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A B S T R A C T

Background: Body composition assessment aids evaluation of energy stores and the impact of diseases and interventions on child growth. Current United
States pediatric reference ranges from the National Health and Nutrition Examination Survey (NHANES) include 20% of children with obesity, body
mass index of �95th percentile.
Objectives: This study aimed to develop dual energy X-ray absorptiometry (DXA) based reference ranges in a diverse cohort with low-obesity prevalence
from the Bone Mineral Density in Childhood Study (BMDCS).
Methods: This is a secondary analysis of a longitudinal, prospective, observational cohort. Healthy children (height and BMI within 3rd to 97th per-
centiles, ages 5–19 y at enrollment), from 5 United States centers were measured annually for �7 visits. Whole body scans were acquired using Hologic
scanners. A subsample underwent repeat measurements to determine precision. We generated reference ranges for appendicular and total lean soft tissue
mass index (LSTM Index), fat mass index (FMI), and other body composition measures. Resulting curves were compared to NHANES and across
subgroups. Sex and age-specific equations were developed to adjust body composition Z-scores for height Z score.
Results: We obtained 9846 scans of 2011 participants (51% female, 22% Black, 17% Hispanic, 48% White, 7% Asian/Pacific Islander, and 6% with
obesity). Precision (percent coefficient of variation) ranged from 0.7% to 1.96%. Median and–2 standard deviation curves for BMDCS and NHANES
were similar, but NHANES þ2 standard deviation LSTM Index and FMI curves were distinctly greater than the respective BMDCS curves. Subgroup
differences were more extreme for appendicular LSTM Index-Z (mean � SD: Asian �0.52 � 0.93 compared with Black 0.77 � 0.87) than for FMI-Z
(Hispanic 0.29 � 0.98 compared with Black �0.14 � 1.1) and were smaller for Z-scores adjusted for height Z-score.
Conclusions: These reference ranges add to sparse normative data regarding body composition in children and adolescents and are based on a cohort with
an obesity prevalence similar to current BMI charts. Awareness of subgroup differences aids in interpreting results.
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Introduction

Measurement of body composition provides valuable information
for nutritional assessment. In particular, body composition is useful for
determining energy requirements because lean tissue is more meta-
bolically active than adipose tissue [1], and quantifying fat mass (FM)
aids in determining inadequate or excess energy stores [2]. In addition,
measurement of lean and FM can be informative for determining
medication doses [3,4], disease effects [5,6], and other types of bio-
logical research [7].

The broad use of body composition in nutritional assessment and
clinical care has been limited for several reasons. First, the multiple
methods for body composition assessment, such as hydrodensitometry,
air displacement plethysmography, bioelectrical impedance analyses,
and dual energy X-ray absorptiometry (DXA), are based on different
properties and assumptions about tissue compartments, and their re-
sults are not interchangeable [8]. Second, even within the same method,
such as bioelectrical impedance analysis or DXA, different manufac-
turers and software versions produce different results [9,10]. In chil-
dren, use of body composition measures is challenged further by the
need for age- and sex-specific reference ranges due to expected changes
with growth and maturation [2]. Characteristics of the reference group
and determination of reference ranges have important implications
when interpreting body composition results.

Previously, we published lean BMI (LBMI, more precisely known as
lean soft tissue mass index [LSTM Index]) and fat mass index (FMI)
reference ranges for youth aged 8–20 y from DXA data collected by the
NHANES [11]. These reference ranges were based on a nationally
representative sample of the United States population with standardized
data collection. Both LSTM Index and FMI are indices, similar to BMI,
that account for stature and thereby provide a measure of a tissue mass
relative to overall body size. However, there are several disadvantages to
theNHANES reference ranges. First, the datawere collected from1999 to
2004, after the onset of the obesity epidemic among children in United
States, and 20% of the sample had a BMI of�95th percentile for age. In
contrast, obesity prevalence was 5% in the sample used to construct the
Centers for Disease Control and Prevention (CDC) 2000 BMI charts,
which are commonly used to screen for underweight, healthy weight,
overweight, and obesity [12]. Thus, these 2 reference sources for nutri-
tional assessment are not comparable, and excess adiposity could be
underrecognized when using the NHANES body composition reference
ranges. Second, DXA scans were not obtained in children aged <8 y.
Third, LSTM Index excludes bone, but does not distinguish between
skeletal muscle and organ tissue. The loss or gain of skeletal muscle mass
in children is often the rationale for body composition assessment, such as
in physical activity promotion programs or monitoring the effects of drug
treatment or loss of ambulation [13,14]. For pediatric bone health
assessment, measurement of skeletal muscle mass is particularly impor-
tant because of the synchrony between bone strength and muscle mass.
Indeed, the International Society of Clinical Densitometry’s pediatric
position statement on reporting bone densitometry results recommends
evaluation of muscle mass for interpretation of bone density measure-
ments [15,16].

To address these shortcomings, we developed DXA based pediatric
body composition reference ranges for ages 5–20 y from a large, longi-
tudinal, geographically diverse cohort of healthy children with weight,
height, and BMI within the 3rd to 97th percentiles of the CDC growth
reference [17] at enrollment. This is a secondary analysis of data from the
National Institute of Child Health and Human Development Bone Min-
eral Density in Childhood Study (BMDCS) that generated pediatric bone
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density reference ranges for US children. These body composition data
are complimentary to bonedensity data that have been published from this
cohort [18–21]. We also aimed to evaluate precision in DXA body
composition measures, differences in body composition according to
self-identified race and ethnicity, and the association of variation in stature
on body composition outcomes in children, adolescents, and emerging
adults.

Sample and Methods

Study design and sample
The BMDCS was a multicenter mixed-longitudinal cohort study to

establish pediatric reference ranges for bone density and has been
described previously [21,22]. This is a secondary analysis of data
collected for that study. The 5 clinical centers were Cincinnati Children’s
Hospital Medical Center, Cincinnati, OH; Los Angeles Children’s Hos-
pital, Los Angeles, CA; The Children's Hospital of Philadelphia, Phila-
delphia, PA; Creighton University, Omaha, NE; and Columbia
University, NewYork, NY. The initial cohort consisted of healthy females
aged 6–15 y and males aged 6–16 y at enrollment. Study visits occurred
annually for �6 y (7 visits). An additional cohort was enrolled at the
fourth visit consisting of 5-y-old and 19-y-old children who were fol-
lowed annually for 3 y. The first visit occurred in July, 2002 and the last
visit occurred December, 2009.

Eligibility criteria at enrollment were designed to identify children
in good health, with normal growth and maturation, and free of health
conditions and medication use that might contribute to suboptimal
bone accrual or growth. The full list of inclusion and exclusion criteria
is shown in Supplementary Table 1. At study completion, the health
history for each participant was reviewed for changes in the baseline
eligibility criteria. Data from study visits were excluded from the
development of reference ranges if participants met the following
criteria: steroid exposure (n¼ 268 visits), use of anticonvulsants or oral
isotrentinoin (n ¼ 74 visits), inflammatory bowel disease, cancer, or
endocrine disorder (n ¼ 8 visits), pregnancy (n ¼ 35 visits), use of
DepoProvera or Norplant (n ¼ 46 visits), use of a psychiatric drug
>180 d (n ¼ 97 visits), use of stimulants >180 d (n ¼ 106 visits).

The protocol was reviewed and approved by the institutional review
board at each institution. Written informed consent was obtained from
legal guardians for study participants aged <18 y and from study
participants aged �18 y. Assent was obtained from study participants
aged <18 y.
Data collection

Demographic characteristics and growth
Legal guardians or study participants provided demographic in-

formation including self-identified race (American Indian or Alaska
Native, Asian, Black or African American, Native Hawaiian or Other
Pacific Islander, andWhite) and ethnicity (Hispanic or Latino – yes, no,
or unknown) by questionnaire based on the designated categories used
by the NIH at the time of data collection. Trained personnel completed
measurements of height, sitting height, and weight with the study
participant wearing light clothing and shoes removed. Z-scores for
height (HAZ), weight (WAZ), and body mass index (BMIZ) were
calculated using the CDC 2000 growth charts [23].

Body composition by DXA
Whole body DXA scans were acquired with Hologic bone densi-

tometers (QDR4500A, QDR4500W, and Delphi A models) by trained



B.S. Zemel et al. The American Journal of Clinical Nutrition 118 (2023) 792–803
personnel following standard positioning and scan acquisition guide-
lines. Scans with movement were repeated if possible. All scans were
analyzed centrally and inspected for validity at the University of Cali-
fornia San Francisco (JAS) using Hologic Discovery 12.3 software at
baseline and Apex 2.1 software at follow-up using the compare feature.
There are no differences in these software versions in the analysis of
whole body scans for study participants aged <20 y. Scans with move-
ment or other artifacts were excluded from analyses. Scans were
analyzedwithout theNHANESbody composition analysis feature based
on the publication by Schoeller et al. [24] because this analysis feature
has not been validated in children. At the first visit, repeat scans with
repositioning were acquired in 153 participants to calculate precision.

In the present study, appendicular LSTM Index and FMI were the
primary outcomes. Appendicular LSTM was calculated as the sum of
the lean mass (excluding bone mineral content) of the arms and legs.
Appendicular LSTM Index was calculated as appendicular LSTM (kg)
divided by height (meters) squared. FMI was calculated as total body
FM (kg) divided by height (meters) squared. The secondary outcomes
were total LSTM Index (kg/m2), subtotal (whole body excluding the
head) LSTM Index (kg/m2), total LSTM (kg), subtotal LSTM (kg),
appendicular LSTM (kg), leg LSTM (kg), and total FM (kg). These
secondary outcomes were included because subregion DXA values
may not be available or because they may be of interest to researchers
or clinicians under special circumstances.

Statistical analysis
The distributions of continuous variables were inspected, and

transformations applied where necessary. Reference ranges were
determined using the Lambda Mu Sigma (LMS) method [25] and
implemented in R (version 4.2.1, R Foundation for Statistical
Computing) using the Generalized Additive Models for Location Scale
and Shape function and the Box-Cox Cole Green distribution family.
Models with different degrees of freedom were calculated and
inspected visually. The number of degrees of freedom per parameter
ranged from 0 to 5. The Aikike Information Criterion (AIC) was used
to select the optimal, most parsimonious model (AIC value within 1%
of the lowest AIC). Age-specific L (power for the Box-Cox trans-
formation), M (median) and S (SD) values were calculated separately
for males and females, and reference percentiles were determined using
Equation 1

lean or fat measure centile¼M ð1þ LSZÞ1=L Equation 1

where Z is the Z-score that corresponds to a given percentile. Z-scores
were calculated for each primary and secondary outcome using
Equation 2

Z¼ ��ðX=MÞL��1
� �

L � S Equation 2

where X is the measured body composition outcome. All available ages
were used to generate the curves. Due to the sparse number of values
for individuals aged >20 y, the reference values presented were
restricted to aged 5–20 y.

All further statistical analyses were conducted in Stata 16.1 (Sta-
taCorp). We calculated the precision (percent coefficient of variation,
%CV) and root mean square error (RMSE) of each primary and sec-
ondary body composition outcome for the subset of 153 study partic-
ipants who were scanned twice, with repositioning, on the same day.
Precision and RMSE were calculated for the entire cohort and by
predesignated age ranges (6–9.9 y, 10–13.9 y, and 14–16 y) to inspect
for age-related differences in precision.
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Subgroups based on self-identified race and ethnicity were
compared for differences in body composition Z-scores using mixed
effects models to account for the multiple observations per person. In
addition, reference ranges were calculated separately for Black and
non-Black youth to be consistent with previously published bone
density reference ranges for this cohort.

Residual effects of short or tall stature (as determined by HAZ) on
appendicular LSTM Index and FMI were examined by mixed effects
regression analysis to account for the multiple observations per person.
To further inspect this relationship, we repeated the analysis within
subgroups based on age (5–9.9, 10–14.9, and �15 y). To test for asso-
ciation of height status with body composition outcomes, we used sex-
specific regression models with age group-by-HAZ interactions to test
for potential differences in the relationship between HAZ and body
composition over the age range. If present, we developed age- and sex-
specific HAZ adjustment equations as previously described [21,26] for
total LSTM, subtotal LSTM, appendicular LSTM, and FM. The
adjustment method involves calculating the age- and sex-specific pre-
dicted body composition Z-score based on theHAZprediction equation.
The HAZ-adjusted body composition outcome is calculated as:

Predicted Z-score ¼ aþ b*HAZ Equation 3

HAZ-adjusted Z score ¼ Z-score - Predicted Z-score Equation 4

where Z-score is the relevant body composition Z-score relative to age
and sex (e.g., appendicular LSTM-Z score). HAZ adjustment equations
were not calculated for body composition index measures (i.e., those
divided by the square of height such as LSTM Index) because those
indices largely account for height effects.
Results

Sample characteristics
A total of 2014 children were enrolled in the BMDCS and completed

�7 study visits resulting in a total of 10,722 visits, as described previ-
ously [21]. After exclusion of data due to study participants not meeting
eligibility criteria at the time of the visit (n ¼ 634), invalid whole or
missing body scans (n ¼ 241), and one individual missing a height
measurement, 9846 complete whole body measurements from 2011
individuals were used in these analyses (Figure 1).

Themean� SD age at enrollment was 11.3� 4.4 y; themean age for
all observations was 13.6� 4.2 y, range 5–23.4 y (Table 1). The average
number of observations per personwas 5.8. The cohort was 51% female.
The self-identified race and ethnicity distribution was 22% Black, 17%
Hispanic, 48% White, 7% Asian/Pacific Islander, and 6% Mixed Race/
Other/Unknown. The mean � SD HAZ was 0.15 � 0.85. Sixteen
percent of the cohort had a BMI in the overweight category (BMI�85th
and <95th percentile for sex and age), and 6% had a BMI in the obese
category (BMI �95th percentile for sex and age).
Body composition precision and reference ranges
The precision (%CV) of body composition outcomes (Table 2)

ranged from 0.70% to 1.96% for all ages combined. The precision as
reflected by the RMSEs was similar across age groups. However, the %
CV was slightly worse in the youngest age group (0.90%–2.50%)
compared with older children (0.52%–1.85%), owing to the small
mean values in the youngest children.

LMS values and reference percentiles were created for the primary
outcomes, appendicular LSTM Index and FMI (see Table 3 for ranges



FIGURE 1. Consort diagram showing enrollment of study participants and exclusions that resulted in the final data set used to create body composition
reference ranges. IBD, inflammatory bowel disease.
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per year of age and Supplementary Tables 2 and 3 for ranges per
decimal years), and secondary outcomes (total LSTM Index, subtotal
LSTM Index, total LSTM, subtotal LSTM, appendicular LSTM, leg
LSTM, and FM, see Supplementary Tables 4–10).

Comparison with NHANES reference ranges

We graphically compared our reference ranges to those previously
published by Weber et al. [11] for total LSTM Index and FMI using
NHANES data. As shown in Figure 2, for both indices, the age- and
sex-specific values for the median (0 SD) and–2 SD curves for
BMDCS and NHANES are similar. However, the NHANES þ2 SD
curves are distinctly greater than the BMDCSþ2 SD curves, consistent
with the difference in obesity prevalence between the 2 cohorts (20%
for NHANES and 6% for BMDCS).
795
Associations of stature with body composition
outcomes

Similar to BMI, appendicular LSTM Index and FMI are body
composition indices that minimize the association of body compart-
ment size with stature by dividing the tissue mass by height2. We tested
for a residual effect of stature on the Z-scores for these tissue com-
partments by examining the associations of appendicular LSTM Index-
Z and FMI-Z with HAZ. As shown in Figure 3A, a small, but statis-
tically significant positive association (R2 ¼ 0.06 to 0.07, P < 0.001)
between appendicular LSTM Index-Z and HAZ was found at younger
ages (suggesting a minor residual effect of stature) but not among 15- to
20-y-olds. FMI-Z was positively associated with HAZ in younger
children and negatively associated with HAZ in older children, but the
associations were modest (Figure 3D).



TABLE 1
Demographic, lifestyle, growth, and body composition characteristics of the
Bone Mineral Density in Childhood Study cohort for all study visits

Variable

Study design
Sample size 2011
Observations Visits per person 9846
1 or 2 visits 292 (15%)
3 to 6 visits 929 (26%)
7 visits 790 (39%)

Demographic and lifestyle
Age, y 13.6 � 4.2
Female sex observations 5021 (51%)
Race and ethnicity groups
American Indian/Alaskan Native 13 (0.1%)
Asian/Pacific Islander 694 (7%)
Black 2175 (22%)
Hispanic 1653 (17%)
White 4737 (48%)
Other/Unknown 11 (0.1%)
Mixed 563 (6%)

Dietary calcium, mg1 849 � 533
Physical activity, h/wk2 14.2 � 10.8

Growth, maturation, and obesity status
Height, cm 154.5 � 18.7
Height Z-score 0.15 � 0.85
Weight, kg 50.67 � 18.29
Weight Z-score 0.35 � 0.83
BMI, kg/m2 20.4 � 3.9
BMI Z-score 0.31 � 0.87
BMI category observations
Healthy weight (BMI <85th percentile) 7719 (78%)
Overweight (BMI 85th to 94th percentile) 1553 (16%)
Obese (BMI �95th percentile) 574 (6%)

Tanner stage observations3

Stage 1 2408 (27%)
Stage 2 to 4 2532 (27%)
Stage 5 4133 (46%)

Body composition
Appendicular lean soft tissue mass index, kg/m2 6.6 � 1.5
Fat mass index, kg/m2, mean � SD 4.9 � 2.3
Lean soft tissue mass index, kg/m2 14.9 � 2.7
Total lean body mass, kg 37.2 � 13.9
Subtotal lean body mass, kg 34.1 � 13.5
Total fat mass, kg 12.0 � 6.6

Values are mean � SD or n (%).
1 n ¼ 9837
2 n ¼ 9843
3 Tanner stage available for n ¼ 9073

TABLE 2
Precision of body composition outcomes in children

All ages (n ¼ 153) Ages 6–9.9 y (n

%CV RMSE %CV RM

Appendicular LSTM index, kg/m2 1.60 0.09 1.97 0.1
FMI, kg/m2 1.95 0.08 2.50 0.0
Total LSTM, kg 0.70 0.21 0.90 0.1
Total LSTM index, kg/m2 0.70 0.09 0.90 0.1
Subtotal LSTM, kg 0.80 0.21 1.09 0.1
Subtotal LSTM index, kg/m2 0.80 0.10 1.09 0.1
Appendicular LSTM, kg 1.60 0.22 1.97 0.1
Leg LSTM, kg 1.96 0.22 2.22 0.1
Total FM, kg 1.95 0.17 2.50 0.1

%CV, percent coefficient of variation (SD/mean�100); FM, fat mass; FMI, fat
√(

P
squared deviations/n).

B.S. Zemel et al. The American Journal of Clinical Nutrition 118 (2023) 792–803

796
Several secondary outcomes are not indices and do not adjust for
stature. The association of HAZ with Z-scores for appendicular LSTM
(R2 ¼ 0.61), total LSTM (R2 ¼ 0.65), and subtotal LSTM (R2 ¼ 0.65)
were strong. Figure 3 illustrates the modest associations of HAZ with
appendicular LSTM Index-Z (Figure 3A) and FMI-Z (Figure 3D)
compared with appendicular LSTM-Z (Figure 3B). For leg LSTM, the
overall association was relatively weak (R2 ¼ 0.06), but stronger for
10- to 15-y-olds (R2 ¼ 0.13). For FM, the overall association was
moderate (R2 ¼ 0.23) but significantly stronger for 5–10 (R2 ¼ 0.36)
than older children. Recognizing that the associations of shorter
compared with larger stature for these secondary outcomes are age-
dependent, we used sex-specific regression analysis to estimate the
predicted association of HAZ for each whole year age category (e.g.,
10.0–10.9 y) for total LSTM, subtotal LSTM, appendicular LSTM, leg
LSTM, and FM. Figure 3C illustrates the absence of association be-
tween HAZ-adjusted appendicular LSTM-Z and HAZ. The HAZ
adjustment equations are provided in Supplementary Tables 11–15.
Each HAZ prediction equation has the format:

HAZ Predicted Z¼ aþ b � HAZ
(as shown in Equation 3 in Methods), where a is the intercept and b

is the slope. An HAZ-adjusted Z-score is calculated as the original Z-
score minus the HAZ predicted Z-score (Equation 4 in Methods). The
HAZ-adjusted Z-score indicates the degree to which the original Z-
score may be affected by shorter or taller stature.

An example of calculations for appendicular LSTM-Z score and the
use of the adjustment equations is as follows for an 11.5-y-old boy with
9.67 kg of appendicular LSTM and HAZ of �1.82.

Appendicular LSTM-Z ¼ [((X/M)L) – 1]/L�S
Appendicular LSTM-Z ¼ [((9.67/13.66)-0.046)-1]/-0.046 x 0.17 ¼–1.99

HAZ Predicted Appendicular LSTM-Z ¼ a þ b�HAZ
HAZ Predicted Appendicular LSTM-Z ¼-0.34 þ (-1.82*0.941) ¼–1.90

HAZ-adjusted Appendicular LSTM-Z ¼ Appendicular LSTM-Z - HAZ Pre-
dicted Appendicular LSTM-Z

HAZ-adjusted Appendicular LSTM-Z ¼ �1.99 – (�1.90) ¼ �0.09

Subgroup differences in body composition distributions
We evaluated differences in HAZ, BMIZ, appendicular LSTM

Index-Z, FMI-Z, and HAZ-adjusted appendicular LSTM-Z between
the 4 largest subgroups based on self-identified race (Asian/Pacific
¼ 49) Ages 10–13.9 y (n ¼ 53) Ages 14–16.0 y (n ¼ 51)

SE %CV RMSE %CV RMSE

0 1.42 0.09 1.38 0.10
8 1.40 0.07 1.84 0.07
8 0.65 0.22 0.52 0.23
1 0.65 0.09 0.52 0.08
9 0.66 0.20 0.59 0.24
1 0.66 0.09 0.59 0.09
7 1.42 0.22 1.38 0.27
4 1.79 0.21 1.85 0.28
4 1.40 0.15 1.84 0.21

mass index; LSTM, lean soft tissue mass; RMSE, root mean square error



Table 3
LMS values and reference ranges for appendicular lean soft tissue mass and fat mass index

Age, y Appendicular lean soft tissue mass index, kg/m2

Females Males

L S �2 SD �1 SD 0 SD (M) 1 SD 2 SD L S �2 SD �1 SD 0 SD (M) 1 SD 2 SD

5.0–5.9 0.967 0.120 3.200 3.700 4.203 4.708 5.215 �0.072 0.116 3.615 4.053 4.550 5.112 5.749
6.0–6.9 0.847 0.121 3.396 3.921 4.458 5.004 5.559 �0.077 0.117 3.804 4.270 4.798 5.398 6.079
7.0–7.0 0.727 0.123 3.592 4.141 4.711 5.300 5.908 �0.082 0.118 3.992 4.486 5.048 5.685 6.411
8.0–8.9 0.607 0.125 3.796 4.369 4.974 5.608 6.272 �0.087 0.120 4.177 4.699 5.293 5.970 6.742
9.0–9.9 0.487 0.126 4.019 4.617 5.258 5.941 6.667 �0.092 0.121 4.367 4.919 5.547 6.265 7.085
10.0–10.9 0.367 0.127 4.263 4.886 5.565 6.299 7.093 �0.097 0.122 4.582 5.167 5.835 6.598 7.473
11.0–11.9 0.248 0.128 4.513 5.160 5.874 6.661 7.524 �0.102 0.124 4.843 5.467 6.182 7.001 7.941
12.0–12.0 0.128 0.128 4.740 5.405 6.151 6.984 7.914 �0.107 0.125 5.159 5.831 6.601 7.484 8.501
13.0–13.9 0.008 0.129 4.921 5.597 6.366 7.239 8.231 �0.112 0.126 5.512 6.235 7.064 8.018 9.117
14.0–14.0 �0.112 0.129 5.050 5.731 6.516 7.422 8.470 �0.117 0.126 5.860 6.632 7.518 8.539 9.718
15.0–15.9 �0.232 0.130 5.133 5.814 6.609 7.543 8.645 �0.122 0.127 6.160 6.972 7.907 8.985 10.230
16.0–16.0 �0.352 0.131 5.182 5.859 6.662 7.621 8.776 �0.127 0.127 6.387 7.230 8.200 9.321 10.616
17.0–17.9 �0.472 0.133 5.210 5.882 6.690 7.673 8.884 �0.132 0.127 6.544 7.407 8.401 9.549 10.878
18.0–18.9 �0.592 0.134 5.225 5.891 6.702 7.708 8.977 �0.138 0.127 6.650 7.524 8.533 9.697 11.046
19.0–19.9 �0.712 0.136 5.229 5.887 6.701 7.729 9.059 �0.143 0.126 6.727 7.609 8.625 9.799 11.160

Age, y Fat mass index, kg/m2

Females Males

L S �2 SD �1 SD 0 SD (M) 1 SD 2 SD L S �2 SD �1 SD 0 SD (M) 1 SD 2 SD

5.0–5.9 �0.226 0.266 2.440 3.116 4.035 5.311 7.118 �0.235 0.277 1.949 2.508 3.279 4.364 5.930
6.0–6.9 �0.241 0.280 2.429 3.132 4.106 5.486 7.491 �0.270 0.296 1.894 2.468 3.280 4.465 6.251
7.0–7.0 �0.256 0.294 2.435 3.171 4.209 5.711 7.952 �0.306 0.316 1.878 2.475 3.347 4.667 6.757
8.0–8.9 �0.270 0.307 2.461 3.233 4.342 5.981 8.493 �0.342 0.336 1.904 2.538 3.489 4.988 7.496
9.0–9.9 �0.282 0.319 2.497 3.308 4.489 6.268 9.063 �0.379 0.356 1.947 2.618 3.655 5.358 8.381
10.0–10.9 �0.288 0.328 2.541 3.388 4.636 6.546 9.603 �0.417 0.374 1.967 2.663 3.769 5.656 9.224
11.0–11.9 �0.288 0.335 2.598 3.482 4.796 6.822 10.101 �0.453 0.388 1.938 2.636 3.770 5.780 9.821
12.0–12.0 �0.281 0.339 2.689 3.618 5.001 7.142 10.614 �0.486 0.400 1.859 2.535 3.654 5.701 10.063
13.0–13.9 �0.271 0.341 2.823 3.808 5.275 7.540 11.197 �0.512 0.408 1.756 2.397 3.473 5.491 10.001
14.0–14.0 �0.259 0.341 2.987 4.036 5.594 7.991 11.835 �0.529 0.414 1.664 2.274 3.305 5.272 9.812
15.0–15.9 �0.248 0.340 3.154 4.267 5.916 8.443 12.470 �0.533 0.417 1.612 2.206 3.216 5.154 9.691
16.0–16.0 �0.241 0.340 3.305 4.476 6.209 8.858 13.064 �0.523 0.419 1.612 2.211 3.231 5.188 9.751
17.0–17.9 �0.238 0.341 3.431 4.653 6.460 9.223 13.609 �0.502 0.421 1.653 2.278 3.339 5.361 9.988
18.0–18.9 �0.239 0.343 3.534 4.796 6.668 9.537 14.104 �0.470 0.424 1.714 2.376 3.497 5.608 10.302
19.0–19.9 �0.243 0.345 3.611 4.905 6.830 9.792 14.531 �0.432 0.426 1.773 2.477 3.661 5.862 10.588

LMS analysis was implemented using the Generalized Additive Models for Location Scale and Shape (GAMLSS) function in R to generate values for L (lambda),
S (sigma) and M(mu). L, M, and S are used to calculate smoothed distributions using the formula: M (1þ LSZ)1/L, where Z is a Z-score in the normal distribution.
The smoothed distributions for �2, �1, 0 (median, i.e., mu), 1 and 2 SD are shown in the table. L, M, and S also are used to calculate exact Z-scores using the
formula Z ¼ [((X/M)L) – 1]/L�S, where X is the measured value.
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Islander, Black, and White) and Hispanic ethnicity. Means for each
subgroup are shown in Figure 4, illustrating moderate differences in
HAZ and BMIZ and large differences between subgroups in body
composition outcomes. For example, the mean appendicular LSTM
Index-Z for the Asian/Pacific Islander subgroup was�0.52� 0.93, and
for the Non-Hispanic Black subgroup, it was 0.77 � 0.87. These dif-
ferences were paralleled by differences between means for HAZ, so we
also compared group means for HAZ-adjusted appendicular LSTM-Z.
Subgroup differences were less extreme (i.e., closer to zero) but
remained quite different; for example, the Asian/Pacific Islander sub-
group had a mean HAZ-adjusted appendicular LSTM-Z of �0.38 �
0.71 whereas the Black subgroup mean was 0.58 � 0.70. We used
mixed effects regression analysis (accounting for multiple observations
per person) and confirmed that most subgroup means were significantly
different, even after adjustment for height and BMI Z-scores.

Given the large differences in appendicular LSTM Index-Z between
the Black and other subgroups, and to be consistent with the BMD
reference ranges previously published for this cohort, we generated age-
and sex-specific reference ranges for the Black subgroup and for all other
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subgroups combined. These values are provided for all primary and
secondary body composition outcomes as abbreviated tables with HAZ
adjustment equations (Supplementary Tables 16–24) and extended tables
with ranges for decimal years (Supplementary Tables 25–33). There
were insufficient numbers to generate separate reference ranges for the
Hispanic and Asian/Pacific Islander subgroups. Nevertheless, subgroup
differences were attenuated when compared using these group-specific
reference ranges as shown in Supplementary Figure 1, but most
remained statistically significant.

Discussion

DXA is commonly used in body composition assessment in chil-
dren [27,28]. We showed excellent precision of body composition
values (%CV range 0.70–1.96 overall) that was comparable to the
precision for bone mineral density (%CV range 0.85–1.65 overall)
[29]. Among the youngest children, ages 6–9.9 y, precision was close
to that of older children (0.90%–2.50% compared with 0.52%–1.85%).
For growing children, there are substantial age- and sex-related



FIGURE 2. Comparison of (A) lean soft tissue mass index and (B) fat mass index distributions for the Bone Mineral Density in Childhood Study (black lines)
and the NHANES (1999–2004) published by Weber et al. [11]. Shown are the reference curves for �2 SD, 0 SD, and þ2 SD for each source. Reference ranges
are not based on the NHANES body composition adjustment.
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differences in body composition, necessitating the use of age- and
sex-specific reference ranges for interpretation of body composition
values. Previously published reference ranges using NHANES data
(collected 1999–2004) were based on a cohort with a high prevalence
of obesity (20%) and excluded children aged <8 y[11]. In addition,
reference ranges for an expanded set of body composition phenotypes
are needed because of the growing interest in measures of skeletal
muscle, which is highly relevant to bone mineral accrual and physical
activity research. Here, we present pediatric body composition refer-
ence ranges that meet these needs.

Our primary outcomes were appendicular LSTM Index and FMI.
These indices largely account for the effects of linear growth on
these body compartments. Many investigators have used total body
fat percentage (%BF, FM as a percentage of total body mass) as an
indicator for body composition and to identify individuals living
with obesity. We did not use this measure for several reasons. First,
%BF is relatively well-preserved under semistarvation conditions, so
it is not a good indicator of nutritional status or energy reserves [30].
Second, as individuals gain excess weight, they gain both fat and
lean tissue, so %BF may not reflect the absolute size of the adipose
tissue compartment.
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Appendicular LSTM (sometimes referred to as skeletal lean tissue
mass) has garnered increasing interest as a measure of sarcopenia in
adults [31] and skeletal muscle deficits in children [32]. Total body
fat-free mass (body mass that excludes adipose tissue) and LSTM
(excludes bone mass) include organ tissue, whereas appendicular
LSTM, which is only in the arms and legs, is largely muscle tissue.
Muscle mass is often of interest as it is more sensitive to changes in
physical activity and loading. Appendicular muscle mass is particularly
important for studies of bone health because of the “functional
muscle-bone unit,” i.e., the response of bone to the mechanical forces
of weight-bearing loads [33]. Appendicular LSTM is more strongly
associated with bone outcomes than total body LSTM in healthy
children. In an early report, Goulding et al. [34] demonstrated in
5-y-olds that appendicular LSTM Index was more strongly associated
with total body bone mineral content than total body LSTM Index.
Similar findings were reported more recently for a large sample of 5- to
19-y-old Chinese children [35]. Appendicular LSTM outcomes may be
even more relevant as a measure of skeletal muscle deficits in children
with chronic health conditions. For example, Summer et al. [32]
demonstrated the loss in appendicular LSTM Index in boys with Du-
chenne’s muscular dystrophy, and Guo et al. [36] reported more



FIGURE 3. Scatterplots and regression lines illustrating the relationships of height-for-age Z-score (HAZ) with appendicular lean soft tissue mass (LSTM)
index-Z score (A), appendicular LSTM-Z score (B), HAZ-adjusted appendicular LSTM (C), and fat mass index-Z score (FMI-Z) (D) by age group. R-square
values were determined by mixed effects regression for each age group (Ages 5 to 9.9 y, n ¼ 2130 observations; Ages 10–14.9 y, n ¼ 3920 observations; Ages
15–19.9 y, n ¼ 3069 observations). Appendicular LSTM index-Z score had a modest association with height-for-age Z-score at younger ages but not for 15- to
20-y-olds. Appendicular LSTM-Z score had a very strong association with HAZ at all ages, providing the rationale for the HAZ adjustment equations. FMI-Z
score was positively associated with HAZ in younger children and negatively associated with HAZ in older children, but the associations were modest.
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FIGURE 4. Mean Z-scores by self-identified race and ethnicity groups for height-for-age, BMI, appendicular lean soft tissue mass index and HAZ-adjusted
appendicular lean soft tissue mass. Note that height and BMI Z-scores were calculated using the CDC 2000 reference [4]. CDC, Centers for Disease Control and
Prevention; HAZ, height-for-age Z-score.
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pronounced deficits in appendicular LSTM Index (compared to total
LSTM Index) in survivors of neuroblastoma. Of note, we included
reference ranges for total LSTM Index and subtotal LSTM Index in
supplementary tables because appendicular LSTM may not be avail-
able to all clinicians or investigators.

We used appendicular LSTM Index-Z as the primary outcome
because it largely accounts for the association of height with appen-
dicular LSTM. We demonstrated some residual association of appen-
dicular LSTM Index-Z with HAZ in youth under age 15 y. As an
alternative, we provide HAZ adjustment equations for appendicular
LSTM and other body composition compartments (FM, total LSTM,
subtotal LSTM) that completely account for the effects of smaller or
taller status on these body composition outcomes. The difference be-
tween the age-based (unadjusted) Z-score and the HAZ-adjusted Z-
score reflects the degree to which the age-based Z-score may be
influenced by stature. For example, for a 10-y-old with short stature and
an appendicular LSTM-Z score of–2 and an HAZ-adjusted appendic-
ular LSTM-Z score of–1, the interpretation is that a large portion (1 SD)
of their low appendicular LSTM relative to same age-sex peers is due to
short stature, yet their appendicular LSTM remains lower than average.
An important caveat is that this approach represents a statistical
adjustment and may not accurately represent the effects of short or
large stature for children outside the range of HAZ in the BMDCS
cohort.

Previous studies have used DXA data from the NHANES to
develop reference ranges for both Lunar and Hologic devices [11,37].
Weber et al. [11] reported reference ranges using data from 5195 males
and 3766 females. Our study includes over 9800 data points on a
sample of ~2000 individuals. Unlike the NHANES sample, our study
sample was not a strategic random sample of the general population.
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We enrolled healthy children who met enrollment criteria from 5
geographically diverse clinical centers in the United States. Our sample
had fewer children with obesity (defined as BMI �95th percentile for
age and sex) (6%) compared to the NHANES sample reported by
Weber et al. [11] (20%). Comparison of our reference ranges with those
of NHANES showed remarkable agreement in the curves at and below
the median. However, the upper end of the NHANES reference range,
at þ2 SD, has values that are much greater than those for the BMDCS
cohort. This is consistent with the difference between these samples in
obesity prevalence. The implication of this difference is that children
with greater amounts of body fat will have a lower Z-scores using the
NHANES reference compared with the BMDCS reference. For
example, in our cohort, an 8.5-y-old male with a BMI Z-score of 2.1
had a BMDCS FMI-Z score of 2.1 (98th percentile), yet their NHANES
Z-score was 1.1 (87th percentile). Therefore, using the BMDCS
reference range provides information that is more consistent with the
CDC 2000 BMI charts [23] used to categorize overweight and obesity
in children.

It is important to note that the body composition values reported
here were obtained on Hologic DXA devices using Hologic Discovery
12.3 software at baseline and Apex 2.1 thereafter. Our reference ranges
should only be applied to body composition results obtained from
Hologic scanners using a Hologic software version that employs a
similar algorithm for estimating body composition. For example, ver-
sions of Hologic software since 12.1 have increased accuracy in body
composition estimates for children<40 kg [9]. In addition, we chose to
use body composition values that were not adjusted using the
“NHANES body composition analysis” option. This option reduces
estimated lean mass and increases estimated fat mass. However, this
adjustment was based on studies of adults 19–82 y of age, with a mean
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BMI of 27 (range 16–44 kg/m2). The mean BMI in our cohort was 20.5
(interquartile range: 17.4–22.9). Measurements obtained with the
NHANES body composition analysis option can be converted so that
they are comparable to the values used to generate our reference ranges
using the following equations:

Lean soft tissuemass¼ lean soft tissuemass ðexcludingBMCÞNHANES BCA

�
0:946

Equation 5

Fat mass¼DXA mass – ðlean soft tissue massþBMCÞ Equation 6

Differences between self-identified race and ethnicity groups in
BMI and body composition have been reported previously [11,38–40].
Consistent with our study, Black children have greater lean mass and
Hispanic children have greater fat mass than White children. The un-
derlying mechanisms for these group differences are unknown. We
acknowledge that self-identified race and ethnicity groups are social
constructs, and environmental, social, behavioral, and nutritional fac-
tors contribute to these observations of group differences in body
composition. In addition, these constructs overlap with population
ancestry, and differences in gene frequencies may contribute to body
composition patterns. Our cohort is not a nationally representative
sample, nor did we use sample weights to try to emulate the race and
ethnicity distribution of the population in the United States.
Twenty-two percent of our cohort was Black, and 17 percent was
Hispanic, compared to 14% and 19%, respectively, in the US popu-
lation in 2021 [41]. Similar to the population in United States, 7%
percent of the cohort self-identified as Asian/Pacific Islander, but we do
not have more specific information on region of origin. Nevertheless,
we report differences in our subgroups to provide a frame of reference
for expected differences between major race and ethnicity groups in the
context of low levels of obesity and overall good health. The sample
sizes were not sufficient to create separate reference ranges for all
subgroups. However, we created separate supplementary curves for
Black and non-Black subgroups for consistency with our previously
published bone density reference ranges [21]. According to the rec-
ommendations for pediatric bone health assessment, body composition
measures are important to aid in the interpretation of bone density
measurements in children at risk of malnutrition or muscle deficits [16].
The curves for Black and non-Black children fill an important gap in
providing body composition reference ranges that parallel bone density
reference curves for implementing this recommendation.

Our study has numerous strengths. The sample was large,
geographically and ethnically diverse, and enrolled children in good
health with lower levels of obesity than has been seen in other cohorts
such as NHANES. As such, the use of these curves will not minimize
the magnitude of excessive adiposity. We provided reference curves for
appendicular LSTM Index, which is a good index of skeletal muscle,
and is highly relevant for evaluating benefits of physical activity in-
terventions, effects of diminished weight-bearing ability, nutritional
status, and bone mineral density. In addition, we provided reference
ranges for other body composition outcomes that may be relevant in
some contexts, such as when subregion DXA values are not available
for calculation of appendicular lean mass or when muscle mass in the
legs is of particular interest in patients with ambulation issues. Finally,
we provide a method for adjusting body composition measures for
shorter or taller stature—a useful method when evaluating patients with
delayed or advanced maturation and/or short stature.

The primary limitation of our study was that the cohort was a
sample of convenience and was not fully representative of the US
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population. We were not able to develop reference ranges for all race
and ethnicity groups because of their smaller sample size. All DXA
scans were acquired on Hologic devices and centrally analyzed
using standardized, proprietary software. For DXA measurements
obtained on devices from GE Lunar, standardization equations
should be applied before comparison with these reference ranges
[42]. However, care should be taken to assure that the body
composition acquisition and analysis algorithms are consistent with
the Hologic software used to create these reference ranges and
standardization equations for measurements obtained on other
manufacturer’s devices.

In sum, we provide robust body composition reference ranges for
healthy children aged 5–20 y of age. These reference ranges fill a gap in
the literature for assessment of nutritional status, muscle deficits, and
excess adiposity, for interpretation of bone health, and for monitoring
the effects of physical activity. Consistent with other studies, we
demonstrated large differences in body composition between self-
identified race and ethnicity groups. The observed differences pro-
vide a frame of reference for these group differences in a cohort with
low levels of obesity.
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