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Abstract

Background. Genetic influences on alcohol involvement are likely to vary as a function of the
‘alcohol environment,’ given that exposure to alcohol is a necessary precondition for genetic
risk to be expressed. However, few gene–environment interaction studies of alcohol involve-
ment have focused on characteristics of the community-level alcohol environment. The goal
of this study was to examine whether living in a community with more alcohol outlets would
facilitate the expression of the genetic propensity to drink in a genetically-informed national
survey of United States young adults.
Methods. The participants were 2434 18–26-year-old twin, full-, and half-sibling pairs from
Wave III of the National Longitudinal Study of Adolescent to Adult Health. Participants com-
pleted in-home interviews in which alcohol use was assessed. Alcohol outlet densities were
extracted from state-level liquor license databases aggregated at the census tract level to derive
the density of outlets.
Results. There was evidence that the estimates of genetic and environmental influences on
alcohol use varied as a function of the density of alcohol outlets in the community. For
example, the heritability of the frequency of alcohol use for those residing in a neighborhood
with ten or more outlets was 74% (95% confidence limits = 55–94%), compared with 16%
(95% confidence limits = 0–34%) for those in a neighborhood with zero outlets. This moder-
ating effect of alcohol outlet density was not explained by the state of residence, population
density, or neighborhood sociodemographic characteristics.
Conclusions. The results suggest that living in a neighborhood with many alcohol outlets may
be especially high-risk for those individuals who are genetically predisposed to frequently
drink.

Introduction

In searching for relevant contextual or environmental factors contributing to the etiology of
alcohol use and use disorder, researchers have focused on family, peers, and schools, and
have tended to overlook the role of the neighborhood in which one lives (Galea et al., 2004;
Gardner et al., 2010). This is despite well-established findings linking neighborhood to overall
health and well-being (Robert, 1999; Pickett and Pearl, 2001). Research on neighborhood con-
textual effects has been criticized for being too focused on establishing that ‘neighborhoods
matter,’ without delineating for whom they matter (Sharkey and Faber, 2014). This may
explain why it has been so difficult to draw any firm conclusions from the limited research
on the relation between alcohol outlet density and alcohol use and use disorder (Bryden
et al., 2012; Gmel et al., 2016). Perhaps neighborhood contextual effects are only relevant
for certain vulnerable individuals (Sharkey and Faber, 2014), and nearly all studies of neigh-
borhood effects on alcohol involvement have failed to appreciate that individuals vary in their
vulnerability to environmental risks (Belsky et al., 2013).

By incorporating genetic information into studies of neighborhood effects, it is possible to
examine whether a particular neighborhood context has a greater impact on those individuals
who possess a genetic vulnerability. Gene–environment interactions (Shanahan and Hofer,
2005; Dick, 2011; Manuck and McCaffery, 2014) may emerge when there are environments
that are more and less facilitative for genetic propensities to be actualized. For example, genetic
variation in alcohol consumption may be greater among individuals living in a neighborhood
with greater availability of alcohol (such as having more outlets where alcohol can be pur-
chased) than those living in a neighborhood with less availability of alcohol, or conversely, vul-
nerability to the effects of an ‘alcogenic’ environment (Huckle et al., 2008) may be moderated
by one’s genetic risk for alcohol use.

Just as concerns have been raised about neighborhood research, so have concerns been
raised about the existing gene–environment interaction research. With some notable excep-
tions (e.g., Daw et al., 2014; Slutske et al., 2015; Dinescu et al., 2016; Strachan et al., 2017),
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the research has typically focused on environments that are prox-
imate behaviors or family characteristics rather than more
exogenous environments, such as neighborhoods (Rende et al.,
2009; Bookman et al., 2011; Young-Wolff et al., 2011;
Boardman et al., 2013). Such studies also often rely on self-report
to assess both the alcohol outcome and the environmental risk
factor (Young-Wolff et al., 2011), which may exaggerate their
true associations (Buu et al., 2007; Young-Wolff et al., 2011).

Despite potential relevance to etiological models (Dick and
Kendler, 2012), there is only one gene–environment interaction
study that has linked neighborhood-level characteristics with alco-
hol use. Among young adult Finnish twins, the heritability of
alcohol consumption was significantly higher among those resid-
ing in urban than in rural areas (Rose et al., 2001). Follow-up ana-
lyses attempted to determine whether the urban–rural differences
in the heritability of alcohol use might be explained by a larger
percentage of young adults, more residential instability, or greater
alcohol sales in urban than in rural communities by examining
whether there was significant moderation of genetic and environ-
mental influences by these specific neighborhood-level character-
istics (Dick et al., 2001). For both the percentage of young adults
and residential instability, the variation in alcohol use explained
by genetic influences increased and the variation explained by
common environmental influences decreased as a function of
increasing levels of these neighborhood features. Somewhat sur-
prising was that the genetic variation in alcohol use was not mod-
erated by differences in community-level alcohol sales. Instead,
there was evidence that common environmental variation in alco-
hol use was higher in communities with lower alcohol sales than
those in which alcohol sales were higher. Nearly two decades later,
there is still no empirical evidence to support the hypothesis that
genetic variation in alcohol use is greater among individuals living
in a region with greater access to alcohol.

The present study is based on a United States national sample
of 18–26-year olds from the National Longitudinal Study of
Adolescent to Adult Health (Add Health) that included informa-
tion about the density of alcohol outlets in the neighborhoods of
the participants. To our knowledge, the Add Health study repre-
sents the only United States national epidemiologic survey that
included geocoded alcohol outlet density information for nearly
the entire USA. In a previous study based on the Add Health sam-
ple, we examined the extent to which six indicators of alcohol use
(ranging from any use to problems) differed by several neighbor-
hood characteristics: urbanicity, disadvantage, and the density of
on- and off-premises alcohol outlets (Slutske et al., 2016). The
density of on-premises, but not off-premises, alcohol outlets
was positively associated with any use of alcohol in the past
year, but not with any of the other alcohol outcomes. These
results are consistent with a review of previous studies suggesting
that the association between alcohol outlet density and alcohol
consumption is not especially robust (Gmel et al., 2016).
Perhaps this is because living in a neighborhood with many alco-
hol outlets may only be consequential for certain genetically-
susceptible individuals.

Because the Add Health study also included a genetically-
informed subsample of twins and siblings, we were able to address
this possibility by examining whether the contribution of genetic
and environmental factors to alcohol use varied as a function of
neighborhood-level densities of alcohol outlets. The hypothesis
guiding this study was that genetic variation in alcohol use
would be amplified among individuals living in a neighborhood
with greater access to alcohol.

Methods

Participants

Participants were drawn from the National Longitudinal Study of
Adolescent to Adult Health (Add Health). Variables of interest for
the current study were obtained in Wave III (N = 15 197), which
was conducted in 2001–2002 with a response rate of 77.4%.
The mean age of the participants at Wave III was 22 years (range
= 18–26, M = 22.0, S.D. = 1.78), and 53% of the participants were
female. The participants came from 50 different states and the
District of Columbia and from 5938 different census tracts.

Among the 15 197 participants were 3949 individuals from
2434 sibling pairs. These were the focus of the present study.
This included 289 monozygotic twin (MZ; 145 female, 144
male), 452 dizygotic twin (DZ; 117 female–female, 131 male–
male, 204 female–male), 1251 full biological sibling (FS; 368
female–female, 342 male–male, 541 female–male), and 442 half
biological sibling pairs (HS; 117 female–female, 115 male–male,
210 female–male). The sibling subsample participants came
from 49 different states and from 1840 different census tracts.
Fifty-three percent of the participants were White, 23% were
African-American, 15% were Latino, 7% were Asian, and 2%
were Native American.

Twenty-six percent of the sibling pairs were currently living
together, and this was significantly associated with the type of
pair (MZ, 36%, DZ; 29%; FS, 24%; HS, 21%). Thirty-seven per-
cent of the sibling pairs resided in the same census tract, and
this was also significantly associated with pair type (MZ, 47%;
DZ, 38%; FS, 36%; HS, 31%). Sixty-nine percent of the sibling
pairs resided in the same state, which was also significantly asso-
ciated with pair type (MZ, 79%; DZ, 72%; FS, 68%; HS, 64%).

Participants completed extensive in-home interviews during
which alcohol use was assessed. All participants gave informed
consent and the study was approved by the Institutional Review
Board of the University of North Carolina at Chapel Hill.
Alcohol outlet densities were extracted from state-level liquor
license databases and other neighborhood indicators were
extracted from the 2000 United States census. Information on
the census tract-level densities of alcohol outlets was available
for 91% (n = 3582) of the sibling subsample participants.

Outcome measure

Alcohol use
Alcohol use was measured as the number of days on which any
alcohol was consumed in the past year. The responses were
coded into the following ordered categories: 0 (none), 1 (1 or 2
days in the past 12 months), 2 (once a month or less [3–12
times in the past 12 months)), 3 (2 or 3 days a month), 4 (1 or
2 days a week), 5 (3–5 days a week), and 6 (every day or almost
every day).

Environmental moderater measures

Alcohol outlet density
Alcohol outlet licensing data was gathered from individual states
between September 2006 and June 2007. Data were obtained from
43 states and the District of Columbia; 34 of these provided both
on-premises outlet (alcohol sold to be consumed on site, includ-
ing bars and restaurants) and off-premises outlet (alcohol sold to
be consumed elsewhere, such as liquor, convenience, and grocery
stores) licensing data, and eight provided aggregate outlet
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licensing data. Two states provided only aggregate data for select
counties, and seven states provided no outlet licensing data. The
data were aggregated at the census tract level. The total number
of on-premises and off-premises and all (both on- and off-
premises) alcohol outlet licenses were divided by the total land
area for each census tract to derive the density of outlets.

In this national sample, the mean number of on-premises, off-
premises, and all alcohol outlets per square kilometer were 2.1,
2.1, and 3.8, respectively, for the census tracts where the partici-
pants resided. Based on the distribution of the outlet densities
in the sample, we created nine-level ordinal variables for the dens-
ities of on-premises, off-premises, and all alcohol outlets corre-
sponding to 0, 1, 2, 3, 4, 5, 6–7, 8–10, and 10 or more outlets
per square kilometer (all categories other than zero and 10 or
more include all densities greater than the previous and lower
than the current density). The maximum values in the
10-or-more-outlets category were 205.4, 246.1, 482.6 for the dens-
ities of on-premises, off-premises, and all alcohol outlets, respect-
ively. Figure 1 presents the percentage of participants at each level
of the outlet density variables. The outlet densities were divided
by ten to yield a moderator variable that ranged from zero to
0.8 for the biometric modeling analyses.

Covariate measures

Household income
Past-year household income was included as a covariate in one set
of analyses to take into account the current financial resources of
the participants. This represented the combined household
income with a spouse or partner for 32%, the combined house-
hold income with parents for 31%, and the individual personal
income for 37% of the participants.

State
The current state of residence was included as a covariate in some
of the analyses to account for differences between the states in
alcohol control laws (Xuan et al., 2015). In order to preserve
the anonymity of the participants, the Add Health study devel-
oped randomly-assigned pseudo codes that uniquely identified
the geographic units in which participants resided that were not
linkable to outside data sources.

Urbanicity/population density
An indicator of urbanicity was included as a covariate in some of
the analyses to account for differences in urban v. rural neighbor-
hoods. Rural-urban commuting area codes (RUCA; United States
Department of Agriculture Economic Research Service, 2015),
based on measures of population density, urbanization, and
daily commuting from the 2000 census, were used to classify
the 1840 census tracts into the following four categories: metro-
politan (1565 census tracts), micropolitan (161 census tracts),
small town (71 census tracts), and rural (43 census tracts).
These four categories of urbanicity differed in their mean popula-
tion densities: 2385, 421, 56, and 19 persons/km2, respectively.

Neighborhood sociodemographic characteristics
Six covariates based on 8 census indicators were included in some
of the analyses to account for sociodemographic differences
between the neighborhoods in which the participants resided –
two of these were indicators of race/ethnicity, and four were indi-
cators of neighborhood disadvantage. The covariates were: (1) the
proportion of African American individuals; (2) the proportion of

Latino/a individuals; (3) the proportion of single-parent homes;
(4) the average of the proportion of individuals and the propor-
tion of families living below the poverty line; (5) the average of
the proportion of individuals over the age of 25 who did not
have a high school diploma, and the proportion of individuals
over the age of 25 who did not have a bachelor’s degree; (6) the
proportion of individuals over the age of 16 who were
unemployed.

Data analysis

Three alcohol use outcome variables differing in their level of cov-
ariate control were created. This was achieved by regressing the
outcome variable onto the selected covariates and retaining the
residual as the new outcome variable. The three levels of control
included as covariates: (1) race; (2) race, state of residence, and
urbanicity; (3) race, state of residence, urbanicity, household
income, and the six census-based neighborhood sociodemo-
graphic characteristics. Race, state, and urbanicity were included
in the regression as a set of dummy-coded variables. The psycho-
metric properties of the resulting three alcohol outcome measures
were: (covariate control level 1) mean = 0, variance = 2.9, skew-
ness = 0.21, kurtosis = −0.93, (covariate control level 2) mean =
0, variance = 2.8, skewness = 0.24, kurtosis =−0.81, and (covariate
control level 3) mean = 0, variance = 2.7, skewness = 0.23, kurto-
sis = −0.73.

Biometric models that included gene–environment interac-
tions were fit to the three covariate-adjusted alcohol use outcomes
(Purcell, 2002; van der Sluis et al., 2012; see Fig. 2). The effect of
outlet density of the participant and the participant’s sibling were
regressed onto the alcohol use outcome (β1 and β2 in Fig. 2; van
der Sluis et al., 2012). The purpose of this was to remove any
gene–environment correlation (even though non-significant cor-
relations between alcohol outlet densities and alcohol involvement
[largest correlation of only r =−0.02] ruled out this possibility).
The regressions were allowed to vary for siblings of different gen-
etic relatedness (e.g. different regression coefficients for MZ, DZ
and FS, and HS). In all the models, the effects of age and sex
were also regressed onto the drinking outcome to remove their
contribution to the variance components. Omnibus tests of mod-
eration were evaluated with a Wald chi-square (χ2) test of the
three moderation parameters (a′, c′, and e′ in Fig. 2). Significant
omnibus tests were followed by tests of each individual moder-
ation parameter. All of the models were fitted directly to the
raw sibling data by the method of full information maximum
likelihood using the Mplus program (Muthén and Muthén,
1998–2012)†1.

Results

Environmental moderation of variance components

At the lowest level of covariate control ( just accounting for age,
sex, and race), the results of omnibus tests provided evidence
that the density of on-premises, off-premises, and any alcohol
outlets moderated the components of variation in the frequency
of drinking (top panel of Table 1)2. Follow-up tests revealed
that all three alcohol outlet density indicators significantly mod-
erated the genetic (χ2 = 7.91–13.63, df = 1, all p < 0.005) and
unique environmental influences (χ2 = 7.73–8.92, df = 1, all p <

†The notes appear after the main text.
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0.006) contributing to variation in drinking frequency. There was
no evidence for moderation of shared environmental influences
(χ2 = 2.11–2.21, df = 1, all p = 0.14).

The results were similar at the more stringent levels of covari-
ate control. After adding state of residence and urbanicity as cov-
ariates, the omnibus tests provided evidence that the density of
on-premises, off-premises, and any alcohol outlets moderated
the components of variation in the frequency of drinking (middle
panel of Table 1), and follow-up tests revealed that all three alco-
hol outlet density indicators significantly moderated the genetic
(χ2 = 9.30–11.81, df = 1, all p < 0.003) and unique environmental
influences (χ2 = 6.70–7.80, df = 1, all p < 0.01) contributing to
variation in drinking frequency. There was still no evidence for
moderation of shared environmental influences.

At the highest level of covariate control, after adding house-
hold income and neighborhood sociodemographic characteristics
as covariates, there remained evidence for significant moderation
of genetic and unique environment effects (bottom panel of
Table 1). All three alcohol outlet density indicators significantly
moderated the genetic (χ2 = 8.00–10.44, df = 1, all p < 0.005) and
unique environmental influences (χ2 = 9.75–11.07, df = 1, all p <
0.002) contributing to variation in drinking frequency, with no
evidence for moderation of shared environmental influences.

The estimates of genetic influences as a function of the neigh-
borhood densities of alcohol outlets at the highest level of covariate

control are presented in Fig. 3. For example, the heritability of the
frequency of alcohol use for those residing in a neighborhood with
ten or more outlets (of any kind) was 74% (95% confidence limits
= 55–94%), compared with 16% (95% confidence limits = 0–34%)
for those in a neighborhood with zero outlets.

Post hoc analyses probing the effect of on-premises v.
off-premises outlet densities

The densities of on-premises and off-premises alcohol outlets
were strongly correlated in this national sample (r = 0.74;
Slutske et al., 2016). A final step involved explicitly testing
whether the moderation effects differed for the two outlet types.
This was accomplished by including both moderators (and their
interaction) into a single model and examining whether there
was a significant decrement in model fit when the moderation
parameters were equated. This post hoc test yielded no evidence
for a significant difference in the moderating effects of the dens-
ities of on-premises v off-premises alcohol outlets on the herit-
ability of the frequency of drinking (χ2 = 0.72, df = 1, p = 0.40).

Discussion

In a national sample of young adults, we demonstrated for the
first time that the heritability of alcohol use is moderated by the

Fig. 1. The percentage of participants living in cen-
sus tracts with varying densities of alcohol outlets in
a nationally representative sample of 18–26 year-
olds in the USA. On-premises outlets sell alcohol
to be consumed on site, and include bars and res-
taurants; off-premises outlets sell alcohol to be con-
sumed elsewhere and includes liquor, convenience,
and grocery stores. The maximum values in the
10-or-more-outlets category were 205.4, 246.1,
482.6 for the densities of on-premises, off-premises,
and all alcohol outlets, respectively.

Fig. 2. Twin/sibling biometric model incorporating
gene–environment interaction. a = variation
explained by genetic factors, c = variation explained
by shared environmental factors, e = variation
explained by unique environmental factors, a′ =
moderating effect of outlet density on a, c′ moder-
ating effect of outlet density on c, e′ = moderating
effect of outlet density on e. In this model the
total genetic variation is a + a′* AOD, the total
shared environmental variation is c + c′* AOD, and
the total unique environmental variation is e + e′*
AOD; these are the portions of variation that remain
after removing the variation that is shared with
alcohol outlet densities of either sibling with the fol-
lowing regression: alcohol use = β0 + β1AODsibling1
+ β2AODsibling2.
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Table 1. Results of biometric model-fitting of gene–environment interaction for alcohol outlet density and the frequency of drinking at three levels of covariate control

Outlet type

Standardized variance component parameter estimates
(at moderator equals zero) Moderator parameter estimates

Omnibus Wald χ2

test of interaction

a2 (95% CI) c2 (95% CI) e2 (95% CI) a′ (95% CI) c′ (95% CI) e′ (95% CI) χ2 p

(1) Controlling for age, sex, and race

On-premises 0.11 (−0.06 to 0.27) 0.17 (0.05–0.29) 0.72 (0.62–0.83) 1.33 (0.63–2.04) −0.71 (−1.65 to 0.24) −0.84 (−1.42 to −0.25) 16.74a 0.001

Off-premises 0.31 (0.21–0.42) – 0.69 (0.58–0.79) 0.68 (0.21–1.16) – −0.74 (−1.26 to −0.23) 8.85b 0.012

All outlets 0.10 (−0.06 to 0.26) 0.17 (0.05–0.29) 0.73 (0.62–0.84) 1.17 (0.53–1.80) −0.55 (−1.29 to 0.19) −0.68 (−1.13 to −0.23) 15.26a 0.002

(2) Controlling for age, sex, race, state, and urbanicity

On-premises 0.12 (−0.05 to 0.29) 0.14 (0.02–0.26) 0.74 (0.63–0.85) 1.26 (0.54–1.98) −0.71 (−1.69 to 0.27) −0.78 (−1.38 to −0.19) 14.82a 0.002

Off-premises 0.28 (0.17–0.38) – 0.72 (0.62–0.83) 0.76 (0.27–1.25) – −0.72 (−1.24 to −0.21) 9.63b 0.008

All outlets 0.12 (−0.06 to 0.29) 0.12 (−0.01 to 0.25) 0.76 (0.65–0.87) 1.09 (0.46–1.73) −0.43 (−1.24 to 0.38) −0.64 (−1.10 to −0.19) 12.48a 0.006

(3) Controlling for age, sex, race, state, urbanicity, household income, and neighborhood characteristics

On-premises 0.16 (−0.01 to 0.34) 0.09 (−0.05 to 0.22) 0.75 (0.63–0.86) 1.09 (0.41–1.77) −0.68 (−1.70 to 0.35) −0.98 (−1.55 to −0.41) 15.76a 0.001

Off-premises 0.26 (0.16–0.37) – 0.74 (0.63–0.84) 0.72 (0.22–1.22) – −0.85 (−1.38 to −0.32) 10.09b 0.006

All outlets 0.16 (−0.02 to 0.34) 0.08 (−0.06 to 0.21) 0.77 (0.65–0.88) 0.99 (0.39–1.59) −0.50 (−1.37 to 0.37) −0.76 (−1.21 to −0.31) 14.38a 0.002

Note: Parameters in bold are significantly different from zero at p < 0.05.
a2 = proportion of variation explained by genetic factors; c2 = proportion of variation explained by shared environmental factors; e2 = proportion of variation explained by unique environmental factors; a′ = moderating effect of outlet density on a; c′

moderating effect of outlet density on c; e′ =moderating effect of outlet density on e; CI, confidence interval.
adf = 3.
bdf = 2.
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density of alcohol outlets in one’s neighborhood. The contribu-
tion of genetic influences was modest and non-significant,
accounting for about 20% of the variation in neighborhoods
with no alcohol outlets, but accounted for three-quarters of the
variation in neighborhoods with 10 or more alcohol outlets per
square kilometer. This suggests that areas in which there are
many alcohol outlets will be an especially high risk for those indi-
viduals who have a genetic susceptibility to use alcohol.

These results contrast with the Finnish twin study that did not
find moderation of genetic variation in alcohol use by differences
in community-level alcohol sales (Dick et al., 2001). This might be
because the effects of the alcohol environment in Finland may not
generalize to other contexts, such as the alcohol environment in the
USA. Much of the alcohol purchased in Finland is from one of the
government monopoly stores (Hallberg and Österberg, 2016), and
there are many other tight governmental controls that have limited
alcohol advertising, including point-of-sale advertising inside and
outside of outlets (Österberg, 2003).

Gene–environment correlation

A critical issue when studying gene–environment interactions is
accounting for gene–environment correlation (Eaves et al., 2003;
Kendler, 2011; Duncan et al., 2014). A gene–environment correl-
ation occurs when one’s genetic make-up influences exposure to a
high-risk environment (Kendler and Eaves, 1986; Rutter, 2006),
such as living in a neighborhood with many alcohol outlets. It
is important to account for gene–environment correlation
because, for example, the overrepresentation of individuals at
higher genetic risk for alcohol use and disorder in high outlet
density areas can lead to results that mimic the effects of a
gene–environment interaction. Although the implication of the
concept of an ‘alcogenic environment’ is that the environment
is impacting upon an individual’s use of alcohol, it is equally
plausible that this might reflect the impact of the individual on
her choice of environment. A nice illustration of this comes
from a 12-year multi-wave longitudinal study of 206 men who
served as affected and control fathers in a high-risk study of alco-
hol use disorder. Not only did living in a disadvantaged neighbor-
hood at baseline predict alcohol use disorder severity 12 years
later, but alcohol use disorder severity at baseline predicted mov-
ing to or remaining in a disadvantaged neighborhood at 12-year
follow-up (Buu et al., 2007).

There was no evidence of gene–environment correlation in the
present study. This was easily ruled out by the absence of an

association between the density of alcohol outlets in the young
adults’ neighborhoods and their drinking patterns. This is likely
explained by the young age of the sample. Evidence from a study
of Australian twins documented that gene–environment correlation
for regional residence increases with age and may not be observed
among young adults (Whitfield et al., 2005). That the differential
impact of genes in low- and high-alcohol-outlet-density environ-
ments cannot be attributed to selection supports the inference of
the presence of a gene–environment interaction.

Venue type

The epidemiologic literature on the relation between the densities
of different types of alcohol outlets and alcohol consumption
among adults generally finds significant associations for
on-premises but not for off-premises outlets (Truong and Sturm,
2007; Scribner et al., 2008; Gruenewald et al., 2014). To our knowl-
edge, however, there have not been any attempts to tease apart the
independent effects of the different venue types. In the present
study, there were significant moderating effects of outlet density
on the genetic influences in drinking frequency for both
on-premises and off-premises outlets, and a post hoc test suggested
that the magnitude of the effect did not significantly differ for the
two outlet types. This would seem to narrow the possibilities of the
potential mechanisms underlying this effect.

Neighborhood disadvantage

In a previous paper, we demonstrated that alcohol outlet density
could not explain the influence of neighborhood disadvantage on
alcohol use outcomes (Slutske et al., 2016). Similarly, neighbor-
hood disadvantage could not account for the moderating effect
of alcohol outlet density on the heritability of alcohol use out-
comes in the present study. Although alcohol outlets are more
plentiful in more disadvantaged neighborhoods (Romley et al.,
2007; Berke et al., 2010; Slutske et al., 2016), outlet density and
disadvantage appear to function independently in contributing
to risk for alcohol use and disorder.

Possible mechanisms

Moving away from disadvantage, there are several other potential
mechanisms that might explain the moderating effect of neigh-
borhood alcohol outlet density on the heritability of alcohol
involvement. Environments marked by greater densities of

Fig. 3. The heritability of drinking frequency as a
function of alcohol outlet density. These results
are based on models in which the effects of age,
sex, race, state of residence, urbanicity/population
density, household income, and six census-based
neighborhood sociodemographic characteristics
(proportion: African-American, Latino, single-parent
homes, below the poverty line, low educational
attainment, unemployed) were covaried. The max-
imum values in the 10-or-more-outlets category
were 205.4, 246.1, 482.6 for the densities of
on-premises, off-premises, and all alcohol outlets,
respectively. Vertical bars represent 95% confidence
intervals.
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alcohol outlets increase opportunities to drink in a number of
ways. Alcohol is more easily accessible, with both lower ‘conveni-
ence’ (Stockwell and Gruenewald, 2004) and actual costs
(Livingston et al., 2007). Greater alcohol outlet densities may
also lead to an increased emphasis on alcohol in the social rela-
tions within a community. Drinking norms can become more
permissive in high-density areas (Campbell et al., 2009), and
heavy-drinking social groups are more likely to form
(Gruenewald, 2007). Finally, for those who are particularly vul-
nerable, a strong presence of alcohol marketing (Campbell
et al., 2009) and the exposure to the outlets themselves (Meier,
2011; Kirchner and Shiffman, 2016) may serve as cues that
could trigger alcohol-seeking behavior. It is possible that a com-
bination of these factors creates an environment that may set
the stage for the expression of the genetic predisposition for alco-
hol use.

Limitations

This study had a number of limitations. The modest sample size
resulted in imprecise parameter estimates and required several
less-than-optimal data analytic choices. Full and half-siblings
were included in the biometric models; the model assumption
of perfectly correlated shared environments may not apply to
these types of siblings (Heath and Nelson, 2002). The modest
sample size also made it necessary to combine the data from
men and women in the analyses. Although the bulk of the evi-
dence suggests that the contribution of genetic and environmental
factors to alcohol use and disorder among men and women is
similar (Salvatore et al., 2017), there may be important differences
in how they are moderated by neighborhood environmental char-
acteristics (Dick et al., 2001; Davis et al., 2017). Similarly,
although our sample was racially diverse, it was necessary to com-
bine the data from individuals from different racial/ethnic groups
in the analyses. It will be important to replicate these results in a
larger sample in which differences between men and women and
between different racial/ethnic groups can be explored (Chartier
et al., 2017).

There may be concerns about the use of census-defined geo-
graphic regions to define ‘neighborhoods.’ This is the only feasible
approach for a national study such as Add Health. In addition,
because the alcohol outlet data were aggregated at the census
tract level, it was not possible to use a finer or coarser geographic
unit of aggregation. A potential limitation of relying on
census-tract-level densities is that the influence of living adjacent
to a high-outlet-density census tract may be missed. An alterna-
tive measure of alcohol availability that is sometimes used rather
than (or in addition to density) is the distance to the nearest alco-
hol outlet (Centers for Disease Control and Prevention, 2017).
Although correlated, these two indicators provide different infor-
mation – the shortest distance reflects the availability of alcohol
nearby, whereas density represents the degree of choice of
venue (Spoerri et al., 2013). Studies that have used both distance
and density have generally reached the same conclusions (Pollack
et al., 2005; Spoerri et al., 2013; Young et al., 2013; Ayuka et al.,
2014).

Although the assessments of alcohol use were conducted in
2001–2002, the densities of alcohol outlets were based on licens-
ing data acquired 5 years later, in 2006–20073. It is likely that the
indexes of the current neighborhood alcohol outlet densities may
have been under- or overestimated (Zhang et al., 2015; Linton
et al., 2016). However, many states, such as California and

Massachusetts, impose quotas on the number of liquor licenses
in a region, and other states, such as Mississippi and Oregon,
have monopolies on the sale of hard liquor, suggesting that
many census tracts will have remained relatively unchanged.

Future directions

These findings could be extended by examining whether alcohol
outlet density moderates measured (rather than inferred) genetic
influences on alcohol use. One could derive polygenic risk scores
from common DNA markers on a genotyping array to index mea-
sured genetic risk for alcohol use (Salvatore et al., 2014, 2015).
This approach was successfully used to detect a gene–environ-
ment interaction in which the polygenic risk for smoking was
more influential for those who lived in a neighborhood character-
ized by less social cohesion (Meyers et al., 2013).

Future research should also look beyond the residential neigh-
borhood in characterizing the alcohol environment (Freisthler
et al., 2014). A promising approach utilizes GPS-equipped cell
phones that participants carry with them throughout their daily
lives to record time-stamped location information (Kirchener
and Shiffman, 2016). In addition to tracking proximity to venues
outside of the residential neighborhood, it will also allow for a
more fine-grained analysis of the type of alcohol venue. For
example, different types of on-premises outlets (i.e. bars v. restau-
rants) are clearly not the same. Coupling this location information
with ecological momentary assessment of self-reports of alcohol
use and other potential predictors of use and misuse, such as sub-
jective states (e.g. craving) and other contextual factors (e.g. the
presence of friends; Piasecki et al., 2011; Treloar et al., 2015)
will provide a much richer picture of the relation between alcohol
outlets and alcohol involvement and bring us closer to identifying
mechanisms (Kirchener and Shiffman, 2016). Although this
approach may be difficult to implement in the sample sizes
required for an adequately-powered twin study, it would lend
itself well to the incorporation of genetic risk information gleaned
from polygenic risk scores.

Conclusions

Despite limitations, this study represents a major step forward. It
is the first to examine the association between neighborhood alco-
hol outlet densities and alcohol use within a genetically-informed
study design and the first to demonstrate that the heritabilities of
alcohol use are moderated by the density of alcohol outlets in
one’s neighborhood. The results suggest that living in a neighbor-
hood with many alcohol outlets may be especially high risk for
those individuals who are genetically-susceptible to habitually
drink. These findings are consistent with the recommendation
to limit alcohol outlet density to reduce excessive alcohol con-
sumption and suggests that the effects may be even greater than
anticipated (Campbell et al., 2009), because even in the absence
of an overall association between outlet density and adverse out-
comes there may still be subgroups of individuals adversely
affected.

Notes
1 Note that sampling weights are not needed when using data from the Add
Health genetic supplemental sample (Chen & Chantala, 2014).
2 Because of concerns about the inclusion of full- and half-sibling pairs, ana-
lyses were also run with only MZ and DZ twin pairs. For example, for the
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moderation of the frequency of drinking by the density of on-premises outlets,
the estimates in the twin-only model were: a2 = 0.13, c2 = 0.12, e2 = 0.75, a′ =
1.68, c′ =−0.70, and e′ =−1.06, which are very similar to the estimates
when also including the siblings: a2 = 0.11, c2 = 0.17, e2 = 0.72, a′ = 1.33, c′ =
−0.71, and e′ =−0.84 (presented in the first row of Table 1). The omnibus
Wald χ2 test of moderation was 13.57 (df = 3, p=0.004) in the twin-only
model and 16.74 (df = 3, p = 0.001) in the twin-plus-siblings model. Given
the similarity of the parameter estimates and tests of moderation, we opted
to include twins plus siblings in all of the analyses to maximize statistical
power.
3 The alcohol outlet density data were specifically linked to the census tracts in
which the participants were living in 2001–2002. Because only 20% of partici-
pants were still living in the same census tract at Wave IV of the study, con-
ducted in 2007–2008, it was not possible to use the alcohol outlet density
data in relation to the Wave IV alcohol outcomes.
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Österberg E (2003) Alcohol Policies in E.U. Member States and Norway: A
Collection of Country Reports. Helsinki: Stakes.

Piasecki TM et al. (2011) The subjective effects of alcohol–tobacco co-use: an
ecological momentary assessment investigation. Journal of Abnormal
Psychology 120, 557–571.

Pickett KE and Pearl M (2001) Multilevel analyses of neighbourhood socio-
economic context and health outcomes: a critical review. Journal of
Epidemiology and Community Health 55, 111–122.

Pollack CE et al. (2005) Neighborhood deprivation and alcohol consumption:
does the availability of alcohol play a role? International Journal of
Epidemiology 34, 772–780.

Purcell S (2002) Variance components models for gene-environment inter-
action in twin analysis. Twin Research 5, 554–571.

Rende R et al. (2009) Incorporating social context into genetic studies of nico-
tine dependence. In Swan GE, Baker TB, Chassin L, Conti DV, Lerman C
and Perkins KA (eds), Phenotypes and Endophenotypes: Foundations for
Genetic Studies of Nicotine Use and Dependence. National Cancer
Institute, Tobacco Control Monograph No. 20. National Cancer Institute:
Bethesda, MD, pp. 509–533.

Robert SA (1999) Socioeconomic position and health: the independent contri-
bution of community socioeconomic context. Annual Review of Sociology
25, 489–516.

Romley JA et al. (2007) Alcohol and environmental justice: the density of
liquor stores and bars in urban neighborhoods in the United States.
Journal of Studies on Alcohol 68, 48–55.

Rose RJ et al. (2001) Gene‐environment interaction in patterns of adolescent
drinking: regional residency moderates longitudinal influences on alcohol
use. Alcoholism: Clinical and Experimental Research 25, 637–643.

Rutter M. (2006) Genes and Behavior: Nature-Nurture Interplay Explained.
Malden, Massachusetts: Blackwell Publishing.

Salvatore JE, Cho SB and Dick DM (2017) Genes, environments, and sex dif-
ferences in alcohol research. Journal of Studies on Alcohol and Drugs 78,
494–501.

Salvatore JE et al. (2014) Polygenic scores predict alcohol problems in an
independent sample and show moderation by the environment. Genes 5,
330–346.

Salvatore JE et al. (2015) Polygenic risk for externalizing disorders
gene-by-development and gene-by-environment effects in adolescents and
young adults. Clinical Psychological Science 3, 189–201.

Scribner R et al. (2008) The contextual role of alcohol outlet density in college
drinking. Journal of Studies on Alcohol and Drugs 69, 112–120.

Shanahan MJ and Hofer SM (2005) Social context in gene-environment
interactions: retrospect and prospect. Journals of Gerontology: Series B
60B, 65–76.

Sharkey P and Faber JW (2014) Where, when, why, and for whom do residen-
tial contexts matter? Moving away from the dichotomous understanding of
neighborhood effects. Annual Review of Sociology 40, 559–579.

Slutske WS, Deutsch AR and Piasecki TM (2016) Neighborhood contextual
factors, alcohol use, and alcohol problems in the United States: evidence
from a nationally representative study of young adults. Alcoholism:
Clinical and Experimental Research 40, 1010–1019.

Slutske WS et al. (2015) Local area disadvantage and gambling involvement
and disorder: evidence for gene-environment correlation and interaction.
Journal of Abnormal Psychology 124, 606.

Spoerri A et al. (2013) Alcohol‐selling outlets and mortality in Switzerland—
the Swiss national cohort. Addiction 108, 1603–1611.

Stockwell T and Gruenewald P (2004) Controls on the physical availability of
alcohol. In Heather N and Stockwell T (eds), The Essential Handbook of
Treatment and Prevention of Alcohol Problems Chichester, England: John
Wiley & Sons, pp. 213–233.

Strachan E et al. (2017) Neighborhood deprivation and depression in adult
twins: genetics and gene x environment interaction. Psychological
Medicine 47, 627–638.

Treloar H et al. (2015) Ecological evidence that affect and perceptions of drink
effects depend on alcohol expectancies. Addiction 110, 1432–1442.

Truong KD and Sturm R (2007) Alcohol outlets and problem drinking
among adults in California. Journal of Studies on Alcohol and Drugs 68,
923–933.

United States Department of Agriculture Economic Research Service.
Rural-Urban Commuting Area Codes. (2015) Available at https://www.
ers.usda.gov/data-products/rural-urban-commuting-area-codes/ (Accessed
18 March 2018).

van der Sluis S, Posthuma D and Dolan CV (2012) A note on false posi-
tives and power in GxE modelling of twin data. Behavior Genetics 42,
170–186.

Whitfield JB et al. (2005) Choice of residential location: chance, family influ-
ences, or genes? Twin Research and Human Genetics 8, 22–26.

Xuan Z et al. (2015) The alcohol policy environment and policy subgroups as
predictors of binge drinking measures among US adults. American Journal
of Public Health 105, 816–822.

Young R, Macdonald L and Ellaway A (2013) Associations between proxim-
ity and density of local alcohol outlets and alcohol use among Scottish ado-
lescents. Health & Place 19, 124–130.

Young-Wolff KC, Enoch M and Prescott CA (2011) The influence
of gene-environment interactions on alcohol consumption and alcohol
use disorders: a comprehensive review. Clinical Psychology Review 31,
800–816.

Zhang X et al. (2015) Changes in density of on-premises alcohol outlets and
impact on violent crime, Atlanta, Georgia, 1997–2007. Preventing Chronic
Disease 12, E84.

482 Wendy S. Slutske et al.

https://doi.org/10.1017/S0033291718001095 Published online by Cambridge University Press

https://www.ers.usda.gov/data-products/rural-urban-commuting-area-codes/
https://www.ers.usda.gov/data-products/rural-urban-commuting-area-codes/
https://www.ers.usda.gov/data-products/rural-urban-commuting-area-codes/
https://doi.org/10.1017/S0033291718001095

	Neighborhood alcohol outlet density and genetic influences on alcohol use: evidence for gene--environment interaction
	Introduction
	Methods
	Participants
	Outcome measure
	Alcohol use

	Environmental moderater measures
	Alcohol outlet density

	Covariate measures
	Household income
	State
	Urbanicity/population density
	Neighborhood sociodemographic characteristics

	Data analysis

	Results
	Environmental moderation of variance components
	Post hoc analyses probing the effect of on-premises v. off-premises outlet densities

	Discussion
	Gene--environment correlation
	Venue type
	Neighborhood disadvantage
	Possible mechanisms
	Limitations
	Future directions

	Conclusions
	Notes
	Acknowledgements
	References


