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Abstract
The transition between adolescence and young adulthood is a developmentally sensitive time where
children are at an increased risk for becoming overweight and developing obesity. Twin studies have
reported that body mass index [BMI] is highly heritable, however, it remains unclear whether the
genetic influences are sex-limited and whether non-additive genetic influences contribute to body
mass index [BMI] during these ages. In the current report, we examined self-reported data on BMI
in same [n= 2744] and opposite-sex [n = 1178] siblings participating in the National Longitudinal
Study on Adolescent Health [Add Health]. To investigate whether the same or different genes
contributed to BMI for both sexes, we fit quantitative sex-limited genetic models to three waves of
data collection. At each of the three Waves of assessment, models that included additive genetic,
individual-specific environment, and no sex-limited genetic influences fit the data most
parsimoniously. Heritable effects on BMI at each of the three Waves were large for both sexes and
ranged between 0.75 and 0.86. While genetic contributions across the ages were highly correlated,
longitudinal analyses indicated that the relevant individual-specific environmental influences on BMI
in adolescence and young adulthood change sizably. These results underscore the importance of
understanding early genetic influences on BMI and highlight the role environmental experiences
have at later ages when new genetic influences appear to make a small contribution to individual
variation in BMI.

Introduction
The transition between adolescence and young adulthood is a developmentally sensitive time
during which children are at an increased risk for becoming overweight and developing obesity
[Anderson and Butcher, 2006]. It is also a critical time for establishing adult weight patterns
as many children who are either overweight or obese grow into overweight and obese adults
[Crimmins et al, 2007; Gordon-Larson et al, 2004; Freedman et al, 2005; McCarthy et al,
2007]. Similar to adults, overweight and obese children are at a heightened risk for a variety
of cardiovascular, pulmonary, and other medical complications, Type II diabetes, and often
experience psychological and psychosocial difficulties [Ebbeling et al, 2002; Daniels et al,
2005; Hill et al, 2003; Must et al, 1999]. As such, understanding the etiological influences on
weight during these transition years prior to adulthood may inform obesity prevention programs
and aid in the development of weight management strategies.
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Prevalence rates of adolescents ‘at risk for being overweight’ or overweight has increased over
the last decade as has obesity among adults aged 20 years or older [Hedley et al, 2004; Ogden
et al, 2006]. For both children and adults, overweight and obesity classifications are typically
based on a person’s body mass index [BMI], calculated as weight [kg] / height [m2]. Among
children and adolescents aged 2 to 19 years in the United States ‘at risk for being overweight’
and overweight are defined using the age- and sex-specific BMI growth curves from the Centers
for Disease Control and Prevention [CDC; Kuczmarski et al, 1990]. BMI between the 5th and
85th percentiles is considered normal, greater-than the 85th but less-than the 95th percentiles
‘at risk for overweight’, and greater-than the 95th percentile overweight or, more recently,
obese [Krebs et al, 2007]. By late adolescence [e.g. ages 18 – 20], these percentiles approach
those typically used to define adult overweight [BMI >25] and obesity [BMI >30].

An individual’s body mass is a complex, multifactorial trait, influenced by environmental and
genetic factors as well as their interaction. Since the early adoption studies by Stunkard and
colleagues [Stunkard et al, 1986; Sorensen et al, 1989], familial resemblance for body mass
has been shown to be largely due to heritable factors rather than environmental influences
shared by siblings [Sorensen et al 1992; Cornes et al, 2007; Maes et al, 1997; Schousboe et al,
2003; Hewitt, 1997; Wardle et al, 2008; Hur et al, 2007]. Estimates of the total genetic
contribution to observed variation in BMI have ranged from 0.30 to over 0.90, varying as a
function of study design and age [Schousboe et al, 2003; Ordonana et al, 2007; Cornes et al,
2007; Silventoinen et al, 2007; Franz et al, 2007; Pietilainen et al, 1999, 2002; Maes et al,
1997; Wardle et al, 2008; Hur et al, 2007]. Although heritability estimates are medium to large
at any single age, the extent to which genetic contributions correlate across ages is less than
perfect, indicating possible age-related changes in expressed genetic effects [Franz et al,
2007]. Evidence from time series analyses, though, suggests that there is strong genetic
transmission from age-to-age indicating the same genes are contributing to BMI across
different ages [Cornes et al, 2007; Silventoinen et al, 2007]. Although seemingly at odds, this
dynamic picture of differential genetic expression as a function of age is consistent with the
notions of early adiposity rebound [EAR] and critical developmental periods for abnormal
weight gain [Rolland-Cachera et al, 2006; Daniels et al, 2005; Taylor et al, 2005; Dietz,
1994].

An additional level of complexity in understanding the impact of hereditary factors on BMI is
the role of sex-limited effects. Though present at early ages, there is a marked divergence
between males and females in the distribution of fat. As opposed to males, where there are
increases in fat-free mass and decreases in body weight due to fat, in females, increases in both
are observed [Daniels et al, 2005]. Differences between males and females in weight-related
neuroendocrine functioning and fat metabolism have also been described [Bjorntorp, 1997;
Hellstrom et al, 2000; Blaak, 2001]. Though only a few studies have been conducted, there is
mixed support for sex-limited genetic influences on BMI. In general, positive findings have
been reported in adolescent and young adult samples of twins, [Schousboe et al, 2007; Harris
et al, 1995; Pietilainen et al, 1999; Cornes et al, 2007], though, not in younger populations
[Bodurtha et al, 1990; Hur et al, 2007; Allison et al, 1994]. Sex-limited genetic effects on adult
BMI have also been implicated [Schousboe et al, 2007].

In the current report we detail findings from a longitudinal genetic study of BMI. Self-reported
height and weight were collected at three time points from adolescent and young adults
participating in the National Longitudinal Study of Adolescent Health. Our study was designed
to determine: 1) the genetic (additive and non-additive or dominant) and environmental
influences on BMI during these transition years, the extent that these etiological factors
contributed to variation in BMI, and whether these risk factors differed for males and females,
and 2) the extent to which genetic and environmental influences on BMI across different ages
were the same or different.
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Methods
Subjects

Our sample was drawn from the genetically informative sibling-pairs sample of the larger
National Longitudinal study of Adolescent Health [Add Health]. A detailed explanation of the
study design and sampling strategy utilized for both the full Add Health and pairs sub-sample
is available elsewhere [Harris et al, 2006]. Within the sibling-pairs sample, a total of 5470
individuals participated in the initial in-home interview, with 4984 participating approximately
one year later at wave II and 4356 five years later at wave III. Of those reporting, 50.1% to
52.0% were male at each of the three assessments. The mean age at wave I was 16.1, 17.0 at
wave II, and 22.4 at wave III. The ethnic composition, based on self-nomination, was 6.9%
Asian, 23.7% Black, 1.7% Native American and 67.7% White. Responses from individuals in
same-sex pairs were collected from: 544 [M: 284, F: 260] monozygotic [MZ] twins, 511 [M:
279, F: 232] dizygotic [DZ] twins, 1305 [M: 642, F: 663] full-siblings [FS], and 384 [M: 187,
F: 197] half-siblings [HS]. Responses from opposite-sex [OS] siblings were also examined and
totaled 1178 [OSDZ: 381, OSFS: 454, OSHS: 343]. Zygosity status of the sibling pairs sample
was initially determined by self-report at wave I and subsequently at wave III using molecular
markers [http://cpc.unc.edu/projects/addhealth/files/biomark.pdf].

Assessment
Self-reported height and weight were collected at each of three Add Health assessments and
an index of BMI calculated. For consistency purposes with wave I data we elected not to
calculate BMI at waves II and III from measured height and weight. A recent comparison in
the larger Add Health data set of self-reported vs. measured weight has shown that self-reports
tended to underestimate weight by an average of two pounds [Field et al, 2007] and that self-
reported and measured variables correlated 0.92 in the Add Health sample [Goodman et al,
2000]; supporting its validity in community samples. BMI was computed for all subjects who
had height and weight data. Exclusions from the current analyses were based on whether: they
were currently pregnant, had been pregnant in the prior 12 months [Wave I: n= 148; Wave II:
n= 148; Wave III: n= 278], have a physical disability [Wave I: n= 22; Wave II: n= 24; Wave
III: n= 50], are an outlier in stature [Wave I: n= 1; Wave II: n= 1; Wave III: n= 4], or there was
an excessive decrease in reported height [Wave III: n= 12]. Physical disability was based on
whether they were missing a limb, had difficulty with movement or activity, or were reported
as being physically disabled by the interviewer. Excessive decrease in reported height was
based on height differences of more than 0.2 meters between waves II and III assessments.
Some participants met multiple exclusion criteria, for example being both pregnant and
physically disabled.

Statistical analyses
Means, variances and sibling correlations for BMI at each assessment Wave were estimated
taking into account the non-independence within our data. Age- and sex-differences in sample
means and variances were tested using the chi-squared likelihood ratio test with age and sex
as covariates and implemented in the freely available software package Mx [Neale et al,
1999].

Quantitative genetic models that estimated the genetic and environmental influences on BMI
were conducted using the raw data option with sex and age as covariates. Two genetic models
were employed for the current analyses: sex-limitation and Cholesky decomposition [Neale
and Cardon, 1992; Neale et al, 2006]. When based on data from same-sex sibling pairs, the
sex-limitation model examines whether the magnitude of heritable and environmental
contributions to BMI are different between males and females. When data are available from
opposite-sex sibling pairs, additional sex-specific genetic and environmental parameters can
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be included in order to examine whether different risk factors influence BMI in one sex but
not the other.

The Cholesky decomposition model was employed to explore the relationship between BMI
measurements at different ages. Latent genetic and environmental influences are stratified into
those which are common across subsequent measurements and those which are specific or
residual to latter ages. For example, latent genetic and environmental factors influencing
individual differences in BMI at Wave I are also conceptualized to influences individual
differences at Waves II and III. Similarly, latent factors affecting BMI at Wave II would also
be conceptualized to influence BMI at Wave III, but not BMI at Wave I.

The fit of our genetic models was evaluated using maximum-likelihood estimation. Our
baseline model included the additive genetic [A] and non-shared environmental [E] latent
factors and either a non-additive genetic [D] or shared environment [C] factor. The significance
of model parameters was evaluated by a comparison of the twice log-likelihood [−2LL] for
models with or without the parameters, with the difference distributed as a chi-square
distribution and the degrees of freedom being equal to the difference between the number of
parameters estimated. A non-significant difference in chi-square [Δχ2] between two models
indicates that the parameters dropped from the more parsimonious model were not significantly
different from zero. Models were accepted on the basis of the Akaike Information Criterion
[AIC] [Akaike, 1987] as calculated by subtracting twice the difference in the degrees of
freedom from the difference chi-square between any particular model and the fullest, i.e. least
parsimonious, model considered. The AIC indexes the extent that a given model offers the
most parsimonious, but adequate, explanation to the data; though limitations to using the AIC
as a primary criterion in evaluating model fit do exist (Sullivan and Eaves, 2002).

Results
Based on CDC growth curves, 564 [13.1%; M: 287, F: 277] were above the 85th percentile
and 385 [8.9%; M: 219; F: 166] were above the 95th percentile at Wave I and 536 [13.5%; M:
272, F: 264] and 384 [9.7%; M: 216, F: 187] at Wave II, respectively. At Wave III, 913 [26.0%;
M: 513, F: 400] participants were overweight and 539 [15.3%; M: 272, F: 267] were obese.
Mean BMI scores at Wave I were 22.49 (± 4.38) and 22.15 [± 4.47], for males and females,
respectively. At Waves II and III, mean BMI scores were 23.14 [± 4.47] and 25.81 [± 5.22]
for males and 22.65 [± 4.83] and 25.36 [± 6.44] for females. Means as a function of twin
zygosity are provided in Table 1. The distribution of BMI scores at each of the three Waves
of assessment were moderately skewed [skewness > 1.75, kurtosis > 3.0]. As analyses using
square-root transformed data did not produce appreciably different results, all analyses
presented here are based on raw data. Likelihood ratio tests indicated age and sex effects on
BMI and were therefore included as covariates in our analyses.

Correlations for same- and opposite-sex siblings are shown in Table 2. In general the MZ twin
correlation is roughly twice, and sometimes more than twice, that of the same-sex DZ twin
correlation. Though this pattern is consistent with genetic influences on BMI, the larger than
expected differences between the MZ/DZ correlations suggests the possibility of non-additive
genetic effects. Relative to the MZ twin correlation, the slightly higher combined FS and DZ
twin correlation suggests the possibility of shared environmental effects on BMI. Sex-limited
effects on BMI are implicated by the lower OSDZ and OSHS correlations than same-sex DZ
twin and HS correlations. The greater OSFS than same-sex FS correlations for same-sex female
FS at Wave II, however, suggest an absence of sex-limited contributions to BMI.
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Univariate Modeling
Table 3 summarizes the results from our univariate models. Our baseline model allowed A, C,
D and E latent factors to be estimated separately for males and females and included sex-
specific A factors. The overall fit of this model for BMI at Wave 1 was -2LL = 21866.75 [df
= 3856], −2LL = 20222.92 [df = 3491] for Wave II, and −2LL = 17059.47 [df = 2727] for BMI
at Wave III. The fit of this baseline model was then compared to the fit of a model that excluded
a sex-specific [qualitative sex differences] genetic factor [Model 1]. As shown in Table 3,
results indicated that there were not sex-specific genetic influences on BMI during these ages.
Models 2 and 3 examined the importance of specifying D and C influences, respectively.
Results from these two models indicated that neither non-additive genetic nor shared
environmental influences were significant and could be dropped. We next examined whether
the magnitudes of genetic and individual-specific environmental influences were different
[Model 4] or the same [Model 5] in males and females [quantitative sex differences]. As shown,
a model that equated latent A and E factors across the sexes and excluded sex-limited influences
offered the most parsimonious fit at Wave I [Model 4]. At Waves II and III, a model that
allowed the magnitudes of latent A and E influences to differ between males and females
provided the most parsimonious fit [Model 5]. Parameter estimates for the genetic and
environmental influences on BMI in males and females from the three Waves are provided in
Table 4.

Trivariate Cholesky Decomposition Modeling
We next investigated the degree of specificity in the genetic and environmental influences on
BMI across all three Waves of assessment. The overall fit of a baseline model that specified
latent A and E influences that differed between males and females was 54105.97 [df = 10537].
To refine this model, we next examined the fit of a series of nested sub-models that dropped
either A or E or both A and E effects within and across each sex. For males, dropping A and
E effects individually at Waves II and III resulted in a significant deterioration in model fit (p
< .01) and indicated that, though small in overall magnitude, there were new genetic and
individual-specific environmental influences on BMI during late adolescence and young
adulthood. A similar pattern of results was identified for females. Figures 1 and 2 illustrate the
best fitting trivariate model for males and females, respectively.

Heritability estimates of BMI in males was 0.85 [CI: 0.81 – 0.89] at Wave I, 0.82 [CI: 0.77 –
0.87] at Wave II, and 0.84 [CI: 0.79 – 0.88] at Wave III. Heritability estimates of BMI in
females was 0.79 [CI: 0.73 – 0.84], 0.73 [CI: 0.67 – 0.78], and 0.79 [CI: 0.73 – 0.84],
respectively. For both sexes the genetic correlation, or the extent to which genetic influences
at one age are the same or different at subsequent ages, were strong (Table 5). Individual
specific environmental influences on BMI were more highly correlated across the nine-months
between Wave I and II assessments than between BMI at Wave I and III. This suggested that
meaningful individual specific environmental effects on BMI change as a person matures into
young adulthood.

Discussion
Using a large population-based sample of same- and opposite-sex twins and siblings, our goal
was to determine the nature and extent of genetic and environmental influences on body mass
index [BMI] measured during adolescence and young adulthood. Our results indicate that
genetic influences contributed sizably to BMI at all ages but that the magnitudes of their
influences were not the same in males and females. Additionally, in both sexes, early expressed
genetic effects significantly influenced BMI at later ages. This relationship was strongest for
females. Conversely, the influences of individual specific environmental experiences were
small to moderate and largely age-specific.
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Relationship to Previous Literature
Twin studies of BMI suggest that additive genetic effects contribute to an individual’s risk for
becoming overweight and developing obesity [Loos and Bouchard, 2003]. A few studies also
suggest that interactions between different alleles within the same gene [e.g. non-additive
genetic] may be an important etiological factor [Allison et al, 1994; Neale and Cardon, 1992;
Huggins et al, 2000; Cornes et al, 2007]. Both additive genetic and individual-specific
environmental experiences are implicated in the stability of BMI across adolescence, young
adulthood, and adulthood [Silventoinen et al, 2007; Schousboe et al, 2003; Cornes et al,
2007; Franz et al, 2007]. Heritability estimates have typically been high, ranging between 0.70
and 0.90, with different genetically informative approaches reporting estimates as low as 0.30.
Finally, environmental influences shared by siblings from the same family appear to make little
contribution to the observed variation in BMI across different ages.

In the current study, univariate models that specified additive genetic [A], individual specific
environment [E] effects provided a better and more parsimonious fit than either models that
included non-additive genetic [D], shared environmental [C], or sex-limited additive genetic
[a′] influences. Consistent with previous findings, heritable influences on BMI at each of the
three ages were strong, ranging between 0.84 to 0.86 for males and 0.75 to 0.84 for females.
In these data, we were unable to find evidence supporting non-additive genetic contributions.
This may, however, be due to the power of our study, as detecting interactions between alleles
within the same gene typically requires a larger number of participants than is currently
available in the Add Health sibling-pairs sample. A caveat to this interpretation is that in
absence of their specification, dominance contributions are subsumed into the estimate of
additive genetic effects thus potentially inflating their influence. We also did not find support
for shared environmental effects on BMI at any age. Interestingly, one study has reported such
contributions to being overweight [>95th percentile] in the Add Health sibling-pairs sample
[Nelson et al, 2006]. While potentially due to low statistical power associated with analyzing
dichotomous traits, it raises the possibility that shared environmental influences are more
pronounced at the extreme ends of the distribution of BMI scores. However, in this same study,
a direct comparison of pairs in the same or different households as young adults found no effect
of household on BMI and estimated the proportion of variance accounted for by additive genetic
effects on BMI ≥ 30 at 0.85.

Differences in the magnitude of heritable contributions between males and females have been
reported previously, with males evidencing higher or lower magnitudes than females [Stunkard
et al, 1990; Harris et al, 1995; Bodurtha et al, 1990; Allison et al, 1994; Neale and Cardon,
1992; Brook et al, 1975; Hur et al, 2007]. Similar observations have been made in recent studies
that have also implicated sex-limited genetic influences [Schousboe et al, 2005; Pietilainen et
al, 1999; Cornes et al, 2007]. In these data, we could not equate the genetic and environmental
parameters for males and females, though could drop a sex-limited genetic factor from our
models. This indicated that a similar set of genetic mechanisms [e.g. quantitative sex
differences] are operating in males and females. The observation that the magnitudes of genetic
and environmental effects differ between males and females could possibly reflect differences
in a number of physiological and biochemical aspects related to BMI and obesity. For example,
circulating leptin levels have been shown to be more heritable in males than in females, despite
women having higher concentrations at all levels of BMI and a stronger genetic correlation
with BMI [Hellstrom et al, 2000; Kaprio et al 2001; Souren et al, 2007]. Finally, males, more
than females, evidence higher heritable influences on many features of the metabolic syndrome
associated with obesity and its related outcomes [Poulsen et al, 2001].

We investigated the extent of genetic overlap between BMI during adolescence and young
adulthood. In these data, expressed heritable influences during adolescence and young
adulthood were correlated strongly and indicated that early genetic influences on a persons’
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BMI are also impacting BMI at later ages. This interpretation is consistent with other genetic
studies reporting correlation coefficients with similar effect sizes [Silventoinen et al, 2007;
Cornes et al, 2007] as well as a potential explanation of the stability of BMI observed in
epidemiological studies [Gordon-Larson et al, 2004]. Additionally, our trivariate analyses
suggest that the relevant environmental influences on BMI in adolescence and young adulthood
change sizably. Changing dietary behaviors as well as food sources [Powell et al, 2007; Binkley
et al, 2000] during adolescence may be potentially relevant individual-specific environmental
factors. Individual choices and attitudes towards diet and health may also be relevant as their
influences on BMI appear to be different between the sexes [Kuchler and Lin, 2002] and may
be an important factor in prevention and intervention efforts directed towards females during
mid- to-late adolescence. However, the increased individual-specific environmental influences
for females during these ages may also point to role of peer influence on maintaining a certain
weight.

Limitations
While our results are consistent with a number of previous findings, they should be interpreted
in light of a number of limitations. First, while BMI is higher in the United States as compared
with the rest of the world, rates of BMI within the US can vary substantially [Mokdad et al,
1999]. As participants in the sibling-pairs sample are drawn from around the country, regional
variation may be a factor in our results. Equally, BMI rates are higher in rural areas than in
urban areas of the US [Jackson et al, 2005] and together with regional variation may account
for our slightly lower estimate of obesity (13.1%) than reported in the NHANES study (15.5%;
Odgen et al, 2002). To our knowledge there has not been a genetically informative study of
BMI along these lines. Second, the sibling-pairs sample is ethnically heterogeneous; with
Caucasians accounting for approximately 70% of the sample. In our analyses we did not include
ethnicity as a covariate as it was determined in regression analyses not to be a predictor of BMI
after controlling for the influence of age and sex. Therefore, our results may not generalize to
samples with different ethnic compositions. Third, we treated BMI as a continuous or
quantitative measure and did not take into account the clinically relevant differences within
the range of BMI’s observed in this sample. Though this is a more statistically powerful
approach and is consistent with previous studies [Schousboe et al, 2003; Ordonana et al,
2007; Cornes et al, 2007; Silventoinen et al, 2007; Franz et al, 2007; Pietilainen et al, 1999,
2002; Maes et al, 1997] there has been a suggestion that shared environmental influences are
relevant to the clinical classifications of overweight and obese [Nelson et al, 2006]. Lastly,
though sample sizes were large in the current study, our results did not support previous reports
of non-additive genetic contributions to BMI. The potential role for interacting loci in the
etiology of BMI is supported, however, by results from genome-wide linkage scans which
implicate multiple chromosomal regions [Cornes et al, 2005; Sanders et al, 2007; Deng et al,
2002; Snyder et al, 2004; Dong et al, 2005] and candidate gene association analyses of the
beta-adrenergic receptors [Ellsworth et al, 2005]. As such, future studies with larger samples
sizes and thus greater statistical power to detect non-additive genetic effects, should
parameterize such influences in their models of BMI.
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Figure 1.
Standardized parameter estimates (95% Confidence Intervals) for the best fitting trivariate
model of BMI for males across three assessments.
Note: W, wave; A, additive genetic; E, individual specific environmental influences.
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Figure 2.
Standardized parameter estimates (95% Confidence Intervals) for the best fitting trivariate
model of BMI for females across three assessments.
Note: W, wave; A, additive genetic; E, individual specific environmental influences.
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Table 5

Genetic and Individual-Specific Environmental Correlations (95% Confidence Intervals) for Body Mass Index.

Wave1 → Wave 2 Wave1 → Wave3 Wave2 → Wave3

rg
Males .96 (.94 – .98) .85 (.82 – .89) .89 (.86 – .93)

Females .97 (.95 – .99) .96 (.92 – .99) .97 (.93 – 1.0)

re
Males .51 (.38 – .62) .30 (.11 – .48) .29 (.10 – .47)

Females .66 (.56 – .74) .21 (.05 – .36) .33 (.20 – .46)

Note: rg, additive genetic correlation; re, individual specific correlation.
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