with the antioxidant vitamin E in a cell culture system 
(Aktas and Halperin, 2004). Whether this is true in vivo remains unre-
solved, but if this blunting effect of vitamin E also occurs in vivo, it would 
explain some of the inconsistencies about the health benefits of fish that 
currently exist in the literature. 

Effect biomarkers are particularly useful if they can predict a poten-
tially detrimental response long before it occurs. However, few biomark-
ers are universally accepted as being reliable (Schatzkin and Gail, 2002). 
The most common biomarkers are body mass index, blood pressure, and 
cholesterol. However, more sensitive biomarkers are needed to detect 
subtle change long before disease complications arise. The range of effect 
biomarkers required is immense because of the need to detect a variety of 
metabolic events that alter cognitive and physical performance or change 
the risk of disease. Associating genetic polymorphisms with carcinogen-
DNA adduct measurements shows promise for monitoring dietary expo-
sure to cancer-causing agents (Kyrtopoulos, 2006; Warren and Shields, 
1997). Many other biomarkers are beginning to emerge that might be used 
effectively to monitor the impact of dietary habits on growth and devel-
opment, including platelet-derived growth factor, transforming growth 

factor, basic fibroblast growth factor, epidermal growth factor, insulin-like 
growth factor, and hepatocyte growth factor (Giovannucci, 1999; Fletcher 
et al., 2005). Additional research is needed to unravel the effects of dietary 

habits on these and other effect biomarkers.
An example of an effect biomarker that is influenced by diet comes 

from studies on the ability of fish oil to suppress tumor necrosis factor 
(TNF-α) production and mediate the inflammatory response. It is well 
known that TNF-α mediates inflammation and that high TNF-α produc-
tion has adverse effects during disease. However, the effect biomarker 
is also influenced by the genetics of the consumer, since the response 
is influenced by polymorphisms in the TNF-α genes. Grimble and col-
leagues (Grimble et al., 2002) found that men with high inherent TNF-α 
production were more sensitive to the anti-inflammatory effects of fish oil 
compared with men with lower levels of TNF-α production. 

The biological response to a food component is probably not consis-
tent across all tissues. For example, the effect of nutritional zinc-deficiency 
on the activities of O6-alkylguanine:DNA methyltransferase (AGT) in 
nine rat tissues, including liver, lung, kidney, spleen, brain, esophagus, 
forestomach, gastric stomach, and small intestine, was examined by two 
measures (Fong, Cheung, and Ho, 1988). In both measurements, the activ-
ity of AGT was significantly reduced in the esophagus of zinc-deficient 
rats compared with zinc-sufficient controls, but the other tissues were less 
affected, suggesting sensitivity of this tissue to zinc deficiency. A human 
clinical example for this concept comes from a randomized controlled 
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clinical study on the effect of selenium supplementation for prevention of 
skin carcinoma (Clark et al., 1996). It was found that selenium treatment 
did not protect against development of basal or squamous cell carcinomas 
of the skin, but results from secondary end-point analyses supported the 
hypothesis that supplemental selenium may reduce the incidence of, and 
mortality from, carcinomas of several sites, including lung, colon, and 
prostate. 

The complexity in understanding the biological consequences of a 
change in an effect marker is illustrated by studies with the isoflavone 
genistein, a bioactive compound found in soy and other legumes. Cir-
culating concentrations of estradiol are strongly and positively related 
to bone health and breast cancer risk in women (Thomas, Gallo, and 
Thomas, 2004). At low exposures, genistein may reduce the influence of 
naturally occurring estrogen, but at higher concentrations it may promote 
estrogenic effects (Gikas and Mokbel, 2005; Reinwald and Weaver, 2006). 
This dose dependency may explain part of the confusion that exists in the 
literature (Cassidy, 2003). Likewise, variation in how estradiol is formed 
and metabolized may influence the response to genistein supplements or 
dietary soy products. 

A recent study investigated the relationship among dietary isofla-
vone exposure, genotype, and plasma estradiol levels in postmenopausal 
women using three markers of isoflavone exposure: diet, urine, and 
serum. There was a strong correlation between isoflavone and plasma 
estradiol in women with a particular polymorphism in a gene involved 
in estrogen metabolism. For the women with that polymorphism, the 
data would translate into a 30 percent reduction in breast cancer risk 
(Low et al., 2005). These observations raise the interesting possibility of 
a diet-gene interaction in which the effect of isoflavone exposure may 
be exceptionally pronounced in women with a particular genotype but 
is attenuated when women of different genotypes are considered. Thus, 
to gain a greater understanding of the observations, a biological effect 
measure must consider genomics. 

A host of susceptibility biomarkers also will be critical for evaluating 
the merits of changing dietary habits. These biomarkers should allow 

the measurement of individual differences associated with genetic back-
ground or variation associated with many environmental factors (Milner, 
2003; Perera, 1994). The ability of genetic differences to activate or detoxify 
genotoxic agents is becoming increasingly recognized as an appropriate 
susceptibility biomarker. Many genes, associated products, or receptors 
are now under investigation as markers of susceptibility, including those 
associated with OB, UCP, erbB��, ras, myc, p��, BCL��, Ki���, and HNF���a 
(Wiedmann and Caca, 2005). Although several single-gene mutations have 
been shown to cause problems in experimental animal models, such as 
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those that occur in some animal models of obesity, the situation in humans 
is likely to be considered more complex. Interactions among several genes, 
environmental factors, and behavior make the search for appropriate 
gene markers especially challenging. Nevertheless, new markers are being 
developed that should offer exciting opportunities for clarification of the 
effect of genes and the environment.

Recently, the drug herceptin received attention for its novel charac-
teristics in blocking a specific target and thereby susceptibility associated 
with the increased risk of certain breast cancers (Flaherty and Brose, 2006). 
This drug has been showcased as an emerging new strategy for dealing 
with disease, namely a molecular medicine approach. Interestingly, it 
has been recognized that various dietary components can modify this 
same process and influence the risk of disease. Evidence, from a variety 
of sources, points to olive oil, an integral ingredient of the Mediterranean 
diet, as a deterrent to cancer. Recent evidence suggests the ability of its 
monounsaturated fatty acid oleic acid (18:1n-9) to specifically regulate 
overexpression of HER2 (Her2/neu, erbB-2), a well-characterized onco-
gene that may account for at least part of the observed protection in popu-
lation studies (Colomer and Menendez, 2006). Interestingly, the efficacy of 
trastuzumab, a humanized monoclonal antibody binding with high affin-
ity to the ectodomain (ECD) of the Her2-coded p185 (HER2) oncoprotein, 
was found to be enhanced by oleic acid (Colomer et al., 2006). In addition 
to olive oil, experimental evidence suggests one of the active components 
in green tea, epigallocatechin-3-gallate, is effective in inhibiting Her-2/
neu expression and leads to a suppression in the downstream events that 
it typically would bring about (Masuda, Suzui, Lim, and Weinstein, 2003). 
Evidence also exists that n-3 fatty acids from fish, as well as flavonoids 
from various grains, can retard Her2/neu expression (Menendez, Lupu, 
and Colomer, 2005; Way, Kao, and Kin, 2004).

The field of nutrigenomics and associated biomarkers is helping to 
illuminate how nutrients modulate processes within human tissues. How-
ever, there are many unique challenges that must be faced when dealing 
with nutritional and genomic research. People generally do not eat one 
food at a time, and it is often difficult to ascertain how much is consumed, 
which dietary component(s) brings about a positive or negative health 
effect, and if food components are working alone or in combination. 
Information coming from the Women’s Health Initiative also emphasizes 
the need to not only understand quantities of individual food components 
but also the duration of their intake (Prentice et al., 2006). This was par-
ticularly true for the effects of reducing fat intake on breast cancer risk, 
which did not appear until four to five years after the intervention started. 
How the genetic background of an individual, as well as that person’s 
age, gender, and lifestyle affect response to nutrients are additional issues 
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that need to be more adequately addressed in the future. Although the 
task of answering these questions seems daunting, progress is being made 
and may well continue as newer tools and biomarker research unfolds.

Overall, a variety of biomarkers that can monitor the intake (expo-
sure), molecular target (effect) and variation in response (susceptibility) 
will be needed to develop a profile for an individual that reflects the effect 

of diet on overall performance and health. To assess the benefits of foods 
or their components, additional attention must be paid to examining the 
variability in response among populations and individuals, the strengths 
of any association or correlation, the specificity of the relationship, the 
reversibility of the response, and the biological basis for any proposed 
benefits. Undeniably, the development and application of validated and 
sensitive biomarkers have enormous importance not only in improving 
health but also in assessing the importance of dietary change. While it is 
difficult to assess the significance of individual types of investigations, it 
would be wise to develop a model that incorporates various types of data 
before highlighting the particular benefits or risks of a functional food 
or bioactive component. While some may argue that a model including 
epidemiologic evidence (25 percent), intervention studies (35 percent), 
animal models (25 percent), and mechanism of action (15 percent) might 
be appropriate, others might shift the proportions markedly. This is in no 
way a novel approach; it was used in preparing six consensus statements 

about chronic disease, yet many scientific and lay publications do not 
use the same criteria when showcasing information about the merits or 
limitations of nutrition and health studies. 

ETHICS

Although many researchers are enthusiastic about the potential to 
tailor public health products and services for disease prevention and 
treatment based on an individual’s genetic profile, and many consumers 
are anxious to gain more personal control over their health by learning 
about their genetic susceptibility for various health concerns, there are 
risks and benefits that must be taken into consideration. Potential benefits 
from genetic testing include relief from anxiety, improved ability to plan 
for the future, and more informed decisions regarding measures that 
may or may not play a role in disease prevention or treatment. Potential 
risks include the cost of testing, psychological and emotional reactions to 
results, disruption to families, and potential for discrimination (Anderlik 
and Rothstein, 2001). 

In the realm of nutrigenomics, it is important for the public to under-
stand that the companies currently in existence that tout “personalized 
nutrition” tend to base their recommendations on a small number of 
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genes for which there is currently inadequate information to predict an 
individual’s response to specific food components or eating habits (Check, 
2003; Kaput et al., 2005). In addition, because of the often complex inter-
actions between genes and environmental factors, it is challenging for 
researchers, clinicians, and counselors to determine an individual’s likeli-
hood of developing a disease. In some cases, behavioral changes will not 
modify a person’s likelihood of developing a given disease. However, in 
many cases, behavioral changes will modify individual risk, even if it is 
higher based on their genetics, so it is important that the information is 
communicated in a manner that does not create deterministic attitudes 
that might reduce self-efficacy. The fact that some companies exist that 
provide results directly to individuals without any discussion with a 
physician or genetics counselor is troubling, since this information may 
be used incorrectly or inappropriately (Castle, 2003). Regardless of the 
current concerns related to the accuracy of health claims made by com-
panies marketing personalized nutrition and the manner in which these 
results are delivered to individuals, it is likely that the future of nutri-
tion includes the ability to create effective individual guidance based on 
genetic profiles. 

A concern regarding the future of nutrigenomics (and genomics in 
general) is whether the extremely large investments in research infrastruc-
ture to support ___omics research will further widen the health disparities 
gap between the rich and the poor at the individual and population levels 
(Darnton-Hill, Margetts, and Deckelbaum, 2004; Cannon and Leitzmann, 
2005). As described above, the public throughout the world, as well as 
policy makers, health care providers, and a wide range of researchers 
need to understand the concept of genomics and how it can have a posi-
tive impact on lives in order to make informed decisions about whether or 
not it will be in their best interest to support the large investments needed 
for genomics research. When genomics is considered at the population 
level, the issue of individual health benefit versus the good of the overall 
community, population, or country comes into question, especially since 
there are a limited number of health care dollars to treat everyone with 
medical issues (Anderlik et al., 2001). In order for genomics to improve 
health in developing countries and wealthier developed countries, tech-
nological capacity and training need to be increased regionally to address 
health concerns and reduce the belief that “90% of research expenditure 
is dedicated to the health problems of 10% of the world’s population” 
(Singer and Daar, 2001). 

The application of nutrigenomics to the field of agriculture has been 
used already in several developing countries to address some of the 
regional concerns related to nutritional deficiencies through improve-
ments to crop yield and enhancement of the nutritional profile of staple 
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crops. There has been an ongoing debate for years regarding the safety of 
genetically modified foods, fueled primarily by issues of trust and public 
perceptions of risk (Anderlik et al., 2001), and several countries will not 
allow these products into their food supply. If genomics can be applied 
as part of the solution to a wide range of health concerns in developing 
countries, which rank as some of the most populous nations in the world, 
the return on investment and health benefits need to be carefully consid-
ered, along with issues of trust and public understanding of genetics and 
risk. 

In order for nutrigenomics to be applied to disease prevention and 
treatment, the public must be able to trust those who collect DNA for 
individual analysis as well as for inclusion into larger research databases, 
and those who will be providing them with health education based on 
genetic information. For example, in 1999 and 2000, the National Bioeth-
ics Advisory Committee commissioned studies on the ethical issues and 
policy guidance regarding research involving human biological materials. 
The reports noted that in the United States, certain population groups 
that have experienced research abuses in the past, such as African Ameri-
cans and Jews, had the highest levels of concern related to privacy and 
trust issues (Anderlik et al., 2001). The 2002 World Health Organization 
report Genomics and Health reviewed how certain cultural practices may 
also affect confidentiality (World Health Organization, 2002). There are 
many people who fear there is insufficient security and protection of 
their personal health data. Some countries, including Iceland and Estonia, 
which have national projects containing genetic information, have laws 
to safeguard genetic information, who may use it, and in what man-
ner. However, in the United States there are serious gaps in the areas of 
privacy protection, the degree of specificity needed in informed consent 
procedures for research, and in the laws governing privacy of health 
information and genetic discrimination (Anderlik et al., 2001).

CONCLUSION

Advances in nutrition must be consistent with meeting the needs of 
populations as well as individuals in subpopulations. Since nutrition is 
not a pure science, it is ideally suited to build on the social, behavioral, 
and biological domains (Cannon et al., 2005). Nevertheless, each of these 
domains introduces a variety of perspectives about what is important 
and what strategies are critical for bringing about a change in health and 
disease prevention. In order to determine whether personalized nutrition 
with tailored risk reduction strategies to improve health through eating 
behaviors will motivate individuals and populations to change, behav-
ioral and social scientists need to partner with basic researchers in current 
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and future efforts to understand the impact of nutrigenomics and help the 
field reach its fullest potential. It is clear that not all individuals respond 
identically to foods or their components. Identifying those who benefit 
and those placed at risk is the real challenge. While the challenges are not 
insignificant, the potential societal benefits are truly enormous.
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Since the work of Taubman (1976), twin studies have identified a sig-
nificant degree of heritability for income, education, and many other 
economic phenotypes (e.g., Behrman, Hrubec, Taubman, and Wales, 

1980; Behrman and Taubman, 1989). These studies estimate heritability 
by contrasting the correlation of economic phenotypes in monozygotic 
(identical) twin pairs and dizygotic (fraternal) twin pairs. Recent improve-
ments in the technology of studying the human genome will enable social 
scientists to expand the study of heritability, by incorporating molecular 
information about variation in individual genes. This essay describes our 
hopes and concerns about the new research frontier of genomic econom-
ics, or genoeconomics.

The core theme of health economics is that individual behavior and 
social institutions influence health outcomes (Fuchs, 1974). The primary 
contribution of genoeconomics is likely to be identifying the many ways 
in which individual behavior and social institutions moderate or amplify 
genetic differences.

Within genoeconomics, there will be at least three major types of 
conceptual contributions. First, economics can contribute a theoretical and 
empirical framework for understanding how market forces and behav-
ioral responses mediate the influence of genetic factors. Second, incorpo-
rating genetics into economic analysis can help economists identify and 
measure important causal pathways (which may or may not be genetic). 
Finally, economics can aid in analyzing the policy issues raised by genetic 
information.

�0�
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Smoking provides one example of economic analysis that can improve 
the study of how genetic variation influences phenotypic variation. Tradi-
tional heritability studies suggest at least some genetic component to lung 
cancer (Lichtenstein et al., 2000); molecular genetics identifies a locus of 
lung cancer susceptibility on chromosome 6q23-25 (Bailey-Wilson et al., 
2004). The genetic susceptibility to lung cancer is undoubtedly ampli-
fied by cigarette smoking, an economic decision affected by advertis-
ing, social norms, cigarette prices, consumer income, and tax rates on 
cigarettes (Cutler and Glaeser, 2005). Economics can explain how social 
institutions—like the market for cigarettes—interact with genes to jointly 
generate important health phenotypes like lung cancer.  

More generally, economic institutions may either reduce or amplify 
the inequalities produced by genetic variation. In some situations, social 
transfers partially offset genetic factors—for example, when individuals 
with illness receive extra insurance-based resources to treat or manage 
their illness. The second subfield uses genetic information to identify 
causal mechanisms. This subfield will recognize a central fact of empirical 
economics: the ubiquity of mutual causation—for example, health influ-
ences wealth and vice versa (Case, Lubotsky, and Paxson, 2002). Genetic 
measures can help to separate the causal effect in a particular direction. 

For example, a robust literature argues that height, even in ado-
lescence, increases earnings (Persico, Postlewaite, and Silverman, 2004). 
However, this literature is plagued by difficulty in controlling for the fact 
that height also reflects better health and nutrition in wealthier families. 
If height-linked alleles were identified, then they could, in principle, be 
used to measure the causal impact of exogenous variation in height. More 
formally, such research would analyze allele variation across siblings to 
identify the causal effect of genetic predispositions for height (control-
ling for household background characteristics). To take another example, 
Ding, Lehrer, Rosenquist, and Audrain-McGovern (2005) address the 
causal effect of health on educational outcomes, using genetic predictors 
of health to ameliorate confounding by third factors potentially correlated 
with both health and educational outcomes. 

More generally, cognition-linked alleles will contribute to understand-
ing of the cognitive factors that influence income, or the extent to which 
cognitive factors influence decision making about savings and wealth. 
Genetic research will also identify biological mechanisms that interact 
with environmental factors to jointly influence behavior. We anticipate 
that crude concepts like “risk aversion” (unwillingness to take risks) and 
“patience” (willingness to delay gratification) that are central to economic 
analyses will be decomposed into much more useful subcomponents asso-
ciated with particular neural mechanisms and their environmental and 
genetic antecedents (Plomin, Corley, Caspi, Fulker, and DeFries, 1998). 
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Finally, ongoing research will eventually enable researchers to employ 
new genetic control variables, thereby improving the power of statistical 
procedures. 

Much of the promise of genoeconomics is based in part on econo-
mists’ long tradition of policy analysis. The economic approach is one 
in which governments are not seen as infallible custodians of the public 
good, but rather as separate actors that often have their own objectives 
(Stigler, 1971). Information economics may also play an important role in 
the analysis of policy questions. Economists have identified competitive 
forces that cause individuals to reveal information that is privately ben-
eficial but potentially socially harmful. Economists understand how the 
public release of certain genetic information can theoretically undermine 
insurance institutions and thereby inefficiently increase social inequality. 
Genoeconomics will also identify specific gene-environment interactions 
with policy implications. For example, imagine that particular genes turn 
out to be associated with risk factors for poor educational outcomes, poor 
performance in the labor market, and consequently low levels of income. 
Imagine too that particular educational interventions are found that miti-
gate these disadvantages. Then gene-based policies could target disad-
vantaged at-risk groups with focused interventions. Such interventions 
will remain purely speculative until the necessary precursor research is 
implemented and ethical questions are resolved, but focused interven-
tions nevertheless hold considerable long-run potential. 

Despite the promise of genoeconomics, there are clearly enormous 
pitfalls. Even under the best of circumstances—in which a particular 
genetic pathway has been clearly established—there are concerns about 
informing individuals of their own risks, especially when there are few 
interventions to alleviate those risks or when the risks are very small. 
Providing information to parents about the genome of a fetus or a child 
creates a different set of dilemmas, including the risk of selective abor-
tion. This has been well discussed with reference to a genetic endowment 
as straightforward as gender; in many societies economic investment in 
a daughter is seen as less beneficial than economic investment in a son 
(e.g., Garg and Morduch, 1998). If the same issues arose in relation to more 
complex economic traits, a host of ethical and policy questions would 
arise. Documenting the power of the genome to society at large also cre-
ates risks as identifiable social and ethnic groups may face discrimination 
(or become beneficiaries of positive discrimination) on the basis of their 
presumed genetic endowments.

These problems are multiplied when genetic research is done care-
lessly. Historically, there have been many cases of false positives in which 
early genetic claims have evaporated under subsequent attempts at repli-
cation. These false positives can create tremendous mischief. A failure to 
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highlight the small contribution each gene may make to an outcome, as 
well as the full extent of the interaction between genes and environment, 
is also likewise dangerous because the public may come to believe falsely 
in genetic determinism. The responsible path requires statistical care, 
attention to how genes and environment jointly determine outcomes, and 
extreme sensitivity to the ethical issues surrounding genetic knowledge. 

Despite these dangers, we think that there is potential for productive 
collaboration between economists, cognitive scientists, epidemiologists, 
and genetic researchers. In the rest of this essay, we sketch one vision for 
this field. In the next section, we discuss methodological challenges that 
confront research in genoeconomics. We then outline a study that is cur-
rently under way, which uses a single-nucleotide polymorphism (SNP) 
panel to analyze associations between candidate cognitive function genes 
and economic phenotypes.

METHODOLOgICAL CHALLENgES AND PITFALLS

Successful implementation of the research program described above 
will require careful attention to many methodological issues, some of 
which we outline in this section. A critical issue is the choice of economic 
phenotypes to study. Proximal behavioral phenotypes, such as impatience 
or risk aversion, are probably more directly related to genetic propensities 
than more distal economic phenotypes, such as wealth accumulation or 
labor force participation.

Proximal phenotypes have typically been measured with personal-
ity tests. Some personality systems are purely conceptually based (e.g., 
the five factor model) while others are rooted in neurobiology (e.g., 
Cloninger’s three dimensions tied to the dopamine, serotonin, and nor-
epinephrine systems; Cloninger, 1987, 1993; Cloninger, Adolfsson, and 
Svrakic, 1996). Recently, some personality attributes have been studied 
with neuroimaging (e.g., Hariri et al., 2006). 

Distal phenotypes—for example, wealth accumulated over a life-
time—may also strongly reflect genetic influences, because they represent 
the cumulative effect of many specific decisions, and may reflect the 
expression of genes over a long period of time. Given the current state 
of knowledge (especially the relative lack of definitive findings relat-
ing traditional personality traits to specific genetic polymorphisms; see 
Ebstein, 2006; Munafo et al., 2003), the wisest course is probably to mea-
sure both proximal and distal phenotypes and to investigate how the 
proximal phenotypes mediate the relationship between genes and more 
distal phenotypes.

In the rest of this section, we focus on gene-environment interaction 
studies in the context of quantitative genetic designs and modern associa-
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tion analysis. In that setting we consider issues under three general head-
ings: the nonindependence of genes and environments, the measurement 
of genetic variation, and problems searching for small, complex effects.

Correlated genes and Environments

Genes and environments are, for various reasons, often not indepen-
dent factors. This has implications for statistical designs attempting to 
uncover genetic influences, environmental influences, and the interactions 
of genes and environments.

Gene-environment interaction (G×E) can be conceptualized as the 
genetic control of sensitivity to different environments. In contrast, a 
correlation between genes and environment (GE correlation, rGE) can 
represent genetic control of exposure to different environments (Kendler 
and Eaves, 1986; Plomin and Bergeman, 1991). For example, Jang, Ver-
non, and Livesley (2000) show that genetic influences on alcohol and 
drug misuse are correlated with various aspects of the family and school 
environment. 

We might expect correlations between genes and environments to 
arise for a number of reasons. For example, individuals do, to some 
extent, implicitly select their own environments on the basis of innate, 
genetically influenced characteristics. 

One important form of gene-environment correlation arises due to 
population stratification. A stratified sample is one that contains individu-
als from two or more subpopulations that may differ in allele frequen-
cies at many sites across the genome. This will induce a correlation in 
the sample between all allelic variants that differ in frequency between 
the subpopulations and any environmental factors, diseases, or other 
measures that also happen to differ (possibly for entirely nongenetic 
reasons) between the subpopulations. As such, population stratification 
is an important source of potential confounding in population-based 
genetic studies. For example, if cases and controls are not matched for 
ethnic background, population stratification effects can lead to spurious 
association, or false-positive errors. To address concerns over possible 
hidden stratification effects, a series of family-based tests of association 
have been developed. Because related family members necessarily belong 
to the same population stratum, using relatives as controls automatically 
ensures protection against the effects of stratification (Spielman, McGinnis, 
and Ewens, 1993). Recently, a different approach—called genomic control 
or structured association—has emerged, using DNA markers from across 
the genome to directly infer ancestry for individuals in the sample or 
to look for signs of stratification (Devlin and Roeder, 1999; Pritchard, 
Stephens, and Donnelly, 2000).
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An association between an environment and an outcome may arise 
due to a third variable, namely common genetic inheritance (e.g., DiLalla 
and Gottesman, 1991). For example, if a gene X is inherited, it might cause 
phenotypes Y and Z, respectively, in a parent and in a child. Research-
ers will observe a correlation between the parental phenotype Y and the 
child’s phenotype Z. Researchers may mistakenly infer a causal relation-
ship between Y and Z if they do not control for the real (unobserved) 
causal mechanism: gene X.

Measuring genetic variation

The typical “gene by environment” association study should really 
be called an “allele by environment” study because, very often, only a 
single variant within a gene is studied. In the context of standard candi-
date gene association studies, many researchers are realizing that failure 
to comprehensively measure all common variation in a gene or region 
can lead to inconsistent results and makes the interpretation of negative 
results particularly troublesome. (If you have not adequately measured 
“G,” then it is hard to evaluate its relationship to the phenotype.) With 
emerging genomic technologies, it will soon be easy to measure myriad 
single nucleotide polymorphisms or microsatellite markers, even if only 
one SNP is known to be functional.

The same issue applies to G×E analysis. The question will be how to 
adapt G×E methods to this new “gene-based” paradigm, in which the 
gene rather than the specific allele, genotype, or haplotype becomes the 
central unit of analysis. In addition, if a researcher measures multiple 
genes (for example, all genes in a pathway, each with multiple markers), 
then new analytic approaches will be needed to simultaneously model the 
joint action of the pathway, as well as how the individual genes influence 
the phenotype or interact with the environment. 

Naturally, more comprehensively measuring all common variation 
in a gene costs more both financially (more genotyping) and statistically 
(more tests are performed). How to best combine information from mul-
tiple markers in a given region is an ongoing issue in statistical genetics. 
One option is to simply test each variant individually and then adjust 
the significance levels to account for this multiple testing. Standard pro-
cedures, such as the Bonferroni, are typically too conservative because 
they assume the tests are independent. Instead, it is often better to use 
permutation procedures to control the family-wise error rate or to con-
trol the false discovery rate. A second option is to combine the single 
variants together, either in a multilocus test (such as Hotelling’s T� or a 
set-based test using sum-statistics) or in a haplotype-based test. As men-
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tioned above, this is currently a very active area of research (e.g., Brookes, 
Chen, Xu, Taylor, and Asherson, 2006). 

All these approaches rely on the variation being common. Even for 
large samples, this means that variants with a population frequency of 
less than 1 percent are unlikely to be detected. If a gene is important for a 
given outcome but contains multiple, different rare variants, then many 
current approaches will fail.

Searching for Small Effects and Interactions

Increasingly, researchers are appreciating the central importance of 
large sample sizes in genetics to afford sufficient statistical power to detect 
small effects. For complex, multifactorial traits, many researchers expect 
the effects of individual variants to be as low as < 1 percent of the total 
phenotypic variance for quantitative outcomes. For case-control designs, 
allelic odds ratios of 1.2 and lower are often considered. Such small effects 
require very large samples—typically thousands of individuals, if more 
than one variant is to be tested and proper controls for multiple test-
ing are in place. The consequences of chronic low statistical power are 
sobering. If power is on average only marginally greater than the type 
I error rate, then a large number of published studies may well be type 
I errors. Average power around the 50 percent level yields a pattern of 
inconsistent replication. A great deal of time and money has been spent 
on poorly designed experiments that, at best, stand little chance of doing 
what they are supposed to and, at worst, are advancing type I errors in 
the literature.

Although the individual effects of any one variant may be very small, 
it is of course a possibility that this is because they represent the marginal 
effect of an interaction, for example with some environmental factor. In 
other words, by looking only at a single variant and essentially averaging 
over all other interacting environmental factors, one would see only an 
attenuated signal and perhaps miss the link between the gene, environ-
ment, and outcome. This is one reason for explicitly considering G×E 
when searching for genetic variants.

In humans, G×E has been found in monogenic diseases; in plant and 
animal genetics, there is strong evidence for G×E in complex phenotypes. 
For example, phenylketonuria is a Mendelian human disorder, but the 
gene acts to produce the severe symptoms of mental retardation only in 
the presence of dietary phenylalanine. Research in Drosophila melano-
gaster has found evidence for G×E in quantitative traits including bristle 
number, longevity, and wing shape (Mackay, 2001; Clare and Luckinbill, 
1985). The detection of G×E in model organisms suggests that it will play 
an equally important role in complex human phenotypes. Indeed, promis-Indeed, promis-



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

BENJAMIN et al. ���

ing results are emerging (e.g., Caspi et al., 2002, 2003; Dick et al., 2006a; 
MacDonald, Perkins, Jodouin, and Walker, 2002; Mucci, Wedren, Tamini, 
Trichopoulos, and Adami, 2001). However, human studies suffer from aHowever, human studies suffer from a 
crucial methodological difference: the inability to inexpensively manipu-
late genes and environments experimentally. Epidemiological designs 
will therefore tend to be less powerful, as well as prone to confounding. 
Despite these greater challenges, consideration of G×E in human molec-
ular genetic studies potentially offers a number of rewards, including 
increased power to map genes, to identify high-risk individuals, and to 
elucidate biological pathways.

Many commentators have noted the general difficulties faced in 
uncovering interactions of any kind (e.g., Clayton and McKeigue, 2001; 
Cooper, 2003). Indeed, general epidemiology has struggled for decades to 
adequately define and test interaction. The central problem, as stated by 
Fisher and Mackenzie in 1923 when first describing the factorial design 
and analysis of variance (ANOVA), is that, in statistical terms, “interac-
tion” is simply whatever is left over after the main effects are removed. 
It follows that the presence or absence of interaction can depend on how 
the main effects are defined. For dichotomous phenotypes, the presence 
of a measured interaction effect will depend on the modeling assumption 
that is used in the empirical analysis (see Campbell, Gatto, and Schwartz, 
2005, for another example). For example, if the risk genotype G+ has 
(likelihood ratio) effect g and the risk environment E+ has (likelihood 
ratio) effect e, the question is how to specify the joint effect in the absence 
of an interaction. Assuming an additive model implies that the joint effect 
(without an interaction effect) is g + e – �, whereas a multiplicative model 
implies that the joint effect (without an interaction effect) is ge. Hence, the 
absence of an interaction effect in the additive model generically implies 
the existence of an interaction effect in the multiplicative model (and vice 
versa). Mathematically, as long as neither g nor e is equal to one, then, 
g + e – � ≠ ge.

Analogously, for quantitative phenotypes, transformation of scale can 
induce or remove interaction effects. To see this, imagine a G×E study of 
amygdala morphology (i.e., measures of the anatomical size of the amyg-
dala based on magnetic resonance images). For illustrative purposes, 
assume that the amygdala is a sphere with radius given by an additive 
sum of a gene effect—1 mm—and an environment effect—also 1 mm. 
Assume too that the radius exhibits no gene-environment interaction.

If the measured phenotype were cross-sectional area (a function of 
radius squared), however, gene and environment are no longer additive 
in their effects. There is now G×E, as G+ increases area by 3 units under 
E- and 5 units under E+. If the phenotype were based on volume, the 
apparent measurement of G×E is stronger. However, these interaction 
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effects are purely “statistical” and not “biological”: that is, G and E do not 
interact on any causal level. The interactions are effectively a consequence 
of misspecifying the main effects model (see Table 15-1).

Consider now that a “downstream” phenotype is measured, such as 
some aspect of the serotonergic system that is influenced by the amygdala. 
There can be no guarantee that the effects of G and E should necessarily 
display an additive relationship at this level, considering the various neu-
rochemical cascades and reciprocal feedback loops that are presumably 
involved in a system as complex as the human brain. Or the measured 
phenotype may be even further downstream—a clinical diagnosis based 
on behavioral symptoms, or a 25-item self-report questionnaire measure, 
log-transformed to approximate normality. Finding G×E at these levels 
may well be strikingly irrelevant with respect to the presence of interac-
tion at the causal level. 

The point of this example is not to claim that the only appropriate 
causal level is the neurological one. Rather, for complex phenotypes, 
the level at which genes and environment operate (which need not be 
the same level) might often be quite distal compared with the level of 
measured phenotype. Consequently, the distinction between statistical 
and biological interaction always should be borne in mind. Purely sta-
tistical interactions are still useful if one’s only goal is prediction, for 
example, early diagnosis or identification of high-risk individuals. But 
to help understand mechanisms and pathways, an interaction detected 
by statistical methods must have some causal, biological, or behavioral 
counterpart to be of significant interest.

False negatives are also a major concern in the study of G×E. Tests of 
interaction generally suffer from relatively low power (Wahlsten, 1990). 
In this case, it is not clear that efforts to detect genes will benefit from 

TABLE 15-1 Measurement of G×E Depends on the 
Modality of Measurement

Radius (mm)    E- E+
    G- 1 2
    G+ 2 3

Area/π (mm2)   E- E+
    G- 1 4
    G+ 4 9

Volume/(4π/3)  (mm3)  E- E+
    G- 1 8G- 1 8
    G+ 8 27
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more complex models that allow for potential G×E effects, even if G×E 
effects are large.

Nature is undoubtedly complex. How complex our statistical models 
need to be is less clear. Combining the definitional problems of interaction 
with the low power to detect G×E with the new avenues for multiple-
testing abuses brought about by extra E variables, attempting to incor-
porate G×E could make an already difficult endeavor nearly impossible 
(Cooper, 2003). However, we see these obstacles as important but not 
insurmountable: with proper experimental design and better developed 
statistical tools, G×E will be able to be robustly detected, with relevance 
to biology, public health, and eventually economics.

Although larger data sets—more individuals, more phenotypic mea-
sures, more genetic variants assayed—are desirable for many reasons 
(some of which have already been mentioned), they also pose a fur-
ther methodological challenge for detecting G×E. A new wave of whole 
genome scale studies has already begun, in which as many as half a mil-
lion SNPs are assayed. Issues of multiple testing and statistical power are 
already paramount in such studies. Efforts to detect G×E magnify these 
concerns.

AgES-REykjAvIk STUDy COLLABORATION

Currently, the main obstacle to bringing genetic research into econom-
ics is the fact that few data sets combine economic measures with biosam-
ples that can be genotyped. An exception is the Age, Gene/Environment 
Susceptibility-Reykjavik Study (AGES-RS). On the basis of the AGES-RS, 
we are currently exploring associations between candidate genes involved 
in decision making and economic phenotypes and how these relation-
ships are mediated by the environment. We think our project illustrates 
one possible direction for research in economic genomics, as well as 
some of the benefits of multidisciplinary collaboration—including team 
members with training in economics, cognitive science, epidemiology, 
medicine, genetics, and statistics.

Administered by the Icelandic Heart Association, the original Reykjavik 
Study (RS) surveyed 30,795 men and women born between 1907 and 1935 
who lived in Reykjavik as of 1967. While the majority of participants were 
surveyed once between 1967 and 1991, about 5,700 were surveyed twice 
and as many as 6,000 people were surveyed up to six times over this 
period. The Older Persons Examination, which contained many compo-
nents of the RS questionnaire as well as additional health measures, was 
administered between 1991 and 1997 to a subset of the Reykjavik Study 
that was ages 70 and older as of 1991. The Laboratory of Epidemiology, 
Demography, and Biometry of the National Institute on Aging initiated 
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the AGES-RS in 2002 in collaboration with the Icelandic Heart Association 
to collect genotypic as well as additional phenotypic data from surviving 
participants of the Reykjavik Study. The AGES-RS includes 5,764 of the 
11,549 surviving participants. Currently, 2,300 participants have been 
genotyped. For more detailed information about the AGES-RS, see Harris 
et al. (in press).

Although primarily used to study health, the AGES-RS data already 
contain a number of measures of economic interest, summarized in Table 
15-2. Distal economic phenotypes we plan to study include labor supply 
and wealth accumulation. For example, Figure 15-1 shows the percentage 
of respondents who have a second job. Figure 15-2 shows the distribu-
tion of working hours in the sample. Notice that there is a substantial 
amount of variation in these phenotypes. The RS questionnaire asks about 
attributes of participants’ house or apartment, from which it is possible 
to construct a proxy measure of housing wealth. We are currently inves-
tigating the feasibility of collecting more extensive measures of wealth 
and income.

In addition to these distal phenotypes, we plan to study proximal 
phenotypes—such as impulsiveness, risk aversion, and cognition—that 
may be more closely related to underlying genetic propensities. A mea-
sure of late-life general cognitive function can be constructed from exist-
ing data on memory, speed of processing, and working memory. Various 
questionnaires ask about health-related decisions, such as smoking, drink-
ing, eating habits, and conscientious health behaviors (e.g., getting regular 
check-ups). Each of these decisions reflects a trade-off between the present 
and the future, and economic theory postulates that some individuals are 
more impulsive, or “impatient” in economics jargon. From these deci-
sions, we will construct an index of impulsive behaviors.

We also plan to add standard experimental measures of impulsive 
and risk-averse preferences to the next wave of the AGES-Reykjavik 
Study. These protocols ask participants to choose between immediate and 
delayed monetary rewards or to choose between certain and risky mone-
tary rewards. These choices are played out with real monetary stakes. Such 
measures correlate with real-world impulsive and risky decisions across 
a range of contexts (e.g., for discounting: Fuchs, 1982; Bickel, Odum, and 
Madden, 1999; Petry and Casarella, 1999; Kirby, Petry, and Bickel, 1999; 
Kirby and Petry, 2004; Ashraf, Karlan, and Yin, 2004; Shapiro, 2005; for 
risk aversion: Barsky, Juster, Kimball, and Shapiro, 1997; Dohmen et al., 
2005; Kimball, Sahm, and Shapiro, 2006). Other experimental decision-
making measures yield similar distributions of responses whether they 
are administered to neurologically healthy older adults or to college-age 
subjects (Kovalchik, Camerer, Grether, Plott, and Allman, 2003). 

Existing research in economics implies that distal phenotypes, such 
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TABLE 15-2 Measured Phenotypes in the Icelandic AGES-RS Data

Measured Phenotypes

Reykjavik 
Study
1967-1991

Older Persons 
Exam
1991-1996

AGES-Reykjavik
2002-2006

Distal economic 
phenotypes
  Number of jobs and hours 

worked (labor supply)
X X

  Attributes of house/
apartment (housing 
wealth)

X X

  Occupational history 
(human capital 
accumulation)

X X X

  Years of education 
(human capital 
accumulation)

X X X

  Social networks (social 
capital accumulation)

X X

Proximal decision-making 
phenotypes
  Smoking frequency 

(impulsivity)
X X X

  Drinking frequency 
(impulsivity)

X X

  Exercise frequency 
(impulsivity)

X X X

  Eating habits 
(impulsivity)

 X X

  Health conscientiousness 
(impulsivity)

X X

  Long-term memory 
(general cognitive ability)

X

  Speed of processing 
(general cognitive ability)

X X

  Working memory (general 
cognitive ability)

X

  MRI of the brain (general 
cognitive ability)

X

NOTES: This table displays phenotypic data already collected. For the next wave of the 
AGES-Reykjavik study, we plan to add additional distal phenotypes (wealth and income) 
and proximal phenotypes (experimental measures of impulsivity and risk aversion). The 
cognitive SNP panel will be administered to participants in the AGES-Reykjavik study. In 
addition to the AGES-Reykjavik questionnaire, participants in the AGES-Reykjavik study 
have answered the Reykjavik study questionnaire once, twice, or six times during 1967-1991. 
The Older Persons Exam was administered to those ages 70 and older as of 1991.
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Figure 15-1

FIgURE 15-1 Percentage of respondents in the Icelandic AGES-RS data who have 
a second job, by gender and age. 
SOURCE: Author’s calculations.

as labor supply and wealth accumulation, will be related to proximal 
phenotypes that matter for decision making, such as impulsiveness, risk 
aversion, and cognitive function (Barsky et al., 1997; Benjamin, Brown, 
and Shapiro, 2006; Dohmen et al., 2005). These proximal phenotypes are 
more likely to be directly associated with underlying genetic propensities 
and to mediate the relationship between genetic polymorphisms and the 
distal phenotypes.

Three key empirical findings have motivated our choice of candidate 
genes for decision making:

1. Research in the new field of neuroeconomics (Glimcher and 
Rustichini, 2004; Glimcher, Dorris, and Bayer, 2005) has begun 
to explore the neuroscientific foundations of economic behav-
ior.1 McClure, Laibson, Loewenstein, and Cohen (2004) found 
that impulsive behavior, when measured with laboratory tasks, 
appears to be governed by the interaction between the brain’s 

1 There is also a related, older literature that explores the relationship between personality 
and neuropharmacological interventions—for example, see Nelson and Cloninger (1997).
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impatient “limbic system” (more accurately, mesolimbic dopa-
minergic reward-related regions) and a patient “cortical system,” 
which includes elements of the prefrontal cortex and the parietal 
cortex. McClure et al. (2004) show that the limbic system is active 
only when individuals are confronted with choices between 
immediate and future rewards. By contrast, the cortical system 
is active for all decisions (whether or not immediate rewards are 
among the choices), and its activity increases in trials when sub-
jects choose more delayed rewards. 

2. Individual differences in the tendency to make impulsive, present-
oriented decisions may in part be associated with cognitive func-
tion. In both laboratory situations and real-world measures, a 
correlation has been found between high function and less impul-
sivity and being more risk-neutral across a variety of decision-

FIgURE 15-2 Distribution of working hours in the Icelandic AGES-RS data, by 
gender and age. 
SOURCE: Author’s calculations.
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making domains (Benjamin, Brown, and Shapiro, 2006; see also 
Frederick, 2005), including financial choices, health behaviors, 
capital accumulation, and the like. Critically, this holds true even 
when controls for income are included.

3. Differences in cognitive function, in turn, may be mediated pre-
dominantly by structural and functional differences in prefrontal 
and parietal brain regions—the same network of cortical regions 
that operates to counter the impulsive tendencies of the limbic/
reward system (Gray, Chabris, and Braver, 2003; Chabris, 2007).

These results lead us to the working hypothesis that prefrontal/pari-
etal and limbic networks are the neural substrates of the psychological 
constructs of impulsiveness and cognitive function (that are in turn related 
to economic decision making). We therefore hypothesize that genes impli-
cated in these traits and brain systems may be associated with economic 
behavior and outcomes in the AGES-RS data. We have developed a list 
of these genes and their known or likely functional SNPs (Table 15-3). An 
SNP panel will be created to rapidly genotype the 2,300 subjects who have 
already been genotyped with an extensive set of SNPs in the AGES-RS 
data. These new SNPs will include both functional alleles and SNPs to tag 
haplotypes of the genes, based on the HapMap.

To select genes for this SNP panel, we focused on specific pheno-
types and biological pathways of relevance to the model sketched above. 
First, we selected genes in two critical neurotransmission pathways, the 
serotonin and dopamine systems, because both of these pathways have 
been associated with impulsive behavior. (It is true that these systems 
are not exclusively involved in impulsiveness or decision making in gen-
eral—all genetic or neurobiological systems, including the putative “lan-
guage gene” FOXP2, are involved in multiple cognitive and behavioral 
domains—but these provide useful starting points given the current state 
of knowledge about the neurobiology of decision making.) Serotonin 
function has been associated with several aspects of impulsivity, includ-
ing reward sensitivity and inhibitory cognitive control (e.g., Cools et al., 
2005; Walderhaug et al., 2002), as well as prefrontal cortex activity (Rubia 
et al., 2005), while several dopamine-related genes have been associated 
with attention deficit hyperactivity disorder (ADHD; see Faraone et al., 
2005, for a meta-analysis of association studies) and with limbic/reward 
system functioning. 

Second, we selected genes that have been associated or implicated in 
phenotypes related to cognitive functions: memory (e.g., de Quervain and 
Papassotiropoulos, 2006); schizophrenia, which involves neurocognitive 
dysfunction (Hallmayer et al., 2005); Alzheimer disease; and brain size 
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TABLE 15-3 Genes That Are Candidates for Inclusion in a Panel of 
SNPs for Association Studies with Cognitive, Neural, and Economic 
Phenotypes 

Gene Position Description and References

Dopamine (DA) System
TH 11p15.5 Tyrosine hydroxylase 
DDC 7p12.2 Dopa decarboxylase 
VMAT1 8p21.3 Vesicular monoamine transporter 1 
VMAT2 10q25.3 Vesicular monoamine transporter 2
DRD1 5q35.1 Dopamine receptor 1 
  ADHD (Bobb et al., 2005)
DRD2 11q23 Dopamine receptor 2
  Neural activation during working memory 

(Jacobsen et al., 2006)
  DRD2 binding in striatum (Hirvonen et al.,DRD2 binding in striatum (Hirvonen et al., 

2004)
DRD3 3q13.3 Dopamine receptor 3 
DRD4* 11p15.5 Dopamine receptor 4 
  ADHD (Faraone et al., 2005)ADHD (Faraone et al., 2005)
DRD5 4p16.1 Dopamine receptor 5 
  ADHD (Faraone et al., 2005)
CALCYON 10q26.3 Calcyon (DRD1 interacting protein)
  ADHD (Laurin et al., 2005)ADHD (Laurin et al., 2005)
DAT1* 5p15.3 Dopamine transporter 
  ADHD (Faraone et al., 2005)
COMT 22q11.2 Catechol-o-methyltransferase 
  Frontal lobe, executive function (Egan et al., 

2001; Meyer-Lindberg et al., 2006)
MAOA* Xp11.23 Monoamine oxidase A 
  NEO personality traits (Rosenberg et al., 

2006); aggression G×E interaction (Caspi 
et al., 2002)

MAOB Xp11.23 Monoamine oxidase B 
DBH 9q34.2 Dopamine beta hydroxylase
  ADHD (Faraone et al., 2005)ADHD (Faraone et al., 2005)

Serotonin (��HT) System
TPH1 11p15.3 Tryptophan hydroxylase 1
TPH2 12q21.1 Tryptophan hydroxylase 2
HTR1A  Serotonin receptor 1A
HTR1B 6q14.1 Serotonin receptor 1B 
  ADHD (Faraone et al., 2005)
HTR2A 13q14.2 Serotonin receptor 2A 
  Explicit memory (de Quervain et al., 2003;Explicit memory (de Quervain et al., 2003; 

Papassotiropoulos et al., 2005a; Reynolds 
et al., 2006)

Continued
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HTR3A 11q23.1 Serotonin receptor 3A 
  Amygdala and frontal lobe function (Iidaka 

et al., 2005)
HTT* 17q11.1 Serotonin transporter 
  Amygdala function (Hariri et al., 2002)
  ADHD (Faraone et al., 2005)
  Cognitive aging (Payton et al., 2005)
  Under selection in CEU and ASN 

populations (Voight et al., 2006)

Genes Reported to Be Associated with General Cognitive Ability
(reviewed by Payton, 2006; Plomin et al., in press)
CBS 21q22.3 Cystathionine beta-synthase 
  IQ (Barbaux et al., 2000)IQ (Barbaux et al., 2000)
CCKAR 4p15.2 Cholecystokinin A receptor 
  IQ (Shimokata et al., 2005) 
CHRM2 7q33 Muscarinic cholinergic receptor 2 
  IQ (Comings et al., 2003; Gosso et al., 2006)
  Performance IQ (Dick et al., 2006c) 
CTSD 11p15.5 Cathepsin D
  Mental retardation and microcephaly caused 

by mutation (Siintola et al., 2006)
  IQ (Payton et al., 2003, 2006)
IGF2R 6q25.3 Insulin-like growth factor 2 receptor  

  IQ (Chorney et al., 1998; Jirtle, 2005)
KLOTHO 13q13.1 Klotho 
  IQ (Deary et al., 2005b)
MSX1 4p16.2 Muscle segment homeobox, drosophila, 

homolog of, 1 
  IQ (Fisher et al., 1999)IQ (Fisher et al., 1999)
NCSTN 1q23.2 Nicastrin
  IQ (Deary et al., 2005a)
  AD (Bertram et al., 2007)
PLXNB3 Xq28 Plexin B3
  Vocabulary, white matter (Rujescu et al., 

2006)
PRNP 20p13 Prion protein 
  IQ (Rujescu et al., 2003; Kachiwala et al., 

2005)
  Brain structure (Rujescu et al., 2002)Brain structure (Rujescu et al., 2002)
  Long-term memory (Papassotiropoulos et al.,Long-term memory (Papassotiropoulos et al., 

2005b)
  AD (Bertram et al., 2007)
RECQL2 8p12 RECQ protein-like 2
  Cognitive composite in LSADT (Bendixen et 

al., 2004)

TABLE 15-3 Continued

Gene Position Description and References
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SSADH 6p22.2 Succinate semi-aldehyde dehydrogenase 
  IQ (Plomin et al., 2004)IQ (Plomin et al., 2004)
  IQ linkage peak on chr6 is near this gene 

(Posthuma et al., 2005)
  Recent positive selection (Blasi et al., 2006)Recent positive selection (Blasi et al., 2006)

Candidate Genes Near Linkage Peaks in Studies of IQ
(Posthuma et al., 2005; Luciano et al., 2006; Hallmayer et al., 2005; Dick et al., 2006b)
NR4A2 2q24.1 Nuclear receptor subfamily 4, group A, 

member 2
SLC25A12 2q31.1 Solute carrier family 25, member 12
SCN1A 2q24.3 Sodium channel, neuronal type 1, alpha 

subunit
SCN2A 2q24.3 Sodium channel, neuronal type 2, alpha 

subunit
TBR1 2q24.2 T-box, brain, 1
SCN3A 2q24.3 Sodium channel, neuronal type 3, alpha 

subunit
KCNH7 2q24.2 Potassium channel, voltage-gated, subfamily 

H, member 7
GAD1 2q31.1 Gluatamate decarboxylase 1
HOXD1 2q31.1 Homeobox D1
CHN1 2q31.1 Chimerin 1
RAPGEF4 2q31.1 RAP guanine nucleotide exchange factor
NOSTRIN 2q24.3 Nitric oxide synthase trafficker
BBS5 2q31.1 BBS5 gene
DLX1 2q31.1 Distal-less homeobox 1
DLX2 2q31.1 Distal-less homeobox 2
KIF13A 6p22.3 Kinesin family member 13A
NQO2 6p25.2 NAD(P)H dehydrogenase, quinone 2
RANBP9 6p23 RAN-binding protein 9
PNR 6q23.2 Trace amine-associated receptor 5 (“putative 

neurotransmitter receptor”)
NRN1 6p25.1 Neuritin 1
S100B 21q22.3 S100 calcium-binding protein, beta

Genes Associated with Memory Ability 
(de Quervain and Papassotiropoulos, 2006)
ADCY8 8q24.2 Adenylate cyclase 8
CAMK2G 10q22 Calcium/calmodulin-dependent protein 

kinase 2 gamma
GRIN2A 16p13 Ionotropic glutamate receptor, NMDA 

subunit 2A
GRIN2B 12p12 Ionotropic glutamate receptor, NMDA 

subunit 2B

TABLE 15-3 Continued
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GRM3 7q21.1 Metabotropic glutamate receptor 3 
  Frontal and hippocampal function (Egan et 

al., 2004)
PRKCA 17q22–23.2 Protein kinase C, alpha
PRKACG 9q13 Protein kinase, cAMP-dependent, catalytic, 

gamma

(Papassotiropoulos et al., 2006)
KIBRA 5q35.1 Kidney and brain expressed protein
CLSTN2 3q23 Calsyntenin 2

(Kravitz et al., 2006)
ESR1 6q25.1 Estrogen receptor 1
  AD (Bertram et al., 2007)
HSD17B1 17q21.31 Hydroxysteroid (17-beta) dehydrogenase 1

Genes Associated with Schizophrenia (SZ)
(reviewed by Norton et al., 2006; Owen et al., 2005)
AKT1 14q32.3 V-AKT murine thymoma viral oncogene 

homolog 1
DAOA 13q34 D-amino acid oxidase activator
DISC1 1q42.1 Disrupted in schizophrenia 1
  Hippocampal structure and function 

(Callicott et al., 2005)
  Cognitive aging in women (Thomson et al., 

2005)
  Cognitive performance in SZ (Burdick et al., 

2005; reviewed by Porteous et al., 2006)
DTNBP1 6p22.3 Dystrobrevin-binding protein 1
  g in SZ and controls (Burdick et al., 2006)
  IQ (Posthuma et al., 2005): linkage peak on 

chr6 contains this gene
  PFC function (Fallgatter et al., 2006)PFC function (Fallgatter et al., 2006)
  Under selection in Europeans (Voight et al.,Under selection in Europeans (Voight et al., 

2006) 

NRG1 8p22 Neuregulin 1
  Premorbid IQ in high-risk SZ subjects (Hall 

et al., 2006)
RGS4 1q23.3 Regulator of G-protein signaling 4 

(Talkowski et al., 2006)

Genes Associated with Alzheimer Disease (AD)
(reviewed by Bertram et al., 2007; Bertram and Tanzi, 2004)
ACE 17q23 Angiotensin I-converting enzyme
APOE 19q13.2 Apolipoprotein E 
  Risk factor for AD, general cognitive 

function (Small et al., 2004)

TABLE 15-3 Continued
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BACE1 11q23.3 Beta-site amyloid beta A4 precursor protein-
cleaving enzyme 1

  Interacts w/ APOE (Bertram and Tanzi, 
2004)

  Modulates myelination in mice (Hu et al., 
2006)

CHRNB2 1q21 Cholinergic receptor, neural nicotinic, beta 
polypeptide 2

CST3 20p11.2 Cystatin 3
GAPDHS 19q13.1 Clyceraldehyde-3 phosphate dehydrogenase, 

spermatogenic
IDE 10q23.33 Insulin-degrading enzyme 2
  Interacts w/ APOE (Bertram and Tanzi, 

2004)
MTHFR 1p36.3 Methylenetetrahydrofolate reductase
PSEN1 14q24.3 Presenilin 1
TF 3q21 Transferrin
TFAM 10q21 Transcription factor A, mitochondrial
TNF 6p21.3 Tumor necrosis factor

Genes Associated with Brain/Head Size
(except for VDR, all have mutations causing microcephaly)
ASPM 1q31.3 Abnormal spindle-like, microcephaly-

associated 
  Under selection in humans (Mekel-Bobrov et 

al., 2005)
  Small effect on IQ subtests (Luciano et al., 

2006)
  No significant effect on normal-range brain 

size (Woods et al., 2006)
CDK5RAP2 9q33.2 CDK5 regulatory subunit associated protein 

2
  Brain size (Woods et al., 2005; Evans et al.,Brain size (Woods et al., 2005; Evans et al., 

2006)
  Reverse association w/ verbal IQ (Luciano et 

al., 2006)
CENPJ 13q12.12 Centromeric protein J   
  Brain size; under selection in CEU sample 

(Voight et al., 2006; cf. Evans et al., 2006)
MCPH1 8p23.1 Microcephalin 
  Under selection in humans (Evans et al.,Under selection in humans (Evans et al., 

2005)
  No significant effects on IQ subtests 

(Luciano et al., 2006), normal-range brain 
size (Woods et al., 2006)

TABLE 15-3 Continued
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VDR 12q13.11 Vitamin D receptor
  Head size (Handoko et al., 2006), not 

associated with schizophrenia

Genes Associated with Miscellaneous Brain and Cognitive Functions
BDNF 11p14.1 Brain-derived neurotrophic factor
  Memory, hippocampus (Egan et al., 2003; 

Dempster et al., 2005)
  Age-related cognitive decline (Harris et al., 

2006)
  Not associated with working memory 

performance (Hansell et al., 2006)
CHRNA4 20q13.2 Neuronal nicotinic cholinergic receptor alpha 

polypeptide 4 
  Attentional function (Greenwood et al., 2005; 

Parasuraman et al., 2005)
CHRNA7 15q13.3 Neuronal nicotinic cholinergic receptor alpha 

polypeptide 7 
  Schizophrenia and auditory processing 

(Leonard et al., 2002)
NET1 16q12.2 Norepinephrine transporter 
  ADHD (Bobb et al., 2005)
OXTR 3p26.2 Oxytocin receptor 
  Trust; autism (Wu et al., 2005; Ylisaukko-Oja 

et al., 2005)
PAX6 11p13 Paired box gene 6 
  Development of executive function networks 

(Ellison-Wright et al., 2004)
SNAP25 20p12.2 Synaptosomal-associated protein, 25-KD 
  ADHD (Faraone et al., 2005)ADHD (Faraone et al., 2005)
  Performance IQ (Gosso et al., 2006)
FADS2 11q12–q13 Fatty-acid desaturase 2
  ADHD (Brookes et al., 2006)ADHD (Brookes et al., 2006)
NOS1 12q24 Neuronal nitric oxide synthase
  PFC function, schizophrenia (Reif et al., 2006)
CETP 16q21 Cholesterol ester transfer protein
  Better MMSE performance in centenarians 

(Barzilai et al., 2006)

NOTE: Table indicates possible mechanisms mediating genetic influences on these pheno-
types (or other reasons for including the gene). Both known or suspected functional SNPs 
in these genes, as well as tagging SNPs from the HapMap, would be used. Names and ge-
nomic positions are taken from OMIM or the UCSC Genome Browser. Genes marked with 
an asterisk (*) have known or probable functional alleles that are not SNPs. Citations given 
for each gene are meant to be representative of the suggestive evidence in the literature 
(through 2006), not exhaustive lists of relevant publications on the gene.
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(for a meta-analysis, see McDaniel, 2005; for candidate genes, see Gilbert, 
Dobyns, and Lahn, 2005; Woods, Bond, and Enard, 2005). 

Finally, we added several genes associated with specific cognitive 
abilities, such as memory and attention, or that are linked to cognition 
via other mechanisms (Goldberg and Weinberger, 2004). Naturally, there 
is overlap among these categories; for example, COMT (catechol-O-
methyltransferase) is part of the dopamine pathway, and it also has a 
common SNP that is associated with measures of executive function and 
frontal lobe activation (Egan et al., 2001); HTR2A (serotonin receptor 
2A) is a serotonin receptor gene that has been associated with long-term 
memory ability (de Quervain et al., 2003); and while HTT (serotonin trans-
porter) is a part of the serotonin system, it has also been associated with 
ADHD and cognitive processes. Table 15-3 is therefore not meant to be an 
exhaustive or final list of possible candidate genes for economic behavior, 
but rather our estimate of the best starting points for study, given the 
literature published through the end of 2006.

In addition to the considerable behavioral and medical phenotypes, 
the AGES-RS data includes several measures of cognitive function: speed 
of processing, working memory, and long-term memory, as well as edu-
cational achievement, the mini-mental state exam, and a clinical dementia 
evaluation. An index of general cognitive function (g) can be inferred from 
a principal components analysis of the individual cognitive tests; indeed, 
working memory and processing speed are prominent components of g 
(Chabris, 2007). It should be emphasized that AGES-RS participants are 
67 years and older and current cognitive functions reflect important con-
tributions of diseases of old age. Each subject in the AGES follow-up also 
received structural magnetic resonance imaging (MRI) of the brain with 
evaluations of atrophy, infarcts, white matter lesions, and high-resolution 
T1-weighted images for voxel-based morphometric analysis.

We plan to examine direct associations between the genes in our 
SNP panel and the distal economic outcomes measured in the AGES-RS 
data—for instance, labor force participation and housing wealth. We will 
also investigate whether these associations are mediated by proximal 
variables like cognitive function, brain morphology, and impatience. 

To implement these analyses, we will construct composite pheno-
typic measures. Such composites will reduce measurement error, increase 
power, and reduce the number of statistical tests. Moreover, rather than 
simply testing each SNP genotype individually, we will construct compos-
ite “SNP sets” that index the “load” of sets of SNPs that individually may 
have small effects but collectively explain more variance in an outcome 
measure (for examples of this methodology, see Harlaar et al., 2005, for 
general cognitive ability; de Quervain and Papassotiropoulos, 2006, for 
memory; and Comings et al., 2001, for pathological gambling behavior). 
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CONCLUSION

This essay reviews our hopes and concerns about the joint study of 
genetic variation and variation in economic phenotypes. The new field of 
genoeconomics will study the ways in which genetic variation interacts 
with social institutions and individual behavior to jointly influence eco-
nomic outcomes.

Genetic research and economic research will have three major points 
of contact. First, economics can contribute a theoretical and empirical 
framework for understanding how individual behavior and economic 
markets mediate the influence of genetic factors. Second, incorporating 
(exogenous) genetic variation into empirical analysis can help economists 
identify and measure causal pathways and mechanisms that produce 
individual differences. Finally, economics can aid in analyzing the policy 
issues raised by the existence of genetic knowledge and its potential soci-
etal diffusion. 

Despite the promise of genoeconomics, there are numerous pitfalls. 
Ethical issues crop up at every juncture, both during the research process 
and once the research results are disseminated. The problems are even 
greater when genetic research is done carelessly or reported misleadingly. 
Historically, there have been many cases of false positives in which prelimi-
nary genetic claims have subsequently collapsed as a result of unsuccessful 
replications. Communication about research results must also highlight the 
fact that genes alone do not determine outcomes. A highly complex set of 
gene effects, environment effects, and gene-environment interactions jointly 
cause phenotypic variation. 

The way forward requires statistical care, attention to how the envi-
ronment mediates genes, and sensitivity to the ethical issues surround-
ing genetic knowledge. We think that there is potential for productive 
collaboration between economists, cognitive scientists, epidemiologists, 
and genetic researchers. Indeed, we end by summarizing a study that 
is currently under way, which uses a SNP panel to analyze associations 
between candidate cognitive genes and economic phenotypes. 
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Mendelian Randomization: 
Genetic Variants as Instruments for 
Strengthening Causal Inference in 

Observational Studies

George Davey Smith and Shah Ebrahim

The incorporation of biomarkers into population-based health sur-
veys is generally intended to improve categorization of exposures 
or health outcome measures (National Research Council, 2001). An 

unintended consequence of the growing use of biomarkers—for example, 
in assessing nutritional status—is that investigators are less aware of 
the continued threats to validity of their findings caused by measure-
ment error, confounding, and reverse causality, which affect biomarkers 
in the same way as exposures and outcomes measured using less pre-
cise methods. This chapter briefly outlines when and why conventional 
observational approaches have been misleading and then introduces the 
Mendelian randomization approach, a form of the use of genes as instru-
mental variables as briefly discussed by Douglas Ewbank in the earlier 
Cells and Surveys volume (Ewbank, 2001). The variety of inferences that 
can be drawn from this approach is illustrated and then potential limi-
tations and ways to address these limitations are outlined. The chapter 
concludes by summarizing the ways in which Mendelian randomization 
approaches differ from other methodologies that depend on the use of 
genetic markers in population-based research. 

LIMITS OF OBSERvATIONAL EPIDEMIOLOgy

To investigators interested in the health consequences of a modifi-
able environmental exposure—say, a particular aspect of diet—the obvi-
ous approach would be to directly study dietary intake and how this 

���
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relates to the risk of disease. Why, then, should an alternative approach 
be advanced? The impetus for thinking of new approaches is that con-
ventional observational study designs have yielded findings that have 
failed to be confirmed by randomized controlled trials (Davey Smith and 
Ebrahim, 2002). Observational studies demonstrated that beta carotene 
intake was associated with a lower risk of lung cancer mortality, and this 
stimulated an already active market for vitamin supplements that was 
based on the notion that they substantially influence chronic disease risk 
(Figure 16-1). The scientists involved in conducting the observational 
studies advocated taking supplements in material intended for the public 
(Willett, 2001) and also, relying on observational data, concluded “Avail-
able data thus strongly support the hypothesis that dietary carotenoids 
reduce the risk of lung cancer” (Willett, 1990). However large-scale ran-
domized controlled trials reported disappointing findings: beta carotene 
supplementation produced no reduction in risk of lung cancer (Alpha-
Tocopherol and Beta-Carotene Cancer Prevention Study Group, 1994).  

With respect to cardiovascular disease, observational studies suggest-
ing that beta carotene (Manson et al., 1991), vitamin E supplements (Rimm 
et al., 1993; Stampfer et al., 1993), vitamin C supplements (Osganian et al., 
2003), and hormone replacement therapy (Stampfer and Colditz, 1991) 
were protective were followed by large trials showing no such protection 
(Omenn et al., 1996; Alpha-Tocopherol and Beta-Carotene Cancer Preven-
tion Study Group, 1994; Lancet, 1999; Heart Protection Study Collabora-
tive Group, 2002; Beral, Banks, and Reeves, 2002). In each case special 
pleading was advanced to explain the discrepancy: Were the doses of 
vitamins given in the trials too high or too low to be comparable to the 
observational studies? Did hormone replacement therapy use start too 
late in the trials? Were differences explained by the duration of follow-
up or other design aspects? Were interactions with other factors, such 
as smoking or alcohol consumption, key? Rather than such particular 
explanations being true (with the happy consequence that both the obser-
vational studies and the trials had got the right answers, but to different 
questions), it is likely that a general problem of confounding—by lifestyle 
and socioeconomic factors, or by baseline health status and prescription 
policies—is responsible. Indeed, in the vitamin E supplements example, 
the observational studies and the trials tested precisely the same thing. 
Figures 16-2a and 16-2b show the findings from observational studies of 
taking vitamin E supplements (Rimm et al., 1993; Stampfer et al., 1993) 
and a meta-analysis of trials of supplements (Eidelman, Hollar, Hebert, 
Lamas, and Hennekens, 2004). The point here is that the observational 
studies specifically investigated the effect of taking supplements for a 
short period (2-5 years) and found an apparent, robust, and large protec-
tive effect, even after adjustment for confounders. The trials tested ran-
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Figure 16-1

FIgURE 16-1 Advertisement from the Boston Globe.

domization to essentially the same supplements for the same period and 
found no protective effect. Importantly, the trial findings cannot be attrib-
uted to confounding or self-selection of healthier people into a vitamin-
taking group, as taking or not taking vitamin E was determined randomly, 
which (providing it is done properly) avoids these sources of bias.
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Figure 16-2a
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FIgURE 16-2b Health Professional Follow-up Study (Rimm et al., 1993). 
NOTE: Observed effect of duration of vitamin E use compared with no use on 
coronary heart disease events in the Health Professional Follow-up Study.

FIgURE 16-2a Vitamin E supplement use and risk of coronary heart disease in 
two observational studies (Rimm et al., 1993; Stampfer et al., 1993) and in a meta-
analysis of randomized controlled trials (RCTs) (Eidelman et al., 2004). 

Figure 16-2b
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Other processes in addition to confounding can generate robust, but 
noncausal, associations in observational studies. Reverse causation—in 
which the disease influences the apparent exposure, rather than vice 
versa—may generate strong and replicable associations. For example, 
many studies have found that people with low circulating cholesterol 
levels are at increased risk of several cancers, including colon cancer. If 
causal, this is an important association, as it might mean that efforts to 
lower cholesterol levels would increase the risk of cancer. However, it is 
possible that the early stages of cancer may, many years before diagnosis 
or death, lead to a lowering in cholesterol levels, rather than low choles-
terol levels increasing the risk of cancer. Similarly in studies of inflamma-
tory markers, such as C-reactive protein and cardiovascular disease risk, it 
is possible that early stages of atherosclerosis—which is an inflammatory 
processes—elevate circulating inflammatory markers, and since people 
with atherosclerosis are more likely to experience cardiovascular events, 
a robust but noncausal association between levels of inflammatory mark-
ers and incident cardiovascular disease is generated. A form of reverse 
causation can also occur through reporting bias, with the presence of 
disease influencing reporting disposition. In case-control studies, people 
with the disease under investigation may report on their prior exposure 
history in a different way than do controls—perhaps because the former 
will think harder about potential reasons that account for why they have 
developed the disease. 

These problems of confounding and bias produce associations in 
observational studies that are not reliable indicators of the true causa-
tion. Furthermore, the strength of associations between truly causal risk 
factors and disease in observational studies is underestimated due to ran-
dom measurement imprecision in indexing the exposure. A century ago, 
Charles Spearman demonstrated mathematically how such measurement 
imprecision would lead to what he termed the “attenuation by errors” 
of associations (Spearman, 1904; Davey Smith and Phillips, 1996), later 
renamed “regression dilution bias.”

Observational studies can and do produce findings that either 
spuriously enhance or downgrade estimates of causal associations 
between modifiable exposures and disease. For these reasons, alterna-
tive approaches—including those within the Mendelian randomization 
framework—need to be applied. 

MENDELIAN RANDOMIzATION

The basic principle utilized in Mendelian randomization is that 
genetic variants that either alter the level of, or mirror the biological 
effects of, a modifiable environmental exposure that itself alters disease 



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

GEORGE DAVEY SMITH and SHAH EBRAHIM ���

risk should be related to disease risk to the extent predicted by their 
influence on exposure to the environmental risk factor. Common genetic 
polymorphisms that have a well-characterized biological function (or are 
markers for such variants) can therefore be utilized to study the effect 
of a suspected environmental exposure on disease risk (Davey Smith 
and Ebrahim, 2003, 2004, 2005; Davey Smith, 2006). The exploitation of 
situations in which genotypic differences produce effects similar to envi-
ronmental factors (and vice versa) clearly resonates with the concepts of 
phenocopy (Goldschmidt, 1938) and genocopy (Schmalhausen, 1938, cited 
by Gause, 1942) in developmental genetics. Phenocopy refers to the situ-
ation in which an environmental effect produces the same effect as that 
produced by a genetic mutation. Genocopy, the reverse of phenocopy, is 
when genetic variation generates an outcome that could be produced by 
an environmental stimulus (Jablonka-Tavory, 1982).

Why use genetic variants as proxies for environmental exposures 
rather than measure the exposures themselves? First, unlike environmen-
tal exposures, genetic variants are not generally associated with the wide 
range of behavioral, social, or physiological factors that, for example, 
confound the association between vitamin C and coronary heart disease. 
This means that if a genetic variant is used to proxy for an environmen-
tally modifiable exposure, it is unlikely to be confounded in the way that 
direct measures of the exposure will be. Furthermore, aside from the 
effects of population structure (see Palmer and Cardon, 2005, for a dis-
cussion of the likely impact of this), such variants will not be associated 
with other genetic variants, except those with which they are in linkage 
disequilibrium. This latter assumption follows from the law of indepen-
dent assortment (sometimes referred to as Mendel’s second law), hence 
the term “Mendelian randomization.” We illustrate this powerful aspect 
of Mendelian randomization in Tables 16-1a and 16-b, showing the strong 
associations between a wide range of variables and blood C-reactive pro-
tein (CRP) levels, but no association of the same factors with genetic vari-
ants in the CRP gene. The only factor related to genotype is the expected, 
biological influence of the genetic variant on CRP levels. 

Second, we have seen how inferences drawn from observational stud-
ies may be subject to bias due to reverse causation. Disease processes may 
influence exposure levels, such as alcohol intake, or measures of interme-
diate phenotypes, such as cholesterol levels and C-reactive protein. How-
ever germ line genetic variants associated with average alcohol intake or 
circulating levels of intermediate phenotypes will not be influenced by 
the onset of disease. This will be equally true with respect to reporting 
bias generated by knowledge of disease status in case-control studies or 
of differential reporting bias in any study design. 

Third, associative selection bias in which participants’ entry to a study 
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is related to both their exposure level and disease risk can generate spuri-
ous associations. This is unlikely to occur with respect to genetic variants. 
There is empirical evidence that a wide range of genetic variants and 
participation rates in etiological studies are not associated. Odds ratios for 
differences in the prevalence of genetic variants between those willing and 
less willing to participate in studies are generally null, showing no strong 
evidence to support associative selection bias in genetic studies (Bhatti et 
al., 2005). As these investigators noted, it is important that researchers test 
this assumption in their own data, as it is possible that other genotypes, 
particularly those associated with health-relevant behaviors (e.g., alcohol 
consumption), may show associations.  

Finally, a genetic variant will indicate long-term levels of exposure, 
and if the variant is taken as a proxy for such exposure, it will not suffer 
from the measurement error inherent in phenotypes that have high levels 
of variability and are poorly estimated by a single measure. For example, 
groups defined by cholesterol level–related genotype will, over a long 
period, experience the cholesterol difference seen between the groups. 
Indeed, use of the Mendelian randomization approach predicts a strength 
of association that is in line with randomized controlled trial findings of 
effects of cholesterol lowering when the increasing benefits seen over the 
relatively short trial period are projected to the expectation for differences 
over a lifetime (Davey Smith and Ebrahim, 2004). 

Categories of Mendelian Randomization

Several categories of inference can be drawn from studies utilizing 
the Mendelian randomization paradigm. In the most direct forms, genetic 
variants can be related to the probability or level of exposure (“exposure 
propensity”) or to intermediate phenotypes believed to influence dis-
ease risk. Less direct evidence can come from genetic variant–disease 
associations that indicate that a particular biological pathway may be of 
importance, perhaps because the variants modify the effects of environ-
mental exposures. Several examples of these categories have been given 
elsewhere (Davey Smith and Ebrahim, 2003, 2004; Davey Smith, 2006); 
here illustrative cases of the first two categories are briefly outlined. 

Exposure Propensity: Alcohol Intake and Health

The possible protective effect of moderate alcohol consumption on 
risk of coronary heart disease (CHD) remains controversial (Marmot, 
2001; Bovet and Paccaud, 2001; Klatsky, 2001). Nondrinkers may be at a 
higher risk of coronary heart disease because health problems (perhaps 
induced by previous alcohol abuse) dissuade them from drinking (Shaper, 
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1993). As well as this form of reverse causation, confounding could play a 
role, with nondrinkers being more likely to display an adverse profile of 
socioeconomic or other behavioral risk factors for coronary heart disease 
(Hart, Davey Smith, Hole, and Hawthorne, 1999). Alternatively, alcohol 
may have a direct biological effect that lessens the risk of coronary heart 
disease—for example, by increasing the levels of protective high-density 
lipoprotein (HDL) cholesterol (Rimm, 2001). It is, however, unlikely that 
a randomized controlled trial of alcohol intake, able to test whether there 
is a protective effect of alcohol on CHD events, will be carried out.

Alcohol is oxidized to acetaldehyde, which in turn is oxidized by 
aldehyde dehydrogenases (ALDHs) to acetate. Half of Japanese people 
are heterozygotes or homozygotes for a null variant of ALDH2, and 
peak blood acetaldehyde concentrations post alcohol challenge are 18 
times and 5 times higher, respectively, among homozygous null variant 
and heterozygous individuals compared with homozygous wild type 
individuals (Enomoto, Takase, Yasuhara, and Takada, 1991). This renders 
the consumption of alcohol unpleasant through inducing facial flushing, 
palpitations, drowsiness, and other symptoms. As Figure 16-3a shows, 

Figure 16-3a
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FIgURE 16-3a Relationship between characteristics and alcohol consumption.
SOURCE: Takagi et al. (2002).
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Figure 16- 3b
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FIgURE 16-3b Relationship between characteristics and ALDH2 genotype. 
SOURCE: Takagi et al. (2002).

there are very considerable differences in alcohol consumption accord-
ing to genotype (Takagi et al., 2002). The principles of Mendelian ran-
domization are seen to apply: two factors that would be expected to be 
associated with alcohol consumption, age and cigarette smoking, which 
would confound conventional observational associations between alcohol 
and disease, are not related to genotype despite the strong association of 
genotype with alcohol consumption (Figure 16-3b).

It would be expected that the ALDH2 genotype influences diseases 
known to be related to alcohol consumption, and as proof of principle it 
has been shown that ALDH2 null variant homozygosity—associated with 
low alcohol consumption—is indeed related to a lower risk of liver cir-
rhosis (Chao et al., 1994). Considerable evidence, including data from ran-
domized controlled trials, suggests that alcohol increases HDL cholesterol 
levels (Haskell et al., 1984; Burr, Fehily, Butland, Bolton, and Eastham, 
1986), which should protect against coronary heart disease. In line with 
this, ALDL2 genotype is strongly associated with HDL cholesterol in the 
expected direction (Figure 16-3c). Given the apparent protective effect of 
alcohol against CHD risk seen in observational studies, possession of the 
null ALDH2 allele—associated with lower alcohol consumption—should 
be associated with a greater risk of myocardial infarction, and this is 
what was seen in a case-control study (Takagi et al., 2002). Men either 
homozygous or heterozygous for null ALDH2 were at twice the risk of 
myocardial infarction. Statistical adjustment for HDL cholesterol greatly 
attenuated the association between ALDH2 genotype and coronary heart 
disease, indicating that the cardio-protective effect of alcohol is mediated 
by increased levels of HDL cholesterol.   
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Intermediate Phenotypes

Genetic variants can influence such circulating biochemical factors as 
cholesterol, homocysteine, or fibrinogen levels. This provides a method 
for assessing causality in associations observed between these measures 
(intermediate phenotypes) and disease, and thus whether interventions to 
modify the intermediate phenotype could be expected to influence dis-
ease risk. Proof of principle for this approach is provided by familial 
hypercholesterolemia genetic variants that are associated with higher cir-
culating cholesterol levels, which increase risk of coronary heart disease. 
These observational data are in line with the randomized controlled trial 
evidence confirming that lowering cholesterol reduces the risk of coro-
nary heart disease (Davey Smith and Ebrahim, 2004).

C-Reactive Protein and Coronary Heart Disease

Strong associations of CRP, an acute phase inflammatory marker, with 
hypertension, insulin resistance, and coronary heart disease have been 
repeatedly observed (Danesh et al., 2004; Wu, Dorn, Donahue, Sempos, 

FIgURE 16-3c Relationship between HDL cholesterol and ALDH2 genotype. 
SOURCE: Tagaki et al. (2002).

Figure 16 - 3c

35

40

45

50

55

60

65

2*2/2*2 2*2/2*1 1*1/1*1

H
D

L 
m

g/
dl



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

��� BIOSOCIAL SURVEYS

and Trevisan, 2002; Pradhan, Manson, Rifai, Buring, and Ridker, 2001; 
Han et al., 2002; Sesso et al., 2003; Hirschfield and Pepys, 2003; Hu, Meigs, 
Li, Rifai, and Manson, 2004), with the obvious inference that CRP is a 
cause of these conditions (Ridker et al., 2005; Sjöholm and Nystöm, 2005; 
Verma, Szmitko, and Ridker, 2005). A Mendelian randomization study has 
examined the association between polymorphisms of the CRP gene and 
demonstrated that, although serum CRP differences were highly predic-
tive of blood pressure and hypertension, the CRP variants—which are 
related to sizeable serum CRP differences—were not associated with these 
same outcomes (Davey Smith et al., 2005b). It is likely that these divergent 
findings are explained by the extensive confounding between serum CRP 
and outcomes (as shown in Table 16-1). Current evidence on this issue, 
although statistically underpowered, also suggests that CRP levels do not 
lead to elevated risk of insulin resistance (Timpson et al., 2005) or coro-
nary heart disease (Casas et al., 2006). Again, confounding, and reverse 
causation—in which existing coronary disease or insulin resistance may 
influence CRP levels—could account for this discrepancy. Similar findings 
have been reported for serum fibrinogen, variants in the beta fibrinogen 
gene, and coronary heart disease (Davey Smith et al., 2005a; Keavney et 
al., 2006). The CRP and fibrinogen examples demonstrate that Mendelian 
randomization can increase evidence for a causal effect of an environmen-
tally modifiable factor (as in the cases of alcohol and cholesterol levels 
discussed earlier) as well as provide evidence against causal effects, which 
can help direct efforts away from targets of no preventative or therapeutic 
relevance.

Implications of Mendelian Randomization Study Findings

Establishing the causal influence of environmentally modifiable 
risk factors from Mendelian randomization designs informs policies for 
improving population health through population-level interventions. 
They do not imply that the appropriate strategy is genetic screening to 
identify those at high risk and application of selective exposure reduction 
policies. For example, establishing the association between genetic vari-
ants (such as familial defective ApoB) associated with elevated cholesterol 
level and CHD risk strengthens causal evidence that elevated cholesterol 
is a modifiable risk factor for coronary heart disease for the whole popu-
lation. Thus even though the population attributable risk for coronary 
heart disease of this variant is small, it usefully informs public health 
approaches to improving population health. It is this aspect of Mendelian 
randomization that illustrates its distinction from conventional risk iden-
tification and genetic screening purposes of genetic epidemiology. 
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Mendelian Randomization and Randomized Controlled Trials

Randomized controlled trials are clearly the definitive means of 
obtaining evidence on the effects of modifying disease risk processes. 
There are similarities in the logical structure of randomized controlled 
trials and Mendelian randomization, however. Figure 16-4 illustrates this, 
drawing attention to the unconfounded nature of exposures proxied for 
by genetic variants (analogous to the unconfounded nature of a random-
ized intervention), the lack of possibility of reverse causation as an influ-
ence on exposure-outcome associations in both Mendelian randomization 
and randomized controlled trial settings, and the importance of inten-
tion to treat analyses—that is, comparisons of groups defined by genetic 
variant, irrespective of associations between the genetic variant and the 
proxied for exposure within any particular individual. 

The analogy with randomized controlled trials is also useful in 
understanding why an objection to Mendelian randomization—that the 
environmentally modifiable exposure proxied for by the genetic variants 
(such as alcohol intake or circulating CRP levels) are influenced by many 
other factors in addition to the genetic variants (Jousilahti and Salomaa, 
2004)—while true, is of no consequence. Consider a randomized con-

FIgURE 16-4 Mendelian randomization and randomized controlled trial designs 
compared.

Figure 16-4
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trolled trial of blood pressure–lowering medication. Blood pressure is 
influenced mainly by factors other than taking blood pressure–lowering 
medication. Obesity, alcohol intake, salt consumption and other dietary 
factors, smoking, exercise, physical fitness, genetic factors, and early life 
developmental influences are all of importance. However, the randomiza-
tion that occurs in trials ensures that these factors are balanced between 
the group that receives the blood pressure–lowering medication and the 
control group that does not. Thus the fact that many other factors are 
related to the modifiable exposure does not vitiate the power of random-
ized controlled trials; neither does it vitiate the strength of Mendelian 
randomization designs. 

A related objection is that genetic variants often explain only a trivial 
proportion of the variance in the environmentally modifiable risk factor 
that is being proxied for (Glynn, 2006). Again, consider a randomized con-
trolled trial of blood pressure–lowering medication, in which 50 percent 
of participants receive the medication and 50 percent receive a placebo. 
If the antihypertensive therapy reduced blood pressure by a quarter of a 
standard deviation, which is approximately the situation for such phar-
macotherapy, then within the whole study group the treatment assign-
ment (i.e., antihypertensive use versus placebo) will explain 1.5 percent 
of the variance in blood pressure. In the example of CRP haplotypes used 
as markers for CRP levels, these haplotypes explain 1.7 percent of the 
variance in CRP levels in the population (Lawlor, Harbord, Sterne, and 
Davey Smith, 2007). As can be seen, the quantitative association of genetic 
variants as proxies can be similar to that of randomized treatments with 
respect to biological processes that such treatments modify. Both logic 
and quantification fail to support criticisms of the Mendelian randomiza-
tion approach on the basis of either the obvious fact that many factors 
influence most phenotypes of interest or that particular genetic variants 
account for only a small proportion of variance in the phenotype. 

Mendelian Randomization and Instrumental variable Approaches

As well as the analogy with randomized controlled trials, Mendelian 
randomization can also be likened to instrumental variable approaches 
that have been heavily utilized in econometrics and social science. In 
this approach, the instrument is a variable that is related to the outcome 
only through its association with the modifiable exposure of interest. The 
instrument is not related to confounding factors, nor is its assessment 
biased in a manner that would generate a spurious association with the 
outcome. Furthermore the instrument will not be influenced by the devel-
opment of the outcome (i.e., there will be no reverse causation). Figure 
16-5 presents this basic schema, where the dotted line between genotype 
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and the outcome provides an unconfounded and unbiased estimate of the 
causal association between the exposure that the genotype is proxying for 
and the outcome. The development of instrumental variable methods in 
econometrics, in particular, has led to a sophisticated range of statistical 
methods for estimating causal effects, and these have now been applied in 
Mendelian randomization studies (e.g., Davey Smith et al., 2005a, 2005b; 
Timpson et al., 2005). The parallels between Mendelian randomization 
and instrumental variable approaches are discussed in more detail else-
where (Thomas and Conti, 2004; Didelez and Sheehan, 2007; Lawlor et 
al., 2007).

Mendelian Randomization and gene-Environment Interaction

Mendelian randomization is one way in which genetic epidemiology 
can inform understanding about environmental determinants of disease. 
A more conventional approach has been to study interactions between 
environmental exposures and genotype (Perera, 1997; Mucci, Wedren, 
Tamimi, Trichopoulos, and Adami, 2001). From epidemiological and 
Mendelian randomization perspectives, several issues arise with gene-
environment interactions. 

The most reliable findings in genetic association studies relate to the 
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main effects of polymorphisms on disease risk (Clayton and McKeigue, 
2001). The power to detect meaningful gene-environment interaction is 
low (Wright, Carothers, and Campbell, 2002), resulting in a large num-
ber of reports of spurious gene-environment interactions in the medical 
literature (Colhoun, McKeigue, and Davey Smith, 2003). The presence or 
absence of statistical interactions depends on the scale used (i.e., linear or 
logarithmic association between the exposure and disease outcome) and 
the difficulty in defining whether deviation from either an additive or 
multiplicative model exists, given the imprecision of estimation. Measure-
ment error—particularly if differential with respect to other factors influ-
encing disease risk—makes interactions both difficult to detect and often 
misleading when they are apparently found (Clayton and McKeigue, 
2001). Furthermore, the biological implications of interactions (however 
defined) are generally uncertain (Thompson, 1991). 

The situation may be different with exposures that differ qualitatively 
rather than quantitatively between individuals. Consider the possible 
influence of smoking tobacco on bladder cancer risk. Observational stud-
ies suggest an association, but clearly confounding, and a variety of biases 
could generate such an association. The potential carcinogens in tobacco 
smoke of relevance to bladder cancer include aromatic and heterocyclic 
amines, which are detoxified by N-acetyl transferase 2 (NAT2). Genetic 
variation in NAT2 enzyme levels leads to slower or faster acetylation 
states. If the carcinogens in tobacco smoke do increase the risk of blad-
der cancer, then it would be expected that slow acetylators, who have 
a reduced rate of detoxification of these carcinogens, would be at an 
increased risk of bladder cancer if they were smokers, whereas if they were 
not exposed to these carcinogens (and the major exposure route for those 
outside of particular industries is through tobacco smoke) then an associa-
tion of genotype with bladder cancer risk would not be anticipated. Table 
16-2 tabulates findings from the largest study to date reported in a way 
that allows analysis of this simple hypothesis (Garcia-Closas et al., 2005). 
As can be seen, the influence of the NAT2 slow acetylation genotype is 
appreciable only among those exposed to heavy smoking. Since the geno-

TABLE 16-2 Association of NAT2 Slow Acetylation Genotype with 
Bladder Cancer in Never and Ever Smokers and Overall. Odds Ratio 
(95% confidence intervals)

Overall Never Smokers Ever Smokers
1.4 (1.2-1.7) 0.9 (0.6-1.3) 1.6 (1.3-1.9)

SOURCE: Garcia-Closas et al. (2005).
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type will be unrelated to confounders, it is difficult to reason why this 
situation should arise, unless smoking is a causal factor with respect to 
bladder cancer. Thus the presence of a sizable effect of genotype in heavy 
smokers but not nonsmokers provides evidence of the causal nature of an 
environmentally modifiable risk factor, in this example, smoking. 

However, gene-environment interactions interpreted within the 
Mendelian randomization framework are not protected from confound-
ing in the same way as the main genetic effects are.

PROBLEMS AND LIMITATIONS OF MENDELIAN 
RANDOMIzATION

We consider Mendelian randomization to be one of the brightest cur-
rent prospects for improving causal understanding in population-based 
studies. There are, however, several potential limitations to the applica-
tion of this methodology (Davey Smith and Ebrahim, 2003; Little and 
Khoury, 2003), which we discuss below.

Failure to Establish Reliable genotype-Intermediate Phenotype or 
genotype-Disease Associations

If the associations between genotype and a potential intermediate 
phenotype, or between genotype and disease outcome, are not reliably 
estimated, then interpreting these associations in terms of their implica-
tions for potential environmental causes of disease will clearly be inap-
propriate. This is not an issue peculiar to Mendelian randomization; 
instead, the nonreplicable nature of perhaps most apparent findings in 
genetic association studies is a serious limitation to the whole enterprise. 
In Box 16-1 we summarize possible reasons for the nonreplication of find-
ings (Cardon and Bell, 2001; Colhoun et al., 2003). Population stratifica-
tion—that is, the confounding of genotype-disease associations by factors 
related to subpopulation group membership in the overall population in 
a study—is unlikely to be a major problem in most situations (Wacholder, 
Rothman, and Caporaso, 2000; Wacholder et al., 2002; Palmer and Cardon, 
2005). Genotyping errors can, of course, lead to failures of replication of 
genotype-disease associations. When intermediate phenotypes can be 
measured, as in the case of CRP, a demonstration of the expected rela-
tionship between genotype and intermediate phenotype in such studies 
indicates that genotyping errors are not to blame. 

Regarding failure to replicate results in genetic epidemiology, true 
variation between studies is clearly possible—for example, people het-
erozygous for familial hypercholesterolemia seem to experience increased 
mortality only in populations with substantial dietary fat intake and the 
presence of other CHD risk factors (Sijbrands et al., 2001; Pimstone et al., 

TABLE 16-2 Association of NAT2 Slow Acetylation Genotype with 
Bladder Cancer in Never and Ever Smokers and Overall. Odds Ratio 
(95% confidence intervals)
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BOX 16-1 
Reasons for Inconsistent Genotype-Phenotype Associations

True variation
Variation of allelic association between subpopulations: (1) disease causing allele 
in linkage disequilibrium with different marker alleles in different populations; or 
(2) different variants within the same gene contribute to disease risk in different 
populations 

Effect modification by other genetic or environmental factors that vary between 
populations

Spurious variation
Genotyping errors
Misclassification of phenotype
Confounding by population structure
Lack of power
Chance
Publication bias

SOURCES: Cardon and Bell (2001); Colhoun et al. (2003).

1998). Nevertheless, the major factor for nonreplication is probably inad-
equate statistical power (generally reflecting limited sample size), coupled 
with publication bias (Colhoun et al., 2003).

Confounding of genotype:  
Environmentally Modifiable Risk Factor–Disease Associations

The power of Mendelian randomization lies in its ability to avoid the 
often substantial confounding seen in conventional observational epi-
demiology. However, confounding can be reintroduced into Mendelian 
randomization studies and needs to be considered when interpreting the 
results. 

Linkage Disequlibrium

It is possible that the locus under study is in linkage disequilibrium 
with another polymorphic locus. Confounding will result if both the 
study locus and that with which it is in linkage disequilibrium are both 
associated with the outcome of interest. It may seem unlikely—given the 
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relatively short distances over which linkage disequilibrium is seen in the 
human genome—that a polymorphism influencing, say, CHD risk would 
be associated with another polymorphism influencing CHD risk (and thus 
producing confounding). There are, nevertheless, cases of different genes 
influencing the same metabolic pathway being in physical proximity. 
For example, different polymorphisms influencing alcohol metabolism 
appear to be in linkage disequilibrium (Osier et al., 2002). 

Pleiotropy and the Multifunction of genes

Mendelian randomization is most useful when it can be used to relate 
a single intermediate phenotype to a disease outcome. However, poly-
morphisms may (and probably often will) influence more that one inter-
mediate phenotype, and this may mean that they proxy for more than 
one environmentally modifiable risk factor. This can be the case through 
multiple effects mediated by their RNA expression or immediate protein 
coding, through alternative splicing, in which one polymorphic region 
contributes to alternative forms of more than one protein (Glebart, 1998), 
or through other mechanisms. The most robust interpretations will be 
possible when the functional polymorphism appears to directly influ-
ence the level of the intermediate phenotype of interest (as in the CRP 
example), but such examples are probably going to be less common in 
Mendelian randomization than in cases in which the polymorphism can 
influence several systems, with different potential interpretations of how 
the effect on outcome is generated. 

The association of possession of the ApoE-2 allele with cholesterol 
levels and coronary heart disease might be an example of pleiotropic 
effects, since carriers of this allele have lower cholesterol levels but do not 
have the degree of protection against coronary heart disease that would 
be anticipated from this (Keavney et al., 2004; Song, Stampfer, and Liu, 
2004). In addition to lower cholesterol levels, the ApoE-2 allele is associ-
ated with less efficient transfer of very low density lipoproteins and chy-
lomicrons from the blood to the liver, greater postprandial lipemia, and 
an increased risk of type III hyperlipidemia (Smith, 2002; Eichner et al., 
2002). These differences will accompany the lower cholesterol levels and 
may counterbalance the predicted benefits.

Multiple Instruments as an Approach to Confounding in  
Mendelian Randomization

Linkage disequilibrium and pleiotropy can reintroduce confound-
ing and vitiate the power of the Mendelian randomization approach. 
Genomic knowledge may help in estimating the degree to which these 
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are likely to be problems in any particular Mendelian randomization 
study, through, for instance, explication of genetic variants that may be in 
linkage disequilibrium with the variant under study, or the function of a 
particular variant and its known pleiotropic effects. Furthermore, genetic 
variation can be related to measures of potential confounding factors in 
each study, and the magnitude of such confounding estimated. Empirical 
studies to date suggest that common genetic variants are largely unrelated 
to the behavioral and socioeconomic factors considered to be important 
confounders in conventional observational studies (Smits et al., 2004; 
Bhatti et al., 2005; Davey Smith et al., 2005b, 2007; Chatterjee, Kalaylioglu, 
and Carroll, 2005; Umbach and Weinberg, 1997). However, relying on 
measurement of confounders does, of course, remove the central purpose 
of Mendelian randomization, which is to balance unmeasured as well as 
measured confounders (as randomization does in randomized controlled 
trials). 

It may be possible to identify two separate genetic variants, which 
are not in linkage disequilibrium with each other, but which both serve 
as proxies for the environmentally modifiable risk factor of interest. If 
both variants are related to the outcome of interest and point to the same 
underlying association, then it becomes much less plausible that reintro-
duced confounding explains the association, since it would have to be 
acting in the same way for these two unlinked variants. This can be lik-
ened to randomized controlled trials of different blood pressure–lowering 
agents, which work through different mechanisms and have different 
potential side effects but lower blood pressure to the same degree. If the 
different agents produce the same reductions in cardiovascular disease 
risk, then it is unlikely that this is through agent-specific effects of the 
drugs; instead, it points to blood pressure lowering as being key. The use 
of multiple genetic variants working through different pathways has not 
been applied in Mendelian randomization to date, but it represents an 
important potential development in the methodology.

Canalization and Developmental Stability

Perhaps a greater potential problem for Mendelian randomization 
than reintroduced confounding arises from the developmental compen-
sation that may occur through a polymorphic genotype being expressed 
during fetal or early postnatal development, and thus influencing devel-
opment in such a way as to buffer against the effect of the polymorphism. 
Such compensatory processes have been discussed since C.H. Waddington 
introduced the notion of canalization in the 1940s (Waddington, 1942). 
Canalization refers to the buffering of the effects of either environmen-
tal or genetic forces attempting to perturb development, and Wadding-



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

GEORGE DAVEY SMITH and SHAH EBRAHIM ���

tion’s ideas have been well developed both empirically and theoretically 
(Wilkins, 1997; Rutherford, 2000; Gibson and Wagner, 2000; Hartman, 
Garrik, and Hartwell, 2001; Debat and David, 2001; Kitami and Nadeau, 
2002; Gu et al., 2003; Hornstein and Shomron, 2006). Such buffering can 
be achieved either through genetic redundancy (more than one gene 
having the same or similar function) or through alternative metabolic 
routes, in which the complexity of metabolic pathways allows recruit-
ment of different pathways to reach the same phenotypic end point. In 
effect, a functional polymorphism expressed during fetal development or 
postnatal growth may influence the expression of a wide range of other 
genes, leading to changes that may compensate for the influence of the 
polymorphism.  

In the field of animal genetic engineering studies, such as knock-
out preparations or transgenic animals manipulated so as to overex-
press foreign DNA, the interpretive problem created by developmental 
compensation is well recognized (Morange, 2001; Shastry, 1998; Gerlai, 
2001; Williams and Wagner, 2000). Conditional preparations, in which the 
level of transgene expression can be induced or suppressed through the 
application of external agents, are now being utilized to investigate the 
influence of such altered gene expression after the developmental stages 
during which compensation can occur (Bolon and Galbreath, 2002). Thus 
further evidence on the issue of genetic buffering should emerge to inform 
interpretations of both animal and human studies.

Most examples of developmental compensation relate to dramatic 
genetic or environmental insults, so it is unclear whether the generally 
small phenotypic differences induced by common functional polymor-
phisms will be sufficient to induce compensatory responses. The fact that 
the large gene-environment interactions that have been observed often 
relate to novel exposures (e.g., drug interactions) that have not been pres-
ent during the evolution of a species (Wright et al., 2002) may indicate that 
homogenization of response to exposures that are widely experienced—as 
would be the case with the products of functional polymorphisms or 
common mutations—has occurred; canalizing mechanisms could be par-
ticularly relevant in these cases. Further work on the basic mechanisms of 
developmental stability and how this relates to relatively small exposure 
differences during development will allow these considerations to be 
understood. Knowledge of the stage of development at which a genetic 
variant has functional effects will also allow the potential of developmen-
tal compensation to buffer the response to the variant to be assessed. 

In some Mendelian randomization designs, developmental compen-
sation is not an issue. For example, when maternal genotype is utilized 
as an indicator of the intrauterine environment, then the response of the 
fetus will not differ whether the effect is induced by maternal genotype 
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or by environmental perturbation, and the effect on the fetus can be 
taken to indicate the effect of environmental influences during the intra-
uterine period. Also, in cases in which a variant influences an adulthood 
environmental exposure—for example, ALDH2 variation and alcohol 
intake—developmental compensation to genotype will not be an issue. 
In many cases of gene-environment interaction interpreted with respect 
to causality of the environmental factor, the same applies. However, in 
some situations there remains the somewhat unsatisfactory position of 
Mendelian randomization facing a potential problem that cannot cur-
rently be adequately assessed. 

Lack of Suitable genetic variants to Proxy for the Exposure of Interest

An obvious limitation of Mendelian randomization is that it can only 
examine areas for which there are functional polymorphisms (or genetic 
markers linked to such functional polymorphisms) that are relevant to the 
modifiable exposure of interest. In the context of genetic association stud-
ies more generally, it has been pointed out that, in many cases, even if a 
locus is involved in a disease-related metabolic process, there may be no 
suitable marker or functional polymorphism to allow study of this process 
(Weiss and Terwillger, 2000). Since one of our examples, used in an earlier 
paper (Davey Smith and Ebrahim, 2003), of how observational epidemi-
ology appeared to have got the wrong answer related to vitamin C, we 
considered whether the association between vitamin C and coronary heart 
disease could have been studied utilizing the principles of Mendelian ran-
domization. We stated that polymorphisms exist that are related to lower 
circulating vitamin C levels—for example, the haptoglobin polymorphism 
(Langlois, Delanghe, DeBuyzere, Bernard, and Ouyang, 1997; Delanghe, 
Langlois, Duprez, DuBuyzere, and Clement, 1999)—but in this case the 
effect on vitamin C is at some distance from the polymorphic protein 
and, as in the apolipoprotein E example, other phenotypic differences 
could have an influence on CHD risk that would distort examination of 
the influence of vitamin C levels through relating genotype to disease. 
SLC23A1—a gene encoding for the vitamin C transporter SVCT1, vita-
min C transport by intestinal cells— would be an attractive candidate for 
Mendelian randomization studies (Erichsen, Eck, Levine, and Chanock, 
2001). However, by 2003 (the date of our earlier paper) a search for vari-
ants had failed to find any common single-nucleotide polymorphism 
that could be used in such a way. However, since then, functional varia-
tion in SLC23A1 that is related to circulating vitamin C levels has been 
identified (Timpson et al., personal communication). Rapidly developing 
knowledge of human genomics will identify more variants that can serve 
as instruments for Mendelian randomization studies. 
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CONCLUSIONS: MENDELIAN RANDOMIzATION,  
WHAT IT IS, AND WHAT IT IS NOT

Mendelian randomization is not predicated on the presumption that 
genetic variants are major determinants of health and disease in popula-
tions. There are many cogent critiques of genetic reductionism and the 
overselling of “discoveries” in genetics that reiterate obvious truths so 
clearly (albeit somewhat repetitively) that there is no need to repeat them 
here (e.g., Berkowitz, 1996; Baird, 2000; Holtzman, 2001; Strohman, 1993; 
Rose, 1995). Mendelian randomization does not depend on there being 
genes “for” particular traits, and certainly not in the strict sense of a gene 
“for” a trait being one that is maintained by selection because of its causal 
association with that trait (Kaplan and Pigliucci, 2001). The association 
of genotype and the environmentally modifiable factor that it proxies for 
will be, like most genotype-phenotype associations, one that is contingent 
and cannot be reduced to individual-level prediction, but within environ-
mental limits will pertain at a group level (Wolf, 1995). This is analogous 
to a randomized controlled trial of antihypertensive agents, in which at 
a collective level the group randomized to active medication will have 
lower mean blood pressure than the group randomized to placebo, but at 
an individual level many participants randomized to active treatment will 
have higher blood pressure than many individuals randomized to pla-
cebo. These group-level differences are what create the analogy between 
Mendelian randomization and randomized controlled trials, outlined in 
Figure 16-4.  

Finally, the associations that Mendelian randomization depend on 
do need to pertain to a definable group at a particular time, but they do 
not need to be immutable. Thus ALDH2 variation will not be related to 
alcohol consumption in a society in which alcohol is not consumed, and 
the association will vary by gender and by cultural group and may change 
over time (Higuchi et al., 1994; Hasin et al., 2002). Within the setting of a 
study of a well-defined group, however, the genotype will be associated 
with group-level differences in alcohol consumption, and group assign-
ment will not be associated with confounding variables.  

Mendelian Randomization and genetic Epidemiology

Critiques of contemporary genetic epidemiology often focus on two 
features of findings from genetic association studies: that the population- 
attributable risk of the genetic variants is low, and that in any case the 
influence of genetic factors is not reversible (Terwilliger and Weiss, 2003). 
These evaluations of the role of genetic epidemiology are not relevant 
when considering the potential contributions of Mendelian randomiza-
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tion. This approach is not concerned with the population attributable risk 
of any particular genetic variant, but the degree to which associations 
between the genetic variant and disease outcomes can demonstrate the 
importance of environmentally modifiable factors as causes of disease. 
Consider, for example, the case of familial hypercholesterolemia or famil-
ial defective ApoB. The genetic mutations associated with these condi-
tions will account for only a trivial percentage of cases of coronary heart 
disease in the population—that is, the population attributable risk will be 
low, despite a high relative risk of coronary heart disease (Tybjaerg H et 
al., 1998). However, by identifying blood cholesterol levels as a causal fac-
tor for coronary heart disease, the triangulation between genotype, blood 
cholesterol, and CHD risk identifies an environmentally modifiable factor 
with a very high population attributable risk—assuming that 50 percent 
of the population have raised blood cholesterol above 6.0 mmol/l, and 
this is associated with a relative risk of two-fold, a population attributable 
risk of 33 percent is obtained. The same reasoning applies to the nonmodi-
fiable nature of genotype-disease associations. The point of Mendelian 
randomization approaches is to utilize these associations to strengthen 
inferences regarding modifiable environmental risks for disease and then 
reduce disease risk in the population through applying this knowledge.

Mendelian randomization differs from other contemporary approaches 
to genetic epidemiology in that its central concern is not with the mag-
nitude of genetic variant influences on disease, but rather on what the 
genetic associations tell us about environmentally modifiable causes of 
disease. As David B. Abrams, director of the Office of Behavioral and 
Social Sciences Research at the U.S. National Institutes of Health has 
said, “The more we learn about genes, the more we see how important 
environment and lifestyle really are.” Many years earlier, the pioneering 
geneticist Thomas Hunt Morgan articulated a similar sentiment in his 
Nobel prize acceptance speech, when he contrasted his views with the 
then popular genetic approach to disease—eugenics. He thought that 
“through public hygiene and protective measures of various kinds we 
can more successfully cope with some of the evils that human flesh is heir 
to. Medical science will here take the lead—but I hope that genetics can 
at times offer a helping hand” (Morgan, 1935). More than seven decades 
later, it might now be time that genetic research can directly strengthen 
the knowledge base of public health. 
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Multilevel Investigations:  
Conceptual Mappings and Perspectives

John T. Cacioppo, Gary G. Berntson, and Ronald A. Thisted

A century ago, antibiotics were nonexistent, public health was 
underdeveloped, leisure time was largely reserved for the 
wealthy, and germ-based diseases were among the major causes 

of adult morbidity and mortality. Improvements in living standards, 
public health efforts, leisure and lifestyles, and medical technology have 
made population health a notable success story in developed nations. 
Along with this improvement came an increase in life expectancy and 
a shift in the kinds of illnesses that cause death. In the early 21st cen-
tury, most people today will avoid or survive the infections that were 
the major causes of mortality a century ago and instead die late in life 
from chronic degenerative conditions, such as cancer and cardiovascu-
lar disease. The combination of longer lives and increased prevalence 
of chronic conditions has raised concerns that people will spend their 
later years sick, limited by physical disabilities, and saddled with costly 
health care expenses. The biological and social sciences are rallying to 
address these issues. An important part of this response rests on data 
from the introduction of biological indicators and genetic information 
in social science surveys, which permit the investigation of associations 
across levels of organization that were inconceivable a century ago. 

It is important to recognize that complex health states and outcomes 
tend to be multiply determined and are subject to contextual (e.g., envi-
ronmental, cultural, social) as well as biological influences. Statistical 
models now exist that include stochastic error terms at various hierarchi-
cal levels of aggregation, which are applicable to the data matrices that 
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span biological and social levels of organization. Our goal here is not to 
review these statistical models but to provide a more generic discussion 
of the conceptual issues that arise in the analysis of social and biologi-
cal determinants of a healthy life span. We suggest that we must move 
beyond associations to mechanisms to meet the challenge of identifying 
the social and behavioral factors that influence the likelihood of remain-
ing healthy and functional for the entire life span. The identification of 
associations and mechanisms depends on the accurate mapping of bio-
logical measures (e.g., biomarkers) to social and behavioral constructs in 
surveys. Such mappings will be aided by experimental or statistical con-
trols for other factors (e.g., medications, time of day, activity level, body 
mass index) that influence biomarker expressions; attention to contextual 
variables (e.g., ethnicity) that may moderate the nature of the mappings; 
and a careful consideration of the sensitivity, specificity, and generality of 
the mapping in any given investigation. Before delving into these points, 
however, we describe briefly the nature of the data sets increasingly avail-
able to biological and social scientists.

CONFLUENCE OF DATA MATRICES

The contributions to this volume demonstrate that scientific and 
technological advances have dramatically altered the data available to 
study complex behaviors and healthy aging. Estimates among biologists a 
decade ago were that 100,000 genes were needed for the cellular processes 
that are responsible for human behavior and aging, but humans have only 
a quarter that number of genes (Pennisi, 2005). This finding has fostered a 
recognition that a gene may have multiple small effects (pleiotropy), that 
many genes may act in additive and configural fashions to produce small 
effects both on specific abilities and on general abilities, and that genetic 
expression can be altered by the social as well as the physical environ-
ment in which humans live and work. The advent of single-nucleotide 
polymorphism (SNP) microarrays permits genome-wide association stud-
ies that would have been considered impossible less than a decade ago, 
and microarrays are on the horizon with which to study many if not all 
functional DNA polymorphisms in the genome (Butcher, Kennedy, and 
Plomin, 2006). 

In addition to the global analysis of genes (genomics), technologies 
now exist for large-scale analyses of gene transcripts (transcriptomics), 
proteins (proteomics), and metabolites (metabolomics) in cells, tissues, 
and organisms. Among the important advances in quantitative analyses 
of these data is multivariate genetic analysis, which goes beyond ana-
lyzing the variance of each phenotype considered separately to analyze 
the covariance between them (Butcher, Kennedy, and Plomin, 2006). The 
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number of SNPs and the number of various combinations of SNPs can 
be very large, however, and the complexity of the mapping problem is 
magnified by the presence of nonisomorphic intervening steps, which, for 
example, contribute to variation of phenotypic expression as a function of 
the physical or social context. Bioinformatics tools such as TELiS, which 
can be used to examine similarities in signaling pathways (transcription 
factor binding motifs) by genes that are found to differ between groups of 
interest, may be used to construct an intermediate level of organization, 
thereby improving the mapping of genotypes to phenotypes. 

Developments in tissue and blood assays, ambulatory recording 
devices, noncontact recording instruments, and powerful and mobile 
computing devices have also burst onto the scene in recent years. These 
technologies make it possible to measure a variety of biological param-
eters in naturalistic as well as laboratory settings and in population-based 
health research. One such development is the use of drops of whole 
blood collected on filter paper from a simple finger prick to collect and 
analyze biological samples that previously required venipuncture (e.g., 
McDade et al., 2000). McDade, Williams, and Snodgrass (2006) identify 
over 100 analytes that can now be measured in dried blood spot samples, 
approximately half of which have particular relevance to population-level 
health research (e.g., cortisol, CD4+ lymphocytes, C-reactive protein, gly-
cosilated hemoglobin, immunoglobin tumor necrosis factor, Epstein Barr 
Virus). With the inclusion of these measures in population-based health 
research, the weak associations that one would predict to exist between 
multiply determined variables (e.g., stress and C-reactive protein or blood 
pressure) and the potential influences of moderator variables (e.g., age, 
ethnicity, socioeconomic status) can be tested. These potential moderator 
variables may operate through differential reactivity (e.g., certain ethnici-
ties or age cohorts may show salt sensitivity), differential exposure (e.g., 
certain ethnicities or age cohorts may consume more salt in their diet), or 
both. Distinguishing between these processes is crucial to moving from 
the description of associations to the delineation of causal mechanisms. 

Recent “epidemics,” such as obesity and cardiovascular disease, can-
not be fully explained in terms of genes alone, because major shifts in 
the human genome require much longer periods of time to unfold. These 
new health challenges require consideration of environmental exposures 
(e.g., the deployment of soda machines and fast food options in pub-
lic schools) and individual differences in response to exposures (e.g., 
individual consumption patterns, salt sensitivity). Importantly, cultural, 
economic, political, social, psychological, behavioral, and environmen-
tal assessments are becoming more detailed, multidimensional, reliable, 
sensitive, and temporally rich. Early measures of social and behavioral 
predispositions were once characterized by general indices with poor 
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reliabilities and validity. Although self-report measures often are viewed 
with suspicion because respondents may not be willing or able to respond 
accurately, the proper application of psychometric procedures to scale 
construction and validation and the inclusion of validating behavioral 
metrics have produced self-report measures with reliability and validity 
coefficients that rival or exceed the psychometrics of many physiological 
assessments (e.g., Burleson et al., 2003). 

Experience sampling methods (Larson and Csikszentmihalyi, 1983) 
and day reconstruction methods (Kahneman, Krueger, Schkade, Schwarz, 
and Stone, 2004) are the sociobehavioral equivalent of ambulatory physi-
ological recordings and make feasible the frequent sampling of social, 
psychological, behavioral, and biological states. The introduction of 
multilevel modeling (MLM) with temporal lags (Hawkley, Preacher, and 
Cacioppo, 2006) further permits frequent random-interval sampling and 
longitudinal analyses of environments, behaviors, social status, and bio-
logical responses. These new analytic techniques permit more powerful 
tests of mappings between social and biological domains.

Finally, spatially multidimensional electromagnetic, hemodynamic, 
and optical imaging devices, coupled with temporally precise electro-
physiological methodologies, now make it possible to track changes in 
brain activity with impressive spatial and temporal resolution. The result-
ing data structures contain millions of elements that can span multiple 
levels of organization (Herrington, Sutton, and Miller, 2007). Although 
not yet appropriate for inclusion in population-based health research, 
these techniques make it possible to test specific hypotheses about the 
brain mechanisms underlying a variety of psychological processes, and 
the transduction of these psychological factors into peripheral biologi-
cal activities and healthy aging. These laboratory techniques are already 
being used to test a subset of respondents in population-based studies, 
and ambulatory versions of electroencephalography are currently being 
developed.

Investigations of orderly associations in these data matrices, and espe-
cially of associations and causal connections across levels of representa-
tion, create significant challenges as well as opportunities. Knowledge 
and principles of physiological mechanisms, biometric and psychometric 
properties of the measures, statistical representation and analysis of mul-
tivariate data, and the structure of scientific inference are all important if 
veridical information is to be extracted from the confluence of these data 
matrices. In the remainder of this chapter, we outline a simple model to 
aid the mapping of elements (e.g., constructs, measures) across levels of 
representation.



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

JOHN T. CACIOPPO, GARY G. BERNTSON, and RONALD A. THISTED ���

MAPPINg ACROSS LEvELS OF REPRESENTATION

The simplest method of mapping across levels is the correlative 
approach. There are notable success stories that have employed this 
approach, such as the Framingham Heart Study, which the U.S. Public 
Health Service launched in 1948. The early directors of this study, Roy 
Dawber and Bill Kannel, began with examinations, detailed medical his-
tories, and blood tests of the more than 5,000 Framingham, Massachusetts, 
residents biennially. Since the inception of the study, new technologies 
and measures have been added, and epidemiological and data manage-
ment methods have been incorporated to improve the scientific yield. 
Originally envisioned as a 20-year study, these researchers and their suc-
cessors have now followed the health and lifestyles of the residents of 
Framingham for 60 years. The Framingham study has resulted in the 
publication of more than 1,200 peer-reviewed scientific articles (Levy and 
Brink, 2005) and the advancement of understanding of lifestyle factors in 
the etiology of cardiovascular disease. 

By contemporary standards, the number of sociobehavioral and bio-
logical measures queried for possible associations was small. Still, the 
sample size, frequency of assessment, and duration of the longitudinal 
study were substantial. As Issa (2005) noted, the Framingham study illus-
trates how well-designed longitudinal studies that follow population-
based cohorts can provide information on the etiology and natural history 
of the course of disease, generating hypotheses that are testable in labora-
tory research and clinical trials. 

It is important to recognize, however, that not every association iden-
tified in the Framingham study proved to be robust or informative, and 
that for every Framingham study, there are others whose scientific yield 
is disappointing. The associations uncovered in correlative research, espe-
cially atheoretical correlative investigations, run a special risk of yield-
ing false discoveries (i.e., nonreplicable associations), and this possibility 
increases with the number of possible associations that are examined. 
False discovery rate techniques have been developed to help mitigate 
this problem, but these techniques do not eliminate it (see Munafo et al., 
2003). 

The development and adoption of false discovery rate methods rep-
resent an advance in dealing with type I error rates, because the cost of 
near-zero false discovery rates was a high false negative rate. The ratio 
of the number of missed small discoveries to false discoveries can be 
substantially greater than one in studies of complex health outcomes, and 
small associations can carry large economic ramifications once scaled to 
the level of the population. Therefore, the cost of missing important but 
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small associations (type II errors) can sometimes be greater than the cost 
of a type I error.

A strength of a correlative approach is the identification of associa-
tions that might be replicable and worthy of further study. An important 
goal of scientific theory is to describe the causal interrelationships among 
factors, thereby explicating the mechanism responsible for an association. 
Moving from the specification of associations to mechanisms is therefore 
an important objective for future research using biological measures in 
social science surveys. The correlative approach may generate variables 
(e.g., genes, neurophysiological circuits, demographic or lifestyle factors) 
or contextual moderators that are candidates for a causal mechanism. 

In addition, the correlative approach also may not indicate the nature 
of the specificity of the association across levels of representation. For con-
venience, consider the constructs or measures at each level of representa-
tion as elements within a domain or set. The mapping between elements 
across such sets can take one of the following forms (see Figure 17-1):

1. A one-to-one relation, such that an element in one set or level of 
representation is associated with one and only one element in 
another set, and vice versa. An example of a one-to-one relation, 
discussed below, is the prostate-specific antigen (PSA) assay as a 
measure of prostate cell activity.

2. A one-to-many relation, meaning that an element of interest in 
the one set is associated with multiple elements in another set. An 
example is the orienting response and its mapping into a phasic 
heart rate deceleration and skin conductance response 

3. A many-to-one relation, meaning that two or more elements in 
one set are associated with one element in another set. (This 
differs from the preceding only when the order of the mapping 
across levels of representation—for example, social to biologi-
cal—is specified.) An example discussed below is psychological 
stress, exercise, time of day, and other factors that can produce 
increased cortisol activation.

4. A many-to-many relation, meaning two or more elements in one 
set are associated with the same (or an overlapping) subset of 
elements in another set. Not only can psychological stress and 
exercise, for example, influence cortisol activation but they can 
also have similar influences on autonomic, catecholaminergic, 
and immune activity. 

5. A null relation, meaning there is no association between the speci-
fied element in one set and those observed in another set. 
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FIgURE 17-1 Possible relationships between elements in two adjacent levels of 
representation (domains). For illustrative purposes, these domains have been 
labeled “Social” and “Biological.” 

Association studies involving elements with a one-to-one relation (absent 
confoundings and measurement error) produce high correlations, whereas 
association studies involving elements characterized by a null relation 
yield an essentially zero correlation. The strength of the association 
between elements across levels of representation can vary a great deal, 
however, for mappings (2) through (4), and a many-to-many mapping 
between two elements across levels of representation can produce cor-
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relation coefficients that are quite small, making them difficult to distin-
guish from a null relation, unless the sample size is large. Thus, the initial 
establishment of an association between elements across levels of repre-
sentation through a correlative approach is not sufficient to determine the 
specificity of the mapping. 

Why might it be important to go beyond thinking of associations to the 
interfaces between levels of representation? First, it is important if we are 
to move efficiently from association to the specification of mechanisms in 
our investigations. Second, the nature of the mappings between elements 
at different levels of representation determines the limits of interpretation 
one can draw about an association (Cacioppo and Tassinary, 1990). 

Consider research in which a biological measure (e.g., salivary cortisol 
level) is known to correlate with a diagnostic category (e.g., a hypothe-
sized state or condition such as “stress”). This established correlation may 
then be used to justify an interpretation of differences in the biomarker 
(e.g., salivary cortisol level) as evidence of differences in the diagnostic 
category (e.g., stress). This form of inference can be problematic, however. 
Even if we knew that variations in stress were associated with corre-
sponding variations in salivary cortisol, inferring stress based on cortisol 
represents an error in interpretation because it ignores the possibility that 
there are other antecedent conditions that could also produce variations 
in cortisol. That is, it ignores the specificity of the association or mapping 
to the construct about which one would like to draw the inference. 

It is tempting to suggest that these issues do not apply to genetics 
because there is no doubt that genes play a causal role in the production 
of complex behaviors and in age-related changes in these behaviors. To 
say that genes are causal is not equivalent, however, to specifying which 
gene, or set of genes, is associated with and causal in a particular pheno-
typic expression or, for that matter, in specifying the mechanism by which 
associated genes might influence a particular phenotype. Gottesman and 
Gould (2003) suggested that the number of genes involved in a phenotype 
is directly related to both the complexity of the phenotype and the dif-
ficulty of genetic analyses, and Butcher et al. (2006, p. 6) concluded that:

Multivariate genetic research consistently points to a single set of gener-
alist genes that accounts for much genetic influence on diverse cognitive 
abilities . . . . Although each of the many generalist [quantitative trait loci 
or QTLs] will involve different molecular mechanisms, a QTL set will be 
useful in tracing the pleitropic pathways between genes and cognition 
through the brain to understand how generalist genes have their diffuse 
effects. These pathways will be complex and determining direct causa-
tion will be difficult.
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Although difficult, such causal linkages will be more easily resolved 
if attention is paid to the implications of the many-to-many mapping 
problem. The mapping between elements across levels of representa-
tion may become more complex (e.g., many-to-many) as the number 
of intervening levels of representation increases.1 Accordingly, the like-
lihood of complex and potentially obscure mappings increases as one 
fails to consider intervening levels of representations. Admittedly, it is 
not always obvious which of several levels of representation might be 
“adjacent,” except perhaps when levels of representation refer to tempo-
ral rather than spatial scope. This caveat that mapping across levels of 
representation may be fostered by the incremental mapping of elements 
between proximal levels of organization nevertheless may have heuristic 
value. For example, endophenotypes such as neurocognitive deficits have 
proven valuable explanatory constructs between genes and psychiatric 
diseases (e.g., Gottesman and Gould, 2003; Nuechterlein, Robbins, and 
Einat, 2005), and in theory the same situation should apply to any map-
ping that goes from surveys to cells. For this reason, we focus here on 
the mappings between two adjacent levels of representation. The issues 
raised about the mappings between adjacent levels of representation can 
be extended to any number of adjacent levels of organization.

Taxonomy of Mappings

Tests, assays, or measures more generally have two different but 
related sets of characteristics. Analytic sensitivity is the ability to detect 
very low levels of the target analyte, whereas analytic specificity means 
that detection indicates the presence only of the target analyte. For exam-
ple, blood sugar levels will vary in a predictable fashion for several hours 
after ingesting a dosage of glucose. Deviations from the normative values 
in blood sugar level across time mark a possible problem in metabolism 
because the blood glucose tolerance test (a procedure for mapping the 
glucose–blood sugar association) is sensitive and specific as long as the 
appropriate testing procedures are followed (e.g., fasting prior to the test) 
to eliminate the other known influences on the observed blood sugar 
excursions over the course of the test. 

The properties of sensitivity and specificity, of course, depend on 
the elements involved in the mapping.2 For example, only prostate cells 
produce PSA, and an assay for PSA has very high sensitivity and speci-

1 The exception to this statement is when mappings among elements across adjacent levels 
of organization is one-to-one, but such mappings are atypical.

2 Context here is conceptualized as the constraints limiting the elements that are operating 
in a given measurement environment.
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ficity. But if PSA is mapped to prostate cancer rather than to prostate cell 
activity, the specificity and sensitivity are quite different. The sensitivity 
of the assay for PSA for detecting prostate cancer can be low (around 40 
percent), as can the specificity (around 60 percent), because high PSA can 
be produced by active but noncancerous prostate cells. Said differently, 
the sensitivity and specificity of PSA for prostate cell activity are high, 
but the sensitivity and specificity of prostate cell activity for prostate 
cancer are more modest. Distinguishing between the mapping between 
PSA and prostate cell activity on one hand and prostate cell activity and 
prostate cancer on the other may make little difference to the physician 
using a PSA assay to screen for prostate cancer, but it would be important 
to consider for the researcher who is seeking to understand the mechanism 
for a measured association between PSA and prostate cancer in a large 
survey.

A third dimension is the generality of the mapping. In his influential 
Handbook of Experimental Psychology, S.S. Stevens (1951, p. 20) advised:

The scientist is usually looking for invariance whether he knows it or 
not. Whenever he discovers a functional relation between two variables 
his next question follows naturally: under what conditions does it hold? 
In other words, under what transformation is the relation invariant? The 
quest for invariant relations is essentially the aspiration toward general-
ity, and in psychology, as in physics, the principles that have wide ap-
plication are those we prize.

Is the mapping between two elements across levels of representation 
universally generalizable, or is it moderated by other factors? If it is gen-
eralizable without qualification, then the association requires no attention 
to characteristics of the context or sample population; that is, the mapping 
would have external validity. Invariant associations were once assumed, 
but statistical methods are now well developed to test for potential mod-
erators (e.g., Baron and Kenny, 1986), and increasing attention is being 
paid to the operation of moderator variables. For instance, we raised the 
issue of moderators above when discussing differential reactivity and 
differential exposure.

A taxonomy of associations between elements across levels of rep-
resentation is summarized in Figure 17-2. The initial step is often to 
establish that variations in an element in one domain are associated with 
variations in an element in another, thereby establishing an association. 
An outcome is defined as a mapping in which multiple elements at one 
level of organization (e.g., biological) are related to an element at another 
level of organization (e.g., social), and this many-to-one mapping may 
change across contexts. Initial association studies typically do not address 
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Figure 17-2
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FIgURE 17-2 Taxonomy of mappings among elements between adjacent levels 
of representation.

issues of specificity or generality, and the treatment of such associations 
as invariants is premature.

An invariant relationship refers to a universal isomorphic (one-to-
one) mapping between elements across levels or organization (see Figure 
17-2). Invariant mappings permit the inference of an element at one level 
of organization based on the measurement of its isomorphic element at 
another. A marker is defined as a one-to-one, nonuniversal (e.g., context 
dependent) relationship between elements across levels of representation 
(see Figure 17-2). Many medical diagnostic tests, which have sensitivity 
and specificity only if explicit procedures are followed to eliminate other 
influences, are examples of markers. As such, inferences based on markers 
are similar to those for invariants as long as all other elements involved in 
the mapping are either experimentally or statistically controlled. 

Finally, a concomitant refers to a many-to-one but universal associa-
tion between elements across levels of representation and is similar to 
outcomes, except that the latter is not universal. Outcome and concomi-
tant mappings enable systematic inferences to be drawn about theoretical 
constructs based only on hypotheticodeductive logic. Specifically, when 
two theoretical models differ in predictions regarding one or more out-
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comes or concomitants, then the logic of the experimental design allows 
theoretical inferences to be drawn about elements at one level of organiza-
tion based on the measured elements in another. Strong inferences when 
dealing with outcome or concomitant mappings are limited to hypotheti-
codeductive reasoning.

When a new effect or association is found not to generalize to spe-
cific contexts or individuals, concerns are typically expressed about the 
methodological differences between the studies. Such a finding raises 
several important questions, including whether the original association 
is replicable and, if replicable, whether the diminution in effect size is 
attributable to measurement issues (e.g., reliability, construct validity) 
or to the operation of a moderator variable. Careful attention initially to 
the psychometric properties of all measures, regardless of their level of 
organization, to ensure their reliability and validity (including construct 
validity) therefore warrants attention in the design and analysis of studies 
going from cells to surveys.

In sum, many health states and outcomes can be multiply deter-
mined. To the extent that this is the case, investigators who assume rather 
than establish an invariant relationship between elements in the social 
and biological domains are at risk for predictably faulty interpretations. 
Investigators who incorporate cortisol measures in their social science 
surveys to indicate variations in stress, simply because stress and cortisol 
are correlated, are unlikely to contribute much to scientific understand-
ing. This is because other factors that influence cortisol (e.g., time of day, 
time since consuming food) will be unrecognized and uncontrolled (see 
Adam, 2006). However, if the investigator next asks what is the specificity 
of this association, other antecedent conditions that influence cortisol are 
more quickly recognized, and contexts in which these other antecedents 
can be controlled experimentally or statistically can be developed to allow 
strong inductive inferences about the state of an individual’s stress based 
on cortisol levels. That is, the sensitivity and specificity of the mapping 
of biological elements into macro levels of representation may be context 
dependent, and attention to these issues improves the quality of induc-
tive inferences.

The term “biomarkers” does not distinguish among the various map-
pings that are possible between biological (e.g., hormonal, genotypic) and 
social (e.g., individual difference, phenotypic) representations. The tax-
onomy we have presented—biological outcomes, concomitants, markers, 
and invariants—may offer greater specification of these mappings and 
their properties and provide a useful framework within which to view 
these associations. 
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CONCLUSION

Interdisciplinary research that crosses biological and social levels of 
organization raises issues about how might one productively think about 
concepts, hypotheses, theories, theoretical conflicts, and theoretical tests 
across levels of organization. Abstract constructs, such as those developed 
by social scientists, provide a means of understanding highly complex 
activity without needing to specify each individual action of the sim-
plest components, thereby providing an efficient means of describing the 
behavior of a complex system (e.g., “healthy aging”). Chemists who work 
with the periodic table on a daily basis nevertheless use recipes rather 
than the periodic table to cook, not because food preparation cannot be 
reduced to chemical expressions but because it is not cognitively efficient 
to do so. Reductionism, in fact, is one of several approaches to better sci-
ence based on the value of data derived from distinct levels of organiza-
tion to constrain and inspire the interpretation of data derived from others 
levels of organization. In reductionism, the whole is as important to study 
as are the parts, for only in examining the interplay across levels of orga-
nization can the underlying principles and mechanisms be ascertained. 
The goal of this chapter has been to outline a simple model to aid thinking 
about elements from different levels of organization.

In sum, the identification of associations and mechanisms in the com-
plex multilevel data sets increasingly available depends on the accurate 
mapping of biological measures to social and behavioral constructs in 
surveys. Such mappings will be aided by experimental or statistical con-
trols for other factors (e.g., medications, time of day, activity level, body 
mass index) that influence biomarker expressions; attention to contextual 
variables (e.g., ethnicity) that may moderate the nature of the mappings; 
and a careful consideration of the specificity and generality of the map-
ping in any given investigation. We hope the proposed formulation aids 
in this effort.
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Genomics and Beyond:  
Improving Understanding and Analysis 

of Human (Social, Economic, and 
Demographic) Behavior

John Hobcraft

Genes exert their influence by encoding proteins. The level of such gene 
activity, however, is a regulated process. As molecules, genes are subject 
to regulation by intracellular factors that, in turn, are a reflection of 
environmental factors. Neither genes nor environment dominates de-
velopment; rather there is a continual interaction between genes and the 
environment. Phenotype emerges as a function of this constant dialogue, 
and any effort to ascribe percentage values to isolated variables is likely 
to be biologically meaningless. (National Research Council, 2001b, pp. 
63-64)

The genetics of behaviour is much too important a topic to be left to 
geneticists! (Plomin, 2001, p. 1104)

There is increasing recognition that real progress in understanding 
human behavior (or health) requires an integrative approach that 
explores the interplays of pathways within the person and processes 

whereby the environment influences the person. There is also recognition 
that developmental progressions through the life course involving these 
continuous feedbacks and interplays are an essential ingredient. At a 
minimum, these concerns involve interplays among genes, brains, the 
phenotype, experience, other persons, and structural contexts. This shift 
of emphasis is reflected in this volume, and also indicated by a growing 
number of attempts to provide synthetic frameworks that point toward 
this integrated approach for a variety of fields, including early child 
development (Granger and Kivlighan, 2003; National Research Coun-

���
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cil and Institute of Medicine, 2000); demographic behavior (National 
Research Council and Institute of Medicine, 2000; National Research 
Council, 2003; Hobcraft, 2006; Seltzer et al., 2005); social neuroscience 
(Cacioppo, Berntson, and Adolphs, 2002; Cacioppo, Berntson, Sheridan, 
and McLintock, 2000; see also Chapter 17 in this volume); health (John-
son and Crow, 2005; National Research Council, 2001b); human bond-
ing (Miller and Rodgers, 2001); resilience (Curtis and Cicchetti, 2003); 
well-being (Davidson, 2004; Huppert and Bayliss, 2004); and economics 
(Chapter 15 in this volume). 

Thus far, most real progress toward implementing integrative 
approaches has occurred for health, as reviewed in several chapters 
of this volume (see also National Research Council, 2001b; Johnson 
and Crow, 2005), and in psychology, especially psychopathology (see 
Plomin, DeFries, Craig, and McGuffin, 2003; Rutter, 2006). Bridging the 
gap between the biological and the social sciences has taken more time, 
although important developments have occurred at the intersections of 
economics and psychology in behavioral economics (Brocas and Carillo, 
2003, 2004; Camerer, Loewenstein, and Rabin, 2004). However, an increas-
ing number of important prospective national population surveys are 
collecting (or considering) DNA samples, with the intention of enabling 
social science researchers, subject to suitable disclosure controls, to access 
information on a significant range of genetic markers (e.g., in the United 
States, the National Longitudinal Study of Adolescent Health and the 
Fragile Families Survey). Although the importance of such large and often 
nationally representative samples for genetic research is recognized, the 
longer term potential lies in the ability to explore the interplays between 
genes and behavior over the life course in response to experiences.

One of the great challenges of an integrative biosocial life-course 
approach to the study of behavior is the very complexity involved and 
to find the means of avoiding drowning in the multiple levels and inter-
plays. One of my favorite relevant aphorisms, from the different context 
of population projections, is John Hajnal’s (1955, p. 321) plea for “less 
computation and more cogitation.” At the meeting during the preparation 
of this volume, Jim Vaupel summed this up differently as “model simple; 
think complex.” My own preference would be to extend this somewhat 
to “model sufficiently complex, not simplistically; think more, both to 
complexify and to simplify.” The key here is that we need to have more 
and better theory and conceptualization, including attention to mecha-
nisms and pathways or processes (a theme developed at greater length in 
Hobcraft, 2006). The problems of data dredging or gene hunting are well 
recognized, and the need for replication and ever larger samples to avoid 
false positives is often stressed (e.g., Plomin, 2005). 

Yet some of the most influential findings on gene-environment inter-
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actions for behavior have emerged from the Dunedin study, which has a 
total sample of around 1,000 individuals (Caspi et al., 2002, 2003, 2005). 
Moreover, the best known of these studies, linking the serotonin trans-
porter short allele as a moderator of life stress on depression, has been 
replicated several times. To give a flavor of these findings, 10 percent of 
sample members who did not experience stressful events between ages 
21 and 26 met diagnostic criteria for depression at age 26, regardless of 
whether they had two long alleles or one or both alleles short on the 5-
HTTLPR gene; however, among those experiencing four or more stressful 
life events, 17 percent with both alleles long were depressed, compared 
with 33 percent among those with one or both alleles short. The strategy 
through which the key investigators approached this research, based on 
careful evaluation of theory and knowledge, is well laid out in a series of 
papers (T.E. Moffitt, 2005; Moffitt, Caspi, and Rutter, 2005, 2006; Rutter, 
Moffitt, and Caspi, 2006). I return to this theme later in this chapter.

A related key topic is the approach to understanding behavior and 
the challenging issues around causation. Econometricians have devised 
a range of sophisticated approaches to dealing with unmeasured vari-
ables (e.g., Wooldridge, 2002), although when the unmeasured variables 
are a key contingent part of the process (e.g., as moderators or interac-
tions), these approaches fail. As one of the major contributors to these 
approaches has put it: “there is no mechanical algorithm for producing 
a set of ‘assumption free’ facts or causal estimates based on those facts” 
(Heckman, 2000, p. 91). Randomized controlled trials have become the 
gold standard in the health sciences and have also penetrated some other 
areas, yet “randomized trials can never estimate channels for the effects 
of treatment” (Moffitt, 2003, p. 453). Once the importance of interplays of 
genes and experience (and other levels, too) over time is acknowledged, 
other approaches are needed that emphasize contingent relationships 
and pathways or progressions. A perceptive account of the wide range 
of issues involved in gaining understanding from prospective studies 
is provided by Rutter (1994). Caspi (2004) provides a useful and well-
illustrated account of the importance of both self-selection (effects of 
persons on their environments, whether genetic, from experience, or from 
choice) and social causation (effects of the environment or contexts on the 
person, including gene-environment interplays). He argues convincingly 
that selection is not just a nuisance factor to be controlled away, but that 
the processes involved are ubiquitous and consequential, pose challenges 
for policy, have compositional consequences, and the mechanisms must 
be understood. New and more sophisticated approaches to multilevel 
life-course model formulation, analysis, and testing are needed, ones that 
can both achieve some of the requisite rigor in avoiding misattribution of 
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causality to correlation but, perhaps more importantly, also enable serious 
exploration of pathways, processes, and progressions (Hobcraft, 2006).

SOME ISSUES IN BEHAvIORAL gENOMICS

Until recently most knowledge concerning behavioral genetics came 
from “quantitative” studies that relied on genetically informative designs 
(Rutter, Pickles, Murray, and Eaves, 2001), mainly of twins or adoptees. 
Such studies can provide only indications that there is a genetic compo-
nent to the variance, which includes any gene-environment interactions 
and correlations. This black-box approach to partitioning variance relies 
on a number of contestable assumptions (see Rutter, 2006, pp. 41-54), 
including reared-together twins experiencing equal environments and 
twins or adoptees being nonselective of the general population.1 More-
over, such approaches face additional challenges in dealing with dyads 
(e.g., both partners in a marriage) or adult environments. Nevertheless, 
some clues about possible interplays of genes and environment can be 
obtained, as exemplified by the apparent differential heritability of IQ for 
groups with different socioeconomic status (SES) (Guo and Stearns, 2002; 
Rowe, Jacobsen, and Van den Oord, 1999; Turkheimer, Haley, Waldron, 
D’Onofrio, and Gottesman, 2003), although this may also have arisen 
from differential variances in experiences by SES group. Moreover, there 
have been substantial advances in exploring the covariation of multiple 
characteristics, in order to establish shared components or comorbidi-
ties of genetic or environmental variance (Kendler, 2005, refers to this as 
“advanced genetic epidemiology”).

With recent advances in genomics, there has been a major shift toward 
behavioral genomics, in which specific genetic markers are linked to 
specific attributes, behaviors, or experiences. Techniques for identify-
ing large numbers of single-nucleotide polymorphisms (SNPs) through 
gene “chips” or microarrays are becoming cheaper, and much progress 
has been made in methods of linkage and association analysis (see the 
recent series of review articles on genetic epidemiology in Lancet: Burton, 
Tobin, and Hopper, 2005; Teare and Barrett, 2005; Cordell and Clayton, 
2005; Palmer and Cardon, 2005; Hattersley and McCarthy, 2005; Hopper, 
Bishop, and Easton, 2005; Davey Smith et al., 2005; see also reviews on 
genome-wide scans in Nature Reviews Genetics: Hirschhorn and Daly, 2005; 
Wang, Barratt, Clayton, and Todd, 2005). 

1 A similar problem of the selectivity of “switchers” bedevils most attempts to control for 
unobserved variation through fixed-effects models (e.g., restricting analysis to sibling pairs 
in which one experienced a teenage birth and one did not, or to those who changed their 
affiliation to a trade union, etc.).
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A number of approaches have been developed for “gene hunting,” a 
search for markers on the genome that are associated with a particular life-
course outcome. Out of such research a wide range of links to areas of the 
genome, SNPs, haplotypes, etc., have been identified for many outcomes: 
attention deficit hyperactivity disorder (ADHD) has received enough 
attention to warrant a special issue of Biological Psychiatry (see Faraone 
et al., 2005; Sklar, 2005, on haplotype mapping; also Mill et al., 2005). 
Some progress has also been made in identifying genetic markers for 
personality traits (Munafò et al., 2003; Van Gestel and Van Broeckhoven, 
2003), affective and anxiety disorders (Leonardo and Hen, 2006), gam-
bling (Comings et al., 2001), and intelligence (Harlaar et al., 2005; Plomin, 
Kennedy, and Craig, 2006). However, many of the identified associations 
are small and are often not replicated in other studies. 

A good example of some of these challenges is the study of general 
cognitive ability, in which quantitative behavioral genetic studies con-
sistently suggest a high heritability, but few genetic markers have been 
identified and those that have account for quite small fractions of the 
variation observed (see Plomin, 2003; Plomin and Spinath, 2004; and 
Plomin, Kennedy, and Craig, 2006, for good accounts of the methods 
used and problems encountered). When large numbers of genetic markers 
are screened (and gene arrays that can identify allelic variation on 900K 
SNPs are available), there is a huge risk of false positive associations, 
unless sample sizes are extremely large (Zonderman and Cardon, 2004). 
However, such studies are one approach to identifying “candidate” genes 
(see Munafò, 2006) that can be explored in more detail in other studies, if 
replicable (see also Craig and Plomin, 2006). 

A further set of concerns arises in deciding which genetic markers to 
screen. The human haplotype project is one attempt to systematize such 
work, by identifying small parts of a chromosome for which there is little 
or no evidence of recombination (haplotype blocks), such that linkage 
to areas of the chromosome is relatively robust (e.g., Van den Oord and 
Neale, 2004; Conrad et al., 2006). Identification of ever increasing num-
bers of regularly spaced SNPs is another approach to increasing precision 
in identification of areas of the genome. Both haplotype mapping and 
SNP identification point to areas on the genome that show a significant 
association with a characteristic, but neither points to the specific gene 
that is implicated, and further detailed mapping of identified segments 
is required. For example, there is increasing evidence for the importance 
of specific “microsatellite” or “simple sequence repeats” in the context of 
social behaviors, for which differences in the number of repeats matter 
(e.g., Bachner-Melman et al., 2005; Hammock and Young, 2005; Kashi and 
King, 2006).

Even further complexities are introduced as soon as interplays are 
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considered. Gene-environment interactions involve the response to a stim-
ulus varying for different allelic combinations, whereby genes can be seen 
as moderators of the response (e.g., Caspi et al., 2003; T.E. Moffitt, 2005; 
Rutter, 2006). Moreover, there is increasing evidence of epistatic effects, 
in which combinations of genetic markers interact together (including 
regulatory chains or cascades) rather than singly, and examples have been 
found in which there is no main effect for single markers but the combi-
nation matters (e.g., Brodie, 2000; Grigorenko, 2003; Marchini, Donnelly, 
and Cardon, 2005; Templeton, 2000). There is also increasing evidence for 
epigenetic effects, whereby gene expression is altered on a lasting (and 
possibly heritable) basis through external influences that may operate 
through DNA methylation (e.g., Cordell, 2002; Eaves, Silberg, and Erklani, 
2003; Jaenisch and Bird, 2003; Pastinen et al., 2003; Weaver et al., 2004). 
A further complexity arises from genes that have many different effects, 
known as pleiotropy.

All of these complexities have parallels in social science: the relatively 
rare exploration of pathways or interactions arises in part because of 
overreliance on statistical models with only main effects. The occurrence 
of multiple small effects (polygenic for genes) is not at all unusual: for 
example, associations of differing contexts with early adolescent develop-
ment are small, but the total variance accounted for by contexts is quite 
large (Cook, Herman, Phillips, and Settersten, 2002). For several years I 
have been grappling with the issues involved in the life-course links of 
experience of disadvantage, in which multiple childhood origins all mat-
ter for multiple adult outcomes (e.g., Hobcraft, 2004): such complexities 
provide major analytic and interpretational challenges, a theme returned 
to below.

Ultimately, what is required is not just more sophisticated statistical 
techniques but instead building a much better understanding of path-
ways and mechanisms involved. For social scientific behavior, many such 
insights have to come from social scientists. Among other things, we have 
a large body of evidence relevant to the search for pleiotropic associations, 
knowing much about how a single stimulus can affect many responses, 
although the pathways could prove different. But there is also a need for 
greater interplays among geneticists, neuroscientists, and social scientists 
to help refine and target what gene-brain-behavior interplays should be 
prioritized for exploration.

Valuable insights into the processes involved in identifying gene-
environment interactions are provided by Moffit et al. (2005), who identify 
seven steps needed to identify measured gene-environment interactions: 
(1) consulting quantitative behavioral genetic studies; (2) identifying a 
candidate environmental factor; (3) optimizing environmental risk mea-
surement; (4) identifying candidate susceptibility genes; (5) testing for 



Copyright © National Academy of Sciences. All rights reserved.

Biosocial Surveys 
http://www.nap.edu/catalog/11939.html

JOHN HOBCRAFT ���

an interaction; (6) evaluating whether the interaction extends beyond the 
gene-environment-outcome triad; and (7) replication and meta-analysis. 
Moreover, they emphasize the great care required in choosing the candi-
date environmental and genetic indicators and having strong reasons for 
expecting the pathway to be plausible. 

At a fairly general level, it is hardly surprising that most successful 
attempts to identify gene-environment interactions relating to behavior 
have linked to genetic markers for neurotransmitters, since the brain is 
vital in most behaviors and the ability to cross the blood-brain barrier is 
likely to be important to responses to external stimuli. For example, Caspi 
et al. (2003) were able to draw on a body of evidence that suggested that 
serotonin was involved in pathways to depression. Their choice of stress-
ful events as a likely trigger mechanism was also entirely plausible and 
evidence-based. Such evidence-based, theoretically informed approaches 
are more likely to be successful in identifying complex pathways than 
gene-hunting (although this is one route to identifying candidate genes)—
see Rutter et al. (2006). In this area, bringing together social scientists with 
both geneticists and neuroscientists (and other relevant disciplines) is 
essential to real progress. 

A further example, still being explored, begins in neuroscience. Over 
a period of several years, the key roles of oxytocin and vasopressin2 
brain receptors in pair bonding have been explored, particularly for voles 
(Hammock and Young, 2002; Lim, Hammock, and Young, 2004; Young, 
2003). Prairie voles bond for life, whereas montane voles do not, and this 
difference has been linked to a single polymorphism. Other studies of 
rats, sheep, and hamsters also suggest important roles for oxytocin and 
vasopressin in maternal imprinting (Insel and Fernald, 2004; Numan and 
Insel, 2003). For humans, some clues come from functional magnetic reso-
nance imaging (fMRI) scans that suggest that “romantic” and maternal 
attachments both overlap with sites that are rich in oxytocin and vaso-
pressin receptors (Bartels and Zeki, 2000, 2004). There is further evidence 
that the dopamine D2 receptor (part of the reward system) plays a part 
in such bonding (Insel and Fernald, 2004; Insel and Young, 2001; Young, 
Wang, and Insel, 2002). The well-established release of oxytocin during 
breastfeeding is probably also linked to mother-child bonding. Moreover, 
recent experimental economic research has shown a link between oxyto-
cin (administered as an intranasal spray) and increased levels of trust in 
humans (Kosfeld, Heinrichs, Zak, Fischbacher, and Fehr, 2005). All of this 

2 Oxytocin and vasopressin are closely related neuropeptide hormones and have the prop-
erty of neurotransmitters that enables them to cross the blood-brain barrier. They have 
been implicated in a wide range of pro- and antisocial behaviors (for a good overview, see 
Caldwell and Young, 2006).
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body of research points strongly toward genetic markers for oxytocin, 
vasopressin, and dopamine receptors being candidate genes for human 
bonding (and possibly partnership breakdown, too?), and exploration has 
begun (Hammock and Young, 2005).

There is clearly scope for social scientific input into the research on 
pair bonding and partnership breakdown. We have accumulated a body 
of knowledge about the personality traits and experiences that are asso-
ciated with partnership formation and breakdown, and serious work on 
gene-environment interactions requires identification of the candidate 
stimuli. Such work could also draw on the integrative synthesis on human 
bonding of Miller and Rodgers (2001). Do these genetic markers help to 
explain the greater union fragility of young partnerships? If so, is this 
linked to late teenage brain development? Several animal studies link the 
receptors to the olfactory bulb, suggesting that smell (or pheromones) 
plays an important part, yet the human brain scan studies relied solely 
on a visual (photographic) stimulus. The neurotransmitters and genes for 
the receptors involved may be common across species, but the brain areas 
involved differ, raising unanswered questions about evolution. There are 
also unanswered questions as to what mechanisms inside the brain result 
in lasting pair bonding. Is lasting pair bonding a result of an epigenetic 
effect, involving a lasting change in gene expression? Or is long-term 
memory involved, and how? And what are the triggers and pathways 
to generate the oxytocin, vasopressin, and dopamine that the receptors 
respond to?

COMPLEXITy AND SIMPLIFICATION IN SOCIAL SCIENCE

The balance between sufficient complexity and judicious simplifica-
tion is needed for real progress to be made in understanding the com-
plexities of human behavior. We have explored some of these issues for 
behavioral genomics and, fleetingly, neuroscience. But some real progress 
is also required in the social sciences. Treading the delicate path between 
mindless empiricism (with parallels to gene hunting) and overblown 
social theorization (with parallels to some evolutionary theorization) is 
vital for progress in the science of social science. This requires building 
(partial) analytic (not grand) theories or frameworks, exploring pathways 
and mechanisms, finding means of exploring interlinked processes (rather 
than throwing out any endogenous element), and careful and thorough 
empirical work, including models that are just complex enough. In this 
section, some of the complexities that are all too often ignored in oversim-
plified models are discussed. 

A good example of progress toward these goals comes from the recent 
developments in behavioral economics, in which the realities of depar-
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tures from a simple rational choice framework are being explored (Brocas 
and Carillo, 2003, 2004; Camerer et al., 2004). Key to such progress has 
been the engagement of economics and psychology (e.g., Kahneman, 
2003). This section also urges a much greater interaction with psychol-
ogy, since I think we have much to learn from the underlying approach 
of some of the best practice there. Moreover, the concerns of this chapter 
to emphasize the need for an integrated approach to alleles, brains, and 
contexts and their interplays in understanding human behavior (see also 
Hobcraft, 2006) also point toward greater connections to or borrowing 
from psychology, since this is one of the few disciplines that engages 
across this broad range. Biology is another useful model in this respect—
see Lieberson and Lynn (2002) for a thoughtful discussion of the value of 
some aspects of biology for sociological research.

Development over the life course is complex (e.g., Mortimer and 
Shanahan, 2003). We have emphasized the role of interplays (and likely 
inseparability) of pathways within the person, both genetic and neuro-
endocrine, and processes, whereby contexts and experiences affect the 
person, over the life course. This developmental perspective is important: 
genes, brain, mind, the person, other persons, and structures all interplay 
over time (see the quotation from the National Research Council, 2001b, at 
the head of this chapter and Hobcraft, 2006). Multiple dynamic processes 
thus need to be considered and modeled. We should expect and look 
for complex feedbacks and interactions, developmental chains involving 
interlinked sequences, possible key trigger events or experiences, and 
packages or groups of experiences that together make more than the sum 
of the parts. Endowments and experiences, both within the person and 
external, shape the person, who also reacts to and selects contexts and 
experiences. Refusal to consider intimately interlinked elements of these 
progressions because of possible biases arising from endogeneity is akin 
to throwing out the baby with the bathwater. 

This perspective raises huge analytic challenges, in addition to the 
theoretical and conceptual ones. The economist James Duesenbury 
quipped that “economics is all about how people make choices; sociology 
is all about how they don’t have any choices to make.” But the tendency 
to regard choice (or agency) and structures or constraints (I prefer the 
broader term contexts) as in opposition should be consigned to the same 
dustbin of history as the opposition of nature and nurture: both matter a 
great deal, and they interplay. Neither agency nor structure is a nuisance 
element that can be discarded from models, and separating the two may 
not be possible, although disentangling how they interplay matters for 
understanding. 
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Models

Several modern approaches to analysis are relevant to the research 
agenda of trying to improve understanding of human behavior and are 
increasingly being used. The intrinsically multilevel nature of the gene-
brain-person-context interplays virtually demands multilevel models 
(e.g., Goldstein, 2003), and such models have been adapted for behavioral 
genetic research (see Guo and Wang, 2002). However, the subtle and likely 
contingent interplays and feedbacks across these levels are rarely thought 
through or captured in actual model specification (e.g., Cacioppo et al., 
2000; and Chapter 17 in this volume). Relatedly, there have been impor-
tant developments in multiprocess models that enable the exploration of 
correlated (endogenous) processes over time (Aassve, Burgess, Propper, 
and Dickson, 2004; Steele, Joshi, Kallis, and Goldstein, 2006; Steele, Kallis, 
Goldstein, and Joshi, 2005), although again there is a need to conceptu-
alize and specify the nature of interplays carefully. More use could also 
be made of structural equation models as used by psychologists, which 
include such useful features as combining measures in latent constructs 
and carefully specifying theoretically informed pathways (e.g., Kaplan, 
2000). There are also clear links to behavioral genetics here, since most 
quantitative behavioral genetics analysis is done using structural equation 
models. There has been a explosion of innovative statistical methods used 
in genetics in recent years (e.g., Thomas 2004). Given the complexities 
of these different types of modeling, it is essential that more substantial 
research teams working on understanding human behavior have inte-
grated statisticians, as happens in much genetic and medical research. 
Moreover, the next stage should probably involve much greater attention 
to integrating the different approaches, since we badly need sensible 
approaches that enable the modeling of complex interplays among genes 
and environments (note the deliberate use of plurals here).

Others advocate moving away from statistical models (and the 
probabilistic nature of risks) altogether: in psychology this has become 
known as a “person-centered” approach, which involves distinguishing 
groups of individuals who are “alike.” However, most cluster analytic 
approaches allocate individuals on a model-based probabilistic basis, 
making the claims of dealing with groups of real people hard to justify. 
Alternative approaches use recursive trees, which do genuinely divide the 
population into groups, but, again using only other statistical algorithms; 
the advantage of such recursive tree approaches in part lies in the greater 
emphasis on interactions (e.g., Hobcraft and Sigle-Rushton, 2005; Zhang 
and Singer, 1999) and an extension (to “recursive forests”) has been used 
in identifying candidate genes (Zhang, Yu, and Singer, 2003).

A further problem that bedevils much modeling is that many simplifi-
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cations may be virtually equally likely. Sometimes overly rigid theoretical 
straitjackets hide such model uncertainty, but more use could be made of 
Bayesian approaches to model uncertainty in exploring candidate genes 
or candidate environmental indicators and their interplays (see Sorensen 
and Gianola, 2006).

Conceptual Issues

Successful models require strong conceptual underpinnings or, put 
another way, statistical models are simply a tool to help inference and 
the crucial issues are involved in the formulation and underpinning of 
the models. In this section I touch on a range of issues that should be in 
mind when exploring the understanding of behavior over the life course, 
drawing particularly on some of the concerns of psychologists.

O’Connor (2003) provides a useful discussion of different conceptual 
models for early experience, although many of the issues are of broader 
life-course relevance. He distinguishes three different models of develop-
ment: sensitive periods, experience-adaptive or developmental program-
ming, and cumulative models. Each has different implications for how to 
study the process in question, and they are sometimes harder to separate 
analytically than conceptually. Sensitive periods or experience-expectant 
models mean that an input is necessary for development to proceed 
within a particular window of time. The clearest example is probably the 
development of the visual cortex, for which external stimulus is essential 
during a critical period. Experience-adaptive or developmental program-
ming involves biological systems adapting to environmental stimuli in 
lasting ways: an example would be epigenetic effects, in which gene 
expression is changed in lasting ways as a result of some experience. 
The third route is through cumulative or chain models, in which lasting 
effects occur only if reinforced over time or early experiences set longer 
term pathways in train. Clearly distinguishing between these three is 
not always simple, and the first two can have longer term repercussions 
through the third.

Path dependence through the life course, whereby origins, endow-
ments, and previous experiences shape current behavioral responses to 
current circumstances, is a crucial component in understanding human 
behaviors. The role of sequences or packages of experiences over time 
through developmental chains or cascades is an essential component. 
Intermediate elements in a causal chain are referred to as “mediators” 
in the psychological literature, whereas “moderators” alter the impact of 
another risk factor and involve contingent relationships (or interactions 
in statistical terminology). Gene-environment interactions are but one 
example of contingent relationships of this type. The consequences of a 
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specific life experience for an outcome are extremely likely to vary among 
individuals: some will be more vulnerable to the impact of shocks than 
others, depending for example on their past experiences, their personality 
traits, or their cognitive style (see Rutter, 2002, 2004). Previous experience 
of adversity may steel the individual against a repetition or may sensitize 
them further (e.g., Rutter, 2004); related examples include the lasting lega-
cies of childhood poverty or behavior and of early unemployment (among 
other factors, sometimes referred to as “scarring”) for a wide range of 
adult outcomes (see Hobcraft, 2004). Rutter (2004) persuasively argues 
that many moderators only accentuate a pathway rather than cause an 
abrupt change, although there are sometimes claims that turning points 
exist, too. Sampson and Laub (1993) identify a good marriage or the dis-
cipline brought about by armed service as being critical turning points in 
the careers of criminals; however, a good marriage is hardly likely to be 
an exogenous shock and is at least as likely to be a marker in a process 
of some duration.

Just as there is a huge range of genetic or other biomarkers that 
might be considered in the context of understanding human behavior, 
there is also a wide range of environmental or contextual influences that 
can affect behavior or experience. In an extended discussion of contexts 
for understanding demographic behavior, I distinguished two classes: 
interplays of the person with other persons and with structures or institu-
tions (Hobcraft, 2006). Examples of potentially important interplays with 
other persons include the partnership dyad, the mother-father-child triad, 
family networks (both kin and partner kin), peer groups, friendship or 
support networks, care or service providers, employers and workmates, 
and the local community. Examples of structural contexts include welfare 
regimes; labor markets; education and training systems; housing markets 
and neighborhoods; health systems; policy and benefit environments; 
norms and laws; economic, cultural, religious, and political institutions; 
and gender structures. 

Faced with such a wide range of possible influencing factors, there 
is again a need for judicious simplification. One approach that can be 
advocated is to concentrate initially on more proximate factors, whether 
linked by the outcome being considered (e.g., health systems for health 
outcomes), or by proximity in likely causal chains (e.g., parent-child inter-
plays for child development). I have advocated such a proximal approach 
for linking values or attitudes to reproductive behavior (Hobcraft, 2002, 
2003). Cacioppo (Chapter 17 in this volume) takes a similar position 
regarding the genetic linkages to prostate cancer, and a similar case can 
be made for greater specificity in the genetic pathways to cardiovascular 
disease and longevity (see also Chapter 1 in this volume and Christensen, 
Johnson, and Vaupel, 2006). Perhaps the search for “generalist genes” 
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(e.g., Kovas and Plomin, 2006; Butcher, Kennedy, and Plomin, 2006, on 
intelligence) is doomed to come up with few consistent results for many 
quantitative trait loci, each with small average effects, and much more 
specificity about pathways, epistatic or epigenetic interplays, or gene-
environment interplays is needed (e.g., Rutter, Moffitt, and Caspi, 2006; 
for a specific example on ADHD and links to reading disabilities, see 
Stevenson et al., 2005). 

The study of contextual (and perhaps particularly interpersonal) 
influences on individual behavior needs to pay attention both to persons 
seeking contexts compatible with their own characteristics and persons 
evoking a response from the context (e.g., other person). See the related 
literature on active and reactive gene-environment correlations (e.g., 
Plomin, 1994; Rutter and Silberg, 2002; Rutter et al., 2006) and also recall 
the discussions on the difficulties in separating agency and constraint 
above. 

CONCLUSION

There is no doubt that human behavior is complex. Improving under-
standing of these behaviors necessarily requires exploring the feedbacks 
and interplays among genes, brain, mind, the person, other persons, 
and structures. Emotions, personality, decision making, endowments, 
experiences and networks all play some part in the processes too. Such 
research can be carried out only by transdisciplinary teams (e.g., Institute 
of Medicine, 2006) that bring together a wide range of disciplinary skills: 
molecular biology, genetics, neuroscience, behavioral science, and social 
science in its relevant guises would constitute a fairly essential list that 
might be supplemented by epidemiology and health sciences as well as 
many intermediate skill groups, such as behavioral genetics. The reward 
structures also need to change, so as to enable young scholars to work in 
these interstices while also gaining tenure. Much training to raise cross-
disciplinary understanding and communication is also needed.

I have made a strong case that many social scientists might benefit 
from thinking more about these interplays and then sifting knowledge 
and empirically exploring so as to achieve enough simplification to make 
the challenge practicable. Most studies will address only fragments of 
the multiple levels and interplays involved, but I would still urge greater 
attention to pathways within the individual and their interplays with the 
processes and progressions whereby the individual interplays with mul-
tiple contexts over the life course. A concentration on chains or sequences 
of events, greater awareness of contingent relationships (interactions in 
statistical language), and elaboration of partial midlevel frameworks or 
mechanisms is also required (see Hedström, 2005; Hobcraft, 2006). As a 
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result, models will become more complex, but also more realistic and less 
simplistic.
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Lise Bathum is a specialist in clinical biochemistry and chief physician in 
the Department of Clinical Biochemistry at Slagelse Hospital in Region 
Zealand, Denmark. Previously she was associate professor of epidemiol-
ogy at the University of Southern Denmark and also biobank director 
of the Danish Twin Registry (2002-2006). She has conducted numerous 
studies in the field of pharmacogenetics. Her main research fields are 
twin studies and genetic research on aging-related phenotypes in order 
to estimate the impact of genes on aging. She has an M.D. and a Ph.D., 
both from the University of Southern Denmark.

Daniel j. Benjamin is assistant professor in the Department of Economics 
at Cornell University. His research focuses on psychological economics, 
incorporating ideas and methods from psychology into economic analy-
sis. Currently his work includes an empirical analysis of the importance 
of politicians’ charisma (as measured by laboratory subjects) in deter-
mining election outcomes and a theoretical analysis of how individuals’ 
concern for fairness affects the efficiency of economic exchange. Ongoing 
work addresses how economic preferences are influenced by psychologi-
cal/biological factors, such as cognitive ability, social identity (ethnicity, 
race, and gender), and specific genes. He has an M.Sc. in mathematical 
economics from the London School of Economics and Political Science 
and a Ph.D. in economics from Harvard University.
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gary g. Berntson is professor of psychology, psychiatry, and pediatrics 
at Ohio State University. He is coeditor of the Social Neuroscience Book 
Series, the Handbook of Psychophysiology, and the Handbook of Neurosci�
ence for the Behavioral Sciences. He is an officer and board member of the 
Society for Psychophysiological Research and a fellow of the American 
Psychological Society, the American Association for the Advancement of 
Science, and the International Organization for Psychophysiology. His 
research interests include functional organization of brain mechanisms 
underlying behavioral and affective processes, multiple levels of organi-
zation and analysis in neurobehavioral systems, bottom-up and top-down 
processes in autonomic regulation, and the social neuroscience of health 
and disease. He has a Ph.D. in psychobiology and life sciences from the 
University of Minnesota and spent two years as a postdoctoral researcher 
at Rockefeller University.

john T. Cacioppo is the Tiffany and Margaret Blake distinguished service 
professor at the University of Chicago and director of the University of 
the Chicago Center for Cognitive and Social Neuroscience. He is also pres-
ident of the Association for Psychological Science. His current research 
is in the area of social neuroscience, with an emphasis on the effects of 
social isolation and the mechanisms underlying effective versus ineffec-
tive social connection. Among his many awards, he received the Distin-
guished Scientific Contribution Award from the American Psychological 
Association, the Campbell Award from the Society for Personality and 
Social Psychology, and the Troland Award from the National Academy of 
Sciences. He is the former editor of Psychophysiology and a former associ-
ate editor of Psychological Review, Perspectives on Psychological Science, and 
Psychophysiology. He has a Ph.D. from Ohio State University.

Christopher F. Chabris is assistant professor in the Department of Psy-
chology at Union College. Previously he was lecturer and research associ-
ate in the Department of Psychology at Harvard University. His research 
interests include individual differences in human cognition and their rela-
tionship to brain function and structure, molecular genetics of cognition 
and decision making, and behavioral economics and cognitive biases. His 
work has been published in such journals as Nature, Psychological Science, 
and Neuropsychologia, and has been covered by news media worldwide. 
He has a Ph.D. in psychology from Harvard University.

Ming-Cheng Chang is chair and professor in the Institute of Healthcare 
Administration at Asia University and a scientific adviser to the Bureau 
of Health Promotion, Ministry of Health, in Taiwan. His past academic 
working experiences include senior associate, School of Hygiene and 
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Public Health, Johns Hopkins University; research fellow, Institute of 
Economics, Academia Sinica, Taiwan; and director, Taiwan Provincial 
Institute of Family Planning. He has a Ph.D. in demography from the 
University of Pennsylvania.

kaare Christensen is professor of epidemiology in the Institute of Public 
Health at the University of Southern Denmark and senior research scien-
tist at the Terry Sanford Institute at Duke University. He is also director 
of the Danish Twin Registry and deputy director of the international 
research program the Oldest-Old Mortality. He has served on numerous 
working groups and advisory panels of the National Research Council 
and the National Institute on Aging. He has conducted a long series of 
studies among twins and the elderly in order to shed light on the con-
tribution of genes and environment in aging and longevity. He has a 
long-standing interest in the relation between early life events and later 
life health outcomes and is engaged in interdisciplinary aging research 
combining methods from epidemiology, genetics, and demography. He 
has M.D., Ph.D., and D.MSc. degrees from the University of Southern 
Denmark.

Lene Christiansen is associate professor at epidemiology in the Institute 
of Public Health at the University of Southern Denmark and director of 
the biobank in the Faculty of Health Sciences and the Danish Twin Reg-
istry. She also heads the associated genetic laboratory. Her main focus of 
research is in the study of the genetics of aging and longevity. She has an 
M.Sc. and a Ph.D. from the University of Southern Denmark.

Shah Ebrahim is an epidemiologist with a clinical background in geriatric 
medicine at the London School of Hygiene and Tropical Medicine. His 
research spans interests in the use of genetic polymorphisms to test the 
effects of environmental exposures (termed Mendelian randomization), 
the causes of heart disease and stroke in women, the effects of migra-
tion on obesity and diabetes in India, and the determinants of locomotor 
disability in old age. He is coordinating editor of the Cochrane Heart 
Group and coeditor of the International Journal of Epidemiology. He has an 
M.Sc. and a D.M., both from the London School of Hygiene and Tropical 
Medicine.

Douglas C. Ewbank is research professor at the Population Studies 
Center at the University of Pennsylvania. His current research involves 
the application of demographic methods to the study of differences in 
mortality by genotype. Previously he worked on African demography, 
American historical demography, and Alzheimer disease. He has served 
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many professional organizations, including on the board of directors of 
the Population Association of America, the Steering Committee for the 
Health and Retirement Committee, and the National Institutes of Health 
Study Section SNEM-3. He has M.A. and Ph.D. degrees from Princeton 
University.

Elizabeth Frankenberg is associate professor in the Department of Public 
Policy Studies at Duke University. Her research interests include health 
and mortality, family decision making, developing economies, and South-
east Asia. She has authored and coauthored many publications and arti-
cles on such topics as health care, health and mortality, labor economics, 
and fertility and reproduction. She has an M.P.A from Princeton Univer-
sity, and a Ph.D. in demography and sociology from the University of 
Pennsylvania.

Edward L. glaeser is the Fred and Eleanor Glimp professor of econom-
ics on the Faculty of Arts and Sciences at Harvard University, where he 
has taught since 1992. He is also director of the Taubman Center for State 
and Local Government and director of the Rappaport Institute of Greater 
Boston. He teaches urban and social economics and microeconomic the-
ory. He has published papers on cities, economic growth, and law and 
economics. In particular, his work has focused on the determinants of 
city growth and the role of cities as centers of idea transmission. He edits 
the Quarterly Journal of Economics. He has a Ph.D. from the University of 
Chicago (1992).

Dana A. glei is a research demographer at the University of California, 
Berkeley, where she currently serves as project coordinator for the Human 
Mortality Database project. She also works as a research consultant on the 
Social Environment and Biomarkers of Aging Study in Taiwan. Over the 
past 13 years, she has published articles on a variety of topics related to 
health, marriage and the family, and poverty. She has a Ph.D. in sociology 
from Princeton University.

Noreen goldman is the Hughes-Rogers professor of demography and 
public affairs at the Woodrow Wilson School and acting director of the 
Office of Population of Research at Princeton University. She conducts 
research in areas of demography and epidemiology, and her current 
research examines the role of social and economic factors on adult health 
and the physiological pathways through which these factors operate. 
She has designed several large-scale health surveys in Latin America 
and Taiwan. She has served as a member of the board of the Guttmacher 
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Institute, a fellow at the Center for Advanced Study in the Behavioral 
Sciences, the Institute of Medicine’s Board on Global Health, the National 
Research Council’s Committee on National Statistics, and the Population 
Research Subcommittee of the National Institute of Child Health and 
Human Development. She has also served in various capacities at the 
Population Association of America and the International Union for the 
Scientific Study of Population. She has a D.Sc. from Harvard University.

Harald H.H. göring is an associate scientist in the Department of Genet-
ics at the Southwest Foundation for Biomedical Research in San Antonio, 
Texas. He has a Ph.D. from Columbia University, where he worked on 
statistical methods for gene mapping. He continued his training as a 
postdoctoral scientist at the Southwest Foundation, where he expanded 
his research focus to quantitative traits. His research now focuses on the 
localization and characterization of genetic variation influencing human 
traits, with an emphasis on the development of statistical methods and 
study designs. To complement his methodological work, he is involved 
in applied gene mapping studies with collaborators worldwide, focusing 
on a wide variety of human characteristics, including rare Mendelian 
disorders, complex diseases, and quantitative traits. 

Tara L. gruenewald is an assistant professor in the Department of Medi-
cine/Geriatrics at the University of California, Los Angeles. Her research 
interests focus on psychological and social factors that impact function-
ing and health outcomes across the life span, including the biological 
pathways through which psychosocial variables influence health. She 
has a Ph.D. in psychology and an M.P.H. in health services, both from the 
University of California, Los Angeles. 

vilmundur gudnason is director of the Icelandic Heart Association 
Research Institute and an associate professor in cardiovascular genet-
ics at the University of Iceland. He worked for nine years as a senior 
research fellow at the Centre for Genetics of Cardiovascular Disorders 
at the University College London School of Medicine. For the past seven 
years, he has worked on obtaining detailed and extensive phenotypes in 
large population-based samples to study genetic contributions to traits 
of common complex chronic diseases. The work takes advantage of the 
homogenous Icelandic population. He is the principal investigator for the 
AGES Reykjavik study, based on the 40-year-long Reykjavik study, and 
for the REFINE Reykjavik study of younger generations. He has a medi-
cal degree from the University of Iceland and a Ph.D. in genetics from 
University College London.
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jennifer R. Harris is a senior researcher in the Department of Genes of 
Environment, Division of Epidemiology, at the Norwegian Institute of 
Public Health (NIPH) in Oslo. She is the founder of the NIPH twin study, 
which merges her interests in life-span development with genetics. Cur-
rently she is involved in several twin research projects of physical health, 
mental health, and epigenetics. She leads the European Union FP6 coordi-
nation action promoting the Harmonization of Epidemiological Biobanks 
in Europe and also led the Norwegian participation in the GenomEUtwin 
project, in which she focused on studies of body mass index and was in 
charge of the GenomEUtwin Ethics Core. She is also a special expert at 
the U.S. National Institute on Aging, developing research directions inte-
grating genetics/genomics with behavioral and social research. She has a 
Ph.D. from the University of California, Berkeley.

Tamara B. Harris is chief of the Geriatric Epidemiology Section, Epidemi-
ology, Demography, and Biometry Program, in the National Institute on 
Aging of the National Institutes of Health. Prior to this she worked at the 
Office of Analysis and Epidemiology at the National Center for Health 
Statistics. Her research interests focus on how the role of the geriatric 
epidemiology section integrates molecular and genetic epidemiology with 
interdisciplinary studies of functional outcomes, disease endpoints, and 
mortality in older persons. This includes identification of novel risk fac-
tors and design of studies involving biomarkers, selected polymorphisms, 
and exploration of gene/environment interactions. The section has been 
particularly active in devising methods to integrate promising molecu-
lar or imaging techniques in ways that begin to explore the physiology 
underlying epidemiological associations, including adaptation of imaging 
protocols to epidemiological studies. She has an M.S. in epidemiology 
from the Harvard School of Public Health, an M.S. in human nutrition 
from Columbia University College of Physician’s and Surgeons, and an 
M.D. from the Albert Einstein College of Medicine. 

john Hobcraft is professor of demography and social policy at the Uni-
versity of York. He is also a visiting research fellow at Princeton Uni-
versity. He chairs the Consortium Board and the International Working 
Group for the United Nations Economic Commission for Europe’s Gen-
erations and Gender Programme. He is an elected member of Academia 
Europaea and was an editor of Population Studies for 25 years. His research 
interests include intergenerational and life-course pathways to adult social 
exclusion; understanding human reproductive behavior; the role of gender 
in human behavior; population policies; and understanding genetic, evo-
lutionary, mind, brain; and endocrinological pathways and their interplays 
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with behavior. He has a B.Sc. in economics from the London School of Eco-
nomics and Political Science.

Christine M. kaefer is a scientific information analyst in the Office of 
Centers, Training, and Resources at the National Cancer Institute (NCI) 
of the National Institutes of Health. Previously she was a presidential 
management fellow at NCI, and in this capacity she worked with a variety 
of NCI divisions, offices, and centers, including the Nutritional Sciences 
Research Group in the Division of Cancer Prevention and the Behavioral 
Research Program in the Division of Cancer Control and Population Sci-
ences. Her interests include health communication, especially as it relates 
to disease prevention and health promotion through healthy lifestyles, 
consumers’ perceptions of health risks, health-related decision making, 
and behavior change. She is a registered dietitian and has an M.B.A. from 
Virginia Polytechnic and State University and a B.S. in nutritional sciences 
from Cornell University. 

David I. Laibson is professor of economics in the Department of Econom-
ics at Harvard University. Previously he was Paul Sack associate professor 
of political economy there. He is on the editorial board of the Journal of 
the European Economics Association and is co-organizer of the Russell Sage 
Foundation Summer School in Behavioral Economics. He is also advisory 
editor for the Journal of Risk and Uncertainty, as well as the Q.R. Journals of 
Macroeconomics. His awards and honors include the Johns Hopkins Uni-
versity Ely Lectures, a National Science Foundation grant, and a National 
Institutes of Aging grant, and he was keynote speaker at the Austrian 
Economics Association annual meeting. He has an M.Sc. in econometrics 
and mathematical economics from the London School of Economics and 
a Ph.D. in economics from the Massachusetts Institute of Technology. 

Lenore j. Launer is chief of the Neuroepidemiology Section in the Labora-
tory of Epidemiology, Demography, and Biometry at the National Institute 
on Aging of the National Institutes of Health. Her main research interests 
are the metabolic, inflammatory, vascular, and genetic factors that interact 
and lead to pathological brain aging and function. She is one of the princi-
pal investigators on the Age Gene Environment Susceptibility–Reykjavik 
Study and principal investigator of the Action to Control Cardiovascular 
Risk in Diabetes: Memory in Diabetes trial, which is investigating the 
effects on the brain of standard versus intensive treatment of cardio-
vascular risk factors. She also collaborates closely on the Honolulu Asia 
Aging Study. She has a Ph.D. in epidemiology and nutrition from Cornell 
University.
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Stacy Tessler Lindau is an assistant professor of obstetrics and gyne-
cology and medicine-geriatrics at the University of Chicago. Her work 
combines biomedical and social scientific techniques to study health and 
health behavior in the population setting. Her primary interest is deci-
phering the biological pathways linking sexual relationships to health, 
particularly in the context of aging and illness. She is one of the principal 
investigators of the National Social Life, Health and Aging Project, which 
has collected detailed questionnaire data in respondents’ homes in con-
junction with a unique panel of minimally invasive biophysiological data. 
She also directs the Chicago Core on Biomarkers in Population-Based 
Research at the Center on Economics and Biodemography of Aging. She 
has an M.D. from Brown University and an M.A. in public policy from 
University of Chicago. 

Michael Marmot has led a research group on health inequalities for the 
past 30 years. He is principal investigator of the Whitehall Studies of 
British civil servants, investigating explanations for the striking inverse 
social gradient in morbidity and mortality. He leads the English Longi-
tudinal Study of Ageing and is engaged in several international research 
efforts on the social determinants of health. He chairs the Department 
of Health Scientific Reference Group on tackling health inequalities. He 
was a member of the Royal Commission on Environmental Pollution 
for six years. In 2000 he was knighted for services to epidemiology and 
understanding health inequalities. He is a vice president of the Academia 
Europaea, a member of the RAND Health Advisory Board, a foreign asso-
ciate member of the Institute of Medicine, and chair of the Commission on 
Social Determinants of Health set up by the World Health Organization 
in 2005. He won the Balzan Prize for Epidemiology in 2004 and gave the 
Harveian Oration in 2006. He graduated in medicine from the University 
of Sydney and has an M.P.H. and a Ph.D. from the University of Califor-
nia, Berkeley. 

gerald E. McClearn is Evan Pugh professor of health and human devel-
opment and biobehavioral health in the Department of Biobehavioral 
Health at the Pennsylvania State University and director for developmen-
tal and health genetics. His research interests focus on the application of 
quantitative genetic models to analysis of phenotypes relevant to health 
and development. He has a Ph.D. from the University of Wisconsin.

Thomas W. McDade is the Weinberg College board of visitors research 
and teaching professor at Northwestern University. He is also director 
of the Laboratory for Human Biology Research and associate director 
of Cells to Society (C2S): the Center on Social Disparities and Health 
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at the Institute for Policy Research. He specializes in population-based 
research on human physiological function and health, with an emphasis 
on biomarkers of immune function and inflammation. He has a Ph.D. in 
anthropology from Emory University.

john Milner is chief of the Nutritional Science Research Group in the Divi-
sion of Cancer Research at the National Cancer Institute of the National 
Institutes of Health. His current research focuses on substances in foods 
and cancer prevention and the molecular mechanism by which bioactive 
food constituents influence cancer risk and tumor behavior. He recently 
received the David Kritchevsky Career Achievement Award in Nutrition 
from the American Society for Nutrition. This award recognizes research-
ers who devote their careers to promoting interaction among and support 
for nutrition researchers in government, private, and academic sectors. He 
has a B.S. in animal sciences from Oklahoma State University and a Ph.D. 
in nutrition, with a minor in biochemistry and physiology, from Cornell 
University.

Shaun Purcell is a member of the Psychiatric and Neurodevelopmen-
tal Genetics Unit, part of the Center for Human Genetic Research at 
Massachusetts General Hospital. His work focuses on developing statisti-
cal and computational tools for the design of genetic studies, the detection 
of gene variants influencing complex human traits, and the dissection 
of these effects in the larger context of other genetic and environmental 
factors. In particular, he currently works on whole genome association 
studies of bipolar disorder and schizophrenia and the development of 
tools for whole genome studies. He is an associate member of the Broad 
Institute of Harvard and the Massachusetts Institute of Technology and 
its Psychiatric Disease Initiative. He has degrees from the University of 
Oxford and University of London and a Ph.D. from the Social, Genetic 
and Developmental Psychiatry Centre in the Institute of Psychiatry at 
King’s College London.

Sharon Ross is a program director in the Nutritional Science Research 
Group in the Division of Cancer Prevention of the National Cancer Insti-
tute (NCI) of the National Institutes of Health. She is responsible for 
directing, coordinating, and managing a multidisciplinary research grant 
portfolio in diet, nutrition, and cancer prevention. Previously she worked 
at the Center for Food Safety and Applied Nutrition in the Food and Drug 
Administration and was a cancer prevention fellow in the Division of Can-
cer Prevention and Control. Her doctoral dissertation research was carried 
out in the Laboratory of Cellular Carcinogenesis and Tumor Promotion at 
NCI, where her research topic concerned the effects of retinoids in growth, 
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differentiation, and cell adhesion. She has an M.S. in nutritional sciences 
from the University of Connecticut, a B.S. in nutrition and dietetics from 
the University of New Hampshire, a Ph.D. in nutritional sciences from the 
University of Maryland, College Park, and a M.P.H. from Johns Hopkins 
University School of Public Health, with an emphasis in epidemiology.

Teresa Seeman is professor of medicine and epidemiology in the Schools 
of Medicine and Public Health at the University of California, Los Ange-
les. Her research interests focus on the role of sociocultural factors in 
health and aging, with specific interest in understanding the biologi-
cal pathways through which these factors influence health and aging. A 
major focus of her research relates to understanding how aspects of the 
social environment, particularly socioeconomic status and social rela-
tionships, affect biology and through that overall health and aging. She 
has extensive experience with developing and implementing commu-
nity-based collection of biomarker data and has been a leading figure in 
research on cumulative biological risk indices. In collaboration with Bruce 
McEwen and Burton Singer, she has taken a lead in empirical research 
on the new concept of allostatic load as a cumulative index of biological 
aging. She has bachelor’s, master’s, and doctoral degrees from University 
of California, Berkeley.

george Davey Smith is professor of clinical epidemiology at the Uni-
versity of Bristol, visiting professor at the London School of Hygiene 
and Tropical Medicine, and honorary professor at the University of 
Glasgow. He is also director of the Avon Longitudinal Study of Parents 
and Their Children and of the Medical Research Council’s Centre for 
Causal Analyses in Translational Epidemiology. His main research inter-
ests relate to how socially patterned exposures acting over the entire life 
course shape health of individuals and populations and also influence 
long-term trends in health. He is particularly concerned with integrating 
genetic epidemiology into such life-course studies to strengthen the abil-
ity to make causal inferences in observational studies. He has also worked 
on sexually transmitted disease/HIV infection prevention in India and 
Nicaragua and on methodological issues in epidemiology. He is coeditor 
with Shah Ebrahim of the International Journal of Epidemiology. He has an 
M.Sc. in epidemiology from the London School of Hygiene and Tropical 
Medicine. 

Andrew Steptoe is British Heart Foundation professor of psychology in 
the Department of Epidemiology and Public Health at University College 
London. Previously he was professor of psychology at George’s Hospi-
tal Medical School in the University of London (1988-2000). He is past 
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president of the International Society of Behavioral Medicine and of the 
Society for Psychosomatic Research. He was founding editor of the British 
Journal of Health Psychology and an associate editor of Psychophysiology, 
the Annals of Behavioral Medicine, the British Journal of Clinical Psychology, 
and the Journal of Psychosomatic Research. He is author or editor of numer-
ous books, including Psychosocial Processes and Health and Depression and 
Physical Illness. His main research interests are in psychosocial aspects of 
physical illness, health behavior, and psychobiology. He graduated from 
Cambridge in 1972 and completed his doctorate at Oxford University in 
1975. 

Ronald A. Thisted is professor in the Departments of Health Studies, 
Statistics, and Anesthesia and Critical Care at the University of Chicago. 
He has been a faculty member in statistics at Chicago since 1976, and since 
1999 he has also chaired the Department of Health Studies, the home of 
biostatistics, epidemiology, and health services research at Chicago. His 
research involves statistical computation, the design and analysis of clini-
cal trials and epidemiologic studies, and development of new computa-
tional and statistical methods. He is a past editor of the Current Index to 
Statistics and was associate editor of the Journal of the American Statistical 
Association. He is a fellow of the American Statistical Association and of 
the American Association for the Advancement of Science. He has M.S. 
and Ph.D. degrees from Stanford University.

Duncan Thomas is professor of economics at Duke University. His 
research centers on the dynamics underlying individual, household, 
and family behavior, particularly in low-income populations. This work 
explores how resources are allocated in families and the responses of 
individuals and their families to unanticipated shocks. His research on 
the association between health and socioeconomic status includes design-
ing and fielding a randomized treatment-control nutrition intervention in 
Indonesia, the Work and Iron Status Evaluation, to measure the impact of 
health on economic prosperity. He has a Ph.D. in economics from Princ-
eton University.

Elaine B. Trujillo is a nutritionist in the Nutritional Science Research 
Group of Division of Cancer Prevention at the National Cancer Institute 
of the National Institutes of Health. She is responsible for promoting the 
translation of information about bioactive food components as modifiers 
of cancer. Previously she was a senior clinical and research dietitian in 
the Metabolic Support Service of Brigham and Women’s Hospital, Har-
vard Medical School. She received the 2007 Huddleson Award by the 
American Dietetic Association Foundation for her article, “Nutrigenom-
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ics, Proteomics, Metabolomics, and the Practice of Dietetics.” She has a 
B.S. in nutritional science from the University of Delaware and an M.S. 
in nutritional science from Texas Woman’s University, where she also 
completed a dietetic internship. 

james W. vaupel is the founding director of the Max Planck Institute 
for Demographic Research in Rostock, Germany, and director of Duke 
University’s Population Research Institute. He oversees multinational re-
search initiatives in Germany, Denmark, the United States, Italy, Russia, 
Mexico, Japan, and China. He has coauthored or coedited seven books 
and has written numerous research articles published in refereed journals. 
He is best known for his research on mortality, morbidity, population 
aging, and biodemography, as well as for research on population hetero-
geneity, population surfaces, and other aspects of mathematical and sta-
tistical demography. He is a member of the National Academy of Sciences 
and of the National Research Council’s Committee on Population. He has 
bachelor’s, master’s, and doctoral degrees from Harvard University. 

george P. vogler is director of the Center for Developmental and Health 
Genetics at Pennsylvania State University and professor of biobehavioral 
health. His research interests include genetic epidemiology of complex 
traits, quantitative trait loci mapping, cardiovascular disease, method-
ological issues in genetic models and structural equation models, and 
behavioral moderation of expression of biological traits. His applied inter-
ests span human development, with interests in childhood development 
of cognitive abilities, substance use and abuse in adolescence, cardiovas-
cular risk factors in adulthood, and maintenance of functional abilities in 
aging. He has a Ph.D. from the University of Colorado, Boulder.

kenneth W. Wachter is chair of the Department of Demography at the 
University of California, Berkeley. Previously he taught at Harvard Uni-
versity and has published numerous articles and books on mathematical 
demography, statistical analysis, historical demography, nutrition, aging, 
and kinship models. He is a fellow of the American Academy of Arts and 
Sciences and received the Mindel Sheps award in 1988 from the Popula-
tion Association of America. He serves on the board of directors of the 
Social Science Research Council and has served on the special advisory 
panel on 1990 census adjustment for the U.S. Department of Commerce 
and on the National Science Foundation Panel on Measurement Methods 
and Data Resources. He is a member of the National Academy of Sciences 
and the current chair of the National Research Council’s Committee on 
Population. He has a master’s degree in applied mathematics from Oxford 
University and a Ph.D. in statistics from Cambridge University. 
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Robert B. Wallace is Irene Ensminger Stecher professor of epidemiology 
and internal medicine at the University of Iowa Colleges of Public Health 
and Medicine and director of the university’s Center on Aging. He is a 
member of the Institute of Medicine, past chair of its Board on Health 
Promotion and Disease Prevention, and current chair of its Board on 
Military and Veterans Health. He is the author or coauthor of numerous 
publications and book chapters and has been the editor of four books, 
including the current edition of Maxcy-Rosenau-Last’s Public	Health	and	
Preventive	Medicine. His research interests are in clinical and population 
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