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Abstract

Osteoporosis i5 2 major cause of disability in the United States Numerous factors contribute to the decline in bone mineral density
(BMD) thar characterizes this disease, and the importance of heredity is now widely appreciated We evaluated the joint contributions of
genes and environmental factors on variation in BMD in 893 participants of the San Antonio Family Osteoporosis Study (SAFOS)
Participants of the SAFOS ranged in age from 18 to 96 years and were members of 34 large families of Mexican American ancestty BMD
was measured at the spine, hip and forearm by dial-energy X-ay absorptiometry. Information about medical history. lifestyle habits,
dietary intake, and physical activity patteras was obtained by questionnaire Age and body mass index were strongly associated with BMD
at nearly every site; these and other measured risk factors accounted in aggregate for up (o 46% of the total variation in BMD. In general,
the environmental zisk factors accounted for propottionately more of the total variation in BMD in men than in women Genes accounied
for 65-80% ot the residual variation in spine and hip BMD, and 25-55% of the residual variability in forearm BMD Although residual
heritabilities were generally comparable between men and women across all ages combined, heritabilities at ail sites tended to be higher in
premenopausal women than in mern younger than 50 years of age. Identifying the individual genes involved will shed insights into the
processes that govern bone remodeling and may suggest strategies for the prevention of osteopurosis
@ 2003 Elsevier Inc All rights reserved.
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Introduction

Osteoporosis Is a major cause of disability throughout
the world. It is estimated that 10 million Americans are
currently affected with this disoxder and another 18 million
have low bone mass. placing them at future risk for becormn-
ing affected [1]. Osteoporosis is responsible for 1 5 million
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fractures per year in the United States, including an esti-
mated 700,000 vertebral and 300,000 hip fractures [2,3]
Neaily one-quarier of those experiencing an osteoporotic
hip fracture will die within 1 year [4,5] The economic
burden associated with health care costs due to osteoporotic
fractures in the United States alone ranges from 10 to 15
billion dollars [6]

Osteoporosis is defined as bone mineral density (BMD)
that is reduced by >2 5 standard deviations below peak
hone mass [7,8] Because BMD is such an important pre-
dictor of future fracture, concerted efforts have been unde;-
taken to understand the factors that influence BMD How-
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ever, these efforts have been complicated by the need to
consider the dynamic properties of bone growth because
bone density at any given point in time reflects the cumu-
lative balance of processes contributing to bone formation
and bene resorption Nevertheless, epidemiologic studies
have revealed a number of environmental and lifestyle fac-
tors to be associated with reduced BMD, such as lean hody
size, cigarette smoking. steroid use, nutritional deficiency,
and early menopause [%,10] There also appears to be ethnic
variation in BMD, with Americans of African and Mexican
ancestty having on average increased BMD relative to in-
dividuals of non-Hispanic Caucasian background [11,12]
However, at least some of this ethnic variability can likely
be accounted for by ethnic differences in other known risk
factors for BMD (e g, body size)

Over the past 2 decades, family and genetic studies have
clearly established an important genetic influence on BMD
[13]. The heritability of BMD has been estimnated from twin
i14-16} and tamily [10,17] studies to be in the range of 40
to 80%. However, the nature of the genetic contribution to
BMD is at present unclear Although there appears to be a
strong genetic influence affecting acquisition of peak bone
mass [16,18,19], genes may also influence the maintenance
of bone mass and/or the rate ar which bone loss occuis in
later ages. Moieover, the extent io which genetic influences
may be sex-dependent is not known.

In order to elucidate further the genetic epidemiology of
the determinants of BMD, we initiated the San Antonio
Family Osteoporosis Study (SAFOS), a population-based
family study of BMD and its determinants in large extended
families of Mexican American ancestry. This report de-
scribes the study design and initial findings trom this study,
including the relative contributions of lifestyle variables and
genetic factors on BMD Because our study included men
and women across a wide range of ages, we were further
able to assess the genetic and environmental influences on
BMD in men and women separately

Materials and methods
Subjects

Families enrolled into the SAFOS were selected because
of theit concurrent participation in a follow-up examination
of the San Antonio Family Heart Study (SAFHS), a popu-
lation-based prospective family study of atherosclerosis and
its tisk factors The baseline phase of the SAFHS was
carried ont between 1991 and 1996, during which time 1431
individnals from 41 large families were recruited Probands
for these families were identified from a low-income neigh-
borhood using a house-to-house recruitment procedure. El-
igibility criteria for study probands were that they be 40—60
vears of age and have large families in the San Antonio area.
All fivst, second, and third degree relatives of the proband
and the probands’ spouse were invited to participate; the

invitation was extended regardless of the probands’ (or
relatives’) medical history. Details of the sampling and
reciuitment procedures for the SAFHS have been previ-
ously described {20]

Recruitment into the SAFOS was held in conjunction
with a 4- to S-year follow-up examination of the SAFHS
families. In 1997, all individuals from the 34 largest SAFHS
tamilies were invited back to participate in a 5-year fol-
low-up examination. Participating subjects received a med-
ical examination in owr clinic in the morning following a
12-h fast Fasting blood samples were collected for bio-
chernical analysis and a 2-h glucose tolerance test was then
performed following ingestion of a 75-g glucose equivaient
load Diabetes was diagnosed using the plasma glucose
criteria of the World Health Organization {21] and self-
report of current use of antidiabetic medications. Relevant
to this report, the basic medical examination also incloded
measurement of height and weight (after the participant
removed his ot her shoes), from which body mass index was
calculated as weight (in kilograms) divided by height (in
meters) squared. Pregnant women were not eligible to par-
ticipate; women reporting that they were pregnant were
rescheduled for examination following their pregnancy All
procedures were approved by the Institutional Review
Board at the University of Texas Health Science Center at
San Antonio

Phenotypes

Bone mineial content was measured using a dual energy
X-ray absorptiometer (DXA} at the spine (L1-L4) and at
multiple sites within the hip (trochanter, intertrochanter,
neck, and Ward's uiangle) and forearm (the 1/3, mid-, and
uitradistal sites of the radius and ulna) All subjects were
measured on the same machine (Hologic 1500W. Hologic,
Inc., Bedford, MA). The areal bone mineral density (BMD;
grams per square centimeter) was determined by dividing
the bone minetal content (BMC,; grams) by the projected
area of the region scanned {square centimeters) Total hip
BMD was defined as the sum of the BMC at the neck,
rochanter, and intertrochanter sites divided by the total area
of these three sites. All measurements were obtained and
analyzed using standard protocols provided by the manu-
tacturer The short-term in vivo precision of the BMD was
determined for owr technician on 27 subjects who were
examined twice on the same day. The precision ol the
lumbar spine was 0009 gm/cm® (CV% = 1 0%) and pre-
cision of the total hip was 0 007 gm/cm® (CV% = 0.87%)
The precision of the manufacturer’s spine phantom was
00017 gm/em® (CV% = 0 17%)

Covariates
A questionnaire was administered to obtain information

about subjects’ medical history, medication usé, dietary
habits, physical activity patterns, and smoking and alcohol
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consumption behaviors. An extensive reproductive history
questionnaire was administered to women that included
questions about mensirual cycles and current use of oral
contraceptives and estrogens Women were considered io be
menopausal if more than 1 year had elapsed since their last
menstrual period ot if they had undergone surgical meno-
pause, defined as having both ovaries removed Total

months of breastfeeding was coded as the total namber of

months the woman had spent breastfeeding, summed across
all of her children.

Dietary calcium intake was assessed by a 104-item food
frequency questionnaire designed for this population [20]
Participants were further questioned about all dietary sup-
plements they were taking, including vitamin use Supple-
mental calcium intake was defined as the number of mitli-
grams of calcium the subject consumed per day as a result
of multivitamin or supplemental calcium pills.

Physical activity was assessed using a modified veision
ot the Stanford 7-day Physical Activity Recall Instrument
[22,23] Subjects reported the weekly number of hours they
slept and engaged in moderately strenuous, heavy. and very
heavy physical activities Examples ot activities corre-
sponding to each category were provided to assist the sub-
ject’s responses Light physical activity is defined as the
ditference between the total possible hours of weekly ac-
tivity (ie, 7 days X 24 h/day = 168 h) and the number of
howrs acconnted for by sleep and moderate, heavy, and very
heavy activity Each category of physical activity was
scored in metabolic equivalents, or METS (one MET equals
the energy expenditure of 1 kg body wt/h), and expressed on
a per-week basis

Statistical analyses

The overall aim of these analyses was to determine the
extent to which genes and measured environmental factors
conéribute to variation in BMD As previously described in
detail [20], we used quantitative genetic methods to model
_ the total variation in the trait as a function of the mean trait
value, effects attiibutable to the measured covariates, and
the proportions of the remaining variation that could be
attributed to the residual genetic and unmeasured environ-
mental effects, respectively. For each BMD trait, we esti-
mated the effects of the following environmental covariates:
education (years), smoking status {current vs not), alcohol
consumption (current drinker vs not), physical activity level
{in METS), dietary calcium intake {in milligrams per deci-
liter), supplemental calcium intake {yes/no), and BMI (ki-
lograms per square meter) In women, we also estimated
effects associated with the following variables: menopausal
status (postmenopansal vs not), oral contraceptive use (cur-
rent user vs not), hormone replacement therapy (current user
vs noty, namber of live births. and total months of breast
feeding The effects of age and age squared were included
in each model, allowing for the age effects to vary by sex

Genetic effects were estimated simulianeously along

with the environmental effects using a pedigree-based fike-
lihood approach [24,25] Only additive polygenic effects
were estimated so that we defined heritability as the pro-
pottion of the total trait variance (o7} attributable to the
additive effects of genes (o‘é) (ie, “narrow sense” herita-
bility; #* = o3/o3) Estimation of the additve genetic
heritability follows basic quantitative genetic theory, which
models the phenotypic covariances (conditional upon co-
variate effects) between iwo individuals in a pedigree as a
function of theit degree of biologic relatedness. Specifically,
under the assumption of multivariate normality, we mod-
eled the observed phenotypic covariances between any two
individuals within the pedigree as the sum of their expected
coefficient of relationship (which is twice the kinship coet-
ficient) times the additive genetic variance plus the envi-
ronmental variance (In this model, the additive genetic
variance plus the environmental variance equals the total
phenotypic variance.}) Maximum likelihood methods wete
used to estimate the values of the parameters (including the
hezitability) that resulted in the highest likelihood obtained
across all of the pedigrees. These analyses were conducted
using the SOLAR software program [26]

We performed likelihood ratio tests to determine whether
the set of environmental covariates included in each analy-
sis accounted for a significant component of the phenotypic
variation in that trait. This test compares the likelihood of a
full model (all covariates and additive genetic effects) with
that of a nested model in which the covariate being tested is
removed from the model The likelihood ratio statistic is
distiibuted asymptotically as a x* statistic with one df
Because a major aim of our analysis was fo estimate the
proportion of unexpiained variance that could be expiained
by the genetic factors, we used a liberal threshold of 0.10 to
establish significance levels for covariate effects:

The final models included all environmental covariates,
including age, age squared, and sex, which were signifi-
cantly associated with BMD in univariate analysis, as well
as an additive genetic effect modeled as a random effect.
We computed the relative proportions of the variance ex-
plained by the measured environmental covariates and
genes as the variance attributable to that particular compo-
nent divided by the total phenotypic variance The residual
vatiance that was not accounted for by the two components
corresponds to the residual environmental variance or the
proportion of the variance attributable to unmeasured envi-
ronmental factors [20]

The analysis of each phenotype was restricted to those
individuals for whom all covariate data were complete Of
the original 895 subjects who received DXA scans, 2 were
excluded because they reported that they were currently
taking corticosteroids, and 8§ were excluded due ¢ poor
quality of the BMD measurements. Of the 1emaining 883
individuals, 89 individuals were missing information on one
or more of the covariates and were exciuded {rom ana'lyses
involving that variable
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Table 1
Clinical characteristics of the study sample according to gender®
Variable Males Females

(n = 344) {n = 551)
Age (years) 423 > 166 431155
% with diabetes 19.0% 198%
Education (years) 1069 +34 10433
% Smoke 31 4% 17 0%
% Alcohol 60.1% 29.2%
METS (per week) 276 £ 58 251 = 37
Diet Calcium {mg/di) 1613 £ 553 882 + 407
% Supplemental Calciuzm 12 8% 252%
BMI {kg/m?) 98162 315%176
% Menopause — 29 8%
% Oral Contraceplives — 13 4%
% HRT — 13 6%
No of Live Births — 31223
Duaration of Breastfeeding (months) — 87228

Abbreviations METS. metabolic equivalent units; BMI, body mass
index; HRT. hormone replacement therapy.

A Means = standard deviations presented for continuous variables and
percentages with trait presented for categorical variables

Results

A total of 895 individuals (344 men and 551 women)
from 34 families wete emolled in the San Antonio Pamily
Osteoporosis Study. The median number of individuals ex-
amined per pedigree was 25 The sampie included a total of
358 distinct sibships (i e, same mother and same father),
with sizes ranging from 1 to 10

Because we recruited extended families, the sample of
examined individuals included a very large number of rel-
ative pair types The sample included information on 1561
pairs of first-degree relatives (733 parent—offspring pairs
and 828 sib pairs), 1983 pairs of second-degree relatives
{1646 avuncular pairs [aunt/uncle-niece/nephew], 210
grandpareni—grandchild pairs, and 127 half-sibling pairs),
and 2571 pairs of third-degree relatives (1921 cousin pairs,
396 great-avuncular paits, 250 half-avuncuolar pairs, and 4
great-grandparent-—- great-grandchild pairs

Characteristics of the study sample are summarized in
Table 1 according to gender. The prevalence of diabetes was
19 0% in men and 19 8% in women, and the mean body
mass index 1anged from 29 § kg/m? in men to 31 5 kg/m® in
women. The average level of formal education was 109
years in men and 10.4 years in women Men weie more
likely than women to dtink alcohol and smoke cigarettes
Men reported higher levels of dietary calcium intake than
women, although women reported higher rates of calcium
supplementation. Nearly 30% of the female study subjects
were postmenopausal Thirteen percent of women reported
current use of contraceptives, and 13 6% reported that they
were currently taking estrogens

We contrasted mean BMD at the hip (total} in Mexican
Americans from the SAFOS with coiresponding published
estimates from a representative national sample of the non-

Hispanic white population [27] (see Fig. 1) In general,
BMD decreased with increasing age in both sexes and
ethnic groups, with the exception of Mexican Amesican
men, in whom BMD was highest in the oldest age category,
atthough this category included only six individuals In each
age group, mean BMD was higher in Mexican Americans
than in the corresponding sample of non-Hispanic whites

The effects of environmental and lifestyle variables on
BMD were analyzed separately in men and women Results
of these analyses are shown in Table 2 for the spine and hip
In men, BMI was the only variable significantly associated -
with spine BMD (P < 0.01), and after accounting for the
effects of BMI, the residuai heritability of spine BMD was
estimated to be 53% (ie., 53% of the residual variation in
spine BMD could be attributed to the additive effects of
genes) In women, decreased spine BMD) was associated
with increasing age (P << 0 01}, presence of diabetes (P <
0 10), higher education (£ < 0.03), higher BMI (£ = 0 01),
menepause (P = 0 01), and less time spent breastteeding (P
= { 10) After accounting for these variables, the residual
heritability in spine BMD was estimated to be 78%

The relationship between environmental covariates and
hip BMI> is also shown in Table 2. In men increased BMD
was associated with younger age, higher physical activity,
and higher BMI at each site After accounting for these
variables, the residual heritability for BMD in men ranged
from 66% for total hip BMD to 76% for BMD at Ward’s
triangle. In women, higher BMD at all hip sites was signif-
icantly associated with younger age, higher BMI, and less
time spent breastfeeding . In addition, increased BMD at the
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Table 2
Environmental correlates of BMD in spine and hip

843

Variable Spine (L1-L4) Hip (Neck)

Hip (Troch)

Hip {Inter) Hip (Wards)

Men Women Men Women

Men

Women Men ‘Women Men Women

—00740° -0 OS17F

0 0279%

-0 0222*
-0 0263*
0.0210*
0.0138"

Age

Age

Diabetic (years)

Education (years)

Smoking {vears)

Alcohol (years)

Total METS

Dietary Ca

Supp Ca (years)

BMI

Menopause
(years)

OC (years)

HBT (years)

No. of Live
Births

Total Months BE

hZr

2

0.0108*

001267

0 0439% 00336 0 0722F

—0 Q464*

00313

—0.0051* -0 01307

033012 078 x011

—00287%
-0 0230¢

00093*

0.0341%

066014 067010 070014 076010 067014

-0 1393% —-00615

G 0401*

-00310°

—-00194% 00171 —00376%
-0 0398°

00159%
00154" 0 0088+

0 0500*
-0 0505

0.0896° 00866* 00371%

0 0432¢
—-00318°

—0.0220° —0.01617
071010 076014 070010

—goL217

Abbreviations. METS metabolic equivalent units; BMI. body mass index; OC, oral contraceptive use; HRT, hormone replacement therapy

*p< 10
TP 05
Fp< 01

total hip and Ward’s triangle was associated with higher
leve] of education, and BMD at the trochanter and Ward’s
triangle was inversely associated with menopause After
accounting for all covariates, the residual heritability for
BMD in women ranged from 67% for total hip BMD to
76% for BMD at the trochanter

Table 3 summarizes the relationships between environ-
mental covatiates and forearm BMD In men, increased
BMD at all forearm sites was associated with younger age
and increased BMI (P < 0 01}. Alcohol intake was associ-

ated with higher BMD at the radius 1/3 (£ << 0.05), but not
at any other sites. In addition, higher physical activity was
also associated with higher BMD at the radius UD and at afl
three ulna sites (P < 0 01) In women, increased BMD was
associated with younger age (P <C 0.01) and higher BMI (#
< 0 01) at all six sites, with less time spent breastfeeding at
all sites except radius and ulna 1/3, and inversely associated
with menopause at all sites except ulna UD, Higher BMD at
the radius UD and uina UD was also associated with & larger
number of live births, and BMD at the ulna UD was alse

Table 3
Environmental correlates of BMD in forearm
Variable Radius 113 Radius Mid Radius UD Ulna 173 Ulna Mid Ulpa UD

Men Waorcn Men Women Men Women Men Women Men Women Men Women
Age —0.0204% —04153¢ —0022° ~0.0150¢ - -0 0130% ~0.0163% —-galest ~017i
Age? —0.0r2st —00174% —0 0145 -0 0175+ —0.0150° —0 O0B%7 002113 —g.011#¥ -0 017%* —B0141
Diabetic (v) —00311" -0 0227* -0.0114°
Education (y)
Smoking (y)
Alcohol () 00147%
Total METS 0.0069* 0.0079* 0.0064" 00071
Dictary Ca —0 0031
Supp. Ca (y) 0.0036% 00053
BMI 00063* o.0i21% 0.0120¢ GOI6T* 0.0220% 00128° DLOTH 00108% 00072% 00108% oenet
Menopause (y) —00234% —00107 -oo118" - ~0 G082 —0 0082°
oC &) — —00084*
HRT {v) — 0 0084*
Mo of Live Births 0.0039% — 0 8053°
Totat Months BE —p0057* -0.0077" — —0 0039+ —0 th62*
h2r 35603 038x060 036017 0422000 030034 0482010 056015 034+009 041+015 036000 0252013 03562010

Abbreviations METS metabolic equivalent units; BMI body mass index; OC oral contraceptive use; HIRT hormone replacement therapy

* P 10
TP 05
PP 0l
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Table 4
Compenents of variance for BMD in the spine hip. and forearm
Variable Males Females
n Measured Covariates Genetic Residual n Measured Covariates Genetic Residual
Environment Environment
All* {Age only) All* (Age only)
Spine 328 0405 ()} 0s0 045 492 031 022 053 015
Neck 307 029 01N 047 024 494 038 013 041 021
Trechanter 307 01l (0 05) 062 026 530 026 01i2) 056 018
Intertrochanter 307 022 0 01) 0352 026 532 035 (013) 046 0.19
Wards 307 047 (043) 040 013 489 040 (032) 042 0.18
Radius 1/3 336 ¢a7 (0 06) 052 041 539 046 (0 40) 021 033
Radius Mid 310 G 14 (0 08) 031 0355 539 044 (0 36) 024 030
Radius UD 315 015 (0 09) 026 0359 540 041 (0 26) 0.28 03l
Ulna 1/3 306 009 (0 04) 0351 040 541 040 (0 34) 020 0 40
Ulna Mid 3i4 S} (0.05) 037 0353 540 044 (0 38) 020 036
Ulna UD 307 012 (0 04) 022 0.66 510 037 (0 30) 635 028

* Measured covariates eligible for inclusion in cach model included for men: age, age?, diabetes (present/absent), alcohol consumption (yes/na) smoking
(yes/no) education (yrs), BMI, METS calcium supplementation (g/day) calcium intake {g/day); and for women all above variables and menopause status.
total number of months breastfeeding. oral contraceptive use {current user vs not). and hormone replacement therapy (carrently taking estrogens vs not)

assoctated with lower dietary calcium intake (£ = 0 10),
lack of oral contraceptive use (P = 0 10), and current use of
estrogen (P = 010) After accounting for covariates, the
residual heritability of forearm BMD ranged from 25 to
56% in men and from 34 to 56% in women

Table 4 shows the components of variance for BMD at
each site, analyzed separately in men and women Each row
in the table describes the propoition of the total phenotypic
variance in that trait that can be attributed to the combined
effects of the measured covariates (including age), additive
genetic effects, and unmeasured (residual} environmental
factors The residual environmental compenent is computed
as the remainder of the phenotypic variance that cannot be
explained by the measured covariates and genetic effects
The proportion of the variance attributable to additive ge-
netic effects estimated from this analysis diffess from the
residual heritability estimated in the previous analyses
(summarized in Tables 2 and 3) because the residual heri-
tability {shown in the prior analyses) corresponds to the
proportion of the unexplained variation accounted for by
genes (that is, after accounting for all covaiiate effects),

whereas the proportion of the variance attributable to ge-
netic effects (shown in this analysis) reflects the proportion
of the toral phenotypic vaiiation accounted for by genes
With only a single exception (i.¢, BMD at Ward’s triangle),
measured covariates accounted for a larger preportion of the
total phenotypic variation in women than in men This is
due largely to the fact that the two variables that account for
most of the variation in BMD, namely age and body mass
index, account for a larger proportion of the phenotypic
variance in women than in men {see Table 4 for proportion
of variation explained by age alone) For BMD at both the
spine and hip, genetic factors accounted for approximately
similar propottions of the phenotypic variation in men and
women (e g, 530-33% of the total variation in BMD ai the
spine and 40-60% of the variation in BMD at the hip) In
contrast, genes accounted for a larger proportion of the
variation in forearm BMD in men {22-52%) than in women
(20-35%)

Figure 2 shows the residual heritability of BMD at the
spine, hip (neck) and forearm (radivs mid) for premeno-
pausal women and men younger than age 50 separately.

7
(s3] 7
o~ oo T O pign
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Fig 2 Residual hesitability (#%) of BMD in premenopausal women (z = 339) and men younger than 50 vears of age (n = 230}
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Premenopausal women ranged in age from 18 to 53 years
Residual beritability of BMD was considerably higher in
women than in men at these ages across all thiee sites
Further comparison of the genetic variances between men
and women (estimated by multiplying the residual herita-
bility by the residual trait variance, since h* = o5/0%)
revealed the genetic variances to be higher in younger
women than in men at each site This result suggests that
after accounting for known, measured covariates, such as
age, genes have a larger effect on phenotypic variation in
younger wotren than in younger men {(data not shown)
Residual heritability estimates are not presented for post-
menopansal women and men older than age 50 because
precise estimates could not be obtained most likely due to
the relatively small numbers of relative pairs in these cate-
gories

Discussion

The SAFOS is one of the largest family studies of BMD
carried out to date The design of this study is unique from
several perspectives, including its focus on large extended
families, its inclusion of both men and women, and its
restriction to families of Mexican American ancestry. One
interesting feature of the Mexican Armetican population, at
least in terms of bone health, is that the 1isk of hip and
vertebral fracture appears to be lower in this population than
in the non-Hispanic white population [28-30], although at
least some of this lower 1isk may be explained by the greater
level of obesity in this population The relative protection
against fracture experienced by Mexican Americans is
small; it could be related to a relatively higher BMD ob-
served in Mexican Ammericans [11], greater protection
against trauma among those experiencing falls, or to some
other feature related to bone structure

We have simultaneously estimated the contributions of
genes and a variety of epidemiologic covariates to pheno-
typic variation in BMD In men, the covariates and genetic
etfects (heritability) together accounted for 55% of the total
variation in spine BMD, 75% of the total variation in hip
BMD, and 34-60% of the total variation in forearm BMD.
The corresponding proportions in women were 85% (spine),
79-82% (hip), and 60-72% (forearm) In men, genes ac-
counted for a far larger proportion of the total variation in
BMD than did measured environmental risk factors, with
the sole exception of Ward’s triangle, where measured co-
variates accounted for 47% of BMD variation compared 1o
40% for genes In women, genes accounted for slightly
more of the variation than measured environmental risk
factors in BMD at the spine and hip but not at the forearm,
where there was a marked decrease in BMD following
menopause Measured covariates accounted for consider-
ably larger proportions of the total vaiiation in BMD in
woinen than they did in men, especially at the spine and hip.

At most sites, most of the measured covariate effects could
be accounted for by age

The strong genetic influences on BMD observed in this
Mexican American population are consistent with results
obtained from many other populations In general, high trait
heritabilities provide a stiong motivation for pursuing gene-
mapping strategies, such as genomewide linkage analysis,
although some caveats are in order. First, genetic influences
on BMD may be age-specific, whereas heritabilities reflect
only the aggregate effects of genes that influence BMD
throughout life Some of these genes may exert their effects
primarily later in life {e g, they may influence bone loss),
whereas others may exert their effects younger in life (e g,
they may influence acquisition or maintenance of peak bone
mass) Second, there may be genes whose effects on BMD
are sex-specific, such as genes influencing estrogen or an-
drogen production and/or balance. Gene-mapping strategies
should therefore consider the possibility that genetic influ-
ences on BMD may inciude some genes whose effects may
be detected throughout the population structure, as well as
others whose effects may be detectable primarily in specific
sabsets.

A unigue feature of our sample is its composition of
large extended pedigrees with large numbers of different
types of relative pairs, which enabled us estimate heritabit-
ities of BMD for subsets of our data. In women, genes
accounted for 78% of the unexplained variation in spine
BMD compared to only 53% in men There was little
difference in residual heritability between the sexes for both
hip and forearm BMD, where genes accounted for 66--76%
and 25-56% of the unexplained variation in men and
women, respectively. The apparently higher heritability in
BMD at the hip and spine than at the forearm may represent
a stronger genetic effect at these sites or a greater precision
in measurement at these sites. The higher heritability in
spine observed in women than in men, both across all ages
and for younger age groups separately, appears to reflect a
greater genetic effect in women in acquisition of peak bone
mass.

A modifying 1ole of gender on the genetic determinants
of whole body BMD has recently been reported in mice
Overall, the heritability, of weight-corrected BMD was
greater in male than female mice (45% vs 22%), and a
genome scan revealed gender-specific linkages with only a
few overlapping regions of linkage between the two sexes
[31]. In one of the few human stadies to explore this issue
directly, Naganathan and colleagues reported lower corre-
lations among opposite-sex twins than among same-sex
dizygotic twins in forearrm BMD, although not hip BMD,
suggesting the presence of unique gender-specific genetic
effects, at least at the forearm site [32] Our analyses based
on extended families are consistent with this interpretation,
although the gender-specific genetic effects in our data were
most evident at younger ages {ie, premenopausal women
and men younger than 50), where they were observed across
alt sites.
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Jt is likely that we have underestimated the effects of
some of the environmental covariates. Nutritional back-
ground, physical activity, and reproductive history (in
women) are widely regarded as important contributors to
bone health Our assessments of these exposures, although
reasonable for epidemiologic settings, were not designed to
capture lifetime exposures to these variables, nor have we
considered possible interactions among the measured envi-
ronmental factors, such as between dietary intake and sex
Consequently, we almost have certainly underestimated the
“true” effects of these variables on BMD The likely effect
of these shortcomings is to underestimate variance to the
measured environmental factors and overestimate variance
to the unmeasured (residual) environmental factors

The assessment of environmental determinants, although
imperfect, offers several oppoitunities for future gene-map-
ping efforts For example, identification of individual-spe-
cific covariates may increase the power of gene-mapping
efforts by decreasing the amount of unexplained phenotypic
variance, and thereby increasing the strength of the genetic
signal  Additionally, covariate information may ultimately
prove useful for detection of specific genetic mutations
whose effects are manifested primarily in the context of a
particularly beneficial (or detrimental) environment.
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