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Estimation of Body Fat Percentage for Clinical 
Pharmacokinetic Studies in Children

Thomas P. Green1,*, Helen J. Binns1,2,3, Huali Wu4, Adolfo J. Ariza1,2, Eliana M. Perrin5, Maheen Quadri1,2, Christoph P. Hornik4 and 
Michael Cohen-Wolkowiez4

Obesity is a prevalent childhood condition and the degree of adiposity appears likely to be an important covariate in the 
pharmacokinetics (PKs) of many drugs. We undertook these studies to facilitate the evaluation and, where appropriate, 
quantification of the covariate effect of body fat percentage (BF%) on PK parameters in children. We examined two large 
databases to determine the values and variabilities of BF% in children with healthy body weights and in those with obesity, 
comparing the accuracy and precision of BF% estimation by both clinical methods and demographically derived techniques. 
Additionally, we conducted simulation studies to evaluate the utility of the several methods for application in clinical trials. 
BF% was correlated with body mass index (BMI), but was highly variable among both children with healthy body weights and 
those with obesity. Bio-impedance and several demographically derived techniques produced mean estimates of BF% that 
differed from dual x-ray absorptiometry by < 1% (accuracy) and a SD of 5% or less (precision). Simulation studies confirmed 
that when the differences in precision among the several methods were small compared with unexplained between-subject 
variability of a PK parameter, the techniques were of similar value in assessing the contribution of BF%, if any, as a covariate 
for that PK parameter. The combination of sex and obesity stage explained 68% of the variance of BF% with BMI. The estima-
tion of BF% from sex and obesity stage can routinely be applied to PK clinical trials to evaluate the contribution of BF% as a 
potential covariate.

Approximately one-third of children in the United States are 
overweight or obese, and this proportion has continued to 
increase over the last decade.1,2 Fat and nonfat tissues have 
many distinct physical, chemical, and metabolic character-
istics, so differences in drug disposition can occur relative 

to a child’s obesity status. Nevertheless, differences in drug 
pharmacokinetics (PKs) between children with and without 
obesity have been described for only a few drugs.3–10 For 
most drugs, the effects of obesity on PKs in children are 
poorly characterized,11–14 leaving clinicians with inadequate 

1Department of Pediatrics, Ann & Robert H. Lurie Children’s Hospital of Chicago and Feinberg School of Medicine, Northwestern University, Chicago, Illinois, USA; 
2Center on Obesity Management and Prevention, Stanley Manne Children’s Research Institute, Chicago, Illinois, USA; 3Department of Preventive Medicine, Feinberg 
School of Medicine, Northwestern University, Chicago, Illinois, USA; 4Duke Clinical Research Institute, Duke University School of Medicine, Durham, North Carolina, 
USA; 5Duke Center for Childhood Obesity Research and Division of Primary Care, Department of Pediatrics, Duke University School of Medicine, Durham, North 
Carolina, USA. *Correspondence: Thomas P. Green (tgreen@northwestern.edu)
Received: June 11, 2020; accepted: August 31, 2020. doi:10.1111/cts.12896

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  The presence and degree of obesity is an important 
factor in the pharmacokinetics (PKs) of some drugs. 
Estimates of body fat percentage (BF%) or other quan-
titative assessments of the degree of obesity have rarely 
been included in PK studies in children.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  When considering BF% as a potential covariate in 
clinical PK studies in children, how do fat mass estima-
tion methods compare in accuracy, precision, and clinical 
practicality?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  Methods of BF% estimation in children vary in accu-
racy and precision, but are insignificant compared with 

typical between-subject variability of PK parameters ob-
served in clinical studies. For drugs in which BF% is an 
important determinant of alterations in drug disposition in 
children with obesity, the estimation of BF% from routine 
clinical demographics provides necessary accuracy and 
precision.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?
✔  To quantify the effect of adiposity on drug PK in chil-
dren with obesity, BF% can be estimated from one of sev-
eral anthropometric equations, or even more easily from 
the estimates of BF% based on obesity stage.
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information on how to design appropriate dosage regimens 
for this population. Because the fraction of body mass rep-
resented by adipose tissue may vary considerably among 
children with obesity, it is likely that the degree of adiposity 
might be an important covariate in understanding changes 
in drug PKs in children with obesity.

Body fat percentage (BF%) can be measured clinically 
by a variety of methods, such as bio-impedance and dual 
energy x-ray absorptiometry (DEXA),15–17 or it can be esti-
mated from subject demographics and anthropomorphic 
data.17–26 These methods differ in accuracy and precision, 
and their comparative suitability for studying the effect of 
BF% on drug disposition has not been explored.

To evaluate the different approaches for estimating BF% 
in clinical PK trials in children, we characterized the vari-
ability of body fat in children with healthy body weights and 
children with obesity. We then compared the accuracy and 
precision of commonly used clinical means of fat mass esti-
mation, including the development of a new anthropometric 
equation, and assessed the utility and desirable precision of 
fat percentage measurement methodologies for clinical PK 
studies in children.

METHODS
BF% and its variability in children and adolescents
BF% and its variability during childhood and adolescence 
was quantified in two data sets: (i) a cross-sectional sur-
vey of American children (the National Health and Nutrition 
Examination Survey (NHANES) 2003–2004)27; and (ii) data 
from Chicago-area youth being seen for weight manage-
ment services and enrolled in the Pediatric Obesity Weight 
Evaluation Registry (POWER), which is a multi-institutional, 
prospective effort established in 2013 to improve diagnosis 
and treatment of children with obesity.28

The NHANES study included children and adolescents 
aged 8–17 years and collected anthropometric data, such 
as age, weight, height, sex, history of current or past preg-
nancy, and fat mass measured by both bio-impedance and 
DEXA. NHANES 2003–2004 is the most recent NHANES 
survey that utilized both DEXA and bio-impedance for body 
composition determination. Bio-impedance was measured 
using the Hydra ECF/ICF Spectrum Analyzer (Model 4200) 
without standardization for time of day or time from activities 
of daily life.27,28 Demographic data, including self-identified 
race and menarche status, were also recorded.

The Chicago POWER data were collected at the Wellness 
and Weight Management Program at the Ann & Robert 
H. Lurie Children’s Hospital of Chicago in 2014–2017 and 
de-identified for use in this study. Data collected on chil-
dren aged 8–17  years included age, sex, weight, height, 
self-identified race, pubertal stage by clinical examination, 
and fat mass by bio-impedance. When different aspects 
of the clinical pubertal examination were discordant in an 
individual, the breast examination in girls and the genital 
examination in boys was used to designate the subject’s pu-
bertal stage. Bio-impedance was measured using the Tanita 
SC-331S Body Composition Analyzer without standardiza-
tion for time of day or time from activities of daily life. No girls 
were pregnant at the time of evaluations; past pregnancy 
history was not available. Body mass index (BMI) percentiles 

were calculated from the 2000 Centers for Disease Control 
and Prevention growth references,29,30 smoothed with lamb-
da-mu-sigma (LMS) methodology.31–33 Correspondingly, 
obesity stage was assigned using the conventional defini-
tions: underweight, BMI less than fifth percentile; healthy 
weight, 5–< 85th percentile; overweight, 85–< 95th percen-
tile; obesity stage 1, 100–< 120% of the age-specific and 
sex-specific 95th percentile BMI (BMI95); obesity stage 2, 
120–< 140% BMI95; obesity stage 3, ≥ 140% BMI95.1,34,35

The datasets were examined separately and as a single, 
combined dataset. Most fields of the two databases could 
be combined directly (age, weight, etc.). Because pubertal 
stage was not recorded in the NHANES dataset, analysis of 
fat mass by puberty stage could only be assessed from the 
Chicago POWER dataset. Nonetheless, NHANES recorded 
post-menarche status in girls, so a menarche variable 
was created for the POWER dataset girls and recorded as 
post-menarche if Tanner stage was 4 or higher.

Methodologies for estimating BF%
Clinical methods. As described above, DEXA and bio-
impedance were the direct clinical estimations of BF% that 
were performed using the NHANES dataset (both DEXA 
and bio-impedance) and POWER (bio-impedance only) 
dataset.

Demographically derived estimates. We calculated 
BF% from anthropometric variables using four of the most 
commonly cited equations in the literature used to estimate 
fat mass or lean body mass.18,20,23,25 In addition, in an 
attempt to maximize the accuracy of a predictive equation 
approach, we used the combined NHANES 2003–2004 
and POWER datasets to generate a new equation for BF%. 
The methodology for developing this equation and its final 
form are detailed in the Supplementary Materials. Finally, 
we also estimated BF% using the individual’s sex, obesity 
status (present: BMI = or > 95‰, or absent: BMI < 95‰) 
and the combination of sex and obesity stage, as described 
above. With these techniques, an estimated BF% for each 
subject was assigned to be the corresponding mean BF% 
determined by DEXA for that sex, obesity status, or obesity 
stage from the NHANES 2003–2005 survey.

Accuracy and precision of body fat percentage 
estimation. An additional dataset, the NHANES 2005–
2006 study, was used as a validation dataset to assess 
the accuracy and precision of each demographic-derived 
methodology for predicting body fat percentage. The 
NHANES study, conducted in 2005–2006,40 included 
identical variables as the 2003–2004 study, except 
that bio-impedance was not measured. Each of the 
above-described methods was used to predict body 
fat percentage for each subject in this dataset, and the 
paired comparisons of predicted and DEXA-measured 
body fat percentages were generated, summarized, and 
tested statistically by t-tests.

The accuracy of each approach was deemed to be the 
mean of paired differences and the precision was taken as 
the corresponding SD. Bio-impedance was not measured in 
the NHANES 2005–2006 survey, so accuracy and precision 
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for this technique were examined by comparing DEXA and 
bio-impedance in each subject using the NHANES 2003–
2004 survey. For each estimation technique and for each 
categorical covariate relating to BF% (sex, obesity status, 
and obesity stage), the percentage of the variance (η2) in 
BF% that was explained was calculated by the decrease 
in variance (SD2) of the BF% estimation for the database 
population from before to after the estimation technique or 
covariate was added to the equation.

Drug PK simulations and precision of BF% estimation 
methodology
The suitability of each BF% estimation technique for 
application to clinical PK studies was then assessed in 
simulation studies. We postulated a group of hypotheti-
cal drugs for which the between-subject variability (BSV) 
of a PK parameter varied within a range typically found 
in pediatric clinical PK studies (15–80%).41–43 Of course, 
for many drugs, BF% would not be an important covari-
ate regardless of how accurately it was measured, yet 
limiting ourselves to situations in which BF% was an 
important covariate, one would expect to account for 
some measurable fraction of the BSV in the PK analy-
sis. Correspondingly, we were interested in studying the 
situation in which the BSV (due to BF%) was significant 
and varied this contribution to be in the range of 10–60%. 
Our interest was then focused on whether the difference 
in precision in the measurement of BF% between the 
several techniques (with corresponding differing SDs be-
tween measured and estimated BF%) would identify one 
or more techniques as superior for identifying this cova-
riance. To accomplish this, we calculated the SD of an 
observed variance of BSV, due to fat mass as the square 
root of the sum of the variance (SD2) of actual BSV due to 
fat mass and the variance of the measurement of BF%. 
Then, for every hypothetical combination of overall BSV, 
BSV due to observed BF%, and variance of the BF% 
methodology, we calculated the error in apparent BF% 
proportion of overall BSV and plotted it as a function of 
observed BSV. We expected that a difference of 10% or 
less between observed and actual BSV attributed to BF% 
or less in the common variance would identify a BF% 
measurement approach of suitable precision for applica-
tion to clinical trials.

Data and statistical analyses
Data processing, graphic visualization, and statistical anal-
yses, including t-tests, analysis of variance, and F-tests for 
comparison of variances, were performed using R (version 
3.3.1; R Foundation for Statistical Computing) and RStudio 
(version 0.99.489). The specific techniques for each analy-
sis are identified along with their results.

RESULTS
Fat mass distribution and variability in children
The demographic and anthropometric summary of the 
childhood databases is provided in Table 1. There were 
a total of 2,260 children (1,763 in the NHANES 2003–2004 
survey and 497 in the Chicago POWER study) between the 
ages of 8 and 17  years. There were 2,014 children in the 

NHANES 2005–2006 dataset used for the subsequent val-
idation analysis.

BF% among all children as determined by DEXA 
(NHANES 2003–2004) varied widely (coefficient of vari-
ation (CV)  =  21% among girls, 32% among boys). Even 
among children with healthy body weights (BMI 5–< 85th 
percentile for age and sex), BF% varied considerably 
(CV = 16% for girls and CV = 22% for boys). In this healthy 
weight subset, BF% was only weakly correlated with BMI 
normalized for BMI95 (BMI/BMI95; r2  =  0.048) and was 
even more poorly correlated with weight (r2 = 0.0149) and 
BMI (r2  =  0.037). By contrast, the correlation between 
BF% and BMI95 was stronger (relative to peers with 
healthy weight) among children who were overweight or 
had obesity (r2  =  0.343, P  <  0.0001). The mean BF% in 
boys by obesity stage were as follows: healthy weight, 
21.4%; overweight, 29.9%; obesity stage 1, 35.6%; obe-
sity stage 2, 39.2%; and obesity stage 3, 44.2%. For girls, 
the mean BF% were: healthy weight, 29.4%; overweight, 
36.3%; obesity stage 1, 40.6%; obesity stage 2, 44.6%; 
and obesity stage 3, 47.5%. The distribution and variabil-
ity of BF% by obesity stage is depicted in Figure 1. Table 
S1 provides the values of BF%s and variabilities for both 
NHANES 2003–2004 and NHANES plus POWER for the 
entire population, subdivided by sex, obesity status, and 
obesity stage.

There was similar variability in BF% among children 
in each obesity stage, including those with healthy body 
weight. The mean fat percentage as a function of obesity 
stage was highly significant by analysis of variance. For 
both sexes, the difference in BF% between each obe-
sity stage and its adjacent categories was significant 
(P < 0.001).

Methodologies for estimating BF%: DEXA vs. bio-
impedance
Comparison of fat percentage measurements by DEXA 
with estimation by bio-impedance in the NHANES 2003–
2004 survey demonstrated that bio-impedance provided 
an accurate and precise estimate of BF% in this popu-
lation. The median difference between the techniques 
was 0.12% (interquartile range (IQR): −3.4 to 3.5%, SD 
of paired comparisons: 0.052), similar to previous com-
parisons of the two techniques.15,17,44 The concordance 
between BF% determined by bio-impedance and DEXA 
is illustrated in Figure S1a, and the difference in the mea-
surements as a function of DEXA-determined BF% is 
provided in Figure S1b.

Methodologies for estimating BF%: DEXA vs. 
demographic estimation methods
The accuracy and precision of the several demographic 
methods of estimating BF% were evaluated using a 
dataset not used to generate the predictive equations 
(NHANES 2005–2006 survey, Table 1) by comparing the 
predicted BF% with that value measured by DEXA. The 
distributions of the observed and predicted value dif-
ferences are provided for each method in Figure 2 (new 
demographic equation, equations of Al-Sallami, and obe-
sity stage) and in Figure S4 (additional anthropometric 
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equations from the literature). The precisions of estimation 
of BF% (SD of paired comparison with BF% by DEXA) for 
obesity stage, bio-impedance, and the new demographic 
equation are provided in Table 2. The new equations 
were similar in precision, superior in accuracy to the 
equations of Al-Sallami, and superior in both accuracy 
and precision to the remaining anthropometric equations 
that were studied. The obesity stage approach provided 
similar accuracy and precision to the new equations. The 
accuracy and variability of the new equations using the 
NHANES 2005–2006 dataset (median, −0.00230; IQR, 
−0.034 to 0.029) appeared similar to the concordance 
of observed and predicted values in the developmental 
dataset, NHANES 2003–2004, as cited above (median, 
−0.000095; IQR, −0.034 to 0.034). For comparison with 
other methods, the comparison of BF% measured by 
DEXA and estimated by bio-impedance in the NHANES 
2003–2004 dataset is provided in Figure 2d. Validation 
of bio-impedance using the NHANES 2005–2006 dataset 
was not possible because bio-impedance was not mea-
sured in this survey.

Methodologies for estimating BF%: Explanation of 
variance
Because considerable variability (variance = SD2) in BF% 
measured by DEXA was found among subjects in the da-
tabases in this study, we calculated the proportion of that 
variance (η 2) that could be identified by methods of es-
timating BF% and by several categorical covariates that 
appeared to explain some differences in BF% (sex, obese 
status, and obesity stage) and summarized the results 
in Table 2. When compared with DEXA in the NHANES 
2003–2004 database, the new equations and bio-imped-
ance appeared similarly powerful for the estimation of BF% 
(η 2 = 62.6% and 66.8%, respectively). The combination of 
sex and obesity stage had similar strength (η 2 = 68.1%) to 
both bio-impedance and the new equations. On the other 
hand, sex alone explained only 17.9% of the variance, 
whereas sex together with obesity status (presence or ab-
sence of obesity) explained 55.0% of the variance. Similar 
results were found when the same estimation methods 
other than bio-impedance were compared with DEXA using 
the NHANES 2003–2004 plus POWER dataset (Table 2).

Table 1 Demographics of the subjects in the datasets

NHANES 2003–2004 POWER (Chicago) NHANES 2005–2006

Unique subjects, n 1,763 497 2014

Observations, n 1,763 1,002a 2014

Male, % 50.9 53.0 50.1

Age, months 159 (132–180) 143 (123–168) 157 (130–182)

Weight, kg 53.4 (42.2–65.1) 77.1 (58.0–95.9) 53.0 (41.4–65.5)

BMI, kg/m2 21.1 (18.2–24.6) 31.1 (27.0–37.1) 20.9 (18.1–24.9)

Body fat, %

Bio-impedance 30.2 (23.1–36.6) 41.4 (35.4–47.5) Not performed

DEXA 29.4 (23.2–35.6) Not performed 29.9 (23.4–36.7)

Obesity stage, no. boys/no. girls)

5th–< 85th percentile BMI 543/535 3/0 619/563

85th–< 95th percentile BMI 166/159 25/35 162/165

1.0–< 1.2 × 95th percentile BMI 121/106 149/144 135/173

1.2–< 1.4 × 95th percentile BMI 48/44 177/165 69/76

≥ 1.4 × 95th percentile BMI 19/22 177/127 24/27

Race, %

Black 36.2 9.3 32.2

Hispanic 33.5 64.6 36.6

Other 4.3 5.8 5.2

White 26.0 20.4 25.9

Pubertal stage 1 (% boys/% girls)b Not performed 44.7/16.3 Not performed

Pubertal stage 2 (% boys/% girls)b Not performed 26.4/22.7 Not performed

Pubertal stage 3 (% boys/% girls)b Not performed 11.5/20.2 Not performed

Pubertal stage 4 (% boys/% girls)b Not performed 10.6/16.3 Not performed

Pubertal stage 5 (% boys/% girls)b Not performed 6.7/24.6 Not performed

Post-menarcheb (% of girls) 54.6 40.9 52.9

BMI, body mass index; DEXA, dual energy x-ray absorptiometry; NHANES, National Health and Nutrition Examination Survey; POWER, Pediatric Obesity 
Weight Evaluation Registry.
Data in each dataset limited to children between 96 and 204 months of age with body fat determined by bioimpedance and exclude underweight (BMI < 5th 
percentile) children and girls who were known to have been or were pregnant. Distribution data presented as median (interquartile range).
aMedian of two observations per subject (interquartile range: 1–3); summary data based on status at time of observations.
bPubertal stage determined in 208 boys and puberty stage/post-menarche status in 203 girls in Chicago POWER study.



513

www.cts-journal.com

Body Fat Percentage
Green et al.

Drug PK simulations and precision of BF% estimation 
methodology
Figure 3 illustrates the impact of the precision differences 
among the techniques on fat mass estimation on the as-
sessment of fat mass contribution to BSV. Using our initial 
criteria that sought to identify fat percentage contribution to 
BSV within 10%, all fat mass measurement techniques with 
a SD of ~ 0.05 (i.e., 2 SD = 10%) or less yielded accurate 
and nearly identical assessments of fat mass contribution 
to BSV, regardless of the underlying contribution of body 
fat percentage to BSV. Therefore, this analysis identifies 
DEXA, bio-impedance, the new demographic equations, or 
obesity categories as being of similar value in quantifying 
the covariance of BF% on a PK parameter, provided the 
overall BSV is 20% or more.

DISCUSSION

In order to improve PK studies of drugs in children with and 
without obesity, we evaluated several clinically applicable 
methods of estimating BF%. We found that BF% varied sub-
stantially among children with healthy body weights, as well 
as in children with obesity. Among those with healthy body 
weights, BF% was only weakly correlated with weight, BMI, 
or BMI/BMI95 (r2 < 0.05 for all comparisons). Among children 
with obesity, the correlation between BF% was stronger with 
BMI/BMI95 (r2 = 0.343) than with weight or BMI.

In the NHANES 2003–2004 dataset, bio-impedance was 
found to be accurate and precise (SD = 5.2%) in estimating 
BF% compared with DEXA. Furthermore, equations based 
on a child’s age, sex, and BMI95 were found to be simi-
larly precise (SD  =  4.9%). The strong correlation between 
BF% and BMI/BMI95 in children with obesity supported the 

observation that the combination of a subject’s sex and obe-
sity stage yielded similar precision (SD = 4.8%) in estimating 
BF% in the combined NHANES and POWER datasets.

The precision of the several methods for measuring or 
estimating BF% was small compared with the usual val-
ues of BSV and the residual error of PK parameter values 
found in clinical studies (typically 25–40% or higher for BSV 
and 10% or higher for residual error).41–43 Critically import-
ant, however, was that the differences in precision among 
bio-impedance, new BF% equations, or the combination of 
sex and obesity stage (0.3%) are trivial compared with the 
much larger variabilities (BSV and residual variability) for PK 
parameters in clinical studies. Furthermore, the difference 
in precision between these methods and DEXA (≤  5.2%), 
which is the standard for measuring BF% in children, were 
not large enough to influence estimation of the contribu-
tion of BF% for any PK study unless the sum of parameter 
variabilities was unusually small (<  10%). As illustrated in 
Figure 3, if total BSV and residual error is < 20%, then the 
precision of the fat mass determination method becomes 
somewhat more important, although identifying sources of 
BSV for drugs with such low variability is likely to have mini-
mal clinical significance.

The findings from our study should facilitate the consider-
ation of BF% as a covariate in clinical trials in children. The 
new anthropometric equations are straightforward to apply, 
but the application of an estimate from a subject’s obesity 
stage is even simpler. PK analyses can utilize the mean BF% 
found for each combination of sex and obesity stage or, al-
ternatively, sex and obesity stage can be tested concurrently 
as categorical covariates.

Our study has several important limitations. First, we 
limited our studies to children 8–17 years of age, because 

Figure 1 BF% measured by bio-impedance as a function of obesity stage, separated by sex. Datasets are NHANES 2003–2004 plus 
POWER, filtered to eliminate underweight (BMI < 5th percentile) and previously or currently pregnant subjects. Obesity stages: healthy 
(5th–< 85th percentile BMI), overweight (85th–< 95th percentile BMI), obesity stage 1 (BMI = 1.0–<1.2 × 95th percentile BMI), obesity 
stage 2 (BMI = 1.2–< 1.4 × 95th percentile BMI), and obesity stage 3 (BMI = or >1.4 × 95th percentile BMI). Each box and central line 
represents median and IQR. Whiskers are the highest and lowest values up to 1.5 × IQR, with outliers depicted beyond. Girls had a 
higher fat percentage in all BMI groups. Variability of fat percentage was similar across BMI groups and in both sexes. BF%, body fat 
percentage; BMI, body mass index; IQR, interquartile range; NHANES, National Health and Nutrition Examination Survey; POWER, 
Chicago Pediatric Obesity Weight Evaluation Registry.
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the databases that were available for the generation of 
equations for prediction of fat mass were limited to this 
age group. Fat mass is highly variable in children of all 
ages, and extending these studies to other ages will yield 
valuable information. Second, neither the NHANES nor 
POWER surveys were designed to be true cross-sectional 
representations of the child and adolescent populations 
of the United States. NHANES intentionally oversamples 
racial and ethnic minorities and the POWER dataset was 
largely limited to children with obesity; however, together, 
the datasets included broad representation of American 
children and there was no statistical evidence of dif-
ferences in our analyses between children of different 
ethnicities. Third, the use of BMI95 as a normalizing mea-
sure in the description of fat mass has been adopted for 
children with obesity, but has not been previously used in 
children with healthy body weights. We chose BMI/BMI95 

as the independent variable in our modeling of BF% be-
cause of its strong correlation with fat mass in children 
with obesity.1,16,34–38 Additionally, we found that fat mass 
varied widely in children of healthy body weights and the 
application of BMI/BMI95 performed as well, if not bet-
ter, than weight or BMI.37 Finally, the utility of the BF% 
in clinical PK trials requires experimental verification. 
Obesity will not be associated with altered PK for every 
drug, yet studies done primarily in adults have identified 
some physical drug properties, as well as mechanisms 
of metabolism and elimination, that are more likely asso-
ciated with altered PK in children and adolescents with 
obesity.4,7,8,13

Understanding the impact of obesity on the disposition of 
drugs in children is an urgent priority, due to the increased 
prevalence of obesity, as well as the paucity of clinical drug 
trials that include obese children. Obesity is associated 

Figure 2 Accuracy and precision of several methods of estimating body fat mass percentage in children. (a–c) The subject population 
was the NHANES survey of 2005–2006, in which fat percentage was measured by DEXA. (d) The subject population was the 
NHANES survey of 2003–2004, in which fat percentage was measured by both DEXA and bio-impedance. Additional analyses of 
other anthropometric equations previously reported in the literature are provided in Figure S4. (a) New anthropometric equation to 
estimate body fat mass percentage: mean difference (SD) of DEXA observed and equation predicted values: −0.000300 (0.0487). (b) 
Anthropometric equations for estimation of BF% reported by Al-Sallami (2015): mean difference (SD) of DEXA observed and equation 
predicted values: −0.0249 (0.0467). Less accurate (P < 0.001), but not different in precision (P > 0.05) than new predictive equations. 
(c) BF% estimation from the mean population values by obesity stage: mean difference (SD) of DEXA observed and mean value of 
the respective obesity stage: −0.00033 (0.0481). Not different in accuracy or precision (P > 0.05) than new predictive equations. (d) 
BF% measured by bio-impedance: mean difference (SD) of DEXA observed and bio-impedance predicted values: −.0016 (0.0524). 
Statistical comparison with new predictive equations not performed because these equations were generated using these data in 
the NHANES 2003–2004 survey. BF%, body fat percentage; DEXA, dual energy x-ray absorptiometry; NHANES, National Health and 
Nutrition Examination Survey.
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with changes in body composition and organ system func-
tion changes that have been shown to alter the PK of some 
drugs.4,5,7,13 BF% has seldom been measured in PK trials 
in children. Furthermore, the relationships between BF% 
and drug PK values have not been experimentally explored. 
Identifying the sources of variability in drug clearance and 
distribution volumes is important to improve the safety and 
efficacy of drug therapy in all children, so an accurate esti-
mation of the degree of adiposity will provide a potentially 

valuable covariate in clinical PK studies. In order to improve 
drug therapy for all children, clinical PK studies should in-
clude adequate representation of children with obesity 
and include estimates of the degree of adiposity in these 
analyses.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).

Table 2 Percentage of variance in BF% estimation explained by several prediction methods

BF% Prediction

NHANES (n = 1,763)a NHANES plus POWER (n = 2,765)b

SDc Variance
Variance explained 

(η 2) SD Variance
Variance explained 

(η 2)

All subjects, no prediction 
method

0.085 0.00722 0 0.011 0.0121 0

By sex 0.077 0.00593 17.9%d 0.103 0.0106 12.3%d

By obesity status, present or 
absent and sex

0.057 0.00325 55.0%e 0.076 0.00578 52.3%e

By obesity stage and sex 0.048 0.00230 68.1%f 0.064 0.00410 66.1%f

By bio-impedance 0.052 0.00270 62.6%f NA – –

By demographic equation 0.049 0.00240 66.8%f 0.058 0.00336 72.2%f

BF%, body fat percentage; NA, not applicable; NHANES, National Health and Nutrition Examination Survey; POWER, Pediatric Obesity Weight Evaluation 
Registry.
The expanded summary data of body fat mass estimation by sex, obesity status, and obesity stage are provided in Table S1 in the Supplementary 
Materials.
aPredicted BF% compared with clinically measured dual x-ray absorptiometry values in NHANES 2003–2004 survey.
bPredicted BF% compared with clinically measured values bio-impedance values in combined NHANES 2003–2004 survey, plus POWER survey.
cSD of paired dual x-ray absorptiometry measured values minus predicted values: mean values of all comparisons for all methods < 0.003.
dImprovement in variance of BF% estimation using sex group mean compared with using population mean alone (P < 0.001 by analysis of variance).
eImprovement in variance of BF% estimation by obesity status (present or absent) plus sex group mean compared using sex mean alone (P < 0.001 by 
analysis of variance).
fImprovement in variance of BF% estimation by these techniques compared using obesity status plus sex mean (P < 0.001 by analysis of variance).

Figure 3 The impact of error in BF% estimation methodology on the attribution of observed PK parameter BSV to subject fat 
percentage. Each panel represents a hypothetical value of PK parameter BSV and each color of dots represent typical values of error 
(CV%) in fat percentage estimation of the several methodologies in this report. The only circumstances where error is > 10% is if 
observed BSV is very small (< 0.2) and the actual portion of BSV attributable to subject fat mass is less than the error in fat percentage 
estimation methodology. No such error is seen if fat percentage estimation error is ≤ 5%. BF%, body fat percentage; BSV, between-
subject variability; CV, coefficient of variation; PK, pharmacokinetic.
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