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BACKGROUND: Adult body mass index (BMI weight (kg)=height2 (m2)) usually shows familial correlations below 0.3,
which are almost entirely due to genetic in¯uences. The considerable remaining non-familial individual variation may
be due to non-shared environmental in¯uences which, however, may interact with or modify the genetic in¯uence.
OBJECTIVE: To investigate whether the genetic in¯uence on adult BMI is modi®ed by various obesity-related
environmental conditions during childhood and adulthood.
DESIGN: Adoption study, in which the genetic in¯uence is assessed by the correlations in adult BMI between
adoptees and their biological fathers, mothers and full siblings. These correlations were compared between groups of
families characterized by differences in rearing or adult environment of the adoptees and/or their biological relatives.
SUBJECTS: Height, current weight and greatest weight ever, were obtained in 3651 subjects, who were adopted by
non-related families in Copenhagen between 1924 and 1947. Groups representing thin, medium weight, overweight
and obese proband adoptees were selected by current BMI (n� 540) and by maximum BMI (n� 524). The members of
the biological and adoptive families of the proband adoptees were identi®ed and their BMI was computed from height
and weight obtained by mailed questionnaires.
MAIN VARIABLES: Indicators related to the rearing environment of the adoptees were age of the adoptee at transfer
to the adoptive family, region of residence, presence of adoptive siblings and, for the adoptive parents, year of birth,
age at time of adoption, occupational rating, smoking habits and BMI. Indicators of the environment of both the
adoptee and the biological relatives were: year of birth; occupational rating and smoking habits, and, of the
environment of the biological parents, age and parity at birth of the adoptee.
RESULTS: The correlations in BMI between adoptees and the biological fathers, mothers and siblings were 0.11, 0.15
and 0.26 for adoptees selected by current BMI, and 0.13, 0.16, and 0.27 for adoptees selected by maximum BMI,
respectively (all P< 0.001), demonstrating the previously reported genetic in¯uence. None of the environmental
indicators showed consistent and signi®cant effects on these six correlations. The same negative results were
obtained in analysis of environmental indicators applied to the two adoptive parents together or to the adoptee and
the biological relatives together.
CONCLUSION: The genetic in¯uence on BMI was unaffected by several different environmental conditions otherwise
associated with obesity.
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Introduction

Measures of fatness, including the body-mass index
(BMI weight (kg)=height2 (m2)), are correlated among
adult relatives, at about 0.2 between parent-offspring
and about 0.3 between siblings.1 Studies of twins and
adoptees have shown that the familial resemblance
among adults is due to the genes they have in common
rather than to their shared environment.2,3 The size of
the familial correlations shows, however, that a con-
siderable proportion of the interindividual differences

in BMI is probably due to differences in non-shared
environmental in¯uences.4

It is possible that genetic and environmental factors
exert their effects independent of each other. An
alternative hypothesis is that the genetic and environ-
mental factors interact and modify the in¯uences of
each other on the body mass index. We pose here the
question whether there are environmental conditions
that modify the genetic in¯uences. To investigate this,
we estimated the genetic in¯uences by the correlations
in body mass index between adult adoptees and their
biological ®rst-degree relatives, that are the father,
mother and full siblings.4±7 These correlations were
then compared between groups of families in which
the adoptees and=or the biological relatives, according
to various environmental indicators, had been exposed
to different environments during childhood or adult-
hood.
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We have assessed the in¯uence of the following
environmental indicators related to the rearing envir-
onment of the adoptee: region of residence of the
adoptive family at time of adoption, age of the
adoptee at transfer to the adoptive family, presence
of adoptive siblings in the family, and, for the adop-
tive parents, year of birth, age at time of adoption,
social class, as rated by occupation, and smoking
habits. Indicators of the environment of both the
adoptees and their biological relatives were year of
birth, occupational rating and smoking habits, and, of
the environment of the biological parents, age and
parity at birth of the adoptee.

We have previously reported that there was no
correlation in body mass index between the adoptees
and the adoptive parents,3±5,7 which indicated that the
familial rearing environment does not contribute to
the familial correlation of adult body mass index.
However, since this does not preclude that the body
mass index of these parents could be an indicator of
some environmental factors that may modify the
genetic in¯uence in the adoptee, we have analyzed
this possibility as well.

Subjects and methods

The 5455 non-familial adoptions granted in the Copen-
hagen area between 1924 and 1947 form the basis for the
study population.5±8 Adoptees were usually separated
from their biological mothers immediately after birth
and either transferred directly to the adoptive parents or
reared in foster homes until adoption.

Of 4643 adoptees still living in Denmark, 3651
(79%) replied to a postal questionnaire asking for
height, current weight and greatest weight they had
ever had. The responses were complete for height and
current weight in 3580 and for height and maximum
weight in 3476 adoptees. Mean (s.d.) age of the
adoptees was 42.2 y (8.1) y, and 56% were women.

Current and maximum body mass index (maximum
weight=current height2) was calculated. Four groups of
proband adoptees were selected, on the basis of current
body mass index (thin, medium weight, overweight and
obese) each comprising 4% of the population, total
46137� 548 adoptees. A similar selection was carried
out on the basis of maximum body mass index, compris-
ing 46133� 532 adoptees. Of the total of 840 selected
proband adoptees, 240 belonged to both groups. Due to
reporting errors, discovered after a second survey, the
size of the two selected groups was reduced to 540 and
524 adoptees, respectively.5,7 The selection took place
within 265 gender-age strata. As described below, the
technique for analysis of the data has been tailored to this
sampling scheme.

The adoption records and other population registers
allowed identi®cation and follow up of the biological
and adoptive parents and siblings of the proband
adoptees. Information on height and weight of these

family members was sought by mailed questionnaires.
In order to make the age at assessment of the parents
comparable to that of the adoptees, parents reported
their height and weight at an age when their offspring
went to school. The proband adoptees and the siblings
were asked about their height, current weight and
greatest weight ever, and about the height and
weight of their father and mother.

Further details of the study as well as the principles
and assumptions of the adoption method have been
previously reported.4±8

Environmental indicators

The adoption register records, ®lled out at the time of
adoption, provided information about dates of birth of
the adoptee and the biological and adoptive parents, age
of the adoptee at transfer to the adoptive parents, region
of residence of the adoptive parents and occupation of
the biological parents and the adoptive father.

The identi®cation and follow-up of the family, in
the population registers, provided information about
the dates of birth for any other children of the
adoptees biological mother and about other children
present in the adoptive family.

The mailed questionnaires yielded information
about height and weight of the adoptive parents at
the time the adoptee went to school, occupation of the
adoptee and biological siblings, and smoking habits of
the adoptee, the biological parents and siblings and
the adoptive parents.

Environmental indicators were used in dichoto-
mized form with quantitative traits divided at values
close to their median. Region of residence was
divided into within, and outside, the greater Copenha-
gen area, corresponding to living in metropolitan vs
rural areas. Information about children other than the
adoptee in the adoptive home was coded as presence
or absence of adoptive siblings. The position of the
adoptee in the birth order of offsprings of the biolo-
gical mother was coded as ®rst vs later born, and as
born as the 1st through 3rd child vs born as the 4th or
later. The occupation was rated on a prestige-based
scale ranging from 0 (for unskilled manual workers)
to 7 (for the highest senior academic and business
positions).9 In order to get a fairly balanced number of
subjects in either group, we divided the occupational
rates according to the distribution of the subjects
across the scale; for the adoptive fathers and the
adoptees and their siblings the division was at 0±2
vs 3±7; for the biological fathers it was 0±1 vs 2±7 and
for the biological mothers, 0 vs 1±7. Smoking was
recorded as daily smoking vs not daily smoking.

Strategy of analysis

The relationship between body mass index of family
members were expressed as correlation coef®cients.
This was judged an appropriate statistical measure to
use, in view of the fairly linear relationship previously
observed in this and other studies across the entire
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range of body mass index.1,5,6 Six family relationships
were examined: for adoptees selected on the basis of
current and maximum body mass index, respectively,
we examined the three relationships, adoptee vs bio-
logical mother, adoptee vs biological father and adop-
tee vs biological full siblings (Table 1). Current and
maximum body mass index of the adoptees and their
siblings was used for the respective series of correla-
tion analysis; for the analysis including the parents,
we used their body mass index at around the age when
their offspring went to school.

For each of these six family relationships, we
estimated two correlations, one for each of the two
classes of the environmental indicators. We then
tested whether the correlations were equal in the
two classes of the environmental indicator (Figure 1).

The same environmental indicators were available
for both the adoptees and the biological relatives for
year of birth, occupational rating and daily smoking.
This information improved the likelihood of detecting
effects of these indicators.10,11 For example, the indi-
cator variable about daily smoking for the adoptee and
for the biological relative was combined as follows: 1)
both non-smokers; 2) mixed group, with either the
adoptee or the biological relative being smokers and
3) both smokers. Similar combinations were con-
structed for year of birth and occupational rating.

The possibility of detecting the effects of the envir-
onmental indicators related to the adoptive parents was
also increased by combining the two parents in the same
analysis. For example, the body mass index of the
adoptive fathers and mothers was combined to: 1)
`thin', where both parents had a low body mass index;
2) a mixed group, comprising the parents that had either
low or high body mass index, respectively and 3)
`heavy', where both parents had high body mass index.

The six family correlations were then estimated
within each of the three classes of the combined
indicator variables and tested for signi®cant differ-
ences between these classes.

Statistical analysis

Asymptotically unbiased estimates of the correlations
were obtained, and their deviations from zero were

tested. The truncated distribution of the body mass
index, due to the selective sampling of adoptees
within gender-age strata, was taken into account. In
estimating the sibling correlations, all available sib-
lings of the adoptee were included in the analysis.
Details of the estimation procedure have been
described elsewhere.7

The procedures for, and the assumptions of, the
estimation of the correlations in the classes of the
environmental indicators and for testing of the null
hypothesis that the correlations are equal across these
classes, are described in the Statistical Appendix.

A total of 166 tests of correlation differences (6
family relationship with each of 28 environmental
indicator variables, except for one variable with only
4 relationships) were performed. Nineteen, 10, 7, and
1 tests resulted in P values less than 0.1, 0.05, 0.025,
and 0.01, respectively. To avoid the risk of type 1
errors, we also considered, in addition to the statistical
evaluation of the six pairs of correlations for each
environmental indicator, the consistency of the results
across the six relationships. The within-pair differ-

Table 1 Correlations in current and maximum body mass
index (BMI) between adult adoptees and their biological
fathers, mothers and full siblingsa

Current BMI MaximumBMI
Biological relative
of adoptee n r P n r P

Father 269 0.11 0.001 266 0.13 0.0003
Mother 344 0.15 0.00001 335 0.16 0.00000
Siblings 115 0.26 0.00005 127 0.27 0.00002

(57)b (64)b

aThe correlations and the P values deviate slightly from
those previously published,7 because the present analysis
is based on a common estimate across a strati®cation by
year of birth of the adoptees (before 1940 vs 1940 or later).
bNumber of families.

Figure 1 Correlations in current (c) and maximum (m) body
mass index between adult adoptees and their biological relatives
(fathers, BF; mothers BM; full sibling, BS). The correlations were
estimated separately in families where the adoptees were born
before 1940 and in 1940 or later. None of the differences
between the correlations in these two groups were statistically
signi®cant.
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ences of the six pairs of correlations were calculated
and the results were presented as the median and
range of these correlation differences. For the com-
bined analyses of environmental indicators, the results
are based on the differences between the extreme
levels (classes 1 and 3). According to the non-para-
metric Wilcoxon test for matched pairs, uniform
direction of differences of six pairs are signi®cant at
the 0.05 level.12

Results

Table 1 shows the three correlations between
current body mass index of the adoptees and
the biological relatives (the fathers, mothers and
full siblings) and the three corresponding correlations
of maximum body mass index. All the correlations
were highly statistically signi®cant. Also shown in
Table 1 are the number of subjects entered in this
analysis. In the subsequent analyses, the numbers
available may be smaller because of missing informa-
tion about the environmental indicators for some
individuals.

Figure 1 shows the correlations in current and
maximum body mass index between the adoptees
and their biological relatives for families in which
the adoptees were born before 1940, during 1940 or
later. All 12 correlations were signi®cantly different

from zero (all P< 0.05). Three out of six correlations
for adoptees born before 1940 were lower, and three
were higher, than the corresponding correlations for
adoptees born during 1940 or later. The pairwise
differences between the correlations at the two
levels of the indicator ranged from 70.09 to 0.07 with
a median difference at 70.005 and none of these
differences were signi®cantly different from zero.
Thus, the year of birth of the adoptee did not sig-
ni®cantly modify the correlations in body mass index
between adoptees and their biological relatives.

The indicators related to the rearing environment,
were some characteristics of the adoptive family, (age
of the adoptee at transfer to the adoptive family,
region of residence and presence of adoptive siblings),
and some characteristics of the adoptive fathers and
mothers (year of birth, age at the time of adoption,
occupational rating, daily smoking and body mass
index) (Table 2). The median values and ranges of
the differences between the correlations in the two
classes of each of the environmental indicators make
it clear that none of them had any in¯uence. All
correlation differences, except for one (the adoptive
fathers daily smoking), showed ranges encompassing
zero and very few differences were signi®cant. Smok-
ing by the adoptive mothers or by the adoptive parents
combined, did not show the same uniform effects as
smoking by the adoptive fathers.

The median correlation differences suggest that
there was a trend towards higher correlations between

Table 2 Effects of indicators related to the rearing environment of the adoptees: median values and ranges of the differences between
correlations of body mass index (BMI) of adoptees and their biological relatives in different classes of the environmental indicators

Correlation differencesa Number of
significant

Environmental indicators Dichotomy classes Median Range differencesb

Adoptive family
Age (months) of adoptee at transfer 0±3 vs �4 70.01 70.03±0.07 0
Residence in Copenhagen No vs Yes 0.00 70.05±0.24 0
Presence of adoptive siblings No vs Yes 70.04 70.17±0.15 1

Adoptive father
Year of birth before 1904 vs 1904 or later 70.07 70.14±0.03 1
Age (y) at adoption <34 vs � 34 0.03 70.07±0.13 0
Occupational ratingc 0±2 vs 3±7 0.05 70.09±0.08 0
Daily smokingd No vs Yes 0.04 0.01±0.11 0
BMI (kg=m2) <25 vs � 25 70.06 70.12±0.13 0

Adoptive mother
Year of birth before 1906 vs 1906 or later 70.04 70.17±0.13 1
Age (y) at adoption <34 vs � 34 0.02 70.10±0.10 0
Daily smoking No vs Yes 0.02 70.09±0.06 0
BMI (kg=m2) <23.5 vs � 23.5 70.07 70.12±0.13 0

Adoptive parents combinede

Year of birth Early vs Late 70.07 70.18±0.10 1
Age at adoption Young vs Old 0.04 70.07±0.18 0
Daily smoking None vs Both 0.09 70.02±0.28 0
BMI (kg=m2) Thin vs Heavy 70.11 70.33±0.42 0

aWithin pair differences of the six pairs (three for current and three for maximum BMI of the adoptees) of correlations between the
adoptees and their biological relatives in the two classes of the environmental indicators: the correlations in the ®rst class minus the
correlations in the second class (compare with Figure 1).
bEach of the six pairs of correlations were tested for signi®cant differences (P<0.05).
cPrestige-based rating with 0 as the lowest rate, see text for further explanation.
dAll adoptive fathers, except two, were daily smokers in the families with biological siblings of the adoptees selected on the basis of
current BMI, so the pertaining correlations could not be estimated.
eThe correlations were estimated for the combinations of the lowest classes of the environmental indicator for the adoptee and
respective relative, and compared to the corresponding correlations estimated for the highest classes.
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the adoptees and their biological relatives if the
adoptive parents had a high body mass index than if
they had a low body mass index (Table 2). However,
none of the correlation differences were signi®cant,
and the differences were not in the same direction
across all the relationships (Figure 2).

The indicators presumed to be related to the adult
environment of the adoptees and the biological rela-
tives, did not consistently in¯uence the correlations
between these subjects and very few correlation
differences were signi®cant (Table 3).

The correlations between the adoptees and their
biological relatives proved to be consistently higher
for the adoptees who were born ®rst than for the
adoptees who were born later (median correlation
difference was 0.07 and the range was from 0.03 to
0.37; the greatest difference was signi®cant (P<
0.02)). There were, however, no signi®cant differ-
ences between correlations for adoptees being among
the ®rst three children born compared to adoptees
born later (range 70.04 ± 0.08; median 0.04).

Daily smoking of the biological relatives also
showed differences in correlations in the same direc-
tion for all six relationships, but none were signi®cant.
No similar effect was seen with regard to the adoptee

smoking or when smoking was considered for adop-
tees and the biological relatives in the same analysis.
Moreover, the effect on the correlations, was in the
opposite direction of that seen for smoking by the
adoptive parents.

Discussion

This study found no consistent and statistically sig-
ni®cant effects of a variety of environmental indica-
tors on the correlations in body mass index between
adoptees and their biological ®rst degree relatives.
This suggests that the genetic effects on adult fatness
are not in¯uenced by the environmental conditions
that we investigated, which by themselves may in¯u-
ence the degree of fatness.

Only few studies have speci®cally addressed the
question of environmental modi®cation of the genetic
in¯uence on fatness ± or the question of genetic
modi®cations of the environmental in¯uences. One
reason is that this type of study requires access to
populations in which subjects with known differences
in genetic background can be compared with respect

Figure 2 Correlations in body mass index (BMI) between adoptees and their biological relatives in two groups of families where the
adoptive mothers had a BMI either lower or greater than 23.5 kg=m2 (left), and in two groups of families where the adoptive fathers had
a BMI either lower or greater than 25.0 kg=m2 (right).
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to the effects of different environmental in¯u-
ences.10,11,13 It is important to distinguish the possible
modifying effects studied here from those of correla-
tions between genetic and environmental factors,
which would imply that occurrence of genetic predis-
position to fatness or obesity was related to exposure
to the environmental factors in¯uencing these traits.

It is widely believed that fatness and its extreme
variant, obesity, results from some form of gene-
environment interaction, implying that genes and
environment do not act independent of each other.1

Little is known, however, about how genes and
environmental factors operate.

In principle, investigation of gene-environment
interaction may be simple, if it deals with a mono-
genic disease or trait and a suspected speci®c envir-
onmental factor. Even more so, if the presence or
absence of the disease-predisposing gene and the
environmental factor can be ascertained.10,11 How-
ever, the study of fatness and obesity is not in such
favorable position. Monogenic human obesity is very
rare,1 and mutations in the newly discovered ob-gene,
associated with obesity in rodents, are extremely rare
in human obesity.14,15 Human fatness and obesity,
appears to be a polygenic condition, probably with a
considerable genetic heterogeneity between indivi-
duals of similar degree of fatness.

There is, however, some indirect evidence support-
ing the idea that one or more major genes interacting
with the environment may play a role in human

obesity.1 Commingling analysis of the distribution of
body mass index of monozygotic twins shows that it is
compatible with an admixture of at least two compo-
nent distribution, one for the upper extreme, and
another for the remaining part, of the population.16

The correlation between the twin pairs in the upper
component is far lower than that among pairs in the
lower component, suggesting a greater susceptibility
to environmental in¯uences in the upper component.
Commingling analysis of the secular changes in the
distribution of body mass index shows that the
increasing prevalence of obesity may be described
as an increasing size of an upper component distribu-
tion, which may re¯ect the result of general changes
in environmental factors acting on a genetically sus-
ceptible fraction of the population.17 Unfortunately,
the data of the present study do not allow investigation
of environmental modi®cations of commingling dis-
tributions.

In both mouse and man, there appears to be a genetic
variation in weight gain, in response to diets with
different fat content.18,19 In a prospective population-
based cohort study of women in Gothenburg,19 those
with familial predisposition to obesity showed large
weight gain in response to a high-fat diet, but no
weight gain in response to a low-fat diet. Those without
familial predisposition did not differ in weight gain at
different amounts of dietary fat. The speci®c genetic
basis in mouse and man for the different sensitivity to
dietary fat, has not yet been identi®ed.

Table 3 Effects of indicators assumed to be related to the adult environment of the adoptees and their biological relatives: median
values and ranges of the differences between correlations of body mass index (BMI) of adoptees and their biological relatives in
different classes of the environmental indicators

Correlation differencesa Number of
significant

Environmental indicators Dichotomy classes Median Range differencesb

Adoptee
Year of birth before 1940 vs 1940 or later 70.01 70.09±0.07 0
Occupational ratingc 0±2 vs 3±7 0.06 70.07±0.14 0
Daily smoking No vs Yes 70.01 70.16±0.11 1

Biological relativesd

Year of birth Early vs Late 70.01 70.29±0.05 0
Age at birth of adoptee Young vs Older 70.01 70.37±0.05 1
Parity at birth of adoptee 1 vs > 2 0.07 0.03±0.37 1

1±3 vs >4 0.03 70.04±0.08 0
Occupational rating Low vs High 70.13 70.29±0.08 1
Daily smoking No vs Yes 70.05 70.17±70.01 0

Adoptee and relatives combinede

Year of birthf Early vs Late 0.02 70.12±0.06 1
Occupational rating Low vs High 0.08 70.03±0.20 0
Daily smoking None vs Both 70.02 70.19±0.61 1

aWithin pair differences of the six pairs (three for current and three for maximum BMI of the adoptees) of correlations between the
adoptees and their biological relatives in the two clases of the environmental indicators: the correlations in the ®rst class minus the
correlations in the second class (compare with Figure 1).
bEach of the six pairs of correlations were tested for signi®cant differences (P<0.05).
cPrestige-based rating with 0 as the lowest rate, see text for further explanation.
dDichotomy levels are different for the three types of biological relatives: For year of birth: father before 1912 vs 1912 or later; mother,
before 1916 vs 1916 or later; siblings, before 1940 vs 1940 or later. For age at birth of the adoptee: father, <27 vs �27 y; mother, <23
vs �23 y; siblings, born before or after the adoptee.
For occupational rating: father, 0±1 vs 2±7; mother, 0 vs 1±7; siblings, 0±2 vs 3±7.
eThe correlations were estimated for the combinations of the lowest classes of the environmental indicator for the adoptee and
respective relative, and compared to the corresponding correlations estimated for the highest classes.
fThe siblings of the adoptees were not included in this analysis.
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Experimentally altered environments of human
subjects, with different genetic make-up, may con-
tribute to elucidation of gene-environment interaction.
Bouchard and co-workers20,21 conducted two such
studies, in which 12 and seven pairs of monozygotic
twins were exposed either to prolonged increases in
dietary energy intake or to increased energy expendi-
ture by controlled physical activity, respectively. They
showed far larger between-pair than within-pair var-
iation in changes of both general and regional obesity.
Although differences in preceding and current envir-
onmental in¯uences both between and within twin
pairs cannot be excluded, the most likely explanation
of the differences between the twin pairs is that the
genetic differences between them determine the
response to the controlled changes in the environment.

Most of the environmental in¯uences, assessed in
the present study, have been related to fatness or
obesity in previous studies. Effects of year of birth,
which here corresponds to age at examination, implies
either secular trends or age differences in environ-
mental in¯uences,22,23 which, however, cannot be
disentangled within a single cross-sectional survey.
There is some, although con¯icting, evidence suggest-
ing that the perinatal environment may in¯uence adult
obesity.24±26 The ages of the adoptees and the adop-
tive parents at adoption indicate the time from which
the familial environmental in¯uences may operate in
the adoptive family (the age of the adoptee at transfer,
cannot be used as an indicator of duration of exposure
to the environment of the biological family, because
the adoptee was usually separated from the biological
parents at birth and stayed in an intermediary envir-
onment until transfer to the adoptive family). Living
in rural regions, being a single child, having parents of
low social class, being in a low social class oneself,
being a non-smoker and having several children, are
associated with increased prevalence of obe-
sity.1,9,22,27±29 The possible effects of unful®lled
parenthood on the biological parents, following adop-
tion of their child, may be related to their age at the
birth.

Previous analysis of the present adoption study
showed that the body mass index of the adoptive
parents was not correlated with the body mass index
of the adult adoptees, but there was a weak correlation
in body mass index of the adoptive mother and the
adoptees while they were still living together.30 We
found, however, no evidence suggesting that parental
body mass index is an indicator of environmental
in¯uences in the family that might modify genetic
in¯uences later in life.

Another, smaller adoption study also found no
evidence of environmental effects interacting with
the genetic effects.31 This study of 357 adult adoptees
from Iowa con®rmed the genetic in¯uence on body
mass index and the absence of relation to the adoptive
parents' body mass index. It also showed that body
mass index was increased by two environmental
factors±rural (vs urban) environment and a disturbed

rearing environment due to psychopathology, alcohol-
ism or drug abuse among adoptive relatives or death
or divorce of the adoptive parents.

The nature and limitations of the two studies imply
that we cannot preclude presence of interaction
between genetic and environmental effects. The two
studies were not comprehensive surveys of putative
environmental factors possibly modifying the genetic
in¯uence. Notably, they included no information on
two key elements of the energy balance equation ±
food (especially fat) intake and physical activity.1,18±21

Furthermore, the data were obtained in cross-sectional
surveys, but several of the environmental in¯uences
were pertinent only at some preceding period of the
subjects' lives. The familial correlations in body mass
index were, as previously discussed,7 somewhat atte-
nuated due to the errors of reported height and weight
compared to measured data. Finally, some statistical
power was sacri®ced by the need for dichotomous
indicator variables because the sampling design and
the information available did not permit more sensi-
tive and appropriate quantitative analyses.32

In conclusion, the study showed that a variety of
pertinent environmental factors had no or little mod-
ifying effects on the genetic in¯uence on body fatness
or obesity.
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Statistical appendix

Selective sampling will bias the usual Pearson
product-moment estimator of correlation.33,34 We
have used the following alternative method to produce
asymptotically unbiased estimates of the correlations.

Let yi denote the body mass index (BMI) of an
adoptee and let xi � �xij�j�1;...ni

denote the BMI of a
given type of relative(s), of whom there may be one
(ni� 1) or more (ni> 1). Assume that yi and xi has a
joint normal distribution with parameters:
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E�yi� � mys V �yi� � s2
ys

E�xij� � mxs V �xij� � s2
xs

Corr�xij; xik� � rxxs Corr�xij; yi� � rxys

for any individual from the population belonging
to stratum s. The observations xi are obtained
only for the selected adoptees. The likelihood L of the
jointdistributionofaselectedfamilymaybefactorizedas:

L� yi; xi� � L�xijyi� � L�yi�
If the strati®cation variable s is observed in the
entire adoptee population, then the parameters mys

and s2
ys may be estimated from yi in this population.

So, with regard to the selected sample, they are
assumed to be known. The unknown parameters
enter only through L(xijyi). This conditional distribu-
tion is normal with:

E�xijjyi� � ax�ys � bx�ysyi

V �xijjyi� � s2
x�ys

Corr�xij; xik jyi� � rxx�ys

where:

ax�ys � mxs ÿ rxys

sxs

sys

mys

bx�ys � rxys

sxs

sys

s2
x�ys � s2

xs�1ÿ r2
xys�

rxx�ys � �rxxs ÿ r2
xys�=�1ÿ r2

xys�:
These equations are easily solved with respect to the
unconditional parameters:

mxs � ax�ys � bx�ysmys

s2
xs � s2

x�ys � b2
x�yss

2
ys

rxys � bx�ys

� ����������������������
s2

x�ys

s2
ys

� b2
x�ys

s
rxxs � rxx�ys�1ÿ r2

xys� � r2
xys:

The maximum likelihood estimates of the uncondi-
tional parameters are then obtained by maximizing
l � Si ln L�xijyi� with respect to the conditional para-
meters and solving the equations given above with
respect to the unconditional parameters.

In this study the strati®cation variable s is a combi-
nation of a strati®cation by year of birth of the
adoptees (before 1940 vs 1940 or later) and the
environmental incators from Table 2 and Table 3.
First it is examined whether the correlations are equal
across the two strata de®ned from year of birth. This is
tested by maximizing l with the relevant correlations
set equal and taking twice the difference between the
two maximized values of l. This log likelihood ratio
test is asymptotically distributed as a w2-distribution
with degrees of freedom equal to the difference in
number of parameters.

If the environmental indicator is only observed in
the selected sample, we may not estimate rxys, say,

without further assumptions. However, if it is assumed
that s2

ys are the same for different classes of the
environmental indicator, then both s2

xs and rxys may
be estimated by replacing s2

ys with the common value
in the equations.

To test if a correlation deviates from zero, l is again
maximized with the corresponding correlation ®xed to
zero. This yields a test which is asymptotically distrib-
uted as a w2-distribution with one degree of freedom.
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