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a b s t r a c t

Social context is increasingly recognized as essential for understanding complex human
outcomes even among geneticists who focus on genetic influences. These outcomes typi-
cally involve multiple genes, multiple environmental factors, and the interactions between
the two. In this paper, we propose a conceptual framework for gene–environment interac-
tion and show how the interaction can be tested empirically using a sample of MZ twin, DZ
twins, and full siblings. We test the hypothesis that the genetic contribution to adolescent
drinking depends on the drinking behavior of their friends, using a sample of clusters of
siblings and their friends from Add Health. Our analysis has yielded evidence supporting
the gene–environment interaction hypothesis. High levels of alcohol use by one’s best
friend or among one’s friends tend to bring about higher levels of genetic contribution to
alcohol use. Lower levels of alcohol use by one’s best friend or among one’s friends tend
to suppress the level of genetic contribution to alcohol use. Our findings suggest that friend
behavior might be a particularly important environmental moderator of the expression of
genetic disposition for adolescent drug use, smoking, dietary habits, and risky sexual
behavior. Subsequent studies of these behaviors that use non-DNA twin samples or DNA
measures of genetic variants should investigate peer influence as a significant environmen-
tal moderator.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

Decades of efforts in molecular genetics have discovered more than a thousand genes responsible for Mendelian human
outcomes—outcomes mostly determined by alleles of a single gene (Risch, 2000; Botstein and Risch, 2003). Examples of such
human outcomes include Huntington’s disease, cystic fibrosis, hereditary non-polyposis colon cancer, and heritable breast
cancers. These diseases are rare in human populations and therefore explain relatively small portions of overall disease
prevalence.

Molecular genetic efforts have been much less successful on Non-Mendelian or complex human outcomes. Many of these
outcomes, including reading disability, smoking, alcohol use, drug use, and obesity, are of interest to sociologists. The links
between genetic heritage and complex human outcomes are enormously complicated, typically involving multiple genes,
environmental factors, and the interaction between the two.

There has been an increasing recognition that social scientists’ expertise in social context is indispensable for understand-
ing many of complex human outcomes (Caspi et al., 2002, 2003). The success of the Human Genome Project (Collins et al.,
2003a) and the HapMap Project1 (The International HapMap Project, 2003, 2005) is improving the design and effectiveness of
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genetic studies. These advances, however, do not lessen the need to understand the environmental part of the puzzle. On the
contrary, inadequate understanding of environment has increasingly become the bottleneck for the rapid technological
advances in molecular genetics. Recently, the HapMap project (The International HapMap Consortium, 2005) and the National
Human Genome Research Institute (Collins et al., 2003b) called for heavy investment in lifestyle factors and environmental
exposures and in longitudinal studies of adequate size that would obtain such information.

In addition to contributing to work that focuses on genetic influences, sociologists may also be interested in incorporating
the advances in molecular genetics into sociological thinking. Genes may be an important component of outcomes relevant
to sociologists. Taking genetic heritage into account promises a fuller understanding of social outcomes and a more precise
understanding of the roles of social context.

The objective of this study is two fold. First, we develop a conceptual framework for gene–environment interactions and
indicate how the interaction can be tested empirically using a sample of MZ twins, DZ twins, and full siblings. Second, we
apply this framework to test the hypothesis that the genetic contribution to alcohol use among adolescents depends on
the drinking behavior of their friends. Data come from a sample of clusters of siblings as well as their friends collected by
the National Longitudinal Study of Adolescent Health (Add Health) (Harris et al., 2003).

2. Background

2.1. Adolescent drinking

Alcohol consumption among the young remains a major public health problem in the United States (Johnston et al., 2003).
The project Monitoring the Future, a nationally representative survey of 8th, 10th, and 12th graders, reveals a high preva-
lence of alcohol use and a trend toward earlier onset. Nearly 30 percent of 8th graders reported consuming alcohol in the
previous 30 days, and 7 percent reported having been drunk during that time. About 29 percent of 12th graders reported
binge drinking (i.e. having five or more drinks in a row) during the two-week period prior to the study. More noteworthy,
the trend shows the onset of alcohol use at younger ages. Between 1987 and 1996, the average age at onset decreased from
18 to 16 (Office of National Drug Control Policy, 1997). In 1999, a third of youth surveyed reported beginning to drink before
the age of 13 (CDC, 2000).

The initiation of alcohol use prior to age 15 is associated with an increased risk of alcohol-related problems later in life
(Grant and Dawson, 1997). Alcohol abuse among adolescents is correlated with a variety of other risk behaviors, such as poor
school performance, substance abuse, sexual activity, violence, delinquency, drinking and driving, tobacco use, and suicide
(Windle, 1999, 2003). Heavy drinking is associated with Type II diabetes (e.g., Wannamethee and Shaper, 1992) and coronary
artery disease, cardiac arrhythmias, and stroke, among other disorders (Puddey et al., 1999). Heavy drinking is also linked to
morbidity and mortality through an increased risk of accidents (e.g., Hingson and Howland, 2002).

2.2. Sociological theories of peer influence, genes, and adolescent drinking

‘Imitation’ is a significant theme in Durkheim’s classic Suicide (1897/1951) and defined as the social process spreading
unstable and transitory social currents. Although Durkheim (1897/1951: 138–142) did not find empirical support for it as
an explanation for suicide, he recognized imitation as a potentially potent force influencing social behavior. Peer influence
occupies a particularly important place in Coleman’s The Adolescent Society (1961) in which he focused on the leading crowd,
or the most popular students, in a school who both reflect and influence the normative climate of the school. Durkheim’s
imitation corresponds closely to a prominent and long-standing theoretical tradition in the sociology of crime and deviant
behavior (Allen and Wilder, 1977; Festinger, 1954; Akers, 1973, 1997; Sutherland and Cressey, 1984). A number of mecha-
nisms within this tradition link peer influence to individual behavior, but the main argument is that associating with delin-
quent peers breeds delinquency.

The empirical evidence linking peer delinquent behavior and ego delinquent behavior such as drinking, substance abuse,
and sexual behavior is among the strongest and the most widely reported in the social sciences (Kandel, 1975; Brown and
Theobald, 1999; Billy et al., 1984; Billy and Udry, 1985; Ennett and Bauman, 1994; Yamaguchi and Kandel, 1987; Haynie,
2001, 2002; Haynie and Osgood, 2005; Warr, 1993; Warr and Stafford, 1991). Peers and friends are particularly important
for adolescents who spend twice as much time each week with peers outside the family as do they with parents (Brown,
1990). One well-known position argues that socialization mainly takes place in the peer groups of childhood and adolescence
and in comparison parents do not have any important long-term effects on child development (Harris, 1995). All of the con-
temporary social theories on peer influence and delinquency emphasize social proximity between the individual and his or
her peers. However, an individual is not equally influenced by everyone in the population. The amount of influence depends
on the strength of the social ties involved and most theories predict the largest influence from the best friend. In our analysis,
we focus on the drinking behavior of best friend as a critical source of peer influence.

Twin and adoption studies have indicated the presence of genetic influences on various aspects of alcohol use and depen-
dence, explaining about 50–60% of the variance in the alcohol measures (McGue, 1999; Tyndale, 2003; Dick and Foroud,
2003). Twin studies have shown that genetic factors play an important role in the initiation of drinking, early alcohol use,
frequency of intoxication, frequency of alcohol consumption, average quantity consumed when drinking, the observed lon-
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gitudinal stability in frequency and in quantity of alcohol consumed per drinking occasion, alcohol metabolism measures
such as time to peak blood alcohol concentration, and alcohol dependence (Heath, 1995). Efforts to identify specific candi-
date allelic variants have focused on polymorphisms in the ALDH genes and the ADH genes and polymorphisms in the dopa-
minergic system, the GABAergic system, and serotonergic system (Tyndale, 2003; Dick and Foroud, 2003).

Peer influence may strengthen or moderate the genetic disposition of youth for alcohol abuse. Twin studies show that
about half of the variance in the alcoholism-related measures is attributable to environmental factors indicating the crucial
role environments play in alcoholism. Certain environments may promote the expression of genetic predispositions for ado-
lescent drinking whereas others may suppress it.

2.3. Gene–environment interactions

Most social scientists are familiar with the concept of statistical interaction in a regression context. The following regres-
sion equation estimates the effects of a college degree, age, and their interaction on income:

incomei ¼ b0 þ b1collegei þ b2agei þ b3ðcollegeitimes ageiÞ þ ei:

Without the interaction term, b1 would represent the additional income a college degree holder has over someone with-
out a college degree; this effect would be the same at all ages. The interaction term allows the effect of college degree de-
pends on age. It is plausible that the advantage from a college degree increases over age (experience). If the interaction term
is significant, the effect of a college degree will be age-specific and calculated from b1 and b3. The dependence between a
college degree and age is mutual, that is, the interaction also implies that the age effect depends on a college degree.

The concept of a gene–environment interaction (Kendler et al., 2005) is similar to the above example in the sense that the
effect of a gene depends on an environment and vice versa; but it does not have to be expressed by a statistical interaction
term in a regression model. Phenylketonuria or PKU is a classic case in point (Hunter, 2005). Children having two doses of the
defective gene from mothers and fathers are affected. In healthy children, a specific enzyme converts phenylalanine to a sub-
stance called tyrosine. In affected children, the enzyme is either missing or defective because of the defective gene. There-
fore, the children have too little tyrosine and too much phenylalanine in their bodies and the excess of phenylalanine would
cause brain damage in all these patients. However, patients who are treated from early infancy with a low-phenylalanine
diet escape brain damage and usually develop intelligence and behavior patterns within the normal range. In this case,
PKU can be successfully treated by altering the environment in spite of the defective genes the children receive before birth.

Studies based on animal experiments have also provided compelling evidence for such interactions. For example, Bennett
et al. (1998) found interactions between rearing methods and the serotonin transporter gene (5-HTT) with respect to a num-
ber of behavior indicators among rhesus monkeys. The 5-HTT is a candidate gene for impaired serotonergic functions with
each monkey possessing either the short (LS) or the long (LL) 5-HTT allele. The adult rhesus monkeys under study were gen-
otyped regarding the 5-HTT polymorphism. Some of these monkeys were peer-reared for their first six months while the
others were reared by their biological mothers. Bennett et al. (1998) reported dramatically different consequences of having
the LS allele between peer-reared and mother-reared monkeys. While peer-reared subjects with the LS allele showed deficits
in serotonin metabolism and excessive alcohol consumption, mother-reared monkeys with the same allele displayed normal
serotonin metabolism, lowered risk for excessive alcohol consumption, and high social dominance. These results suggest the
short allele of the 5-HTT gene may well result in psychopathology among monkeys with inadequate early rearing, but may
be adaptive among subjects with mother rearing.

Influential social-science examples come from recent work by Caspi et al. (2002, 2003). The 2002 article investigated the
role of genotype in violent behavior among maltreated children. Boys who were maltreated early in life are at risk of becom-
ing violent offenders. But not all children respond to maltreatment in the same way. The study found that a functional poly-
morphism2 in the gene encoding the neurotransmitter-metabolizing enzyme monoamine oxidase A (MAOA) modifies the effect
of maltreatment. Only maltreated children with a genotype generating low levels of MAOA expression tended to develop the
violent behavior problem. Maltreated children with a genotype that produces high levels of MAOA activity were less affected.
Some of Capsi et al.’s work (2003) has been replicated (Kim-Cohen et al., 2006) and others (Caspi et al., 2002) has not (Haber-
stick et al., 2005).

Numerous studies have attempted to detect gene–environment interactions using twin or immigration data in the ab-
sence of molecular genetic measures. Guo and Stearns (2002) investigated how family SES affects the realization of genetic
potential for intellectual development using the sibling data from the Add Health. They showed that parental unemployment
and racial status have a statistically significant effect on the proportional contributions of heritability and shared environ-
ment. A disadvantaged environment appears to have prevented African American children from fully realizing their genetic
potential for intellectual development.

Turkheimer et al. (2003) analyzed scores on the Wechsler Intelligence Scale in a sample of 7-year-old twins from the Na-
tional Collaborative Perinatal Project. The analyses allowed for the additive effects of genotype, shared environment, and
nonshared environment to interact with socioeconomic status. Results demonstrated that the proportions of IQ variance
attributable to genes and environment vary with SES. The models suggest that in impoverished families, 60% of the variance

2 One of two or more alternate forms (alleles) of a chromosomal locus that differ in nucleotide sequence or have variable numbers of repeated nucleotide
units.
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in IQ is accounted for by the shared environment, and the contribution of genes is close to zero; in affluent families, the result
is almost exactly the opposite.

Using an immigration design, studies have found that because of lifestyle and diet, U.S.-born Asians are twice as likely as
Asian immigrants to suffer from prostate cancer (Cook et al., 1999). Other studies have shown that Asian American adoles-
cents born in the U.S. are more than twice as likely to be obese as are adolescents who immigrated into the U.S. recently
(Popkin and Udry, 1998). Assuming that the genetic heritage between Asian immigrants and US-born Asians is comparable,
then the observed differences between the two groups might be reasonably attributed to the different environments in their
early life.

3. Methods

3.1. Twin studies

The twin study is based on two observations. First, monozygotic (MZ) and dizygotic (DZ) twins share a different portion of
DNA (genes). MZ twins grow from a single fertilized ovum and genetically, they are identical. DZ twins grow from two dif-
ferent ova and they share, on average, 50% of their DNA, the same as full siblings. Second, MZ and DZ twins are assumed to
share the same amount of environmental influences. The twin study enables us to separate the relative importance of genetic
and environmental influences. Under the twin research design, if MZ twins on average appear to be more similar than DZ
twins with regard to a trait, researchers conclude that the trait is influenced by genetic effects. The within-pair similarity
is often measured by a correlation, which is a standardized within-pair covariance.

The twin research design is based on two assumptions. The equal environments assumption requires that the environ-
ments for identical twins are no more similar than the environments for fraternal twins. If the environments for identical
twins are more similar and thus make them more similar than fraternal twins, genetic influences would be overestimated.
More similar treatment of identical twins in certain aspects of life (e.g., dressing alike), however, does not disqualify the twin
design automatically. What is crucial is whether the special way identical twins are treated might affect the outcome of
interest, which is drinking in this particular analysis. For example, if dressing alike or unalike does not affect drinking, dress-
ing more alike in identical twins will not alter the results of a study focusing on adolescent drinking. In our analysis, the
assumption seems reasonable that parental influences such as the availability of alcohol in the home do not differ between
the two types of twin pairs.

The second assumption assumes little or no assortative mating, which refers to the tendency that like marry like with
respect to personal traits such as height, intelligence, and personality. Children of assortative mating parents would be more
likely to receive the same genes for some traits than children of non-assortative mating parents. Consequently, assortative
mating would exaggerate genetic similarity for fraternal twins, but it would not affect genetic similarity for identical twins.
In a twin study, a violation of the assumption would deflate the estimated genetic influence, which is calculated as the dif-
ference between the similarity for identical twin pairs and the similarity for fraternal twin pairs. The violations of the equal
environments assumption and the assumption of assortative mating would thus have opposite effects and tend to cancel
each other to a certain extent.

3.2. A design for assessing gene-friends interaction for alcohol use

Ideally, we would like to observe pairs of siblings in one of the three types of environments: (Type 1) an alcohol-prevalent
environment in which alcohol is easily available and alcohol consumption among adolescents are accepted; (Type 2) an alco-
hol-free environment in which alcohol is unavailable and alcohol consumption among adolescents are deemed unaccept-
able; and (Type 3) an environment in which one sibling in a sib pair is subject to the influence from an alcohol-prevalent
environment and the other sibling in the pair is subject to the influence from an alcohol-free environment.

Because alcohol is easily available and routinely used by people with whom they closely associate, including their peers,
adolescents in such an alcohol-prevalent environment (Type 1) should have a much better chance to develop their genetic
predisposition for alcohol use. In an alcohol-free environment (Type 2), adolescents with a genetic predisposition for alcohol
use will have a greater difficulty in expressing the predisposition. In an alcohol-free environment, the adolescents’ ability to
‘niche-pick’ or find environments suitable for their genetic tendencies for alcohol use is lower than in an alcohol-prevalent
environment. A discordant environment (Type 3), with two opposing forces, would tend to pull the two twins in opposite
directions, thus suppressing genetic manifestation for one twin, facilitating it for the other twin, and producing a lower esti-
mate of heritability than that in the Type-1 environment. When the predisposition for alcohol use is more easily expressed,
we expect identical twins to be more similar to each other than fraternal twins in alcohol consumption, leading to a higher
estimate of heritability.

The heritability expressed in an alcohol-prevalent environment may be taken as a ‘standard’ or ‘baseline’, against which
the heritability expressed in an alcohol-free environment can be compared. The difference between the two ‘‘expressed” her-
itabilities or the ‘‘unexpressed” portion of the heritability in an alcohol-free environment is an estimate of how much of a
genetic predisposition for alcohol use has been suppressed. The assumption for this reasoning is that the heritability esti-
mate should be about the same in all environments in the absence of gene–environment interactions. Then the difference
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in the estimate between two environments may reflect an environmental moderation of genetic influences in one of the
environments. This reasoning lies behind all studies of gene–environment interactions when DNA measures are unavailable.

To apply this reasoning to our analysis, we examined the genetic contribution to adolescent alcohol use in three types of
friend influence: concordant/high, concordant/low, or discordant (Table 1). The first two types of influence correspond to an
alcohol-prevalent environment and an alcohol-free environment, respectively. In the two concordant types, the friends of
twin 1 and twin 2 exhibit similar patterns of drinking behavior. In the concordant-high type, both sets of friends within each
pair of twins have a relatively high-level of alcohol use. In the concordant-low type, both sets of friends have a relatively low-
level of alcohol use. In the discordant group, the friends of twin 1 differ in drinking behavior from that of the friends of twin
2; one set of friends has a relatively high-level of alcohol use and the other set a relatively low one. Fig. 1 further illustrates
our research design for detecting the moderation of genetic contribution to adolescent alcohol use by friends’ drinking
behavior.

The three types of friends’ drinking behavior represent three types of environments that are expected to influence the
level of genetic expression for alcohol use. Specifically, we expect a statistically significant genetic contribution (heritability)
to alcohol use among the concordant/high pairs of siblings, a statistically non-significant genetic contribution or a smaller
significant genetic contribution among the concordant/low siblings, and a statistically non-significant genetic contribution
or a smaller significant genetic contribution among the discordant siblings.

It should be pointed out that none of the friend-influence environments in Table 1 corresponds to the idealized alcohol-
free environment discussed in the section on research design. Virtually all adolescents in the United States are exposed to
alcohol consumption. The lack of a truly alcohol-free environment in observational data makes it more difficult to detect
any gene–environment interaction. However, a pair of siblings may, indeed, have friends that have different drinking behav-
ior. When we do have the data, we ask the question: Does an adolescent’s friend make a difference over and above the larger
societal influence?

4. Subjects

4.1. Add Health

We used data from the National Longitudinal Study of Adolescent Health (Add Health), which started as a nationally rep-
resentative sample of more than 20,000 adolescents in grades 7–12 in 1995 in the United States (Harris et al., 2003). The
respondents have since been followed by two additional in-home interviews in 1996 (Wave II) and 2002 (Wave III). Add
Health is school-based and the adolescents are from 134 schools. The school sample is stratified by region, ethnic mix, size,
urbanicity (urban/suburban/rural), and school type (public/private/parochial).

4.2. The Add Health sibling sample

We used the sibling sample within the Add Health Study, which deliberately incorporated a behavior-genetic design as a
component in an otherwise traditional survey. The sibling sample is composed of six groups: monozygotic twins, dizygotic
twins, full biological siblings, half biological siblings, cousins, and biologically unrelated adolescents living in the same

Fig. 1. Research design: detecting the moderation of genetic contribution to adolescent alcohol use by friends’ drinking behavior.

Table 1
Research design: moderation of genetic contribution to adolescent alcohol use by friends’ drinking behavior

Three types of friend influence Data used Level of expressed genetic contribution
to alcohol use or estimated h2

Concordant-high on drinking MZ, same-sex DZ twins, & same-sex full siblings Baseline
Concordant-low on drinking MZ, same-sex DZ twins, & same-sex full siblings Lower
Discordant drinking MZ, same-sex DZ twins, & same-sex full siblings Lower
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household. Our analysis sample consists of pairs of adolescents who are genetically related to varying degrees including MZ
twins, DZ twins, and full siblings. These data represent pairs of adolescents who took the same questionnaire and who share
the same home environment, and in most cases the same school and same neighborhood. This design creates a rare oppor-
tunity to explore the relative contributions of genetics and environment to health and health behaviors in a national longi-
tudinal sample.

When the twin sample was first collected at Wave I, the classification of the twins into monozygotic and dizygotic pairs
was based on self-reported confusability of appearance. At Wave III in 2002, DNA samples were collected from a subset of the
Add Health sample. The subset consists of 2574 MZ twins, DZ twins, and full biological siblings. For these individuals, geno-
mic DNA was isolated from buccal cells using a modification of published methods (Freeman et al., 1997). Then the zygosity
of the twins was re-determined at the DNA level through a comparison of their match on 12 unlinked short tandem repeat
(STR) (http://www.cpc.unc.edu/projects/addhealth/).

Add Health has approximately 3200 related respondents that include MZ twins, same-sex DZ twins, different-sex DZ
twins, full siblings, half siblings, and cousin. Our sample starts with 1247 pairs of sibling pairs that includes all MZ twin pairs,
DZ twin pairs and full sibling pairs. Whereas all identical twin pairs are of the same sex, a portion of fraternal twins and full
siblings are of unlike sex. To eliminate the potential impact of sex, we decide to restrict the comparisons to those between
like-sex identical twins and like-sex fraternal twins and full siblings. Our final analysis sample includes 600 pairs of MZ twin
pairs, DZ twin pairs, and full sibling pairs after eliminating pairs that have missing data on friends, siblings’ drinking behav-
ior, or siblings’ friends’ drinking behavior.

4.3. Measures of adolescent drinking

At the first Wave of Add Health, the respondents were asked about their frequency of alcohol use. To protect confiden-
tiality and reduce non-responses, this section of the interview was self-administered by audio-CASI (Computer Assisted Self
Interview). The sensitive questions were read to respondents by means of audio headphones. Respondents were given
instructions on how to complete their answers on the computer. The respondents answered the question, ‘‘During the past
twelve months, on how many days did you drink alcohol?” Respondents’ answers were recorded as 0, never; 1, one or two
days in the past twelve months; 2, once a month or less; 3, two or three days a month; 4, one or two days a week; 5 three to
five days a week; or 6, everyday or almost everyday. This seven-point scale is simplified in the analysis to a six-point scale in
which categories 5 and 6 of the original measure are collapsed. The drinking score of an individual is recorded as 0, 1, 2, 3, 4,
and 5 for never drinks, once in the last yr, once a month, 2-3 times last month, 1-2 a week, and 3 or more times a week,
respectively.

4.4. Measures of friend influence

Almost all studies of friend influences use data based on the respondent’s perceptions of a friend’s behavior instead of the
actual behavior of a friend. In other words, these studies have data only on respondents; the data on their friends are re-
ported by these respondents. However, perceptions of others’ behavior have been considered unreliable because the report-
ers tend to project their own behavior onto others (Bauman and Ennett, 1996). Comparison of measures on perception of
behavior with measures on actual behavior has shown this projection tendency for sexual behavior among boys (Wilcox
and Udry, 1986) and for smoking and drinking behavior among male and female adolescents (Fisher and Bauman, 1988).
The perception bias can be corrected with data that measure friends directly. Our Add Health data include as respondents
not only a large number of genetically related individuals, but also their friends.

Respondents nominated same-sex and different-sex friends in both the in-school questionnaire and the in-home inter-
view. The in-school respondents were asked to nominate up to five male and five female friends, starting with the closest
friend, including girlfriends and boyfriends. The in-home interviewers requested the names of the best male- and the best
female-friend from most of these adolescents. The in-home respondents who were in the saturated sample were asked to
name five friends of each sex starting with boyfriends or girlfriends if any. Adolescents who participated in both the school
and the home data collections could potentially have made 20 friendship nominations—10 for each sex.

To construct our analysis data, we searched for the best friend and other friends from these multiple nominations for each
adolescent in our genetic pair samples using the following procedure. We searched for the nominations in the in-home inter-
view first. When the information was unavailable in the home data, we went to the school interview. If a friend had missing data
on drinking, then we moved on to the next nominated friend(s) listed during the home interview and the school interview.

4.5. Measures of peer drinking influences

Because these nominated friends are themselves respondents in the Add Health Study, measures of these individuals’
drinking behavior can be readily constructed as the respondent’s friends’ drinking behavior. To test for the robustness of
the friend drinking measure, we constructed three measures of their drinking influence: (1) Peers as the best friend: we
use the drinking score of the friend nominated as the best friend in the chosen set of friends. (2) Peers defined as maximum
possible exposure among friends: we use the highest drinking score found among the nominated friends. And (3) Peers de-
fined as all nominated friends: we use average friends’ score, that is, a weighted average in which greater weight is given to
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first-nominated friends. The first-nominated or best friend is given a greater weight because we assume best friends tend to
have a larger influence than the other friends.

Each pair of siblings are subject to the influence of one of the three types of peer drinking influence: (1) Discordant drink-
ing influences: the two siblings in a sib pair are subject to different levels of drinking influence; discordant influences are
defined when the two sets of friends’ drinking scores are two points or greater away from each other (1 vs. 3; 2 vs. 4).
(2) Concordant/low drinking influences: the two siblings in a sibling pair are subject to similarly low levels of drinking influ-
ence; concordant/low influences are defined when the two sets of friends score zero or one. (3) Concordant/high drinking
influences: the two siblings in a sibling pair are subject to similarly high levels of drinking influence; concordant/high influ-
ences are defined when the two sets of friends score 2 or higher. These cut-off points are somewhat arbitrary; the concordant
high group may not differ sufficiently from the concordant low or discordant group. However, our ability to vary the cut-off
points is restricted by the moderate sample sizes.

5. Analytic strategy

Our objective is to estimate heritability (h2) for each of the three environments defined by friend influence. Of the several
approaches that are used to estimate heritability: the classic approach described by Falconer and Mackay (1996, p. 171–4),
the structural equation model via Mx (Neale and Cardon, 1992), and the multilevel model (Guo and Wang, 2002), we chose
the classic approach for its simplicity. Regardless of a particular approach, heritability for an outcome variable is defined as
the proportion of genetic variance over the total variance. Guo and Wang (2002) showed that the heritability estimates from
the classic approach, SEM, and the multilevel model are quite similar. Falconer and Mackay (1996) show that heritability is
equal to twice the difference between the MZ correlation and the DZ correlation estimates.

Our job was, therefore, to calculate the correlations in alcohol use for MZ twins, DZ twins, and DZ twins plus full siblings
by type of friend influence (concordant/high, concordant/low, and discordant), using the method of correlation coefficient,
q = Cov(Y1,Y2)/r1 r2, where Y1,Y2,r1, and r2 are twin 1’s drinking, twin 2’s drinking, the standard deviation of twin 1’s drink-
ing, and the standard deviation of twin 2’s drinking, respectively. Then, the correlation estimates were used to calculate her-
itability by type of friend influence (concordant/high, concordant/low, and discordant).

To perform hypothesis testing or construct confidence intervals for heritability estimates, we used the bootstrapping
method (Efron and Tibshirani, 1993), which re-samples the data by pair (without breaking up the pairs) with replacement
for a large number of times (2000 or more), each time re-estimating the correlation coefficients for MZ twins, DZ twins, and
full siblings by type of friend influence as well as the heritability estimates by type of friend influence. Then we rank the
estimates of heritability within each type of friend influence. The 90% confidence interval for the heritability estimates
can be constructed by the 5th and 95th percentiles of the ranked heritability estimates.

The bootstrapping method is a modern, computationally intensive, general method for statistical inference (Efron and
Tibshirani, 1993; Chernick, 1999). Bootstrapping can be used to study the properties of an estimator (e.g., the variance of
an estimator) and the results are asymptotically equivalent to the classic statistical approaches under certain conditions.
Its main advantage is simplicity. In our case, deriving the confidence interval for a correlation coefficient via analytical meth-
ods is complicated; applying bootstrapping is a computer-intensive, but straightforward procedure.

We carried out these analyses in three samples: (1) MZ twins and same-sex DZ twins; (2) MZ twin pairs, same-sex DZ
twin pairs, and same-sex full sibling pairs; and (3) random pairs. The second sample that combines the same-sex DZ twins
and the full siblings provides more power for hypothesis testing. The third sample of random pairs was created by first
breaking up the observed pairing between each sibling and the drinking score of his or her friend, and then pairing each sib-
ling with the drinking score of a randomly-chosen individual in the sibling sample. The third sample is used as a ‘‘placebo”
group where the friend drinking behavior is randomly assigned. In the third sample, the pattern of friend drinking behavior is
not expected to be related to heritability estimates. The findings from the third sample will provide further evidence for
whether friend drinking patterns systematically influence heritability.

6. Results

The overall heritability estimate of the alcohol measure using all MZ and DZ twins is 0.402. Table 2 reports descriptive
statistics for Add Health Wave II Sample including the sample size in pairs of siblings by type of siblings and friend drinking
behavior, the mean age by type of siblings, the respondents’ mean alcohol use by type of siblings, and the friend mean alco-
hol use by type of siblings and pattern of friend drinking behavior. Our analysis sample consists of 127 pairs of MZ twins, 101
pairs of same-sex DZ twins, and 372 pairs of same-sex biological full siblings. The number of MZ-twin pairs is small in part
because we are able to include a twin pair in the analysis only if information is available for both members of a twin pairs as
well as for the friends of both members of the twin pair.

On average, our respondents were aged about 16 regardless of type of siblings. The average score of alcohol use among
the respondents is 1.07, which is close to the mean alcohol use among the average friends (1.15) and the mean alcohol use
among the best friends (1.17). By design, the mean alcohol use among the highest drinking friends (1.52; maximum expo-
sure) is considerable higher. Consistent with the research design, the average alcohol use is the highest for the concordant-
high group, the lowest for the concordant-low group, and in between for the discordant group.
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Panel 1 of Fig. 2 plots the pair-wise drinking score of the friends of MZ twins and DZ twins. The other three panels of Fig. 2
describe the division of our entire sample into three groups that differ by pattern of friend drinking behavior: Concordant
high, Concordant low, and discordant. Panels 1–4 describe what constitutes our three friend influence environments. Panel
2 of Fig. 2 shows the drinking scores of the friends of the sibling pairs who score two or above and who are defined as con-
cordant high. Panel 3 of Fig. 2 shows the drinking scores of the friends of the sibling pairs who score 0 or 1 and who are
defined as concordant low. Panel 4 of Fig. 2 shows the drinking scores of the friends of the sibling pairs who are two points
away or more from each other. They are defined as discordant.

Table 3 presents heritability estimate h2 and its 90% bootstrapping confidence interval for drinking across three types of
friend influence (concordant/high, concordant/low, and discordant) for three samples, with friend influence measured as the
weighted average drinking score of one’s friends, the drinking score of the best friend, and the maximum drinking score
among one’s friends. The results from our twin samples are consistent with our hypothesis. The confidence interval of the
heritability estimate in the concordant-high group is above zero for all three types of friend drinking: (0.12, 1), (0.02, 1),
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Fig. 2. Scatterplot of twins’ friends’ drinking behavior.

Table 2
Mean level of adolescent drinking and number of pairs by type of sibling and pattern of friends’ drinking behavior and other descriptive statistics of Add Health
Wave II Sample

MZ twins (pairs) Same-sex DZ twins (pairs) Same-sex full siblings (pairs) All

Sample size in pairs 127 101 372 600
Age 16.01 15.81 16.23 16.14
Mean of alcohol use
Respondent’s alcohol use 1.02 1.11 1.19 1.07
Friend’s average 1.08 (127) 1.2 (101) 1.16 (372) 1.15

Concordant high 2.06 (46) 2.15 (29) 1.69 (93) 1.83
Concordant low 0.32 (56) 0.36 (46) 0.36 (171) 0.35
Discordant 1.78 (25) 1.88 (26) 1.96 (108) 1.92

Best friend’s use 1.12 (127) 1.23 (101) 1.17 (372) 1.17
Concordant high 2.60 (41) 2.60 (32) 2.28 (81) 2.41
Concordant low 0.34 (51) 0.34 (42) 0.35 (145) 0.34
Discordant 1.81(35) 2.02 (27) 1.86 (146) 1.87

Maximum exposure 1.34 (127) 1.51 (101) 1.58 (372) 1.52
Concordant high 2.94 (47) 2.89 (33) 2.47 (116) 2.64
Concordant low 0.38 (49) 0.40 (38) 0.40 (101) 0.40
Discordant 1.87 (31) 2.02 (30) 2.16 (155) 2.10
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and (0.29, 1), respectively, for average friends, best friends, and maximum exposure; the three corresponding mean herit-
abilities are 0.76. 0.77, and 0.98. For the concordant/low group, the three mean heritability estimates are 0.47, 0.45, and
0.53, respectively, but all three corresponding confidence intervals are wide and include zero, indicating that the heritability
estimates may not differ from zero. For the discordant group, the bootstrapping estimates of heritability are generally small
in absolute values and fall on both sides of zero, suggesting (1) the underlying heritability is zero or very close to zero and (2)
this heritability cannot be precisely estimated. We set these estimates to zero without providing a confidence interval.

Results from the samples that combine twins and full siblings are broadly similar to those from the twin sample except
that the estimated confidence intervals have all narrowed: from (0.12, 1) to (0.47, 1), (0.02, 1) to (0.7, 1), and (0.29, 1) to
(0.45, 1) for the concordant-high group probably because of the increased sample size when the full siblings are added.
For the concordant-low group, the mean estimates are very similar to those from the twin sample (0.49 vs. 0.47, 0.57 vs.
0.45, and 0.49 vs.0.53), but the three confidence intervals are all located above zero (0.10–0.87, 0.20–0.91, and 0.08–
0.86), suggesting that the heritability for the concordant/low group is located above zero, but below that for the concor-
dant/high group. The three heritability estimates for the discordant group remain zero.

In the analysis of random pairs, the mean correlations, which range 0.33–0.42, reflect the average correlation of the entire
sample (but the precision is based on a subset of the sample), and are almost the same across the randomly assigned ‘‘friend
drinking groups”. The sharp differences between the analysis of observed friend’s drinking pattern and the analysis of ran-
domly assigned friend drinking pattern provide an independent piece of evidence that the level of heritability for adolescent
drinking may depend on friend drinking behavior.

7. Discussion

Genetic factors are often considered incompatible with sociological analysis which by definition focuses on social context.
Recent mapping of the human genome has led to new information about the association of genomics with diseases and other
human outcomes. Yet, it is becoming clear that few diseases or human conditions are caused purely by genetic factors; most
are the result of interactions between genetic and environmental factors (Collins et al., 2003b). Therefore, in order to expand
our understanding of social outcomes and the role of social context, it is imperative to explore the interactions between so-
cial context and genetic factors. In this article, we describe a framework and a piece of empirical test that show how both
social context and genetic factors can be integrated in a sociologically informed analysis.

In this study, we show that twin data can be used to estimate the interaction between environmental factors and the la-
tent genetic influence when DNA data are unavailable. The analysis supports our gene–environment interaction hypothesis
that the genetic contribution to adolescent drinking is subject to the influence of friends’ drinking behavior. Higher levels of
drinking by friends tend to bring about higher levels of genetic contribution to this behavior. Lower levels of drinking by
friends tend to suppress the level of genetic contribution to alcohol use.

Any investigation of friend influence must address the difficult issue of selection. It has long been recognized that ado-
lescents have a tendency to select friends who are similar to themselves (Kandel, 1978; Bauman and Ennett, 1996). Although
Harris (1995) considers peers the dominant influence in child development, she notes that adolescents tend to sort them-
selves into groups of like-minded individuals and that the similarity among adolescents in the same peer group cannot
be attributed entirely to group influences. Scarr and McCartney (1983) argued that children are not only influenced by their
environment, they also actively participate in its creation. Children tend to seek the environment that matches their own
genetic propensities. Friends and peers are a natural part of this environment. The same selection issue is discussed by Cleve-
land et al. (2005) in a behavior genetic study on friend influence and adolescent risky behaviors.

Table 3
Estimated h2 (heritability) and its 90% confidence interval for adolescent drinking by friend drinking behavior

Friend drinking (pairs) MZ & same-sex DZ twins Twins and same-sex full siblings Random pairs

h2 CI h2 CI h2 CI

Average friend
Concordant high 0.76 0.12 1.00 0.87 0.47 1.00 0.38 0.00 1.00
Concordant low 0.47 0.00 0.98 0.49 0.10 0.87 0.39 0.00 0.98
Discordant 0.00 - - 0.00 - - 0.36 0.00 1.00

Best friend
Concordant high 0.77 0.02 1.00 1.00 0.70 1.00 0.33 0.00 1.00
Concordant low 0.45 0.00 0.94 0.57 0.20 0.91 0.40 0.00 0.93
Discordant 0.00 - - 0.00 - - 0.36 0.00 1.00

Maximum exposure
Concordant high 0.98 0.29 1.00 0.93 0.45 1.00 0.37 0.00 1.00
Concordant low 0.53 0.00 1.00 0.49 0.08 0.86 0.42 0.00 1.00
Discordant 0.03 0.00 0.74 0.33 - - 0.35 0.00 1.00

1. For the discordant group, many of the bootstrapping estimates of heritability fall below zero, suggesting that the underlying heritability is zero or very
close to zero. We set these estimates to zero without providing a confidence interval.
2. Refer to Table 2 for sample sizes.
3. Boldface indicates significant results.
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Although friend selection as a general problem has remained unresolved, a careful examination of our research design has
suggested that our findings are likely to be more conservative because of selection. That is, the evidence in the absence of
selection could be stronger than the evidence we have obtained with selection.

Friend selection implies that an adolescent tends to choose a best friend among those whose drinking behavior matches
his or her genetic propensity for alcohol use. We know that DZ twins are 50% similar genetically, but unlike the 50% genetic
similarity between a parent and his or her child, the 50% similarity for DZ twins is an average. A particular pair of DZ twins
could be 0%-100% similar genetically. It is possible that more genetically similar DZ twins are more likely to be classified into
the concordant groups and that more genetically dissimilar DZ twins are more likely to be assigned to the discordant group.
This problem only affects DZ twins because the amount of genetic material shared within MZ twin pairs does not vary by
pairs.

What would be the potential impact of this selection on our findings? For the discordant group, the heritability estimate
for alcohol use would be overestimated because (1) the DZ twin pairs in this group are more dissimilar than the average DZ
twins in the sample and the DZ correlation would be underestimated; (2) the MZ correlation remains unaffected by the
selection; and (3) the heritability estimate depends on the difference between the DZ and MZ correlation estimates. For
the concordant/high group, the heritability would be underestimated because (1) the DZ twin pairs in the concordant-high
are more similar than the average DZ twins in the sample and the DZ correlation would be overestimated; (2) the MZ cor-
relation remains unaffected by the selection; and (3) the heritability estimate depends on the difference between the DZ and
MZ correlation estimates.

Recall that we hypothesize that the heritability in the concordant-high group is significantly higher than the heritability
in the discordant group. The selection bias in both the discordant and concordant/high groups would, thus, make it more
difficult for us to obtain evidence for our hypothesis. In other words, because of the selection, our results are likely to be
an underestimation of the actual influence of friend drinking.

Classic (Durkheim, 1897/1951) and contemporary (Allen and Wilder, 1977; Festinger, 1954; Akers, 1973, 1997; Suther-
land and Cressey, 1984; Haynie and Osgood, 2005) social theories have always viewed peer influence as vitally important in
the development of deviant behavior. This view has been repeatedly supported empirically (Kandel, 1975; Yamaguchi and
Kandel, 1987; Haynie, 2001, 2002; Warr, 1993; Warr and Stafford, 1991). Our analysis has confirmed the importance of peer
influence for deviant behavior by demonstrating that peer drinking behavior moderates genetic contribution to adolescent
alcohol use.

Our study has a number of limitations or potential limitations. We only focused on the immediate friends of the respondents.
Future studies should investigate whether the gene–environment interaction is influenced by the structural properties of
peer networks such as its density and the centrality and popularity of the adolescents involved (Haynie, 2001). Durkheim’s
theory implies that social integration and anomie may contextualize social imitation such that imitation becomes a more
potent social force when social integration becomes weaker. The theory suggests that future investigation should also take
into account other forms of social integration, familial and religious.

One limitation is the moderate sample size, especially the sample sizes for MZ and DZ twins. Our analysis sam-
ple consists of 127, 101, and 372 pairs of MZ twins, DZ twins, and full siblings, respectively. The small number of
available MZ and DZ twin pairs make it difficult to produce credible test results for group differences in heritability esti-
mates. An insignificant result could come from either a genuine insignificant group difference or a lack of statistical
power.

More MZ twin pairs (31%) than DZ twin pairs (17%) nominate a common third party as a best friend. This MZ-DZ differ-
ence, however, does not necessarily confound our main finding. First, ‘‘best friend” is only one of the three types of friend
influence (best friend, average friend, and maximum exposure) we tested. Only when ‘‘best friend” is considered, a common
third friend automatically defines a concordant pair. The weight of the best friend is reduced when friend influence is defined
by average friend influence or maximum friend influence. Second, even in the case of ‘‘best friend”, a common friend only
defines a concordant pair; whether the concordant pair is concordant high or concordant low depends on the drinking scores
of the best friend. In actuality, if there is a genetic contribution to friendship formation (Guo, 2006), we would expect that MZ
twins are more likely to share a common best friend than DZ twins.

With continuing advances in molecular genetic technology and the success of the Human Genome Project (Collins et al.,
2003a) and the HapMap Project (The International HapMap Project, 2003, 2005), the number of genetic polymorphisms in
humans that are available for research on gene–environment interactions are increasing rapidly. Our findings suggests that
peer behavior is likely to be an important environmental moderator of the expression of genetic disposition for adolescent
drug use, smoking, dietary habits, and risky sexual behavior. Future studies on these behaviors that use non-DNA twin sam-
ples or DNA measures of genetic variants should consider peer influence as a significant environmental moderator. By iden-
tifying the underlying genetic contribution to risky adolescent behavior and by determining the social, cultural, and other
environmental circumstances under which genetic factors are expressed, prevention science may better target interventions
to groups at greatest risk.
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