
Volume 71  |  Number 3  |  March 2012      Pediatric ReseaRch 299copyright © 2012 International Pediatric Research Foundation, Inc.

ArticlesClinical Investigationnature publishing group

IntroductIon: air-displacement plethysmography (aDP) 
is an age-appropriate method for measuring relative fat mass 
(%FM) in children; however, the accuracy of this method has 
not been evaluated in children aged 5 y or younger.
results: Mean %FM values measured by aDP (17.9 ± 8.0%) 
and by total body water (TBW) (23.7 ± 6.3%) were significantly 
different (P < 0.001). Regression analysis of %FM by aDP vs. 
TBW provided a line of best fit with a slope of 0.089, r2 = 0.013, 
and standard error of the estimate (see) = 6.3% FM (P = 0.40).
dIscussIon: The error was related to child weight and %FM, 
but not to behaviors (movement or vocalizations) occurring 
during the test sequence. a large portion of the error was 
attributable to imprecision in measuring small volumes. as cur-
rently designed, aDP is not an accurate method for measuring 
%FM in young children. Further investigation of the sources of 
variability will provide insight into ways of improving the accu-
racy of this technology for this population.
Methods: This study examined the accuracy of an aDP sys-
tem modified for young children (BOD POD; Life Measurement, 
concord, ca) by comparing %FM results from aDP with those 
obtained from TBW by deuterium (D

2
O) dilution (reference 

method) in 72 children aged 6–48 mo.

the most recent data from the National Health and Nutrition 
Examination Survey (2007–2008) show that ~10% of 

children younger than 2 y exceed the 95th percentile weight 
for length and 21% of 2- to 5-y-old children exceed the 85th 
percentile body mass index for age and sex (1). The develop-
ment of this level of overweight early in life is considered a 
major health concern because early childhood is a critical win-
dow for susceptibility to environmental influences that raise 
the risk of becoming overweight or obese later in life (2–5). 
Studies consistently show that early excess weight gain predis-
poses some children to health problems later in life, particu-
larly obesity and metabolic syndrome (3,6–8).

Unlike adults, for whom weight gain largely reflects an 
increase in fat mass (FM), children accrue all major  molecular- 
level components, including minerals, water, proteins, and FM, 
during normal growth and development (9,10). Despite this 
complexity of growth, little research has documented the com-
position of weight gain during early childhood and whether it 
may be a more sensitive and specific indicator of risk for later 

health outcomes than weight gain alone (6). One reason for 
this lack of crucial research is that most body-composition 
assessment techniques commonly used in adults, including 
dual X-ray absorptiometry, skinfold thicknesses, and under-
water weighing, are not appropriate for young children because 
the techniques are behaviorally unsuitable, are invalidated 
by the “chemically immature” body, or have not been suit-
ably developed and validated in this age group (11–14). The 
advancement of child body-composition research depends on 
developing and/or identifying methods that are accurate, safe, 
noninvasive, and practical for use in children (12,15,16).

Air-displacement plethysmography (ADP) is a whole-
body densitometric technique based on displacement of air, 
rather than water. The adult ADP system, commercially pro-
duced under the trade name BOD POD (Life Measurement, 
Concord, CA), has been validated in adult populations (17,18) 
and shows promise for the measurement of body composition 
of children aged 5 y and older (12,19–27). To date, no pub-
lished studies report the accuracy of the adult ADP system in 
children younger than 4 y. In this study, we investigated the 
accuracy of a modified ADP system in healthy children aged 
6–48 mo. Relative FM (%FM) measured by ADP was com-
pared with a reference method, deuterium (D2O) dilution. On 
the basis of results of ADP validation studies in children older 
than 5 y, we hypothesized that the prediction error (standard 
error of the estimate (SEE)) of ADP would be ≤2.5% FM, a 
level considered to be excellent by body-composition stan-
dards (28).

Results
Seventy-two children (94% non-Hispanic white, 2% Asian, 
and 4% other) were enrolled in the study; however, not all 
the children were willing or able to complete all study proce-
dures. Three children were dismissed from the study because 
of unwillingness to have anthropometric measurements taken, 
leaving 69 children remaining in the sample. Anthropometric 
data are available for 96% of the sample, and D2O data are 
available for 94% of the sample. For ADP, 76% of children 
completed two test sequences, 14% completed only one test 
sequence, and 10% did not complete a single sequence. Table 1 
shows the characteristics of children with complete anthro-
pometric data (N = 69).The average age was 25.4 ± 13.1 mo, 
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average weight-for-age percentile was 50.9 ± 25.9, and average 
stature-for-age percentile was 46.2 ± 27.5 (mean ± SD).

The ADP system did not provide %FM results for 11 chil-
dren weighing less than 8 kg; the software did not contain 
thoracic gas volume and body surface area artifact correction 
equations for children of this weight. The remaining sample 
of children (n = 58) completed at least one ADP test for which 
%FM results were calculated. The mean ± SD %FM was 17.9 
± 8.0 for ADP and 23.7 ± 6.3 for D2O (P < 0.001). A scatter 
plot showing the relationship between D2O and ADP for the 
measurement of %FM is presented in Figure 1. Regression 
analysis produced a line of best fit (Y = 0.089X + 22.1, r2 = 
0.013, SEE = 6.3% FM), which was not statistically significant 
(P = 0.40).

Analysis of the error between methods showed a mean 
difference in %FM between techniques (D2O − ADP) of 5.8 
± 9.6 and a two-SD limit of agreement between methods 
of −13.4 to 25% FM. Figure 2 is a plot depicting the differ-
ence in %FM between methods (residuals) vs. the average 
%FM between the methods (Figure 2a) and child weight 
(Figure 2b). Regression analysis revealed that the residuals 
were statistically related to both %FM (Y= −0.651X + 19.1, 
r2 = 0.15, P = 0.003) and body weight (Y= 1.17X − 9.7, r2 = 
0.09, P = 0.02). Figure 3 is a Bland–Altman plot depicting the 
difference in %FM between residuals vs. the agitation score 
(Figure 3a) and stillness score (Figure 3b). Visual inspection 
of the plots did not reveal a noticeable relationship between 
the subjectively scored behaviors and the difference in %FM 
between techniques.

Figure 4 shows a comparison of coefficient of variation (CV) 
values for raw body volumes generated during testing of chil-
dren and volume phantoms. The CV values were threefold 
higher for the child-size tank (~20 l) and 18-fold higher for the 
infant-size tank (~3 l) compared with the standard adult-size 
tank (~50 l). In addition, raw body volume measurement of 
children had a sixfold higher CV than typically seen for adults 
measured in our laboratory setting.

DisCussion
Childhood poses multiple challenges to the development of 
safe and valid body-composition measurement techniques, 
including both chemical and behavioral immaturity (9,10,29). 
The purpose of this study was to investigate the accuracy of 
ADP as a method for measuring body composition in children 
aged 6–48 mo. Our results suggest that our current ADP sys-
tem, which includes several hardware and software modifica-
tions for use with young children, does not provide valid mea-
surements of %FM in children aged 6–48 mo.

To date, ADP validity studies have evaluated children as 
young as 5 y, but more typically those aged 10 y and older. In 
studies comparing ADP to gold standard methods in school 
age children (7–14 y), the low mean %FM differences between 
methods suggest that ADP is reasonably accurate on a group 
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Figure 1. %FM by D2o vs. ADP for children aged 4–48 mo. the solid line 
is the line of best fit (Y = 0.089X + 22.1, r2 = 0.013, see = 6.3% FM, P = 0.40); 
the dashed line is the line of identity. ADP, air-displacement plethysmog-
raphy; D2o, deuterium oxide; %FM, relative fat mass; see, standard error of 
the estimate.

table 1. subject characteristics

Children 6–23 mo Children 24–48 mo

Male (n = 13) Female (n = 23) Male (n = 14) Female (n = 19)

Age (mo) 12.2 ± 5.5 15.7 ± 6.5 36.5 ± 7.8 36.4 ± 7.7

stature (cm)a 73.7 ± 8.0 76.0 ± 8.2 83.2 ± 32.8 90.0 ± 22.1

stature z-scoreb −0.53 ± 1.12 −0.37 ± 0.88 −0.02 ± 0.82 0.20 ± 0.84

Weight (kg) 10.0 ± 1.8 10.0 ± 2.1 14.6 ± 1.2 14.5 ± 2.2

Weight z-scoreb −0.08 ± 0.61 −0.22 ± 1.10 0.02 ± 0.77 0.22 ± 0.82

Weight-for-length percentileb 73.3 ± 24.5 63.0 ± 26.0

Weight-for-length z-scoreb 0.85 ± 0.97 0.38 ± 0.85

BMi (kg/m2) 16.1 ± 1.0 16.2 ± 1.1

BMi z-scoreb 0.02 ± 0.66 0.31 ± 0.86

%FM by deuterium dilution 28.7 ± 5.77 22.1 ± 6.05 20.3 ± 6.12 25.0 ± 4.86

Data presented as mean ± sD.

BMI, body mass index; cDc, centers for Disease control and Prevention; FM, fat mass.
a”stature” refers to recumbent length in children <24 mo and standing height in children ≥24 mo. bz-scores and percentiles based on cDc 2000 growth charts.
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level (20,27,30). However, accuracy on an individual basis 
remains a concern, with 95% limits of agreement at ±4.2% FM 
in a previous study (27).

The results from our study suggest that ADP lacks the accu-
racy necessary for routine use in clinical and research settings 
in children aged 6–48 mo. SEE values exceeding 6.0% FM are 
considered poor by current standards (28). Thus, the SEE of 
6.3% FM observed in this sample (Figure 1) suggests that this 
ADP system is unable to measure %FM accurately in young 
children. On average, ADP overestimated %FM compared with 
D2O by ~5% FM, and the error was related in part to both adi-
posity and size of child. For children who weigh less than 10 kg 
and have high %FM, ADP was most likely to underestimate 
%FM relative to D2O. In contrast, for older and larger children, 
who tend to be leaner than infants, ADP was more likely to 
overestimate %FM relative to D2O, as shown in Figure 2.

Small body size may present measurement difficul-
ties for ADP because small body volume results in less air 

displacement and consequently, a lower “signal-to-noise” 
ratio (27). Previous observations suggest that the CVs of 
repeated volume measurements increase substantially at vol-
umes less than 40 l (31). In our data shown in Figure 4, the 
~20-l phantom had 3 times the CV, and the ~3-l phantom 
had 18 times the CV of the 50-l phantom measurements. 
The average variability in volume measurement of the 3-l 
tank (0.478%) would propagate into an approximate ±2.59% 
FM error for the average size child (12.2 kg) in this study. In 
addition, the mean CV during child body-volume measure-
ment (0.665%) was substantially greater than the precision 
typically observed during measurements of adults in our 
laboratory (0.117%) and other laboratories (0.071–0.127%) 
(20,32,33). The decreased precision of volume measurement 
in measuring small children is a methodological barrier that 
must be overcome before ADP can be widely used in clinical 
and research settings. Future research should systematically 
evaluate all possible sources of precision problems, includ-
ing child size and behavioral response to testing (movement 
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Figure 2. Bland–Altman plots showing individual differences in %FM 
between ADP and D2o vs. (a) the mean %FM between both methods and 
(b) child weight. For (a), the short dash line represents the mean differ-
ence and the long dash line represents the ±2 sD limits for the difference 
values. For (a) and (b), the solid line represents the line of best fit. ADP, 
air-displacement plethysmography; D2o, deuterium oxide; %FM, relative 
fat mass.
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Figure 3. Bland–Altman plots showing individual differences in %FM 
between ADP and D2o vs. (a) agitation/vocalization scores and (b) 
stillness/movement scores. ADP, air-displacement plethysmography; 
D2o, deuterium oxide; %FM, relative fat mass.
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and vocalizations; data shown in Figure 3), to determine 
whether additional modifications to the ADP system may 
improve accuracy and precision.

Although D2O dilution is commonly used as the refer-
ence technique for body-composition studies of young 
children,(24,27,34,35) its limitations should be acknowledged. 
Its accuracy, safety, and noninvasiveness (36) make it an appeal-
ing gold standard; however, the method assumes complete and 
equal equilibration of D2O in all body water compartments 
within 4 h. The method also requires adjustment for overes-
timation of total body water (TBW) in children younger than 
2 y because of variability in body fatness during infancy (34). 
We acknowledge that the measurement error associated with 
estimating thoracic gas volumes in young children also may 
contribute to measurement error. Although Fields et al. devel-
oped suitable predictive equations for children aged 6–17 y, the 
performance of prediction equations for very young children 
requires more research (37).

In summary, to our knowledge, this is the first published 
study to examine the accuracy of the BOD POD ADP system 
in children aged 6 mo to 4 y. We found that ADP measurement 
is feasible in this age–range because 90% of children completed 
at least one complete test sequence in this study. However, our 
data suggest that, as currently designed, ADP does not pro-
vide a valid measurement of body-composition components, 
in part due to poor precision in measuring smaller volumes. 
Changes in ADP test-chamber design, software, or hardware 
may improve the accuracy of body-volume measurements in 
young children. Further research is needed to make this tech-
nology, which is well-suited for use in young children, accurate 
enough for research and clinical applications.

MethoDs
Subjects and Protocol
A convenience sample of 72 healthy children aged 6–48 mo was 
recruited from Centre County, Pennsylvania, and the surrounding 
areas. During the 5-h laboratory visit, children’s growth and body 
composition were measured using anthropometry, ADP, and D2O 
dilution. Children who were known to be claustrophobic, recently ill, 

or dehydrated were screened out of the study. The study protocol was 
approved by the institutional review board at The Pennsylvania State 
University, and all parents provided written informed consent for the 
participation of their child.

Anthropometry
For children aged 6–23 mo, recumbent length was measured to the 
nearest millimeter using an infantometer (Seca Model 416; Seca, 
Hamburg, Germany), and weight was measured using an infant scale 
(Seca Model 374; Seca). For children aged 24–48 mo, standing height 
was measured to the nearest millimeter using a wall-mounted stadi-
ometer (Seca Model 240; Seca), and weight was measured using the 
scale provided with the ADP device (scale, Model BWB-627-A; Tanita, 
Tokyo, Japan). Anthropometric measurements were performed by the 
two coauthors in duplicate using standard measurement techniques 
(38), and all equipment was calibrated each day.

ADP
Body density was measured using the BOD POD body-composition 
measurement system (Life Measurement Instruments, Concord, CA) 
according to the manufacturer’s instructions and as previously detailed 
by other authors (39). All quality-control procedures were completed 
each day. Manufacturer recommendations for testing attire were fol-
lowed: children wore a spandex swim cap and a tight-fitting swimsuit or 
were nude. Lung volume (VTG) was estimated for each subject accord-
ing to age, sex, and height as described by Fields (37,40).

Several modifications were made to the ADP system to enable 
testing of young children. We used a specifically designed child seat 
with removable tray that securely attached to the bench seat to safely 
confine the child during testing. In addition, a child-sized (~20 l) 
National Institute of Standards and Technology–traceable volume 
phantom was used for system calibration to more closely match the 
body volume of young children. Finally, Life Measurement provided 
modified software to facilitate body-composition testing of small 
children. We attached a portable DVD player or test-compatible toys 
to the tray of the child seat to entertain children during the testing 
procedure. These items were added to the testing chamber during 
system calibration and were “zeroed out” from child body-volume 
measurements.

A complete body-composition test sequence included measure-
ment of body mass and three 45-s measurements of body volume. 
The two body-volume measurements closest in agreement were used 
by the system software to calculate the average body volume and body 
density (Db) of the child. We calculated percent fat mass (% FM) from 
Db using the equation below and a value of 0.901 g/ml for the density 
of FM (DF) and age- and sex-specific density of fat-free mass (DFFM) as 
provided by Butte et al. (41):

% FM = [1/Db × (DFFM × DF)/(DFFM − DF) − (DF/DFFM − DF)] × 100

On the basis of our laboratory’s previous observation that child 
movement and vocalizations may relate to error in volume measure-
ment, we elected to subjectively score the child’s behavioral response 
to testing. For each of the three volume measurements, child agitation 
(vocalization) was subjectively scored as: 1, quiet; 2, fussy/talking; or 
3, crying/yelling/singing; and child stillness was subjectively scored 
as: 1, still; 2, some movement (arms); or 3, substantial movement 
(entire body). The three scores were added to produce a score ranging 
from 3 to 9 for both agitation and stillness.

TBW
TBW determination by D2O dilution was performed as previously 
described by Schoeller (36). In brief, a baseline urine sample was col-
lected from disposable gel-free diapers (Tushies, Eau Claire, WI) or from 
a potty seat on arrival at the laboratory. Then, each subject consumed a 
dose of 0.06 g D2O/kg body weight diluted with tap water (16.7% D2O) to 
increase dose volume (Cambridge Isotope Laboratories, Andover, MA). 
Fruit flavoring was added to the dose solution to increase acceptance. 
Urine samples were collected at 3 and 4 h after dosing from either a gel-
free diaper or potty seat. Urine samples were frozen and stored at −80 
°C until the time of analysis. D2O enrichment values were determined 
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using isotope ratio mass spectrometry, and the resultant TBW values 
were corrected for nonaqueous exchange of hydrogen (36). TBW values 
obtained from the 4-h postdose urine sample were used for data analy-
ses, except when a sample was not produced at that time point, and the 
3-h postdose TBW value was used.

TBW values were adjusted to account for the limited food and bever-
age intake during the equilibration period (0–3 h). Intake of foods or 
beverages and infant formula was measured to the nearest tenth of a 
gram. Breast milk intake from nursing was measured to the nearest 
gram. Water intake from foods and beverages was calculated using 
Nutrition Data System for Research 2009 software (University of 
Minnesota, Minneapolis, MN) and then subtracted from TBW results. 
Fat-free mass was calculated from TBW by using age- and sex-specific 
hydration of fat-free mass coefficients as described by Butte et al. (41) 
for children up to 2 y of age and as described by Fomon (9) for children 
aged 2 to 4 y.

Precision Study
Approximately 125 volume measurements per phantom were collected 
over a 3-mo period on National Institute of Standards and Technology–
certified volume phantoms of ~3, 20, and 50 l. The data were used 
to evaluate precision, defined as the mean CV for the entire pool of 
measurements made on a phantom. Using the quality-control volume 
feature of the ADP software, we completed the two-point calibration 
procedure, and then the ADP system made six volume measurements 
on the phantom. The ADP system was calibrated using the same size 
phantom to be measured, except that the 20-l phantom was used to 
calibrate for 3-l tank measurements because of software restrictions.

Statistical Analysis
Percentiles and z-scores for anthropometric data were calculated 
using age- and sex-specific 2000 Centers for Disease Control and 
Prevention growth chart reference data and the SAS program (version 
9.1.3; SAS Institute, Cary, NC). IBM SPSS Statistics (version 18; SPSS, 
Somers, NY) was used for all subsequent analyses. We used linear 
regression analysis to compare %FM values between ADP and D2O 
methods, including calculation of the line of best fit and measures of 
data scatter (r2, SEE, and total error). The mean and two-SD difference 
between methods were calculated, and a paired-sample two-tailed 
t-test was used to determine whether this difference was significant. 
Bland–Altman plots (42) were used to visually explore the relation-
ship between residuals (error) and %FM, child weight, movement 
during testing, and agitation during testing. For precision testing of 
calibration phantoms and people, the CV of volume measurements 
was calculated. Statistical significance was set at P ≤ 0.05.
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