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his study provides findings to assist in identifying

factors that contribute to the current clinical and
public health debate of the obesity epidemic. The
study examined the genetics of adult-onset weight
change in middle-aged male—male twins controlling
for weight in early adulthood, lifetime history of
tobacco use and alcohol dependence, and aimed to
estimate the proportion of genetic factors that influ-
ence weight change between early adulthood and
middle age in white middle-class males. The study
was a classic longitudinal twin design and used Body
Mass Index (BMI) for three waves of data collection
from the Vietnam Era Twin Registry — induction
physicals (~ 1968), 1987 and 1990 — or periods cor-
responding between young adulthood and middle
age. Univariate heritability estimates for BMI at all
three data periods were conducted as well as a
Cholesky longitudinal genetic analysis for weight
change controlling for BMI at military induction,
smoking and alcohol use. Frequency data indicated
that the sample was on average classified as normal
BMI in their 20s; but BMI gradually increased during
the next twenty years. Univariate data for each data
period indicated that additive genetic factors
accounted for between 63% and 69% of total vari-
ance in BMI. The Cholesky longitudinal genetic
analysis of BMI87 and BMI90, controlling for BMI at
military induction, indicated that more than half of the
change in BMI from early adulthood to middle age
remains heritable. No shared environmental factors
were identified, thus the remainder of the variance
was accounted for by nonshared, or unigue, environ-
mental factors and error. The data analysis suggests
that treatments and public health interventions need
to recognize the magnitude of genetic factors if short-
term and long-term interventions are to be effective.

This paper reports the results of a study designed to
examine genetic and environmental factors in adult
male weight gain, or what might also be described as
middle-age spread. The popular press in the United
States, as well as clinical and scientific journals, point

to what is being labeled an obesity epidemic (Loehlin,
1992) with estimates of obesity for the US adult popu-
lation indicating that approximately 34% are
overweight and another 27% are classified as obese.
The prevalence of obesity for adults has increased more
than 75% since 1980. In children and adolescents the
prevalence for being overweight has doubled since
1976 (Yanovski & Yanovski, 2002).

The magnitude of obesity and its change during the
past few years is a serious concern for public health
and policy officials because being overweight signifi-
cantly increases the risk for Type 2 diabetes, cancer,
hypertension, coronary artery disease, osteoarthritis
and asthma (Kumanyika, 2001). Mortality related to
obesity is estimated at 280,000 annually (Allison et al.,
1999; Must et al., 1999; Peeters et al., 2003). In 1999,
the costs for approved medications to treat obesity
were US$321 million (Willhelm, 2000). Contrary to
conventional wisdom, the effects of obesity on health
and health costs may outrank both smoking and drink-
ing (Sturm, 2002).

The most recent research trying to account for
obesity generally points to two factors. The first is an
energy imbalance resulting from an environment that
promotes excessive dietary intake and a sedentary
lifestyle, for example, food portion size increases, poor
nutrition, advertising, fast food and more meals con-
sumed away from home, variety, price, increased
television viewing, and lack of exercise (French et al.,
2001; Haire-Joshu & Nanney, 2002). The popular term
couch potato did not emerge from a vacuum. As the
physical environment becomes more obesogenic,
average body weight is likely to continue to increase
(Haire-Joshu & Nanney, 2002). The second factor is
the genetic liability that accounts for variations in body
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fatness that exist among individuals in energy balance
(Hill & Melanson, 1999). In this context, while genetic
vulnerability has probably not changed during the past
few years, environments have, thus allowing for the
genetic vulnerability to be expressed as what appears to
be an alarming rate of increase. Such an interpretation
would be consistent with current literature in the field.
An understanding of the way in which heritability influ-
ences body fatness may aid in understanding current
findings that suggest weight control treatments achieve
short- versus long-term efficacy (Jeffery et al., 2000).

The Genetics of Obesity
Body Mass Index (BMI = weight [kg]/height® [m]) is
the most widely used measure of human weight. In
the last decade there have been more than 11 review
papers on the genetics of obesity (Maes et al., 1997).
In general, twin and family studies estimate that one
half to two thirds of the variance in BMI is heritable.
The National Academy of Sciences—National
Research Council (NAS-NRC) sample is particularly
relevant because it uses WWII male-male veteran
twins measured initially at induction into military
service (~ 20 years of age) and subsequently at ages
25 and 40 to 56. Because the severely obese (BMI >
35) are usually disqualified from military service, this
population provides an opportunity to examine adult-
onset weight change in nonextreme individuals
passing into middle age and older. An important limi-
tation is that the population excludes females. The
univariate studies of BMI that include induction
periods range in heritability between .62 and .82
(Fabstiz et al., 1978, 1992; Feinleib et al., 1977; Selby
et al., 1991; Stunkard et al., 1986). Follow-up sample
trends are not clear because of varying sample size
and estimation methods, but heritability estimates of
more than .50 are common. With the accumulation of
the NAS-NRC data as well as other populations,
Faith, Johnson and Allison (1997) argue that suffi-
cient data have accumulated within classical
univariate twin studies that research should pursue
longitudinal and multivariate studies. Thus, this paper
examines adult weight change and obesity from mili-
tary induction to early middle age, controlling for
alcohol and tobacco use, high-risk health behaviors
associated with weight change (Eisen et al., 1993;
Hellerstedt et al., 1990; Williamson et al., 1991).

Methods
Sample

The Vietnam Era Twin Registry (VETR) represents a
community nonclinical sample of middle-aged,
middle-class male-male twins who served in military
service during the Vietnam War Era (1965 to 1975).
The registry was constructed from computerized US
Department of Defense files containing 7369
male-male twin pairs born between 1939 and 1957
where both siblings were on active duty during the
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Vietnam Era. The sampling procedures and character-
istics have been described in detail elsewhere (Eisen et
al., 1987; Henderson et al., 1990). The sample sizes
for this study varied by analysis. In the frequency data
more than 8000 individuals were selected, reflecting
individuals appearing in both the induction and the
1987 survey. For the cross-tabular analysis, the
sample sizes varied by appearance in the correspond-
ing waves and missing values.

Three periods of VETR data were used for this
study. The first was associated with military induc-
tion record weight and height data (BMIMIL) and
refers to the veterans’ BMI at an age when they were
on average in their 20s (average year of induction
was 1968, SD = 2.3 years). The second period was
associated with their weight and height obtained as
part of the 1987 Survey of Health (BMI87). This
mail and telephone survey was the first time the vet-
erans were contacted and represents a period
approximately 20 years after induction. The 1987
survey assessed psychological and physical health
status as well as demographics and military service.
Zygosity was determined by questionnaire and con-
firmed by blood group typing methodology (Eisen et
al., 1987). The third period was associated with a
1990 follow-up telephone survey of the registry
where weight and height was gathered (BMI90). The
1990 survey has approximately 2000 fewer respon-
dents than the 1987 survey, but no more important
demographic differences were noted, including zygos-
ity (MZ = 55%, DZ = 45%). The overall response
rate was 74.4% for those individuals participating in
the 1987 survey.

Measures

BMI was used to classify individuals who were under-
weight (< 18.5), normal for height and weight (18.5 —
< 25.0), individuals who were overweight (25.0 — <
30.0), obese (30.0 — < 35.0) and severely obese (>
35.0, e.g., 68 and > 239 lbs). BMI has recognized
validity problems with classifying individuals who are
very physically fit (because of muscle weight) as well
as those who are characterized as having large bone
structures. It has reasonable correspondence between
independent clinical measurement and self-report. In
this study BMI was treated as a continuous measure
for the genetic analysis. Lifetime tobacco and alcohol
dependence were measured with the Diagnostic
Interview Schedule (Robins et al., 1989) during a 1992
survey of the registry and correspond to DSM III-R
(Association, 1987) categories. These two measures
are high-risk behaviors associated with weight change
and obesity and were treated as statistical control vari-
ables. The 1992 survey did not assess BMI.

Analytical Strategy

As part of our descriptive analysis, we first conducted
contingency table analyses for BMIMIL and BMI87
in the categories described above. Second, we evalu-
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ated heritability of BMI for each wave. The univariate
analyses estimated the proportion of variance in
BMIMIL, BMI87 and BMI90 that is attributed to
genetic and environmental factors. The variance com-
ponent analysis represents additive genetic factors, A,
shared environmental factors, C, and nonshared or
unique environmental factors and measurement error,
E. Third, we assessed change in BMI using a Cholesky
decomposition (Neal et al., 2002) analysis of BMI87
and BMI90, controlling for BMI at induction, or
BMIMIL. Figure 1 depicts a BMI Cholesky longitudi-
nal genetic analysis model path diagram representing
the same factors (A, C, E) as in each of the univariate
analyses while controlling for induction BMI. The
Cholesky is typically used with longitudinal data to
estimate genetic and environmental factors that are
unique to a data period and those that are common to
the previous data periods. For example, path aqq rep-
resents the estimate of genetic variance in BMI87, asq
represents the genetic variance in BMI90 that is
shared with BMI87 and path aj; is the genetic vari-
ance unique to BMI90. The same path coefficient
framework can be applied to C and E parameters.
The BMIMIL path represents the control for BMI at
military induction. We began testing models with the
full ACE model then compared different models using
maximum likelihood techniques until the most parsi-
monious best-fitting model was obtained. Finally we
repeated the Cholesky analysis but included history of
alcohol and nicotine dependence as co-variates,
modeled as definition variables in Mx. We used both

SAS v8.02 (SAS, 2000) and Mx (Neal et al., 2002) for
the biometrical genetic statistical analysis.

Results
Descriptive

Table 1 presents the 1987 frequency data for the demo-
graphic variables, tobacco and alcohol control
variables, and BMI for the three data periods. In
general, the sample was middle-aged, well educated,
middle-class, married and employed. Smoking and
alcohol dependence reasonably reflected the compara-
bly aged US male population (CDC, 2002). Their
average BMI and its standard deviation increased
to an overweight classification from normal at induc-
tion. This gradual increase is better reflected in Table 2.

Cross-Tabulation

Table 2 is the cross classification of BMIMIL with
BMI87. While not reported here, Table 2 is similar to
cross classifications of BMIMIL with BMI90 and
BMI87 with BMI90. There were three relationships
that characterized the cross-tabular relationships.
First, at induction almost three fourths of the sample’s
BMI was normal and 17% overweight. Second,
twenty years later, 46% were normal and 44% over-
weight. On average, weight change increased for all
periods with very little downward change. Third, at
induction approximately 2.5% were obese or severely
obese reflecting the usual exclusion of individuals
who were obese at induction. This compared to
approximately 12% who were obese in 1990, or a
fivefold change 20 years later.

Figure 1
BMI Cholesky model

A = additive genetic, C = shared environment, E = Nonshared environment & error, BMIMIL = control, or definition variable

598

Twin Research December 2004

https://doi.org/10.1375/twin.7.6.596 Published online by Cambridge University Press


https://doi.org/10.1375/twin.7.6.596

]
Table 1
Sample and Variable Frequency Distributions (N = 8074 Individuals)
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tive genetic factors, A, ranged between 62% and
69%. Shared-environmental factors, C, accounted for
14% of the variance at early adulthood (BMIMIL)

Age Education (years) but decreased to a negligible amount in middle age or
o 30-42 - 74% o 612 - 3%6% the other two measurement periods. Although
o 43-51 - 26% . 13-16 - 38% expected, a shared environment effect is not usually
. 17220+ - 2%6% reported in genetic studies of BMI but would seem to
Gross household income Marital status correspond to the importance of one’s family of origin
_ for males entering early adulthood. What is clear for
© <3999 58% ' Neve.r married = 7% these data are that variance in BMI increased over
* $10000-19999  132% * Married =85% time, for example, an increase of 43.5% to BMI90
* 52000049998 €3.1% * Wid/ sep/ div = 8% from BMIMIL. In the univariate comparisons the
* > 850,000 17.9% influence of additive genetic factors accounted for
Employment status Race about two thirds of the variance and increased
* Full time =92% * Caucasian, slightly across the periods. The shared environmental
* Parttime = 2% non-Hispanic ~ =90.4% influence in early adulthood decreased to a negligible
* Other =6 * African-American = 4.9% in 1990. Finally, there was a concomitant
« Other = 47% amount in >

Smoking status

¢ Never smoked=30% Nicotine dependence

increase in the role of the nonshared environmental
influence and error.
The Cholesky analysis extended the cross-sec-

—No = 522/0 tional univariate analysis by assessing the importance

_ mgg :?3,32 of genetic and environmental factors for BMI in 1987

__ Severe - 1% and BMI in 1990 controlling for BMI at military

Alcohol use, abuse, dependence induction. By using BMIMIL as a control variable, we
were estimating the proportions of variance of the

* No, abuse =65% ' PZ%%Z?ZZCanence:—sgzlere) residual variance (after accounting for BMIMIL) due
BMIMIL  av =225 SD=30 P - to A, C and E. Table 3B indicates the best-fitting

model. When controlling for BMIMIL, additive

BMI87 av.=25.7,SD=34

BMISO  av.=26.0, SD=36 genetic factors accounted for 53% of the variance in
BMI87 with 47% attributed to nonshared, or unique,
environmental factors and error. For BMI in 1990,

Heritability 3% of the variance was attributed to additive genetic

Table 3A shows the results from the univariate analy-
ses for the continuous measures of BMI for each data
period expressed as bar charts rather than path dia-
grams. Each bar shows the total variance in BMI by
year and the proportion of variance attributed to A, C
and E. The proportion of variance attributed to addi-

factors unique to 1990 and 50% additive genetic
factors were shared with genetic factors attributed to
1987. Nonshared environmental factors were divided
between the two periods; 20% were shared with the
1987 period and 26% were unique to 1990. When
alcohol and nicotine dependence were included as
additional covariates, no appreciable difference was

Table 2
Cross-Tabulation Between Induction BMI and 1987 Survey BMI

N (%) ‘87 Under Normal Over Obese Severely obese Total
MIL under 13 355 50 2 0 420
(3.1) (84.5) (11.9) (0.5) (0.0) (5.3)
Normal 22 3089 2547 227 25 5910
(0.4) (52.3) (43.1) (3.8) (0.4) (74.8)
Over 2 183 820 314 57 1376
(0.2) (13.3) (59.6) (22.8) (4.1) (17.4)
Obese 0 15 57 n 4 184
(0.0) (8.6) (30.9) (38.6) (22.3) (2.3)
Severely obese 0 1 6 1 1 9
(0.0) (11.1) (66.7) (11.1) (11.7) (0.1)
Total 37 3643 3480 615 124 7899
(0.5) (46.1) (44.1) (7.8) (1.6) 100
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]
Table 3A

Phenotypic Variance and BMI Univariate Heritability for Induction and
Follow-Up Survey Periods

14.00
12.00 -
10.00 - 319 31% ONon-shared
— Environment
8.00 4 3% v o W Shared
Environment
6.00 1 O Additive genetic
4.00 +
2.00 A 63% 66% 69%
0.00
9.03 11.56 12.96
BMIMIL | BMI87 BMI90

Note: Value above label is total phenotypic variance for each data period.

]
Table 3B

Phenotypic Variance and Longitudinal BMI Variance Decomposition
for 1987 and 1990 Survey Periods, Controlling for Induction BMI

12.00
10.00
8.00 26.5%
i 45.7% 20.3%
6.00
27% |
4.00
2.00 4 54.3% 50.3%
0.00
8.32 9.75
BMI87 BMI90

OA-87 mA-90 OE-87 OE-90

Note: Value above label is total phenotypic variance controlling for BMIMIL.
-2 LL =71928.038, df= 16082

noted. No shared environmental factors were signifi-
cantly related to BMI in either period.

Discussion and Conclusions

Obesity has been characterized as a modern epidemic,
with approximately one quarter of the adult popula-
tion considered obese, and accounting for US$92.6B
of total annual medical expenditures (Finkelstein et
al., 2003). This longitudinal study is designed to
assess the importance of genetic and environmental
factors for 20-year weight change and obesity in a
sample of middle-class, middle-aged male-male
Caucasian twins. The design controls for weight

assessed in early adulthood and lifetime history of
alcohol and tobacco dependence, known co-variates
of obesity and weight change. In early adulthood,
three fourths of the sample are classified as normal
weight, 17% are overweight and 2.5% are obese and
severely obese. Twenty years later, approximately
45% are classified as normal, 45% are overweight
and 9% to 12% are classified as obese or severely
obese. Weight appears to increase gradually, with
little evidence of cross-category decreases. The cross-
sectional heritability analysis indicates that
approximately two thirds of BMI at the three periods
is attributed to additive genetic factors. The impor-
tance of early-adult shared-environmental factors
declines as the sample ages and nonshared environ-
mental factors and error increase. Further, inspection
of the variance estimates indicates that genetic influ-
ences are not becoming more important, but rather
that individual specific environmental variation is
increasing across this 20-year period.

The longitudinal Cholesky analysis indicates that,
controlling for early adulthood BMI and high-risk
health behaviors, genetic factors account for more
than 50% of variance in BMIL Nonshared or unique
environment, and measurement error accounts for the
remainder of the total phenotypic variance. This sug-
gests that while BMI in early adulthood is influenced
by genetic liabilities, they are not deterministic but are
influences that need to be accounted for if both short-
and long-term treatments or public health interven-
tions are to be effective. The data also suggest that
little nonshared environment (and error variance) is
transmitted from 1987 to 1990 measures of BMI,
thus vigilance in weight control should be maintained
or buying larger pants or loosening one’s belt will
have to be considered. With the magnitude of genetic
liability, it seems reasonable to explore incentives for
weight loss that build on current cognitive and educa-
tion interventions but offset the environmental
inducements associated with weight gain. Finally, the
lack of statistical importance attributed to nicotine
and alcohol use on weight change is unclear and
requires further study. This could be due to specifica-
tion problems, assessment times, or these variables
may act as short-term influences and thus their affects
are not captured here.

The most obvious study limitation is that the
sample is limited to males and does not include analy-
sis of diet and exercise. We do, however, respond to
arguments in the field to put more behavior into lon-
gitudinal analysis of the genetics of weight change
and adult-onset obesity.
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