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OBJECTIVE: To investigate the genetic and environmental influences on adult body size, shape, and composition in women and
men, and to assess the impact of age.
MATERIALS AND METHODS: In this cross-sectional study of 325 female and 299 male like-sex healthy twin pairs, on average
38 y old (18–67 y), we determined zygosity by DNA similarity, and performed anthropometry and bioelectrical impedance
analysis of body composition. The contribution to the total phenotypic variance of genetic, common environment, and
individual environment was estimated in multivariate analysis using the FISHER program. Further, these variance components
were analysed as linear functions of age.
RESULTS: In both women and men genetic contributions were significant for all phenotypes. Heritability for body mass index
was 0.58 and 0.63; for body fat%, 0.59 and 0.63; for total skinfolds, 0.61 and 0.65; for extremity skinfolds 0.65 and 0.62; for
truncal skinfolds, 0.50 and 0.69; for suprailiac skinfolds, 0.49 and 0.48; for waist circumference, 0.48 and 0.61; for hip, 0.52 and
0.58; for lean body mass/height2, 0.61 and 0.56; and for height, 0.81 and 0.69, respectively. There was no strong evidence of
common environmental effects under the assumptions of no nonadditive effect. The pattern of age trends was inconsistent.
However, when significant there was a decrease in heritability with advancing age.
DISCUSSION: These findings suggest that adult body size, shape, and composition are highly heritable in both women and
men, although a decreasing tendency is seen with advancing age.
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Introduction
Large family studies in different populations have consis-

tently demonstrated a familial correlation in adult body

mass index (BMI), at about 0.2 between parents and

offspring and at about 0.3 between siblings.1 According to

many twin and adoption studies, these correlations are

attributable mainly to genetic influences rather than to

effects of the shared environment.1 Fewer studies have

addressed the genetic and environmental influences on

body shape, assessed by body circumferences and skinfold

measurements,2–5 and on body composition of fat and lean

mass.6–10 However, there is a considerable variation in results

across the studies and they may be biased for several reasons.

The large studies are generally based on reported instead of

measured height and weight, implying various types of errors

that may tend to either reduce or inflate the estimated genetic

influence. The smaller studies, although using measured

phenotypic traits, are usually based on select groups of subjects

with an unclear relation to the background population.

The family studies, including the adoption studies, have

shown much weaker genetic influences than the twin

studies. The proportions of phenotypic variance ascribed to

genetic variance (the heritability) are about 0.4 in the family

studies and about 0.7 in the twin studies, which conversely

implies that the family studies suggest much greater
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influence of the environment.1 Generational differences

between parents and their offspring as well as age differences

between family members may contribute to increased

variation in the apparent environmental influences. On the

other hand, the estimate of the genetic influence in twin

studies, which essentially is derived from a comparison of

the phenotypic resemblance of monozygotic twin pairs with

that of dizygotic twin pairs, may be inflated if the mono-

zygotic twin pairs have been exposed to more similar

environment than the dizygotic twin pairs. Obviously,

correct zygosity classification of each twin pair is crucial.

Since it usually is based on resemblance of the appearance,

there is the possibility that dizygotic twin pairs who

resemble each other in body size and shape may have been

misclassified as monozygotic twins, which also would inflate

the estimate of genetic influence and reduce the estimated

effects of the shared environment.

In the present study, we have assessed the genetic and

environmental influences on BMI, waist and hip circumfer-

ences, thickness of truncal and extremity skinfolds and size

of the fat and lean body mass as measured in a large

population-based sample of adult twin pairs, whose zygosity

was determined by polymorphic DNA markers.

Materials and methods
Sample

This study is part of a twin study of the metabolic syndrome

and related components (GEMINAKAR), for which subjects

were identified through the population-based Danish Twin

Registry. 11 A mailed questionnaire was sent to a total of 2099

like-sex twin pairs, who in a previous mailed survey had

accepted to be contacted again, and who were alive and living

in Denmark according to civil registry records. The ques-

tionnaire included information about the exclusion criteria of

the study, that is, pregnancy, breastfeeding, known diabetes

or cardiovascular disease, and the twins were informed that

both twins in a pair were needed for the examination.

Pairwise, in 465 pairs at least one of the twins did not want to

participate, and in 754 twin pairs at least one of the twins did

not answer the questionnaire. If one twin partner in a pair

was a nonresponder or not willing to participate the pair as

such was excluded. In 880 pairs, both twins answered

positively to the questionnaire, which corresponds to a

pairwise response rate of 42%. Either based on their written

replies or at the following telephone interviews, 116 pairs

were excluded due to the above-mentioned exclusion criteria,

to various other diseases, or conditions preventing them from

completing a bicycle test, which was part of the examination.

A remaining group of 386 monozygotic (MZ) and 378

dizygotic (DZ) pairs were willing and able to participate. In

order to get an equal distribution of twin pairs across the age

span in the different zygosity groups, sampling from this

group was stratified according to age and sex. Examination

was carried out on a total of 624 twin pairs aged 18–67 y with

a distribution of 225, 293, and 106 pairs in three consecutive

age groups (18–34, 35–50, and 51–67 y).

Of the 2099 invited twin pairs, data on self-reported BMI

obtained in 1994 were available on 3212 individuals (916

participants and 2296 nonparticipants). In this subgroup of

the invited twins, the mean was not significantly different

between participants and nonparticipants. However, the

variance was significantly smaller in the group of partici-

pants (8.3) compared to the group of nonparticipants (11.0)

with BMI ranges being 14.7–51.5 and 13.6–59.9 kg/m2,

respectively. This slight difference in variances could be

due to the more extreme individuals in the population

(obese/anorexics) having a higher threshold for participa-

tion, and hence probably not an indication that our study

population is unrepresentative of the true population. No

significant differences were found in MZ and DZ correlation

between the participants and nonparticipants (MZ correla-

tions were 0.75 (s.e. 0.03) among participants and 0.68 (0.02)

among nonparticipants, and DZ correlations were 0.39 (0.05)

and 0.40 (0.03), respectively).

Zygosity of twins was established using nine polymorphic

DNA-based microsatellite markers with the PE Applied

Biosystems AmpFISTR Profiler Plus Kit.

Anthropometry

Height was measured to the nearest cm using a vertical scale

with a horizontal moving headboard. Weight was measured

to the nearest 0.1 kg using a standing beam scale. BMI was

calculated as weight (kg)/height (m)2. Skinfold thicknesses

were measured to the nearest 0.1 mm thrice at each of four

different sites (biceps, triceps, subscapular and suprailiac)

using a Harpenden calliper. All skinfold measurements were

made on the right side of the body. The mean of each site

was used to calculate the sum of the biceps and triceps

skinfolds (extremity skinfolds), the sum of the subscapular

and suprailiac skinfolds (truncal skinfolds), and the sum of

the four skinfolds (total skinfolds). Waist circumference

(waist) was measured midway between the lowest rib and

the iliac crest. Hip circumference was measured over the

widest part of the gluteal region. Generally, intra- and

interobserver variations, represented as coefficients of varia-

tion, are quite low for height, weight, and waist and hip

circumference (0.4–1.3 and 0.2–1.4, respectively), whereas

these are somewhat higher for skinfolds (7.2–10.3 and 6.4–

24.5, respectively).12 Both intra- and interobserver variation

was attempted minimised by the use of these standard

procedures carried out by only two well-trained observers.

Measurements of BMI, waist and hip were carried out on all

twins. Measurements of skinfolds were carried out in 491

twin pairs.

Bioelectrical impedance analysis

The bioelectrical impedance was measured using a BIA-103

RJL-system analyser (RJL-systems Detroit) with a 50 kHz,
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800 mA device, following the instructions given by the

manufacturer. The measurement was taken with the subject

lying comfortably on a coach with the limbs abducted from

the body. A tetrapolar electrode placement was used

following standard procedures.13 The electrodes were placed

on the dorsal surface of the right hand and foot, at the distal

metacarpals and metatarsals, respectively, and between the

distal prominences of the radius and the ulna at the wrist

and the medial and lateral malleoli at the ankle. Measure-

ments were taken at room temperature in the morning

following an overnight fast and after intake of only 75 g

glucose solution as part of a subsequent oral glucose

tolerance test. Body fat% assessed by bioelectrical impedance

was estimated for women and men using the following

equation, where impr50 is the electrical impedance with a

50 kHz, 800 mA device, and where sex is 0 for women and 1

for men: Fat%¼ (0.819 weight �0.064 sex weight �0.279

(height2/impr50)�0.231 heightþ0.077 ageþ 14.941) 100/

weight.14

A cross-validation study, also conducted in adult Danish

subjects, using a four-compartment model based on mea-

surements of total body water and potassium as a reference

method has shown that this method gives a reliable average

estimate of body fat%.14 Impedance readings are affected by

a number of conditions, that is, phase of menstrual cycle in

women, skin temperature, and physical activity before

measurement, but the contribution to these variations in

the readings are fairly small.15 The impedance method has

been found to have an excellent reproducibility of resistance

readings over a wide span in body composition and age,

variations of 1–3% on the same day, day to day or even week

to week for successive readings have been reported by

several, for review see Heitmann.15 The additional informa-

tion for calculation of body composition is based on age,

height, and weight. Measures that all have a very high

reproducibility. Lean body mass was assessed by subtracting

body fat in kg from body weight in kg. Analogous to BMI,

lean body mass in kg was divided by height2 in m2. Owing to

technical device problems, measurements of bioelectrical

impedance were carried out on only 384 twin pairs.

Statistical methods

Analyses of twin studies assume that intrapair variance of MZ

twins is due to environmental factors and measurement

errors, while intrapair variance in DZ twins is additionally

affected by genetic factors. It is also assumed that common

environmental factors are shared to a similar extent by MZ

and DZ twins. Comparison of the correlation of the trait of

interest in MZ twin pairs with that in DZ twin pairs can

therefore provide a means of determining the genetic

contribution to observed variation in the trait. Simultaneous

estimation of additive genetic, nonadditive genetic (ie

dominance and epistasis), and common environmental

variance is not possible because of confounding.16 In this

study, the tendency for DZ correlations to be about half or

more than half of the MZ correlations lead to the consistent

use of a model partitioning the total phenotypic variance

(Vp) as additive genetic (Va), common environmental (Vc),

and individual environmental variance (Ve), the latter

including variance due to measurement errors. Although

we have modelled and estimated variances under the

assumption of no nonadditive genetic effects, our results

do not rule out such effects.

The covariance between the observations on a pair of

twins (Y1,Y2) was modelled as

covðY1;Y2Þ ¼kVaþVc

where k¼1 for MZ pairs and k ¼ 1
2 for DZ pairs. For any trait,

demonstration of a significant difference in covariance, and

hence in correlation, between MZ twin pairs and DZ pairs is

consistent with a significant genetic determination of

variation in the trait.

Models were fitted by maximum likelihood under the

assumptions of the multivariate model,16 using the software

FISHER.17 This allows simultaneous modelling of the mean

effects, the variances, covariances, and variance components

as functions of measured covariates and the selection of

parsimonious models by reference to the likelihood ratio

criterion.16 For all traits, an overall mean and a linear

regression on age were fitted. Tests of assumptions and

outliers were performed.18,19 To yield approximately normal

distributions with reasonable size of variances logarithmical

transformation and multiplication by 10 or 100 were

performed. Under asymptotic likelihood theory, standard

errors were estimated. Statistical significance was defined by

a nominal P-value of 0.05 or less.

Differences in parameter estimates between the genders

were tested using the estimates and their asymptotic

standard errors. The test statistic was the ratio of the

difference between the estimates and the standard error of

that difference, which is asymptotically distributed as a

normal distribution under the null hypothesis that the

parameters are the same in males and females.

In addition to the standard partitioning of variation, total

variation and (co)variance components were modelled as

linear functions of age using FISHER.17,19 If t is the age of a

particular twin pair, then the complete model for the

(co)variances was modelled as

VpðtÞ ¼ VaðtÞ þ VcðtÞ þ VeðtÞ

and

covðY1;Y2jtÞ ¼ kVaðtÞ þ VcðtÞ

For each of the variance component x (x¼ a, c, e), the

variance was modelled as

VxðtÞ ¼ Vxðt ¼ 18Þ þ bxðt � 18Þ

The intercept was arbitrarily chosen at the age of the

youngest twin pairs in the data (18 y).

For the total and each of the three variance components,

an age-dependent variance model was selected if: (1) bx was

significant and (2) the maximum likelihood of the model
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was significantly different (twice difference in log-likelihood

43.84) from a model without age dependence. A linear

function is likely to be robust to outliers and is expected to

detect an increasing or decreasing trend.

Results
The average age of both women and men were 38 y, and the

average BMI was slightly greater in men than in women

(Table 1). As expected, the women had thicker skinfolds at all

sites and smaller waists than the men, whereas hip

circumferences were about the same. In women, the body

fat% was also greater and the lean body mass/height2 smaller

than in men. There were high correlations between the

various phenotypic traits except for height, which was

weakly correlated with all other traits (Table 2). In both

women and men, the waist circumference, body fat%, and

lean body mass/height2 were highly correlated with BMI.

In this study, DZ correlations tended to be greater than

half the MZ correlations, which implied that we consistently

used models estimating additive genetic (Va), common

environmental (Vc), and individual environmental variance

components (Ve) (Table 3). The MZ correlations ranged from

0.61 through 0.93, and the DZ correlations from 0.27

through 0.59, and all were highly significantly different

from zero. There were highly significant additive genetic and

individual environmental components for all traits, whereas

the common environmental components were not signifi-

cantly different from zero in any trait except for hip

circumference in women and height in men (Table 3). There

were no significant differences between women and men in

the extent of additive genetic and common environmental

influences.

The results of the analyses of the age trends did not reveal

a clear and consistent pattern (Table 3). Total phenotypic

variance in women generally showed an unexpected declin-

ing trend with advancing age except for the variance of BMI,

lean body mass/height2, and height (data not shown). Total

phenotypic variance in men showed an increasing tendency

with age except for the hip circumference, which showed a

decreasing trend (data not shown). The age trends of total

phenotypic variance were significant only for total and

extremity skinfolds in women. For some of the traits (BMI,

body fat%, waist circumference and height in men; body

fat% and lean body mass/height2 in women) the MZ

correlations declined significantly with advancing age,

which for BMI, body fat% and waist circumference in men

led to significant increases in the individual environmental

variance component. For some traits (BMI, body fat%, and

waist circumference in women) the DZ correlations in-

creased significantly with age, but this did not lead to

significant age trends in any of the variance components.

The additive genetic component declined significantly with

age for some traits (total and extremity skinfolds in women;

hip circumference in men) even though there were no

significant age trends in the MZ and DZ correlations.

In view of the inconsistent pattern of age trends, we have

calculated the proportions (with confidence intervals) of the

total phenotypic variance contributed by the additive

genetic (Va) (heritability), the common environmental (Vc),

and the individual environmental variance components (Ve)

under the assumption of no age effects (Table 4). If age effects

were included, both a decrease in the additive genetic

component as well as an increase in the individual environ-

mental component would result in a decrease in heritability

with advancing age.

Table 1 Descriptive statistics of the twin sample

Women Men

Phenotype Number Mean (s.d.) Number Mean (s.d.)

Age (y) 650 37.5 (10.5) 598 38.1 (11.0)

BMI (kg/m2) 650 24.0 (3.9) 598 24.9 (3.1)

Fat% 432 29.7 (7.1) 336 21.1 (5.7)

Total skinfolds (mm) 504 65.6 (23.9) 478 45.4 (17.5)

Extremity skinfolds (mm) 504 31.1 (11.0) 478 16.1 (6.4)

Truncal skinfolds (mm) 504 34.6 (14.7) 478 29.4 (12.3)

Suprailiac skinfolds (mm) 504 15.4 (7.9) 478 13.2 (6.7)

Waist (cm) 650 78.5 (9.7) 598 89.3 (8.9)

Hip (cm) 650 96.7 (9.5) 598 96.2 (6.9)

Lean body mass/height2 (kg/m2) 432 16.6 (1.1) 336 19.3 (1.2)

Height (cm) 650 166.6 (6.2) 598 179.7 (6.8)

Table 2 Phenotypic correlations for fat variables, lean body mass/height2 and height among 1248 twins, in women in the lower left and in men in the upper right

half of the table

BMI Fat% Total skinfolds Extremity skinfolds Trunc skinfolds Suprailiacskinfolds Waist Hip Lean body mass/height2 Height

BMI (kg/m2) F 0.90 0.72 0.60 0.71 0.60 0.87 0.03 0.86 �0.16

Fat% 0.95 F 0.81 0.67 0.80 0.70 0.89 0.74 0.56 �0.15

Total skinfolds (mm) 0.80 0.86 F 0.88 0.97 0.90 0.71 0.63 0.43 �0.20

Extremity skinfolds (mm) 0.72 0.77 0.90 F 0.70 0.68 0.58 0.52 0.34 �0.14

Trunc skinfolds (mm) 0.75 0.81 0.94 0.74 F 0.93 0.70 0.63 0.43 �0.21

Suprailiac skinfolds (mm) 0.70 0.76 0.88 0.64 0.94 F 0.58 0.59 0.36 �0.21

Waist (cm) 0.87 0.87 0.74 0.64 0.71 0.66 F 0.70 0.61 0.06

Hip (cm) 0.84 0.88 0.79 0.69 0.70 0.71 0.82 F 0.47 0.22

Lean body mass/height2 (kg/m2) 0.89 0.70 0.60 0.55 0.56 0.53 0.73 0.67 F �0.10

Height (cm) �0.09 �0.01 �0.03 �0.00 �0.05 �0.05 0.17 0.21 �0.11 F
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Table 3 Correlations and variance components of age adjusted anthropometric variables as well as body fat % and height adjusted lean body mass assessed by

bioelectrical impedance in women and men

Correlations(s.e.) Variance components (s.e.)

Phenotype MZ DZ Va
2 Vc

2 Ve
2

BMI (loge, �10)

Women 0.76 0.47a 1.31 0.42 0.54

(0.03) (0.06) (0.28) (0.26) (0.06)

Men 0.70b 0.39 0.84 0.09 0.39a

(0.04) (0.06) (0.19) (0.17) (0.05)

Fat%

Women 0.72b 0.42a 26.33 5.60 12.67

(0.04) (0.08) (7.56) (6.96) (1.69)

Men 0.65b 0.33 16.20 0.33 9.01a

(0.06) (0.09) (5.45) (4.54) (1.45)

Total skinfolds (loge,�10)

Women 0.69 0.38 7.61b 0.96 3.88

(0.04) (0.07) (2.03) (1.77) (0.50)

Men 0.69 0.37 8.09 0.56 3.88

(0.04) (0.07) (2.15) (1.90) (0.50)

Extr. skinfolds ((loge, � 10)

Women 0.66 0.27 7.68b 0 4.15

(0.05) (0.08) (0.93) (0.50)

Men 0.70 0.39 8.28 1.06 3.93

(0.04) (0.08) (2.24) (2.05) (0.50)

Truncal skinfolds (loge, �10)

Women 0.70 0.46 8.99 3.78 5.35

(0.04) (0.06) (2.66) (2.37) (0.69)

Men 0.69 0.34 10.14 0 4.60

(0.04) (0.07) (1.18) (0.58)

Suprailiac skinfolds (loge, �100)

Women 0.69 0.45 1280 514 795

(0.04) (0.06) (389) (343) (102)

Men 0.70 0.46 1120 493 698

(0.04) (0.07) (354) (322) (91)

Waist (loge, � 10)

Women 0.68 0.44a 0.64 0.26 0.43

(0.04) (0.06) (0.18) (0.16) (0.05)

Men 0.61b 0.30 0.48 0 0.31a

(0.05) (0.07) (0.06) (0.03)

Hip (loge, � 100)

Women 0.76 0.50 0.46 0.21 0.22

(0.03) (0.05) (0.10) (0.10) (0.02)

Men 0.79 0.51 0.29b 0.11 0.10

(0.03) (0.06) (0.06) (0.06) (0.01)

Lean Body Mass/height2

Women 0.78b 0.47 0.76 0.21 0.28

(0.03) (0.07) (0.19) (0.18) (0.04)

Men 0.81 0.53 0.78 0.35 0.26

(0.03) (0.07) (0.21) (0.21) (0.04)

Height (loge, �100)

Women 0.93 0.53 11.05 1.71 0.91

(0.01) (0.05) (1.42) (1.51) (0.10)

Men 0.93b 0.59 9.17 3.17 0.90

(0.01) (0.05) (1.27) (1.42) (0.10)

aIncreasing with age. bDecreasing with age.
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The proportion of genetic variance (the heritability) for

BMI and body fat% was in the narrow range of 0.58–0.63.

The common environment component ranged from 0.01

through 0.19 (all nonsignificant), whereas the individual

environment component ranged from 0.23 through 0.36.

The genetic component for the skinfolds ranged from 0.48

through 0.69, the common environment component from 0

through 0.21 (all nonsignificant) and the individual envir-

onment from 0.29 through 0.35. The genetic component for

waist circumference was 0.61 in men and 0.48 in women,

with a correspondingly higher, although nonsignificant,

common environmental component in women. The com-

ponent proportions for the hip circumference were almost

the same in women and men, with genetic components at

0.52–0.58 and common environment components at 0.24–

0.22, respectively. The genetic component for lean body

mass/height2 was 0.61 in women and 0.56 in men, and the

common environment components were 0.17 and 0.25,

respectively.

For BMI, body fat%, total and truncal skinfolds, and waist

and hip circumference the proportions due to the genetic

component were slightly greater in men than in women, in

whom the common environment appeared to have a

somewhat stronger influence. The opposite was seen for

height, where heritability was greater in women due to a

greater though not significant influence of common envir-

onment in men. For suprailiac skinfolds, hip circumference

and lean body mass/height2 there was a considerable effect

of the common environment in both genders though only

significant for hip circumference in women. However, the

confidence intervals were rather broad and showed a

considerable overlap for most estimates.

Table 4 Proportions of variance components in women and men, presented with approximate 95% confidence intervals

Proportion of variance components (CI95)

Phenotype Additive genetic component Common environmental component Individual environmental component

BMI (loge, �10)

Women 0.58 (0.34–0.82) 0.19 (0.00–0.41) 0.23 (0.17–0.29)

Men 0.63 (0.36–0.90) 0.07 (0.00–0.32) 0.30 (0.22–0.38)

Fat%

Women 0.59 (0.26–0.92) 0.13 (0.00–0.42) 0.28 (0.20–0.36)

Men 0.63 (0.24–1.00) 0.01 (0.00–0.36) 0.36 (0.24–0.48)

Total skinfolds (loge,�10)

Women 0.61 (0.30–0.92) 0.08 (0.00–0.35) 0.21 (0.23–0.39)

Men 0.65 (0.32–0.98) 0.05 (0.00–0.34) 0.30 (0.22–0.38)

Extr. skinfolds (loge, �10)

Women 0.65 (0.55–0.75) 0 0.35 (0.25–0.45)

Men 0.62 (0.31–0.93) 0.08 (0.00–0.37) 0.30 (0.22–0.38)

Truncal skinfolds (loge � 10)

Women 0.50 (0.23–0.77) 0.21 (0.00–0.46) 0.29 (0.21–0.37)

Men 0.69 (0.61–0.77) 0 0.31 (0.23–0.39)

Suprailiac skinfolds (loge, �100)

Women 0.49 (0.20–0.78) 0.20 (0.00–0.45) 0.31 (0.23–0.39)

Men 0.48 (0.19–0.77) 0.21 (0.00–0.48) 0.31 (0.23–0.39)

Waist (loge � 10)

Women 0.48 (0.23–0.73) 0.20 (0.00–0.44) 0.32 (0.24–0.40)

Men 0.61 (0.51–0.71) 0 0.39 (0.29–0.49)

Hip (loge, � 100)

Women 0.52 (0.28–0.76) 0.24 (0.02–0.46) 0.24 (0.18–0.30)

Men 0.58 (0.35–0.81) 0.22 (0.00–0.44) 0.20 (0.14–0.26)

Lean body mass/height2

Women 0.61 (0.32–0.90) 0.17 (0.00–0.44) 0.22 (0.16–0.28)

Men 0.56 (0.27–0.85) 0.25 (0.00–0.52) 0.19 (0.13–0.25)

Height (loge, �100)

Women 0.81 (0.59–1.00) 0.13 (0.00–0.35) 0.06 (0.04–0.08)

Men 0.69 (0.49–0.89) 0.24 (0.04–0.44) 0.07 (0.05–0.09)
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Discussion
All traits exhibited high heritability estimates ranging from

0.5 through 0.8. For fat measures, the heritability estimates

were generally at the same level in both genders, although

slightly higher in men than in women, who appeared to be

somewhat more influenced by the common environment.

The opposite was seen for height adjusted lean body mass

and height. However, there was no strong evidence of

common environmental effects under the assumption of

no nonadditive genetic effects.
The strength of the study is also making its limitations. It

was based on a detailed physical assessment and DNA-based

zygosity determination of the twin pairs, and the sample was

relatively large, which although still implies some uncer-

tainties in twin analysis as reflected in the confidence limits

of the variance components. The precision of direct

measurement is phenotype dependant. In the existing

literature, several studies have shown lower repeatability

for skinfold measures than for other anthropometric mea-

surements and bioelectrical impedance, which may lead to

overestimation of the nonshared environment, and con-

versely, underestimation of the heritability estimates for

skinfolds.12,20,21 Furthermore, for skinfolds and waist and

hip circumferences repeatability was better in lean than in

obese subjects.21 In attempt to remove the confounding of

disease status and/or medical treatment on the intraclass

correlations, we excluded subjects having diagnosed diabetes

or cardiovascular disease.
A number of previous twin studies have addressed the

possible age effects on the genetic and environmental

influences on adult BMI, whereas no twin study apparently

has addressed age effects on other traits related to fatness.

The previous cross-sectional studies of the effect of age on

the variation of BMI were all based on self-reported data, and

their results were inconsistent. Korkeila et al22 estimated the

heritability for BMI in different age groups. They found a

decrease in heritability with increasing age, but whether this

was due to a decrease in the additive genetic variance or an

increase in the individual environmental variance was not

described. Herskind et al23 also addressed the age effects and

used a model with additive genetic and individual environ-

mental components only, which gave the best fit. In men,

they found a surprisingly low heritability in middle-aged

men (0.46) compared to older men (0.61), and no age effects

in women (0.77 and 0.75, respectively). However, judged

from the pattern of stable MZ-correlations and increasing

DZ-correlations with increasing age in men an increase in

common environmental variance with age may have con-

tributed to the result. Carmichael and McGue24 carried out a

combined analysis of women and men. They found an

increase in the individual environmental variance of BMI,

whereas the additive genetic variance remained stable. A

large longitudinal study of male veterans, combining earlier

measured data with self-reported follow-up data, found that

heritability increased with increasing age,25 which, however,

may be a spurious result due to the method of analysis.26 In a

6-y follow-up study Korkeila et al.27 reported stability of the

genetic component in BMI over time with a large genetic

correlation between genetic effects at baseline and at follow-

up. In a period of 28 y between baseline at second examina-

tion, Fabsitz et al28 also found stable heritability estimates

over time, but with a much lower genetic correlation

between the two measurements (0.38), suggesting that a

different subset of genes was active during that time.

We found some significant age effects on various variance

components, but also these results were inconsistent. They

were either due to a decrease in the additive genetic variance

or an increase in the individual environmental variance,

both resulting in a decrease in the heritability estimate. A

decrease in the additive genetic variance could indicate that

some genes for a given phenotype are switched off in later

life, whereas an increase in the individual environmental

component may reflect an accumulation of effects of various

environmental exposures. On the other hand, absence of age

effects does not exclude that different genes or different

environmental exposures may be active at different ages

with the same net effect on the phenotype.28 In spite of its

size, our study may lack statistical power for proper

assessment of more subtle age effects. In addition, as

repeatability for skinfolds and waist and hip circumferences

decreases with increasing obesity, and as obesity is increasing

with advancing age in the present age range, these measures

may exhibit artificial decreasing tendencies in heritability

with increasing age. Moreover, owing to the cross-sectional

design of the study, care must be taken when interpreting

significant influences of age, because both cohort effects and

age-dependent recruitment bias may have played a role. The

inconsistency of the results of both the previous and the

present studies of age effects justified the presentation of our

results independent of age within the adult age range studied

here.

We assumed that both BMI and body fat% as measured by

bioimpedance technique were appropriate indicators of

general fatness. The two measures were highly correlated

within each sex. Heritability estimates of BMI in large twin

studies have been in the range of 0.5–0.8.22–24,27,29–33 Most of

these studies are based on self-reported data, which adds a

random error to the total phenotypic variation, but which

may also be biased.34 Lower accuracy of data would lead to

an overestimation of individual environmental effects,

resulting in lower heritability estimates, and zygosity-

dependent correlated errors could increase the heritability

estimates. BMI based on direct measurements was obtained

in one large population of male twins who had served the

military (US National Academy of SciencesFNational Re-

search Council). Heritability estimates of BMI from various

analyses of these data ranged from 0.5 to 0.8.25,35,36 Austin

et al37 measured BMI on 434 pairs of female twins and

estimated a heritability of 0.6 after adjusting for the MZ

twins being more similar to their cotwin with respect to

common environmental and shared behavioural influences,

such as exercise and diet. However, common environmental
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effects were found in neither the former studies nor in the

latter study. This is in accordance with findings on BMI in

adoption studies, which by including both biologic and

adoptive relatives allow separate assessment of genetic and

common environmental effects.38–41 In contrast, family

studies tend to show influences from the common environ-

ment.1

One family study, including a limited number of twins,

analysed body fat by underwater weighing, and estimated a

genetic effect at 0.25 and a cultural transmission (corre-

sponding to shared environmental effects on parents and

offspring) at 0.30.6 A smaller family study (without twins or

adoptees) of body fat, also measured by underwater weigh-

ing, estimated a ‘heritability’ of 0.62.7

One previous study of subscapular and triceps skinfolds

has performed classic twin analysis on 351 pairs of middle-

aged male twins, in whom the heritability estimates were of

the same magnitude as in the males of the present study.5 In

the present study, the overall picture in both genders for

total as well as truncal and extremity skinfolds was that there

was the same contribution of additive genetic and environ-

mental variance as for BMI and body fat%, with heritabilities

ranging from 0.48 through 0.69.

Waist circumferences and waist-to-hip ratios have been

used as measures of abdominal fatness. Heritability estimates

of waist-to-hip ratio in previous studies were lower and more

discrepant (0.06–0.61)2–4 than heritability estimates of waist

circumference (0.46–0.90).3,4 Several problems have been

recognised in the analysis of ratios like the waist-to-hip

ratio.42 In addition, studies that have compared the two

measures with the results of computed X-ray tomography

suggest that waist is the best predictor of both abdominal

visceral fat and the related cardiovascular risk factors.43,44 We

therefore chose to analyse waist and hip separately. We

found heritabilities for waist circumference that were in

agreement with the previous studies, 0.48 in women and

0.61 in men, and for hip circumference (for which we have

not found previous studies), 0.52 in women and 0.58 in men.

Abdominal fat assessed by waist circumference does not

discriminate between intraabdominal visceral fat and sub-

cutaneous fat. Suprailiac skinfolds in both genders were

influenced by common environmental factors to the same

extend as waist circumference in women, whereas no

evidence for common environment was found for waist

circumference in men.

A few small studies have used more direct measures of

abdominal fatness. Abdominal fat assessed by dual-energy X-

ray absorptiometry (DXA) showed a heritability of 0.50,8 and

abdominal subcutaneous and visceral fat assessed by com-

puted tomography (CT) showed heritability estimates of 0.42

and 0.56, respectively.9 Our analysis of the genetic and

environmental influences on the abdominal subcutaneous

fat, assessed by the supra-iliac skinfold thickness, gave the

same results as the latter study. One family study (without

twins or adoptees) measured fat mass by underwater

weighing technique and abdominal visceral fat using CT,

and suggested that there are complex interactions with age

and sex.45 In the present study, waist circumference was

more influenced by genes in men than in women, who in

contrast were under more influence of common environ-

ment than men.

The height-adjusted lean body mass was also under genetic

control, with heritability estimates of about 0.60 in both

genders and considerable, though not significant, effect of

the common environment. A previous study including 227

female twin pairs10 estimated a heritability of 0.56 for lean

body mass (by the Falconer method). In a family study

including twins and adoptees, Bouchard et al6 estimated a

heritability of 0.30. Height, which can be regarded as an

indirect measure of lean body mass, exhibited high herit-

ability estimates, greater for women than for men, who, in

contrast, were under more influence of the common

environment than women. The sex difference found in this

study contrasts the findings in a Finnish study, which for

self-reported height found lower heritability in women than

in men,46 but favours the hypothesis of male growth being

more affected by nutritional,47 climatic48 and psychosocial

factors49 than female growth.

In our analysis, we have assumed the absence of any non-

additive genetic variance, that is, variation due to domi-

nance and epistasis, which arise from intra- and interlocus

genetic interactions.30 However, a number of studies of BMI

have clearly suggested that there may be nonadditive genetic

effects.1,32,50 None of the traits examined in our study

suggested that there could be such effects, which usually are

suspected in the standard twin studies if the MZ correlations

exceed twice the DZ correlations. Even though demonstra-

tion of the effects may require greater sample size and

extended sampling designs, it should also be considered that

the difference between MZ and DZ correlations in such

visible traits as body size and shape could be upwardly biased

by zygosity misclassification, selective recruitment and

correlated errors in self-reported height and weight. More-

over, possible sex- and age-dependency of these sources of

bias may confound sex and age effects in the genetic and

environmental influences.

The joint distributions of BMI and of the other related

traits among the members of the families, and also among

the twins, indicate that the genetic influence is based on

polygenic effects. However, segregation analysis applied to

data from several family studies has suggested that major

genes may influence BMI,51 general body fat,52 subcutaneous

fat distribution,53,54 and abdominal visceral fat.55,56 There

has been only little success in identifying the specific genes

constituting the polygenic background of obesity.57,58 So far,

only mutations in the melanocortin 4 receptor gene,

occurring in 2–4% of the population, have been consistently

associated with common obesity.59,60

In conclusion, twin studies, including our study, confirm

that the measures applied for general body fat, shape, and

composition in adults are strongly influenced by genetic

factors, but that there is a tendency for decreasing genetic
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influence with increasing age. There are also clear individual

environmental effects, but only weak evidence for common

environmental effects, which generally appear to be some-

what stronger in women than in men except for height-

adjusted lean body mass and height, for which men were

more influenced by the common environment than women.

This conclusion is drawn under the assumption of no

nonadditive genetic effects. None of the studies have

demonstrated clear and consistent age effects on the genetic

and environmental influences. Future studies should address

to what extent the various traits are influenced by the same

genetic and environmental factors and whether they are the

same in women and men.

Acknowledgements

The GEMINAKAR project was supported by grants from

Danish Medical Research Fund, The Danish Diabetes Asso-

ciation, The NOVO Foundation, The Danish Heart Founda-

tion, Apotekerfonden, Aage og Johanne Louis-Hansen’s

Foundation, Direktør E Danielsen og Hustrus Foundation,

Direktør Kurt Bønnelycke og Hustru Grethes Foundation,

Fonden til Lægevidenskabens Fremme, Fru Asta Florida

Boldings Legat, Ove William og Edith Buhl Olesens Mind-

elegat, The Faculty of Health at University of Southern

Denmark, The Danish National Science Foundation, Torkil

Steenbecks Legat, Gangstedfonden, and King Christian the

Tenth’s Foundation. The authors acknowledge Mrs LK

Brigsted, Mrs B Carstensen, Mr E Eilersen, Mrs E Beck-

Nielsen, Mrs B Dalsgaard, and Mrs Dorthe Viborg for

excellent technical assistance. Thanks are deeply expressed

to all the twins who took the day off to participate in the

GEMINAKAR project.

References

1 Maes HH, Neale MC, Eaves LJ. Genetic and environmental factors
in relative body weight and human adiposity. Behav Genet 1997;
27: 325–351.

2 Poulsen P, Kyvik KO, Vaag A, Beck-Nielsen H. Heritability of type
II (non-insulin-dependent) diabetes mellitus and abnormal
glucose tolerance F a population-based twin study. Diabetologia
1999; 42: 139–145.

3 Rose KM, Newman B, Mayer-Davis EJ, Selby JV. Genetic and
behavioral determinants of waist–hip ratio and waist circumfer-
ence in women twins. Obes Res 1998; 6: 383–392.

4 Selby JV, Newman B, Quesenberry CP, Fabsitz RR, Carmelli D,
Meaney FJ, Slemenda C. Genetic and behavioral influences on
body fat distribution. Int J Obes Retal Metal Disord 1990; 14:
593–602.

5 Selby JV, Newman B, Quesenberry CP, Fabsitz RR, King MC,
Meaney FJ. Evidence of genetic influence on central body fat in
middle-aged twins. Hum Biol 1989; 61: 179–194.

6 Bouchard C, Perusse L, Leblanc C, Tremblay A, Theriault G.
Inheritance of the amount and distribution of human body fat.
Int J Obes Relat Metab Disord 1988; 12: 205–215.

7 Rice T, Daw EW, Gagnon J, Bouchard C, Leon AS, Skinner JS,
Wilmore JH, Rao DC. Familial resemblance for body composition
measures: the HERITAGE Family Study. Obes Res 1997; 5:
557–562.

8 Carey DG, Nguyen TV, Campbell LV, Chisholm DJ, Kelly P.
Genetic influences on central abdominal fat: a twin study. Int J
Obes Relat Metab Disord 1996; 20: 722–726.

9 Perusse L, Despres JP, Lemieux S, Rice T, Rao DC, Bouchard C.
Familial aggregation of abdominal visceral fat level: results from
the Quebec family study. Metabolism 1996; 45: 378–382.

10 Arden NK, Spector TD. Genetic influences on muscle strength,
lean body mass, and bone mineral density: a twin study. J Bone
Miner Res 1997; 12: 2076–2081.

11 Kyvik KO, Green A, Beck-Nielsen H. The new Danish twin
register: establishment and analysis of twinning rates. Int J
Epidemiol 1995; 24: 589–596.

12 Hansen S, Cold S, Petersen PH, Rose C. Estimates of the sources of
variation (variance components) of bioelectric impedance and
anthropometric measurements in an epidemiological case–con-
trol study of breast cancer. Eur J Clin Nutr 1997; 51: 764–770.

13 Heitmann BL. Prediction of body water and fat in adult Danes
from measurement of electrical impedance. A validation study.
Int J Obes Relat Metab Disord 1990; 14: 789–802.

14 Heitmann BL. Evaluation of body fat estimated from body mass
index, skinfolds and impedance. A comparative study. Eur J Clin
Nutr 1990; 44: 831–837.

15 Heitmann BL. Impedance: a valid method in assessment of body
composition? Eur J Clin Nutr 1994; 48: 228–240.

16 Lange K, Westlake J, Spence MA. Extensions to pedigree analysis.
III. Variance components by the scoring method. Ann Hum Genet
1976; 39: 485–491.

17 Hopper JL. Review of FISHER. Genet Epidemiol 1988; 5: 473–476.
18 Hopper JL, Mathews JD. Extensions to multivariate normal

models for pedigree analysis. Ann Hum Genet 1982; 46: 373–383.
19 Hopper JL, Matthews JD. A multivariate model for pedigree

analysis and longitudinal data, and the software ‘‘FISHER’’. Aust J
Statist 1994; 36: 153–176.

20 Nordhamn K, Sodergren E, Olsson E, Karlstrom B, Vessby B, Bergh
L. Reliability of anthropometric measurements in overweight and
lean subjects: consequences for correlations between anthropo-
metric and other variables. Int J Obes Relat Metab Disord 2000; 24:
652–657.

21 Ulijaszek SJ, Kerr DA. Anthropometric measurement error and
the assessment of nutritional status. Br J Nutr 1999; 82: 165–177.

22 Korkeila M, Kaprio J, Rissanen A, Koskenvuo M. Effects of gender
and age on the heritability of body mass index. Int J Obes Relat
Metab Disord 1991; 15: 647–654.

23 Herskind AM, McGue M, Sørensen TI, Harvald B. Sex and age
specific assessment of genetic and environmental influences on
body mass index in twins. Int J Obes Relat Metab Disord 1996; 20:
106–113.

24 Carmichael CM, McGue M. A cross-sectional examination of
height, weight, and body mass index in adult twins. J Gerontol A
Biol Sci Med Sci 1995; 50: B237–B244.

25 Stunkard AJ, Foch TT, Hrubec Z. A twin study of human obesity.
JAMA 1986; 256: 51–54.

26 Meyer JM. Genetic Studies of Obesity across the Life Span. In:
Turner JR, Cardon LRHewitt JK (eds). Behavior genetic approaches in
behavioral medicine. Plenum Press: New York, 1995. pp 145–166.

27 Korkeila M, Kaprio J, Rissanen A, Koskenvuo M. Consistency and
change of body mass index and weight. A study on 5967 adult
Finnish twin pairs. Int J Obes Relat Metab Disord 1995; 19:
310–317.

28 Fabsitz RR, Carmelli D, Hewitt JK. Evidence for independent
genetic influences on obesity in middle age. Int J Obes Relat Metab
Disord 1992; 16: 657–666.

29 Harris JR, Tambs K, Magnus P. Sex-specific effects for body mass
index in the new Norwegian twin panel. Genet Epidemiol 1995;
12: 251–265.

30 Neale MC, Cardon LR. Methodology for genetic studies of twins and
families. Kluwer Academic: Dordrecht, 1992.

31 Turula M, Kaprio J, Rissanen A, Koskenvuo M. Body weight in the
Finnish Twin Cohort. Diabetes Res Clin Pract 1990; 10 (Suppl 1):
S33–S36.

Twin study of body size, shape, and composition
K Schousboe et al

47

International Journal of Obesity



32 Stunkard AJ, Harris JR, Pedersen NL, McClearn GE. The body-
mass index of twins who have been reared apart. N Engl J Med
1990; 322: 1483–1487.

33 Allison DB, Heshka S, Neale MC, Lykken DT, Heymsfield SB. A
genetic analysis of relative weight among 4,020 twin pairs, with
an emphasis on sex effects. Health Psychol 1994; 13: 362–365.

34 Jalkanen L, Tuomilehto J, Tanskanen A, Puska P. Accuracy of self-
reported body weight compared to measured body weight. A
population survey. Scand J Soc Med 1987; 15: 191–198.

35 Feinleib M, Garrison RJ, Fabsitz R, Christian JC, Hrubec Z,
Borhani NO, Kannel WB, Rosenman R, Schwartz JT, Wagner JO.
The NHLBI twin study of cardiovascular disease risk factors:
methodology and summary of results. Am J Epidemiol 1977; 106:
284–285.

36 Fabsitz R, Feinleib M, Hrubec Z. Weight changes in adult twins.
Acta Genet Med Gemellol (Rome) 1980; 29: 273–279.

37 Austin MA, King MC, Bawol RD, Hulley SB, Friedman GD. Risk
factors for coronary heart disease in adult female twins. Genetic
heritability and shared environmental influences. Am J Epidemiol
1987; 125: 308–318.

38 Stunkard AJ, Sørensen TI, Hanis C, Teasdale TW, Chakraborty R,
Schull WJ, Schulsinger F. An adoption study of human obesity. N
Engl J Med 1986; 314: 193–198.

39 Sørensen TI, Price RA, Stunkard AJ, Schulsinger F. Genetics of
obesity in adult adoptees and their biological siblings. BMJ 1989;
298: 87–90.

40 Sørensen TI, Holst C, Stunkard AJ, Skovgaard LT. Correlations of
body mass index of adult adoptees and their biological and
adoptive relatives. Int J Obes Relat Metab Disord 1992; 16: 227–236.

41 Vogler GP, Sørensen TI, Stunkard AJ, Srinivasan MR, Rao DC.
Influences of genes and shared family environment on adult
body mass index assessed in an adoption study by a comprehen-
sive path model. Int J Obes Relat Metab Disord 1995; 19: 40–45.

42 Allison DB, Paultre F, Goran MI, Poehlman ET, Heymsfield SB.
Statistical considerations regarding the use of ratios to adjust
data. Int J Obes Relat Metab Disord 1995; 19: 644–652.

43 Rankinen T, Kim SY, Perusse L, Despres JP, Bouchard C. The
prediction of abdominal visceral fat level from body composition
and anthropometry: ROC analysis. Int J Obes Relat Metab Disord
1999; 23: 801–809.

44 Pouliot MC, Despres JP, Lemieux S, Moorjani S, Bouchard C,
Tremblay A, Nadeau A, Lupien PJ. Waist circumference and
abdominal sagittal diameter: best simple anthropometric indexes
of abdominal visceral adipose tissue accumulation and related
cardiovascular risk in men and women. Am J Cardiol 1994; 73:
460–468.

45 Rice T, Perusse L, Bouchard C, Rao DC. Familial clustering of
abdominal visceral fat and total fat mass: the Quebec family
study. Obes Res 1996; 4: 253–261.

46 Silventoinen K, Kaprio J, Lahelma E, Viken RJ, Rose RJ. Sex
differences in genetic and environmental factors contributing to
body-height. Twin Res 2001; 4: 25–29.

47 Stini WA. Nutritional stress and growth: sex difference in
adaptive response. Am J Phys Anthropol 1969; 31: 417–426.

48 Johnston F, Borden M, MacVean R. The effects of genetic and
environmental factors upon the growth of children in Guatemala
City. In: Watts E, Johnston Flasker G (eds). Biosocial interrelations
in population adaption. The Hague: Mouton, 1977.

49 Rudolf MC, Hochberg Z. Are boys more vulnerable to psychoso-
cial growth retardation? Dev Med Child Neurol 1990; 32: 1022–
1025.

50 Tambs K, Moum T, Eaves LJ, Neale MC, Midthjell K, Lund-Larsen
PG, Næss S, Holmen J. Genetic and environmental contributions
to the variance of the body mass index in a Norwegian sample of
first- and second-degree relatives. Am J Hum Biol 1991; 3: 257–
267.

51 Moll PP, Burns TL, Lauer RM. The genetic and environmental
sources of body mass index variability: the muscatine ponderos-
ity family study. Am J Hum Genet 1991; 49: 1243–1255.

52 Borecki IB, Blangero J, Rice T, Perusse L, Bouchard C, Rao DC.
Evidence for at least two major loci influencing human fatness.
Am J Hum Genet 1998; 63: 831–838.

53 Borecki IB, Rice T, Perusse L, Bouchard C, Rao DC. Major gene
influence on the propensity to store fat in trunk versus extremity
depots: evidence from the Quebec Family Study. Obes Res 1995; 3:
1–8.

54 Hasstedt SJ, Ramirez ME, Kuida H, Williams RR. Recessive
inheritance of a relative fat pattern. Am J Hum Genet 1989; 45:
917–925.

55 Bouchard C, Rice T, Lemieux S, Despres JP, Perusse L, Rao DC.
Major gene for abdominal visceral fat area in the Quebec Family
Study. Int J Obes Relat Metab Disord 1996; 20: 420–427.

56 Rice T, Despres JP, Perusse L, Gagnon J, Leon AS, Skinner JS,
Wilmore JH, Rao DC, Bouchard C. Segregation analysis of
abdominal visceral fat: the HERITAGE Family Study. Obes Res
1997; 5: 417–424.

57 Chagnon YC, Rankinen T, Snyder E, Weisnagel SJ, Perusse L,
Bouchard C. The human obesity gene map: the 2002 update. Obes
Res 2003; 11: 313–367.

58 Sørensen TI, Echwald SM. Obesity genes. BMJ 2001; 322: 630–
631.

59 Farooqi IS, Yeo GS, Keogh JM, Aminian S, Jebb SA, Butler G,
Cheetham T, O’Rahilly S. Dominant and recessive inheritance of
morbid obesity associated with melanocortin 4 receptor defi-
ciency. J Clin Invest 2000; 106: 271–279.

60 Vaisse C, Clement K, Durand E, Hercberg S, Guy-Grand B, Froguel
P. Melanocortin-4 receptor mutations are a frequent and hetero-
geneous cause of morbid obesity. J Clin Invest 2000; 106: 253–262.

Twin study of body size, shape, and composition
K Schousboe et al

48

International Journal of Obesity


