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Fat and lean BMI reference curves in children and adolescents
and their utility in identifying excess adiposity compared with BMI

and percentage body fat'™

David R Weber, Rene¢ H Moore, Mary B Leonard, and Babette S Zemel

ABSTRACT

Background: Body mass index (BMI) and percentage body fat (%
BF) are widely used to assess adiposity. These indexes fail to ac-
count for independent contributions of fat mass (FM) and lean body
mass (LBM) to body weight, which vary according to age, sex, pu-
bertal status, and population ancestry in the pediatric population.
Objective: The objective was to develop pediatric reference curves
for fat mass index (FMI) and lean body mass index (LBMI) and
evaluate the effects of population ancestry and LBM on measures of
excess adiposity (BMI, %BF, and FMI).

Design: Sex-specific FMI and LBMI reference curves relative to
age for children and adolescents aged 8-20 y were generated from
cross-sectional body-composition data measured by dual-energy X-
ray absorptiometry from NHANES.

Results: The mean LBMI z score was higher in blacks (males: 0.26;
females: 0.45) than in whites (males: —0.07; females: —0.09) and
Mexican Americans (males: 0.05; females: —0.09). The positive pre-
dictive value of overweight by BMI to identify excess adiposity
defined by FMI was lower in blacks (males: 35.9%; females: 30.3%)
than in whites (males: 65.4%; females: 52.2%) and Mexican Americans
(males: 73.3%; females: 68.3%). Participants classified as having
excess adiposity by FMI but normal adiposity by %BF had signif-
icantly higher BMI, LBMI, and height z scores than did those clas-
sified as having excess adiposity by %BF but normal adiposity by FMIL
Conclusions: Relative to FMI, the prevalence of excess adiposity is
overestimated by BMI in blacks and underestimated by %BF in
individuals with high LBM. The use of FMI and LBMI improves
on the use of %BF and BMI by allowing for the independent as-
sessment of FM and LBM. Am J Clin Nutr 2013;98:49-56.

INTRODUCTION

The metabolic and cardiovascular complications of obesity are
often severe and lifelong. Early identification of at-risk indivi-
duals is essential for the successful prevention and treatment of
obesity-related diseases (1). BMI [calculated as body mass (kg)/
height (m)?] is widely used to identify individuals with excess
adiposity (2). Children with a BMI between the 85th and 95th
percentiles are defined as overweight and those with BMI =95th
percentile as obese (3). BMI is easily measured; however, it is
limited by its failure to distinguish between fat mass (EM)° and
lean body mass (LBM).

The use of BMI as a surrogate of adiposity is especially problematic
in the pediatric population, because the relative contributions of

FM and LBM to body weight vary by age, sex, pubertal status,
and population ancestry. Annual increases in BMI from mid-
childhood onward are largely because of increases in LBM rather
than to increases in FM (4, 5), and differences in BMI percentiles
indicate differences in FM only for high percentiles of BMI (6).
Body composition differs by population ancestry as well, because
blacks have a higher LBM than do whites (7-10). The failure of
BMI to account for the independent contributions of FM and
LBM may lead to misclassification of adiposity status when ap-
plied to individuals (11).

Studies in pediatric populations have used percentage body fat
(%BF) to illustrate deficiencies in BMI as a surrogate of adiposity
across population ancestry groups (12—14). However, the use of
%BF as the gold standard of adiposity is an incomplete solution
that does not consider height, body proportions, and LBM (15).
Van Itallie et al (16) proposed the use of compartment-specific
indexes normalized to height [FM index (FMI) and fat-free mass
(FFM) index (FFMI)] as superior measures of nutritional status
after illustrating the inadequacy of BMI, absolute FM, and %BF
in a study comparing measures of body composition in healthy
men with men undergoing experimental semistarvation. Recently,
reference data were published for FMI and FFMI in British
children by using the 4-compartment model (17); however, there
are currently no reference data for FMI and LBM index (LBMI)
in US children. LBM excludes the contribution of bone mass to
FFM and is therefore a preferred measure because it is more
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tissue specific. Recently published data for lean mass/height2 in
children (18) include bone mineral content and therefore repre-
sent FFM/height” (TL Kelly, personal communication, 2012).

The goals of this study were to develop sex-specific reference
data for FMI and LBMI relative to age in children and adolescents
aged 8-20 y by using dual-energy X-ray absorptiometry (DXA)
data from NHANES and to describe relations between FMI,
LBMI, %BF, and BMI. We hypothesized that ) blacks would
have a higher LBM than would nonblacks and 2) FMI would
identify individuals with excess adiposity yet normal %BF be-
cause of the independent effects of LBM and FM.

SUBJECTS AND METHODS

Study sample

Cross-sectional whole-body DXA data on children and ado-
lescents from 1999 to 2004 NHANES were used. NHANES is
an annual survey conducted by the National Center for Health
Statistics (NCHS) that uses a complex, multistage probability
sampling method including oversampling of non-Hispanic blacks,
Mexican Americans, low-income whites, and adolescents aged
12-19 y to produce reliable statistics (19). The survey included
a household interview and a detailed examination obtained in
mobile examination centers. Approval for NHANES 1999-2004
was obtained from the NCHS Institutional Review Board (IRB);
a waiver of IRB oversight for the use of this existing, de-identified,
and publically available data were obtained from the IRB at The
Children’s Hospital of Philadelphia.

DXA and anthropometric measurements

Whole-body DXA scans were obtained by using a Hologic
QDR 4500A fan beam densitometer (Hologic Inc) in eligible
participants aged =8 y. All DXA scans were reviewed and an-
alyzed by the University of California, San Francisco, Radiology
department by using Hologic Discovery Software, version 12.1
(Hologic Inc). Females were excluded from the DXA evaluation
if they had a positive pregnancy test at the time of the exami-
nation or if they stated that they were pregnant. DXA scans were
not obtained in females aged 8—17 y in 1999 because NCHS IRB
approval had not yet been obtained. Multiple imputation of missing
data was performed by the NCHS to address the potential biases
of nonrandom missing DXA data. Full details of the methods
and rationale for multiple imputation are described in the
NHANES DXA technical documentation files (19). The sample
used to generate FMI and LBMI reference curves contained
imputed data for 10% of males and 13.5% of females.

Age was calculated in months as reported at the time of ex-
amination. US Census Bureau classifications for race and eth-
nicity were ascertained by participant self-report at the time of the
interview. Height (cm) and weight (kg) were obtained by using
standard procedures (20) and were used to calculate BMI (kg/
m?). Sex-specific BMI z scores for age were calculated by using
the 2000 CDC reference data (21). FMI and LBMI were cal-
culated from DXA-measured body-composition data as fat or
LBM [(kg)/height (m)?]. LBM excluded bone mineral content.
Whole-body %BF was calculated as total-body FM (kg)/total
body mass (kg) X 100. A prior multicenter analysis of DXA
body-composition data showed an overestimation of LBM and

underestimation of FM by Hologic QDR 4500A fan-beam den-
sitometers (22). Accordingly, NHANES DXA body-composition
data for FM and LBM were adjusted by the NCHS such that
LBM was decreased by 5% and FM increased by an equivalent
amount (in kg) to maintain total body mass (23).

Generation of FMI and LBMI reference curves

We used data from 8961 (3766 female) participants aged 8-25'y
to generate reference curves for FMI and LBMI. Our sample
included fewer females than males because the publically avail-
able NHANES DXA body-composition data in the 1999-2000
release cycle do not include data for females aged 8-17 y (23).
The 21-25 y age range was included to eliminate a truncation
effect on the reference curves that was observed when only data
for participants 8-20 y of age were used. Curves were generated
respective to age by using the lambda-mu-sigma (LMS) method
(LMSchartmaker Pro version 2.54; Cole and Pan 2011) sepa-
rately for males and females (24). The LMS method is widely
used for the generation of reference percentiles because it ad-
dresses the heteroscedasticity and skewness frequently present
in growth data. The optimal power to obtain normality is sum-
marized by a smooth line (L). Trends in the mean (M) and CV
(S) are similarly smoothed. The resulting L, M, and S curves contain
the information to generate any centile curve and to convert
measurements (even extreme values) into exact z scores by using
the following equation:

Z = [(x/M)" — 1]/Ls (1)

where X is the body-composition measure of interest. Overall
goodness-of-fit of models were assessed by using visual inspec-
tion and evaluation of the Q statistic—a plot of standardized
residuals compared with df used to fit the curve (25).

Evaluation of FMI compared with BMI and % BF

We compared FMI with BMI and %BF in 7095 (2890 female)
participants aged 8—19 y; 28 participants (13 females) with DXA
body-composition data were excluded from analyses because of
missing data for weight (and therefore BMI). This age range was
selected because it allowed for the characterization of %BF by
using published reference data for %BF derived from NHANES
(26). Analyses were limited to non-Hispanic whites, non-Hispanic
blacks, and Mexican Americans because there were too few par-
ticipants of other population ancestry groups to allow for reli-
able estimates.

BMI status for participants was determined by using the 2000
CDC BMI growth charts and was categorized as normal weight
(BMI <85th percentile), overweight (85th to 95th percentile), or
obese (BMI =95th percentile) per current expert recommenda-
tions (3). There is no universally accepted gold standard for the
definition of excess adiposity using DXA body-composition data
in children and adolescents. The 75th—85th percentile for %BF
has previously been shown to correspond with excess adiposity
in children and adolescents (13), and the 75th percentile for %
BF has been used as the criteria for identifying excess adiposity
in a study of dyslipidemia in NHANES (27). Given this pre-
cedent, we defined excess adiposity by FMI as a FMI greater
than or equal to the sex- and age-specific 75th percentile with
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the use of our newly created reference data for FMI and excess
adiposity by %BF as %BF greater than or equal to the age- and
sex-specific 75th percentile with the use of published reference
data for %BF (26).

The prevalence of high adiposity was then determined in par-
ticipants categorized as normal, overweight, or obese by BMI.
The prevalence of high adiposity is the positive predictive value
(PPV) that a participant in a given BMI classification has excess
adiposity as defined by FMI. The PPV of each BMI categorization
for males and females was then compared for non-Hispanic
whites, non-Hispanic blacks, and Mexican Americans. Charac-
teristics of participants classified as having excess adiposity by
FMI but normal adiposity by %BF were then compared with
those classified as having excess adiposity by %BF but normal
adiposity by FMI.

Statistical analysis

All statistical analyses were conducted with Stata 12 (Stata-
Corp). All analyses were performed by using sample weights to
account for the complex sample design as recommended by the
NCHS (28) and included imputed data. Reference curves for FMI
and LBMI were generated for each of the 5 imputations, and the
output data including L, M, S, and centile values were then
averaged to create final reference curves and z scores. Two-
sample ¢ tests were used to compare means; chi-square analysis
was to compare proportions. Statistical significance was defined
by using a 2-sided P value <0.05 for all analyses.

RESULTS
FMI and LBMI reference curves

Descriptive information for the samples used to create FMI and
LBMI reference curves and for comparisons of FMI with %BF is
provided in Table 1. Males accounted for 56% of the sample
used to create reference curves because the publically available
NHANES 1999-2000 data set does not contain DXA body-
composition data for females <18 y of age. The percentage of
participants used to create reference curves classified as over-
weight or obese by BMI was 39.5% for males and 37.5% for
females.

Smoothed reference percentiles for FMI and LBMI for males
and females aged 8-20 y are shown in Table 2 and Table 3. In
addition to the 50th percentile “M,” each table also provides the
L and S values, which can be used to calculate z scores for in-
dividuals. Growth curves providing the 5th, 10th, 25th, 50th,
75th, 90th, and 95th centiles for FMI and LBMI in males and
females are shown in Figure 1 and Figure 2. Finely scaled
versions of FMI and LBMI growth curves are available else-
where (see Supplemental Figures 1-4 under “Supplemental data”
in the online issue).

Population ancestry differences in body-compartment
Z scores

Significant population ancestry group differences existed in
sex-specific FMI and LBMI z scores for age, as shown in Table
4. Among males, non-Hispanic blacks had significantly higher
(P < 0.0001) LBMI z scores (0.26) than non-Hispanic whites
(—0.07) and Mexican Americans (0.05) and significantly lower

TABLE 1
Descriptive characteristics of NHANES participants used to create FMI
and LBMI reference curves and in analyses of EMI compared with %BF’

Reference curve creation Comparison with %BF
(8-25 y of age) (8-19 y of age)

Males Females Males Females

Sample size (n) 5195 3766 4205 2890
Ancestry group (%)’

Non-Hispanic white 61.8 62.5 69.9 71.3

Non-Hispanic black 14.5 14 17.1 16.7

Mexican American 12.2 11 13 12

Other 11.5 12.5 — —
Age (y) 167 = 0.1° 175 £ 02 134 0.1 137 = 0.1

BMI (kg/mz) 233 0.1 238 *02 21.8*0.1 224 0.2
BMI status (%)
Overweight4 20.3 18.3 16.4 16.4
Obese’ 19.2 19.2 17.8 17.7

"DXA data from NHANES participants aged 8-25 y were used for
reference curve creation to avoid a truncation effect; the analyses comparing
FMI and %BF used data from NHANES participants aged 8-19 y to match
the age range for which %BF reference data are available. DXA, dual-energy
X-ray absorptiometry; FMI, fat mass index; LBMI, lean BMI; %BF, per-
centage body fat.

2 Weighted estimate (all such values).

3Mean *+ SE (all such values).

“Defined as BMI =85th and =94th percentile for participants aged 8—
20 y or BMI (in kg/m?) =25 and <30 for participants aged 21-25 y.

’ Defined as BMI =95th percentile for participants aged 8—20 y or BMI
(in kg/m?) =30 in participants aged 21-25 y.

(P < 0.0001) EMI z scores (—0.27) than whites (0.02) and Mexican
Americans (0.26). Among females, non-Hispanic blacks had sig-
nificantly higher (P < 0.0001) LBMI z scores (0.45) than those in
non-Hispanic whites (—0.09) and Mexican Americans (—0.09), but
there was no difference in FMI z scores in non-Hispanic blacks
(0.04) compared with those in non-Hispanic whites (—0.04) and
Mexican Americans (0.13) (P = 0.19 and 0.11, respectively).

Population ancestry differences in the PPV of BMI to
identify excess adiposity

The PPV of the currently recommended BMI classifications for
overweight and obese to identify excess adiposity as defined by
either FMI or %BF =75th percentile is shown separately for
males and females in non-Hispanic blacks, non-Hispanic whites,
and Mexican Americans in Table 5. Significant population an-
cestry differences in the PPV to identify excess adiposity were
found in both sexes and all BMI classifications, but were most
dramatic in participants classified as overweight by BMIL.

In males classified as overweight by BMI, the PPV of having
excess adiposity as defined by FMI was 35.9% in non-Hispanic
blacks. This was significantly lower than the PPV of 65.4% seen
in non-Hispanic whites and 73.3% in Mexican Americans (P <
0.0001). The PPV in non-Hispanic whites did not differ signif-
icantly from that in Mexican Americans (P = 0.13). In males
classified as obese by BMI, non-Hispanic blacks had a lower
PPV at 96.9% compared with 99% in Mexican Americans (P =
0.03). No statistically significant differences in PPV were found
between obese non-Hispanic whites and non-Hispanic blacks or
Mexican Americans.
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TABLE 2
Age- and sex-specific reference percentiles for FMI in children and adolescents aged 8-20 y’
Males Females
M M

Age L S S5th 10th 25th  50th  75th  90th  95th L S S5th 10th  25th  50th  75th  90th  95th
8.0-8.49y —-0.727 0393 27 3.0 36 46 6.2 86 110 —0557 0384 3.0 33 4.0 5.1 6.8 9.1 112
8.5-8.99y —0.709 0401 27 3.0 3.6 46 6.3 88 113 —0.513 0388 3.1 34 42 5.4 7.1 9.5 11.6
9.0-949 y —0.690 0408 27 3.0 37 4.7 6.4 9.0 11.6 —-0469 0391 32 36 43 5.6 74 99 120
9.59.99y —0.673 0415 27 3.0 3.7 4.8 6.5 92 119 —0431 0394 33 37 45 5.8 76 102 123
10.0-1049y —0.656 0421 27 3.0 37 4.8 6.6 93 121 —-0400 039 33 37 46 59 79 105 12.6
10.5-1099y —0.643 0426 27 3.0 3.7 4.8 6.6 95 123 —0.378 0398 34 38 47 6.1 81 107 129
11.0-1149y —0.633 0430 27 3.0 37 4.8 6.7 95 124 -0364 0399 34 39 48 6.2 82 109 13.1
11.5-1199y -0.626 0433 27 3.0 37 49 6.7 9.6 124 —-035 0399 35 39 49 6.3 83 11.1 133
12.0-1249y —0.623 0434 27 3.0 37 4.9 6.7 9.6 125 —-0353 0399 35 40 49 6.4 85 112 135
1251299y —-0.622 0434 27 3.0 3.7 49 6.7 9.6 125 —0.355 0398 3.6 4.1 5.0 6.5 86 114 137
13.0-1349y —-0.618 0435 27 3.0 37 49 6.7 9.6 125 —0361 039 3.7 4.1 5.1 6.6 87 11.6 139
13.5-13.99y -0.613 0437 27 3.0 37 49 6.7 97 12,6 —0.370 0394 38 4.2 5.2 6.7 89 11.8 141
14.0-1449y —0.607 0439 27 3.0 37 4.9 6.8 9.7 12,6 —0.382 0392 38 43 53 6.8 9.0 119 143
14.5-1499y —-0.600 0441 27 3.0 37 49 6.8 9.7 127 —0.397 0389 39 44 54 170 92 121 145
15.0-1549y —-059 0443 27 3.0 37 49 6.8 98 127 —0413 0386 4.0 45 5.5 7.1 93 123 148
155-1599y —-0594 0443 27 3.0 37 49 6.8 9.8 127 —0430 0383 4.1 4.6 5.7 7.2 95 125 15.1
16.0-1649y —0.591 0444 27 3.0 37 4.9 6.8 9.8 127 —-0447 0381 42 47 5.8 7.4 9.7 128 154
16.5-1699y —0.585 0446 27 3.0 37 49 6.8 9.8 128 —0460 0379 43 48 5.9 7.5 99 13.0 157
17.0-1749y —-0574 0449 27 3.0 3.7 49 6.9 99 128 —0468 0379 44 49 60 7.7 101 133 160
17.5-1799y —-0559 0452 27 3.0 3.7 49 69 100 129 —0469 0380 45 50 6.1 78 103 13.6 164
18.0-1849y —0.540 0456 27 3.0 3.7 5.0 70 100 13.0 —0460 0383 4.6 5.1 6.3 80 105 139 168
18.5-1899y —0.517 0460 27 3.0 3.8 5.0 7.1 102 132 —0443 038 47 52 6.4 81 107 143 172
19.0-1949y —0489 0464 27 3.0 3.8 5.1 72 103 133 —0418 0391 47 53 6.5 83 11.0 146 176
19.5-1999y —-0456 0468 27 3.1 3.9 52 73 105 135 —0386 0396 48 53 6.6 85 112 149 18.0
20.0-2049y —0419 0472 27 3.1 4.0 5.3 75 107 13.6 —0351 0401 48 54 6.7 86 115 152 183
20.5-2099y —0376 0475 28 32 40 5.5 7.7 109 138 —0.317 0407 48 54 6.7 88 1.7 155 18.6

! Smoothed L, M, and S curves for FMI were generated by using equivalent df values of 3, 5, and 4 in males and of 4, 5, and 4 in females, respectively.
FMI, fat mass index; L (lambda), optimal power to obtain normality; M (mu), median; S (sigma), CV.

In females classified as overweight by BMI, the PPV for
identifying adiposity as defined by FMI was found to be sig-
nificantly lower at 30.3% in non-Hispanic blacks than the value of
52.2% in non-Hispanic whites and 68.3% in Mexican Americans
(P < 0.001). The PPV was significantly higher in Mexican
Americans than in non-Hispanic whites (P < 0.03). In females
classified as obese, the PPV of having excess adiposity in non-
Hispanic white and Mexican American females was 100%
compared with 98.7% in non-Hispanic blacks.

Significant population ancestry differences in the PPV of BMI
to identify excess adiposity were also seen when %BF was used
to define adiposity. Interestingly, the PPVs of both overweight
and obesity by BMI were considerably lower when %BF was
used to identify adiposity as compared with FMI. In males, the
PPVof overweight by BMI for identifying adiposity defined by %
BF was 21.3%, 44.7%, and 49.7% in non-Hispanic blacks, non-
Hispanic whites, and Mexican Americans, respectively, com-
pared with 35.9%, 65.4%, and 73.3% when adiposity was defined
by FMI. Similar patterns were seen for obese by BMI and in
females (Table 5).

Comparison of participants classified as having excess
adiposity by FMI and %BF

We investigated whether the characteristics of individuals
classified as having excess adiposity by FMI differed from those

classified by %BF in participants aged 8-19 y (ages for which
there are %BF reference data). Overall, 23.4% were classified as
having excess adiposity by both measures, and 70.4% were
classified as not having excess adiposity by either measure.
There was discordance in the classification of excess adiposity in
the remaining 6.2% of the sample; 4.9% of participants were
classified as having excess adiposity by FMI only and 1.3% by
%BF only.

As shown in Figure 3, significant differences were seen in
both male and female participants discordantly classified by
FMI and %BF. Male participants classified as having excess
adiposity by FMI but normal adiposity by %BF were found to
have higher BMI z scores (1.54 compared with 0.54; P <
0.001), LBMI z scores (0.89 compared with —0.85; P < 0.001)
and height z scores (0.71 compared with —0.03; P < 0.001)
compared with those classified as having excess adiposity by %
BF but normal adiposity by FMI. Similar findings were seen in
females; participants classified as having excess adiposity by
FMI but normal adiposity by %BF had higher BMI z scores
(1.62 compared with 0.73; P < 0.001), LBMI z scores (1.14
compared with —0.56; P < 0.001), and height z scores (0.48
compared with —0.24; P < 0.001) than did those classified as
having excess adiposity by %BF but normal adiposity by FMI.
Non-Hispanic blacks were also found to account for a higher
percentage of those classified as having excess adiposity by FMI
but normal adiposity by %BF in both males and females (males:
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TABLE 3

Age- and sex-specific reference percentiles for LBMI in children and adolescents aged 8-20 y’

LBMI (kg/m?)

Males Females
M M
Age L S 5th 10th 25th  50th  75th  90th 95th L S 5th 10th 25th  50th  75th  90th 95th
8.0-849y -0.932 0.111 104 108 11.5 123 133 143 150 -—-1.299 0.133 9.3 9.7 104 113 124 137 146
8.5-899y —-0932 0.112 105 109 116 124 134 145 152 —1.299 0.133 9.5 99 106 11.6 127 140 149
9.0-9.49 y -0.932 0.113 106 11.0 11.7 125 13.6 146 154 —1.299 0.133 9.8 10.1 109 11.8 130 143 153
9.5-9.99y -0932 0.114 107 110 11.8 127 137 148 156 —1.299 0.133 100 104 11.1 12.1 133 147 156
10.0-1049y -0.932 0.115 107 11.1 119 128 139 150 157 —1299 0.133 102 106 114 124 136 150 16.0
10.5-1099y —0.932 0.117 10.8 11.3 120 129 140 152 160 —-1.299 0.133 104 108 11.6 126 139 153 163
11.0-1149y -0932 0.119 11.0 114 121 13.1 143 155 163 —1.299 0.133 106 11.1 11.8 129 142 156 16.7
11.5-11.99y -0932 0.123 11.1 11.5 123 133 145 158 167 —1.299 0.133 108 113 121 13.1 144 159 170
12.0-1249y -0932 0.127 112 11.7 125 136 148 162 17.1 —1299 0.133 11.0 11,5 123 134 147 162 173
12.5-1299y -0932 0.132 114 119 127 139 152 167 17.7 —-1299 0.133 112 11.6 125 13.6 149 164 175
13.0-1349y -0932 0.137 11.6 121 130 143 157 173 184 —1299 0.133 113 11.8 126 138 151 167 17.8
13.5-1399y —0932 0.140 119 125 134 147 162 179 19.1 —-1299 0.133 115 119 128 139 153 169 18.0
14.0-1449y —0932 0.140 123 129 139 152 168 185 197 —1.299 0.133 11.6 12.1 129 141 155 17.0 182
145-1499y —0.932 0.139 128 133 144 157 173 19.1 203 -—-1.299 0.133 11.7 121 13.0 142 156 172 183
15.0-1549y —0932 0.137 132 138 148 162 178 19.6 208 —1.299 0.133 11.8 122 131 143 157 173 184
15.5-1599y —0932 0.135 135 141 152 166 182 200 212 -—-1.299 0.133 11.8 123 132 143 158 174 185
16.0-1649y —0.932 0.133 138 144 155 169 186 204 216 —1.299 0.133 119 124 132 144 159 175 186
16.5-1699y —0.932 0.133 14.1 147 158 172 189 207 219 -—-1299 0.133 119 124 133 145 159 175 187
17.0-1749y —0932 0.133 143 149 160 174 191 209 222 —1.299 0.133 120 125 134 145 160 17.6 188
17.5-1799y —0.932 0.133 144 150 16.1 17.6 193 212 225 —1299 0.133 120 125 134 146 160 177 189
18.0-1849y —0.932 0.133 145 151 163 177 195 214 227 —1.299 0.133 12.1 126 135 147 16.1 178 189
18.5-1899y —0.932 0.134 146 152 164 179 196 215 228 —1.299 0.133 121 126 135 147 162 178 19.0
19.0-1949y —0932 0.134 147 153 165 180 197 21.7 230 —1.299 0.133 122 127 136 148 163 179 19.1
19.5-1999y —0.932 0.134 148 154 165 181 198 21.8 231 —-1.299 0.133 123 128 13.7 149 164 18.0 19.2
20.0-2049y —0.932 0.135 148 154 166 181 199 219 232 -1299 0.133 123 128 137 150 164 181 193
20.5-2099y —0.932 0.135 149 155 167 182 200 219 233 -1299 0.133 124 129 138 150 165 182 194

! Smoothed L, M, and S curves for LBMI were generated by using equivalent df of 1, 6, and 5 in males and 1, 6, and 1 in females. L (lambda), optimal
power to obtain normality; LBMI, lean body mass index; M (mu), median; S (sigma), CV.

16.5% compared with 4.7%, P = 0.02; females: 32.8% com-
pared with 4.5%, P < 0.001). Females classified as having ex-
cess adiposity by FMI but normal by %BF also were found to be
younger (13.8 £ 0.3 y compared with 15.2 = 0.3 y; P = 0.04).
No age difference was found in males.

Reference percentiles for FMI and LBMI were also generated
by using unadjusted body-composition data as measured with
Hologic QDR 4500A densitometers (ie, lean mass was increased
to the preadjustment level, and FM was decreased by an equiv-
alent amount such that total mass remained the same) and are
available elsewhere (see Supplemental Tables S1 and S2 under
“Supplemental data” in the online issue). The analyses reported
above were repeated by using unadjusted reference data, and the
same population ancestry differences in body composition and
PPV of BMI to identify excess adiposity were observed.

DISCUSSION

We generated nationally representative reference curves and
percentiles for FMI and LBMI in children and adolescents aged
8-20 y by using NHANES DXA body-composition data. The
use of these percentiles and z scores provides more accurate
assessments of adiposity than do BMI and %BF by allowing for
the independent assessment of FM and LBM compartments.

The reference curves for FMI and LBMI indicate important
sex- and age-specific differences. Unlike males, females exhibit
an age-related increase in FMI at all levels of adiposity (per-
centiles). In contrast with FMI, LBMI values are consistently
greater in males than in females. The age-related increase in
LBMI percentiles was steeper in males than in females, espe-
cially between the ages of 11 and 16 y—consistent with rapid
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FIGURE 1. Reference curves for FMI in males and females; 5th, 10th,
25th, 50th, 75th, 90th, and 95th centiles are shown. FMI, fat mass index.
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FIGURE 2. Reference curves for LBMI in males and females; 5th, 10th,
25th, 50th, 75th, 90th, and 95th centiles are shown. LBMI, lean BMI.
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accrual of LBM during male puberty. In females, the age-related
increase was greatest between 8 and 12 y of age; the change in
slope at ~12 y of age corresponds with the median age of men-
arche (29). Previous studies have estimated FMI in pediatric pop-
ulations; however, comparisons with our data should be performed
with caution because of differences in the method used to estimate
FM, sample size and characteristics, and study design (6, 30, 31).

Significant differences between population ancestry groups
were identified in the ability of overweight by BMI to identify
excess adiposity as defined by FMI. Most dramatic was the
markedly lower PPV of overweight by BMI in non-Hispanic
blacks than in non-Hispanic whites and Mexican Americans—
a finding that has been reported previously when %BF was used
to define excess adiposity (12-14). Body-composition differ-
ences by population ancestry group have been reported: non-
Hispanic black children and adolescents have greater LBM (7),
lower total and visceral adipose tissue (32, 33), greater LBM
density (8), and greater limb-to-trunk proportions (34) compared
with whites. To what extent these differences in body compo-
sition are responsible for the observed variation in cardiome-
tabolic risk by population ancestry group (35-37) is unclear and
warrants future study. The use of FMI and LBMI may improve
the investigation of cardiometabolic risk by allowing for the
independent evaluation of FM and LBM.

The PPV of BMI to identify excess adiposity was lower when
%BF was used to define excess adiposity compared with FMI. It

is possible that this is partly attributable to the presence of height2
in the denominators of both BMI and FMI, which may inflate
their association as compared with %BF (which does not contain
height or a quadratic term). However, our data indicate that %BF
underestimates the prevalence of excess adiposity by mis-
classifying individuals with both high FM and high LBM as
normal. Careful analysis of the characteristics of participants
classified as having excess adiposity by FMI but normal by %BF
confirms that this population has high LBMI, BMI, and height z
scores. This subgroup with high FM and high LBM would be
missed if %BF was used as a screening tool. Obese children and
adolescents have previously been shown to have high LBM for
height (38). High LBM may not be protective against the de-
velopment of cardiometabolic disease because studies in adults
have found that FFMI is positively associated with a higher odds
of the metabolic syndrome and dyslipidemia (39, 40). It is also
possible that individuals classified as having excess adiposity by
%BF but normal adiposity by FMI could be at risk of cardio-
metabolic disease as a result of LBM deficits; however, these in-
dividuals would be identified if both FMI and LBMI were used.

Interestingly, females classified as having excess adiposity by
FMI but normal adiposity by %BF were younger, on average,
than those classified as having excess adiposity by %BF but
normal by FMI. This may represent females who underwent early
pubertal maturation and accrued LBM in sufficient quantities so
as to be misclassified by %BF. Accurate assessment of body
composition in early-maturing individuals is important because
early pubertal maturation is a risk factor for the development of
excess adiposity (41) and the metabolic syndrome (42). These
hypotheses are speculative, however, because NHANES does not
contain pubertal status.

The ability to assess FMI and LBMI independently and si-
multaneously will likely prove to be especially useful for children
with chronic diseases. FM and LBM may be affected differently
in chronic disease, and a normal BMI may conceal deficits in lean
mass (43). For example, cachectic obesity is defined as LBM
deficits in the setting of FM excess (44) and has been identified in
many conditions, including survivors of pediatric allogeneic
hematopoietic stem cell transplantation, juvenile rheumatoid
arthritis, end-stage renal disease, and Crohn disease (45-48).

This study had a number of potential limitations. We used
cross-sectional data from NHANES, which does not allow for the
longitudinal assessment of FM and LBM accrual in individuals.
However, this is the only source of DXA body-composition data

TABLE 4
Population ancestry group differences in body-compartment z scores in NHANES participants aged 819 y’
Males Females
LBMI z score FMI z score BMI z score  LBMI z score FMI z score BMI z score
Non-Hispanic white ~ —0.07 = 0.04 0.02 £0.04 045 *005 —0.09*0.05 —0.04=*0.04 045=*005
Non-Hispanic black 026 £ 0.03 —0.27 £0.03 049 = 0.03 0.45 = 0.03 0.04 = 0.03 0.77 £ 0.03
Mexican American 0.05 = 0.03 0.26 £ 0.03 0.66 £ 0.04 —0.09 = 0.04 0.13 £ 0.05 0.56 = 0.05

! All values are means *+ SEs (all such values); n = 7095. The LBMI z score was higher in non-Hispanic blacks than in
non-Hispanic whites (males and females: P < 0.0001) and Mexican Americans (males and females: P < 0.0001) and in
Mexican Americans than in non-Hispanic whites (P = 0.04). FMI z score was higher in Mexican Americans than in non-
Hispanic whites (males: P < 0.0001; females: P = 0.02) and non-Hispanic blacks (males: P < 0.0001) and in non-Hispanic
whites than in non-Hispanic blacks (males: P < 0.0001). BMI z score was higher in Mexican Americans than in non-
Hispanic whites and blacks in males (P < 0.01) and higher in non-Hispanic blacks than in whites and Mexican Americans
in females (P < 0.01). Chi-square analyses were used to determine significance. FMI, fat mass index; LBMI, lean BMI.



TABLE 5

FMI AND LBMI REFERENCE CURVES IN CHILDREN

Variation in PPV of BMI to identify adiposity classified by FMI or %BF =75th percentile by population ancestry group in
NHANES participants aged 8-19 y’

PPV of overweight and obese by
BMI to identify adiposity as defined
by FMI >75th percentile

PPV of overweight and obese by
BMI to identify adiposity as defined
by %BF >75th percentile

Overweight by BMI

Obese by BMI

Overweight by BMI

Obese by BMI

Males
Non-Hispanic white
Non-Hispanic black
Mexican American

Females
Non-Hispanic white
Non-Hispanic black
Mexican American

62.1 (54.9, 68.8)
65.4 (55.7, 74.0)
35.9 (28.7, 43.8)°
73.3 (66.5, 79.1)
50.6 (43.5, 57.6)
52.2 (43.0, 61.3)
30.3 (234, 38.3)°
68.3 (61.1, 74.7)

98.0 (95.8, 99.1)

98.1 (93.7, 99.4)

96.9 (95.3, 98.0)

99.0 (97.3, 99.6)

99.7 (98.5, 99.9)
100.0

98.7 (94.0, 99.7)
100.0

41.9 (37.1, 46.9)
44.7 (383, 51.2)
21.3 (15.0, 29.4)°
49.7 (43.6, 55.8)
41.2 (35.7, 46.9)
43.8 (36.1, 51.8)
19.2 (14.8, 24.5)*
55.7 (47.0, 64.1)

86.9 (84.1, 89.2)
87.4 (82.3,91.2)
79.2 (72.8, 84.5)
92.6 (90.3, 94.4)
89.2 (84.0, 92.3)
93.0 (86.3, 96.5)
79.0 (72.1, 84.5)
90.4 (82.3, 95.0)

! Values are PPVs; 95% CIs in parentheses. n = 7095. Chi-square analyses were used to determine significance. PPV is
the prevalence of high adiposity (as defined by FMI or %BF) in a given BMI classification. FMI, fat mass index; PPV,

positive predictive value; %BF, percentage body fat.

2 Significantly different from non-Hispanic whites and Mexican Americans, P < 0.0001.
3 Significantly different from non-Hispanic whites and Mexican-Americans, P < 0.001.

large enough to create nationally representative reference curves
in children and adolescents. Our FMI and LBMI reference curves
were based on the entire sample of 1999-2004 NHANES par-
ticipants aged 8-25 y and represent contemporary US youth. In
contrast, the current CDC BMI reference curves excluded more
recent NHANES data to avoid the influence of population-wide
increases in excess body weight (21). There is no currently ac-
cepted gold standard for the definition of excess adiposity. We
defined excess adiposity as an FMI =75th percentile to allow for
direct comparisons with previous studies, which used this cutoff
to define excess adiposity by %BF (13, 27). This cutoff is not
biologically based, and further research is needed to identify
thresholds for FMI and LBMI that relate to health and disease.
Finally, estimates of FM by DXA have been shown to differ
from estimates provided by 4-compartment models (often con-
sidered the gold standard for the assessment of FM), and the
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FIGURE 3. Mean (+SE) BMI-Z, LBMI-Z, and height-Z in NHANES
participants concordantly and discordantly classified as having excess
adiposity by FMI and %BF. BMI-Z (*), LBMI-Z (**), and height-Z (***)
were all significantly greater in male and female participants classified as
having excess adiposity by FMI but normal adiposity by %BF than in those
classified as having excess adiposity by %BF but normal adiposity by FMI
(P < 0.001). Two-sample ¢ tests were used to determine significance. n =
7095. BMI-Z, BMI z score; height-Z, height z score; FMI, fat mass index;
LBMI-Z, lean BMI z score; %BF, percentage body fat.

relation between these estimates have been shown to differ by
DXA manufacturer and among individuals (17, 49-51). DXA is
more readily available and easier to use, however, which makes
it a more practical approach than the 4-compartment model to
assess body composition.

In conclusion, we present the first reference data for FMI and
LBMI in children and adolescents drawn from a large repre-
sentative sample of the US population. Non-Hispanic blacks of
both sexes had a significantly greater LBM than did nonblacks.
The failure of BMI and %BF to account for the independent
contributions of FM and LBM led to an overdiagnosis of excess
adiposity among non-Hispanic blacks when BMI was used and to
an underdiagnosis of excess adiposity among individuals with
high LBM when %BF was used. Thus, the use of FMI and LBMI
improves on the use BMI and %BF by allowing for the in-
dependent assessment of FM and LBM. Future studies are needed
to determine which body-composition index or combination of
indexes will provide the most accurate assessment of car-
diometabolic risk and nutritional status.
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