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ABSTRACT
Ethnic and gender differences in bone mineral acquisition were

examined in a longitudinal study of 423 healthy Asian, black, His-
panic, and white males and females (aged 9–25 yr). Bone mass of the
spine, femoral neck, total hip, and whole body was measured annually
for up to 4 yr by dual energy x-ray absorptiometry. Age-adjusted mean
bone mineral curves for areal (BMD) and volumetric (BMAD) bone
mineral density were compared for the 4 ethnic groups. Consistent
differences in areal and volumetric bone density were observed only
between black and nonblack subjects. Among females, blacks had
greater mean levels of BMD and BMAD at all skeletal sites. Differ-
ences among Asians, Hispanics, and white females were significant
for femoral neck BMD, whole body BMD, and whole body bone min-
eral content/height ratio, for which Asians had significantly lower
values; femoral neck BMAD in Asian and white females was lower

than that in Hispanics. Like the females, black males had consistently
greater mean values than nonblacks for all BMD and BMAD mea-
surements. A few differences were also observed among nonblack
male subjects. Whites had greater mean total hip BMD, whole body
BMD, and whole body bone mineral content/height ratio than Asian
and Hispanic males; Hispanics had lower spine BMD than white and
Asian males. The tempo of gains in BMD varied by gender and skel-
etal site. In females, total hip, spine, and whole body BMD reached
a plateau at 14.1, 15.7, and 16.4 yr, respectively. For males, gains in
BMD leveled off at 15.7 yr for total hip and at age 17.6 yr for spine
and whole body. Black and Asian females and Asian males tended to
reach a plateau in BMD earlier than the other ethnic groups. The use
of gender- and ethnic-specific standards is recommended when in-
terpreting pediatric bone densitometry data. (J Clin Endocrinol
Metab 84: 4702–4712, 1999)

PEAK BONE mass is a key determinant of skeletal health
throughout life. Approximately 60% of the risk of os-

teoporosis can be explained by the amount of bone mineral
acquired by early adulthood; subsequent bone loss accounts
for the remaining risk (1). Recognition of the pivotal impor-
tance of peak bone mass has led to a proliferation of pediatric
bone studies. This research has been directed at identifying
determinants of optimal bone accretion (2) and risk factors
for early osteopenia (3). Children and young adults with a
variety of chronic disorders face an increased risk of os-
teopenia and osteoporosis (3). The skeletal health of these
young patients is best assessed with bone densitometry, but
age- and puberty-adjusted standards are needed to interpret
their results. The need for pediatric reference data has pro-
vided a further impetus to examine bone mineral acquisition
in healthy youth.

Despite the proliferation of pediatric research in the past
decade (2, 4–24), several aspects of bone mineral acquisition
remain controversial. The timing of peak bone mass is dis-
puted; some studies conclude that bone mass is maximal by

age 20 yr (4–8, 14–17), whereas other reports indicate mea-
surable bone mineral gains into the third decade (9, 18). In
part, these differences may reflect small sample sizes or
cross-sectional (10–19, 23) vs. longitudinal design (4–9). The
tempo of bone mineral accrual has been shown to vary by
skeletal site, with gains continuing longer at whole body than
at hip or spine (6, 7, 9). Ethnic differences in bone mass have
been observed in some (20, 22, 24), but not all (11, 12), studies.
Similarly, there are discrepancies concerning the magnitude
of gender differences in bone mass. These controversies have
persisted in part because of a relative paucity of data from
males and nonwhites. Variability in reported ethnic or gen-
der differences also results when different noninvasive meth-
ods are used to assess bone mineral. Finally, the influence of
exercise, diet, and other lifestyle variables on bone mineral
acquisition is debatable (2, 8, 16). In some studies, activity
and calcium intake have been estimated to make a 5–10%
difference in bone mass (5, 8, 9), whereas others have found
no significant correlation (4). These divergent findings may
be explained by the lack of standardized instruments to
quantitate diet and activity and a paucity of longitudinal
bone accrual studies.

Perhaps the most debated issue in pediatric bone research
is the optimal technique for determining bone mass in grow-
ing children. Dual energy x-ray absorptiometry (DXA) is
widely accepted as the preferred method for assessing bone
mass in children because of its speed, precision, availability,
and modest radiation exposure (25). Despite these advan-
tages, DXA is limited because it does not measure volumetric
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bone density. By convention, bone mass is reported as bone
mineral content (BMC; grams) or areal bone density (BMD;
grams per cm2), terms that are strongly influenced by bone
size (26, 27). As a result, DXA may overestimate true bone
mass in larger individuals and underestimate bone mass in
smaller individuals. Several investigators have derived mod-
els to estimate volumetric bone density to reduce the influ-
ence of bone size on DXA measurements (4, 5, 13, 27). Al-
though the validity of these models remains controversial
(26, 28, 29), they provide a reasonable approach to adjusting
for bone size. Quantitative computed tomography (QCT)
circumvents the measurement artifacts associated with DXA
by measuring volumetric bone mineral density directly.
However, QCT is not widely available and requires consid-
erably higher radiation exposure than DXA (25). Further-
more, published pediatric norms for QCT (20, 30) are more
limited than those for DXA. Quantitative ultrasound is
emerging as an attractive method to evaluate pediatric bone
mineral because it is portable, inexpensive, and requires no
ionizing radiation (25). Quantitative ultrasound has not sup-
planted DXA, however, because this technique is less precise
(25) and pediatric reference data are limited (31, 32).

This longitudinal study was designed to examine the in-
fluence of gender and ethnicity on bone mineral acquisition
in healthy youths and young adults (aged 9–25 yr). A total
of 423 black, Asian, Hispanic, and white males and females
had measurements of bone mass made by DXA at study
entry and yearly thereafter for up to 4 yr. Growth, pubertal
development, diet, and exercise were monitored during this
period as well. Normative curves for areal (BMD) and volu-
metric bone mineral apparent density (BMAD) at the spine,
proximal hip, and whole body have been modeled from these
longitudinal data.

Subjects and Methods

Subjects

A convenience sample of healthy youth was recruited from the com-
munity through advertisements and personal contact (21, 22). Individ-
uals with a history of medical conditions or use of medications affecting
bone mineral were excluded. Subjects were encouraged to return an-
nually for a total of four visits or until they had reached age 26 yr.
Recruitment occurred between May 1992 and February 1996; data col-
lection ended in February 1997. The cohort at entry included 103 non-
Hispanic whites, 103 Hispanics, 103 Asians, and 114 non-Hispanic
blacks, aged 8.8–25.9 yr; 230 females and 193 males were enrolled as
previously reported (22). For simplicity, ethnicity and race will be used
as interchangeable terms, and the groups will be referred to as white,
Hispanic, Asian, and black. A total of 280 subjects completed 2 visits; 189
were studied 3 times, and 113 were evaluated 4 times. Subjects who
completed fewer than 4 visits included those who refused, relocated, or
reached age 26 yr during the study period; in addition, subjects who
were recruited late in the study did not complete all visits because
funding had terminated.

Clinical assessment

All assessments performed at study entry were repeated at each
annual follow-up visit (21, 22). In brief, height was measured using a
wall-mounted stadiometer, and weight was determined with a balance
beam using a standardized protocol. Pubertal stage was estimated with
a self-assessment instrument using Tanner classifications of breast de-
velopment in females and genital development in males (33). Calcium/
protein ratio was assessed using the NCI Food Questionnaire (34). Ha-
bitual physical activity was determined from a structured interview
directed at recall of recreational exercise during the previous 12 months.

Bone densitometry

Bone mineral was measured by DXA (QDR 1000W, software version
6.10, Hologic, Inc., Waltham, MA) in the pencil beam mode. Regions of
interest included the lumbar spine (L2–L4), left proximal femur (femoral
neck and total hip), and whole body. A standardized protocol was
employed for analysis of the proximal hip to reduce measurement in-
consistencies that may result from changes in femoral neck geometry
during growth (22). BMC (grams) and BMD (grams per cm2) were
determined by Hologic, Inc., software. BMAD (grams per cm3), an es-
timate of volumetric bone density, was calculated as previously de-
scribed (4, 27). Spine BMAD was derived using the formula BMC 4

(area)1.5; femoral neck BMAD was calculated from the expression
BMC 4 (area)2. The expression whole body BMC 4 height (cm) was
calculated to adjust for whole body bone size. In our laboratory, the in
vivo coefficient of variation for replicate measurements of BMD in ad-
olescents and young adults is 0.6% at all skeletal sites studied.

The study protocol was approved by the Stanford University ad-
ministrative panel on human subjects in medical research. Written con-
sent was obtained from all participants and from the parents of subjects
under age 18 yr.

Statistical models and methods

We used several biostatistical techniques to model the bone mineral
percentile curves. A mixed effects model was employed to allow inclu-
sion of all data from each subject despite irregularly spaced measure-
ments or missing values (35). The model also adjusts for measurement
errors and other random fluctuations. Semiparametric regression mod-
els were used to permit flexible modeling of the curves using splines (36).
After inspection of the data, we selected knots (ages) where shifts in the
bone acquisition curves were greatest. A piecewise cubic polynomial
model was applied between adjacent pairs of knots, with constraints
built in to force the adjacent cubic polynomial to join up smoothly.
Robust nonparametric smoothing techniques were used to provide es-
timates of the sd as a function of age (37). A detailed description of these
modeling techniques is provided in the references (35–37).

Fitting the models

The models were fit by maximum likelihood estimation that incor-
porates estimates of random error between and within individuals in a
single model. This method adjusts for highly correlated repeated mea-
surements from single individuals, thus allowing examination of fixed
effects (such as ethnicity). We used the linear mixed effects software in
SPlus (version 4.3) for this modeling and fit separate models for males
and females (38).

Age-adjusted mean and sd curves were produced for areal BMD of
the spine, femoral neck, total hip, and whole body. Curves for spine and
femoral neck BMAD and whole body BMC/height ratio were also gen-
erated as estimates of volumetric bone density. For the bone measure-
ments at each site, we tested whether models varied by ethnic group.
Where significant ethnic differences in mean bone mass were observed,
separate curves were created. If differences between two or more racial
groups were not significant, data were pooled to maximize the number
of subjects in the reference curves.

Modeling the tempo of bone acquisition

To examine gender and ethnic differences in the tempo of bone
mineral acquisition, we applied a simpler statistical model than that
used to create the sd curves. Analysis was designed to estimate the age
at which bone accrual reached a plateau, and a simple linear model of
bone mineral acquisition rates was used between age 9 yr and the age
at which bone acquisition leveled off. We used a grid-search technique
to localize the age at plateau and then tested the validity of that as-
sumption using a bootstrap technique (39). For each ethnicity and gen-
der, we determined the age at which bone acquisition plateaus, the mean
bone mineral achieved by that age, and the rate of bone acquisition (the
slope of the curve between age 9 yr and the age at plateau).

All measures of bone mass increased with age except femoral neck
BMAD, which appeared to decline transiently during midpuberty. To
explore the reason for this change, we plotted both femoral neck BMC
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and area curves, obtained by smoothing the observed data. These curves
were scaled to fit on the same axes, and the curves and their derivatives
were compared.

Results

Clinical characteristics

Entry data for the age, height, weight, pubertal stage,
dietary intake, and physical activity of the study subjects
have been published previously (21, 22). Two changes were
made in the original cohort after the initial report; 1 black
male subject was subsequently excluded because of a skeletal
contracture, and 1 Hispanic female was added to the cohort.
Subjects were asked to return annually for up to 4 visits or
until age 26 yr. Of 423 subjects studied at baseline, 280 sub-
jects completed 2 visits, 189 were studied 3 times, and 113
were evaluated 4 times.

Tables 1 and 2 summarize the number of subjects studied
at each age and the mean anthropometric and bone mineral
data. Data from all visits for each subject are included. Bone
mineral results for each subject are also superimposed on the
age-adjusted curves (Figs. 1 and 2) to show the ethnic dis-
tribution by age and to display the individual variability in
bone mineral acquisition rates. Participants ranged in age
from 9–25 yr at entry. Of the 230 females, 17% were prepu-
bertal or in early puberty, 35% were at midpuberty, and 48%
were pubertally mature. Among the 193 males, 28% were in
pre- or early puberty, 33% were midpubertal, and 39% had
reached sexual maturity. The mean age for each pubertal
group did not differ by ethnicity. There were also no ethnic
differences in mean weight, height, or body mass index (BMI)
for males or females until late puberty. Among the mature
females, Hispanics were shorter than whites; black and His-
panic females had greater BMI than Asian and white females.
Asian males weighed less than white males at maturity, but
did not have significant differences in BMI. A few ethnic
differences in diet were also observed. The mean calcium/
protein and calcium/energy ratios were greater in white than
in Asian or black females; white males consumed more cal-
cium per g protein than Asian males in early and late puberty
(22). There were no significant differences in habitual weight-
bearing physical activity between ethnic groups.

Racial differences in bone mineral data

Mean and sd curves for spine bone density (BMD) by age
are shown for females (Fig. 1) and males (Fig. 2). Mean BMD
for black females was approximately 10% greater than mean
BMD in nonblacks. Differences among white, Hispanic, and
Asian females were not significant, and data from these three
groups were combined. Like the females, black males had
greater areal bone density at the spine than all nonblack
subjects; however, white and Asian males had greater mean
spine BMD than Hispanics. The difference between blacks
and whites was approximately 3% at the spine (Fig. 2).

Age-adjusted mean and sd curves for BMD and BMAD for
all other skeletal sites are provided at the study web site
(http://www-stat.stanford.edu/pediatric-bones). This site
has been designed to provide a standard deviation or z-score
for BMD or BMAD if age, gender, race/ethnicity, and den-
sitometry data (BMC, BMD, and bone area) are entered. T
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Figure 3 summarizes ethnic differences in areal and volu-
metric bone mineral densities at all skeletal sites. For each
measure of BMD or BMAD, the analysis determined whether
there was a shift upward or downward in the mean levels for
Asians, blacks, or Hispanics compared with the mean level
for the white cohort. The dashed line represents the mean level
of age-adjusted BMD or BMAD for the white cohort, and the
horizontal bars indicate the mean level (6se) for males and
females in each ethnic group. Among females (right column),
blacks had significantly greater mean values for all measures
of bone mineral at all skeletal sites. As estimated volumetric
(BMAD) as well as areal (BMD) bone mineral densities were
significantly greater in black females, the observed differ-
ences could not be attributed simply to racial differences in
bone size. Differences in the mean bone mineral levels be-
tween the nonblack groups at some sites reached statistical
significance but were more modest than black-white differ-
ences. Asian females had significantly lower femoral neck
BMD, whole body BMD, and whole body BMC/height ratio
than Hispanic and white subjects. Femoral neck BMAD in
Asian and white females was lower than that in Hispanics.

As in females, black males had greater mean BMD and
BMAD at all sites than nonblacks (Fig. 3). Some ethnic dif-
ferences in mean bone mineral curves were also found
among the nonblack groups. Spine BMD was greater in
whites and Asians than in Hispanics (Fig. 2); whites also had
greater mean total hip BMD, whole body BMD, and whole
body BMC/height ratio than Asian and Hispanic males.

The magnitude of change in areal bone density during
puberty was greater than the change in estimated volumetric
bone density. In females, BMD increased approximately 50%
at the spine (Fig. 1), 25% at the femoral neck, 30% at the total
hip, and 30% for the whole body between ages 9–18 yr. Males
showed gains of similar or slightly greater magnitude from
9–18 yr (Fig. 2). Spine BMAD increased by approximately
20% in females and males, and no net increase in femoral
neck BMAD occurred during adolescence.

The tempo of bone mineral acquisition

All measures of bone mineral increased with age except for
femoral neck BMAD, which varied in midadolescence but
did not increase significantly between early and late ado-
lescence. Femoral BMAD values declined transiently be-
tween ages 10–13 yr in females and between ages 13–15 yr
in males. To explore the reason for this change, we compared
the changes in femoral neck BMC and area curves. The tran-
sient decrease in femoral BMAD coincided with more rapid
gains in femoral neck area than in BMC, resulting in a tran-
sient decline in the ratio of BMC to (area).2 The subsequent
rise in femoral BMAD occurred as gains in femoral neck area
leveled off and BMC continued to increase (data not shown).

To examine the effects of gender and ethnicity on the
tempo of bone mineral acquisition, we used a simpler sta-
tistical model as described in Materials and Methods. For males
and females in each racial group, we estimated the inflection
point at which gains in BMD reached a plateau, the mean
BMD value at that age, and the rate (slope) of bone mineral
acquisition from early puberty until the plateau was reached.
Data for spine BMD are shown in Fig. 4. For the entire femaleT
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cohort, total hip, spine, and whole body BMD reached a
plateau at ages 14.1, 15.7, and 16.4 yr, respectively. Black and
Asian females tended to reach this plateau earlier than white
and Hispanic females. For males, the plateau in total hip
BMD was observed at 15.7 yr, whereas spine and whole body
BMD leveled off at age 17.6 yr. Asian males tended to reach
maximal BMD earlier than the mean at total hip and spine.

The ethnic differences in mean BMD at the plateau were
similar in magnitude to the mean differences observed for
the age-matched curves (Fig. 3). Blacks had significantly
greater areal bone densities than nonblacks at the spine, total
hip, and whole body. For black females, the mean spine and
hip bone density was approximately 0.06 gm/cm2 greater
than the mean for all females; for whole body, the difference
was 0.05 gm/cm2. Black males achieved a mean BMD that
was approximately 0.025, 0.03, and 0.05 gm/cm2 greater for
spine, whole body, and total hip, respectively, than the mean
for all males (data not shown).

Discussion

This is the first report of longitudinal change in bone
density in healthy, ethnically diverse youth. A primary goal
of this study was to determine whether there were racial or
gender-related differences in the tempo and magnitude of
bone mineral acquired during adolescence. We found that

blacks had greater mean BMD and BMAD at all sites than
nonblacks. For a few measures of bone mineral, we found
significant differences among Asian, Hispanic, and white
subjects as well. As racial differences were found in volu-
metric (BMAD) as well as areal (BMD) bone density, the
observed differences in bone mineral could not be attributed
solely to ethnic differences in bone size. As expected, BMD
increased rapidly at all skeletal sites during the early teen
years and reached a plateau by late adolescence. Bone min-
eral acquisition accelerated and plateaued earlier in females
than males. Asian males and females and black females
tended to reach a plateau earlier than others. Spine BMAD
and whole body BMC/ht ratio also increased during pu-
berty; by contrast, there were no significant gains in femoral
neck BMAD between early and late adolescence.

The combination of statistical methods used to generate
the bone mineral curves optimized the information to be
gained from our longitudinal data. The mixed effects model
allowed the inclusion of data from all subjects regardless of
the number of study visits and the variable intervals between
visits. The model made appropriate adjustments for mea-
surement errors and for inclusion of multiple data points
from the same individual. Cubic regression splines permit-
ted flexible modeling of the bone acquisition curves through
adolescence, when the velocity of gains vary considerably.

FIG. 1. Spine BMD for females by age. Mixed effects and semiparametric models were used to create the mean curves, and robust nonparametric
smoothing techniques were employed for estimations of SD and by age. Mean BMD was significantly greater in black (right panel) vs. nonblack
(Asian, Hispanic, and white) subjects (left panel). The solid line represents the mean level for age, and the dashed lines indicate the SD as
indicated.
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FIG. 2. Spine BMD for males by age. The curve for black males was significantly greater than the mean levels of all nonblacks; Asian and white
males had greater mean spine BMD than Hispanics. Mean and SD curves are shown.
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FIG. 3. Ethnic differences in areal (BMD; grams per cm2) and volumetric bone mineral density (BMAD; grams per cm3) in healthy 9- to
25-yr-olds. The dashed line represents the mean level of the curve (z-score 5 zero) for age-adjusted bone mineral in white subjects. The solid
lines and error bars designate the mean (6SE) levels of the bone mineral curves for Asian, black, Hispanic, and white in males (left column)
or females (right column). Differences from the mean are expressed in grams per cm2 (for BMD) and grams per cm3 (for BMAD).
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We used robust nonparametric smoothing to estimate the
magnitude of the sd. We found that the sd from the mean was
not fixed but, rather, increased with age. Maximum likeli-
hood estimations allowed us to examine the effect of eth-
nicity by adjusting for the repeated measurements taken
from the same subject.

We found that blacks had significantly greater areal and
volumetric bone density than nonblacks (Hispanic, Asian,
and white) at all skeletal sites. For example, mean spine BMD
for age was approximately 10% greater in black females and
3% greater in black males. Several previous studies from our
group (22) and others (11, 20, 24, 40–42) observed that black
American youths have 5–23% more bone mass than whites
depending upon skeletal site, age, and gender. Significant
differences have not been found between black and white
South African youths (12). The differences we observed in
bone mass between blacks and whites could not be attributed
entirely to racial differences in bone size, because blacks also
had greater estimated volumetric bone density (BMAD). Gil-
sanz et al. also found that QCT measurements of volumetric
bone density at the spine were greater in blacks than whites
(20, 42). By contrast, they observed no racial difference in
femoral shaft cortical bone density, although blacks had
greater cross-sectional area in that region (20, 42). Data from
cross-sectional studies indicated that racial differences in

bone mass increase during puberty because black adoles-
cents gain more bone mineral in late adolescence (20, 22, 42).
However, one longitudinal study found that bone mass in-
creased more in black than in white children, aged 8–10 yr
(24). We were unable to determine whether there were racial
differences in the rates of bone accrual at differing ages
because the statistical approach used assumed the shape of
the bone mineral curves to be similar for all groups.

We observed fewer significant differences in bone mineral
among Asian, Hispanic, and white subjects, and the magni-
tude of these differences was more modest than that of the
black vs. nonblack differences. Asian females had lower
mean femoral neck BMD, whole body BMD, and whole body
BMC/height ratio than whites and Hispanics; femoral neck
BMAD in Asian and white females was lower than that in
Hispanics. Among males, spine BMD was lower in Hispanics
than in Asian or whites. Total hip BMD, whole body BMD,
and whole body BMC/height ratio were also greater in
whites than in Hispanic or Asian males. The few differences
we observed between Hispanic and white cohorts contrast
with data of McCormick et al. (11), showing no significant
differences in spine BMD (corrected for body weight) be-
tween Hispanic and white children (11). Once again, the
discrepant findings may reflect differences in cohort size,
cross-sectional vs. longitudinal study design, or the statistical

FIG. 4. Gender differences in the tempo of bone acquisition at the spine in males (A) and females (B). The age and mean BMD at the time gains
in bone mineral plateaued were estimated by bootstrapping as described in Materials and Methods. Interconnected dots represent serial data
from individual subjects.
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tests applied. In our study, Asian youths had lower measures
of bone mineral at some sites than their white American
counterparts, similar to findings from several adult studies
(43). Some of the apparent differences in BMD between
Asians and Caucasians can be explained by racial differences
in bone size and body weight (21, 22, 43). We speculate that
the Westernized diet and activity patterns of our largely
American-born Asian cohort attenuated ethnic differences in
bone size and geometry (44), thus reducing differences in
areal bone density between Asians and whites.

We found more ethnic differences in bone mineral in this
longitudinal study than we found at baseline in this cohort
(21, 22). At study entry, differences between blacks and
whites were not observed at all skeletal sites and pubertal
stages (22). Mean BMD and BMAD for Asian, Hispanic, and
white subjects were similar until late puberty, when Asian
males had lower whole body BMD and BMC/height ratio
than whites (22). Several factors may explain the apparent
increase in ethnic differences in the current study. Firstly, the
dataset used for longitudinal analyses was larger, increasing
our power to detect small differences. Secondly, we applied
a mixed effects model for this study compared with the
regression models used for the cross-sectional data analysis.
Finally, the bone mineral data presented here are adjusted
only for age, whereas our earlier studies controlled for sev-
eral confounding variables, such as height, weight, and pu-
bertal stage. Although the latter approach corrected for ap-
propriate genetic and lifestyle factors, this reduced our
power to detect small ethnic differences.

We found that gender, but not ethnicity, had a significant
influence on the timing of bone mineral acquisition. Gains in
bone mineral plateaued earlier in females than in males.
There was a tendency for Asian youth to reach a plateau
earlier than blacks, whites, and Hispanics at some sites, but
these differences were not significant. Our conclusions about
the tempo of bone mineral acquisition are generally consis-
tent with findings from studies in predominantly white
youth in the U.S. and abroad (4–11, 13–17, 23). In a longi-
tudinal study of Canadian youth, Bailey et al. found that peak
gains in spine, femoral neck, and whole body BMC occurred
at 13 yr in females and 14.4 yr in males, approximately 1 yr
after peak height velocity (45). Lu et al. found that spine BMD
plateaued at ages 15.7 and 17.4 yr in Australian females and
males, respectively, similar to our estimates of 15.7 and 17.6
yr (7). Most studies have concluded that females and males
attain 95–100% of their peak bone mass by the late teen years
(6, 14–17, 19). However, Recker et al. found that women
gained 5% and 12% in spine and whole body BMD, respec-
tively, during the decade between ages 20–29 yr (9). We had
insufficient numbers of older subjects to address the timing
of peak bone mass.

Our data support the conclusion that pubertal gains in
areal bone density largely reflect increases in bone size rather
than changes in true volumetric bone mineral density (4, 13,
26). Between early and late adolescence, BMD increased dra-
matically at all sites. By contrast, gains in estimated BMAD
at the spine were more modest, and there was no net increase
in femoral neck BMAD. These findings support prior studies
showing that estimated volumetric bone density increases at
the spine, but not at the femoral neck or shaft, during ado-

lescence (4, 5, 13). The changes we observed in BMAD are
also consistent with QCT data, indicating pubertal gains in
both size and volumetric density of vertebrae, whereas the
volumetric bone density of the femoral shaft does not change
(26, 30). The transient decrease that we observed in femoral
neck BMAD during early puberty has not been reported
previously, perhaps because earlier studies were cross-sec-
tional or because mixed effect modeling was not used to
analyze the data.

We acknowledge several limitations of this study. The
cohort studied was a convenience sample, which may not be
representative of all American youth. Despite a reasonably
large cohort size at study entry, the number of subjects in
each age, ethnicity, and gender group at baseline was limited
because of the spectrum of age and ethnicity. Furthermore,
the cohort size was diminished by attrition in subsequent
years, particularly among nonwhite participants. Attrition
rates of 43–51% have been observed in studies of black adults
(46, 47). Retaining teens in a clinical study is even more
challenging because of their mobility, dependence upon pa-
rental cooperation, and competing social and academic in-
terests. Finally, it was beyond the scope of this paper to
address the influence of lifestyle variables on longitudinal
gains in bone mineral. Studies in predominantly white co-
horts indicate that calcium intake or physical activity may
account for as much as 5–10% of the variance in bone mineral
accrual among children (1, 8, 16) or young adults (9). Fur-
thermore, common lifestyle patterns may contribute to ge-
netic factors to produce ethnic differences in bone mass. In
a study of black and white adults, Ettinger et al. found that
correcting for body size, composition, diet, physical activity,
endocrine function, and markers of bone metabolism re-
duced, but did not eliminate, racial differences in peak bone
mass (48). We found few ethnic differences in lifestyle in this
cohort at study entry, and these variables were weak pre-
dictors of bone mineral (23). However, we intend to extend
our analyses of these data to explore the correlation between
diet and activity and longitudinal changes in bone mass.

Despite these weaknesses, we believe that the bone min-
eral curves from this study provide valuable reference
norms. To date, DXA manufacturers have included little or
no pediatric data in their software, making it difficult to
interpret scans in younger patients. There are several pub-
lished studies in predominantly white cohorts (6, 10, 13–19,
23), but few reports of Hispanic or black youth (11, 20). The
only bone mineral data from Asian American youth to date
were collected from our study group (21, 22). The sample size
of 423 subjects makes this one of the larger studies and the
only reported longitudinal study to include ethnically di-
verse youth. The statistical approach used to model the bone
mineral curves allowed inclusion of both cross-sectional and
longitudinal data. We provide gender- and ethnic-specific
curves for most skeletal sites, including total hip. The use of
gender-specific reference data is particularly important, be-
cause adolescent differences in the tempo of bone gain may
lead to the overdiagnosis of osteopenia in males (6, 49). It is
equally important to use ethnic-specific reference standards,
because mean differences in bone mineral between blacks
and nonblacks approximate 5–10%, the equivalent of 0.5–1.0
sd. Bone mineral data are presented in terms of both areal
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(BMD) and estimated volumetric (BMAD) mineral density to
allow adjustments for bone size. The reference data pre-
sented here can be used without modification when inter-
preting bone scans obtained on the Hologic, Inc., 1000W in
the pencil beam mode. When interpreting studies collected
using other densitometers or software versions, it will be
necessary to correct for systematic differences (50).

There is continued debate about the best method to adjust
for body size and pubertal stage when interpreting pediatric
DXA scans (23, 51). Our bone mineral data are presented by
chronological age rather than pubertal stage to facilitate their
use when pubertal stage is not available. Furthermore, the
statistical model used to create the bone mineral curves re-
quired a continuous variable. However, we recognize that it
may be appropriate to adjust for pubertal stage or skeletal
age rather than chronological age when evaluating data from
youths with premature or delayed maturation (1). For chil-
dren with significant growth retardation, it may also be help-
ful to compare estimates of volumetric bone density (BMAD)
to reduce the influence of bone size (5, 13, 27). Other inves-
tigators have suggested that BMD be adjusted for weight
(11), lean body mass (52), or height (23) to correct for dif-
ferences in body size. Molgaard et al. proposed that whole
body BMD be replaced by measurements of bone area cor-
rected for height and of BMC corrected for bone area and
height (23). Regardless of the method used to adjust for body
size, our data suggest that gender and ethnic differences in
bone mass are sufficient to justify the use of sex- and race-
specific reference data when interpreting pediatric bone
mineral.
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