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Abstract

Summary New models describing anthropometrically adjust-
ed normal values of bone mineral density and content in
children have been created for the various measurement sites.
The inclusion of multiple explanatory variables in the models
provides the opportunity to calculate Z-scores that are adjust-
ed with respect to the relevant anthropometric parameters.
Introduction Previous descriptions of children’s bone mineral
measurements by age have focused on segmenting diverse
populations by race and sex without adjusting for
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anthropometric variables or have included the effects of a
single anthropometric variable.

Methods We applied multivariate semi-metric smoothing to
the various pediatric bone-measurement sites using data from
the Bone Mineral Density in Childhood Study to evaluate
which of sex, race, age, height, weight, percent body fat, and
sexual maturity explain variations in the population’s bone
mineral values. By balancing high adjusted R* values with
clinical needs, two models are examined.

Results At the spine, whole body, whole body sub head, total
hip, hip neck, and forearm sites, models were created using
sex, race, age, height, and weight as well as an additional set of
models containing these anthropometric variables and percent
body fat. For bone mineral density, weight is more important
than percent body fat, which is more important than height.
For bone mineral content, the order varied by site with body
fat being the weakest component. Including more anthropo-
metrics in the model reduces the overlap of the critical groups,
identified as those individuals with a Z-score below —2, from
the standard sex, race, and age model.

Conclusions If body fat is not available, the simpler model
including height and weight should be used. The inclusion of
multiple explanatory variables in the models provides the
opportunity to calculate Z-scores that are adjusted with respect
to the relevant anthropometric parameters.

Keywords Anthropometrics - Bone growth - Bone mineral
density - Model fitting

Introduction
Linear growth is normally accompanied by large increases in

bone mass throughout childhood. Chronic illness and its ther-
apies can interfere with linear growth and bone-mass accrual.
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The identification of children with inadequate bone accrual
and relatively low bone mass is essential to the prevention of
adulthood osteoporosis [1]. Dual-energy x-ray absorptiometry
(DXA) is the most common method for clinically evaluating
bone mineral content (BMC) and areal bone mineral density
(aBMD) [2], and current models for normal pediatric BMC
and aBMD reference data have been created using LMS
curves [3]. These bone-density standards adjust for age, sex,
and race. An additional adjustment [4] provides a Z-score
based on a child’s height. Other anthropometric variables,
however, such as weight, sexual maturity, and body fat may
confound the interpretation of a bone-mass measurement. The
International Society of Clinical Densitometry (ISCD) 2007
Pediatric Position Statements advise that children be com-
pared to pediatric reference data that are adjusted for body
size, growth, and maturation [5]. A more complete model
including additional anthropometric factors such as weight,
height, sexual maturity, and body fat will result in Z-scores
that reflect the combined contributions of these important
variables.

The multivariate semi-metric smoothing (MCS?) algorithm
can be used for additional adjustment to smooth the raw
regression coefficients for weight, height, sexual maturity,
and body fat across age for each sex/race combination to allow
for a connected response surface and can include as many
parameters as necessary to explain the data [6, 7]. MCS? was
designed for use on data sets with correlated parameters and
uneven data cell sizes.

Previous work [8], focused on preliminary aBMD data of
the spine, has shown that adjusting regressions of bone min-
eral measurements in children for anthropometric values like
weight, height, and body fat leads to narrower distributions
than methods that do not adjust for anthropometric values.
Narrower distributions should lead to more reliable classifica-
tions. The goal of this study is to present complete linear
models that have been smoothed using MCS? for multiple
pediatric bone-measurement sites.

Subjects and methods
Data set

The Bone Mineral Density in Childhood Study (BMDCS)
collected six-year, longitudinal DXA measurements, includ-
ing BMC and aBMD, at several anatomical sites in 2014
healthy children and adolescents, age 5-19 years, recruited
from multiple ethnic groups at five clinical centers in the USA.
The BMDCS study population and data collection methods
have been described previously [3, 4]. The final age range of
the sample was 5 to 22 years. For this study, age was rounded
to the nearest age instead of being truncated to the previous
birthday to match the methods used in other approaches [2, 4].

@ Springer

BMC and aBMD of the spine, whole body, whole body less
head, femoral neck, hip, and forearm were measured using
Hologic QDR4500A, QDR 4500W and Delphi/A bone densi-
tometers (Hologic Inc. Bedford, MA). The cross-calibration of
the bone densitometers was assessed by measuring the same
European Spine Phantom as well as the same Hologic whole-
body phantom six times in 7 years on each scanner. Longitu-
dinal calibration was based on on-site Hologic spine phantoms
and Hologic whole-body phantoms measured 3—5 times per
week. The combined phantom measurements showed that the
scanners worked within a range of 3 % for aBMD and 5 % for
BMC. Anthropometric parameters measured on study partici-
pants included weight (kg), height (cm), body fat (percentage of
fat weight relative to total weight determined from whole-body
DXA scan), and sexual maturity. Sexual maturity was assessed
according to Tanner Stage criteria for testes volume (males) and
breast size (females) [9]. Subsequently, sexual maturity was
classified as a binary variable (0=Tanner stage 1-3; 1=Tanner
stage 4-5). Data from study-participant visits were excluded if
they had used steroids, birth control medication, or other drugs
known to influence bone, or if anthropometric measures were
not available. The sample size for the different measurement
sites used in the final MCS? fits of the BMDCS data covering
ages 5-22 were spine n=10,376, whole body n=10,425, hip
n=10,388, and arm n=10,320. Data for ages 21 and 22 were
used for smoothing but not for final estimation. BMC and
aBMD measurements are always paired; if one is present, the
other will be as well. Whereas the International Society for
Clinical Densitometry does not advise DXA hip measurements
in pediatric patients, the proximal femur has been shown to be
responsive to exercise interventions [10], so it may be an
important site to consider under some circumstances. In addi-
tion, as the proximal femur is one of two recommended sites for
osteoporosis assessment in adults, it is a useful measure to
obtain in teens who are likely to be monitored into adulthood,
so that an early baseline can be established.

Data pretreatment/exclusions

Three data points were removed after consulting with the
central data analysis facility because they appeared inflated.
In addition, 11 points were removed as extreme outliers that did
not fit prior or subsequent measurements of the same patient.
To define the outliers, the annualized fractional change (AFC)
was calculated for each point in the data set as follows:

AFC = (BM, — BM,—)/(BM, * (Age, — Age,1)) (1)

AFC: annualized fractional change
BM: bone parameter of interest (BMC or aBMD)
Age: age where derivative is taken
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The AFC for a given site was then fitted with a spline
against age, and the residuals of the fit were scored as a Z-
score. If the absolute value of a Z-score was larger than 7, we
examined the trace over time and removed the value that did
not fit with the rest of that patient’s data as an extreme outlier.
To be conservative, if a BMC value was removed, then the
associated aBMD value was also removed and vice versa. If a
femoral neck value was removed, then the associated total hip
value was removed as well and vice versa. We believe that
these extreme outliers represent measurement errors and not
real changes in the measured individual’s skeleton.

Analytical methods

For the MCS? approach, a regression was performed for each
age/sex/race group, and the resultant regression coefficients
for weight, height, sexual maturity, and body fat were placed
in a matrix, where each column represents a vector of esti-
mates for a variable’s effect by age on the BMC or aBMD of a
specific measurement site. These column vectors were sorted
by the variable’s primacy within the model. A Cholesky
factorization transformed the matrix to an orthonormal space,
where each independent column was smoothed in a nonpara-
metric way and fitted with a smooth spline curve. The inverse
Cholesky factorization was used to transform the smoothed
spline estimates of the variables back into the original space,
where new intercepts were computed and then smoothed.

Fig. 1 A sample of coefficients
smoothed via multivariate semi-
metric smoothing. This example
presents the weight coefficients

for black males’ arm BMC

0.030

0.015

Regression Coefficient

0.010

0.005

0.000

Partitioning the fits by age/sex/race groups weights the
coefficients by the sample size in that group. The transforma-
tion into the orthonormal space acts as a component factori-
zation and breaks up the variables’ collinearity. Smoothing in
the orthonormal space protects the fit from large parameter
jumps from age to age. Recalculating the intercepts based on
the smoothed coefficients minimizes the increase in the fit’s
residuals. By its nature, the method includes interactions
between age/sex/race and the other fitted parameters. Figure 1
shows a representative sample of original and smoothed
coefficients.

One of the goals of creating a linear model was to use as
few variables as possible, including as few categories as
possible for each categorical variable. Models were run with
several variables, and comparisons between the models’ ad-
justed R* were used to determine which models were most
explanatory. The adjusted R* reflects how well a model ac-
counts for the variability in the data and to order the primacy
of the explanatory variables. The adjusted R* will not spuri-
ously inflate as extra variables are introduced into the model,
making the adjusted R* a useful tool to compare models with
different explanatory variables [11]. Note that, due to
interactions, adding in a later variable may add more to
the fit than a previous parameter because the variables
may contain a significant interaction that would not be present
in the first fit.

Continuous variables from those models were then run in
subsets already including the categorical variables, where the

= = =Non Smoothed Smoothed

Age [y]
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difference in adjusted R* was used to establish which contin-
uous variables were primary.

Any deviation from the initially computed least squares
coefficients will necessarily reduce the adjusted R* value and
increase error estimates. The tradeoff in applying MCS? is that
the coefficients become smoothly connected over age. Ad-
justed R* was used to compare smoothed and non-smoothed
models.

Results

Model creation

While not exactly collinear, age, weight, height, and sexual
maturity were highly correlated. When two of these were
present, the others became relatively unimportant. Table 1 lists

the relative order of importance once previous parameters

Table 1 Order of importance of parameters for fitting BMC and aBMD

were already included in the fit. For BMC, the more important
variables were age, height, weight, and body fat. Height and
weight appeared roughly of equal importance. Sex, race, and
sexual maturity appeared less important once other factors were
already in the model. The factor ordering for aBBMD was not as
consistent as the factor ordering for BMC, although sexual
maturity was consistently among the least important parame-
ters, and weight was generally more important than height.

In a practical sense, sexual maturity and body fat require
additional effort to be obtained. The addition of sexual matu-
rity to the model containing sex, age, height, and weight did
not produce a dramatic increase in adjusted R*, never more
than 0.5 %. Thus, sexual maturity was dropped as has been
recommended by other researchers [12]. Since body fat, acting
as a surrogate for the lean body mass value [13, 14], was
usually one of the more important variables but requires a total
body scan, which may not always be feasible, we present
coefficients for two models, one with body fat and one
without.

Skeletal site Most important Least important Model R?
BMC
Spine Age Height Weight Body fat Sex Maturity Race
0.7885 0.0693 0.0096 0.0085 0.0242 0.0017 0.0001 0.9019
Whole body less head Weight Body fat Age Sex Height Race Maturity
0.8396 0.0784 0.0212 0.0076 0.0034 0.0015 0.0003 0.9520
Whole body Weight Body fat Age Sex Height Race Maturity
0.8281 0.0738 0.0273 0.0084 0.0024 0.0022 0.0005 0.9427
Hip neck Weight Body fat Age Sex Height Race Maturity
0.7537 0.1021 0.0101 0.0038 0.0011 0.0004 —0.0008 0.8704
Hip total Height Age Weight Body fat Sex Race Maturity
0.7945 0.0492 0.0184 0.0468 0.0038 0.0005 —0.0001 09131
Forearm Height Age Race Sex Weight Body fat Maturity
0.7644 0.0601 0.0184 0.0162 0.0125 0.0211 0.0001 0.8929
aBMD
Spine Age Weight Sex Body fat Maturity Race Height
0.7410 0.0439 0.0273 0.0287 0.0044 0.0012 0.0005 0.8472
Whole body less head Height Weight Body fat Age Sex Race Maturity
0.8084 0.0354 0.0162 0.0247 0.0101 0.0035 0.0007 0.8991
Whole body Age Weight Body fat Sex Race Maturity Height
0.7743 0.0375 0.0295 0.0157 0.0063 0.0013 0.0009 0.8655
Hip neck Weight Body fat Race Sex Age Height Maturity
0.6363 0.0477 0.0161 0.0119 0.0132 0.0095 —0.0006 0.7342
Hip total Weight Body fat Sex Age Height Race Maturity
0.6826 0.0626 0.0158 0.0138 0.0113 0.0044 0.0003 0.7908
Forearm Age Height Race Sex Weight Maturity Body fat
0.7782 0.0320 0.0123 0.0111 0.0055 0.0023 0.0085 0.8499

Numbers below the first factor represent the adjusted R* for the model containing just that factor. Numbers below other factors represent the change in
adjusted R? for the cumulative model as factors are inserted. Numbers in the last column represent the cumulative adjusted R> for the model containing

all factors
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Where BM is BMC or aBMD, model A can be presented as
follows:

BMijk = W”k —+ OC,'jk X Welght + Bz;k
x Height + €ijk (2)

a, B: smoothed by age

€: error

i: 16 age groups (5-20 years)

J: two sexes (male/female)

k: two race groups (black/non-black)
and model B as follows:

BM . = W[jk + or X Weight + ﬁijk
x Height + 7;; x BodyFat + e (3)

a, B, y: smoothed by age

€: error

i: 16 age groups (5-20 years)

J: two sexes (male/female)

k: two race groups (black/non-black)

These models will contain interactions between the contin-
uous variables weight, height, and body fat and the categorical
variables of age, sex, and race.

The nature of MCS? demands that we order the
continuous variables before we transform them into an
orthogonal space. Table 2 presents this parameter order-
ing. Note that when age, race, and sex are already in
the model for aBMD, weight always explains more than

height, and when body fat is added, this parameter
ranks consistently above height. For BMC, the ordering
is less consistent. Also note that when age, race, and
sex are already in the model, the relative importance of
height and weight often swaps order compared to the
ordering presented in Table 1, where the categorical
variables have not already been included.

MCS? model comparison

Table 3 shows consistently higher adjusted R? values for BMC
than aBMD. Also, model B, which adds body fat to weight
and height, improves the R” value. A small decrease in R is
induced by the smoothing process. The aBMD at the femoral
neck showed a lower R? value than the aBMD at the other
sites, and the whole-body BMC sites showed the highest R*
values of all the measurements of bone mass.

The smoothed coefficients, estimating whole-body-less-
head aBMD for model A, are presented in Table 4 and for
model B in Table 5. The creation of Z-scores is straightfor-
ward as follows:

Z = (Measured BM — BMyy) /RMSEy (4)

For an 8-year old, non-black male with a weight of 25.1 kg,
a height of 131.3 c¢cm, and a measured body fat of 17.2 %,
using Eq. 3 and Table 7, the expected whole-body-less-head
aBMDijk is

Table 2 Order of importance of continuous variables for fitting BMC and aBMD

Site Model A Model B
Most important Least important Most important Least important
BMC
Spine Height Weight Height Weight Body fat
Whole body less head Height Weight Height Weight Body fat
Whole body Height Weight Height Weight Body fat
Hip neck Weight Height Weight Body fat Height
Hip total Height Weight Height Weight Body fat
Forearm Weight Height Weight Body fat Height
aBMD
Spine Weight Height Weight Body fat Height
Whole body less head Weight Height Weight Body fat Height
Whole body Weight Height Weight Body fat Height
Hip neck Weight Height Weight Body fat Height
Hip total Weight Height Weight Body fat Height
Forearm Weight Height Weight Body fat Height

The ordering was determined by sequentially adding continuous variables to a model already containing the categorical variables age, race, and sex and

then judging primacy based on the increase of the adjusted R* in the model
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Table 3 Adjusted R* for BMC

and aBMD using original and Site Age/race/sex Model A Model B
smoothed models
Not smoothed ~ Not smoothed ~ Smoothed =~ Not smoothed ~ Smoothed
BMC
Spine 0.8125 0.8730 0.8664 0.8977 0.8952
Whole body less head ~ 0.8500 0.9315 0.9291 0.9496 0.9482
Whole body 0.8520 0.9223 0.9196 0.9400 0.9386
Hip neck 0.7646 0.8337 0.8296 0.8668 0.8638
Hip total 0.7646 0.8751 0.8718 0.9096 0.9081
Forearm 0.8285 0.8669 0.8600 0.8890 0.8847
aBMD
Spine 0.7747 0.8209 0.8089 0.8428 0.8276
Whole body less head 0.8262 0.8703 0.8639 0.8943 0.8901
Whole body 0.8054 0.8361 0.8286 0.8607 0.8562
Hip neck 0.6219 0.6846 0.6759 0.7293 0.7239
Hip total 0.6807 0.7348 0.7258 0.7852 0.7804
Forearm 0.8148 0.8352 0.8234 0.8444 0.8371
0.402520 + 0.012276 = 25.1 — 0.000093 (0.5970 — 0.6256) / 0.033553 = -0.852 (6)
* 131.3 — 0.004233 * 17.2 . .
The coefficients for the spine BMC/aBMD, whole-body
= 0.6256 g/cm’ (5)  BMC/aBMD, femoral neck BMC/aBMD, total hip BMC/

If the individual has a measured whole-body-less-
head aBMD of 0.5970 g/cm?, using Eq. 4 and Table 7,
the Z-score is

aBMD and forearm BMC/aBMD are available in the online
appendix. As an example, average whole-body-less-head
BMC values of model B for non-black females at the cohort
average height, weight, and body fat values are presented in
Fig. 2.

Table 4 Model A MCS? coefficients and root-mean-square errors (RMSE) for whole-body-less-head aBMD for blacks

Whole-body-less-head aBMD Model A for black males Model A for black females

Age (year) Intercept Weight Height RMSE Intercept Weight Height RMSE

5 —0.028756 0.009547 0.003408 0.043713 0.648702 0.018691 —0.004889 0.069253
6 0.036512 0.008535 0.003258 0.039535 0.412338 0.012535 —0.000588 0.053919
7 0.119922 0.007711 0.002716 0.041909 0.255991 0.008922 0.001473 0.050241
8 0.218591 0.006879 0.002072 0.039985 0.194431 0.007291 0.001964 0.035438
9 0311072 0.005576 0.001664 0.045506 0.181518 0.006188 0.002216 0.050029
10 0.373302 0.003809 0.001703 0.047389 0.176500 0.004968 0.002718 0.042487
11 0.389521 0.002357 0.002125 0.054069 0.177227 0.003761 0.003235 0.053026
12 0.362738 0.001828 0.002574 0.059084 0.197432 0.002935 0.003497 0.057040
13 0.305155 0.002119 0.003004 0.065713 0.236301 0.002697 0.003386 0.060096
14 0.235927 0.002925 0.003410 0.079967 0.274666 0.002729 0.003184 0.067053
15 0.181052 0.003675 0.003635 0.084068 0.285559 0.002798 0.003207 0.072994
16 0.147854 0.003857 0.003919 0.095788 0.259774 0.002578 0.003557 0.075114
17 0.127296 0.003480 0.004196 0.086023 0.205009 0.002055 0.004125 0.077868
18 0.091119 0.002912 0.004633 0.093837 0.135876 0.001395 0.004809 0.082004
19 0.020744 0.002575 0.005280 0.096655 0.064123 0.001010 0.005386 0.092599
20 —0.070149 0.002442 0.005982 0.091022 —0.008146 0.000853 0.005914 0.087432

@ Springer



Osteoporos Int (2015) 26:1099-1108 1105

Table 5 Model A MCS? coefficients and RMSE for whole-body-less-head aBMD for non-blacks

Whole-body-less-head aBMD Model A for non-black males Model A for non-black females

Age (year) Intercept Weight Height RMSE Intercept Weight Height RMSE

5 0.260741 0.012710 —0.000076 0.029006 0.025177 0.009801 0.002695 0.030037
6 0.208159 0.010578 0.000927 0.028785 0.077364 0.009278 0.002304 0.027746
7 0.169473 0.008492 0.001777 0.033713 0.123409 0.008565 0.002037 0.032345
8 0.158680 0.006909 0.002304 0.039296 0.148447 0.007416 0.002000 0.037895
9 0.177030 0.005393 0.002482 0.041207 0.139133 0.005983 0.002362 0.038862
10 0.204432 0.004005 0.002534 0.045220 0.101545 0.004592 0.003097 0.042774
11 0.214250 0.003025 0.002707 0.054185 0.066988 0.003712 0.003747 0.051013
12 0.199878 0.002495 0.003104 0.052418 0.072398 0.003360 0.003928 0.057569
13 0.190144 0.002411 0.003442 0.061007 0.128911 0.003273 0.003664 0.065590
14 0.226369 0.002594 0.003374 0.072615 0.211770 0.003204 0.003158 0.065348
15 0.322836 0.002800 0.002795 0.077301 0.279945 0.003041 0.002831 0.070157
16 0.443909 0.002947 0.002044 0.085876 0.313628 0.002795 0.002854 0.067411
17 0.530345 0.003022 0.001632 0.087139 0.327689 0.002429 0.003057 0.069593
18 0.551196 0.003039 0.001671 0.083599 0.349643 0.001911 0.003109 0.070227
19 0.518051 0.003011 0.001994 0.092127 0.389201 0.001476 0.002988 0.070898
20 0.459607 0.002957 0.002360 0.093486 0.440953 0.001170 0.002743 0.070011
Normality results of these normality tests for each group points to a

When applying the general linear model, one of the primary
assumptions is that the errors in the data are normal and that
normality will show up in the residuals once the fit is applied.
For each of our 6 sites, we have 2 measurements, BMC and
aBMD, for 2 sexes, and 2 races at 16 ages for a total of 768
groups. Application of a sequential Bonferroni test to the

few areas of concern [15]. In model B, 6-year-old black
females’ hips fail the normality test for femoral neck BMC,
femoral neck aBMD, and total hip BMC. There is a single
individual visit in common for all of these groups where an
outlier is responsible for the non-normality. In model A, 7 of
the total of 768 groups fail the normality test. Again, in each of
these groups, there is a single outlying point that creates non-

Table 6 Model B MCS? coefficients and RMSE for whole-body-less-head aBMD for blacks

Whole-body-less-head Model B for black males Model B for black females

aBMD

Age (year) Intercept ~ Weight ~ Height Body fat RMSE Intercept Weight  Height Body fat RMSE
5 —0.056037 0.012093  0.003764 —0.003420 0.040638 1.020584 0.025513 —0.009131 -0.002912 0.123084
6 0.041497 0.011859 0.003214 —0.003549 0.043538 0.656257 0.016365 —0.002688 —0.002344 0.080061
7 0.160973 0.011196  0.002237 —0.003347 0.040364 0.441511 0.011751  0.000100 —0.002230 0.082135
8 0.293677 0.009935 0.001143 —0.002883 0.041188 0.411045 0.010551 0.000127 —0.002704 0.033316
9 0.404910 0.008093  0.000640 —0.002474 0.047180 0.479977 0.010069 —0.000401 —0.003535 0.059058
10 0.478105 0.006071  0.000736 —0.002321 0.045959 0.553735 0.009001 —0.000337 —0.004277 0.044872
11 0.527058 0.004961  0.000918 —0.002810 0.052814 0.601250 0.007816  0.000009 —0.004945 0.047973
12 0.581434 0.005165 0.000806 —0.004028 0.061611 0.632932 0.006779  0.000306 —0.005368 0.051587
13 0.661007 0.006471  0.000221 —0.006244 0.059405 0.655000 0.006262 0.000373 —0.005653 0.057489
14 0.752786 0.008043 —0.000686 —0.008971 0.064233 0.663218 0.006019 0.000559 —0.005788 0.063457
15 0.817664 0.008990 —0.001280 —0.011195 0.077060 0.659162 0.006069 0.000799 —0.006068 0.071044
16 0.819860 0.009116 —0.001095 —0.012521 0.080167 0.653998 0.006021 0.000951 —0.006286 0.072696
17 0.765461 0.008636 —0.000404 —0.012796 0.072631 0.648506 0.005839 0.001010 —0.006435 0.074526
18 0.679333 0.007837  0.000378 —0.012379 0.080591 0.632877 0.005434 0.001230 —0.006621 0.079691
19 0.577097 0.006926  0.001298 —0.011677 0.082619 0.602768 0.004838 0.001760 —0.007015 0.085417
20 0471176 0.006226  0.002205 —0.011076 0.086045 0.562679 0.004466 0.002401 —0.007850 0.084628
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Table 7 Model B MCS? coefficients and RMSE for whole-body-less-head aBMD for non-blacks

Whole-Body-Less-Head Model B for non-black males

Model B for non-black females

aBMD

Age (year) Intercept ~ Weight Height Body fat RMSE Intercept ~ Weight Height Body fat RMSE

5 0.424468 0.014917 -0.001485 —0.002090 0.028613 0.216994 0.013321  0.000937 —0.002619 0.025344
6 0.403504 0.014063 —0.000883 —0.002846 0.025926 0.233823 0.012569  0.000868 —0.002436 0.026472
7 0.392003 0.013292 —0.000376 —0.003660 0.029398 0.254421 0.011555  0.000838 —0.002295 0.031525
8 0.402520 0.012276 —0.000093 —0.004233 0.033553 0.278389 0.010117  0.000929 —0.002258 0.035534
9 0.439999 0.010602  0.000023 —0.004351 0.036629 0.308596 0.008640  0.001145 —0.002556 0.035241
10 0.499257 0.008683  0.000032 —0.004250 0.040848 0.352718 0.007674  0.001242 —0.003450 0.040604
11 0.571921 0.007367 —0.000081 —0.004472 0.046345 0.414102 0.007314  0.001145 —0.004626 0.045058
12 0.652634 0.006823 —0.000301 —0.005176 0.046372 0.493537 0.007285  0.000888 —0.005664 0.049045
13 0.743312  0.006816 —0.000638 —0.006249 0.052679 0.589691 0.007301  0.000498 —0.006355 0.059770
14 0.844818 0.007071 —0.001138 —0.007597 0.056711 0.689388 0.007190  0.000028 —0.006787 0.058997
15 0.947179 0.007334 —0.001691 —0.008904 0.064361 0.768153 0.006882 —0.000278 —0.007100 0.061472
16 1.030637 0.007415 —0.002038 —0.009704 0.072840 0.811078 0.006391 —0.000277 —0.007142 0.061191
17 1.081677 0.007288 —0.002138 —0.010003 0.074680 0.826964 0.005829 —0.000053 —0.007021 0.061891
18 1.103483 0.007039 —0.002059 —0.010154 0.073457 0.841102 0.005179  0.000111 —0.006813 0.065299
19 1.109397 0.006858 —0.001922 —0.010395 0.079182 0.869536 0.004673  0.000091 —0.006707 0.066343
20 1.110393 0.006782 —0.001903 —0.010720 0.080457 0.910508 0.004317 —0.000095 —0.006699 0.064125

normality. Since MCS? smoothing will naturally smooth rough
estimates to create a connected response surface across age for
each sex/race group, a few groups out of 768 showing non-
normality due to a single point per group is not too alarming.

Comparison between MCS?, LMS, and height-adjusted LMS

Z-scores formed from the MCS? coefficients will adjust for
anthropometric values. Table 8 shows the relative overlap

between these values and previous models’ Z-scores. From
the numbers in Table 8, it becomes clear that the normal
anthropometric Z-scores formed by the MCS? method identify
a distinctly different subset of the population than the standard
Z-scores. There is some overlap of the two groups, but the
majority of those identified as having low Z-scores by the
LMS method have a normal Z-score by the anthropometric
method. There is somewhat better concordance between the
height-adjusted LMS Z-scores and the anthropometric Z-

Fig. 2 Whole-body-less-head 2000
BMC values for non-black fe-
males at BMDCS cohort means 1800

for weight, height, and body fat

. Th how mean
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Table 8 Percentage of individuals who had a Z-score<—2 using prior models [3] for BMC and aBMD and also have an anthropometric Z-score<—2

Prior Spine Whole body less head Whole body Hip neck Total hip Arm
BMC
Model A LMS 23 % 16 % 19 % 39 % 21 % 35%
Height-adjusted LMS 61 % 64 % 60 % 68 % 48 % 60 %
Model B LMS 18 % 8 % 11 % 39 % 11 % 31 %
Height-adjusted LMS 34 % 37 % 31 % 59 % 27 % 46 %
aBMD
Model A LMS 40 % 29 % 36 % 32% 40 % 50 %
Height-adjusted LMS 47 % 47 % 50 % 40 % 44 % 58 %
Model B LMS 36 % 16 % 23 % 28 % 36 % 51 %
Height-adjusted LMS 36 % 31 % 32% 31 % 38% 59 %

scores of model A, but the discrepancy increases when body
fat is included in model B.

Discussion

The BMC, aBMD, and anthropometric data from the BMDCS
represent the type of data for which the MCS? was designed
because the predictors are highly correlated and there is wide
variation in the accuracy of the coefficients due to the fluctu-
ations in the group’s sample sizes. Moreover, it is desirable
that the regression coefficients at adjacent ages are reasonably
similar. Data sets with these characteristics were the motivat-
ing force behind the development of MCS? [5, 6].

The BMDCS data contain consistent anthropometric infor-
mation as well as bone measurements for all common sites.
This makes the simultaneous development of models span-
ning the various measurement sites much more consistent than
using data from studies containing fewer sites and less com-
plete anthropometric information. The large size of the
BMDCS dataset gives us confidence that the models reliably
describe the sampled population.

The adjusted R* values for aBBMD at the femoral neck and
total hip appear lower than the adjusted R* values for other
measurement sites, whereas the adjusted R? values for BMC
are in the same range as the values from other sites. This may
be due to positioning problems, particularly rotation of the
femur, causing variability in the femoral measurement since
the femoral site is not fully developed in children and changes
as they mature. It may also be that density at those sites is
affected more by other developmental stresses than those
caused by anthropometric values.

Z-scores adjusted for anthropometric values should be
usable in populations more diverse than the BMDCS sample.
There is great potential for models containing measurements
of size and body fat outside the current ethnic groups and thus
throughout the world. Also, if bone-density values are related
to anthropometric values that are changing in the population

over time, then anthropometrically corrected Z-scores may be
the only way to maintain relevance to anthropometric values
in a population that may be deviating from its original sample.
Short of conducting another multi-year study to adjust the
normal curves, such shifts in body size have been typically
dealt with through periodic adjustments, as performed in the
CDC growth charts [16, 17].

If a measurement for body fat is available, then model B
should be used. Otherwise, model A is a suitable alternative.
Because the patient database usually contains both weight and
height, model A can be used retroactively. The need for a
whole-body scan to determine body fat makes the application
of model B more restricted. It is important that the percentage
of body fat is determined by using the method used in the
BMDCS, as using other methods will alter the percentage of
body-fat results and lead to misleading model results.

Without a relative-risk fracture study, the purpose of any
anthropometric adjustment is to understand the etiology of
low bone mass (e.g., short stature for age or small bone area),
not to assist in the prediction of fractures [18]. Whereas
anthropometric models will have narrower distributions, it is
clear that anthropometric Z-scores would be meant to augment
standard Z-scores and not replace them. For example, in the
case of an anorexic individual, who shows a low aBMD via
the standard Z-scores but a normal bone density via the
anthropometrically corrected Z-score, the interpretation may
be that the individual’s aBMD is low and that treating the
underlying eating disorder may be warranted rather than
attempting to treat the bone directly.

Given the goal of augmenting standard Z-scores with anthro-
pometric information, the models including the most anthropo-
metric information would seem most desirable. The difference
between a standard Z-score and any anthropometrically adjusted
Z-score informs the clinician about the degree to which the
standard Z-score is affected by the extra measurements included
in the anthropometric Z-score. Table 6 shows that standard Z-
scores, height-adjusted Z-scores, weight-height-adjusted Z-
scores, and weight-height-fat-adjusted Z-scores all identify
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different segments of the population as critical. The more anthro-
pometric information is included in the adjusted Z-score, the
more the critical groups diverge. Using the models in sequence
LMS | height-adjusted LMS | model A (weight and height) |
model B (weight, height, and fat) increases the amount of infor-
mation available to a clinician, who can then decide which pieces
of information are most useful in a specific case.

In summary, we have derived new models for aBBMD and
BMC for the pediatric population by including anthropomet-
ric parameters that are shown to have a major influence on the
models and that are sufficiently practical to obtain. The dataset
was of adequate size to guarantee representative models for
most age groups, although the number of observations avail-
able at the lower and upper age range somewhat diminished
the reliability of the models at those ages. The models were
not connected to existing data for adults, and such adjustments
could prove beneficial, particularly in following BMC and
aBMD changes from the pediatric into the adult age range.

Conlflicts of interest None.
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