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V\/e examined the contributions of genetic and
environmental factors to body mass index
(BMI) over approximately 28 years. Participants were
693 male, predominantly middle-class, twins (355
monozygotic, 338 dizygotic) from the Vietnam Era
Twin Registry. The phenotypic correlation between
age 20 and age 48 BMI was 0.52; the genetic correla-
tion was 0.60. Most of the remaining variance at both
times was accounted for by nonshared environmental
factors. Since genetic factors are not perfectly corre-
lated, this indicates that other genes affect BMI at
one or both time points, leaving room for further
exploration of the genetics of body mass stability.
Mean BMI increased significantly from 22.7 (normal)
to 27.8 (overweight). Overweight BMI at age 20 pre-
dicted midlife adult onset diabetes (adjusted odds
ratio = 4.62, 95% CI 1.91 to 11.18), but not hyperten-
sion. Depending on one’s vantage point, the results
indicate elements of both stability and change in BMI.
Very similar phenotypic and genetic correlations were
observed over a similar time period in a WW Il twin
sample, but without the substantial mean increase in
BMI. It seems unlikely that different genes influence
BMI in the two cohorts. Therefore, we argue that
nonshared environmental factors are probably primar-
ily responsible for the secular increase in midlife BMI.
Our results also provide prospective evidence that
early excess BMI may have serious long-term health
consequences, and that this risk is not limited to
minorities or adults of lower socioeconomic status.

|
Recent estimates suggest that 61 per cent of American
adults are overweight or obese (Sturm, 2003; Wyatt,
2003). The elevated health risks and mortality associ-
ated with a high body mass index (BMI: body weight
corrected for height) are well-established, particularly
among middle-aged and older adults (Flegal et al.,

2005; Gregg et al., 2005; Hu et al., 2005; McGee &
The Diverse Populations Collaboration, 2005).
Obesity is recognized as a major behavioral risk
factor for chronic health conditions such as cardio-
vascular disease, diabetes, elevated triglycerides,
hypertension and elevated systolic blood pressure,
with the equivalent effect of 20 years aging on health
outcomes (Gregg et al., 2005; Sturm, 2002).
Epidemiologic data show the average BMI of
Americans rising steadily from adolescence to middle
age, across sex and ethnic groups (Sheehan et al.,
2003). Thus, examination of the extent to which
genetic factors contribute to BMI over time and the
influence of early life BMI on chronic disease is
important for multiple reasons.

Although population rates of obesity are rising,
the heritability of BMI remains relatively stable.
There is strong support for the influence of genes on
single-time point BMI, with reports of heritability
ranging from .45 to .87 (Jacobson & Rowe, 1998;
Keller et al., 2003; Loos & Bouchard, 2003; Maes et
al., 1997; Romeis et al., 2004). Overall, genetic
factors appear to exert stronger influences than envi-
ronmental factors on BMI at any given time
(Hanisch et al., 2004). Fewer researchers have exam-
ined the genetic contribution to BMI over time.
Stunkard et al. examined BMI concordance rates in
World War II (WWII) twin veterans at the time of
military induction (average age 20) and 25 years later
(age range 40 to 50). Concordance rates for MZ
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twins were significantly higher than for DZ twins at
both times. Using intraclass correlations, heritability
for BMI was estimated at .77 and .84 at military
induction and the 25-year follow-up, respectively,
indicating significant genetic influences at both times.
The phenotypic correlation in BMI over time was .54.
Using path analyses, the genetic correlation for BMI
over time was estimated at .69, indicating substantial
stability in the genetic factors that influence BMI
(Stunkard et al., 1986). Fabsitz et al. examined
maximum lifetime BMI, and trend (slope) of BMI at
mean ages 20, 48, 57, and 63 in the same sample of
twin veterans. Heritability of maximum BMI was esti-
mated at .74 and heritability of the trend in BMI
change was .70 (Fabsitz et al., 1994; Stunkard et al.,
1986). Variability of BMI at each time was also exam-
ined but showed no genetic variance.

Romeis et al. (2004) examined heritability of self-
report BMI in Vietnam era veteran twins across five
years, controlling for BMI at military induction.
Height and weight of twins were assessed at military
induction (average age 20), then surveyed in 1987
(ages in mid-30s) and 1990 (ages in early 40s).
Heritability of BMI was .63, .66, and .69 at induction,
1987, and 1990, respectively. Decomposition of the
longitudinal BMI variance from 1987 to 1990 (after
controlling for induction BMI) indicated that 50.3%
of the variance in 1990 BMI was due to additive
genetic factors shared with BMI in 1987; 2.7% of the
genetic variance was unique to 1990 BMI (Romeis et
al., 2004). In contrast, the influence of nonshared
environmental factors in 1990 was fairly evenly
divided between factors shared with 1987 BMI
(20.3%) and environmental factors unique to 1990
BMI (26.5%). However, one study of Finnish adult
twin pairs across six years indicated that, although the
genetic component of BMI was sizable and stable,
weight change was determined primarily by environ-
mental effects rather then genetic factors (Korkeila et
al., 1995). Finally, a longitudinal family study exam-
ined BMI through frequent assessments across 20
years; measures included average, maximum, varia-
tion, and change in BMI. Heritability estimates for
average BMI and maximum BMI were .37 and .40,
respectively. Analyses of the BMI average annual
slope across 20 years found low heritability (.13;
Coady et al., 2002). Methodological differences
among these studies such as age, gender, developmen-
tal stage at time of measurement, cohort differences,
duration of study, spacing of assessments, methodol-
ogy (twin vs. family), sample size, covariates, and
whether analyses were of variability or change, may
explain the inconsistencies.

This study examined the contribution of genetic
and environmental factors to BMI at two important
developmental, transitional periods in the same
sample: average age 19.8 (SD = 1.63; range 16-27)
and 47.8 (SD = 3.3; range 41-58). We then estimated
the degree to which genes versus environments

account for stability in BMI over time (i.e., genetic
contribution to covariance). Third, we also evaluated
the extent of overlap of genes that contribute to varia-
tion in BMI across these 28 years (i.e., the genetic
correlation). These time points are biologically mean-
ingful because men tend to achieve adult height
around age 20; height then remains stable until after
age 50. Weight, which increases rapidly during adoles-
cence, tends to increase at a slower pace until the
mid-50s (National Health and Nutrition Examination
Survey [NHANES] III, 1999-2004).

In addition, in the United States (U.S.), rates of
self-reported chronic diseases commonly associated
with BMI increase substantially between ages 20 and
48 (Centers for Disease Control and Prevention;
NHANES III, 1999-2004). Among U.S. men, self-
reported rates of diabetes increase from 3.6% at ages
20 to 44 to 10.3% among adult men ages 45 to 64,
as does hypertension (12.3% in 20-44 year olds to
29.8% in 45-64 year olds). After age 65, the preva-
lence of diabetes is 16.9%, and the prevalence of
hypertension is 44.6% among men (NHANES III,
1999-2004). Thus, both time points in this study
involve important transition points. Age 20 coincides
with the transition to adulthood, when adult height
stabilizes, so increases in body weight contribute
solely to increases in BMI. Age 48 falls at a point in
middle age when substantive health-related changes
appear. Thus, as our final research question, given
current concerns about the long-term impact of
excessive body mass in adolescents, we examine the
long-term effect of early adult BMI on the develop-
ment of two chronic medical problems by midlife:
adult-onset diabetes and hypertension (Haffner,
2006; Lee et al., 2006). A better understanding of the
genetic and environmental influences on BMI during
this period may shed light on the contributions of
BMI to disease processes such as obesity, diabetes,
and hypertension.

Materials and Methods

Participants and Procedures

Participants were enrolled from the Vietnam Era
Twin Registry (VETR), a national registry of several
thousand male twin pairs in which both members
served in the military between 1965 and 1975.
Questionnaire and blood group methods determined
zygosity with 95% accuracy. A complete description
of the registry construction has been previously
reported (Eisen et al., 1987).

Between 1996 and 2001, when the twins average
age was 48 years, a follow-up was conducted which
included 345 twin pairs and 3 unpaired twins (total
N = 693 individuals), randomly selected from a larger
random sample of more than 3300 pairs surveyed in
a previous study (Tsuang et al., 2001). Participants
flew in from around the country for a day-long
assessment either at the University of California Davis
School of Medicine, Sacramento, CA or Harvard

538

Twin Research and Human Genetics August 2007



Medical School, Boston, MA: see Crider et al. for
details of the assessment (Crider et al., 2004).
Assessments included: demographic measures,
detailed medical history taking, measured height and
weight, two blood pressure measurements, personal-
ity measures, and a cognitive battery. Institutional
review boards at both sites approved the study and all
participants gave written informed consent. The
VETR provided height and weight measurements
from the time that the twins were inducted into the
military (average age 20); these data were obtained
from participants’ military record data. For conve-
nience, we refer to the two study time points as age
20 and 48 even though these technically refer to the
average age at each time.

Body Mass Index (BMI)

BMI (weight in kg/height in meters?) was calculated
using measured height and weight for all except 43
twins (6.2 %), for whom only self-reported weight
was available at age 48. The sample consisted of 693
individual twins (355 MZ, 338 DZ). Two twins were
missing BMI data at both time points, and were not
included in the analyses. Most twins (N = 634,
91.5%) had BMI data at both time points. A small
number of twins (N = 11, 1.6%) were missing BMI at
age 48, and 46 twins (6.6%) did not have BMI data
at age 20. All twins with at least some non-missing
data were included in the analyses. The final sample
consisted of 296 twin pairs (149 MZ, 147 DZ) with
complete data from both twins (85.1% of the twin
pair sample), 38 pairs (20 MZ, 18 DZ) with complete
data from one twin but partially missing data from
the second twin, 9 pairs (6 MZ, 3 DZ) with partially
missing data from both twins, and 5 pairs (4 MZ and
1 DZ) with data from only one twin.

For genetic analyses, BMI was used as a continu-
ous measure. For descriptive purposes, BMI was
categorized into clinically meaningful groupings using
National Heart, Lung, and Blood Institute (NHLBI)
guidelines. Low BMI was defined as more than 16
and less than 18.5, normal BMI as equal to, or
greater than 18.5 and less than 25, overweight BMI
was equal to, or greater than 25 and less than 30, and
obese was BMI equal to, or greater than 30. After
inspection of the frequencies, these groupings were
further collapsed to normal BMI (> 16 to < 25) and
overweight (> 25) for the BMI health risk analyses. At
age 20, only 30 participants had low BMI and only
10 were obese.

Health Indicators at Midlife

At age 48, morning and afternoon blood pressure
readings were taken twice on the day of testing using
a standard/automated mercury sphygmomanometer
while the subjects were seated. Morning and after-
noon readings were acquired twice, 1 minute apart.
The four systolic and four diastolic readings were
averaged and characterized as normal or hypertensive
according to NHLBI criteria (Chobanian et al.,

Genetics of BMI Stability and Risk for Chronic Disease

2003). These criteria define hypertension, or high
blood pressure, as systolic blood pressure greater than
or equal to 140 mmHg and diastolic blood pressure
greater than or equal to 90 mmHg. Participants were
also asked if they had ever been told by a doctor that
they had high blood pressure, if they had seen a
doctor for high blood pressure in the past five years,
and what medications, if any, they were taking for
high blood pressure. Hypertension (yes/no) was
defined as either: (a) blood pressure greater than or
equal to 140/90 mmHg or (b) taking antihypertensive
medication (regardless of blood pressure reading).
Other common indicators of cardiovascular disease
occurred too infrequently to examine; blood
chemistries were not obtained.

At age 48, participants were also asked if they had
ever been told by a doctor that they had diabetes, the
age of onset, and whether it was controlled by med-
ication and/or insulin. Adult onset diabetes was coded
as present if a participant indicated he had been diag-
nosed with diabetes as an adult and was taking either
medication or insulin for diabetes. Comparisons of
dates of military induction with self-report of age of
onset indicated that no participants reported they had
diabetes at the time of induction. Six hundred and
forty-five twins had both age 20 BMI data and age 48
health data; three twins who reported diabetes at age
48 and seven twins with hypertension at age 48 did
not have BMI data at age 20. 671 individual twins
had both health and BMI data at age 48.

Statistical Analyses

Genetic analyses were performed using Mx statistical
modeling software fit to raw data (Neale et al., 2002).
To model genetic and environmental influences on varia-
tion in, and covariation across, BMI at the two time
points, we fit a bivariate Cholesky model (Neale &
Cardon, 1992) to our continuous measures of BMI. For
ease of interpretation, the bivariate Cholesky model can
be reparameterized as a Correlated Factors model
(Loehlin, 1992; Neale & Cardon, 1992), shown in
Figure 1 (for simplicity, only one twin is shown in the
diagram). Like the Cholesky model, the Correlated
Factors model uses 9 parameters to capture the variation
in, and covariance across, BMI measures. The Cholesky
and Correlated Factors Models further yield identical
fits. We use the Cholesky model in our primary analyses
simply for technical reasons concerning positive—definite-
ness of our matrices, and because of its ease in testing
specific submodels. However, results are presented in the
Correlated Factors framework.

The parameters depicted in the Correlated Factors
model show the estimated effects of genetic (a?),
common environmental (¢?), and nonshared environ-
mental (¢?) influences on BMI at each time point, as
well as the genetic (R,), common environmental (R ),

a

and nonshared environmental (R,) correlations across

BMI, which indicate the degree to which genetic and
environmental influences on BMI overlap across the
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Age 48
BMI

Age 20
BMI

Figure 1
Correlated factors model.

Note: This figure (which for simplicity, is shown for only one twin), shows the contributions
of additive genetic (A), common or shared environment (C), and nonshared (E)
factors account for variation in age 20 (A1,C1,E1)and age 48 (A2,C2,E2) body mass
index (BMI). These factors are allowed to correlate: correlations between genetic
factors (Ra), common environmental factors (Rc), and shared environmental factors
(Re). In the Correlated Factors Model, the heritability of age 20 BMl is a1% the
heritability of age 48 BMI is a22 Corresponding estimates of shared environmental
(c12and c2?) and nonshared environmental (e1? and e2?) estimates were obtained.

two age periods. In this figure, one can clearly see that
different sets of A, C, and E factors account for varia-
tion in age 20 (through paths a,, ¢,, and ¢,) and age 48
(through paths a,, ¢,, and e,) BMI, and that these
factors are further allowed to correlate (i.e., R, R,
and R). In the Correlated Factors Model, the heri-
tability of age 20 BMI is simply a,2. Similarly, the
heritability of age 48 BMI is a,2. Corresponding esti-
mates of shared environmental (¢,? and ¢,?) and
nonshared environmental (e,> and ¢,?) estimates are
also obtained.

In addition to estimating the relative importance of
genetic factors on variation in BMI in young adult-
hood and midlife, our primary analyses concern two
related questions concerning genetic and environmen-
tal influences on BMI over time. First, we are
interested in the extent to which genetic factors
account for stability in BMI over time. In the
Correlated Factors model, the phenotypic correlation
(R,) is estimated by summing a,#R #a, + ¢,*R sc, +
e,#R =e,. Thus, the stability in BMI as measured by
the phenotypic correlation can be broken down into
stability due to genetic, shared environmental, and
nonshared environmental factors. For example, the
extent to which genetic factors account for the pheno-
typic stability can be calculated by dividing (a,#R_=a,)
by R,. Second, we can also examine the stability of
genetic and environmental influence on BMI over time
by examining the 95% confidence intervals (Cls)
around our estimates of Ra, Rc, and Re in the
Correlated Factors Model (see Figure 1). For example,
if Ra = 1.0, this indicates that the genetic factors influ-
encing variation in Time 1 and Time 2 BMI are
completely overlapping. If Ra = 0.0, this indicates that
entirely separate sets of genetic factors influence BMI

at the two different time points. Similar logic is
applied to the estimates of Rc (for overlap of shared
environmental factors) and Re (for overlap of non-
shared environmental factors).

Mx uses full information maximum likelihood to
estimate model parameters that yield a minus two log
likelihood (-2LL) fit function. We use goodness-of-fit
statistics to evaluate the fit of our various models. For
the overall fit of the full bivariate Cholesky model, the
difference between the fit functions (compared to a
saturated model which perfectly recaptures mean
levels, variance, and covariance of the observed data)
is distributed as chi-square with degrees of freedom
equal to the difference in the number of parameters
estimated between the models. Goodness-of-fit was
assessed by this discrepancy function (Ay? statistic).
For nested models, we compare the —2LL statistic
from our nested submodel to that of our comparison
model using the Ay? statistic. Significant Ay? values
indicated that the model we are testing fit significantly
more poorly than the comparison model. We also
examined Akaike’s Information Criteria (AIC) for
each model (Akaike, 1987). The AIC is a statistic that
balances both goodness-of-fit and parsimony. Models
with more negative AIC values are considered the
best-fitting models.

Descriptive statistics and analysis of the pheno-
typic association of BMI and health relationships were
conducted using SPSS and SAS statistical software
(SAS; SPSS). Logistic regression was used to calculate
odds ratios for the association of BMI status (i.e.,
normal versus overweight) at each time with midlife
diabetes and hypertension. Regression analyses were
performed using the SAS procedure ‘Surveylogistic’ in
order to adjust for the effect of twin pair clustering
(SAS). Logistic regressions were conducted separately
for BMI at age 20 and age 48, with statistical adjust-
ment for selected covariates: age (less than or equal to
48 years old vs. older than 48), ethnicity (white vs.
other), education (high school vs. more than high
school), and twin pair clustering. Age was controlled
for at the age 48 data collection because the likelihood
of developing diabetes increases with age (NHANES
I11, 1999-2004).

Results

Descriptive Statistics

Table 1 shows the demographic characteristics of the
total sample of 691 twins. At midlife, participants were
predominantly middle-class, moderately well-educated,
and married; 92% worked full-time. The average age at
military induction was 20, average age at midlife testing
was 48. Comparisons of MZ and DZ twins on demo-
graphic measures yielded no significant differences, and
neither parental (r = -.06, —.05 ns; MZ, DZ
respectively) nor the participants’ socioeconomic
status (r = .02, —.03 ns) was associated with BMI at
either time.
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Table 1
Sample Demographics at Age 48 (N =691)

Age 47.8 SD3.3
(Range 41-58)

Ethnicity

Caucasian 92.2%

African—American 5.5%

Hispanic 1.9%

Other 0.4%
Education

Completed high school 96.7%

Completed college 33.0%
Marital status

Married 791 %

Divorced 12.1%

Other 8.8%
Employment

Full-time 92.2%

Part-time 1.6%

Other (e.g., unemployed disability, retired) 6.2%
Occupation

Service/manual labor 33.5%

Clerical/semi-professional 24.4%

Professional 41.1%

Median Income (USD) $60,000-$70,000

Average BMI increased significantly from age 20 to
age 48 from a mean of 22.7 (SD = 3.0) to 27.8
(SD =4.2). A model that equated BMI at each time
point resulted in a highly significant difference in fit
compared to a model where BMI was estimated sepa-
rately at each time point (Ay?, = 465.82; p < .001).
However, there were no significant differences in mean
level BMI at either time point across twins within
pairs (Ay?, = 6.27; p =.18; AIC = —4.86), or across
zygosity (Ay?, = 1.50; p = .47; AIC = -7.36). Thus,
these means were equated in all subsequent structural
equation modeling analyses.

Genetic and Environmental Influences on BMI

To address our primary research questions, we fit the
full bivariate Cholesky model to the observed raw
data. Comparison of this full model to the saturated
model revealed an overall acceptable fit to the data
(A, = 26.64; p =.60; AIC = -7.36). A model drop-
ping all A effects did not fit the data well (Ay?, =
113.42; p < .001; AIC = +100.06), indicating a signifi-
cant influence of genetic factors at one or both time
points. In contrast, dropping all C effects from the
model did not result in a significant deterioration in fit
compared to the full ACE model (Ax2, = 0.73; p =.87;
AIC = -12.64). Nonetheless, because estimates of
shared environmental effects were non-zero, we
include them in our model in order to avoid artificially
over-stating the importance of genetic factors.

The results from the full model are presented in
Figure 2. Consistent with previous reports, genetic
factors were the primary source of variation in BMI at
age 20 and age 48 (heritability = 76% and 59%,

respectively). Nonshared environmental factors also

Genetics of BMI Stability and Risk for Chronic Disease

contributed significantly to variation at each time,
accounting for 17% and 34% of the variation in BMI
at ages 20 and 48, respectively. Shared environmental
influences accounted for a negligible (7%, #s) amount
of variance of BMI at each time point.

We then examined the extent to which genetic
versus environmental factors are responsible for
covariance in BMI over time; that is, what accounts
for the correlation in BMI across time. The estimated
phenotypic correlation between BMI at age 20 and
BMI at age 48 was .52, indicating considerable stabil-
ity in BMI over time. Based on the estimates from the
model, genetic factors accounted for 76% of the cor-
relation (95% CI .43 to .96), shared environmental
factors accounted for 14% (95% CI .00 to .44), and
nonshared environmental factors accounted for the
remaining 10% (95% CI .03 to .19).

The third research question examined the extent of
overlap of genes that contribute to variation in BMI
across these 28 years (i.e., the genetic correlation). As
can be seen in Figure 2, in the full correlated factors
model, the genetic correlation of the overlap between
age 20 and age 48 BMI was estimated at .60 (95% CI
.44 to .76). This suggests that some, but not all of the
genetic influence on BMI is accounted for by the same
genes over time. Similarly, the nonshared environmen-
tal correlation (.22, 95% CI .07 to .36) also indicates
a modest overlap of nonshared environmental factors
over time. The shared environmental correlation was
estimated at 1.0, suggesting that the shared environ-
mental influences that impact on variation in BMI at
each time point are completely overlapping. However,
because the shared environmental influences on BMI
at both time points were so negligible, the 95% ClIs
indicate that the shared environmental influences may
also be entirely distinct at the two time points (i.e., the
95% ClI includes 0).

Figure 2

Standardized parameter estimates from full model.

Note: This model shows the contributions of additive genetic factors (A), shared
environment (C), and nonshared environment (E) to BMI at age 20 (A1,C1,E1

respectively) and age 48 (A2, C2, E2), and the overlap of genetic (R,), shared
environmental (r;) and nonshared environmental (R,) factors across time points.
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Table 2

Prevalence Rates — N Cases per BMI Group (per cent) — of Health
Indicators at Age 48 and BMI Status at Age 20

Body mass group at age 20
Normal BMI Overweight
(N =511) (N =134)
Diabetes Age 48 (N =29) 14 (2.7%) 15(11.2%)

Hypertension Age 48 (N =244) 191 (38.1%) 53 (39.9%)

Note: BMI = Body Mass Index. Prevalence rates = disease frequency in each BMI
group. Normal BMI >18.5 and < 25; Overweight BMI > 25. 645 twins had both
age 20 BMI data and age 48 health data. Three twins who reported diabetes at
age 48 and seven twins with hypertension at age 48 did not have BMI data at
age 20.

BMI and Health

Finally we examined the relationship between BMI
status and two health outcomes associated with BMI.
No twins reported being diabetic at age 20; blood
pressure status at induction was unknown. BMI cate-
gories were collapsed to reflect normal (BMI > 16 and
< 25) and overweight BMI (> 25) due to low frequen-
cies of extremely low or high (obese) BMI at
induction. Overweight BMI at age 20 was a significant
predictor of adult onset diabetes; the association per-
sisted after statistical adjustment for age, ethnicity,
education, and twin pair clustering (adjusted OR =
4.62, 95% CI 1.91 to 11.18). However, age 20 BMI
status (adjusted or unadjusted) did not predict
whether a participant developed hypertension by age
48 (adjusted OR, 1.09, 95% CI .73 to 1.62). Of par-
ticipants with normal BMI at age 20, only 2.7%
reported diabetes at age 48. However, 11.2% of the
overweight participants at age 20 were diabetic at age
48 (Table 2).

Overweight BMI status at age 48 was significantly
associated with increased risk for diabetes (adjusted
OR = 10.73, 95% CI 1.4 to 81.9) and hypertension
(adjusted OR = 2.55, 95% CI 1.67 to 3.9). At age 48,
only one person with diabetes was normal BMI, the
remaining diabetic participants were all overweight.
Hypertension was more prevalent among the over-
weight participants (42%) compared with 22.9% of
normal BMI participants (see Table 3).

Discussion

The growing epidemic of excessive BMI and its con-
comitant health risks is highlighted in this 28-year
longitudinal study. Average BMI at age 20 was 22.7
but at age 48 participants’ average BMI was in the
overweight range at 27.8. At age 20, only 1.7% of the
participants were obese (BMI > 30), while at age 48,
26.3% were obese. By comparison, in a twin sample
of WWII veterans, BMI changed over an equivalent
period from approximately 21.9 at induction, to 24.8
20 years later — in the normal range at both times.
However, the phenotypic correlation of BMI over time
in the WWII twin cohort (.54) was similar to that of
this cohort (.52; Fabsitz et al., 1994; Feinleib et al.,

1977; Stunkard et al., 1986). Differences between
these two samples parallel the secular trends in BMI
reported in non-twin samples (Gregg et al., 20085).
Despite differences in analytic approach, genetic corre-
lations were similar in the WWII twin sample and the
Vietnam era twin cohort (.69 versus .60, respectively).
Thus despite mean level changes in BMI, there is also
stability in BMI, in that people tend to retain the same
relative ranking within a sample.

In keeping with prior studies, additive genetic
factors accounted for most of the proportion of varia-
tion in BMI at both times, though heritability was
somewhat lower at midlife. Concomitantly, variation
explained by nonshared environmental influences was
higher at age 48 — perhaps reflecting greater differen-
tiation between the twins in lifestyle factors such as
activities (e.g., physical vs. sedentary lifestyle), diet,
influences of partners, habits (e.g., smoking), or access
to health care during adulthood. Genetic factors also
accounted for the majority of the phenotypic stability
in BMI (76%), consistent with other studies.
Nevertheless, despite significant genetic overlap at the
two times, because genetic factors were not perfectly
correlated there is evidence of different genes affecting
BMI at age 19, at age 48, or at both ages, leaving
room for further exploration of the relative contribu-
tions of genetic and environmental influences on BMI
variance and covariance over time. Unfortunately,
with only two data points, we are limited to a corre-
lated factors approach to these data, which makes it
impossible to tell at which age the specific genetic
influences are operating. Our study also cannot state
with certainty whether the dramatic differences in
mean level BMI are due to genetic or environmental
factors. Consistent with recent, longitudinal, non-twin
studies of BMI, our study finds a significant increase
in rates of obesity in this sample of male twins over
time. Given the similarity of our results regarding the
magnitude of genetic and environmental influences on
variation in BMI over time with previous twin studies,
it seems unlikely that the new genes that come into
play in midlife among twins from the Vietnam era
cohort would be different from genes influencing BMI
in the WWII cohort, which found more modest
increases in BMI over time. Therefore, it seems likely

]
Table 3

Prevalence Rates — N Cases per BMI Group (per cent) — For Health
Indicators at Age 48 and BMI Status at Age 48

Body Mass Group at Age 48

Normal BMI Overweight

(N =168) (N =505)

Diabetes Age 48 (N = 32) 1(0.6%) 31(6.1%)
Hypertension Age 48 (N=251)  38(22.9%) 213 (42.2%)

Note: BMI = Body Mass Index. Prevalence rates = disease frequency in each BMI
group. Normal BMI > 18.5 and < 25; Overweight BMI > 25. 671 twins had both
health and BMI data at age 48.

Twin Research and Human Genetics August 2007



that the differing trends with regard to increasing BMI
with age in these two samples are due primarily to
nonshared environmental factors.

At age 48, 251 participants (39.4%) had hyperten-
sion, and 32 (5.0%) reported having diabetes. The
prevalence rate for hypertension is somewhat higher in
this cohort than self-reported US national health sta-
tistics for this age group (29.8% in 45-64-year-olds),
perhaps because our measure is based on a combina-
tion of objectively measured and self-reported
hypertension, while the national statistics are based on
self-report of having been told by a physician or
health professional that a person had hypertension
(NHANES 111, 1999-2004). The self-reported rate for
diabetes in American males age 45 to 64 is 10.3% as
compared with 5.0% in this sample (NHANES III,
1999-2004). Several factors may account for the
lower prevalence of diabetes in these participants. Our
criteria for inclusion in the diabetes group required
that participants self-report both that they were told
by a physician they had diabetes, and that they were
taking prescription medication for diabetes. NHANES
statistics did not require that the person take medica-
tion for diabetes. In addition, our study participants
are on the younger end of the NHANES age range and
adult onset diabetes increases with age.

The relationship between early adult BMI and
adult onset diabetes supports the growing alarm over
the long-term public health implications of increasing
adolescent/young adult body mass (Haffner, 2006; Lee
et al., 2006). Recent reviews suggest that the steady
rise in life expectancy over the past 2 centuries may
come to an end, specifically due to the current trends
in BMI (Olshansky et al., 2005; Thorpe, 2006). Rising
overweight and obesity levels have obvious, substan-
tial implications for health and health care costs
(Elmer et al., 2004; Raebel et al., 2004). In this
prospective study, being overweight, (not just obese),
in early adult life created substantial risk for the devel-
opment of diabetes in middle age.

Several aspects of the study limit the generalizabil-
ity of the results. The sample comprises only male
Caucasian twins from one cohort; prior research sug-
gests some age, gender, ethnicity and cohort
differences in heritability of BMI, as well as in the
health consequences of BMI. In addition, genetic and
environmental influences on individual differences in
rates of BMI change over time cannot be accounted
for when examining only two time points, as genetic
versions of latent growth curve models require at least
three data points. Finally, the categorical measures of
diabetes and hypertension limit our ability to examine
preclinical outcomes and risk factors. On the other
hand, this sample represents a relatively healthy, low-
risk sample of primarily middle-class men. The results
indicate that overweight and obesity constitute a
serious health problem for middle-class males, not just
minorities or adults of lower socioeconomic status.

Genetics of BMI Stability and Risk for Chronic Disease

From a public health perspective, the genetics of BMI
pose a conundrum. There are significant genetic influ-
ences on BMI, suggesting the potential for early
identification of at-risk individuals, and for treatments
aimed at biomedical interventions, yet gene-gene and
gene-environment interactions need to be better delin-
eated (Loos & Bouchard, 2003). Additionally, genetic
factors uniquely associated with BMI still need to be
identified, and further research is needed on the potential
genetic overlap between BMI and chronic health prob-
lems, such as diabetes and hypertension. Recent
research, for instance, identified a gene (FTO) that
increases adult and child susceptibility to diabetes by
increasing their risk for obesity (Frayling et al., 2007).
Additionally, McCaffery and colleagues studied the clus-
tering of risk factors associated with the metabolic
syndrome. In young adult twins, covariation of systolic
and diastolic blood pressure (BP), BMI, total cholesterol,
and triglycerides was partially attributable to a single
common genetic factor, while the covariation of systolic
BP, BMI, and triglycerides was also, in part, attributable
to a common nonshared environmental factor
(McCaffery et al., 1999). A meaningful proportion of
the variation in BMI over time is also accounted for by
unique environment factors, leaving open multiple
avenues for behavioral interventions and interventions
targeted at modifying obesogenic environments.

Acknowledgments

Data collection was supported by NIH/ NIAAA Grant
# 1 RO1 AA10586-01A1 (PL: Michael J. Lyons); data
analysis was supported by grants funded by NIH/NIA
R0O1 AG18386, AG22381, and AG22982 (PI: William
S. Kremen) and AG18384 (PI: Michael J. Lyons).

The authors gratefully acknowledge the continued
cooperation and participation of the members and staff
of the Vietnam Era Twin Registry. Without their contri-
bution this research would not have been possible.

The US Department of Veterans Affairs has pro-
vided financial support for the development and
maintenance of the VET Registry.

Numerous organizations have provided invaluable
assistance in the conduct of this study, including
Department of Defense (Washington, DC); National
Personnel Records Center, National Archives and
Records Administration (St Louis, Mo); the Internal
Revenue Service (Washington); National Opinion
Research Center (Chicago, Ill); National Research
Council, National Academy of Sciences (Washington);
and the Institute for Survey Research, Temple
University (Philadelphia, Pa).

References

Akaike, H. (1987). Factor analysis and AIC.
Psychometrika, 52, 317-332.

Chobanian, A., Bakris, G., Black, H., Cushman, W.,
Green, L., Izzo, ]. J., Jones, D., Materson, B., Oparil,
S., Wright, J. T., J., & Roccella, E. (2003). Seventh
report of the Joint National Committee on Prevention,

Twin Research and Human Genetics August 2007

543



Carol E. Franz et al.

Detection, Evaluation, and Treatment of High Blood
Pressure. Hypertension, 42, 1206-1252.

Coady, S. A., Jaquish, C. E., Fabsitz, R. R., Larson, R. R.,
Larson, M. G., Cupples, L. A., & Myers, R. H.
(2002). Genetic variability of adult body mass index:
A longitudinal assessment in Framingham families.
Obesity Research, 10, 675-681.

Crider, A., Kremen, W. S., Xian, H., Jacobson, K. C.,
Waterman, B., Eisen, S. A., Tsuang, M. T., & Lyons,
M. J. (2004). Stability, consistency, and heritability of
electrodermal response lability in middle-aged male
twins. Psychophysiology, 41, 501-509.

Eisen, S. A., True, W. R., Goldberg, J., Henderson, W., &
Robinette, C. D. (1987). The Vietnam Era Twin (VET)
Registry: Method of construction. Acta Geneticae
Medicae et Gemellologiae, 36, 61-66.

Elmer, P. J., Brown, J. B., Nichols, G. A., & Oster, G.
(2004). Effects of weight gain on medical care costs.
International Journal of Obesity and Related
Metabolic Disorders, 28, 1365-1373.

Fabsitz, R. R., Sholinsky, P., & Carmelli, D. (1994).
Genetic influences on adult weight gain and maximum
body mass index in male twins. American Journal of
Epidemiology, 140, 711-720.

Feinleib, M., Garrison, R. J., Fabsitz, R. R., Christian, J.
C., Hrubec, Z., Borhani, N. O., Kannel, W. B.,
Rosenman, R., Schwartz, J. T., & Wagner, J. O.
(1977). The NHLBI twin study of cardiovascular
disease risk factors: Methodology and summary of
results. American Journal of Epidemiology, 106,
284-295.

Flegal, K., Graubard, B., Williamson, D., & Gail, M.
(2005). Excess deaths associated with underweight,
overweight, and obesity. Journal of the American
Medical Association, 293, 1861-1867.

Frayling, T., Timpson, N., Weedon, M., Zeggini, E.,
Freathy, R., Lindgren, C., Perry, J., Elliott, K., Lango,
H., Raynor, N., Shields, B., Harries, L., Barrett, J.,
Ellanrd, S., Groves, C., Knight, B., Patch, A., Ness, A.,
Ebrahim, D., Lawlor, D., Ring, S., Ben-Shlomo, Y.,
Jarvelin, M., Sovio, U., Bennett, A., Melzer, D.,
Ferrucci, L., Loos, R., Barroso, I., Wareham, N.,
Karpe, E., Owen, K., Cardon, L., Walker, M., Hitman,
G., Palmer, C., Doney, A., Morris, A., Smith, G.,
Hattersley, A., & McCarthy, M. (2007). A common
variant in the FTO gene is associated with body mass
index and predisposes to childhood and adult obesity.
Science, 11, 889-994.

Gregg, E., Cheng, Y., Cadwell, B., Imperatore, G.,
Willliams, D., Flegal, K., Venkat Narayan, K., &
Williamson, D. (2005). Secular trends in cardiovascu-
lar disease risk factors according to body mass index
in US adults. Journal of the American Medical
Association, 293, 1868-1874.

Haffner, S. (2006). Relationship of metabolic risk factors
and development of cardiovascular disease and dia-
betes. Obesity, 14(Suppl. 3), 121S-127S.

Hanisch, D., Dittmar, M., Hohler, T., & Alt, K. W.
(2004). Contribution of genetic and environmental
factors to variation in body compartments: A twin
study in adults. Anthropologischer Anzeiger, 62,
51-60.

Hu, G., Silventoinen, K., Barengo, N. C., Peltonen, M., &
Jousilahti, P. (2005). The effects of physical activity
and body mass index on cardiovascular, cancer, and
all-cause mortality among 47,212 middle-aged Finnish
men and women. International Journal of Obesity, 29,
894-902.

Jacobson, K. C., & Rowe, D. C. (1998). Genetic and
shared environmental influences on adolescent BMI:
Interactions with race and sex. Bebhavior Genetics, 28,
265-278.

Keller, K. L., Pietrobelli, A., & Faith, M. S. (2003).
Genetics of food intake and body composition:
Lessons from twin studies. Acta Diabetologica Latina,
40, S95-5100.

Korkeila, M., Kaprio, J., Rissanen, A., & Koskenvuo, M.
(1995). Consistency and change of body mass index
and weight: A study on 5967 adult Finnish twin pairs.
International Journal of Obesity and Related
Metabolic Disorders, 19, 310-317.

Lee, J., Okumura, M., Davis, M., Herman, W., & Gurney,
J. (2006). Prevalence and determinants of insulin resis-
tance among US adolescents: A population-based
study. Diabetes Care, 29, 2427-2432.

Loehlin, J. C. (1992). Genes and environment in personal-
ity development. Newbury Park, CA: Sage.

Loehlin, J. (1996). The Cholesky approach: A cautionary
note. Bebhavior Genetics, 26, 65-69

Loos, R. J. E, & Bouchard, C. (2003). Obesity — Is it a
genetic disorder? Journal of Internal Medicine, 254,
401-425.

Maes, H. H., Neale, M. C., & Eaves, L. ]J. (1997). Genetic
and environmental factors in relative body weight and
human adiposity. Behavior Genetics, 27, 325-351.

McCaffery, J., Pogue-Geile, M., Debski, T., & Manuck, S.
(1999). Genetic and environmental causes of covaria-
tion among blood pressure, body mass and serum
lipids during young adulthood: A twin study. Journal
of Hypertension, 17, 1677-1685.

McGee, D. L., & the Diverse Populations Collaboration.
(2005). Body mass index and mortality: A meta-analy-
sis based on person-level data from 26 observational
studies. Annals of Epidemiology, 15, 87-97.

National Center for Health Statistics. (2007). Health data
for all ages. Retrieved April 20, 2007, from
http://www.cdc.gov/nchs/health_data_for_all_ages.htm

Neale, M. C., Boker, S. M., & Maes, H. H. (2002). Mx:
Structural Modeling (6th ed.). Richmond, VA: Virginia
Commonwealth University, Department of Psychiatry.

Neale, M. C., & Cardon, L. R. (1992). Methodology for
genetic studies of twins and families. Dordrecht, The
Netherlands: Kluwer Academic Publishers.

544

Twin Research and Human Genetics August 2007



National Health and Nutrition Examination Survey III.
(1999-2004). Trends in Health and Aging. Retrieved
from http://www.cdc.gov/nchs/about/major/nhanes/ on
April 20, 2007.

Olshansky, S., Passaro, D., Hershow, R., Layden, J.,
Carnes, B., Brody, J., Hayflick, L., Butler, R., Allison,
D. B., & Ludwig, D. (20035). A potential decline in life
expectancy in the United States in the 21st century.
New England Journal of Medicine, 352, 1138-1145.

Raebel, M. A., Malone, D. C., Conner, D. A., Xu, S.,
Porter, J. A., & Lanty, F. A. (2004). Health services
use and health care costs of obese and nonobese indi-
viduals. Archives of Internal Medicine, 164,
2135-2140.

Romeis, J. C., Grant, J. D., Knopik, V. S., Pedersen, N. L.,
& Heath, A. C. (2004). The genetics of middle-age
spread in middle-class males. Twin Research, 7,
596-602.

Sheehan, T. J., DuBrava, S., DeChello, L. M., & Fang, Z.
(2003). Rates of weight change for black and white
Americans over a twenty year period. International

Genetics of BMI Stability and Risk for Chronic Disease

Journal of Obesity and Related Metabolic Disorders,
27,498-504.

Stunkard, A. J., Foch, T. T., & Hrubec, Z. (1986). A twin
study of human obesity. Journal of the American
Medical Association, 256, 51-54.

Sturm, R. (2002). The effects of obesity, smoking, and
drinking on medical problems and costs. Health
Affairs, 21, 245-253.

Sturm, R. (2003). Increases in clinically severe obesity in
the United States, 1986-2000. Archives of Internal
Medicine, 163, 2146-2148.

Thorpe, K. (2006). Factors accounting for the rise in
health care spending in the United States: The role of
rising disease prevalence and treatment intensity.
Public Health, 120, 1002-1007.

Tsuang, M. T., Bar, ]J. L., Harley, R. M., & Lyons, M. ].
(2001). The Harvard Twin Study of Substance Abuse:
What we have learned. Harvard Review of Psychiatry,
9,267-279.

Wyatt, H. (2003). The prevalence of obesity. Primary
Care, 30, 267-279.

Twin Research and Human Genetics August 2007

545



	Genetics of body mass stability and risk for chronic disease: A 28-year longitudinal study
	Please let us know how this document benefits you.
	Recommended Citation
	Authors

	TRHG10-4 text-final.x

