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Four-component model of body composition in children: density
and hydration of fat-free mass and comparison with simpler
models??

Jonathan CK Wells, Nigel J Fuller, Odile Dewit, Mary S Fewtrell, Marinos Elia, and Tim J Cole

ABSTRACT Second, measurement of body composition is important for
Background: Body composition in children is generally meas- optimum clinical care during hospitalization because the size of
ured by 2-component (2C) models, which are subject to errathe fat-free mass (FFM) is an important index of energy and
arising from variation in fat-free mass (FFM) composition. Thefluid requirements during artificial nutrition. Third, measure-
4-component (4C) model, which divides body weight into fat,ments of body composition aid in the assessment and treatment
water, mineral, and protein, can overcome these limitations. of childhood growth disorders.
Objective: The aims of our study were to 1) describe 4C model Despite these recognized needs, body composition in children
data for children aged 8-12 y; 2) evaluate interindividual varitemains difficult to measure with accuracy and precision. Most
ability in the hydration, bone mineral content, and density ofsimple methods, which use a 2-component (2C) model dividing
FFM; 3) evaluate the success with which 2C models and bedsidsdy weight into fat mass (FM) and FFM, use assumptions that
techniques measure body composition in this age group with usgnore interindividual variability in the composition of FFM.
of the 4C model as a reference. Consequently, measured values of FM and FFM are method
Design: Dual-energy X-ray absorptiometry, underwater weigh-dependent (2), making accuracy difficult to assess and hindering
ing, deuterium dilution, bioelectrical impedance analysis, andhe comparison of different methods and studies. The lack of
anthropometry were used to determine body composition in 3@ccurate data on body composition further hinders the evaluation
children. The contribution of methodologic error to the observedf simple bedside techniques such as skinfold-thickness meas-
variability in the hydration and density of FFM was evaluated byurements and bioelectrical impedance analysis (BIA).
using propagation of error. The 4-component (4C) model of body composition (3),
Results: Mean ¢SD) FFM density and hydration were 1.0864 obtained by combining several measurement techniques, is more
+0.0074 kg/L and 75.3 2.2%, respectively, and were significantly robust to interindividual variability in the composition of FFM.
different from adult values (P < 0.02). Relative to the 4C model, deufhe model divides body weight into fat, water, mineral, and pro-
terium dilution and dual-energy X-ray absorptiometry showed ndein, and allows evaluation of several assumed constant relations
mean bias for fatness, whereas underwater weighing underestimatidt are central to 2C models. These assumed constants include
fatness (P < 0.025). Fatness determined by using skinfold-thicknetise water content, bone mineral content (BMC), and density of
and bioelectrical impedance analysis measurements along with pubFM. Although reference data exist for these constants in chil-
lished equations showed poor agreement with 4C model data.  dren from birth to 10 y of age (4), most valwesre predicted
Conclusions:Biological variability and methodologic error con- by extrapolating data between infants aged 6(#)cand the
tribute equally to the variability of FFM composition. Our find- 9-y-old reference child (4, 5). Furthermore, only mean values are
ings have major implications for bedside prediction methodgyiven for all variables and interindividual variability is not
used for children, traditionally developed in relation to under-known. Studies using these reference data are thus unable to con-
water weighing. Am J Clin Nutr 1999;69:904-12. sider the potential error of using assumed constants.

The aims of the present study were to 1) describe 4C model
KEY WORDS Body fat, dual-energy X-ray absorptiometry, data for children aged 8-12 y, 2) evaluate interindividual vari-
total body water, 4-component model, bioelectrical impedanceability in the composition and density of FFM, and 3) evaluate
analysis, underwater weighing, skinfold thickness, fat-free

mass, children _
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the success with which a variety of 2C and 3C models and bed8) by using an assumeg\alue of 0.1/d (9). Agreement between
side techniques measure body composition in this age groughe 5- and 6-h samples (each corrected fpmas used to assess
using the 4C model as a reference. the precision of TBW measurements in a subsample of 23 children.

Dual-energy X-ray absorptiometry

SUBJECTS AND METHODS BMC, FFM, and FM were determined by using a Hologic QDR
) 1000W whole-body scanner (Hologic Inc, Waltham, MA) in con-
Subjects junction with enhanced CHILDREN’'S WHOLE BODY software

A sample of 41 children aged 8-12 y was recruited from loca(version 5.61; Vertec Scientific Ltd, Reading, United Kingdom).
schools and swimming clubs; recruitment continued until 30 subScans were performed while the subjects were wearing light
jects (16 boys, 14 girls) had fully satisfied the protocol for allindoor clothing (typically T-shirts and shorts) and no metal
measurements. The sample size of 30 was determined abjects. The typical scan duration was 10-12 min, depending on
described in the Statistics section below. The 11 subjects who ditie height of the subject. The radiation exposure per scan was esti-
not satisfy the protocol failed to complete either the underwatemated to be 5 mSv, which was lower than the daily background
weighing (UWW) or deuterium (JD) dilution measurements. All  radiation level in the Cambridge area. The software package was
subjects were healthy at the time of the study. Measurementssed by only one member of the investigative team (MSF). For
were conducted during a visit to the study laboratory over a 2-bthical reasons, duplicate scans were not performed and data from
period=2 h after a light meal. Ethical permission was obtaineda whole-body phantom (10) were used to estimate precision.
from the ethical committees of the MRC Dunn Nutrition Unit and
the Cambridge Health Authority. Written and verbal consent wer
obtained from the parents and children, respectively. All meas- Whole-body impedance (Z; i) at 50 kHz was measured by
urement data described below, including precision data, pertain ising a SEAC impedance machine (SEAC, Brisbane, Australia).
the 30 children who completed the protocol. Electrodes were placed on the left side of the body and duplicate

Bioelectrical impedance analysis

measurements were obtained in all subjects to assess precision.

Anthropometry The mean impedance value was used in subsequent analyses.

Body weight was measured with electronic scales (Sauter type
E1210; Todd Scales, Newmarket, United Kingdom) while sub_Two-component models
jects were wearing swimwear. The accuracy of the scales was Two-component models of body composition, distinguishing
confirmed by using solid weights of known mass. Height was=M and FFM, were calculated as follows.
measured to the nearest 0.5 cm with a wall-mounted stadiometer
(Holtain, Dyfed, United Kingdom). Body mass index (BMI) was Anthropometry
calculated as weight (kg) divided by height (m) squared. Skinfold Skinfold-thickness measurements were converted into per-
thicknesses were measured at the biceps, triceps, subscapular, ardtage body fat by using a selection of published equations for
suprailiac sites with Holtain calipers. The mean of 3 measurechildren in the same age range (11-14). When required, pre-
ments was used at each site. Waist and hip circumferences wedieted body density was used to derive percentage body fat by
measured with a metal tape (CMS Weighing Ltd, London). Allusing a modified version of Siri's equation (15) as described
measurements were made on the left side of the body. below for underwater weighing. FFM and FM were then calcu-

oo lated from percentage body fat and body weight.
Underwater weighing

Body volume, and hence density, was measured by Weig;]hintfnderwater weighing

the subject underwater while simultaneously determining lung The density of fat was assumed to be 0.9007 kg/L, whereas
volume by helium dilution. Body weight was recorded immedi-that of FFM (R.,,) was assumed to change with age as described
ately before the measurement. The procedure was practiced imthe reference child (4) and modeled previously (15, 16). Note
stages until completed successfully to ensure the comfort of thiaat the equations of Weststrate and Deurenberg (15) contain a
subjects during the actual measurement. Duplicate measursmall (<1%) error due to the incorrect adjustment gO Dor
ments were obtained in 24 subjects to assess precision; the mgaoton exchange in Fomon’s data (17). Gastrointestinal volume
value was used when appropriate in subsequent analyses. was assumed to be 100 mL (18). For estimation of the fraction of
body weight that is fat (fF from body density (D), the following
equations were used, the second being equivalent to Siri's equa-
Total body water (TBW) was determined by@dilution with  tion (19) without assuming constant values fQg,p
a dose equivalent to 0.4 g,@kg body wt (99.9 atom percent _
excess; Europa Scientific, Czrewe, United Kingdom). After provid- 1D = (F/0.9007) + [(1~ Fy)/Dewl (1)
ing a predose saliva sample, subjects consumed the dose made up F¢ = [(Dee/D) — 1J/[(Dge/0.9007)— 1] (2)
as fruit juice and then provided further saliva samples 5 and 6 h
postdose. The subjects rinsed out their mouths 30 min before takredicted values for B, from 2 sources (15, 16) were used for
ing a sample and refrained from introducing any food or fluid intocomparison. FM and FFM were then calculated as the anthropo-
the mouth during this 30-min period. Saliva samples were analyzedetric indexes were.
in duplicate by using an infrared spectroscopy technique ¢€). D
dilution space was assumed to overestimate TBW by a factor (9
1.044 (7). Correction was made for dilution of the dose by water TBW was divided by the water content of lean tissue, with use
intake during the 5-h equilibration period as described previouslpf the age- and sex-specific reference values of Fomon et al (4)

Deuterium dilution

,O dilution
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as revised by Schoeller (17) to take into account proton exchangehere the mass and volume of protein and mineral were calcu-
to give FFM. Hydration values for 11- and 12-y-olds were pre-dated separately in the 4C model and as a single component in
dicted by extrapolating the curves of hydration against age fothe 3C model.
each sex, giving values of 76.2% and 76.0% for girls and 74.3% .
and 73.9% for boys, respectively. FM was calculated as the gitatistics
ference between FFM and weight. On the basis of theoretical data from the reference child (4) and
measured data from adults (3), the sample size of 30 was chosen
DXA to be able to detect a difference from adults of 2% in FFM hydra-
Values for FM and FFM (lean tissue + BMC) were obtainedtion with 80% power. Agreement between 2C, 3C, and 4C models
directly by using Hologic's software. was assessed by using the method of Bland and Altman (25).
Assessment was made of mean differences between techniques,
termed bias, and its 95% limits of agreement, defineti2aSDs
TBW or FFM was predicted as appropriate by using publisheaf the difference between techniques. Assessment was also made
equations for the same age range (20-23). When necessaof,the extent to which the magnitude of the difference was related
TBW was converted to FFM as,D dilution was above and FM to the magnitude of the variable. This relation was termed corre-
was calculated as the difference from weight. lation and was described by the correlation coefficient between the
difference and the mean of the measured values.
Different approaches were adopted for comparisons of FFM and
The 3C model divides the body into fat, water, and the remainFM because FFM is usually measured as an absolute index of body
ing fat-free dry mass, which is assumed to have a constant ratio size, whereas FM is usually expressed as a proportion of body
protein to mineral. The advantage of this model over the 2C modeleight, ie, fatness. Hence, differences in FFM were investigated by
is that it avoids the assumption that the water content of FFM igsing natural logarithmic differences and means, in which between-
constant between individuals of a given age and sex, and it caachnique differences in log FFM are equivalent to a fraction of the
also provide an estimate of the hydration and density of FFM. Thenean FFM value and can be expressed as a percentage of the mean
model used data on body weight, body volume, and TBW, and waseasured value. Differences in log FFM are therefore equivalent to
calculated as described previously in detail for adults (3, 19).  (difference/average) and are multiplied by 100 to give a percentage
Taking into account the various assumed densities of the @alue. For fat, values were expressed as a percentage of body
components and the assumed constant ratio of protein to minerateight, and no further adjustment was made. Between-technique
FM was calculated from the basic measurements as follows: differences are therefore expressed as percentage body fat.
EM (kg) = [(2.220X BV) — (0.764% TBW)] To determine the extent to which measurement error
= (1.465% BW) 3) accounted for observed variability, error was propagated for FM
and FFM—calculated by J», UWW, and the 3C and 4C mod-
where BV is body volume in liters, TBW is in liters, and BW is els—by using the precision values for each measurement given
body weight in kilograms. above. Error was propagated by the delta method, with use of
Fieller's theorem to take into account covariance in ratios (26).
DXA was excluded from this analysis because of the lack of suit-
The 4C model divides the body into fat, water, protein, ancable data. For the 2C models, the hydration and density of FFM
mineral, thereby further avoiding the assumption that the ratievere assumed to be 75.0% and 1.086 kg/L, respectively.
between mineral and protein in FFM is constant. However, the Error was also propagated for the hydration and density of FFM
ratio of bone mineral to total body mineral is still assumed to bén both the 3C and 4C models and for the ratio of mineral to pro-
constant. The ability of the 4C model to adjust for body mineratein and the components of FFM in the 4C model. Biological vari-
mass may result in improved accuracy in the estimation of thation (\,), methodologic variation (y, and total observed varia-
hydration and density of FFM, compared with the 3C model. Theion (V;) were then differentiated by using the following equation:
4C model used body weight, body volume, TBW, and total V2=V 24 V2 ©6)
BMC, and was again calculated as described in detail previously t m b
for adults (3). The various assumed densities of the 4 compavhere Vis the observed SD of a given measurement, gnis V
nents were taken into account when calculating FM from theéhe SD of the propagated methodologic error in the same units,
basic measurements as follows: assumed to be uncorrelated with biological variation. All statis-
_ tics were carried out by using the MINITAB software release 6.2
FM (kg) = [(2.747 BV) = (0.710X TBW)] (1990; Minitab Inc, State College, PA).

Bioelectrical impedance analysis

Three-component model

Four-component model

+ [(1.460X A) — (2.050X BW)] (4)
where Ais BMC determined by DXA (in kg). Total-body mineral
mass was calculated as BMC1.2741 (24). RESULTS
. . The sex distribution of boys and girls, respectively, by age was as
Hydration and density of FFM follows: 8y, 6 and 4; 9y, 5and 4; 10y, 1 and 1; 11y, 3 and 3; 12

FFM was calculated in each model as the difference betweeyy 1 and 2. Anthropometric characteristics are givefahle 1
body weight and FM; the hydration fraction of FFM was calcu-Girls tended to be moderately fatter, as evidenced by higher values
lated as TBW/FFM. B, was calculated as follows: for most indexes, but significant sex differences were only observed
for midupper arm circumference and hip circumference. Mean
(xSD) scores relative to UK reference data (27, 28) were
0.20+ 0.98 for weight, 0.2 1.04 for height, and 0.08 0.98 for

Dery = (Mass of water + protein + mineral)
/(volume of water + protein + mineral) (5)
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TABLE 1 arithmic terms, to allow the SEE to be expressed as a percentage
Characteristics of the sample: age, anthropometry, and impédance of the predicted value, gave an SEE value of 5.6% and?an R
Boys Girls value of 91.3%. A similar equation, in which log weight and log
(n=16) (n = 14) height were used rather than log heffhtgave an SEE value of
Age ) 9713 101214 6.6% and an Rvalue of 38.0%. .
Weight (kg) 316476 36.4+ 9.0 Bland-Altman comparisons of the agreement in FFM and per-
Height (m) 1.36+ 0.1 1.40+ 0.1 centage body fat by 2C (UWW,,0 dilution, and DXA), 3C,_and
BMI (kg/m?) 16.8+ 2.0 175+ 2.2 4C models are shown fable 4. UWW was found to overestimate
Skinfold thickness (mm) FFM and underestimate FM, regardless of which published values
Biceps 7.1+ 3.4 7.0£2.6 for FFM density were used. The other techniques showed no signi-
Triceps 10.at 3.3 12.3+t4.3 ficant bias compared with the 4C model, despite the fact that DXA
Subscapular 6.£23 8.0£2.8 systematically underestimated total body weight compared with
Suprailiac 9.3 5.0 11.7£6.5 values determined by weighing scald € —0.30 + 0.26
MUAC (cm) 20.3+2.6 22.6:2.6 4 31 SD; P <0.0001). No technique showed a significant corre-
Waist circumference (cm) °9.4£5.7 608+ 5'23 lation between the difference and the mean. For individual values
Hip circumference (cm) 65.1+ 7.3 73.5+ 6.1 of bodv fat. 95% limits of t giverzaSBs
Impedance at 50 kHZY) 691+ 42 688+ 72 percentage body fat, o limits ot agreement, give '

ranged fromt4.9% with DO dilution to+6.5% with DXA.

FFM and percentage body fat predicted by BIA against the 4C
model are compared ifable 5. All equations showed significant
bias for both FFM and percentage body fat. For each equation,
BMIL. between-method differences were related to either body size or

Results of the 3C and 4C models are givefidhle 2. With body fatness. The lowest mean bias was given by the equations
the 4C model, the mear $D) FFM was 26.& 5.9 kg and FM  of Houtkooper et al (22), but 95% limits of agreement for indi-
was 7.2+ 3.9 kg. Girls had a significantly lower whole-body vidual values were wide for all equations, eg+?% for per-
density than boys, reflected in their greater FM and percentagsentage body fat.
body fat in both models. There was no significant difference in Comparisons of FFM and percentage body fat predicted by
the density and hydration of FFM between the 2 models, fousing skinfold-thickness equations against measurements made
groups or individuals, or between the sexes (hydration: P = 0.62yith the 4C model are shown Table 6. Three of the equations
density: P = 0.76). With the 4C model, the meaisD) FFM showed significant mean bias in FFM and percentage body fat.
hydration was 75.30x 2.22% and FFM density was The equations of Deurenberg et al (14) showed no mean bias, but
1.0864+ 0.0074 kg/L. Neither FFM density (P = 0.30) nor FFM there was a significant correlation between bias and fatness.
hydration (P = 0.95) was significantly correlated with age. TheLimits of agreement for individual values were again wide,
mean £ SD) BMC of FFM was 5.% 0.5% and it was not signi- being > #8% for percentage body fat for all equations.
ficantly different between the sexes (boys: %.D.6%; girls: The precision (reproducibility) of the principal measurement
5.1+ 0.3%), but was positively related to age (r = 0.59,R025). methods was determined from duplicate or repeated measure-
The mean £SD) protein content was 19462.2% and was not ments as described in the Methods section. The values were as fol-
significantly different between the sexes (boys: 18.2.5%; lows—body weight: 0.01 kg, equivalent to 0.03%; body volume:
girls: 19.3+ 1.9%) and was unrelated to age (P = 0.55). 0.19 L, equivalent to 0.58%; TBW: 0.21 L, equivalent to 1.05%;

Assuming the density of fat to be 0.9007 kg/L, the value for
adults (19), the mean 8E) FFM density with our 4C model was
1.0864+ 0.0013 kg/L and was used to derive a new equation fo TABLE 2
estimating fatness from total body density in this age group wittBody composition on the basis of 3- and 4-component mbdels

1X + SD. MUAC, midupper arm circumference.
23significantly different from boys’P < 0.0252P < 0.0025.

use of the Archimedes principle (24): Boys Girls
Fat (%) = (527/D)— 485 @ Body density (kg/L) 1.04% 0.010 1.035 0.016
Total body water (L) 19.3+3.3 20.8+5.3
Sex-specific values for percentage body fat obtained from th gone mineral content by DXA (kg) 1.040.30 1.11+ 0.31
various models and measurement methods are given for comp:3-Component model
ison in Table 3. Both the 3C and 4C models showed girls to bt FFM (kg) 25.7+ 4.6 275+ 7.2
significantly fatter than boys, as did the 2C models usi@ &nd FM (kg) 5.8+3.4 8.9+3.8
DXA. With UWW, a sex difference in the percentage of body fat FFM hydration (%) 75.1£2.3 75.5£ 1.6
was only detected when Lohman’s (16) values for FFM density FFM density (kg/L) 1.087£0.009  1.085 0.006
were used. Of the skinfold-thickness equations used, only thos4_gg?;e'2n;$';?§:el(kg) 6.40+1.45 6.74+1.95
of Johnston et al (12) and.Deurenberg et al (14) showed a sex d FFMp(kg) 257446 275472
ference. Of the BIA equations used, only those of Deurenberg ¢ FM (kg) 5.8+35 8.0+ 3.6
al (21) and Danford et al (23) showed a sex difference. FFM hydration (%) 751+ 2.5 755+ 1.8
Regression analysis of the relation between TBW anc rgm density (kg/L) 1.087+ 0.009 1.086t 0.006
heigh#/Z gave the following equation: Protein (kg) 51+1.1 5.3+1.6
TBW (in L) = 2.69 + 0.601 heightz ®) Total body mineral (kg) 1.33+ (?.38 1.42+ 0.39
(SEE = 1.15 L, R= 93.2%) 1X + SD. DXA, dual-energy X-ray absorptiometry; FFM, fat-free mass;

FM, fat mass.
where height is in centimeter. Expression of this equation in log  2Significantly different from boys, P < 0.05.
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TABLE 3 4C models is=0.5 kg of FFM and FM. It might be assumed that
Percentage of fat in boys and girls by different measurement méthods  precision should be better in 2C than in 3C and 4C models
Boys Girls because they are influenced by fewer separate measurements.
Thus, DO dilution has a precision of <0.3 kg for FFM and FM.
4-Component model 17454 239+ 7.8 Data from repeat scans of an adult (10, 29) suggest that the pre-
3-Component model 17.5+5.2 23.9+ 7.7 ..
2-Component models cision of DXA may bez0.2—0.4. kg of FM qnd FFM, although
UWW, Weststrate and Deurenberg (15) 1622 21.0+ 8.3 whether adult values are applicable to children is doubtful. In
UWW, Lohman (16) 16.% 5.0 22 4+ 8.8 contrast, precision of UWW is poor because of the practical dif-
DXA 16.6+ 5.8 243+ 7.5 ficulties of this measurement. However, our modeling indicates
Deuterium 175+ 6.5 25.2+ 7.8 that use of UWW in the 4C model transmits its error into a
Skinfold-thickness equations smaller proportion of body weight, thereby reducing the influ-
Slaughter et al (13) 1564.9 18.6+ 5.2 ence of its poor precision'
Johnston et al (12) 9855 158+ 4.9 Early multicomponent studies of body composition, focusing
Deurenberg et al (14) 17.3x4.1 211552 o the fetus (30) and the 9-y-old reference boy (5), led to the
Blirggll:a(tiloers 14.7£6.2 15.9£8.0 developme_nt of data on th_e reference child (4). Although these
Deurenberg et al (21) 245+ 3.2 28.6+ 3.5 data remain the most detailed to date and are m_ndely used, they
Davies et al (20) 327+ 4.8 35.0+ 7.2 were acknowledged by the authors to be preliminary data, with
Houtkooper et al (22) 16.5+ 5.3 19.2+ 5.9 most values being extrapolated from data derived only at birth, 6
Danford et al (23) 25.2+5.0 29.4+ 5.9 mo, and 9 y. Furthermore, values for the various components
1% + SD. UWW, underwater weight; DXA, dual-energy X-ray absorp- Were derived from separate studies of different children, all data
tiometry; BIA, bioelectrical impedance analysis. being adjusted in relation to weight and height. Finally, the ref-

24gjgnificantly different from boystP < 0.053P < 0.01P < 0.005. erence child represents only the population mean, and interindi-
vidual variability at any age was not reported.

Our data therefore represent the first measured values for
mineral mass (based on values obtained by using a whole-bodsFM density in children, the mean value of 1.0864 kg/L being
phantom as described above): 0.01 kg, equivalent to 1.09%. Theggnificantly lower than the value for adults of 1.1 (3, 19). In
precision of impedance was 3B equivalent to 0.4% of TBW. contrast with the predicted values of Fomon et al (4), our data
The propagated errors for FM and FFM in the 2C, 3C, and 4Ghow no sex difference in the density, protein content, and BMC
models are summarized Trable 7. In the 4C model, the propa- of FFM. Previously, 2 approaches were adopted for predicting
gated error for protein mass was 0.54 kg, equivalent to 10.4%. FFM density in children (15, 31). Our inability to reproduce the

The biological variability of the components and properties ofvalues given by Fomon et al indicates that the equations of West-
FFM, after taking methodologic precision into account, are shown istrate and Deurenberg (15) are not appropriate when body den-
Table 8. The range of values reported in the reference child is als
given for comparison. Approximately half of the variability in the TABLE 4
water content, protgm c.ontent,. ar]d ratio of mineral to. pr.o.tem maBias and 95% limits of agreement for fat-free mass (FFM) and percentage
have been due to biological variation. Almost all the variability in the body fat compared with 2-component (2C), 3C, and 4C mbdels
BMC was probably due to biological variation, as was more thai
half of the variability in FFM density. _ Limits of _

Mean (¥SD) hydration and density of FFM for children were Bias _agreement (Correlation
significantly different from values for adults (3): 73.82.13%  3C model

(P <0.02) and 1.10150.0073 kg/L (P < 0.001), respectively. The ~ FFM (%) . 0.0 +1.1 0.20
mean (4SD) ratio of mineral to protein of 0.2680.031 was also TB'?;rcemage body fat (%) 00 £09 —0.30

significantly different from the reference adult value (24) of 0.262

. FFM (% —-0.9 +6.1 —-0.08
by paired t testA = —0.05+ 0.03; P < 0.0001) Perce(m;ge body fat (%) 06 149 0.30
UWW, Weststrate and Deurenberg (15)
FFM (%) 2.5 +6.8 0.26
DISCUSSION Percentage body fat (%) 2.0 +5.6 —-0.07
Although some measurement techniques are more accurate aUWW, Lohman (16)

precise than others, there is no gold standard for body-compositic FFM (%) 1.48 +6.3 0.29
measurements in vivo. All methods incorporate assumptions that ¢ Percentage body fat (%) -11% +5.2 —0.04

not hold true in all cases and the best model is derived by usingDXA .
combination of measurements, whereby the importance of suc EFM (/;’) bady fat (96 *8'; fgg 7%%)2
assumptions is minimized. We measured BMC and TBW with tech fr_cen age body fat (%) : - —
niques specifically designed for these components. This approa Bias was calculated as 2C or 3C model measurements minus 4C
leaves the UWW measurement uninfluenced by the water conte model measurements. Correlation calculated as the correlation between the
and BMC of FEM. such that it distinquishes not fat and FEM bwdifference and mean. 95% limits of agreement calculated28D of the

. ' L 9 . o ’ difference between techniques. FFM values were log transformed to
fat and protein. The variability in the density of protein is less thar

. . . express difference as a percentage of mean. Values for percentage body fat
that of FFM, making this part of the model more reliable. The 4C,re expressed as a percentage of body weight. TBW, total body water;

model thus allows the quantification of FFM, and by inference FM yww;, underwater weighing; DXA, dual-energy X-ray absorptiometry.
with a degree of accuracy not achievable with 2C models. 2p < 0.001.

Propagation of error indicates that the precision of the 3C an 3P < 0.025.

2T0Z ‘ST yore\ uo 1sanb Aq 610 ualfe'mmm woiy papeojumoq


http://www.ajcn.org/

@ The American Journal of Clinical Nutrition

BODY COMPOSITION IN CHILDREN 909

TABLE 5 cal assumptions, such as its constant density and hydration. We
Bias and 95% limits of agreement for fat-free mass (FFM) and percentaggherefore attempted to distinguish the contribution of methodol-
body fat between predictions made by using bioelectrical impedance  ogy and biology to total variability. Propagation of error showed
analysis (BIA) and measurements with the 4-component (4C) inodel that approximately half of the variability in FFM hydration in

Limits of our sample was due to the method used, indicating that true bio-
Equations Bias agreement  Correlation logical variability in healthy children is relatively low, although
Davies et al (20) it may vary more between disease states. Our analysis showed
FFM (%) ~19.¢0 £11.4 0.36 that mineral and protein contents rather than water are the more
Percentage body fat (%) 13.7 +8.5 -0.29 variable components of FFM, the CVs for mineral and protein
Deurenberg et al (21) contents being 9.1% and 11.4%, respectively, but that for water
FFM (%) -7.4 +111 0.26 content being only 2.9%. Hence, more than half of the variabil-
Percentage body fat (%) 8.9 +8.6 -0.77 ity in FFM density was biological rather than methodologic in
Houtkooper et al (22) origin and was due to the cumulative effects of variation in min-
FFM (%) 3.5 +10.4 —-0.02

eral, water, and protein contents.

Percentage body fat (%) —27 7.9 0.43 A comparison of models showed that, relative to the 4C model,
Danford et al (23) the 3C model adequately estimated FEM hydration. This indi
FFM (%) 8. +91 0.05 e model adequately estimate ydration. This indi-

Percentage body fat (%) 6.7 +7.2 —0.45 cates that the theoretical assumption of a constant ratio of mineral

1Bias was calculated as BIA predictions minus 4C model measureEo protein in FFM, on which the 3C model relies, is acceptable in

ments. Correlations were calculated as the correlation between the diffe‘tlls age gr_oup. H?nce’ ,FFM hydration in (_:hlldl'elj] aged 8-12y
ence and mean. 95% limits of agreement calculated& of the differ- ~ can be satisfactorily estimated by measuring weight, body vol-
ence between techniques. FFM values were log transformed to express tHE"e, and TBW. Recent advances in the rapld_lty with Wh_|Ch meas-
difference as a percentage of the mean. Values for percentage body fat alement of TBW can be completed (6) and in the application of

expressed as a percentage of body weight. new techniques for the assessment of body volume (35) may soon
2P < 0.0001. make routine assessment of FFM hydration viable for clinicians.
8P <0.05. Data from our 4C model support some of the theoretical dif-

ferences between adults and children outlined in the reference
child. The total-body mineral content was lower than the value
sity is used to derive fatness with a 2C model. We thereforéor adults, being 5% of FFM rather than 7%, but we found no
derived a new equation, which is suitable for children in the agevidence of a sex difference. Mineral deposition was apparent
range studied here, but which may not be applicable to other agwer the age range we studied and is believed to be completed in
groups. This new equation matched closely the theoretical equaarly adulthood (31). FFM hydration was significantly higher
tion derived by Lohman et al (31). In contrast with FFM density,than in adults; however, although previous work has shown sim-
our values for FFM hydration closely agreed with those of thélar results (32, 33), investigators continue to use adult-derived
reference child. values in 2C models used to study children (36). The ratio of
Since 1982, there have been 2 further multicomponent studie<
of body composition in prepubertal children. Using a 3C mode
identical to ours in 43 white prepubertal children (mean age: 10 Yy TABLE 6
Boileau et al (32) published values for FFM hydration (boys:Bias and 95% limits of agreement for fat-free mass (FFM) and percentage
75.1+ 2.8%; girls: 76.0t 3.7%) that were almost identical to body fat predicted by using skinfold-thickness equations against
those found in the present study. More recently, Hewitt et al (33measurements made with the 4C mbdel

determined FFM hydration in 28 prepubescent children age Limits of

5-10 Yy USing a 3C model in which bOdy density was adjusted fCEquations Bias agreement Correlation

mdn_wdual variation in bone mineral density assessed _at th'SIaughter etal (13)

rad|u§ s_haft. Use of the 3_C mc_>de| alone gave FFM hydrationva gy (%) 4.8 +10.8 —0.02

ues similar to those obtained in other studies (boys: #%.8%; Percentage body fat (%) 3 +80 —_0.558

girls: 74.9+ 1.4%), but the further adjustment for bone density johnston et al (12)

resulted in substantially lower values (boys: 78.1.6%; girls: FFM (%) 9.5 +11.7 0.25

72.2+ 1.4%) (33). Hewitt et al admitted that their adjustment for Percentage body fat (%) -7.8 +8.6 -0.33

bone density rested on the assumption that regional bone densDeurenberg et al (14)

represented total-body bone mineral. Our study indicates the FFM (%) 19 +11.2 -0.02
Percentage body fat (%) -1.4 +8.4 —0.5¢

this assumption may not be valid, given that when we include:
data on total-body bone mineral in our 4C model, FFM hydratior
remained the same as that with the 3C model. Another study ¢
body-composition analysis appropriately used a combination ¢
methods, but did not report data on FFM hydration and FFN
density (34). Our study therefore is the first of a 4C model ir
children in which total-body bone mineral mass was measurec

Brook (11)
FFM (%) 6.4 +13.4 -0.27
Percentage body fat (%) —-5.2 +10.5 —0.06

1Bias was calculated as skinfold-thickness values minus values from
use of the 4C model. Correlations were calculated as the correlation
between the difference and mean. 95% limits of agreement calculated as
+2SD of the difference between techniques. FFM values were log trans-

allowing mineral and protein to be qqantified separate_ly- _ formed to express the difference as a percentage of the mean. Values for
The values for the reference child gave no indication olpercentage body fat are expressed as a percentage of body weight.
interindividual variability in FFM composition, making it diffi- 2P < 0.0001.

cult to assess the potential error arising from the use of theoret  *P < 0.005.
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TABLE 7 ment may have been due entirely to measurement error.

Propagation of methodologic error on fat mass (FM) and fat-free mass We used our FFM density values to derive a new equation, one

(FFM) values obtained by using different models analogous to that of Siri's (19) for adults, in which body fatness
Errort Error Error can be calculated from total body density according to the

Archimedes principle (24). Use of this equation removes the sys-
tematic error described above and is supported by a similar equa-
4C model 0.54 2.0 7.5 tjon derived theoretically by Lohman et al (31). Use of these equa-

kg % of FFM % of FM

22 2232:3 0.45 17 6.2 tions was more successful in our sample than was Lohman’s (16)
Deuterium dilution 0.27 13 38 age-adjusted values for individuals (16), given that we found no

UWW2 1.00 3.8 13.8 observable trend_of FFM densi'_cy with age in our sample._How—
ever, our study highlights the pitfalls of using UWW to validate
bedside prediction methods. Both measurement error and the
choice of values for FFM density substantially influence the rela-
tion between fatness measured by UWW and alternative tech-
niques, thereby increasing predictive error in both groups and
mineral to protein also differed significantly by20% from that  individuals.
in adults, but the magnitude of this difference was not sufficient Because they are easy to use, skinfold-thickness prediction equa-
to cause error when the adult value was used in combination witions remain the most widely used method of assessing fatness for
a 3C model to estimate hydration and density of FFM. clinical purposes. Equations have generally been derived in relation
Previous research in children has shown that 2C methods gite 2C models, although Slaughter et al (13) used the 4C data of
method-dependent values for percentage fatness (2). Howevdoileau et al (32). Our study provided the first opportunity to test
although UWW has tended to be regarded as the ideal referenttee validity of these equations relative to a 4C model in a separate
method against which to compare other techniques in childresample of children and showed that all 4 equations underestimated
(15, 37), all 2C models rely on theoretical assumptions that mafatness in this age range. A previous study of children in Glasgow,
be inappropriate for some groups or individuals. Our study proUnited Kingdom, compared fatness derived from several sets of
vided the first opportunity to compare 2C models with a 4C refskinfold equations with those by UWW as a 2C model (37). Our 4C
erence model in this age group. This is important given thatlata reproduced very closely the findings of that study, indicating
widely used bedside prediction equations (skinfold-thicknesshat systematic biases in equations persist beyond particular popu-
and BIA equations) have almost invariably been developed biations of children. Limits of agreement for individuals were wide,
using other 2C models. indicating that even when the mean bias is small, individual values
Our results indicate that DXA and,O dilution showed negli- are not accurate. Furthermore, the bias was related to fatness, which
gible mean error in measuring FFM relative to the 4C model. Thisnay reduce the ability of skinfold-thickness measurements to eval-
suggests that the prototype Hologic DXA software for childrenuate changes within individuals accurately over time.
(38) may have overcome artifacts of body size reported by us pre- The limitations of using skinfold-thickness equations for
viously (39). Most limits of agreement for the M comparison assessing fatness have fueled interest in BIA as an alternative,
can be attributed to measurement precision, so this method iiapid, noninvasive method that is easily tolerated by children
appropriate for assessing both groups and individuals. Howevewhether healthy or ill. However, it is clear from the various equa-
limits of agreement are wider for DXA than fop@dilution, and,  tions published for children that different researchers have found
in the absence of DXA precision data specific to children, it is dif-different relations between heigtt and TBW or FFM. Equa-
ficult to evaluate the relative contributions of methodologic errottions have varied in both slope and intercept, which may have
and biological effects. If DXA precision data for adults are usedeen due to methodologic or biological factors. Both UWW and
(10, 29), measurement precision accounts for a minority of th#BW have been used as reference methods to validate BIA;
limits of agreement. Given the difference in limits of agreementtherefore, heigRtZ has not been related to the same variable con-
D,0 dilution is preferable to DXA as a 2C method when used irsistently. Different age ranges have also been studied [5-9 y (23),
individuals. In contrast, UWW showed a systematic error relatives—17 y (20), 8-11 y (21), and 10-14 y (23)]. Changes in the rel-
to the 4C model. This error was reduced when Lohman’s (16) vahtive lengths of limbs and trunk during growth may influence the
ues for FFM density were used rather than those of Weststrate anelation between TBW and heigtg; therefore, the use of differ-
Deurenberg (15), but it remained significant. The limits of agreeent age ranges may introduce incompatibility.

1Error on either FM or FFM.
2Underwater weighing.

TABLE 8
Variability of the components of fat-free mass (FFM) and comparison with the value for Fomon et al's (4) reference child
Total Methodologic Biological Referenaohild®
FFM components Mean variability error variability Males Females
SD SD SD
Water content (%) 75.3 2.2 1.5 1.6 75.1-75.7 76.9-77.2
Mineral content (%) 4.02 0.37 0.09 0.36 4.6-4.8 3.8
Protein content (%) 19.6 2.2 1.6 15 19.1-19.5 18.4-18.7
Mineral:protein 0.208 0.031 0.021 0.023 0.241-0.246 0.203-0.206
Density (kg/L) 1.0864 0.0074 0.0046 0.0058 1.082-1.085 1.074-1.075

1Ranges include values for children aged 8-10 y only.
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Poor agreement between BlA-predicted and 4C values for FFM
and percentage body fat might be attributed mainly to between-
study differences in the relation between héighand TBW or
FFM. The slope of the line relating TBW to heijitwas 0.60,
identical to that reported by Davies et al (20); for FFM and
heigh®/Z the slope was 0.82, which was similar to that reported by

Houtkooper et al (22). However, in both cases, our intercept wagg.

substantially different, creating between-method bias. The equa-
tions of Danford et al (23) and Deurenberg et al (21), which incor-

porated even more variables, were no more successful. The smaftl.

est mean bias was shown by the equations of Houtkooper et aI
(22), but was significant and related to body fatness.

Our study indicated that current BIA equations do not ade-
quately predict fatness with accuracy in individuals or groups of

children. Furthermore, the relation between he&ighand TBW 13.

was barely better than that between weight and height and TBW,
raising the possibility that biological variation between children

in body proportions may limit the success with which BIA can 14.

predict TBW, even when appropriate equations are used. How-
ever, BIA may be suitable for assessing short-term changes in
TBW within individuals over time, particularly because meas-
urement precision was high (equivalent to <0.5% of TBW).

The lack of a gold standard for measurements of body comqg,

position in children makes evaluation of simple methods diffi-

cult. We used a 4C model robust to interindividual variation in 17.

FFM composition with relatively high precision as a reference.
D,0 dilution and DXA appear to be acceptable 2C models for
children aged 8-12 y, but no bedside prediction method was sat-
isfactory. UWW was found to show bias compared with the 4C
data and was the technique most susceptible to imprecision. This
is of concern, given that children’s bedside methods have tradiqg
tionally been validated against UWW data. The need to improve
bedside methods remains a priority, as does the need to revise
values for the reference child, particularly with regard to FFM

composition. This would have important implications for the 20-

variety of 2C and bedside methods that remain widely used in
pediatric research and clinical management.
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