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Usefulness of Bioelectric Impedance and Skinfold
Measurements in Predicting Fat-Free Mass
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ABSTRACT. Despite the increasing use of tetrapolar
whole-body bioelectric impedance (BI) analysis in the as-
sessment of body composition, its usefulness in estimating
fat-free mass (FFM) has not been evaluated in comparison
with conventional skinfold anthropometry in children. We
therefore compared /) the intraobserver and intcrobserver
reproducibility of BI and skinfold measurcments and the
derived FFM estimates, and 2) the predictability of FFM
as calculated from measurements of total body potassium
(TBK) using *’K spectrometry by equations based on either
BI or skinfold measurements in 112 healthy children,
adolescents, and young adults aged 3.9 to 19.3 y. A best-
fitting equation to predict TBK-derived FFM from BI and
other potential independent predictors was developed and
cross validated in two randomly selected subgroups of the
study population by stepwise multiple regression analysis.
Although the technical error associated with BI measure-
ments was much smaller than that of skinfold measure-
ments, the reproducibility of Bl-derived FFM estimates
(intraobserver coefficient of variation [CV], 0.39%; inter-
observer CV, 1.23%) was only slightly better than that of
FFM estimates obtained by use of weight and two skinfold
measurements (0.62% and 1.39%, respectively). The cross
validation procedure yiclded the following best-fitting pre-
diction equation: FFM = 0.65.(height*/impedance) +
0.68 .age + 0.15 (R? = 0.975, root mean square error =
1.98 kg, CV = 5.8%, 95% limits of agreement = —11.1%
to +12.4%). Conventional anthropometry, using published
equations to estimate FFM from skinfolds, slightly over-
estimated TBK-derived FFM, but predicted FFM with
precision similar to the best-fitting equation involving BI.
Previously published FFM equations incorporating BI pre-
dicted TBK-derived FFM with variable predictive precision
and accuracy. We conclude that BI analysis provides an
alternative technique to assess FFM in children. At least
within the range of normal body composition, its predictive
power is similar to that of established skinfold techniques.
(Pediatr Res 35: 617-624, 1994)
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Within the past few years, BI analysis has gained wide use in
the assessment of body composition. The method appears par-
ticularly suitable for use in children, because the measurements
are fast, noninvasive, painless, and require little subject cooper-
ation. The BI technique is based on the difference in specific
resistance to an electrical current between aqueous and non-
aqueous compartments within the body. Validation studies have
shown the accuracy and precision of the technique to be at least
comparable with conventional anthropometric methods such as
skinfold thickness measurements in both adults and children
(1-4).

The few studies performed so far in children suggest that the
changing proportions of body fluid compartments during child-
hood may require the use of specific pediatric prediction equa-
tions (4-7). However, the validation methods used so far are
difficult to apply in smaller children or rely on a number of
unverifiable assumptions. Densitometric underwater weighing
and respirometric assessment of residual lung volume require
full subject cooperation. In addition, the specific density of the
FFM scems to change during childhood; variable-density FFM
models have been applied but are hypothetical (4, 8). Isotope
dilution studies using labeled water tend to systematically over-
estimate total body water (9). In addition, estimation of FFM
from total body water requires an assumption regarding the
hydration of the FFM, which is not constant during childhood
(10, 11). These limitations have precluded major validation
studies in younger children and indicate a need for caution in
the interpretation and generalization of the studies performed so
far.

K spectrometry provides a very accurate, noninvasive means
of estimating body cell mass (12). Although changes in the
relationship between intracellular and extracellular compart-
ments and in the relative contributions of different tissues to
body mass during childhood complicate its use in children (10),
prediction equations of FFM from TBK have been developed
that at least partly correct for such changes (13). Although
applicable at all ages including infancy (14, 15), this technique
has not yet been applied to validating BI analysis in children. In
the present study, we had the opportunity to assess the usefulness
of Bl for the assessment of FFM in comparison with conventional
skinfold anthropometry using “K spectrometry as reference
standard in a large cohort of healthy children, one third of which
were younger than 10 y. A best-fitting prediction equation was
derived, and its predictive precision and accuracy compared with
other prediction formulas was validated by densitometry, isotope
dilution, or both.
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SUBJECTS AND METHODS

Subjects. One hundred twelve healthy boys and girls living in
the cities of Heidelberg and Karlsruhe, Germany volunteered for
the study. The basic and anthropometric characteristics of the
study population are given in Table 1. The parents of each child
or the adult subjects themselves gave written informed consent
after being thoroughly briefed about the study’s purposes and
procedures. On the day of the study, the children were instructed
to eat their usual breakfast but nothing thereafter. The studies
were conducted between 1030 and 1200 h.

To assess the reproducibility of the different anthropometric
methods used, a separate study was performed in a subset of
children aged 5-15 y. For assessment of interobserver variability,
three observers made complete sets of anthropometric measure-
ments in nine children. Intraobserver variability was assessed in
two observers, each of whom obtained five measurement series
in four children. The sequence of observer-subject combinations
was randomized to minimize data memorizing.

Anthropometry. All measurements were performed by two
trained observers according to standard techniques (16). Standing
height was measured to the nearest 0.1 ¢cm with a portable
Harpenden stadiometer (Holtain Ltd, Crosswell, Crymych,
Dyfed, UK). Weight was determined on a digital scale (SECA,
Hamburg, Germany) with a precision of 0.1 kg. Skinfold thick-
nesses were determined to the nearest 0.2 mm at the left biceps,
triceps, subscapular, and suprailiac sites with a Holtain skinfold
caliper calibrated to exert a constant pressure of 10 g/mm?
(Holtain Ltd). The stage of sexual maturation was assessed
according to Tanner (17). Patients were regarded as pubertal if
they had reached at least breast/genital stage II and pubic hair
stage I1.

FFM was calculated as the difference between weight and body
fat determined by /) age- and sex-specific formulas involving
weight and the log-transformed sum of the biceps, triceps, sub-
scapular, and suprailiac skinfolds for subjects aged <12.0, 12.0
to 15.9, and =16.0 y (18-20) that are based on the assumption
of a constant density of the FFM; and 2) age- and sex-specific
equations incorporating the sum of the triceps and subscapular
skinfolds, validated with a multiple-component model assuming
variable density of the FFM during childhood (21).

YK spectrometry. TBK was measured in a whole-body potas-
sium counter comprising four thallium-activated sodium-iodide
crystal scintillation detectors situated at the Nuclear Research
Centre, Karlsruhe. The CV for repeated measurements with this

device is <3.5% for individuals between 10 and 100 kg of body
weight.

FFM was estimated from TBK according to Burmeister (13)
by the following formula:

FFM = 0.0119 TBK + 6.04-BSA

where TBK is the total body potassium in grams, assuming a
constant fraction of 0.012% of “’K in TBK, and BSA is the body
surface area. According to Burmeister, FFM is composed of the
body cell mass containing a constant equivalent of 92.5 mEq of
potassium/kg, the extracellular solid mass (approximately 10%
of the cellular mass), and the extracellular fluid, which, on the
basis of measurements of thiosulfate space, is a linear function
of BSA (22).

To cross-check this model with other methods of estimating
FFM from TBK in childhood and adolescence, FFM was also
calculated on the basis of the age- and sex-specific TBK:FFM
ratio equations provided by Forbes (23) and the tables published
by Lohman (24) based on studies by Fomon ¢ al. (25) and
Haschke (26).

BI analysis. Tetrapolar whole-body Bl was measured with a
body composition analyzer (Holtain Ltd) using an alternating
electrical current of 0.8 mA and 50 kHz. The measurements
were standardized according to the procedural guidelines of
Lukaski et al. (27). The electrodes were placed at defined posi-
tions on the right wrist and ankle. Care was taken that the
distance between the electrodes was at least 3 cm. The mean of
three sequential readings was used as the measurement value.

In the subjects in whom measurement reliability was assessed,
new electrodes were placed before each reading.

Statistical analyses. In the reliability studies, measurement
variability of each anthropometric technique was expressed as
the technical error of measurement

Omeas = ¥ de\m

where d,, = the differences between occasions (16). The CV was
defined as

CV = opes/X

where X is the overall mean of the measurements.

Intraobserver omess and CV were calculated for cach observer
from all pairs of measurements in all subjects, and mean o ey
and CV values were calculated for the five observers. Interob-
SErver omes and CV were estimated in each subject from all pairs
of first measurements by the different observers and averaged
over all subjects,

Table 1. Basic and anthropometric characteristics of the two cross-validation groups*

Group A Group B All subjects
n 57 55 112
Boys/girls 30/27 29/26 59/53
Prepubertal/pubertal 23/34 26/29 49/63
Age (y) 12.0 + 3.7 (5.3-19.3) 11.7 + 3.7 (3.9-18.5) 11.8 + 3.7 (3.9-19.3)
Height (cm) 150.9 + 17.8 (114.0-186.9) 149.5 £ 21.6 (103.0-187.6) 150.2 = 19.7 (103.0-187.6)
Weight 428 +15.1(18.9-75.2) 42.8 + 18.1 (17.8-80.0) 42.8 + 16.6 (17.8-80.0)

1.34 £ 0.31 (0.79-2.00)
10.4 + 4.7 (3.8-23.2)

6.7 £ 3.7(2.9-21.0)

8.2 £ 3.5(4.2-19.8)

7.8 + 5.2 (1.0-30.0)
2560 £ 927 (1163-4993)
TBK (g) 83.9 = 30.4 (38.1-163.7)
Impedance (chm) 612.0 +85.4(427.0-819)
RI 39.3£13.7(19.0-81.8)
FFM (kg)t 336 £ 11.1(16.7-61.9)
% Fat mass 20.1 + 8.3 (1.6-38.2)

Body surface area (m?)
Triceps skinfold {mm)
Biceps skinfold (mm)
Subscapular skinfold (mm)
Suprailiac skinfold (mm)
“K (Bq)

1.33 + 0.38 (0.71-2.02)
10.4 + 4.2 (5.0-23.2)

6.5 + 2.8 (3.0-15.6)

8.4 + 4.3 (4.3-23.4)

7.8 £ 4.7(3.1-24.0)
2624 + 1185 (1155-5214)
85.9 + 39.0 (37.9-171.0)

612.1 % 99.8 (430-820)
39.8 £ 17.7(17.1-75.1)
34.2 + 14.1 (15.9-64.0)
19.1 + 7.9 (3.9-38.4)

1.34 + 0.34 (0.71-2.02)
10.4 + 4.4 (3.8-23.2)

6.6 + 3.3 (2.9-21.0)

8.3 + 3.9 (4.2-23.4)

7.8 + 4.9 (1.0-30.0)
2592 + 1058 (1155-5214)
84.9 + 34.8 (37.9-171.1)

612.0 + 92.4 (427.0-820)
39.6 + 15.7 (17.1-81.8)
33.9 + 12.6 (15.9-64.0)
19.6 + 8.1 (1.6-38.4)

* Data are given as mean = SD (range).
t Caculated from TBK (13).



FFM ESTIMATION FROM BI AND SKINFOLDS

In the first approach to evaluate the predictive value of Bl in
combination with other measures of body size, the optimal
exponents of impedance, height, weight, or body surface area
were estimated using the NLIN procedure of the SAS package
(28). The model converged with exponents of —1 for impedance
and 2 for height; replacement of height by weight or body surface
area or combinations of these did not further reduce the residual
variance in the model.

Two approaches were used to express predictive precision and
accuracy. The RMSE calculated by linear regression analysis was
calculated as the minimum unbiased estimate of the variance,
and the CV was calculated as RMSE divided by mean FFM. In
addition, the limits of agreement between the skinfold-derived
or the Bl-derived FFM estimates and FFM calculated from TBK
were estimated by the method of Bland and Altman (29), which
allows for methodologic imprecision not only of the method
under evaluation but also of the reference technique. Because
the size of differences between the FFM values obtained by the
different methods tended to be positively related to the size of
FFM, analysis was applied to the log-transformed data (29).

To select the model of best fit from the identified predictor
variables and other potential contributors, the subjects were
randomly assigned to two cross-validation groups. The groups
did not differ with regard to sex, age, height, and body compo-
sition (Table 1). A stepwise multiple-regression procedure was
applied in each group separately to identify the significant inde-
pendent predictors of FFM. The following variables were offered
for selection into the model: height, height?, 1/impedance, RI
(height?*/impedance), weight, body surface area, age, sex (dummy
coded as male = 0, female = 1), and pubertal status (prepubertal
= (, pubertal = 1). p levels of 0.15 and 0.10 were used for
variables to be entered into and to remain in the model during
the stepwise regression procedures, respectively.

The stepwise regression procedure was repeated twice, restrict-
ing the variables offered to those selected for both validation
groups during the previous run. Thus, stable multiple regression
equations were developed containing only such predictor vari-
ables with significant effect in both validation groups,

To test the equality of the two resulting equations, FFM was
calculated in group A according to the equation established in
group B and vice versa. The difference between FFM values
calculated by each of the two group-specific equations was
checked for significance within each group by the ¢ test for
dependent variables after verification of normal distributions by
the Shapiro-Wilks test.

The same procedure was used to evaluate the significance of
the differences between the FFM values obtained by application
of the three TBK-derived models (13, 23, 24) being studied. The
applicability of the best-fitting equation to subsets of the popu-
lation differing in sex, age, or pubertal status was checked by
tests of equality of slopes, intercept, or both (30).

RESULTS

Reliabifity measurements. The results of the reliability studies
are summarized in Table 2. The interobserver CV of BI was 4.9
to 11.5 times lower and the intraobserver CV 5.8 to 13.3 times
lower than those of the four skinfolds tested. However, ncither
the intraobserver nor the interobserver CV of FFM, as calculated
from the best-fitting equation using the RI and age, differed
significantly from those achieved with the skinfold-derived equa-
tions.

Estimation of FFM from TBK and conventional anthropome-
try. The results for FFM as calculated from TBK by use of the
equations given by Burmeister (13), Forbes (23), and Lohman
(24) are given in Table 3. Use of the Burmeister formula yielded
significantly higher estimates of FFM in prepubertal and pubertal
children of both sexes than application of the factors suggested
by Forbes and Lohman. The FFM estimates according to Forbes
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Table 2. Interindividual and intraindividual reliability of
anthropometric measurements and derived FFM estimates

Interindividual Intraindividual

Technical

CV  Technical CV
error (%) error (%)
Height (mm) 2.8 0.17 1.5 0.10
BI (ohm) 9.34 1.76 395 0.55
Triceps skinfold (mm) 1.38 8.65 0.22 3.17
Biceps skinfold (mm) 2,15 20.2 0.29 733
Subscapular skinfold (mm) 1.78 13.3 0.22 4.24
Suprailiac skinfold (mm) 1.89 15.4 0.27 593
Upper-arm circumference 3.70 1.34 1.10 0.60
(mm)
FFM from RI and age* (kg) 0.55 23 0.11 0.39
FFM from weight and four 0.55 1,28 0.16 0.53
skinfoldst (kg)
FFM from weight and two 0.62 1.39 0.10 0.35

skinfoldst (kg)

* Equation 2.
1 References 18-20,
1 Reference 21.

were significantly lower than those obtained from the Lohman
tables.

The TBK-derived FFM values were also compared with FFM
estimates based on measurement of skinfolds and weight by
using age-specific formulas based on models that assume either
a constant (18-20) or a variable (21) density of the FFM during
childhood. The variable density model yielded generally higher
FFM estimates than the constant density model (p < 0.001).
TBK-derived FFM calculated by the Burmeister equation did
not differ from the FFM estimate using the constant density
model in boys, and differed significantly only in prepubertal girls
(p < 0.05). The vanable density model showed excellent agree-
ment with the Burmeister model in prepubertal boys, but gave
moderately higher estimates in prepubertal girls (mean difference
4.1%) and pubertal subjects (mean difference 4.5% in boys, 5.4%
in girls). In contrast, use of the Forbes and Lohman factors
resulted in markedly lower estimates of FFM than conventional
anthropometry in both prepubertal and pubertal subjects of both
sexes (mean within-group differences to variable density model
7.2 to 16.7%, p < 0.0001 in all groups).

Estimation of FFM from BI. Variable-exponent regression
analysis revealed that the product of height® and impedance™,
also referred to as the RI, was the best combination of Bl and a
measure of body size to predict FFM. The association between
TBK-derived FFM, calculated by the Burmeister equation (13),
and the Rl is illustrated in Figure 1.

As shown in Table 4, the RI was also more closely correlated
with FFM than height® or 1/impedance alone, reducing the
RMSE of prediction associated with height* alone by 32.6%.
Age, height, weight, and body surface area were weaker although
highly significant predictors of FFM. Consequently, we at-
tempted to further improve prediction of FFM by combining RI
with these variables and other possible factors of influence such
as sex and pubertal status in a multiple linear regression ap-
proach, using the cross-validation design outlined above,

Stepwise multiple-regression analysis in the two cross-valida-
tion groups yielded the prediction equations given in Table 5.
RI, age, and weight were identified as significant independent
predictors of FFM in both groups. Multiple regression was re-
peated in both groups, offering only these three variables for
inclusion into the model. The second step of deduction showed
a significant effect of RI and age in both groups, whereas the
effect of weight was significant only in group B. Therefore, the
following prediction equations were established in both groups
using only RI and age as independent predictor variables (coef-
ficients = SEM):
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Table 3. Estimated FFA based on measurements of TBK using different conversion factors and according to conventional
anthropometry using either constant or variable FFA density models*

FFM (kg)
Boys Girls
Prepubertal Pubertal Prepubertal Pubertal
TBK—Burmeister equation (13) 24.6 + 4.5 46.2 + 11.3™ 24.0 + 4,00 36.6 £ 5.8%
TBK—Forbes equations (23) 22,6 £ 4.5%% 44.8 + 12> 21.5 + 428 34.9 £ 6.5%%
TBK—Lohman tables (24) 23.1 £ 4.4 44.3 + 11,3 23.0 £ 4.4 36.0 £ 6.1%%
Skinfolds—constant density (18-20) 24,1 + 41> 47.1 £ 1185 25.0 £ 4.7 37.3 & 6.9
Skinfolds—variable density (21) 24.8 + 4.3 48.1 & 11,724 25.1 + 4.8 38.6 + 6,93

* Data are given as mean * SD. Numbers in parentheses are reference numbers. Superscript letters denote significant difference from FFM derived
from TBK according to Burmeister (a), Forbes (b}, and Lohman (c), and from FFM estimated from skinfold measurements according to constant

(d) and variable (e) FFM density models.

s

8

Fat—free Mass (TBK) (kg)
s

RS R R R R

10 20 30 4 50 6 70 80 90
Resistance Index (cm’/Ohmy)

YT T T

Fig. 1. Association between RI and TBK-derived FFM in 112 healthy
children. Male subjects are represented by filled squares, female subjects
by open circles. Lines indicate regression line and 95% prediction inter-
vals for individual measurements.

Table 4. Stepwise multiple regression analysis in the two cross-
validation subgroups

Model R? F P
Group A
RI 0.940 840 0.0001
Age 0.964 35.7 0.0001
Sex 0.966 3.75 0.0581
1/Impedance 0.970 5.35 0.0247
Weight 0.971 3.26 0.0769
Group B
RI 0.980 2519 0.0001
Weight 0.985 17.0 .0001
Age 0.987 7.0 0.0108
Height 0.988 54 0.0243
Pubertal status 0.989 3.1 0.0826

Table 5. Regression analyvses of various anthropometric
variables with TBK-derived FFM

TBK-derived RMSE CV
FFM vs: R? (kg) %) Equation
RI 0964 240 7.1 FFM =0.79-RIl + 2.84
Body surface 0.934  3.24 9.6 FFM = 354.BSA - 134

area

Height? 0.920 3.56 10.5 FFM =0.002.-ht* + 13.4
Weight 0.913 3.71 10.9 FFM =0.73-wt + 2.85
Height 0.896 4.07 120 FFM = 0.60-ht — 56.8
Age 0.787 581 17.2 FFM =3.01.age — 1.77

Group 1;: FFM = 0.22(20.97) + 0.62(+0.03)
-RI + 0.76(+0.13)-age (la)

Group 2: FFM = 0.45(+0.90) + 0.68(0.03)
‘RI + 0.58(+0.16)-age  (1b)

Model R* was 0.964 (RMSE, 2.13 kg; CV, 6.3%) and 0.984
(RMSE, 1.83 kg: CV, 5.4%) for equations l1a and 1b, respectively.

The confidence intervals of the regression coefficients showed
large overlap between the two equations. Cross validation of the
prediction equations by crossover application of the group-spe-
cific equations and comparison of the FFM values calculated by
the two equations yielded no significant differences in either
group. Therefore, data from group A and B were combined to
give a common prediction model based on RI and age:

FFM = 0.15(20.64) + 0.65(x0.02)-RI + 0.68(=0.10)-age  (2)

The inclusion of age in the prediction equation reduced the
RMSE by 18% to 1.98 kg or 5.8%.

The size of the residual difference between FFM estimated by
cquation 2 and FFM calculated from TBK was proportional to
the mean size of FFM. Therefore, the calculated 95% confidence
interval for an individual FFM measurement (2-RMSE = 3.88
kg) is an overestimate in the lower range and an underestimate
in the upper range of FFM (Fig. 1). As illustrated in Figure 2,
log transformation of the differences between Bl-derived and
TBK-derived FFM values eliminated this proportionality. Analy-
sis of the log-transformed data revealed that for 95% of the cases
an FFM estimate based on equation 2 would lie between 11.1%
below and 12.4% above the FFM value calculated from TBK.

To test whether the best-fit prediction equation derived from
the total sample was equally valid for both sexes and in different
age groups, homogeneity of slopes and intercepts for the regres-
sion between measured and estimated FFM was evaluated for
the following subgroup comparisons: /) boys versus girls; and 2)
age < 10.0 y versus age 10.0 to 14.0 y versus age > 14.0 y.
Explained variance was slightly worse in girls (R* =0.951, RMSE
= 1.99 kg, CV = 6.4%) than in boys (R° = 0.982, RMSE = 1.94
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Fig. 2. Distribution of differences between log-transformed values of
FFM estimated according to equation 2 [FFM BI analysis (BI:1)] and
FFM calculated from TBK in relation to the mean (log-transformed)
value of FFM calculated by both methods. Male subjects are represented
by filled squares. female subjects by open circles. The dashed lines
indicate the 95% limits of agreement for a single measurement,

kg, CV = 5.2%), with no significant difference in slopes or
intercepts. No differences in explained variance were found
between the age groups (<10 y: R* = 0.901, RMSE = 1.45 kg,
CV =6.5%; 10-14 y: R* =0.900, RMSE = .72 kg. CV = 5.3%;
>14 y: R? =0.913, RMSE = 2,49 kg, CV = 5.0%). However,
significant variation was found among the age groups (p < 0.01);
the slope of the regression line in the 10- to 14-y-old children
differed from that of the other two groups.

Table 6 lists the results from regression analyses between
predicted FFM using various formulas incorporating RI estab-
lished in previous studies in children and FFM as measured by
40K spectrometry. Explained variance was high with all predic-
tion equations, with CV between 5.3 and 8.5%. The formulas
given by Deurenberg et al. (7) combining RI with height, weight,
and sex yielded the same predictive precision as the equation
developed in the present analysis. The Deurenberg formulas
tended to underpredict FFM in children with less than 33 kg of
FFM and overpredict FFM in those with more than 33 kg of
FFM, with mean differences of —10% at the low end and +5.2%
at the high end of the range of FFM studied. The equation based
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on RI and weight given by Houtkooper et al. (4) systematically
overpredicted FFM by an average of 5.8%. The formula derived
by Cordain et al. (5) in a smaller number of 9- to 14-y-old
subjects based on Rl alone overpredicted FFM by an average of
14.5%. The equations validated in children using H,'*O dilution
(31, 32) were used to predict FFM by dividing estimated total
body water by 0.73. Applied in this way, the equations system-
atically underpredicted FFM by a mean of 6% (31) and 8.8%
(32), respectively.

Estimation of FFM from skinfold measurements. The predic-
tive precision of FFM estimates obtained by conventional an-
thropometry (weight, skinfolds) based on either constant or
variable FFM density models was comparable with that of the
Bl-derived best-fitting equations developed in this and other
studies (Table 6). Both models systematically overpredicted true
FFM. The mean difference between observed and predicted FFM
was 0.55 kg (1.6%) for the constant-density model and 1.49 kg
(4.5%) for the variable-density model. The calculated 95% limits
of agreement (29) for FFM estimates based on the variable-
density model were 7.9% below and 17.3% above the TBK-
derived FFM.

DISCUSSION

The present study was designed to delineate the usefulness of
the BI technique in the assessment of body composition in a
large group of children as young as 4 y old. The most immediate
advantage of the use of BI in younger children is the good
acceptance of the measurements, particularly when used repeat-
edly, whereas skinfold measurements are sometimes perceived
as uncomfortable or even painful.

We observed an excellent intraobserver and interobserver re-
producibility of BI, which was far better than achieved with
skinfold measurements. However, when the measurement errors
were included in Bl-specific and skinfold-specific predicting
equations of FFM, the laws of error transmission resulted in
similar derived technical errors for FFM estimates based either
on the RI or on conventional anthropometry. Thus, the practical
advantage gained from the high technical precision of Bl is
probably small, at least in children within the normal range of
body composition. Of course, our observations relate to a single-
laboratory setting with two trained observers performing all
measuregments; Bl analysis may retain some advantage over
conventional anthropometry in studies involving multiple ob-
servers with different levels of technical experience, where the

Table 6. Predictive accuracy and precision of FFFM estimates obtained by use of various Bl-derived or skinfold-derived equations
Srom literature in the present sample of 112 healthy children®

Difference predicted-

observed
RMSE cv Slope Intercept (mean + SEM)
Validation method R? (kg) %) + SEM + SEM (kg)
Bl-derived FFM equations
Present study Ll 0.975 1.98 5.8 1.00 = 0.01 0.1 0.5 0.0 0.2¢
Deurenberg ¢f al. (7) Densitometry 0.975 1.98 5.8 0.88 = 0.01 3.7+04 0.2 +0.3%
Houtkooper ¢t al. (4) Densitometry/D,0O 0.973 207 6.1 0.96 = 0.01 0.6 +0.6 20+0.2%
Cordain ¢t al. (5) Densitometry 0.964 2.40 7.1 097 = 0.02 -38+07 50+02%
Davies ¢t al. (31) H,"O 0.964 2.40 7.1 0.96 = 0.02 3:5x06 -2.1x02¢%
Gregory ¢f al. (32) H,"O 0964  2.40 7.0 1.04+0.02 1.7+ 0.6 —3.0+02%
Skinfold-derived FFM equa-
tions
Constant FFM density model  D;O/densitometry 0.975 1.95 5.8 0.95 = 0.01 1.2%£0.5 0.6 £0.2§
(18-20)
Variable FFM density model D,0O/densitometry 0.973 2.06 6.1 093 +0.02 1.0 £ 0.6 1.5+ 0.28
(21)

* FFM as calculated from TBK was used as reference standard.
1 Not significantly different from 0.

1 Different from 0 at p < 0.0001.

§ Different from 0 at p < 0.01.
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difference in measurement precision between BI and conven-
tional anthropometry may be even greater.

We applied *°K spectrometry as a reference technique to
measure true FFM. This method has the advantage of being
applicable even in young children (15) and avoids some meth-
odologic limitations inherent to the densitometry and isotope
dilution techniques. However, there has been some confusion
regarding the factors that should be used in children to convert
TBK to FFM.

Forbes (23) on the basis of direct chemical analysis of four
adult cadavers and the concept of chemical maturity of the
growing body beyond early infancy, claimed that the potassium
content of boys was constantly 68.1 mmol/kg (2.66 g/kg) FFM
and that the potassium content of girls would decrease during
puberty from 68.1 to 64.3 mmol/kg (2.51 g/kg) (23). Fomon ¢t
al. (25) and Haschke (26) challenged the concept of “chemical
maturity” by combining isotope dilution, TBK, and total body
calcium data from different literature sources to deduce changes
in body composition of the reference child throughout childhood.
They postulated that the density of the FFM gradually increased
during childhood. Lohman (24) constructed a table of age-
specific TBK-FFM conversion factors based on the data com-
posed by Fomon ¢ al. and Haschke that showed a gradual
increase of potassium concentration in the FFM from 49.1
mmol/kg (1.92 g/kg) FFM in the infant to 70.6 mmol/kg (2.76
g/kg) in the young adult male and 64.5 mmol/kg (2.52 g/kg) in
the young adult female. However, the conversion factors calcu-
lated by Fomon ¢ al. and Haschke may still overestimate the
potassium contents of the FFM in childhood: when relating
measured TBK values to FFM determined densitometrically
using the age-specific FFM density constant suggested by the
multiple-component model of Lohman (24), Cordain ¢t al. (33)
estimated a value of 58.9 mEq of potassium/kg FFM in 10- to
14-y-old boys, whereas from Haschke's data an average value of
67.8 mmol/kg was calculated for this age group (26).

Several lines of evidence suggest that the apparent increase in
the TBK:FFM ratio during childhood is related to two factors:
first, a relative decrease in extracellular volume and increase in
intracellular volume occurs during childhood (10, 34); and scc-
ond, the relative proportions of muscle, skin, and skeleton, all of
which have different specific potassium contents, vary across
childhood (10). Burmeister (13) has offered an intuitive solution
to the problem of changing TBK:FFM ratios in childhood. Using
a three-compartment model of FFM (body cell mass, extracel-
lular solids, and extracellular fluid), he proposed a constant
potassium concentration of 92.5 mEq/kg in the body cell mass,
a value validated by relating body cell mass, derived from meas-
ured or estimated body fluid spaces, to TBK in large numbers of
children aged 6-20 y (35). Extracellular fluid space, determined
as thiosulfate space, was found to be closely correlated with body
surface area (22). Simplifying the three-compartment model by
assuming that extracellular solids account for a constant 10%
fraction of body cell mass, FFM becomes a linear function of
TBK and body surface area. Because the increase of TBK is
proportionately greater than that of body surface arca during
childhood, the contribution of body surface area, reflecting ex-
tracellular fluid, will gradually decrease and TBK:FFM ratios
increase during childhood. Entering empirical mean values for
height, weight, and TBK into this model yielded TBK:FFM
ratios precisely matching those found by direct chemical analysis
in cadaver dissection studies of both neonates and adults (36,
37). In addition, Oberhausen ¢t al. (35), using the Burmeister
model, calculated the potassium:FFM ratio of an average 10-y-
old boy to be 59.6 mEq/kg, a value similar to the one estimated
by Cordain ¢t al. (33) when relating TBK to FFM mcasured
densitometrically. Thus, although some bias may arise during
puberty, when the increase of bone mineral content is more
pronounced than that of body cell mass, this model may provide
a sufficiently accurate description of the relationship between
TBK and FFM during most parts of childhood.
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As expected, markedly lower values were calculated for FFM
in this study when the conversion factors given by Forbes (23)
or Lohman (24), based on the work of Fomon ¢t al. (25) and
Haschke (26), were used than with the Burmeister model. In
addition to the different handling of the concept of chemical
maturation outlined above, the discrepant estimates of FFM
obtained with the different TBK-derived calculations of FFM
may be partly related to the use of different types of *’K counters
in the validating studies (35, 38, 39).

Prediction equations of FFM from weight and skinfold meas-
urements based on either constant (18-20) or variable (21) FFM
density models, although showing markedly higher FFM esti-
mates in comparison with TBK-derived FFM using the Forbes
or Lohman conversion factors, yiclded similar or slightly higher
values of FFM than estimated by the Burmeister model. The
difference between FFM according to the variable-density model
and FFM calculated according to the Burmeister model reached
significance in girls and in pubertal subjects, which may be
related to the fact that the latter model does not account for sex-
specific or maturational differences in the relative proportion or
specific density of skin, muscle, or bone. However, the variable
FFM density model applied here is also based on a number of
assumptions. In the absence of human data on the chemical
composition of FFM, both models must be regarded as hypo-
thetical, and it cannot be decided whether the variable-density
model slightly overestimates or the Burmeister model underes-
timates FFM. Nonetheless, in terms of greatest intermethodo-
logic concordance, the Burmeister model of calculating FFM
from TBK seems to be the most appropriate of the different
pediatric TBK-FFM conversion systems available,

Variable-exponent curve fitting revealed that the product of
height® and impedance™ was the combination of Bl with a
measure of body size that was most closely correlated with FFM
as determined from TBK. This finding confirms the results
obtained by Houtkooper ¢t al. (4), who validated BI by use of
densitometry, indicating that the term height®/impedance, or R,
is of general validity in predicting FFM, independent of the
method of validation used.

Our approach to deriving a best-fitting predictive model of
FFM from combinations of RI with other anthropometric pa-
rameters and subject characteristics was directed not only at
finding the subset of variables explaining most of the variance in
the predicted variable but also at avoiding the problem of over-
specificity. Among the several mathematical options available,
the use of two cross-validation groups and stepwise elimination
of those variables that did not appear to be of significant effect
in both groups seemed to be a sufficiently stringent way of
deriving a generalizable pediatric equation.

Apart from RI, age emerged as the only predictor variable with
a consistent independent effect on FFM. This observation con-
firms the findings of Deurenberg ¢t al. (6, 7), who hypothesized
that the relative increase of the intracellular compartment, which
has a higher specific resistance to electrical current (40), during
childhood results in an increase in whole-body impedance with
age at a given FFM and height during childhood. In the popu-
lation studied here, this maturational factor was better expressed
by age than height or weight. However, the additional predictive
precision contributed by any of these variables is probably small.
Using the best-fitting equations given by Houtkooper et al. (4)
(RI, weight) and Deurenberg ¢t al. (7) (RI, weight, height, gender)
to predict FFM in the present sample, we achieved R? values
similar to those obtained with the equation derived in this study.
Deurenberg ¢t al. (7) noted a small independent predictive effect
of gender. Although this variable was not included during the
model sclection process and the slopes of the regression lines for
the two sexes did not differ significantly, the R* achicved with
the common best-fitting equation was lower in girls (0.95) than
in boys (0.98). This may be because of a slight deviation from
lincarity in the association between FFM and RI in the girls,
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possibly related to specific changes of female body composition
during puberty.

Our external validation of prediction equations published pre-
viously showed an excellent predictive precision for the formulas
given by Deurenberg ¢t al. {7) and Houtkooper ¢t al. (4), and
good predictive accuracy at least for the Deurenberg formula.
The systematic overestimation of true FFM in the studies of
Houtkooper et al. may be related to the fact that only 10- to [4-
y-old children were studied. This age range may have been too
limited to sufficiently allow for the age dependency of the rela-
tionship between RI and FFM during childhood, which may
have resulted in biased estimates, particularly at the low end of
the range of FFM studied. In those studies where total body
water, measured by H»'"O isotope dilution, had been predicted
from RI (31, 32), TBK-derived FFM was systematically under-
predicted. Inasmuch as it has been suggested that the hydration
of FFM is not, as assumed in our calculations, constant through-
out childhood but rather decrecases from a higher level to the
adult value of 73% (11, 24), FFM would have been underesti-
mated even more markedly if age-specific TBW-FFM conversion
factors had been used. Most likely, the profound underestimation
of FFM observed with these formulas is caused by their validation
in diseased subjects, including patients with growth hormone
deficiency, chronic gastrointestinal discase. and diabetes. All
these disorders are known 10 be associated with abnormalities of
body composition, including alterations of the mineral distribu-
tion between fluid compartments (34). Our results underscore
that prediction equations validated in children with abnormal
body composition are not applicable to normal children and that
specific formulas need to be derived to predict body composition
from Bl in children with particular diseases.

Although we observed a very close association between the Rl
and the FFM calculated from TBK, it should be stressed that the
limits of agreement for individual measurements of FFM accord-
ing to the derived FFM are wide: 95% of individual FFM
estimates would lic within a range not narrower than 23% of the
true FFM. This measurement uncertainty was virtually identical
with that found for FFM cstimates based on conventional skin-
fold measurements. Part of this rather poor predictability may
be related to the method of reference, given a technical error
with *'’K counting of 3.5% and the potential inaccuracies of FFM
calculation inherent to the changing TBK:FFM ratio during
childhood. Moreover, BI measurements at 50 kHz largely reflect
the resistance offered by the arms and legs and the contribution
of the extracellular fluid volume, inasmuch as the cell membrane
capacitive effects are maximal at this frequency. Thus, wherecas
K counting primarily provides a measure of body cell mass, Bl
measurements may be a better reflection of total body water.
Part of the residual variability may be related to variations in the
contribution of body cell mass and body water to true FFM. On
the other hand, the relationship between Bl and total body water
observed in other studies (31, 32) was not any closer than that
between Bl and TBK-derived FFM studied herein.

In summary, our study demonstrates that Bl analysis has
precision and accuracy similar but not superior to conventional
skinfold anthropometry in assessing FFM in children, at least
when both techniques are applicd by trained anthropomctrists
and when only the normal range of body composition is consid-
ered. Future research will have to evaluate whether Bl offers
advantages over conventional anthropometry in studies involv-
ing multiple observers and children with abnormal body com-
position.
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