A Twin Study of Human Obesity
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Height, weight, and body mass index (BMI) were assessed in a sample of 1974
monozygotic and 2097 dizygotic male twin pairs. Concordance rates for
different degrees of overweight were twice as high for monozygotic twins as for
dizygotic twins. Classic twin methods estimated a high heritability for height,
weight, and BMI, both at age 20 years (.80, .78, and .77, respectively) and at a
25-year follow-up (.80, .81, and .84, respectively). Height, weight, and BMI
were highly correlated across time, and a path analysis suggested that the
major part of that covariation was genetic. These results are similar to those of
other twin studies of these measures and suggest that human fatness is under

substantial genetic control.

HEREDITY clearly can play a role in
obesity. Millenia of experience with
farm animals and the existence of
several forms of genetic obesity in
rodents’ attest to the genetic potential
for obesity. We do not, however, know
the extent to which this genetic poten-
tial is expressed in humans. Human
obesity “runs in families,”** but family
studies cannot separate the influences
of heredity and environment. Five
large twin studies have investigated
height and weight independently of
each other and found that height is
quite heritable and weight less so.*®
Because they did not assess weight in
relation to height, they convey no
information about the heritability of
overweight or obesity. Two twin stud-
ies of children'®" and two of adults,'*"
however, have performed such assess-
ment and have found evidence of
genetic determination of human obesi-
ty. This report describes the results of
the largest twin study of human obesi-
ty yet undertaken, to the best of our
knowledge.

POPULATION AND METHODS

The sample was drawn from the
Twin Registry maintained by the
National Academy of Sciences-Na-
tional Research Council (NAS-NRC)
since 1955. The construction of the
NAS-NRC Twin Registry panel and the
methods of compiling medical informa-
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tion and classifying zygosity have been
described elsewhere.™® The registry
contains information about 15 924
male twin pairs who were born
between 1917 and 1927 and who served
in the armed forces during World War
IT or in Korea. Zygosity was deter-
mined by blood typing for 806 pairs, by
fingerprinting for 1947 pairs, and by
questionnaire for 10 732 pairs. Zygosi-
ty could not be determined for 2439
pairs, which were excluded from fur-
ther analysis.

Weight and height, measured during
the induction physical examination at
age 20%+2.6 years (range, 15 to 28
years), were available for 5884 monozy-
gotic (MZ) pairs and 7492 dizygotic
(DZ) pairs. In 1967, a questionnaire
was mailed to 3248 MZ and 3824 DZ
pairs, then 40 to 50 years of age, asking
for reports of height and weight at that
time and at age 25 years. Replies to
this 25-year follow-up were received
from 1974 MZ pairs and 2097 DZ pairs
for whom induction data were also
available. This sample was utilized for
the analyses.

Two measures of fatness were used:
the body mass index (BMI), ie, weight
in kilograms divided by height in
meters squared,”” and percentage over-
weight according to the Fogarty tables
of recommended weight.'®

The mean values for height, weight,
and BMI of those twins who partici-
pated in the follow-up did not differ
from the means of the entire sample at
induction, indicating no selection bias
in the study sample. Height, weight,
and BMI were not correlated with age
in the MZ and DZ samples at induction
and at follow-up, perhaps because of
the narrow range, so that corrections
for age were not required. Table 1
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shows that the height, weight, and BMI
of DZ twins were slightly larger than
those of MZ twins at induction and at
the 25-year follow-up. These differ-
ences, on the order of one tenth of 1
SD, are statistically significant only
because of the very large sample size.
No differences in the variances of these
values between MZ and DZ twins in the
study sample were found by the Bart-
lett-Box F test for homogeneity of
variance.”” Thus, the data meet a key
requirement of classic twin analysis.

The Figure shows the distribution of
the BMI of both MZ and DZ twins at
induction when they averaged 20 years
of age and at the follow-up when they
averaged 45 years. The slightly larger
BMI of the DZ twins was present
throughout the distribution. During
the 25 years between the two assess-
ments, while the mean BMI was
increasing significantly, the distribu-
tions remained symmetric.

The first method of study consisted
of determining concordance rates for
MZ and DZ twins. Since there was no
natural cutoff point for obesity in the
distribution of BMI, arbitrary cutoff
points were selected: 15%, 20%, 25%,
30%, 85%, and 40% overweight.'® The
significance of the difference between
the concordance rates of MZ and DZ
twins was assessed by the x” test.

The second method of study was
Falconer’s widely utilized method of
estimating heritability.®* This method
determines how much less similar DZ
twins are in respect to the trait under
study than are MZ twins (who are
genetically identical). The measure of
similarity is the correlation coefficient
(r) of the trait in DZ twins, which is
subtracted from the correlation coeffi-
cient of MZ twins. The resultant esti-
mate of heritability, sometimes de-
noted G, is 2(ryz—7oz)-

The third method of study used a
path model® to estimate genetic and
environmental contributions to stabili-
ty in height, weight, and BMI during
the 25 years between induction and
follow-up. Correlation coefficients were
calculated between phenotypic values
at induction and at the follow-up 25
years later. The heritability estimates
noted below were used to estimate the
separate genetic and environmental
contributions to long-term stability.
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Table 1.—Characteristics of the Study Sample* S

Monozygotic Twins

Dizygotic Twins

Body Mass Index

Bartlett-
Mean SD Mean SD F Box F :; 7 1.8 2.0 2.2 2.4 2.6 2.8 3.0 >,32
Induction R
Height, cm 172.52 6.48 173.43 6.43 40.88t 0.227 32 \ \
(171.83)  (6.44)  (172.45) (6.50)  (61.541) (1.404) »8 / A\
1 \
Weight, kg 65.26 8.40 66.22 8.40 26.491 0.011 / \
(64.89) (8.34) (65.93) (8.59) (98.251) (11.361%) @ 244 i / }:{
Body mass 21.91 2.47 21.99 2.41 2.35 21388 2 20l g \
index (21.89) (2.46) (22.06) (2.51) (31.291) (4.958) s I/ \\
25-y follow-up £ 169 / \ \\
Height, cm 176.64 6.48 177.60 6.48 44.55t 0.009 124 // A\
Weight, kg 77.67 9.83 78.33 10.10 8.90% 3.190 8- / \\ E\
Body mass al J ,F \\ \
index 24.86 2.70 24.80 2.71 1.275 0.081 {{/
. " ] 0 &= R N

*The numbers in parentheses represent the values of all members of the Twin Registry of the National
Academy of Sciences-National Research Council. Heights and weights were obtained for both twins at induction
and also at the 25-year follow-up for 1974 monozygotic pairs and 2097 dizygotic pairs.

tP<.001. $P<.01.

§P<.05.

Table 2.—Probandwise Concordance Rates for Various Percentages of Overweight*
.~ ]

At Induction

At Follow-up

% Concordant

§ Concordant

2 2

<-25-20—-10 0 10 20 30 40 >45
% Overweight

Distribution of percentage overweight and body
mass index (BMI) of monozygotic (solid lines)
and dizygotic twins (broken lines) at induction
(circles) when they averaged 20 years of age
and at 25-year follow-up (squares). Percentage
overweight, calculated from Fogarty tables of
recommended weight'® on lower horizontal axis,
corresponding body mass index on upper
horizontal axis. Note marked upward shift of

% Monozygotic Dizygotic X Monozygotic Dizygotic X e e
Overweight Twins Twins 1 df) Twins Twins (1 df) distribution at 25-year follow-up, while its form
remains symmetrical.
15 61 31 66.05 68 49 113.41
@8.7) 8.7) (39.6) (39.1)
20 57 27 37.78 60 40 80.74
(4.9) (5.1) (26.2) (26.9) . . .
p” " ” o ” p~ prv tween MZ twin pairs must be environ-
2.5) .8 : (15.0) (15.2) - mentally dej:ergmned. Enylronmental
influences within the family can thus
30 51 19 13.30 47 16 76.15  be estimated as the difference between
(1.4) (1.8) (8.3) 8.3 1.00 and the correlation coefficient for
35 a4 12 8.18 43 9 5558  MZ twins. The large intrapair correla-
0.8) 0.8) 4.7) 4.3) tions between MZ twins suggest that
40 44 0 7.66 36 6 2453  environmental influences during early
(0.5) (0.3) (2.4) (2.2) adulthood are small—9%, 15%, and

. ____________________________________________________________________________________________|]
*Each twin whose weight exceeded a given criterion was included as a proband. Percentages in parentheses
represent the prevalence of overweight twins at a given criterion level. For 1 df, the statistical significance of a xz

of 7.88 is <.005.

RESULTS

The concordance rates of MZ and DZ
twins for six levels of overweight are
shown in Table 2. At induction, when
the twins averaged 20 years of age,
there were few overweight pairs,
reflecting the fact that marked obesity
was grounds for exclusion from mili-
tary service. At this time, the concor-
dance rate of MZ twins was far higher
than that of DZ twins at all six levels
of overweight. Twenty-five years later,
when the prevalence of overweight had
risen by a factor of five, the concor-
dance rates of MZ twins were still far
higher than that of DZ twins. These
differences were statistically highly
significant.
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Estimation of heritability began
with calculation of the intraclass corre-
lations between pairs of MZ and DZ
twins for height, weight, and BMI.
There were large differences between
the correlations of MZ and DZ twins,
suggesting that genetic factors play an
important role. Heritability for BMI
was estimated at .77 at induction and
.84 at the 25-year follow-up. It appears
that about 80% of the variance in BMI
is accounted for by genetic factors and
that the magnitude of this contribution
remains stable throughout adult life.
Similar results are shown for height
and weight in Table 3.

A method of estimating the influ-
ence of environment is based on the
assumption that any differences be-
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19% for height, weight, and BMI,
respectively. At the 25-year follow-up,
these influences increased to 12%,
26%, and 33% for height, weight, and
BMI, respectively. The magnitude of
genetic influences, however, remained
stable during this period, since the
increase in within-family environmen-
tal influences was compensated by a
decrease in between-family environ-
mental influence.

The path analysis showed considera-
ble stability over the 25 years from
induction to follow-up in the values for
height, weight, and BMI. Correlations
between these phenotypic values at the
two times were .89 for height, .65 for
weight, and .54 for BMI. Most of this
relative stability is attributable to
genetic factors, with genetic correla-
tions between the two time periods
even higher than the phenotypic
ones—.97 for height, .74 for weight, and
.69 for BMI.
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Table 3.—lIntrapair Correlations (r) for Monozygotic (MZ) and Dizygotic (DZ) Twin Pairs and
Heritability (G) With its SE*
|

Twz oz
(1974 Pairs) (2097 Pairs) G SE*

Induction

Height 9055 5077 .7956 .0344

Weight .8494 .4591 .7806 .0367

Body mass index .8096 .4238 7716 .0390
25-y follow-up

Height .8826 .4823 .8006 .0350

Weight 7447 .3379 .8136 .0436

Body mass index .6655 2444 8422 .0481

C ]
Qg | -6
*sE=2 | M 4 ]y
[ NMZ NDZ

The above formula for SE is derived from Falconer®® and Loehlin and Nichols.?'

Table 4. —Heritability Estimates of Twin Studies of Obesity and Other Medical Conditions
. ]
Condition Heritability (G + SE)

Obesity in children
Obesity in children"’

.77 £ 17 (skinfold thickness)
.88 (skinfold thickness)

Obesity in adults Concordance for obesity two times higher among

monozygotic than among dizygotic twins

Obesity in adults™
Obesity in adults™

.64 (relative weight at age 45 yr)

.80 (body mass index at age 20 yr)

Schizophrenia®® 68+ .04
Hypertension®* 57+.25
Alcoholism®® 57

Cirrhosis of the liver®® .53

Epilepsy”® 50+.33
Coronary artery disease®’ 49+ 30
Breast cancer®® 45+ .30

COMMENT

The results of three methods of
analyzing the data of a large twin
register all suggest that human fatness
is under strong genetic control. These
results agree with those of the only
other twin studies of human fatness
and obesity.!*"

Table 4 shows that in two studies of
children, heritability estimates suggest
that genetic factors account for 77%
and 88%, respectively, of the variance
in skinfold thickness and that the
proportion of genetic variance appar-
ently increased with increasing age.!*!
Few obese twins, however, were pres-
ent in either sample. The study by
Medlund et al”? did include a large
number of overweight twins. Using
only one cutoff point—20% over-
weight—these investigators found that
the concordance rate for MZ twins was
approximately twice as high as that for
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DZ twins, a result quite similar to that
of the present study.

Major contributions to the under-
standing of genetic factors in obesity
have been made by the National Heart,
Lung, and Blood Institute’s study of
514 twin pairs drawn from the same
NAS-NRC Registry used in the present
study. Height and weight were mea-
sured two to six years after the 25-year
follow-up questionnaire. The analysis
by Feinleib et al® of “relative weight”
based on these measurements yielded
an estimate of heritability of .64, a
value lower than the .84 for BMI in the
present study. Later analyses by Fab-
sitz et al,"* however, estimated a herita-
bility of .80 for BMI at induction,
almost identical to the .77 of the
present study.

A perspective on the proportion of
genetic variance estimated for obesity
is provided by a comparison with the
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variance estimated for other medical
disorders by twin studies. Table 4
shows a genetic determination of fat-
ness or obesity at least as great as that
of any of these disorders.

These conclusions are supported also
by the results of family studies. Lon-
gini and colleagues™ analysis of data
from the Tecumseh Project estimates
that common family environment
shared by ordinary siblings living
together accounted for only 11% of the
variance in BMI, a value even lower
than the 19% found at induction in the
present study of twins. Similarly, Sav-
ard et al® found substantial correla-
tions in fatness among first-degree
biological relatives and none between
spouses even after controlling for sev-
eral potentially confounding variables.

Two limitations of the study should
be noted, one deriving from the nature
of the sample and one from interpreta-
tion of the results of twin studies. The
sample is limited to men who, on
induetion into the armed forces, had
passed a physical examination that
screened out obese persons. The study
thus provides no information about
obesity among women or among men
with juvenile-onset obesity.

Twins studies constitute the classie
approach to problems of human heredi-
ty, and they have a long and venerable
history. Comparison of the concordance
rates of MZ and DZ twins is a straight-
forward process that has taught us
much of what we know about genetic
determinants of human traits. Esti-
mates of heritability, however, are sub-
ject to criticism, and many believe that
they overestimate the contribution of
heredity. Much of the criticism re-
volves around factors that influence
the intrapair correlations between MZ
and DZ twins. Since the role of heredi-
ty is estimated by the difference in the
intrapair correlations between MZ and
DZ twins, any nongenetic factors that
influence these correlations can bias
the results. Most attention has been
paid to factors that spuriously inflate
correlations between MZ twin pairs.
Inflated correlations of MZ twin pairs
increase the difference between the
intrapair correlations of MZ and DZ
twin pairs and make heredity appear
more important than it is. It should be
noted, however, that the contribution
of heredity may also be underesti-
mated by other types of error that
result in “reverse bias.”

Among the various circumstances
that may spuriously increase the esti-
mate of heritability is a significant
difference in the variances of MZ and
DZ twins. In the present study, there
was no such difference. Another poten-
tial source of bias is the presence of
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covariance between genotype and envi-
ronment, such as greater distribution
of obesity-prone persons in environ-
ments rich in fatty foods. Fabsitz et al®
interpreted their finding of difference
in dietary habits between MZ and DZ
twins as evidence of covariance, but in
another study, Fabsitz and colleagues™
assumed equal covariance for the two
types of twins.

Other sources of bias that increase
the estimate of heritability include the
presence of nonadditive variance, gene-
environment interaction, and unequal
shared environment of MZ and DZ
twins. Twin data alone do not permit
testing for these types of bias, and a
finding that between-family variances
in weight and BMI became slightly
negative at the 25-year follow-up sug-
gests that at least one assumption of
twin studies was violated.

As noted above, reverse bias may
spuriously decrease the estimate of
heritability, but there was little evi-
dence of such bias in the present study.
One form of reverse bias, error in
determination of zygosity, is usually in
the conservative direction, since MZ
pairs mistaken for DZ pairs increase
the DZ correlation, while DZ pairs
mistaken for MZ pairs decrease the MZ
correlation. The result is a decrease in
the difference in the intrapair correla-
tions of the two types of twins. This
error is unlikely to have played an
important part in this study: correct
classification was found in 95% of
pairs in a subsample of the present
population.’® A second source of reverse
bias is assortative mating—the attrac-
tion of likes in marital couples. Such
mate selection increases the genetic
similarity of DZ twins without also
increasing the similarity of MZ twins
(who are already genetically identical).
Again, the result is a decrease in the
difference in the intrapair correlations.
The third source of conservative error
is the “twin transfusion syndrome,”
which afflicts many of the two thirds
of MZ twins who share a common
chorion. Those so afflicted are smaller
and less robust at birth, which
decreases the correlation between
them.®

At the 25-year follow-up, in addition
to the large increase in weight and
BMI, Table 1 shows that there was also
a 4-cm increase in height. Since this
increase occurred in both MZ and DZ
twins, it could not have influenced the
estimates of heritability. Nevertheless,
it deserves explanation. The most rea-
sonable cause appears to have been a
combination of two factors—further
growth and overestimation of height at
follow-up.

Although the mean age of the twins
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at induction was 20 years, a sizeable
proportion were still capable of added
growth. Persons born in the early 1920s
matured later than those born more
recently and, furthermore, 20% of the
twins were aged 18 years or younger at
induction. Johnston has calculated that
a sample with these characteristics
would show a 2-em increase in height
before cessation of growth (F. E. John-
son, PhD, oral communication, March
1986).

The opportunity for overestimation
of height at follow-up occurred be-
cause, although height at induction
was measured, height at follow-up was
derived from self-report. Palta et al®
have shown that self-reports by men
overestimate height by 2.3 em. Togeth-
er these two sources yield an increase
in height of at least 4 em.

Twin studies constitute an important
first step in identifying genetic influ-
ences in humans, and these studies
suggest a strong genetic influence on
human fatness and obesity. This sug-
gestion is supported by the results of a
very recent adoption study, which has
confirmed the importance of genetic
influences on human fatness.™

This work is one of a program of collaborative
studies that make use of the NAS-NRC Twin
Registry. The use of records provided by the
registry, the Department of Defense, the Veterans
Administration, and the National Archives and
Records Service of the General Services Adminis-
tration in the preparation of this material is
acknowledged, but is not to be construed as
implying official approval by them of the conclu-
sions presented.

This research was supported in part by a
Research Scientist Award 5-KO5-MH-00245 from
the National Institute of Mental Health to Dr
Stunkard.
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