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Abstract Adult height (stature), as a complex quanti-
tative trait, has been studied in different populations.
However, few genetic studies on height were performed
on the Chinese, the largest population in the world. In
this study, familial correlation and segregation analyses
were carried out for adult height in a Chinese sample
composed of 385 nuclear families with a total of 1,169
informative individuals. The results suggest that a
major gene with a recessive effect accounts for about
17.2% of the total adult height variation in the Chi-
nese. Significant familial residual effects are found. The
heritability (£ SE) of height is estimated to be 0.647
(£0.122). This study, for the first time, provides
evidence for the high degree of genetic determination
of adult height in the Chinese population and furnishes
a valuable reference for further mapping and identifi-
cation of adult height genes in the Chinese.
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Introduction

The adult height (stature) has long been recognized as an
important parameter of human physical development.
However, to what extent environmental and genetic
factors influence the variation of this highly complex trait
is not very clear. Decades of research have identified
factors underlying adult height variation. Nutrition
(Kusin et al. 1992; Ruel et al. 1995), energy consumption
during adolescence (Post et al. 1997), disease (Malleson
1991), and even psychosocial factors (Skuse et al. 1996)
can significantly contribute to the final height an adult
can achieve. Meanwhile, genetic factors also play an
important role in height determination. Many studies
suggested a strong familial aggregation of adult height in
which the height correlation between monozygotic twins
was 0.9 (Ellis et al. 2001) and the heritability estimates
ranged from 0.75% to 0.95% (Phillips and Matheny
1990; Carmichael and McGue 1995; Preece 1996; Sil-
ventoinen et al. 2000).

Complex segregation analysis (CSA), as a prelude to
further parameter-dependent genetic analyses (Elston
and Stewart 1971; Lalouel et al. 1983; Dizier et al. 1996),
is a method evaluating the transmission of complex traits
within pedigrees. It has been applied to characterize ge-
netic determination of adult height in different popula-
tions (e.g., Province and Rao 1985; Ginsburg et al. 1998;
Ginsburg and Livshits 1999; Xu et al. 2002). However, the
results were largely inconsistent. Several studies sup-
ported the existence of major gene(s) (MG), but with
different inheritance models and different magnitudes of
height variation attributable to MGs (e.g., Ginsburg et al.
1998; Ginsburg and Livshits 1999; Xu et al. 2002). In
contrast, others failed to detect an MG effect even though
the heritability for height was very high in their studies
(e.g., Province and Rao 1985). Therefore, whether adult
height variation behaves as an oligogenic or a polygenic
mode of inheritance, or a mixture of the two, is still under
debate. Furthermore, geneticists are still not aware whe-
ther different populations are really of different genetic



backgrounds for adult height or not, although some
implications appear (e.g., Ellis et al. 2001; Hirschhorn
et al. 2001). Therefore, extensive segregation analysis in
different populations can contribute to our understand-
ing of the genetic determination of adult height.

To the best of our knowledge, there are still no
in-depth studies on the genetics of adult height in the
Chinese population. This is especially true for the
familial correlation analysis and CSA. Therefore, our
main purposes in the present study are (1) to study the
familial correlations and evaluate the heritability of
adult height adjusted for several significant covariates
such as age and sex, and (2) to explore the mode of
inheritance in Chinese nuclear families by CSA.

Materials and methods

Subjects

The study was approved by the Hunan Normal University and the
Research Administration Departments of Shanghai’s Sixth People’s
Hospital. We recruited 401 nuclear families composed of both par-
ents and at least one healthy female offspring, totaling 1,260 indi-
viduals. All offspring are daughters whose ages were generally
between 20 and 45. The average family size is 3.14, in which 349, 50, 2,
and 1 families/family have/has 1, 2, 3, and 4 offspring, respectively.

All the subjects involved in the study came from a local pop-
ulation of Shanghai City located on the mid-east coast of the
People’s Republic of China and belong to the Han ethnic group, a
majority group in China that composes more than 90% of the total
Chinese population of 1.30 billion people (Liu et al. 2002). The
mother of each family was randomly recruited from visiting
patients by the Clinic of the Center for Preventing and Treating
Osteoporosis of Shanghai’s Sixth Hospital. All subjects signed
informed-consent documents before entering the project. For each
study subject, we have also investigated information on age, sex,
medical history, family history, female history (such as age on
menophania, lactation, and menopause), physical activity (such as
average times and intensity of exercise per week), alcohol use, diet
habits, and smoking history. Such information was obtained by
nurse-administered questionnaires and/or medical records. Only
families with healthy offspring, which were defined by the exclusion
criteria of Deng et al. (2002a), were included in our analyses.

In the collected database, there are a total of 32 individuals
(fathers or mothers) without height data, whose traits are regarded
as missing data in our analyses. Furthermore, based on our avail-
able molecular data-restriction fragment length polymorphisms
(RFLP) data for six markers, there are nine families (2.24% of the
overall families) probably with some non-biological offspring
according to the Mendelian Law. These offspring were excluded in
our analysis.

We also investigated pedigree heterogeneity and ruled out some
“outlier” families (Ginsburg et al. 1998). The basic principle is that
a positive correlation should be observed in close relatives under
the assumption of strong genetic inheritance. Accordingly, in our
procedure, after height is adjusted for sex and age, those families
with height discrepancy among the members (except for spouse
pairs) greater than 2.5 standard deviations are excluded. As a re-
sult, 3.98% of the total families were excluded.

Measurement and data adjustments

Measurements were taken in the Research Administration
Departments of Shanghai’s Sixth People’s Hospital. Height was
measured twice in units of centimeters by the height bar of a
standard hospital scale. Subjects stood straight on the scale without
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shoes and with the head positioned. Readings were recorded to the
nearest 0.5 cm. Because we were interested in the genetic determi-
nation of adult height, any individual less than 20 years old was
excluded from our analysis as not until that age can individuals
reach the final adult height (Roche and Davila 1972).

Before the genetic analyses, the data were tested for dependence
on sex and age. In this way, a multiple linear regression was per-
formed with adult height as the dependent variable, and sex
(dummy variable, 0 for male and 1 for female) and age as the
independent variables. It shows that both sex and age are poten-
tially significantly correlated with adult height. In the simple linear
regression model, sex accounts for 31.7% of the total adult height
variation in our sample, and age accounts for 12.7% in male group
and 19.9% in female group. Therefore, for familial correlation
analyses and CSA, the data were adjusted for age and sex by a
multiple stepwise regression using a significance level of 0.1 for
both inclusion and retention in the model. The variance of the
adjusted data in the pooled sample is 0.569 of the initial variance,
indicating that sex and age can jointly account for about 43.1% of
the total variation of adult height in our sample. Because the data
of adult height are fit for normal distribution (Shapiro-Wilks test),
no data-transformation method was adopted in each analysis.

Familial correlation analyses

Familial correlations (spousal, parent-offspring, and sibling) and
their equivalent pair counts were calculated using the FCOR pro-
gram in Statistical Analysis for Genetic Epidemiology (SAGE
2002). The 95% confidence intervals for these correlations were
constructed using Fisher’s z-transformation (DeStefano et al.
1996). Heritability can, therefore, be estimated from the correlation
coefficients among sibling pairs, parent-offspring pairs, and spouse
pairs (Rice et al. 1997). In addition, after grouping subtypes into
main types, chi-square statistics and P-values were calculated to
test the homogeneity of correlations among the available subtypes
within each main type. Under the null hypothesis of homogeneity,
the test statistic has an approximate chi-square distribution with
degrees of freedom equal to the number of subtypes minus one.
More details can be referred to the SAGE 4.2 user manual (SAGE
2002). For instance, in our study, the null hypothesis is that there
can be only one group, parent-offspring, and the alternative
hypothesis is that there should be two subgroups, father-daughter
and mother-daughter.

Segregation analyses

Segregation analysis was performed using the program SEGREG,
as implemented in the SAGE 4.2 package (2002). The class D
regressive model was employed for continuous traits, assuming that
the sibling correlations were equal (Bonney 1984). The general
model assuming the existence of two major alleles (4 and B) at an
autosomal locus affecting adult height estimates the following
parameters: (1) P4 is the population frequency of the first of two
major gene alleles. (2) u, is the average trait value (genotypic value)
in all individuals having the genotype g at the major gene locus;
where g=1, 2, and 3 corresponds to genotypes 44, AB, and BB,
respectively. (3) ng is the trait variance in individuals having the
same major gene genotype g which estimates the trait variation due
to the influence of all possible environmental factors and potential
polygenes with relatively minor effects. (4) 7, is the transmission
probability parameter that estimates the probability that a parent of
genotype g transmits allele 4 to the next generation. The general
model does not assume a particular mode of transmission, so 7, 7 »,
and 1 ; are estimated together with all other parameters. (5) p, 5, and
€ are correlations between the trait residuals adjusted for the major
gene effect in spouses, parents/offspring, and siblings, respectively.
These correlations measure the magnitude of covariations between
relatives, which are attributable to polygenic and/or environmental
effects other than major gene effects. The parameters described
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above correspond to those in the program SAGE. For more details,
interested readers can refer to the SAGE 4.2 user manual (SAGE
2002).

The hypothesis for the MG model (also called the ““Mendelian”
model) or non-MG model (also called the “‘environmental’” model)
can be tested for by using standard transmission probability tests
(Elston 1981), where negative two times the discrepancy in natural-
log (In) likelihood (—2 In L) between a restricted/nested and
non-restricted/non-nested model approximately follows a y*distri-
bution. The degrees of freedom (df) for the test are equal to the
difference in the number of parameters estimated in the two
models. An MG model can be accepted provided the following
conditions are simultaneously met: (1) when the general model (all
parameters unrestricted) is compared with the Mendelian model
(the transmission probability parameters are restricted to the ex-
pected 1.0, 0.5, and 0.0, respectively), the latter is accepted
(P>0.05); and (2) when the general model is compared with the
“environmental” model (assuming independence of offspring
genotypes, i.e., equal transmission probability 1), the latter is re-
jected (P <0.05).

Once an MG model is accepted under the transmission prob-
ability tests, further constraining some parameters may give rise to
some more parsimonious models (such as additive, dominant, or
recessive). In addition, Akaike’s Information Criteria (AIC), de-
fined as AIC=-2 In L+2 (number of parameters estimated), can
be used to compare the non-nested models (Akaike 1974). The best
fitting and most parsimonious model requires the fewest estimated
parameters and produces the minimum AIC value. If the most
parsimonious model is an MG model, the proportion of variation
due to the MG can be calculated based on the given estimates of
parameters (Ginsburg and Livshits 1999). Standard errors (SE) of
the parameter estimates are given as usual through the inverse
matrix of second derivatives of the likelihood functions.

On the other hand, by using CSA, the significance of familial
correlation can also be tested. A nested model can be constructed in
such a way that one or some familial correlation coefficients are
fixed to zero while holding other parameters identical to those in
the general model. The non-nested model is the general one with
the statistical test similar to the aforementioned. The results should
be consistent with those in the familial correlation analysis.

Results
Descriptive statistics and familial correlations

Table 1 provides basic descriptive statistics for height,
age, and weight in three different groups: fathers,
mothers, and daughters. The mean height without
adjustment is significantly different among the three
groups (P <0.01) based on one-way analysis of variance
(P<0.01). As indicated in Table 1, the male group

Table 1 Descriptive statistics for the 1,169 subjects in 385 Chinese
families (mean +standard deviation)

Subjects Fathers Mothers Daughters
(n=1372) (n=367) (n=430)
Age (years) 62.3+£6.6 59.0£6.6 31.2+5.7
Height (cm) 166.2+£6.0 154.8 £5.5 159.6+£5.0
Weight (kg) 68.4+10.0 59.4+8.6 55.0+8.1

All the data above are raw data, i.e., data without adjustment.
Some observations are not available on a few subjects. Some
families are ruled out as outliers. And also some subjects are ex-
cluded from the study for the violation of Mendelian Rule, based
on our available RFLP data

(fathers) is generally taller than the female groups
(mothers and daughters), while the daughter group is
taller than the mother group. It is a common phenom-
enon, which may be explained by the fact that sex and
age have significant effects on adult height (Abassi 1998;
Seeman 1999).

The familial correlation coefficients, their 95% con-
fidence intervals and the number of pairs are provided in
Table 2. The correlations of parent/offspring are posi-
tive and highly significantly different from zero
(P<0.01). Similar results are observed in each sub-
relationship, father-daughter and mother-daughter
pairs. Though the number of sibling pairs is not large
(only 60) in our sample, the correlation in sibling-sibling
pairs is still significantly different from zero (P=0.02).
The correlation of spouses is also positive and signifi-
cant, indicating the phenomenon of positive assortative
mating. The heritability estimate for adult height is
0.647(£0.122). These results show that adult height in
the Chinese exerts a high inheritance, with a possible
strong involvement of assortative mating.

Equivalence of correlations among the father-
daughter and mother-daughter pairs is accepted through
the homogeneity test (ygr—;>=0.0008, P=0.97). This
may indicate that the difference between paternal and
maternal effects on adult height in Chinese is not large,
though the magnitude of correlation between the father-
daughter pair is smaller than that between the mother-
daughter pair, 0.377 versus 0.409. This is also the reason
that mother-offspring and father-offspring correlations
are assumed to be equal in our CSA.

Segregation analysis

The main results of CSA of adult height are presented in
Table 3. Column 1 shows a general model in which all
parameters are unrestricted to make the likelihood
function reach the global maximum and provide the
best-fit model to the data. Column 2 provides the results
of an MG (Mendelian) model that is not significantly
different from the general model (yqr— 2=1.11,
P=0.775). Meanwhile, as indicated in column 6, the
environmental model is not statistically different from
the general model (ygr—3>=7.19, P=0.066). It suggests

Table 2 Correlation coefficients (95% confidence interval) of adult
height among various relative pairs (adjusted for age and sex,
age>20)

Familial pairs No. of pairs Correlation coefficient
Parent-offspring 857 0.411** (0.354,0.465)
Mother-daughter 431 0.419** (0.338,0.494)
Father-daughter 426 0.377** (0.292,0.456)
Sibling-sibling 60 0.302* (0.052,0.516)
Spouse 369 0.141%* (0.039,0.240)

Significant differences from zero: *P <0.05, **P <0.01



Table 3 Complex segregation analysis of adult height (adjusted for
sex and age). For entries shown in [ ], a parameter is fixed to the
shown value. Entries shown in () represent the standard error of a
corresponding parameter. N¢, number of estimated parameters;
GMG, general major gene model, namely, only the ts are fixed to
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be 1.0, 0.5, and 0.0, respectively; No FC, all parameters are set as
the general model except for parent-offspring and sibling-sibling
correlation coefficients fixed to be 0; No SP, all parameters are set
as the general model except for spouse correlation coefficients fixed
to be 0

Parameter General Mendelian major gene model Environmental No FC No SP

model model

GMG Additive Dominant Recessive

1 2 3 4 5 6 7 8
T AA 0.530 [1.000] [1.000] [1.000] [1.000] 0.744 1.000¢ 0.000¢
T AB 0.658 [0.500] [0.500] [0.500] [0.500] 0.744° 0.502 0.111
T BB 0.000¢ [0.000] [0.000] [0.000] [0.000] 0.744° 0.000¢ 0.317
PA? 0.370 0.260 0.581 0.187 0.737 (0.054) 0.744° 0.547 0.254
HoAA 160.616 157.322 156.149 156.235 157.435 (0.604) 157.911 154.885 153.061
1 AB 163.402 164.167 160.977° 156.235° 163.464 (0.616) 162.993 160.826 163.935
I BB 156.232 160.671 165.804 162.124 163.464 (0.616)° 162.993 166.262 158.558
O AA 12.523 20.579 18.541 22.584 20.784 (2.251) 22.832 12.946 10.127
G AB 21.561 19.257 18.541° 22.584° 20.784 (2.251)° 24.452 12.135 21.684
0 BB 17.934 7.841 18.541° 22.584° 20.784 (2.251)° 24.452 13.976 19.842
o 0.199 0.219 0.240 0.193 0.205 (0.068) 0.188 0.139 [0.000]
p 0.437 0.443 0.339 0.371 0.380 (0.045) 0.511 [0.000] 0.538
€ 0.610 0.541 0.463 0.491 0.485 (0.117) 0.586 [0.000] 0.715
N 13 10 7 7 7 10 11 12
—2InL 7407.44 7408.55 7414.17 7423.11 7412.82 7414.63 7440.53 7415.25
AIC 7433.44 7428.55 7428.17 7437.11 7426.82 7434.63 7462.53 7337.25
¥ 2(df) - 1.11(3) 6.73(6) 15.67(6) 5.38(6) 7.19(3) 33.09(2) 7.81(1)
P-value - 0.775 0.347 0.016 0.496 0.066 <0.001 0.005

“The frequencies of genotypes, Hardy-Weinberg equilibrium is assumed

®Parameter is constrained to equal the parameter in the table
‘Model is additive
YParameter estimate reached its limit

that the environmental model is not strongly rejected in
our sample. However, our results are in favor of the MG
model. First, the P-value 0.066 for the test for the
environmental model is very close to 0.05, i.e., it is
marginally significant, whereas, that for the test for the
MG model is 0.775. Second, according to the AIC value,
the MG model is fitter than the environmental model.
Subsequent tests are applied to decipher more parsi-
monious inheritance models (additive, dominant, or
recessive) by constraining some corresponding parame-
ters. It can be seen that both the MG models with
additive and recessive effects are not significantly dif-
ferent from the general model, as shown in columns 3
and 5, respectively. According to the AIC value, the MG
model with a recessive effect is the most parsimonious
model, with the smallest AIC value. Therefore, we chose
the recessive model as the underlying MG model that
may determine the variation of adult height in the Chi-
nese. For each estimated parameter, the corresponding
SEs are also listed in column 5. Relatively small SEs of
the parameter estimates indicate a narrow range of
possible fluctuation of the corresponding estimates.
Based on the given parameter estimates, the proportion
of adult height variance attributable to the MG effect
is 17.2% under Hardy-Weinberg equilibrium, after
excluding effects of sex and age in our sample.
The model, however, shows substantial residual famil-
ial correlations between parents and offspring
($=0.380+£0.045), and in particular, between siblings
(€¢=0.485+0.117), which are, presumably, due to the

effects of polygenes and/or unknown environmental
factors.

In addition, we tested the residual familial correla-
tions by CSA. The model denying the effects of parents-
offspring and sibling-sibling correlations was examined
(i.e., f=0 and ¢=0), and highly significantly rejected (in
column 7) against the general model (yqr— 32=33.09,
P<0.001). In column 8, the spouse correlation coeffi-
cient, p, is fixed to zero (while holding the other para-
meters identical to those in column 2) to test the effect of
spouse correlation. This model was also statistically
rejected, indicating that assortative mating is notable
in the Chinese. These results are in agreement with the
results in the familial correlation analyses.

Discussion

Adult height has been long recognized as an important
human complex trait. However, few genetic studies on
adult height have been conducted in the Chinese, the
largest population in the world. As such, we performed
familial correlation analyses and CSA on adult height
in a Chinese sample composed of 385 nuclear families
with a total of 1,169 informative individuals. As the
first CSA on height in the Chinese population, our
study suggests the existence of an MG with a recessive
effect and a significant familial correlation for height in
the Chinese. The heritability of height in the Chinese is
estimated to be around 0.647(+0.122).
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Our finding is generally consistent with some early
studies performed in other populations (e.g., Ginsburg
et al. 1998; Xu et al. 2002). Xu et al. (2002) conducted
CSA in Dutch families. The study supported an MG
model with a recessive effect plus considerable residual
polygenic effects. The detected MG(s) could account for
about 38.1% of the total variation of adult height. In the
study of Ginsburg et al. (1998), pedigree samples were
collected from five ethnically and geographically differ-
ent populations: Kirghizians, Turkmenians, Chuvash-
ians, Mexicans, and Israelis. Except for the Ilast
population, the most fitting and parsimonious models
were additive, and the MG(s) implied by the models
were responsible for 39.8, 34.6, 53.2, 41.6, and 48.3% of
the total adult height variation in each population,
respectively. In the most parsimonious models suggested
by Ginsburg et al. (1998), the non-MG familial effects
were close to zero. This may imply, unlike the results of
Xu et al., that potential polygenic effects on adult height
in their samples may not be significant. In our study, an
MG model with a recessive effect for height is suggested.
However, the proportion of height variation attributable
to the MG is only 17.2%. Thus, apart from the detected
MG, other potential genetic factors, such as polygenes,
may also play an important role in regulating adult
height in the Chinese.

Significant height correlation is found among parent-
offspring and sibling-sibling pairs in our sample (Ta-
ble 2), which was also shown by many other studies
(e.g., Silventoinen et al. 2000; Xu et al. 2002). It may
indicate a strong familial aggregation of adult height.
Significant height correlation is also detected among
spouses. However, the correlation between the MG
genotypic values in spouses is fixed to zero in our MG
model. This indicates that assortative mating may have
no significant effects on the spousal similarity due to the
MG in our study. Instead, the significant observed
phenotypic spouse correlation of adult height may result
from other unknown genetic, environmental, or socio-
economic factors (Spuhler 1982; Mascie-Taylor 1987;
Sanchez-Andres and Mesa 1994).

Population heterogeneity of the study trait is one of
the important concerns for CSA as well as genetic
studies using other approaches. It may lead to incon-
sistent results among studies in different populations
(Province and Rao 1985; Ginsburg et al. 1998; Hirsch-
horn et al. 2001; Xu et al. 2002). This is especially true
for the study of height. Linkage and/or association
studies (e.g., Thompson et al. 1995; Raivio et al. 1996;
Garnero et al. 1998; Lorentzon et al. 1999; Miyake et al.
1999) in different populations have reported quite a few
loci potentially responsible for adult height in different
human chromosomes. Several whole-genome linkage
scans in different populations (Hirschhorn et al. 2001;
Deng et al. 2002b; Xu et al. 2002) revealed different
regions suggestive of containing QTLs underlying height
variation. For instance, in the study by Hirschhorn et al.
(2001) on four different populations (Botnia region of
Finland, other parts of Finland, Southern Sweden, and

Saguenay-Lac-St.-Jean region of Quebec), chromosomal
regions with the best evidence for linkage in a given
population did not show strong evidence for linkage in
other populations. As for CSA studies, different inheri-
tance models and even the absence of MG were
suggested for a variety of distinct ethnic populations
(Province and Rao 1985; Ginsburg et al. 1998; Ginsburg
and Livshits 1999; Xu et al. 2002). These facts reflect the
population heterogeneity of height as a quantitative trait
and the complexity in unraveling its genetic basis. They
also underscore the importance and necessity of study-
ing this trait in different ethnic populations, as only
based on this can we identify the genetic factors uni-
versal to all human race as well as those particular to a
certain ethnic group.

Our sample is from an expanding database being
created for studies searching for candidate genes
underlying the variation of BMD where all offspring are
female since females suffer more commonly from oste-
oporosis compared to males (Cooper et al. 1992).
Though some researchers argued that males might have
different patterns of genetic determination of adult
height compared with females (e.g., Ellis et al. 2001), it
seems impossible that these genetic factors are com-
pletely different between males and females. Therefore,
our results may give an implication about the shared
genetic mechanisms between males and females. The
conclusions obtained from the results should be at least
applicable to the Chinese female group.

Our inference that an MG with a recessive effect
influences adult height in Chinese was based on the
overwhelming majority of the studied data. In our
analyses, only 3.98% of the total families showing ped-
igree heterogeneity among the data were ruled out.
Considering body habitus (such as sex and age) and
other environmental factors that can substantially affect
adult height, the exclusion of a minor part of data
should not alter the validity of the inference (Ginsburg
et al. 1998). Thus, the obtained results are robust and
reliable. Further more, our conclusion, as stated above,
is generally consistent with most previous studies in
different populations.

In summary, our findings suggest the existence of an
MG with a recessive effect contributing to the variation
of adult height in the Chinese. They also, along with
some previous ones, provide evidence for ethnic differ-
entiation in genetic determination of height. Based on
the study, marker-based genetic analyses are to be
implemented to further dissect the genetic basis of height
and other complex traits in the Chinese population.

Acknowledgements The study was partially supported by Hunan
Province Special Professor Start-up Fund (25000612), Chinese
National Science Foundation (CNSF) Outstanding Young Scien-
tist Award (30025025), a general (30170504) and key project grant
from CNSF, and a Seed Fund (25000106) and a key project grant
from the Ministry of Education of People’s Republic of China. The
investigator, H.W.D. was partially supported by grants from
Health Future Foundation of USA, grants from National Health
Institute (KO1 AR02170-01, RO1 GM60402-01A1), grants from the
State of Nebraska Cancer and Smoking Related Disease Research



Program (LBS595), the State of Nebraska Tobacco Settlement Fund
(LB692), and US Department of Energy grant (DE-FGO3-
00ER63000/A00). The main results of this paper were obtained by
using the program package SAGE, which is supported by a US
Public Health Service Resource Grant (RR03655) from the
National Center for Research Resources. Ms. Q.R. Huang coor-
dinated sample recruitment for this study. We thank all the study
subjects for volunteering to participate in the study. We thank Ms.
M. Hansen for careful reading of the manuscript.

References

Abassi V (1998) Growth and normal puberty. Pediatrics 102:507—
511

Akaike H (1974) A new look at the statistical model identification.
IEEE Trans Automatic Control AC-19:716-723

Bonney GE (1984) On the statistical determination of major gene
mechanism in continuous human traits: regressive models. Am
J Med Genet 18:731-749

Carmichael CM, McGue M (1995) A cross-sectional examination
of height, weight, and body mass index in adult twins. J Ger-
ontol A Biol Sci Med Sci 50:B237-B244

Cooper, Campion G, Melton LJ III (1992) Hip fractures in the
elderly: a world-wide projection. Osteoporos Int 2:285-9

Deng HW, Shen H, Xu FH, Deng HY, Conway T, Zhang HT,
Recker RR (2002) Tests of linkage and/or association of genes
for vitamin D receptor, osteocalcin, and parathyroid hormone
with bone mineral density. J Bone Miner Res 17:678-686

Deng HW, Xu FH, Liu YZ, Shen H, Deng HY, Huang QY, Liu
YJ, Conway T, Li JL, Davies KM, Recker RR (2002b) A
whole-genome linkage scan suggests several genomic regions
potentially containing QTLs underlying the variation of stature.
Am J Medical Genet 113:29-39

DeStefano AL, Cupples LA, Maciel P, Gaspar C, Radvany J,
Dawson DM, Sudarsky L, Corwin L, Coutinho P, MacLeod P
(1996) A familial factor independent of CAG repeat length
influences age at onset of Machado-Joseph disease. Am J Hum
Genet 59:119-127

Dizier MH, Babron MC, Clerget-Darpoux F (1996) Conclusion of
LOD score analysis for family data generated under two-locus
models. Am J Hum Genet 58:1338-1346

Ellis JA, Stebbing M, Harrap SB (2001) Significant population
variation in adult male height associated with the Y chromo-
some and the aromatase gene. J Clin Endocrinol Metab
86(9):4147-4150

Elston RC (1981) Segregation analysis. Adv Hum Genet 11:63-120

Elston RC, Stewart J (1971) A general model for genetic analysis of
pedigree data. Hum Hered 21:523-542

Garnero P, Borel O, Grant SF, Ralston SH, Delmas PD (1998)
Collagen lalphal Spl polymorphism, bone mass, and bone
turnover in healthy French premenopausal women: the OFELY
study. J Bone Miner Res 13:813-817

Ginsburg E, Livshits G (1999) Segregation analysis of quantitative
traits: review. Am J Hum Bio 26:103-129

Ginsburg E, Livshits G, Yakovenko K, Kobyliansky E (1998) Major
gene control of human body height, weight and BMI in five
ethnically different populations. Ann Hum Genet 62:307-322

Hirschhorn JN, Lindgren CM, Daly MJ, Kirby A, Schaffner SF,
Burtt NP, Altshuler D, Parker A, Rioux JD, Platko J, Gaudet
D, Hudson TJ, Groop LC, Lander ES (2001) Genomewide
linkage analysis of stature in multiple populations reveals sev-
eral regions with evidence of linkage to adult height. Am J Hum
Genet 69:106-116

Kusin J, Kardjati S, Houtkooper J, Renqvist U (1992) Energy
supplement station during pregnancy and postnatal growth.
Lancet 340:623-626

Lalouel JM, Rao DC, Morton NF, Elston RC (1983) A unified
model for complex segregation analysis. Am J Hum Genet
35:816-826

153

Liu ZH, Piao JH, Pang LP, Qing X, Nan S, Pan ZA, Guo YC,
Wang XH, Li FF, Liu JP, Cheng XG (2002) The diagnosis
criteria for primary osteoporosis and the incidence of osteo-
porosis in China. J] Bone Miner Metab 20:181-190

Lorentzon M, Lorentzon R, Backstrom T, Nordstrom P (1999)
Estrogen receptor gene polymorphism, but not estradiol levels,
is related to bone density in healthy adolescent boys: a cross-
sectional and longitudinal study. J Clin Endocrinol Metab
84:4597-4601

Malleson P (1991) Pain syndromes, disability and chronic disease in
childhood. Curr Opin Rheumatol 3:860-866

Mascie-Taylor CG (1987) Assortative mating in a contemporary
British population. Ann Hum Biol 14:59-68

Miyake H, Nagashima K, Onigata K, Nagashima T, Takano Y,
Morikawa A (1999) Allelic variations of the D2 dopamine
receptor gene in children with idiopathic short stature. J Hum
Genet 44:26-29

Phillips K, Matheny AP (1990) Quantitative genetic analysis of
longitudinal trends in height: preliminary results from the
Louisville Twin Study. Acta Genet Med Gemellol 39:143-163

Post B, Kemper H, Weltern D, Coundert J (1997) Dietary pattern
and growth and socioeconomic status. Am J Hum Bio 9:51-62

Preece MA (1996) The genetic contribution to stature. Horm Res
45:56-58

Province MA, Rao DC (1985) Path analysis of family resemblance
with temporal trends: applications to height, weight, and
Quetelet index in northeastern Brazil. Am J Hum Genet
37:178-192

Raivio T, Huhtaniemi I, Anttila R, Siimes MA, Hagenas L,
Nilsson C, Pettersson K, Dunkel L (1996) The role of
luteinizing hormone-beta gene polymorphism in the onset and
progression of puberty in healthy boys. J Clin Endocrinol
Metab 81:3278-3282

Rice T, Despr’es JP, Daw EW, Gagnon J, Borecki IB, P’erusse L,
Leon AS, Skinner JS, Wilmore JH, Rao DC, Bouchard C
(1997) Familial resemblance for abdominal visceral fat: the
HERITAGE family study. Int J Obes Relat Metab Disord
21:1024-1031

Roche AF, Davila GH (1972) Late adolescent growth in stature.
Pediatrics 50:874-880

Ruel M, Rivera J, Habicht J, Martorell R (1995) Differential re-
sponse to early nutrition supplementation: long-term effects on
height at adolescence. Int J Epidemiol 24:404-412

Statistical Analysis for Genetic Epidemiology (SAGE), Release 4.2.
(2002) Computer program package available from Statistical
Solutions Ltd, Cork, Ireland

Sanchez-Andres A, Mesa MS (1994) Assortative mating in a
Spanish population: effects of social factors and cohabitation
time. J Biosoc Sci 26:441-450

Seeman E (1999) The structural basis of bone fragility in men. Bone
25:143-147

Silventoinen K, Kaprio J, Lahelma E, Koskenvuo M (2000) Rel-
ative effect of genetic and environmental factors on body
height: differences across birth cohorts among Finnish men and
women. Am J Public Health 90:627-630

Skuse D, Albanese A, Stanhope R (1996) A new stress-related
syndrome of growth failure and hyperphagia in children,
associated with reversibility of growth-hormone insufficiency.
Lancet 348:353-358

Spuhler JN (1982) Assortative mating with respect to physical
characteristics. Soc Biol 29:53-66

Thompson DB, Ossowski V, Janssen RC, Knowler WC, Bogardus
C (1995) Linkage between stature and a region on chromosome
20 and analysis of a candidate gene, bone morphogenetic pro-
tein 2. Am J Med Genet 59:495-500

Xu JF, Bleecker ER, Jongepier H, Howard TD, Koppelman GH,
Postma DS, Meyers DA (2002) Major recessive gene(s) with
considerable residual polygenic effect regulating adult height:
confirmation of genomewide scan results for chromosomes 6, 9,
and 12. Am J Hum Genet 71:646-650



