Gene X environment interaction of vigorous exercise and body mass

index among male Vietnam-era twin

S—3

Jeanne M McCaffery, George D Papandonatos, Dale S Bond, Michael J Lyons, and Rena R Wing

ABSTRACT

Background: Secular trends over the past several decades suggest
an environmental influence on body mass index (BMI). However,
twin models that incorporate a gene-environment correlation and
gene X environment interaction have not been applied to elucidate
specific environmental factors that affect the heritability of BMI.
Objective: Our aim was to determine whether one putative envi-
ronmental predictor of obesity, vigorous exercise, shows evidence
of a gene-environment correlation or gene X environment interac-
tion with BMI among twins.

Design: Twin structural equation modeling was used to examine
a gene-environment correlation and a gene X environment interac-
tion of vigorous exercise with BMI among 2710 monozygotic and
2327 dizygotic male-male twin pairs from the Vietnam Era Twin
Registry—a national registry of twin pairs who served in the mili-
tary during the Vietnam War era.

Results: Vigorous exercise significantly modified the additive ge-
netic component of BMI, which indicated a gene X environment
interaction (P < 0.001). BMI showed the greatest genetic influence
among those who did not report vigorous exercise, with diminished
genetic influence among those who did. Furthermore, vigorous
exercise had a small but significant environmental effect on BMI
(P = 0.006)—a finding confirmed among monozygotic co-twins
discordant for vigorous exercise.

Conclusions: Genetic influences on BMI are lower among those
who report vigorous exercise. Consistent with an emerging litera-
ture, this suggests that vigorous exercise may mitigate some of the
genetic influence on obesity. Molecular genetic studies of obesity
should consider incorporating measures of behavioral and demo-
graphic factors to maximize the identification of novel obesity
genes. Am J Clin Nutr 2009;89:1011-8.

INTRODUCTION

Although recent genome-wide association studies have, for the
first time, produced confirmed genetic associations with body
mass index (BMI; in kg/m2) (1-6), the variance attributable to
these markers remains small (=2%). Heritability is frequently
cited as an estimate of the upper boundary for total genetic
contributions to a trait. Because heritability estimates for BMI
commonly exceed 0.60 (7), indicating that 60% of the variance
in BMI is attributable to genetic factors, a substantial proportion
of the heritability remains to be explained. However, estimation
of the heritability coefficient is well known to rely on a num-
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ber of key assumptions, including lack of both a gene-environ-
ment correlation and gene X environment interaction. Given the
pronounced secular trends in obesity over the past several dec-
ades (8-10), it is plausible that both a gene-environment correla-
tion and gene X environment interaction contribute to variability in
BMI.

One likely contributor to the rise in BMI is a decrease in
physical activity levels. As levels of BMI have increased (10, 11),
overall physical activity levels have decreased (12). Several
population-based studies found a cross-sectional association
between higher levels of self-reported physical activity and
lower BMI (13-16). Research further suggests that time spent
performing vigorous aerobic activities may be especially im-
portant for reducing the likelihood of being overweight or obese
(15, 17-20).

Studies of discordant twins identified the direct effects of
physical activity on BMI, regardless of the genetic risk of obesity.
For example, in studies of monozygotic (MZ) twins discordant
for level of physical activity, twins who reported higher levels of
physical activity had lower BMI than their less active co-twins
(21, 22). Furthermore, active co-twins gained less weight over
time relative to their less physically active co-twins (23, 24).
These studies clearly support an environmental effect of physi-
cal activity on BML

Twin studies have further evaluated whether physical activity
confers a differential effect on BMI by the level of the genetic risk
of obesity (gene X environment interaction) and have reported
mixed results (21, 25, 26). Only one study used state-of-the-art
structural equation modeling methods to estimate the gene X
environment interaction within the twin design, and it found
reduced heritability of BMI among those who are physically
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active (27). This type of study has added significance in light of
a recent candidate gene study suggesting that the effect of
specific genetic markers on BMI may vary by vigorous activity.
Andreasen et al (28) reported that the effect of the fat mass and
obesity—associated (FTO) polymorphism on BMI varies by
vigorous activity, such that a strong genetic association of FTO
with BMI is present among those who are inactive, whereas no
such association is seen among those who are active.

In this article, we used twin structural equation models of
a gene-environment correlation and gene X environment inter-
action to test /) whether common genetic or environmental fac-
tors predict both vigorous exercise (VE) and BMI and 2) whether
VE modifies genetic influences on BMI.

SUBJECTS AND METHODS

Sample

The Vietnam Era Twins Registry (VETR) is a nationally
distributed US cohort consisting of male-male twin pairs born
between 1939 and 1957 in which both siblings served on active
military duty during the Vietnam War era (29). Zygosity was
determined using a questionnaire and blood group typing
methodology that achieved 95% accuracy (29). Registry mem-
bers are representative of all twins who served in the military
during the Vietnam War on a variety of sociodemographic and
other variables (30, 31). The data used in the present study were
from a National Heart, Lung, and Blood Institute survey (1990).
Exclusion criteria included unresolved zygosity (n = 302 in-
dividuals) and missing data for both BMI and VE (n = 3507
individuals). Subjects included in the analyses and those who
were not were fairly comparable in terms of age [excluded:
males (M) = 40.7 (SD = 3.2) y; retained: M = 40.1 (SD = 3.0)
y], years of schooling [excluded: M = 13.9 (SD = 2.6); retained:
M = 14.4 (SD = 2.5)], marital status (excluded: 86% married;
retained: 90% married), and BMI by self-report 3 y earlier
[excluded: M = 25.6 (SD = 3.5); retained: M = 25.4 (SD =
3.6)]. However, those retained were more likely to identify their
racial category as white (95% compared with 87%) relative to
those excluded from the present analyses and to report annual
family income >$35,000 (46% compared with 35%). A total of
3590 [2024 MZ and 1566 dizygotic (DZ)] male-male Vietnam-
era twin pairs were available for the estimation of cross-twin
relationships. Individual twins from an additional 1447 pairs
(686 MZ and 761 DZ) in which the other twin was missing both
BMI and VE information were also included in the analyses;
they contribute to the estimation of within-twin, but not cross-
twin, relations. Therefore, the overall sample comprises 8627
individuals drawn from 5037 twin pairs.

All participants gave verbal informed consent at the time of the
interviews. The current data analysis was approved by the Miriam
Hospital Institutional Review Board, and procedures that were
followed were in accordance with the Miriam Hospital Guidelines.

Measures

Height and weight were measured by self-report. Previous
studies have shown that self-report of weight is a valid measure of
actual weight with an average error of only 1-2 1b (32). Research
also suggests that underreporting of weight does not appear to
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vary as a function of physical activity (33). VE was defined by
self-reported regular participation in one or more of 5 common
vigorous-intensity aerobic activities over the past 3 mo (34). The
activities included the following /) jog or run >10 miles/wk
(1 mile = 1.6 km), 2) play strenuous racquet sports (eg, singles
tennis, paddle ball) >5 h/wk, 3) ride a bicycle >50 miles/wk, 4)
swim >2 miles/wk, or 5) play other strenuous sports (eg, bas-
ketball, soccer). Participants who endorsed one or more activi-
ties were designated as vigorous exercisers, whereas participants
who did not endorse any of these activities were designated as
nonvigorous exercisers.

Statistical analyses

The primary method of analysis was twin structural modeling,
which aims to explain the observed total phenotypic variation and
covariation between MZ and DZ twins in terms of latent causes
due to additive (A) or nonadditive (D) genetic effects and shared
(C) or unique (E) environmental effects. The primary goals of
the analyses were /) to determine whether common genetic
factors contributed to both VE and BMI (gene-environment
correlation) and 2) to determine whether VE moderates genetic
influences on BMI (gene X environment interaction). As de-
scribed in detail below, bivariate twin models estimate common
genetic and environmental influences across VE and BMI and
will be used to estimate the extent to which common genetic
and/or environmental factors are correlated across VE and BMI.
Next, gene X environment interaction models were fit. These
models determine whether genetic or environmental factors
differ as a function of a measured environmental factor, which
here is VE. To the extent that the magnitude of genetic influence
differs as a function of the environmental measure, this would
suggest that gene X measured environment (eg, VE) interaction
is present for the outcome of interest, which here is BMI. Gene X
environment interaction models are described in detail below.

All models and maximum-likelihood parameter estimates
were calculated by using the raw data capabilities of the Mx
program (35), although Mplus provides an additional method for
conducting such analyses (36). The significance of individual
parameters was determined by comparing the fit of models that
omitted the parameters of interest with the fit of a full model,
with twice the difference in the log-likelihood ratio distributed
asymptotically as a chi-square variable with df reflecting the
difference in the number of parameters between the full and
reduced models. However, for tests of the variance components,
the corresponding P values were halved, because their value
under the null hypothesis was on the boundary of the parameter
space (37). As there was little evidence that correlations among
MZ twins substantially exceeded twice those among DZ twins,
we focused primarily on ACE (instead of ADE) models.

Bivariate models

The polychoric correlation between the BMI and VE, as well
as the extent to which it is attributable to common additive
genetic, shared environmental, or unique environmental variance
may be estimated using bivariate twin modeling (Figure 1,
adapted from reference 38). Using this approach, the correlation
between additive genetic, shared environmental, and nonshared
environmental components of VE and BMI may be quantified,
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FIGURE 1. Bivariate model adapted from reference 38. VE, vigorous exercise; A; and A,, additive genetic effects for twins 1 and 2 within a twin pair,
respectively; C; and C,, shared environmental effects for twins 1 and 2 within a twin pair, respectively; M;, age moderator values for the ith individual within
each twin pair; r,, additive genetic correlation; r., shared environmental correlation; r., nonshared environmental correlation.

with the first specifically reflecting gene-environment correlation.
Because the VE measure was binary, and Mx cannot currently
model polyserial correlations between ordinal and continuous
data, polychoric correlations instead were obtained by discretiz-
ing BMI into 7 categories chosen to retain information while also
ensuring adequate cell counts. Polychoric correlations between
pairs of ordinal variables can be estimated on the basis of a lia-
bility model (39), which presumes an underlying, normally
distributed susceptibility for the expression of the phenotype of
interest with zero mean and unit variance. Categories were de-
fined by thresholds on this underlying curve, such that the area
under the curve reflects the proportion of the population in each
category. To ensure convergence, the thresholds in the liability
scale were assumed to be fixed across the 2 VE levels. Further-
more, because we wanted to examine the bivariate association
between BMI and VE adjusted for any potential confounding by
age, we allowed age to moderate all genetic, shared, and non-
shared environmental components of their variance and co-
variance matrix.

Gene X environment interaction models

Gene X measured environment interaction may be detected
within twin models by modeling the variance components at-
tributable to latent genetic, shared, and nonshared environmental
effects as a function of the putative environmental moderator (40).
VE and age were evaluated as putative joint moderators of both
BMI mean and all 3 of the BMI variance components (Figure 2).
Modeling the effects of a moderator on the mean of the liability
distribution avoids any potential confounding of a gene X envi-
ronment interaction by gene-environment correlation by re-
gressing out genetic and environmental effects common to both
BMI and the moderator. To avoid possible model misspecification,
we deliberately overparameterized the model for the mean
structure of the multiple moderation model (eg,  + I X M; + J X
N; + K X M; X N;, where M;, and N,, reflect VE and age moderator
values for the ith individuals within a twin pair; see Figure 2 for
definitions of the variables), irrespective of the statistical signifi-
cance of the individual regression coefficients /, J, and K. VE was

coded as a 0/1 indicator of VE participation, whereas age was
standardized to zero mean and unit variance using the entries of
Table 1. Variability in residual susceptibility to BMI was de-
scribed in terms of 3 latent variables—A, C, and E—with the path
coefficients associated with each variable expressed as linear
functions of the moderators (eg,A + TX M; + FX N;,,C+ U X
M;+GXN,E+VXM;+ HXN,;,with T, U, and Vreflecting the
effects of VE on additive genetic, shared environmental, and
nonshared environmental variance in BMI and with F, G, and H
reflecting the effects of age on additive genetic, shared environ-
mental, and nonshared environmental variance in BMI). The full
model (I/JK-ACE-TUV-FGH) was first fit to the data. Next, an
overall test of moderation of the variance components by VE (7, U,
and V fixed to zero) was conducted in the presence of moderation
by age. If significant, a backward stepwise elimination procedure
was followed for the individual interaction variables, testing the
extent to which the variable associated with the smallest change
in log-likelihood ratio contributes significantly to the model.
A similar series of models is evaluated for age moderation in the
presence of moderation by VE.

Note that it would have been possible to formulate models for
testing for gene X environment interaction in the presence of
gene-environment correlation (40). However, we chose not to
examine such models because the joint distribution of VE and
BMI is no longer a bivariate normal once VE is allowed to
moderate both common and specific additive genetic paths (41).

To obtain CIs for parameter estimates, thresholds, and genetic
and environmental correlations, bootstrapping methods were
used. Specifically, at each bootstrap iteration, pairs were drawn
with replacement from the original sample of the same size. All
runs in which Mx gave warning messages about a possible lack of
convergence were dropped, and the process was repeated until
1000 bootstrap iterations had converged successfully. For each
variable of interest, the estimates were ordered and endpoints of
95% bootstrap CIs were obtained from the 2.5 and 97.5 bootstrap
sample percentiles.

In twin structural equation modeling, it is assumed that the
rearing environment for the behaviors under study was similar for
MZ and DZ twin pairs. Empirical tests of the equal environment
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FIGURE 2. Gene X environment interaction model adapted from reference 40. VE, vigorous exercise; BMI; and BMI,, BMI in twins 1 and 2 within a twin
pair, respectively; A; and A,, additive genetic effects for twins 1 and 2 within a twin pair, respectively; C; and C,, shared environmental effects for twins 1 and
2 within a twin pair, respectively; E; and E,, nonshared environmental effects for twins 1 and 2 within a twin pair, respectively; M, moderator 1 (VE); N,
moderator 2 (age); T, VE-moderated component of A; U, VE-moderated component of C; V, VE-moderated component of E; F, age-moderated component of
A; G, age-moderated component of C; H, age-moderated component of E; I, effect of VE on mean BMI; J, effect of age on mean BMI; K, effect of VE X age

interaction on mean BMI.

assumption by zygosity suggest that it holds for many traits (42—
44). In addition, a lack of assortative mating by phenotype is
typically assumed. Although assortative mating effects have
been shown for BMI (45), they appear to contribute only a small
proportion to genetic variance in BMI (7), which suggests that
this assumption is reasonable for the present analyses.

RESULTS

Sample and demographics

Demographic information and descriptive statistics for VE and
BMI are presented in Table 1. In the full sample, participants
were, on average, 41.1 y of age at the time of the National Heart,

TABLE 1
Demographic characteristics and descriptive statistics for the Vietnam Era Twin Registry sample'
Full sample (n = 8627) MZ twins (n = 4734) DZ twins (n = 3893)
Age (y) 41.07 *+ 3.00° 41.06 £ 3.15 41.07 £ 2.80
Education (y) 14.44 = 2.52 41.52 £2.50 14.34 = 2.53
BMI (continuous) 25.75 * 3.69 25.73 £ 3.67 25.78 * 3.71
Race [n (%)]
White 8149 (94.51) 4472 (94.53) 3677 (94.50)
African American 442 (5.13) 238 (5.03) 204 (5.24)
Hispanic 5 (0.06) 3 (0.06) 2 (0.05)
Other 26 (0.30) 18 (0.38) 8 (0.21)
Annual family income [n (%)]
<$35,000 4466 (54.11) 2454 (54.02) 2012 (54.22)
>$35,000 3788 (45.89) 2089 (45.98) 1699 (45.78)
Married [n (%)]
Yes 7550 (89.53) 4132 (89.05) 3418 (90.11)
No 883 (10.47) 508 (10.95) 375 (9.89)
Vigorous exercise [1n (%)]
Yes 2190 (25.51) 1224 (25.98) 966 (24.94)
No 6395 (74.49) 3487 (74.02) 2908 (75.06)
BMI, categorical [n (%)]
Normal 4136 (48.20) 2258 (48.00) 1878 (48.43)
Overweight 3506 (40.85) 1952 (41.50) 1554 (40.07)
Obese 940 (10.95) 494 (10.50) 446 (11.50)

! MZ, monozygotic; DZ, dizygotic.
2Mean * SD (all such values).
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Lung and Blood Institute Survey and reported 14.4 y of
schooling, 95% were white, 54% had an annual family income
<$35,000, and 90% were currently married. Participants had, on
average, a BMI of 25.8, which reflected a BMI in the overweight
range with 41% in the overweight range and 11% classified as
obese. Only 25.5% of the participants reported VE over the past
3 mo. Equality of variances and means for the natural logarithm
of BMI was tested by fitting separate bivariate normal models
to observations of MZ and DZ twin pairs and then testing
equality across zygosity groups of the first 2 moments of the
corresponding univariate normal margins. Neither equality of
variances [XZ(U = 0.382, P = 0.537] nor equality of means
under the assumption of equal variances [12(1) = 0.209, P =
0.648] could be rejected given the data at hand. Similarly, sep-
arate bivariate liability distributions for MZ and DZ pairs were
estimated for VE. Again, neither equality of variances [Xz(l) <
0.001, P = 0.992] nor equality of thresholds under the as-
sumption of equal variances [;(2(1) = 1.193, P = 0.275] could be
rejected for this sample. Results agree with the sample sum-
maries shown in Table 1, which show negligible differences in
mean BMlIs and VE prevalences by zygosity group.

Univariate models

Before estimating models examining genetic and environ-
mental factors common across VE and BMI, we first estimated
genetic and environmental contributions to each at the mean of
age. Additive genetic, shared environmental, and nonshared
environmental contributions to VE and BMI for a typical 41-y-
old study participant are listed in Table 2. Additive genetic ef-
fects did not contribute significantly to VE, whereas shared and
nonshared environmental variance did. For BMI, additive ge-
netic and nonshared environmental effects contributed signifi-
cantly with little contribution of shared environment.

Bivariate models

Because preliminary analyses revealed no evidence of age
moderation of any component of the association between BMI
and VE [;(2(3) =2.039, P = 0.564], the primary analyses focused
solely on the bivariate association between VE and BMI.
Comparison of the ACE model to one in which all 3 of its
components were set to zero suggested the existence of a sig-
nificant overall association between BMI and VE [;’3, =
27.064, P < 0.001]. Bootstrap estimation confirmed these re-

TABLE 2
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sults (Table 2), which indicated the presence of a small, but
significant, correlation between VE and BMI (r = —0.06; 95%
CI: —0.09, —0.02), such that lower BMI levels were observed
among subjects reporting VE. When the association was broken
down into individual A, C, and E components, results indicated
that nonshared environmental effects (E) contributed signifi-
cantly to this inverse relation (r, = —0.09; 95% CI: —0.16,
—0.02), which suggests that environmental factors that differ
across twins contribute to the correlation between VE and BMI.
In contrast, additive genetic effects (r, = —0.03; 95% CI:
—0.54, 0.36) did not contribute to the association between VE
and BMI, which indicates a lack of gene-environment correla-
tion. Shared environmental factors also did not contribute to the
association between VE and BMI (r, = —0.05; 95% CI: —0.99,
0.99). Taken together, these results suggest that familial factors
did not contribute to the association between VE and BMI in
middle-aged men.

The nonshared environmental effects can be illustrated by
examining differences among MZ co-twins discordant for VE. In
this sample, 614 MZ twin pairs were discordant for VE (one
reported VE and the other did not). The biserial correlation
between VE and BMI (r = —0.16, P = 0.001) was statistically
significant, but small, accounting for a mean difference in BMI
of 1.3%, or 0.33 BMI units between MZ co-twins who were
discordant for VE.

Gene X environment interaction models

Comparative model fits that test the extent to which VE serves
as a moderator of the natural logarithm of BMI—a measure
whose distribution is more symmetric than BMI itself—are
presented in Table 3. The comparative model fitting showed
moderation of BMI by both VE and age (models 2 and 3, re-
spectively: P < 0.001). Subsequent evaluation of additive ge-
netic, shared environmental, and nonshared environmental
moderation indicated that VE moderated the additive genetic
effects (model 2a: P < 0.001) and nonshared environmental
effects (model 2c: P = 0.04) on BMI over and above any
moderation of these components by age. Furthermore, age
moderated both additive genetic (model 3a: P = 0.02) and
shared environmental components (model 3b: P = 0.04) of BMI
beyond any moderation of these components by VE.

The range of heritability in BMI by the presence or absence of
VE and age is presented in Figure 3. VE and older age were each

Additive genetic, shared environmental, and nonshared environmental effects for vigorous exercise (VE) and BMI and

their correlation’

a2 Cz 62 Fa Fe te
VE 0.10 0.18 0.72 — — —
(0.00, 0.31) (0.01,0.30)  (0.63, 0.80) — — —
BMI 0.67 0.04 0.29 — — —
(0.56,0.072)  (0.00,0.14)  (0.27, 0.32) — - —
VE-BMI — — — —0.03 —0.05 —0.09
— — — (—0.54,036)  (—0.99,099)  (—0.16, —0.02)

"'n = 8627 study participants drawn from 2710 monozygotic and 2327 dizygotic twin pairs (results of gene X
environment interaction twin structural equation modeling). 95% ClIs are in parentheses. a”, additive genetic variance;

2

2, shared environmental variance; e, nonshared environmental variance; r,, additive genetic correlation; r,, shared

environmental correlation; r,, nonshared environmental correlation.
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TABLE 3
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Comparative model fits for participation in vigorous exercise (VE) and age as moderators of BMI’

Model fit Comparative model fit

Model —2LL df A—2LL df P value Test

1: Full model 18,356.58 7060

2: No VE moderation 18,426.50 7063 69.92 3 <0.001 2vs 1
2a: No additive genetic moderation 18,376.40 7061 19.82 1 <0.001 2avs 1
2b: No shared environmental moderation 18,357.25 7061 0.67 1 0.42 2bvs 1
2c: No nonshared moderation 18,360.89 7061 4.31 1 0.04 2c vs 1

3: No age moderation 18,367.97 7063 11.39 3 <0.001 3vs 1
3a: No additive genetic moderation 18,362.08 7061 5.50 1 0.02 3avs 1
3b: No shared environmental moderation 18,360.94 7061 4.36 1 0.04 3bvs 1
3c: No nonshared moderation 18,358.24 7061 1.66 1 0.20 3cvs 1

"'n = 8627 study participants drawn from 2710 monozygotic and 2327 dizygotic twin pairs (results of gene X

environment interaction twin structural equation modeling).

individually associated with a reduction in the heritability of
BMI. For subjects 1 SD below the mean (38 y), those who did
report VE participation showed a 6-point decrease in BMI
heritability compared with those who did not report VE partic-
ipation, with heritability reduced from 0.72 (95% CI: 0.61, 0.76)
to 0.66 (95% CI: 0.50, 0.74). Subjects at the mean age of 41 y
recorded a corresponding 9-point decrease, with heritability
reduced from 0.68 (95% CI: 0.59, 0.72) to 0.59 (95% CI: 0.44,
0.70). Finally, for subjects 1 SD above the mean (44 y), heri-
tability decreased from 0.61 (95% CI: 0.47, 0.71) to 0.50 (95%
CI: 0.29, 0.67), representing an 11-point reduction. As for age
effects, even within a restricted age range of our sample, a 2-SD
increase in age from 38 to 44 y, which included the majority of
VETR participants, resulted in an 11-point reduction in herita-
bility among those who did not report VE participation and a 16-
point reduction among those who did.

DISCUSSION

The results of this study highlight the importance of VE when
evaluating genetic influences on BMI. The heritability of BMI
differed in the presence or absence of self-reported VE, such that
the heritability of BMI was greater among those who did not
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FIGURE 3. The heritability of BMI (point estimate and 95% CI) by self-
report of vigorous exercise (VE) and age. Gene X environment interaction
estimated by twin structural equation modeling. n = 8627 study participants
drawn from 2710 monozygotic and 2327 dizygotic twin pairs.

report VE and blunted among those who reported VE (gene X
environment interaction). Consistent with an emerging litera-
ture, these results suggest that participation in VE may buffer
genetic influences on BMI. Furthermore, these results suggest
that molecular genetic studies of BMI and obesity may benefit
from the incorporation of relevant behavioral factors, such as
VE, to maximize the identification of novel obesity genes.

In the gene X environment interaction models, age also
moderated genetic influences on BMI and operated synergisti-
cally with VE in the heritability scale, with heritability effects
attributable to VE participation increasing in magnitude from a 6-
to an 11-point reduction in BMI heritability over a narrow 6-y age
range (3844 y). This suggests that the effect of VE on the
heritability of BMI strengthens with increasing age. However, the
clinical relevance of these results remains to be determined given
the restricted age range of this sample.

We also observed a small but significant inverse relation be-
tween VE and BMI. Twin modeling indicated that the nonshared
environment alone contributed significantly to this inverse re-
lation. A nonshared environmental contribution suggests that
environmental factors specific to twins, and not common across
twins, account for the association between VE and BMI. This
result is entirely consistent with prior reports of greater BMI in
inactive MZ twins relative to their more active co-twins (21-23).
However, we incorporated the full richness of our data set, in-
cluding discordant and concordant MZ and DZ twins, to derive
our estimates. To further illustrate these effects in our data set,
we selected MZ twins discordant for VE and showed that in-
active MZ twins weigh more than their active co-twins in direct
replication of the prior research.

A direct environmental effect of VE on BMI that is in-
dependent of genetic effects could occur, for example, through
reduction in appetite and sustaining of a negative energy balance
(46) or through favorable changes in body composition that
could elevate resting metabolic rate (47). Nonshared environ-
mental correlation may also reflect correlated measurement er-
ror. This is a possibility for both our study and the study by
Pietilainen et al (19), given that both used self-report measures
to calculate BMI and physical activity. We believe that the
possibility of correlated measurement error is diminished by
direct replication of 2 other studies, which defined body mass
using measured height and weight (21, 22). It is also possible
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that a nonshared environmental correlation reflects the effect of
a third, unmeasured variable on both VE and BMI, such as
chronic disability.

We did not identify any correlated genetic effects across VE
and BMI. The finding that genetic factors that contributed to VE
did not also contribute to BMI can be interpreted as a lack of
gene-environment correlation. However, it may also have been
attributable to the small contribution of genetic effects to VE
observed in this sample (a* = 0.10; 95% CI: 0.00, 0.31), relative
to previous twins studies addressing this topic (48-50), because
the covariance of 2 random variables is zero when one of them
shows no variability. Given the low levels of shared environ-
mental variance estimated for BMI (c2 = 0.04; 95% CI: 0.00,
0.14), a similar explanation may lie behind the absence of any
correlated shared environmental effects across the 2 phenotypes
of interest. In contrast, both phenotypes of interest displayed
strong nonshared variability in the latent liability scale (BMI:
e* = 0.29, 95% CI: 0.27, 0.32; VE: ¢* = 0.72, 95% CI: 0.63,
0.80).

Overall, these results are consistent with the general public
health message that exercise, particularly that which is performed
at a vigorous intensity, is essential for promoting and maintaining
health (51). More specifically, these findings support research
indicating that higher levels of VE participation may be im-
portant for weight control, particularly as one becomes older
(19, 52-54). Indeed, VE could serve as a protective factor
against obesity even in those individuals who are at high genetic
risk of obesity.

These results also suggest that, in the search for genes related
to BMI, accounting for behavioral factors such as VE and de-
mographic factors such as age may improve the ability to detect
genetic effects. In this study, VE contributed to environmental
variation in BMI, as further documented by the association of VE
with lower BMI among discordant MZ twins. This suggests that
controlling for VE in genetic studies of BMI would reduce en-
vironmental effects on the outcome, permitting a greater chance
of detecting genetic effects using the residual variance, given the
same sample size. Second, VE moderated the heritability of BMI,
which indicates that genetic markers may show differential
effects at differing levels of VE. It is plausible that stratifying by
VE may identify novel genetic predictors of BMI or elucidate the
conditions under which identified genes show their strongest
effects, although this is likely to require very large sample sizes to
achieve sufficient statistical power. Nonetheless, at least one
study now suggests that FTO (28) may show its strongest effects
among inactive participants, which suggests, consistent with the
present results, that VE may counteract some of the genetic
effects on BMI and render detection of genetic effects more
difficult if not considered.

It is important to note the limitations of the present study. First,
the VETR is composed entirely of men who are predominantly
white. The generalizability of these results to civilians, women,
and ethnic minorities remains to be determined. In addition, we
were unable to examine whether sex might moderate the heri-
tability of BMI and had insufficient variability to identify racial
and ethnic effects on the heritability of BMI. We used VE as one
potential environmental predictor of BMI. It is possible that lower
intensities and other types of structured exercise as well as non-
exercise-related activity not examined in this study could also
affect the heritability of BMI as well as dietary and other related
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health behaviors. Furthermore, our study was cross-sectional in
nature, and we were not able to determine whether the chronicity
of VE also affects the heritability of BMI or whether VE is
relevant to change in weight over time.
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