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Summary

Several recent studies of the body mass index (BMI) have provided support for a recessive major gene influencing
heaviness in humans. Segregation analysis of the BMI was carried out recently in a series of randomly sampled
French-Canadian families to determine whether we could replicate the major gene finding by using a residual
phenotype adjusted for the effects of age and sex. The best model included a recessive major effect for high
BMI values with residual familial resemblance; however, Mendelian transmission could not be confirmed, and
the no-transmission hypothesis (where all the t's are constrained to be equal) was not rejected. Considering that
the BMI is a complex phenotype affected by many factors and that there are known variations in body
composition during growth and aging, we undertook a reanalysis of the data, using a model that allowed the
estimation of genotype-specific age and gender effects. New tests on the transmission parameters satisfy the
criteria for inferring Mendelian segregation. The results suggest that individuals with the "high" recessive
genotype show the greatest degree of heaviness at birth, with a subsequent trend toward lower values throughout
life, while individuals with the dominant "normal" genotypes show no appreciable trends with age. In addition,
the "high" genotype appears to confer a greater degree of heaviness in females as compared with males. These
results, along with other observations from the data, suggest that, while a recessive single gene influence may
be discernible, the phenotypic expression of the BMI is likely to be complicated by genotype x environment
interactions and, possibly, by the action of other loci. Further, the data also are consistent with the hypothesis
that modifying factors may include the adoption of a more prudent life-style by individuals genetically
predisposed to heaviness and a secular increase in the incidence, prevalence, and potency of environmentally
based triggers leading to a higher penetrance of the "heavy" genotype in the young.

Introduction

Phenotypes devised to quantitate the degree of obesity
have been the subject of many recent investigations,
motivated by the increased risk of cardiovascular mor-
bidity and mortality (Burton et al. 1985; Kral 1985; van

Itallie and Abraham 1985), largely through increased
risk of diabetes, hypertriglyceridemia, changes in
plasma lipoprotein profile and composition, and hyper-
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tension (Royal College of Physicians 1983; Bray 1985).
Specifically of interest is the identification and charac-
terization of both genetic and environmental determi-
nants of obesity, so as to foster an understanding of the
heterogeneous processes leading to human obesity and
to provide an opportunity to devise rational interven-
tion strategies aimed at reducing health risks.

Obesity can be considered as a complex phenotype
that is multifactorially determined, involving genes, en-
vironmental exposures, and gene X environment inter-
actions (Bouchard 1989). Perhaps the most widely stud-
ied phenotype is the body mass index (BMI, weight
[kg]/height [m]f). The BMI is a measure of "heaviness"
(Garn et al. 1986; Bouchard and Perusse 1988) rather
than of "fatness," reflecting the combined effects of
body build, proportions, and lean body mass as well as
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body fat (Bouchard 1989); however, it exhibits sub-
stantial correlations with fat mass, on the order of .81
and .83 in adult males and females, respectively (Bor-
ecki et al. 1991), and has been validated as a risk factor
for cardiovascular disease (van Itallie and Abraham
1985).
The observation that the prevalence of obesity has

been increasing in developed countries during the past
half-century (Price 1992) is consistent with studies sug-
gesting the importance of environmental influences.
While the frequency and magnitude of precipitating
factors may be rising, the phenotypic response at the
individual level possibly could be a function of genetic
predisposition. Direct evidence to support this hypoth-
esis has been presented recently for various obesity phe-
notypes by measuring the response, in identical twins,
to a 100-d overfeeding regimen (Bouchard et al. 1990).
The changes in absolute and relative fat mass in re-
sponse to the homogeneous, controlled environment
were significantly more similar within each MZ twin
pair than among nonrelated subjects, suggesting that
gene X environment interaction effects may account
for an appreciable amount of the variance in obesity
phenotypes. However, the presence of secular environ-
mental effects could affect the genetic analysis of obe-
sity phenotypes and become manifest in an analysis of
cross-sectional data, either as intergenerational differ-
ences in heritability or as shared environmental effects
for individuals close in age and belonging to the same
cohort, depending on the age structure of the families.
In an analysis of possible major gene determinants, such
unaccounted temporal trends could result in apparently
non-Mendelian transmission of the major effect.

In addition to the complication of secular trends,
there are developmental trends for most obesity pheno-
types studied to date. That is, the absolute and relative
amounts of fat mass, fat-free mass, and amount of fat in
regional depots change through early childhood and
the growth spurts that characterize adolescence, before
attaining more stable adult values (Malina and Bou-
chard 1988). For example, the absolute and relative
amounts of fat in truncal/abdominal subcutaneous de-
pots increase progressively with time, until about 60-70
years of age, particularly and more frequently in males
(Bouchard et al. 1991). In recognition of this variability,
it is common practice to adjust obesity phenotypes for
the effects of age, usually by multiple regression, prior
to analysis. While this statistical procedure can correct
adequately for age trends in the overall mean and op-
tionally in the variance as well, there may remain tem-
poral trends in the covariance structure within families

that reflect these developmental phases. A common as-
sumption made in most studies is that the effects of the
relevant determinants remain constant over all ages,
with variations being attributed to random or unique
environmental effects. Failure to take account of tem-
poral trends in either the genetic or environmental com-
ponents can be one factor contributing to the heteroge-
neity of reported results and can result in altered
segregation patterns for major loci, besides being a
well-motivated biological question.

While the majority of genetic studies have investi-
gated the BMI under a multifactorial model, there have
been a few investigations testing a major gene hypothe-
sis; that is, after allowance is made for the possibility of
many genes and environmental factors, is there evi-
dence that a single gene has a major effect on the distri-
bution of BMI values? Earlier studies using Structured
Exploratory Data Analysis (SEDA) concluded that
there was no evidence to support a major gene hypoth-
esis (Karlin et al. 1981; Zonta et al. 1987), although
there was suggestion of possible dominance effects. Sev-
eral recent studies using large samples and parametric
mixed-model segregation analysis have provided sup-
port for a recessive major gene whose transmission pat-
terns conform to the Mendelian hypothesis (Price et al.
1990; Province et al. 1990; Moll et al. 1991).

Analysis of the BMI has been carried out recently by
using data on 1,630 individuals in 375 randomly sam-
pled French-Canadian families living in the environs of
Quebec City, to determine whether we could replicate
the majorgene finding (Rice et al. 1993a). Prior to analy-
sis, raw BMI values were adjusted for the effects that
age had on the mean and variance within four groups
(fathers, mothers, sons, and daughters), by multiple re-
gression (Borecki et al. 1991). There was minimal het-
eroscedasticity. Commingling analysis carried out on
the adjusted BMI values revealed that the parents and
offspring were identically distributed under any distri-
butional model, although under parsimony there was
admixture of normal components in the parental distri-
bution, while only residual skewness under a single dis-
tribution was found in the offspring (Borecki et al.
1991). Thus, while there was no significant indication
of distributional heterogeneity by generation, the dif-
fering parsimonious models were consistent with a de-
velopmental hypothesis.

Segregation analysis was carried out by using the uni-
fied mixed model as implemented in the computer pro-
gram POINTER. Hypothesis tests indicated that high
BMI values were determined by a recessive genotype
and that residual familial resemblance could be ac-
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counted for by a multifactorial component with no in-
tergenerational differences. However, tests on the
transmission parameters, carried out to assess the tena-
bility of the major gene model, showed that it was possi-
ble to reject the Mendelian hypothesis, while the
no-transmission hypothesis (where all the t's are con-
strained to be equal) was not rejected. Thus, not only
was the Mendelian major gene hypothesis not con-
firmed, but it appeared that the major effect was not
transmitted within families, indicating a probable envi-
ronmental origin. In addition, the major effect did not
appear to be in equilibrium between the parental and
the offspring generations, since the equal t's did not
approximate the quantity (1-q), where q is the fre-
quency of the allele leading to high BMI values.

In addition to both the known variations in body
composition during growth and aging and the increas-
ing prevalence of obesity, the suggestion of possible
intergenerational differences in the major effect in
these data comes from the observation that the parsi-
monious distributional models in parents and children
differed and that, while there was solid statistical evi-
dence of a major effect from segregation analysis, the
transmission apparently did not depend on parental ou-
siotype and suggested a lack of intergenerational equi-
librium. Thus, we hypothesize that evidence for a Men-
delian major gene is affected by possible developmental
and/or secular trends. Here, a reanalysis of the data
was undertaken by using a model that allowed the esti-
mation of genotype-specific covariate effects. This pro-
vides an opportunity to entertain the hypothesis that
genotypes may exhibit different age- and/or sex-de-
pendent penetrances.

Material and Methods

Sample and Phenotype Adjustments
The Quebec Family Study (QFS) consists of 1,628

individuals from randomly sampled French-Canadian
families living in the environs of Quebec City and re-
cruited through the media during the years 1978-81 to
study the genetic effects on several physiological and
biochemical traits. The age range in parents was 30-60
years, and in offspring it was 8-26 years. Certain exclu-
sions were made for the purposes of this analysis, on
the basis of several relevant factors. First, adopted off-
spring of no genetic relation to either of the parents, as
well as cousins and friends living with the family, were
excluded. In instances where no offspring with valid
data remained or in families with no natural issue, the
parents also were excluded from the analysis. One twin

Table I

Descriptive Statistics of Raw BMI and Age in the QFS

BMI AGE

GROUP (N) Mean SD Mean SD

Fathers (357) ......... 25.4 3.3 44.2 5.1
Mothers (368) ........ 23.4 3.6 42.1 5.0
Sons (484) ........... 19.2 2.8 14.5 3.3
Daughters (419) ......

19.1 2.8 14.8 3.4

was excluded at random from each MZ twin pair, al-
though verified DZ twin pairs were retained. In all,
there remained 301 nuclear families in which 282 fa-
thers, 294 mothers, and 647 offspring had valid data.
The means and SDs of the raw BMI within four

groups defined by fathers, mothers, sons, and daughters
are shown in table 1, along with the age distribution.
Raw BMI values were adjusted prior to analysis, for the
effects that age and its higher-order terms had on the
mean and variance within the four groups, by multiple
regression (Borecki et al. 1991); there was minimal
heteroscedasticity. The residual phenotypes also were
standardized within the four groups. This adjustment
procedure was undertaken to produce residual pheno-
types suitable for analysis under the mixed model (Rice
et al. 1993a). We use the same standardized residual
phenotype in the present analysis, in order to enable a
comparison of the results; in addition, utilization of
data adjusted in this manner allows a separate identifi-
cation of covariate effects that are solely genotype de-
pendent, since any parallel effects of age and sex that
are common to all genotypes already are absent.

Segregation Analysis Methodology
Segregation analysis with genotype-dependent covar-

iate effects was carried out by using REGRESS (Bonney
et al. 1988), which is based on the regressive models of
Bonney (1984). The extension including the simulta-
neous estimation of covariate effects (with or without
genotypic dependencies) is easily carried out in this
context and has been done for another application
(Borecki et al. 1990). The quantitative phenotype is de-
noted Y (e.g., BMI). The likelihood function takes the
form P(Y gYAX), where the probability of observing
the phenotypes depends on the underlying major geno-
types (g, where g is AA, Aa, or aa), phenotype observa-
tions on relevant ancestors (YA), and adjustment for an
arbitrary number of covariates (X). The likelihood of
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observing the phenotypes for all family members, con-

ditional on major genotypes, is summed over all geno-
typic combinations, weighted by the probability of the
major genotypes. Since the underlying trait genotypes,
g, are unobserved, their prior probabilities are taken to

be in Hardy-Weinberg proportions for individuals with
no parents in the pedigree and are based on segregation
probabilities from parental mating types for individuals
with ancestors in the pedigree, by using transmission
probabilities as follows: t1, t2, and C3 are the probabili-
ties that an A allele is transmitted from a parent whose
genotype is AA, Aa, or aa, respectively. Under Mende-
lian transmission, 1 = 1, t2 = 1/2, and t3 = 0. It is
assumed that the distribution of phenotypes, condi-
tional on genotypes, follows a multivariate normal dis-
tribution with mean 1g and variance-covariance matrix
V = (a2,pij).
The dependency of the phenotypes, adjusted for

major genotypes (residuals from major genotypes
[RMGs]), on those of ancestors is modeled under class
A assumptions (Bonney 1984), which essentially posits
that sibs' RMGs are conditionally independent, given
their parents' RMGs. Thus, the sib-sib residual correla-
tion is due solely to the fact of common parentage and
is determined by the parent-offspring correlation and
spouse correlation, if any: Pcc = 2pPC/(1+PFM). The
distribution of an individual's phenotype, conditional
on major genotype and on the genotypes and pheno-
types of the spouse, father, and mother, is assumed to

follow a normal density whose mean, u, is given by
U = gg + bs(Ys-tgs-YbgsjXsj) + bF(YF ggF XbgFjXFj)
+ bM(YM4LgM 1bgMjXMj) + XbgjXj, where gg is the
genotype-specific mean, b is a regression coefficient, bg
is a genotype-specific regression coefficient, S refers to

the spouse of this individual, F refers to the father, M
refers to the mother, C refers to a child, and the geno-

type-specific covariate adjustment is summed over

all covariates. The variance can be written as w

= a2(1-bsPFM-bFPFCbMPMC).
The parameters of the model are as follows: the mean

of the overall distribution or, under a major gene

model, the mean of low homozygotes (m); the displace-
ment between the means of the two homozygote distri-
butions (t); the relative position of the heterozygote
distribution or dominance (d); the frequency of the al-
lele associated with lower BMI values (p); the within-
genotype variance (a2); PpC, the residual parent-child
correlation; Pcc, the dependent sib-sib correlation con-

strained to be equal to 2 PC/(1+PFM); and regression

coefficients for age, up to third-order terms, which can

be subscripted by the homozygous-low (LL), heterozy-
gous (LH), or homozygous-high (HH) genotypes. Pa-
rameter estimation and tests of hypotheses are carried
out by using the maximum-likelihood method.

Results

Initially, certain hypotheses were tested by using
REGRESS without genotype-dependent covariate ef-
fects, to determine the comparability between the pres-
ent analysis and the previous mixed-model analysis. It
should be noted that we found no evidence against the
equality of the father-child and mother-child correla-
tions, and the spouse correlation was not significantly
different from zero. The results suggested a major gene
effect, and the mode of inheritance was found to be
recessive, a result similar to that of the POINTER analy-
sis. The most parsimonious model without genotype-
specific effects of covariates is presented as model I in
table 2 and involves the following parameters: m, aY, p,
t, and Ppc, with d = 0.

Next, age terms were added to the model, where m,
a, p, t, and Ppc were estimated in addition to the regres-
sion coefficients for the age terms. The results are
shown in table 2. As expected, age and higher-order
terms were not significant (model II vs. model I and
model III vs. model I) when the preadjusted data were
used, suggesting that our prior data adjustments were
adequate. However, allowing the regression on age to
be genotype specific resulted in a significant improve-
ment in the fit of the model (model IV vs. model I).
Higher-order genotype-specific age terms were not nec-
essary (model V vs. model IV and model VI vs. model
IV). Under the model with first-order genotype-specific
effects, neither the Mendelian (X2 = 2.67, 3 df, P
= .445) nor the equal t model could be rejected (X2
= 0.92, 2 df, P = .631). Spouse correlation remains
nonsignificant (model VII vs. model IV).

Finally, even though our initial interest was in age
trends per se, we decided to investigate also possible
sex differences in the genotypic effect. To this end, the
next series of models had m, a, p, t, Ppc' ageL, and
ageHH estimated, with d = 0 (model IV in table 2), in
addition to the parameters for sex and age X sex inter-
action, with the possibility of genotype-specific effects.
The results are shown in table 3. Again, the adjusted
BMI does not depend on aggregate sex effects (model
VIII vs. model IV), since the data were standardized
within sex, prior to analysis. However, it appears that
there are significant genotype-dependent sex effects
(model IX vs. model IV). While the mean for the LL or
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Table 2

Tests on Age and Higher-Order Terms, with m, a, p, t, and ppc Estimated and d = 0

-2 Log
Model Term(s)a Likelihood Likelihood-Ratio Test'

......... No age effects 1,099.52 ...

........ age 1,098.01 1.51 (1 df)
III ..... age, age2, and age3 1,097.94 1.58 (3 df)
IV ..... ageL and ageHH 1,090.44 9.08 (2 df

General Ir's 1,087.77 2.67 (3 df)
Equal I's 1,088.69 .92 (2 df)

V ..... ageL, ageHH, ageL, and ageHH 1,089.11 1.33 (2 df)
2 2 33VI ....... ageL-, ageHH, ageL_, ageHH, ageL , and ageHH 1,087.10 3.34 (4 df

VII ..... ageL, ageHH, and PFM 1,088.27 2.17 (1 df)

a L- represents either the LL genotype or the LH genotype.
b x2 shown is that associated with testing the significance of added model parameters (see text).

LH genotypes is little affected by sex differences, the
effect of the HH genotype is greater in females than in
males. There is no evidence to support a role for age

X sex interaction, neither overall nor genotype specific.
Tests on the transmission probabilities suggest that the
Mendelian hypothesis was of borderline significance
(X2 = 7.90, 3 df, P = .048), while the no-transmission
hypothesis was rejected (X2 = 8.67, 3 df, P = .013).
Parameter estimates for the most parsimonious reces-

sive model (model IX), under Mendelian, general, and
equal transmission probabilities, are shown in table 4.

These analyses were carried out by using existing
computer programs, which are based on class A as-

sumptions. To look into the validity of the class A as-

sumptions, we obtained maximum-likelihood estimates
of the familial correlations in the QFS data. There is a

significant sib-sib correlation (Pcc = .24 ± .05), which is
approximately equal to the parent-child correlation

(PPC = .23 .03); the spouse correlation is not signifi-
cant (PFM = .07 ± .06). If these were residual correla-
tions, the class A model would imply a sibling correla-
tion of .11; therefore, it appears likely that there is
excess sibling resemblance in these data, above that
which is modeled under class A assumptions. Whether
our inference, especially that of Mendelian inheritance
of the major effect, is affected by this potential under-
estimation of the sibling correlation can be checked
only by using a more general, class D model. Although
implementation of the class D models has been compu-

tationally daunting, recent advances in identifying suit-
able approximations (Demenais et al. 1990) and alter-
native formulations (Bonney 1992) of the likelihood
function have made it feasible. We have used one such
computer program, REGX, which is under the final
stages of development. By fitting a compound regres-

sive model (Bonney 1992), which is equivalent to a class

Table 3

Tests on Sex and Age X Sex Interaction Terms, with m, a, p, t, ppc, ageL.,
and ageHH estimated and d = 0

-2 Log
Model Term(s) Likelihood Likelihood-Ratio Test

VIII ..... sex 1,089.52 .92 (1 df)
IX ..... sexL and seXHH 1,076.77 13.67 (2 df)

General r's 1,068.87 7.90 (3 df)
Equal t's 1,077.47 8.60 (2 df)

X ..... sexL, sexHH, and age X sex 1,075.75 1.02 (1 df)
XII ..... sexL, sexHH, age X sexL-, and age X seXHH 1,075.24 1.53 (2 df)

NOTE.-See footnotes to table 2.
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Table 4

Parameter Estimates of the Most Parsimonious Recessive
Model, under Mendelian, General, and Equal
Transmission Probablities

t's

PARAMETER Mendeliana General Equal

P ............. .... .764 .737 .740
a ...................... .698 .677 .676
PC ..................... .169 .169 .181
PCC .................. .057 .057 .066

AL . ..................... -.274 -.279 -.301
IHH ................. 1.917 2.176 2.171
Page(L-) . .002 .002 .002
Page(HH) ................. -.023 -.028 -.028
Psex(L-). ................ .045 .049 .056
Rex(HH). ................ 1.042 .952 .970
IC, .................... I[1] 1.000 .774
2-----.................. . [1/2] .550 .774

13-..................... [0] .440 .774
-2 log likelihood ....... 1,076.77 1,068.87 1,077.47

a Parameters in brackets are fixed at values shown.
b Sibling correlation is a dependent parameter calculated as 2p2C.
c Sex is coded as 1 for males and as 2 for females.

D formulation, we were able to perform some validity
checks on the possible effects of class A assumptions.

Analysis using REGX focused on the case where no

covariates were entertained. A class A model can be
formed by making the sibling correlation dependent on

the parent-child correlation; thus, comparison with a

class D model yields a 1-df test wherein the sibling
correlation is estimated. Results under class A assump-

tions using REGX were comparable to those obtained
by using REGRESS: a recessive major gene was verified
(XI = 30.5, 2 df, P < .001), whose transmission was

compatible with Mendelian expectations (X2 = 1.64, 3
df, P = .650), and the no-transmission model was re-

jected (X2 = 6.36, 3 df, P = .041). Estimating the resid-
ual sibling correlation by assuming a Mendelian reces-

sive gene showed significant excess sibling resemblance
over that predicted under a class A model, as expected
(Pcc = .187 ± .051, X2 = 10.9, 1 df, P < .0001). Follow-
ing up with tests on the transmission parameters under
the class D formulation showed a remarkably good fit
to the Mendelian hypothesis (X2 = 0.08, 3 df, P = .994)
and definite rejection of the no-transmission model (X2
= 13.74, 2 df, P < .0001). Apparently, although there is
significant excess sibling resemblance, the magnitude of
the effect was not sufficient to prevent the inference of
Mendelian transmission under class A assumptions, in

this case. The results obtained by accounting for the
residual sibling correlation give stronger support for the
conclusions of our original analysis and provide a better
fit to the Mendelian gene hypothesis. It should be
noted that parameter estimates are virtually identical
under either class A assumptions or class D assump-
tions; aside from the obvious difference in the sibling
correlation, only the parent-child correlations are

slightly affected (table 5).
Recalling that the test of the Mendelian hypothesis,

under class A assumptions and incorporating genotype-
dependent covariates, was of borderline significance (P
= .048; table 4), we also endeavored to see whether
allowing for a sibling correlation could clarify the con-

clusions regarding transmission patterns. Fitting a class
D model again showed a significant sibling residual
correlation (Pcc = .264 ± .100), and, more important,
the Mendelian hypothesis was not rejected (X2 = 6.32, 3
df, P = .10), while the no-transmission hypothesis was

rejected (X2 = 23.38, 2 df, P < .0001). Thus, it appears
that the borderline fit of the Mendelian hypothesis
under the class A model could be attributed, at least in
part, to unaccounted sib-sib resemblance.

Discussion

Genetic analysis of phenotypes such as obesity re-
quires development and application of models that be-
gin to capture the complexity of the phenotypic expres-
sion documented by observational studies. This
strategy can clarify the evidence for single-gene determi-
nation and can provide insight as to the interaction of
genotype with environment, and it also can provide pa-
rameter estimates that permit a better assessment of the
probable genotype, an essential component for a suc-

Table 5

Comparison of Parameter Estimates of the Mendelian
Recessive-Gene Model That Were Obtained from Analysis
Under Class A and Class D Model Assumptions

Parameter Class A Class D

P .......... .753 ± .020 .757 ± .019
a .......... .687 ± .027 .687 ± .026
PFC *........... .142 ± .025 .136 ± .027
PMC .......... .135 ± .022 .128 ± .022
PCc .......... .038a .187 ± .051
PL.-......... -.151 -.156
9HH .......... 2.758 2.760

a Dependent parameter, not iterated.
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cessful linkage study. Entertaining possible genotype-
dependent variations by age and gender represents a
first step in that direction and has been undertaken
elsewhere, both in an analysis of serum iron levels in
hereditary hemochromatosis (Borecki et al. 1990) and
in the evaluation of a major gene determinant for sys-
tolic blood pressure (Perusse et al. 1991). In both cases,
phenotypic expression was found to be a function not
only of the underlying major genotype but also of geno-
type-specific age and gender effects. The hypothesis
that expression of the BMI is influenced by age and
gender is well motivated (e.g., see Malina and Bouchard
1988; Bouchard et al. 1991). Since a previous analysis of
age- and sex-adjusted BMI in the QFS data resulted in
rejection of Mendelian transmission (Rice et al. 1993a),
we hypothesized that there may remain variations by
age and gender that differ among genotypes.
Our reanalysis indicated evidence for a recessive ma-

jor gene effect where the frequency of the high geno-
type, HH, was 5.6%, similar to results of previous re-
ports (Price et al. 1990; Province et al. 1990; Moll et al.
1991). There was a residual parent-child correlation of
.17, with no evidence of spouse correlation. The geno-
typic means are shown, as a function of age, by sex, in
figure 1 and table 6. We should recall that age effects in
the mean that are common to all genotypes have been
removed prior to analysis, so trends such as that most
people tend to get heavier as they get older no longer
exist in the data. For the most part, it appears that
individuals of the LL genotype or the LH genotype do
not exhibit much difference from the general popula-
tion trend, as the phenotypic mean does not change
appreciably over the course of time, showing only a
slight increase. The more pronounced trend can be ob-
served in relation to the HH genotype, where the dif-
ference with respect to the other genotypes is the larg-
est at birth and decreases over time. The specific reason
for this is not immediately apparent. These data would
seem to suggest that the unique environmental varia-
tions experienced by these HH individuals act in such a
way as to systematically decrease the degree of obesity
over time. This could be the case if genetically obese
individuals were, with some degree of success, adopting
a more prudent life-style by dieting or taking some
other measures to reduce their heaviness. Alternatively,
a secular increase in the incidence, prevalence, or po-
tency of relevant environmental factors or triggers, in-
teracting specifically with the permissive genotype to
produce greater degrees of heaviness in younger individ-
uals, also is consistent with these findings. In any case,
the results suggest that the strategy of selecting families

through obese children, for the identification of
specific genes relevant to obesity or heaviness, is a
sound one.
The HH genotype also appears to confer a greater

degree of heaviness in females as compared with males.
In these data and without regard to latent genotype, the
BMI is more highly correlated with fat mass than with
fat-free mass (Borecki et al. 1991), and the correlation
with fat mass is stronger in females than in males, espe-
cially within the offspring generation (r = .806 and .644
among daughters and sons, respectively). In the paren-
tal generation, fathers show a slightly higher correlation
between BMI and fat-free mass (r = .654) than do
mothers (r = .542). However, it is not immediately ap-
parent whether the sex difference in "heaviness"
among individuals with the HH genotype is attribut-
able to the amount of fat mass, fat-free mass, or a func-
tion of both.
An investigation of a related trait, weight adjusted

for height, has been reported recently by Tiret et al.
(1992), who used family data on healthy individuals
attending the Preventive Medicine Center in Nancy.
Although the phenotype under analysis is not identical,
it reflects the level of ponderosity, as does the BMI.
The familial correlations were slightly different from
those of the present study, notably exhibiting a higher
degree of sibling resemblance: PFM = .094 + 040X Ppc
= .198 ± .023, and Pcc = .327 ± .034. Analysis using a
class D regressive model revealed that an additive major
effect with age- and generation-dependent effects best
fitted the data; however, both the Mendelian hypothe-
sis and the no-transmission hypothesis were rejected.
The effect of the latent ousiotype differed between par-
ents and offspring; the effects of the LH and HH ou-
siotypes increased with age in offspring, and, while the
effect seemed to stabilize with age in the LH ousiotype,
the effect of the HH ousiotype appeared to decrease
over the course of adulthood. It is interesting to note
the similarity of this finding to the one reported here
i.e., the decreasing effect of HH over adulthood-de-
spite the fact that, in our analysis of the BMI, it was
possible to infer a Mendelian effect with no evidence of
heterozygote expression. However, the finding by Tiret
et al. that the age dependence differed by generation
prompted us to test an additional hypothesis in the QFS
data by including generation and age x generation in-
teraction as potential covariates. There was no evi-
dence to suggest that these effects are significant in our
data (X2 = 1.36, 4 df, P = .851).

While the primary focus of this investigation is on
the genetic etiology of obesity and, specifically, on the
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Table 6

Comparison of Genotypic Means of Standardized BMI Expressed as a Regression Function
on Age, by Sex, under Class A and Class D Model Assumptions

Genotype Frequency Males Females

Class A:
LL or LH ...... 94.4% -.229 + (.002 X age) -.184 + (.002 X age)
HH ............ 5.6% 2.959 - (.023 X age) 4.001 - (.023 X age)

Class D:
LL or LH ...... 94.9% -.278 + (.004 X age) -.237 + (.004 X age)
HH ............ 5.1% 2.726 - (.012 X age) 3.869 - (.012 X age)

potential and adequacy of the BMI as an index of obe-
sity, several methodological issues also are germane.
The differences among previous segregation analyses,
in terms of sample structure, selection criteria, and al-
ternative indexes of obesity, have been reviewed by
Rice et al. (1993a). The present discussion will focus on
the use of class A versus class D models and on the tests
of the transmission parameters.

Demenais et al. (1990) have investigated the robust-
ness of the class A model against false inference of a
major gene in the presence of a sibling correlation ex-
ceeding that which is specified by the model. Analysis
of data generated from models incorporating poly-
genic-type effects amounting to sibling correlations
that exceeded those predicted in a class A model by
.045-.32 yielded 87%-100% false inference rates. How-
ever, tests on the transmission probabilities, requiring
both nonrejection of Mendelian transmission and re-
jection of no transmission, reduced these rates substan-
tially, to 0%-13%. Thus, some protection can be af-
forded by relying on tests on the transmission
parameters. These tests were carried out in this analysis
first by using the class A formulation without covariate
effects, and the results satisfied the expectations from a
major gene etiology: Mendelian transmission was veri-
fied (X2 = 6.34, 3 df, P = .096), and the no-transmission
hypothesis (where the t's are constrained to be equal)
was rejected (X2 = 10.55, 2 df, P = .005). This result in
itself should provide some confidence in concluding
that there is a major gene effect. Additional reanalysis,
using a compound regressive model (Bonney 1992),
which is a class D formulation, led to the inference of
the same qualitative model (i.e., a recessive single gene
with residual familial correlations and no spouse corre-
lation), in which a significant sibling correlation was
estimated at .19 ± .05, as compared with the dependent
value of .04 under class A assumptions. Allowing for
the sibling correlation resulted in both an improved fit

to the Mendelian hypothesis and stronger rejection of
the no-transmission hypothesis, suggesting that the ef-
fect of failing to account for excess sibling resemblance
in this case was accommodated in the model by the
transmission parameters' deviations from their Mende-
lian values, since all the other parameter estimates re-
mained remarkably stable under either model formula-
tion. It appears that a class A model may be sufficient
for the analysis of some data when the Mendelian hy-
pothesis is true, even in the presence of excess sibling
resemblance. However, the obstacle is that it is difficult
to establish the veracity of the Mendelian hypothesis
with confidence when a class A model is used alone.

It is becoming increasingly clear that testing trans-
mission parameters for consistency with Mendelian ex-
pectations is a valid and useful procedure (Demenais et
al. 1993). While this is an intuitively sound recommen-
dation and has been shown to provide a safeguard
against false inference in certain situations (e.g., when
skewed distributions are being analyzed [Demenais et
al. 1986] or when there is unaccounted excess sibling
resemblance [Demenais et al. 1990], when the null hy-
pothesis of no major gene is true), the power and speci-
ficity of these tests remain relatively unexplored. Using
the present data, the previous segregation analysis using
the mixed model in POINTER (Rice et al. 1993a) sug-
gested that the major effect was not Mendelian and
also was not transmitted within families. Submitting the
same data to analysis using a class A regressive model in
the present investigation suggested that the required
criteria for inferring a major gene effect were met. How-
ever, allowing for the significant genotype-specific age
effects resulted in an apparent loss of power to discrimi-
nate between the Mendelian hypothesis and the no-
transmission hypothesis; neither hypothesis could be
rejected. Finally, when incorporating genotype-depen-
dent age and sex effects jointly, the tests on the trans-
mission probabilities suggested a borderline fit for the
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Mendelian hypothesis (P = .048), with rejection of the
no-transmission hypothesis. The borderline fit of the
Mendelian hypothesis in this case appears to reflect the
underestimation of the sibling resemblance when the
class A formulation is used, as suggested by the class D
analysis. Thus, it appears that the particular model for-
mulation in itself can affect the inference. Therefore, it
would seem that inference based on a strict interpreta-
tion of the tests on the transmission parameters has the
potential to be conservative insofar as detection is con-
cerned, as any failure of the model assumptions can
produce deviations from the Mendelian hypothesis
even in the presence of a genuine major gene effect. In
this context, it is important to emphasize that rejection
of Mendelian segregation does not necessarily mean
that a trait is not influenced by a Mendelian gene.
The evidence from the present study consistently

suggests a major gene influence on some aspect of the
"heaviness" measured by the BMI, although the dis-
tinct possibility remains that the etiology involves more
than the single-gene determinant posited here. At the
very least, there are significant genotype-dependent age
and sex effects, and there certainly could be other fac-
tors, environmental or possibly genetic, affecting the
phenotypic expression. However, it is possible that the
phenotypic expression may be still more complicated
than what is presently modeled. The latter point also
was suggested by Tiret et al. (1992) in the interpretation
of their data, where they cited the possibility that spo-
radic cases of obesity could occur in nongene carriers
because of environmental factors or other genes. Cer-
tainly, this represents a plausible complication in our
data, as well.

It becomes important to consider the adequacy of
the phenotype for genetic analysis, especially in the
context of seeking linkage relationships between candi-
date genes and a complex trait such as obesity. In order
to achieve the greatest power for detecting and identi-
fying relevant genetic determinants, a phenotype that
has good specificity and minimal sources of residual (or
error) variance is desirable. While use of the BMI has
some advantages, e.g., its ease of measurement in large
epidemiological studies, it is a relatively heterogeneous
phenotype, reflecting the contributions of both fat and
lean mass in unknown proportions. Like body fat con-
tent, the BMI is affected by the overall energy balance,
varying as a function of habitual energy intake relative
to the level of physical activity and other components
of energy expenditure. However, the relative effects of
energy balance on the lean and fat components are not
known. Each of several phenotypes-fat mass (Bou-

chard et al. 1988; Rice et al. 1993b), fat-free mass (Bou-
chard et al. 1988), energy intake (Perusse et al. 1988),
habitual level of physical activity (Perusse et al. 1989),
and resting metabolic rate and thermic response to
food (Bouchard et al. 1989)-has been shown to ex-
hibit familial resemblance as well as to be affected by
unique environmental determinants, suggesting that,
from a biological standpoint, the BMI is a heteroge-
neous phenotype with a truly multifactorial determina-
tion. In light of the complexity of the components and
determinants affecting what is finally measured as the
BMI, it is not surprising that a clear Mendelian signal is
not obtained in every study and varies according to the
model.
One approach to clarifying models of the underlying

genetic determinants is to incorporate the effects of
known covariates, as has been done here, allowing for
the possibility that genotypes may be expressed differ-
ently in response to environmental factors. Several
other approaches to disentangling heterogeneous pro-
cesses are also promising, including the utilization of
phenotypic measures that are more homogeneous in
themselves, as we are doing (Borecki et al. 1991, sub-
mitted; Rice et al. 1992, 1993b). The development and
use of intermediate phenotypes can advance efforts at
defining genetic and environmental determinants of
human obesity, in a manner similar to the paradigm in
cardiovascular research, where focusing on the sub-
phenotypes of total cholesterol has fostered a greater
understanding of the genetic determinants of cardiovas-
cular disease, although many issues remain to be re-
solved. Each of several phenotypes-fat mass, fat-free
mass, resting metabolic rate, energy intake, thermic re-
sponse to food, and nutrient partitioning-represent
well-justified and interesting intermediate phenotypes.
Another approach involves following families over
time, where the longitudinal observations can directly
provide evidence for temporal effects. However, per-
haps the most powerful approach to the investigation
of genotype-specific responses to environmental fac-
tors is through a controlled intervention trial where one
could, for example, observe the phenotypic response to
an altered energy balance. This has been done in a study
of body composition in male twins after a period of
overfeeding (Bouchard et al. 1990) and also in an inves-
tigation of apo Al levels in pedigreed baboons under
two different dietary regimens (Blangero et al. 1990).
Finally, identification and measurement of genes rele-
vant to energy metabolism can be used to elucidate the
effect of specific genes on phenotypic variation in body
composition. A combination of these approaches likely
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will be useful in resolving the etiologic heterogeneity of
human obesity.
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