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Abstract: Heritability estimates of human body fatness vary widely and the contribution of body composition methodol-
ogy to this variability is unknown. The effect of body composition methodology on estimations of genetic and environ-
mental contributions to body fatness variation was examined in 78 adult male and female monozygotic twin pairs reared
apart or together. Body composition was assessed by six methods — body mass index (BMI), dual energy x-ray absorpti-
ometry (DXA), underwater weighing (UWW)), total body water (TBW), bioelectric impedance (BIA), and skinfold thick-
ness. Body fatness was expressed as percent body fat, fat mass, and fat mass/height® to assess the effect of body fatness
expression on heritability estimates. Model-fitting multivariate analyses were used to assess the genetic and environmental
components of variance. Mean BMI was 24.5 kg/m® (range of 17.8-43.4 kg/m?). There was a significant effect of body
composition methodology (p<0.001) on heritability estimates, with UWW giving the highest estimate (69%) and BIA giv-
ing the lowest estimate (47%) for fat mass/height’. Expression of body fatness as percent body fat resulted in significantly
higher heritability estimates (on average 10.3% higher) compared to expression as fat mass/height® (p=0.015). DXA and
TBW methods expressing body fatness as fat mass/height® gave the least biased heritability assessments, based on the
small contribution of specific genetic factors to their genetic variance. A model combining DXA and TBW methods re-
sulted in a relatively low FM/ht® heritability estimate of 60%, and significant contributions of common and unique envi-
ronmental factors (22% and 18%, respectively). The body fatness heritability estimate of 60% indicates a smaller contri-
bution of genetic variance to total variance than many previous studies using less powerful research designs have indi-
cated. The results also highlight the importance of environmental factors and possibly genotype by environmental interac-
tions in the etiology of weight gain and the obesity epidemic.
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INTRODUCTION

Body weights have risen dramatically worldwide over the
past 25 years, and currently nearly 65% of U.S. adults and
30% of the world population are classified as overweight or
obese [1, 2]. The etiology of obesity and overweight is
clearly multifactorial [3], but the relative influence of genes
versus the environment in affluent societies with high rates
of obesity remains uncertain and may be changing.

As described elsewhere, the relative influence of genes is
expressed as heritability [4,5]. This quantity is known as the
broad heritability, which consists of all additive and non-
additive effects of genetic factors, and is distinct from the
additive genetic variance, often referred to as the narrow
sense heritability. Previous studies have produced widely
variable estimates for the (usually narrow sense) heritability
of human adiposity, ranging from 50-90% for body mass
index (BMI) [6], 55-83% for percent body fat [7-13], and 45-
71% for fat mass [10, 14-18]. Most studies have used the
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twin study approach that compares monozygotic and dizy-
gotic twins [4,7, 9, 11, 14-18], which may overestimate
heritability [19], while others have used family and adoption
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study populations [8, 10, 12, 13] that may underestimate
heritability [19]. Very few studies have involved monozy-
gotic twins reared apart [19-24], which on theoretical
grounds may provide the least biased estimates of heritability
[19]. In addition to the influence of the study population type
on estimates of heritability, another potential source of vari-
ability in heritability estimates of body fatness is the meth-
odology used to measure and express body fatness. Several
different approaches have been used in previous studies,
including BMI, dual energy x-ray absorptiometry (DXA),
and underwater weighing, but to our knowledge there has
been no formal comparison of heritability estimates derived
from these different measures of body composition. Fur-
thermore, different approaches have been employed to ex-
press body fatness (for example, percent body fat and fat
mass) without evaluation of the impact of different expres-
sions on heritability estimates.

The objectives of this study were to assess the effects of
six body composition methodologies and three body fatness
expressions on the heritability of body fatness, and to iden-
tify the methods and expressions that introduce the least bias.
This work was part of the Tufts Twin Study a cross-sectional
investigation of the heritability of energy regulation meas-
ures in a population of monozygotic twins reared apart
(MZAs) or reared together (MZTs) [4].

MATERIALSAND METHODOLOGY
Subjects

As described elsewhere [4]subjects were 157 adult men
and women, aged 18-76 years who participated in the Tufts
Twin Study at the Jean Mayer U.S. Department of Agricul-
ture Human Nutrition Research Center on Aging (HNRCA)
at Tufts University. They included 78 monozygotic twin
pairs who were either reared apart since near birth (29 pairs)
or together (49 pairs), and one singleton monozygotic twin
whose reared-together twin did not participate in the study.
The singleton twin was included in data analyses because
singleton data may reduce biases due to non-random ascer-
tainment [25]. Eligibility criteria included being healthy at
the time of study and willing to travel to Boston to partici-
pate in the study. Individuals were ineligible if they suffered
from disorders that are known to affect body composition,
including diabetes, active cancer, heart disease, cachexia,
eating disorders, and AIDS. Also excluded were pregnant
women, amputees, and individuals who had required treat-
ment for any psychiatric disorder or had gained or lost over
10 pounds in weight within the previous 12 months or over 5
pounds within the previous 6 months. MZAs were recruited
through their participation in the Minnesota Study of Twins
Reared Apart at the University of Minnesota [26] and lived
in North America, Europe (United Kingdom, The Nether-
lands, Germany and Poland), South Africa, or Australia.
MZTs were recruited by advertisements in the New England
area. A few MZTs were from other parts of the United
States, Canada, and Germany.Cultural differences between
twin pairs were assumed to be minimal because all subjects
lived in Western societies. The protocol was approved by the
IRB at Tufts University and all subjects gave written and
informed consent.We certify that all applicable institutional
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and governmental regulations concerning the ethical use of
human volunteers were followed during this research.

Protocol

Subjects came to the Metabolic Research Unit at the
HNRCA for a study period of approximately four days and
completed examinations and questionnaires relating to en-
ergy metabolism. Subjects from outside the United States
spent a week in Minnesota before this study, which allowed
for recovery from travel.Body fatness was assessed by six
methods — BMI, DXA, underwater weighing, total body wa-
ter, bioelectric impedance (BIA), and skinfold thickness — as
described below.Typical coefficients of this variation for
these measurements are 1%, 2%, 2%, 3-4%, and 5% respec-
tively.

Body Composition Methods

As described elsewhere [4], fasting body weight and
height were measured and BMI determined.

Our usual procedures for DXA (model DPX-L, Lunar
Radiation Corp, Madison, WI) were used to determine total
body fat mass as described elsewhere [27].Total body fat and
fat-free mass (FFM) for the trunk and extremities were cal-
culated as the mean of values determined by two whole body
scans in each subject.

The underwater, or hydrostatic, weighing method —
which is considered the classic body composition method
because of its early development and widespread use [28] —
was used to measure body density according to our standard
protocol [29]. Residual lung volume was estimated using the
Quanjer equation [30].Hydrostatic measurements were re-
peated until at least three were within 1% body fat of each
other, and then the average of three tests was used for analy-
sis.Percent body fat was calculated from body density using
the Siri equation [31]. Body density measurement can also
be accomplished by air-displacement plethysmography,
which gives essentially equivalent results to the underwater
weighing method used in this study [32].

The isotope deuterium (*H) dilution technique was used
to estimate percent body fat, as previously described [33].
Subjects consumed a 0.06 gram oral dose of deuterium-
labeled water (*H,0) per kilogram of body weight after an
overnight fast and a collection of a baseline urine specimen.
Urine specimens were collected at 3, 4, and 5 hours after
dosing and abundances were measured by mass spectrome-
try. Total body water was calculated as the *H,O dilution
space 5 hours after the dose, divided by 1.04 [34]. Fat free
mass was calculated assuming a hydration of fat free mass of
0.732 [35]. Total body water fat mass values were excluded
for three subjects. These subjects represent three MZA twin
pairs who were extremely discordant for fat mass measured
by total body water, but not discordant for fat mass measured
by other methods. The twin whose total body water fat mass
value was furthest from their mean fat mass by the other four
methods was excluded from data analyses.

Bioelectrical impedance was measured from hand to foot
using a BIA analyzer (RJL Systems, Detroit, MI). Resistance
and reactance were measured in duplicate for each subject,
and mean values were used to calculate FFM using the Lu-
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kaski et. al., 1986 equation [36]. Fat mass and percent body
fat were calculated from FFM and body weight.

Standard skinfold thickness measurement procedures
were followed to obtain duplicate measurements at the fol-
lowing eight sites: tricep (left and right), bicep (left and
right), subscapular (left and right), and suprailiac (left and
right) [37]. Mean skinfold values were calculated for tricep,
bicep, subscapular, and suprailiac regions. Body density was
estimated with the Durnin and Womersley equations for a
population of age 17-62 years [38], using all four skinfold
measurements. Percent body fat was calculated by using the
Siri equation [31]. Fat mass was calculated from body
weight and percent body fat.

Expression of Fat Mass Variables

Results were compared across three expressions of body
fatness: fat mass as a percentage of body weight, fat mass
(kg), and fat mass/height’(kg/m?). Consideration of the dif-
ferent metrics of body fatness led to the selection of fat
mass/height” as the most appropriate. Ideally, a body fatness
metric should be independent of other factors that may influ-
ence fat mass, such as height. In fact, height and fat mass
were not correlated in this study population (r ranged from
0.01 to 0.09, depending on body composition method,
p>0.28). However, FFM was associated with height (r
ranged from 0.72 to 0.82, depending on body composition
method, p<0.001), and a power regression revealed that ex-
pression of body leanness as FFM/height® appropriately ad-
justed for height (data not shown). Therefore, fat
mass/height” was identified as the most appropriate expres-
sion of body fatness in order to be consistent with
FFM/height* and BMI, and was used as the primary expres-
sion against which other expressions were compared. Percent
body fat was also chosen for comparison because, although
lean body mass is known to be heritable and therefore its
heritability will bias heritability estimates of percent body
fat, it is a commonly used way to express body fatness and
was used previously in body fatness heritability studies. Fat
mass in kilograms was additionally chosen for use because it
is unrelated to height and has also been used in previous
heritability studies.

Statistical Analysis

Descriptive statistics were calculated using SAS 9.1 [39].
To obtain normal or near-normal distributions, some vari-
ables were transformed using a natural log transformation
(BMI, percent body fat by underwater weighing and total
body water, all fat mass variables, and all fat mass/height2
variables.) Log transformed variables were then multiplied
by 100 to increase the variance, which facilitated variance
decomposition.Intrapair (intraclass) MZA and MZT correla-
tion coefficients were calculated as described elsewhere us-
ing SPSS 15.0 [4,40]. Model-fitting analyses were based on
the decomposition of variance into genetic (G), common or
shared environmental (C), and unique or non-shared envi-
ronmental (E) components. Genetic variance (Vg) is caused
by differences in genes between individuals. The distinction
between genetic variance due to dominance versus additive
effects cannot be evaluated in an MZA/MZT study because
both types share 100% of their genetic material, and there-
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fore all additive and non-additive genetic variance compo-
nents. Common environmental variance (V¢) is due to envi-
ronmental factors responsible for resemblance between fam-
ily members, while unique environmental variance (Vg) is
due to environmental factors that contribute to differences
between family members [5]. Unique environmental vari-
ance comprises any variance that is not due to genetic or
common environmental factors, including variance due to
measurement error. Total phenotypic variance (Vp) can be
represented as Vp = Vg + V¢ + Vi and variance decomposi-
tion depicted in Fig. (1). The covariance of MZAs (COVyza)
is Vg and the covariance of MZTs (COVyz7) is Vg + V.

The MZA/MZT twin model used here is based on the
following assumptions: (1) traits follow polygenic autosomal
inheritance; (2) the observed phenotypic variance is a linear
additive function of genetic and environmental variances; (3)
genetic and environmental effects are uncorrelated and there
is no genotype by environmental interaction; (4) there is no
selective placement (non-random adoption of twins into
similar families); (5) genetic and environmental factors are
of the same magnitude in males and females [42]. Note also
that any genetic effects of assortative mating contribute to
Vs and that differences in methylation within a twin pair
contribute to Vg.

Model-fitting analyses were performed using Mx, a
structural equation modeling software package [43]. Mx fits
the MZA/MZT GCE model to the raw observed data. It es-
timates parameters using maximum likelihood, and com-
putes goodness-of-fit statistics based on minus twice the
natural logarithm of the likelihood (-2InL). Likelihood ratio
tests (LRT) are used to test hypotheses, because under cer-
tain regularity conditions, the difference in -2InL between
nested models (which differ because one or more parameters
are constrained to equal each other or specific values) is as-
ymptotically distributed as chi® with degrees of freedom (df)

1.0 (MZA and MZT)

0.0 (MZA) or 1.0 (MZT)

Twin 2

Twin 1

Fig. (1). Path diagram of the univariate MZA/MZT GCE twin
model. MZA, monozygotic twins reared apart; MZT, monozygotic
twins reared together; G, genetic factors; C, common environ-
mental factors; E, unique environmental factors; g, c, e are path
coefficients; Py, phenotype of twin 1; P,, phenotype of twin 2. Cir-
cles represent latent (unmeasured) variables. Squares represent
observed (measured) variables. Single-headed arrows represent
hypothesized casual relationships between variables. Double-
headed arrows represent correlation or covariance between vari-
ables.
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equal to the difference in the number of free parameters in
the two models. However, under the null hypothesis that a
variance component is zero, the likelihood-ratio test is dis-
tributed as a 50:50 mixture of chi® with 1 degree of freedom,
and zero [44, 45].

Multivariate analysis was used to determine the extent to
which measures from different body composition methods
share genetic and environmental influences, while taking
into account any correlation between them. Analyses were
performed in three variable groups (percent body fat and
BMI, fat mass and BMI, fat mass/height’ and BMI) in order
to explore the effect of body fatness expression on heritabil-
ity, each of which consisted of six variables (BMI, DXA,
underwater weighing, total body water, BIA, and skinfold
thickness). BMI was included in all of the models to investi-
gate the extent to which BMI shares common influences
with other methods of body fatness assessment. Age and
gender were included in the analyses as covariates. The ef-
fect of age on estimates of the proportion of variance due to
G, C and E could be assessed due to lack of statistical power,
however a previous study found that BMI heritability esti-
matesdid not change significantly as individuals aged [46].
The following series of models was applied to the multivari-
ate analysis of each variable group; each represents a differ-
ent possible set of relationships between the observed vari-
ables and the latent (unmeasured) factors: Cholesky decom-
position; independent pathway; and a one-, two- and three-
factor common pathway. These models were compared on
the basis of likelihood and parsimony to determine the model
with the best fit. The difference in likelihood was assessed
by calculating the difference in -2InL between models. Par-
simony was assessed by Akaike's Information Criterion
(AIC), which may be computed as -2InL - 2df, where the
more negative value indicated the most parsimonious model.
Heritability estimates from the best-fitting models were
compared across body fatness expressions (percent body fat,
fat mass, and fat mass/height®) using likelihood ratio tests.

A Cholesky decomposition model is used to estimate the
genetic and environmental covariances across the multiple
variables [25]. In this approach, the observed variables are
influenced by n latent G factors, n latent C factors, and n
latent E factors, where n equals the number of observed vari-
ables. The model is specified such that the first genetic factor
influences all variables, the second genetic factor influences
the final (n-1) variables, the third genetic factor influences
the final (n-2) variables, and so on. Similar relationships
exist for the common and unique environmental factors. This
model is ‘saturated’ in that it estimates all genetic and envi-
ronmental variances and covariances subject to the constraint
that the matrices of these variance components are non-
negative definite.

The independent pathway model is specified so that
common latent factors (G¢, C¢, and E() affect all of the ob-
served variables. In addition, there aren specific latent G
factors (Gg), n specific latent C factors (Cs), and n specific
latent E factors (Es), where n equals the number of variables.
These specific factors each affect only one observed vari-
able.

In the common pathway model, a common latent factor
influences all of the observed variables; this common factor
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is in turn influenced by G, C and E latent factors. Similar to
the independent pathway model, variable-specific latent G,
C, and E factors are also represented for each of the observed
variables. The two-factor and three-factor common pathway
models extend the common pathway model to include two or
three common latent factors, each of which is influenced by
a unique set of G, C and E latent factors.

To determine the most appropriate single measure of
body fatnessheritability, we focused on the contribution of
specific genetic factors to variable variance. A small amount
of variance due to specific genetic factors would indicate that
little of the genetic variance was specific to the methodology
and, instead, nearly all of the variance was accounted for by
the common factors that theoretically capture influences on
all measures of body fatness.

RESULTS

Table 1 shows descriptive statistics of the study popula-
tion. The majority of the subjects were female (72% of
MZAs and 76% of MZTs) and Caucasian (97% of MZAs
and 94% of MZTs).The mean age of the MZA twins (49.1 +
12.0 years, range of 22-76 years) was significantly different
from that of the MZT twins (28.7 £ 7.3 years, range of 18-47
years) (p<0.05). MZAs and MZTs differed significantly in
percent body fat and fat mass/height’ measured by all meth-
ods (p<0.05), but not when data were adjusted for age
(p>0.05). Body composition methodology resulted in statis-
tically significant differences in percent body fat and fat
mass/height* (p<0.0001, repeated measures analysis of vari-
ance), with DXA giving the highest values of percent body
fat for both MZAs and MZTs, and skinfold thickness and
underwater weighing giving the lowest values of percent
body fat, for MZAs and MZTs respectively.

Table 2 shows the intrapair correlations for MZAs and
MZTs. MZT correlations were greater than MZA correla-
tions for all fatness variables, suggesting that common envi-
ronmental factors play a role in body fatness. MZA correla-
tions, which provide a direct estimate of heritability, ranged
from 52-81% for fat mass/height’. However, as mentioned
earlier, this technique of heritability estimation is inferior to
model-fitting analyses [41].

Multivariate model-fitting analyses comparing body fat-
ness measured by different body composition methods were
performed in order to determine the extent to which meas-
ures from different body composition methods share genetic
and environmental influences. Variance-covariance and cor-
relation matrices for fat mass/height’ and BMI are reported
in the Supplementary Information, Appendix A. Table 3
shows goodness-of-fit data for the five models tested for
transformed fat mass/height’ and transformed BMI. Good-
ness-of-fit data for the other two variable groups (percent
body fat and BMI, and fat mass and BMI) are not shown.
However, the three-factor common pathway model was the
best fit to the data for all three variable groups. Fig. (2)
summarizes the components of variance of fat mass and
BMI, as derived from the three-factor common pathway
model. All three variable groups are represented, allowing
for comparison between different expressions of body fat-
ness. Since body fatness is most commonly expressed as
percent body fat, and as previously stated, we concluded that
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Table 1. Characteristics of Study Population

Elder et al.

Mean = s.d. (n°) P*
MZA MZT
Age (years) 49.1+12.0 (58) 28.7+7.3 (99) <0.0001
Weight (kg) 75.3+18.8(58) 66.1+ 11.1 (99) 0.0047°
Height (cm) 166.3 = 9.3 (58) 169.6 + 7.6 (99) 0.0794
BMI (kg/m?) 27.0+5.2(58) 23.0£3.2(99) <0.0001°
PBF DXA (%) 352+8.9(52) 27.4+82(97) 0.0001°
PBF UWW (%) 32.7+11.4 (41) 23.6+8.5(97) 0.0001°
PBF TBW (%) 34.8+8.7 (54) 27.5+8.7(95) <0.0001°
PBF BIA (%) 32.9+10.5 (40) 25.7+7.6 (85) 0.0019°
PBF SKN (%) 30.6 + 7.0 (58) 26.9 £ 6.2 (99) 0.0096°
FAT/HT? DXA (kg/m?) 9.9+3.9(52) 6.6+2.7(97) <0.0001°¢
FAT/HT> UWW (kg/m?) 9.1+4.5(41) 5.6+2.7(97) <0.0001°
FAT/HT? TBW (kg/m?) 9.7+3.9 (54) 6.5+2.8(95) <0.0001°
FAT/HT? BIA (kg/m?) 9.3 + 4.4 (40) 6.0+ 2.6 (85) 0.0002¢
FAT/HT? SKN (kg/m?) 8.5+3.2(58) 6.2+2.1(99) <0.0001°

MZA, monozygotic twins reared apart; MZT, monozygotic twins reared together; DXA, dual energy x-ray absorptiometry; UWW, underwater weighing; TBW, total body water;
BIA, bioelectric impedance; SKN, skinfold thickness; PBF, percent body fat; FAT/HT?, (fat mass in kg)/(height in m)>.
Body composition methodology resulted in statistically significant differences in percent body fat and fat mass/height?, (p<0.0001, repeated measures analysis of variance).

*n, number of individuals.

°P for statistical difference between MZA and MZT twins corrected for sampling among twins
¢ Differences between MZA and MZT means were not statistically significant when adjusting for age, age?, and age® (P>0.05).

Table 2. Intrapair MZA and MZT Correlations

MZA MZT
n* Intrapair Correlation (95% CI) n* Intrapair Correlation (95% CI)
Weight (kg) 29 0.69 (0.45, 0.84) 49 0.87(0.79, 0.93)
Height (cm) 29 0.96 (0.92, 0.98) 49 0.94 (0.90, 0.97)
tr BMI 29 0.65 (0.38, 0.82) 49 0.80 (0.66, 0.88)
tr FAT/HT? DXA 25 0.66 (0.37, 0.84) 48 0.80 (0.67, 0.88)
tr FAT/HT? UWW 19 0.81(0.57,0.92) 48 0.83 (0.72, 0.90)
tr FAT/HT® TBW 25 0.59 (0.27, 0.80) 45 0.85(0.74,0.91)
tr FAT/HT® BIA 20 0.52(0.11, 0.77) 42 0.82 (0.70, 0.90)
tr FAT/HT? SKN 29 0.64 (0.36, 0.81) 49 0.83 (0.72, 0.90)

MZA, monozygotic twins reared apart; MZT, monozygotic twins reared together; CI. confidence interval; tr, variable transformed by multiplying the natural log of the variable by
100; FAT/HT?, (fat mass in kg)/(height in m)*; DXA, dual energy x-ray absorptiometry; UWW, underwater weighing; TBW, total body water; BIA, bioelectric impedance; SKN,

skinfold thickness.
* n, number of twin pairs.

fat mass/height” was the most appropriate expression of body
fatness, the comparison of results between expression as
percent body fat and expression as fat mass/height’ was of
particular interest. Heritability estimates of percent body fat
were significantly higher, by an average of 10.3%, than
heritability estimates of fat mass/height’ (LRT chisq=14.105;
df=5; p=0.015)

Path diagrams of the multivariate analyses provide fur-
ther information about the contribution of latent (unmeas-
ured) factors, and in particular, shared and specific genetic
and environmental influences on the observed measures. A
path diagram for body fatness (expressed as fat mass/height’)
and BMI is shown in Fig. (3). Standardized parameter esti-
mates are printed along the paths, and statistically significant
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Table 3.
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Test of Multivariate Models for Transformed Fat Mass/Height” and Transformed Body Mass Index

Fit Statistics

-2InL df v Adf P AIC
1. Cholesky decomposition 6811 794 5223
2. Independent pathway model 6857 821 46 27 0.013 5215
3. Common pathway model 6904 831 94 37 0.000 5242
4. 2-Factor common pathway model 6865 825 55 31 0.005 5215
5. 3-Factor common pathway model 6845 821 35 27 0.149 5203

InL, log-likelihood; df, degrees of freedom; x>, difference chi-squared compared to Cholesky decomposition; Adf, difference degrees of freedom compared to Cholesky decomposi-
tion; P for statistical difference compared to Cholesky decomposition; AIC, Akaike's information criterion.
Variables were transformed fat mass (100 x In of mass/height’) measured by dual energy x-ray absorptiometry, underwater weighing, total body water, bioelectic impedance, skin-

fold thickness and transformed body mass index (100 x In of mass/height?).
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paths are represented as darkened lines, showing that all six
observed variables share common influences: a factor that is
primarily affected by genetic influences, a factor that is pri-
marily affected by common environmental influences, and a
factor that is primarily affected by unique environmental
influences. A combination of specific latent genetic and en-
vironmental factors contributed significantly to the variance
of all the observed variables except body fatness measured
by DXA. Confidence intervals of the standardized parameter
estimates of the body fatness three-factor common pathway
model are reported in the Supplementary Information,
Appendix B. Heritability estimates for body fatness were
significantly different across the six body composition meth-
ods (LRT chisq=25.679; df=5; p<0.001), as were estimates
of the proportion of variance due to common environmental
factors (LRT chisq=20.603; df=5; p=0.001). Estimates of the
proportion of variance due to unique environmental factors
were not significantly different across the six body composi-
tion methods (LRT chisq=6.202; df=5; p=0.287), and a con-
strained model equating the six values resulted in an estimate
of 16%.

We focused on the contribution of specific genetic fac-
tors to variable variance to determine the body composition
method that produced the leased biased heritability estimate
of fat mass/height’. Although statistically nonsignificant, the
specific genetic component was lowest for body fatness
measured by DXA and total body water (0.04 and 0.07, re-
spectively), indicating that nearly all of the genetic variance
of these variables was accounted for by the common factors.
Therefore, DXA and total body water appear to be the most
appropriate body composition methods for heritability analy-
ses of body fatness, introducing the least method-specific
genetic variance into heritability estimates. The heritability
estimates of body fatness measured by DXA and total body
water were not significantly different from one another (LRT
chisq=0.430; df=1; p=0.512), and were higher than heritabil-
ity estimates of body fatness measured by BIA, skinfold
thickness and BMI, and lower than the heritability estimate
of body fatness measured by underwater weighing. A model
in which the heritability of body fatness measured by DXA
was constrained to equal that measured by total body water
produced a joint heritability estimate of 60%. Similarly, es-
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Latent
Factor

Common
latent factors

Elder et al.

Latent
Factor

Proportion G | 0.56 0.47 0.49 0.54

of variance C | 0.21 DXA 0.22 TBW 0.36 BIA 0.31 SKN 0.28 BMI
due to: E |0.23 0.17 0.17 0.17 0.20 0.18
Specific

latent factors

t\Q 3 'v"d; t(\ g '0‘9 ?-"b g '76\
1 1 1 1 1

Fig. (3). Three-factor common pathway model path diagram of body fatness (fat mass/height® and BMI). Rectangles represent observed vari-
ables. Circles represent latent or unmeasured variables. Single-headed arrows represent hypothesized casual relationships between variables.
Double-headed arrows represent variance. Path coefficients are standardized parameter estimates. Confidence intervals of estimates are re-
ported in the Supplementary Information, Appendix B. G, genetic factors; C, common environmental factors; E, unique environmental fac-
tors. Darkened lines indicate significant paths. Subscripts indicate variable or factor under influence. Observed variables were 100 x natural
log of fat mass/height® measured by dual energy x-ray absorptiometry (DXA), underwater weighing (UWW), total body water (TBW), bio-
electric impedance (BIA), skinfold thickness (SKN), and 100 x natural log of mass/height® (BMI).

timates of the proportion of variance due to common envi-
ronmental factors were not significantly different between
the DXA and total body water variables (LRT chisq=0.006;
df=1; p=0.939), and a model constraining these two values to
be equal produced an estimate of 22%. Although estimates
of the proportion of variance due to unique environmental
factors were very similar between the DXA and total body
water variables (22% for DXA and 17% for total body wa-
ter), they were significantly different (LRT chisq=5.643;
df=1; p=0.018). A model with these two values equated pro-
duced an estimate of 18%, although it fit significantly more
poorly than when they were not equated.These estimates are
summarized in Table 4.

DISCUSSION AND CONCLUSION

The estimated heritability of body fatness has varied
widely in previous studies, with values ranging from 45 to

Table 4. Contribution of Genetic and Environmental Factors
to Body Fatness (Fat Mass/Height?) Variance
Proportion of Variance
Genetic (G) 60%
Common Environmental (C) 22%
Unique Environmental (E) 18%

Estimates assessed by a constrained model equating proportion of variance due to G,
C, or E factors across dual energy x-ray absorptiometry and total body water measures
of fat mass/height’, since we found these methods to produce the least biased estimates
of heritability.

90%][6-18]. In part, this variability is likely due to methodol-
ogy differences among investigations. Specifically, several
different body composition techniques and expressions of
body fatness have been used and little is known about the
impact of these differences. In this study, for the first time,
we directly compared data on body fatness obtained by using
six common body composition techniques and found signifi-
cant effects of body composition methodology and body
fatness expression on heritability estimates. DXA and total
body water expressed as fat mass/height® appeared to be the
methods with least measure-specific genetic variance, based
on theoretical considerations and also on the finding that
little of these measures' variance was due to specific genetic
factors. Compared to the classic body composition assess-
ment — percent body fat measured by underwater weighing —
fatness expressed as fat mass/height’ and measured using
DXA and total body water gave lower estimates of heritabil-
ity (60% versus 78%) and higher estimates for common en-
vironmental contributors to variance (22% versus 4%).
These results suggest a reduced role for genetics and a
greater contribution of common environmental influences on
body fatness than suggested in some previous studies.

The selection of DXA and total body water as the most
appropriate methods to assess the heritability of body fatness
is supported by the higher precision of these two methods
(approximately 2% and 3% for DXA and total body water,
respectively), compared to other body composition methods,
particularly underwater weighing and skinfold thickness (ap-
proximately 3-4% and 5%, respectively) [47]. The lower
precision of underwater weighing and skinfold thickness is
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likely attributed to variation in water content and bone den-
sity (for underwater weighing) and skill of the anthropomet-
rist and size of the skinfold (for skinfold thickness) [47].
Although we did not measure test-retest reliability of body
composition methods, differences in test-retest reliability
between methods are probably not a major cause of the dif-
ference between the heritability estimates of fat mass/height’
measured by DXA and total body water and the fat
mass/height” measured by underwater weighing. Previous
reports have shown that DXA, total body water and under-
water weighing all have high test-retest reliability (Cron-
bach's a 0f 0.999, 0.986, 0.992, respectively) [48].

The finding that the classic body composition technique,
underwater weighing, yielded a higher heritability of body
fatness compared to DXA and total body water was not un-
expected based on theoretical consideration of the method,
but the size of the difference was substantial (for fat
mass/height’:  underwater weighing and DXA LRT
chisq=9.249, df=1, p=0.002; underwater weighing and total
body water LRT chisq=3.663, df=1, p=0.056). There are
several aspects of the method that may have contributed to
the genetic bias. In particular, underwater weighing involves
estimating the underwater weight of the subject after predict-
ing the amount of buoyant air remaining in the lungs, and
estimates for residual lung volume can be obtained (as in this
study) using a regression equation involving sex, height, and
age [30]. Since height is highly correlated among monozy-
gotic twins (intraclass correlations of 0.94 for MZTs and
0.96 for MZAs in this population), the use of the equation
likely inflated body fatness concordance and hence increased
heritability estimates. In addition, bone mineral density is
another factor that is known to be variable and heritable [49],
but the underwater weighing method assumes that this factor
is constant (relative to FFM) between individuals. Skinfold
thickness and BIA are other widely-used body composition
techniques favored for their simplicity, but in this study, they
estimated heritability to be approximately 12% less than that
of fat mass/height® measured by DXA and total body water,
perhaps by introducing more measurement error. Concerning
BMI, values for heritability were also lower (by 6%) than
values obtained for fat mass/height’by DXA and total body
water, perhaps because of increased variability associated
with the heritability of fat-free mass within the same parame-
ter.

The statistically significant effect of body fatness expres-
sion (percentage vs. fat mass/height’) on heritability esti-
mates was also not unexpected since different expressions
incorporate other parameters (FFM and height) that may
influence heritability estimates. Consistent with our finding
that expression as percent body fat estimates the heritability
of body fatness to be 10.3% greater than when fat
mass/height” is used, previous studies expressing body fat-
ness as percent body fat have reported heritability estimates
ranging from 55-83% [7-13], which are generally higher than
our heritability estimate of 60% for fat mass/height’. This
difference is likely due, at least in part, to the indirect incor-
poration of FFM when body fatness is expressed as a per-
centage of body weight. Additionally, previous studies ex-
pressing body fatness as fat mass have generally reported
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higher heritability estimates of body fatness (ranging from
45-71%)[10, 14-18] compared with our estimate of 60%,
which is consistent with our finding that expression as fat
mass overestimates the heritability of bod;z fatness by 3.1%
compared to expression as fat mass/height”. Although height
adjustment was not necessary in this population, the minimal
albeit significant effect of height adjustment on the heritabil-
ity of body fatness led us to conclude that body fatness ex-
pression as fat mass/height” is the most appropriate expres-
sion because it is consistent with BMI and FFM/height”, the
height-adjusted expression of body leanness.

The relatively modest heritability of body fatness com-
pared to other anthropometric parameters such as height, arm
span, and chest circumference [50, 51] suggests that differ-
ences in body fatness between people are influenced by envi-
ronmental factors almost as much as by genetic inheritance.
The search for genes associated with obesity has recently
received considerable attention [52-54], and while a body
fatness heritability estimate of 60% supports that ongoing
search, the impact of environmental factors on body fatness
should not be overlooked. Many overweight therapies aimed
at changing individuals' environments could, and probably
do, have a substantial impact on differences in body fatness
between people. Although we assessed the relative contribu-
tions of genetic and environmental influences on body fat-
ness, in this study our aim was not to identify the specific
influences. However, it is well established that high energy
intake, low energy expenditure for physical activity, and
factors that influence these behaviors are among the envi-
ronmental influences that lead to increases in body fatness
[3].As described elsewhere, further research will provide
more insight into the most successful obesity therapies [4].

As described elsewhere [4], the results of this study
should be interpreted within the context of several limita-
tions. First, the relatively small sample size of this study may
have been insufficient to detect statistically significant esti-
mates, were they to exist. Second, our results may not be
generalizable to other cohorts.Third,cultural differences be-
tween Western Countries may affect results.Fourth, the po-
tential violation of one or more of the MZA/MZT twin
model assumptions, which were previously described, could
affect results. However, assumptions of the MZA/MZT twin
model are standard and can potentially be tested in future
studies [42].

In conclusion, this study of body fatness heritability in a
unique population of MZAs and MZTs showed a lower
heritability estimate (60%) and a higher estimate of the pro-
portion of variance due to common and unique environ-
mental factors (22% and 18%, respectively) than many pre-
vious studies. This difference can be attributed to the identi-
fication of appropriate body composition methods and ex-
pressions (DXA and total body water with fatness expressed
as fat mass/height”) to minimize bias. Body fatness measured
using these techniques appears to be substantially less heri-
table than other body parameters such as height and chest
circumference, emphasizing the importance of environ-
mental factors and possibly genotype by environmental in-
teractions in the etiology of weight gain and the obesity epi-
demic.



56 The Open Nutrition Journal, 2012, Volume 6

CONFLICT OF INTEREST

None declared.

ACKNOWLEDGEMENTS

We thank the volunteers who participated in this study,
Angela Vinken for her assistance with data collection, Dr.
Gerard E. Dallal and Dr. Hermine H. M. Maes for their sta-
tistical assistance during manuscript preparation, Dr. Joseph
Kehayias for his consultation on body composition method-

APPENDICES

Appandix A Variance-covanance-correlation matrices for fat massfhaight"' and BMI

Monozyaotic Twins Reared Apart (MZA)

Elder et al.

ology, and Brenda Roche for her assistance in data prepara-
tion. Funding support for this project was provided by NIH
funding (DKO046124, DK79003, DK76092, DK78867,
MH65322, DA18673, F32 DK009747, and 5T32 HL069772)
and the U.S. Department of Agriculture under agreements
no. 1950-51000-061-04S and 1950-51000-061-05S. Any
opinions, findings, conclusions, or recommendations ex-
pressed in this publication are those of the authors and do not
necessarily reflect the view of the U.S. Department of Agri-
culture.

FatDXA1 FatUWW1  FatTBW1 FatBIA1  FatSKN1 BMI1  FatDXAZ FatUWW2  FatTBWZ2 FatBIAZ  FatSKNZ BMIZ

FatDXA1| 1528428 0637 0.884 0.815 0,904 0,847 0.862 0321 0.404 0.287 0.554 0.385
FatlWWWW1 [ 1098780 2151.768 0.900 0.629 D.843 0.733 0.675 06828 0.535 D.407 0.587 D418
FatTBW1| 1386211 1627.340 1577080 0.932 0.968 0,857 0.748 0e72 0.600 D.438 0.679 0.495
FatBIA1| 1572371 2024352 1866931 2226277 0.889 0.885 0636 0646 06684 053 0.621 0513
FatSKM1| 1291414 1395674 1382549 1585502 1298488 0.628 D686 0.593 0.489 0318 0.630 0.385
BMI1 534875 544534 545741 6E2E73 478180 2565885 0685 0585 0622 0.284 0648 0.671
FatDXA2| 1092196 11098182 1233638 1360.781 1011.001 474473 1836.900 0870 0.991 0.734 0.957 0.926
FatLWW2 793787 237BEBYY 1717547 2124420 1378528 611008 2178209 3648230 0.864 0616 0.815 0.751
FatTBW2 [ 643529 933560 970467 1587.014 717.2368 407668 1545843 2040112 1727.362 0.781 0.927 0.909
FatBlAZ B30.367 1474283 1260131 1714283  B14.828 312.884 2230448 20079535 2573044 4502088 0.725 0817
FatSKM2| 883520 1005571 1072926 1172580 904245 413,883 1630139 1623764 13830955 1965335 158B4.157 0876
BMIZ2| 334090 396832 420908 544832 304490 22099098  TEO.564 053374 765894 940899 746,035  457.892

Monozygotic Twins Reared Together (MZT)

FatDx¥A1 FatlWW1 - FalTBW1 FalBIAT  FalSKN1 BMI1  FatDXAZ FatlMiWz — FatTBW2 FalBlAZ FatSKN2 BMI2

FatDXA1]| 1886.540 0973 0.948 0.927 0.944 0.733 0.797 0.791 0767 0778 0.770 0.507
FatlWWWW1 [ 2125375 2420052 0.948 0.3 0.919 0.724 0.804 0.830 0.800 0.777 0.770 0.537
FatTBW1 | 1689172 1929665 1623.103 0915 0.910 0.756 0.794 0.820 0.845 0767 0.781 0.586
FatBIA1| 1649238 1B47.113 1543909 1653.935 0.907 0.713 0.787 0782 0.781 D822 0.769 0.595
FatSKN1| 1440668 1593.154 1284263 1268722 1211582 0652 0756 0743 0.749 0.758 0.828 0439
BMIT| 406988 471916 404653 375832  302.941 172631 0.604 0605 0637 0.593 0.529 0.795
FatDXA2| 1380829 1615637 1328750 1364715 1048673 2303838 1646.622 0958 Dos52 D.926 0.938 0.767
FatUWwz | 1613223 1882715 1582058 1550.906 1190.000 384,184 1B5B.038 2180463 0.965 0.909 0.902 0.740
FatTBW2(| 1267077 1521.716 1306603 1205445 079294 323085 1510685 1794151 1524195 D.B85 0.918 D.762
FatBIA2| 1271585 1434250 1214955 1291342 940278 310344 1500743 1743980 1408630 1616324 0.809 0,755
FatSKMN2| 1072.034 1218067 1028465 1051400 904895  217.991 1240608 1377.404 1142663 1137393 1042655 0877
BMIZ| 295922 364198 331257 347138 205243 140.840 425752 484234 419208 438416 303138 192178

Varlancas are on the lkeading diagonal, covariances ame balow the diagonal, and comelations are above the diagonal. Vanables are transformations (100 x natural log of vanable)
of fat masstheight” measured by dual energy x-ray absomtiometry (FatDXA), underwater welghing (FatUWAA), total body water (FatTBW), bioslectic impednace (FatBIA),
skinfold thickness (FatSKM), and transformation (100 x In of mas&fheight?J of body mass index (BMI). Vanables ending in 1 are for twin 1, varables ending in 2 are for twin 2.

Appendix B: Standardized parameter estimates of the three-factor common pathway model of body fatness

Factor 1 Factor 2 Factor 3
Common factor G [1.00 (90,1.00) .20 (.00, 70) 70 (.00, 88)
variance C | .00 (.00, 40) .03 (.63,1.00) 49 (.00, 1.00)
components  E | .00 (.00, .40) .29 (.00, .70) 52 (.39, 94)
DXA uaww TBW BlA SKN BMI

Eactor F1] .41 (09, 74) 60 (26, .83) 58 (.27, 82) A7 (19, 71) 37 (.00, 67) 4D (.03, 65)
loadings F2| .15 (.00, .67T) 13 (.00, .78) 32 (11, 85) 26 (02, 63) A2 (.00, 87) AD (18, .79)
F3| .89 (43, 99) 72 (.38, .90) 73 (.32, 92) B4 (22, 80) 80 (34, 98) T4 (29, 90)
Specific G| .04 (00, 21) .28 (.00, .39) 07 (.00, 21) .19 (.00, .36) A7 (.00, 26) 3323, 41
variance C | .00 (.00, 19) .00 (00, 14) 03 (.00, .19) 45 (33, 59) 04 (.00, 18) 08 (.00, .21)
components  E | .09 (.00, .16) AT (12, 22) A5 (10, 19) 23 (A7, M) 09 (.02, 14) A5 (.09, .19)
Proportion G| 56(24, 75) 69 (43, 83) 61 (.34, T6) AT (24, 63) A9 (.18, 69) 54 (28, T1)
of total Cl| . 21(0M, 54 14 (01, .39) 22 (.06, 49) 236 (.20, 59) 3 (10, 64) 28 (.09, .55)
variance E | 22 (.14, 36) AT (A1, 27) AT (11, .27) AT (11, .26) 20 (13, .32) A8 (11, .29)

Walues in parentheses are 95% confidence intervals. G, genetic factors; C, commen environmental factors; E, unigue environmental factors;

F1, latent factor 1; F2, latent factor 2: F3, latent factor 3. Variables are fransformed fat mass/height 2 {100 x natural log of massn"heighlz‘.l
measured by dual energy x-ray absorptiometry (DXA), underwater weighing (UWW), total body water (TBW). bicelectric impedance (BIA),

skinfold thickness (SKMN), and fransformed (100 x natural log of mass/height % body mass index (BMI).
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