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Abstract

Objectives: To examine the validity of body composition estimates obtained using foot-to-foot
bio-electrical impedance analysis (BIA) in overweight and obese children by comparison to a
reference four-compartment model (4-CM).

Subjects/Methods: 38 males: age (mean + sd) 13.6 + 1.3 years, body mass index 30.3 + 6.0
kg.m~2 and 14 females: age 14.7 + 2.2 years, body mass index 32.4 + 5.7 kg.m™2 participated in
the study. Estimates of fat-free mass (FFM), fat mass (FM) and percentage body fat (PBF)
obtained using a Tanita model TBF-310 and a 4-CM (derived from body mass, body volume, total
body water and total body bone mineral measurements) were compared using bias and 95% limits
of agreement (Tanita minus 4-CM estimates).

Results: Body composition estimates obtained with the Tanita TBF-310 were not significantly
different from 4-CM assessments: for all subjects combined the bias was —0.7kg for FM, 0.7kg for
FFM and -1.3% for PBF. However, the 95% limits of agreement were substantial for individual
children: males, up to £9.3kg for FFM and FM and +11.0% for PBF; females, up to £5.5kg for
FFM and FM and £6.5% for PBF.

Conclusions: The Tanita TBF-310 foot-to-foot BIA body composition analyser with the
manufacturer's prediction equations is not recommended for application to individual children who
are overweight and obese although it may be of use for obtaining group mean values.
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Introduction

A number of studies have compared body composition estimates obtained in children from
foot-to-foot (leg-to-leg) bio-electrical impedance analysis (BIA) against measurements from
established laboratory techniques with mixed findings; such techniques include the two-
compartment models (2-CM) of body composition, densitometry [1, 2] and dual-energy
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Xray absorptiometry (DXA) [3-6]. Discrepancies between techniques may be partly due to
the inappropriate use of assumed constant proportions of the gross components of fat-free
mass (water, protein and mineral) in 2-CMs for children of particular age groups, as these
proportions are known to alter systematically with increasing age [7]. The reference four-
compartment model (4-CM) essentially overcomes such potential discrepancies by
incorporating independent measurements of total body water (TBW), total body bone
mineral (TBBM), body weight (BWt) and body volume (BV) and is considered the most
accurate of the safe and acceptable methods of body composition analysis. Furthermore,
studies examining the validity of densitometry [8-11] and DXA [9-13] against reference 4-
CMs have demonstrated substantial biases and 95% limits of agreement between methods,
essentially obviating the use of 2-CMs for the validation of other techniques. Only one study
in boys has examined the accuracy of foot-to-foot BIA body composition estimates against
an appropriate 3-CM (BV, BWt and TBW) [8].

In the current climate of increasing amounts of childhood obesity and health sequelae into
adulthood, accurate body composition information is essential for clinical practice and
research purposes. Therefore, the aim of the present study was to determine the accuracy of
body composition estimates using foot-to-foot BIA in overweight and obese children.

Fifty-two overweight and obese children (38 male and 14 female) participated in the study.
Subjects consist of two cohorts of children recruited from the local community by
advertisement in newspapers and doctors surgeries or were residents on the Carnegie
International Weight Loss Camp, Leeds, UK [14]. BWt was measured using scales integral
to the Tanita BIA device, height (m) was measured using a floor-standing stadiometer and
body mass index (BMI; kg.m~2) was calculated for each subject. BMI standard deviation
scores (BMI SDSs) were calculated for each subject using UK National centile charts [15].
Children were included in the study if their BMI SDSs were above 1.04 (85th centile)
representing the overweight category, and included 33 males and 12 females with BMI
SDSs above 1.64 (95th centile) representing the obese. Characteristics of the sample are
shown in Table 1. The study protocol was approved by Leeds (West) Teaching Hospital
Research Ethics Committee, and both participant written informed assent and parental/
guardian written informed consent were obtained prior to testing.

Bio-electrical impedance analysis

Body composition estimates were obtained using a Tanita TBF-310 (Tanita Corp., Tokyo,
Japan) BIA device following manufacturer's recommended protocol and using prediction
equations provided by the manufacturer and integral to the system. All measurements were
undertaken after an overnight fast using the standard prediction equation mode with
participants wearing swimsuits, also required as part of the preparation for other
measurements.

Four-compartment model

Dual-energy X-ray absorptiometry—DXA measurements of bone mineral content ash
(BMCgsh; kg) were made using a Prodigy fan-beam densitometer (GE/Lunar, Madison, WI,
USA) and following the manufacturer's recommendations. Scan modes, standard or thick,
were software selected (version 5.0) based upon an estimation of patient thickness.

Air displacement plethysmography—Body volume was measured using the BOD
POD® whole body air displacement plethysmograph (Life Measurement Inc., Concord,
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CA), software version 1.69, in accordance with the manufacturer's operating instructions.
Details of the measurement procedures have been described previously [16, 17]. Thoracic
gas volume was measured in 23 subjects and estimated in the remaining 29 (22 male, 7
female) using child-specific equations [18].

Total body water—Two different methods for TBW calculation (plateau and
interpolation) were used in the different cohorts of children, although the basic principle of
determining the maximum 2H enrichment in the body water pool after administration of the
dose was adhered to. Both methods have been shown to be both comparable and valid for
accurate determination of TBW [19]. After obtaining a sample of saliva, plateau method
(n=17), or urine, interpolation method (n=35), to determine background enrichments, an oral
dose of approximately 0.35 mole 2H,0 in 100 ml water was administered. The exact amount
of dose given was determined by weighing the dosing bottle before and after administration.
A sample of the dosing solution was kept frozen for later analysis with the samples. Further
saliva samples were then collected at 4, 5 and 6 hours post dose and further urine samples
were collected on the same evening subjects received the 2H,0 and for the following three
consecutive evenings. 2H enrichment was measured using isotope ratio mass spectrometry
as previously described [20], and TBW was calculated using the following equation:

TBW(kg):LX DX T x (Ed - Et) y 1
1.04 d x (Es — Ep) 1000

where D (g) is the amount of oral dosing solution administered to the subject, 7(g) is the
amount of deionised tap water used to dilute a sample of the dosing solution d (g). All
expressed as delta values (%), £dis enrichment of the diluted dose d in T and Et is the
enrichment of the tap water diluent. For plateau method £sis the mean enrichment of saliva
samples at 4, 5 and 6 hours with Ep, the enrichment of the pre dose sample. For the
interpolation method, where pre-dose values are subtracted from all post dose samples
before plotting time vs logged enrichment graphs, (Es-Ep) is replaced instead by the
enrichment determined by back extrapolation to T=0 of the disappearance curves of 2H over
3 days.

Finally, 2H,0 dilution is corrected by 4% to account for the exchange of deuterium with
non-aqueous hydrogen and converted to kg by dividing by 1000.

4-compartment model—Based on the actual measurements as provided by each
technique, BWt (kg), BV (litres), BMCgsh, (kg) and TBW (litres) were integrated into a
reference 4-CM for estimation of FM [21]:

FM=2.7474BV — 0.710TBW+1.460BM C 5, — 2.0503BWt

Statistical analyses

Agreement between Tanita and 4-CM body composition estimates was assessed using bias
(mean difference) and 95% limits of agreement (x2SD), as described by Bland and Altman
[22]. Paired t-test was applied to determine if any differences between techniques reached
significance (P<0.05). Correlation matrices and stepwise multiple linear regression analyses
were used to establish whether or not variability in particular subject characteristics may
contribute to discrepancies between techniques. Additionally, bias introduced by the
different total body water collection methods was examined using independent t-tests and by
inclusion as a dummy variable (urine = 1, saliva = 2) in the stepwise regression.
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Body composition estimates, obtained using the 4-CM, are summarized in Table 1. Biases
between the 4-CM and Tanita BIA methods for FFM and fat (FM and PBF) were relatively
small in all cases (Table 2). These mean differences were not significant because of the
substantial variability of individual differences between methods, represented by the large
95% limits of agreement (Table 2; Figure 1) and which were considerably greater for the
males than females. Examination of the different total body water collection methods
revealed no significant mean differences in 4-CM, Tanita BIA and delta body composition
estimates. There was apparently no influence of the size of measurement on the differences
between methods (i.e. the differences were not apparently related to the means of methods).
However, application of the correlation matrix and subsequent stepwise multiple linear
regression analysis indicated a significant influence of FFM on discrepancies in body
composition assessments between methods (FM/FFM: R? = 0.12; £<0.05, PBF: R2=0.21;
£<0.01), but no effect of FM, PBF or total body water collection method. The apparent
effect of FFM was reflected in BWt and Ht, probably because of the strong positive inter-
relationships between FFM, BWt and Ht (all: r > 0.58; A<0.001), which were effectively
eliminated when BWt and Ht were factored into the model along with FFM.

Discussion

The main findings from this study indicate that Tanita foot-to-foot BIA does not apparently
provide accurate measurements of body composition for a considerable proportion of
individual overweight or obese children, even though on a group basis the lack of a
significant difference may at first sight indicate that the technique is accurate. In fact, 40%
of children in the present study obtained a Tanita BIA PBF estimate greater than +4% of the
reference 4-CM value. Therefore, this technique does not appear to be applicable in clinical
practice or research in which individual estimates may be required, supporting the findings
in 42 males, aged 10.1-14.5 years, by Parker et al. [8] who reported 95% limits of agreement
of £7.8kg FM and +14.1% PBF when comparing foot-to-foot BIA, using a Tanita TBF-521,
to a criterion 3-CM. In contrast to the present study, however, Parker et al. [8] reported a
mean BIA overestimation of 2.3 kg FM which resulted in a 4.1% overestimation in PBF.
Possible factors impacting on this difference include the use of different Tanita body fat
analysers and variations in age and the proportion fat in the subjects of each sample.

In both the Parker et al. [8] and current study the manufacturer's undisclosed equations were
used for body composition estimation. When considering the individual error in BIA
estimates it would appear that applicability of these prediction equations is confounded by a
number of intra- and inter-individual differences that result in invalid body composition
estimates in a large number of children, especially in the overweight and obese. Previous
studies have demonstrated that standard hand-to-foot BIA impedance measurements are
heavily influenced by disproportionate body segmental contribution, with the distal regions
of the arms and legs accounting for the largest proportion of total body impedance and the
trunk accounting for the lowest [23, 24]. Fuller and Elia [23] demonstrated that the forearm
and lower leg, while only proportionally representing 1.3% and 3.7% of body mass,
accounted for 25.0% and 31.5% of the total body impedance measurement. In contrast, the
trunk, proportionally representing 46.2% of body mass, only produced a 10.0% contribution
to total body impedance. The findings of Fuller and Elia [23] and Lukaski [24] are of
particular concern for foot-to-foot BIA where, because impedance is only measured across
the lower limbs, the greatest relative contribution to total impedance values will be from the
lower leg. Furthermore, it was shown previously that the relative influence of the limbs on
bioelectrical properties of the whole body is significantly related to the difference between
methods [25]. The multiple regression analysis applied in the present study indicated that
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FFM per se was a significant factor in the discrepancies observed between techniques, but
did not indicate whether or not the amount of FFM was actually an aetiologic influence or if
it was simply an empirical association. That FFM may make a contribution to erroneous
estimates of body composition has been suggested previously [26], and may be a factor
when applying foot-to-foot BIA to over-weight and obese children for at least two possible
reasons. Firstly, the body distribution of FFM may be disproportionate in the overweight and
obese compared to the subjects used to derive the prediction equations provided. Secondly,
it is important to consider that regional distribution of body composition in overweight and
obese children may differ to and have greater inter-individual variability than their lean
peers. Jurimae et al [27], investigating the influence of anthropometric variables on whole-
body resistance in 209 children aged 9 — 11 years, highlighted that a number of girth
measurements were significantly related to whole-body resistance values, explaining
between 30% and 50% of the variance. Thus, deviations from the assumed proportional
contribution of leg impedance values will result in inaccurate prediction, and could partly
explain the individual error in BIA body composition estimates found in the present study.
However, additional studies are required to quantify the proportional contribution of the
lower limb segments during foot-to-foot BIA measurement, from which correction factors
may be applicable to potentially improve accuracy of foot-to-foot BIA, as suggested
previously for hand-to-foot BIA [25].

When evaluating foot-to-foot BIA, consideration must be given to the theoretical
underpinning of the technique. Standard hand-to-foot BIA commonly includes the
impedance index (height (cm)%/Z (Q)) as a statistical parameter within the body composition
prediction equation. When performing a Tanita measurement, height is entered into the
device, however, it is unknown if and how height is used in the prediction equation as these
have not been disclosed by the manufacturer. Theoretically, the sum of leg length would
provide a more accurate measurement of conductor length.

In addition to differences in regional body composition distribution individual variability in
the intracellular water (ICW) to extracellular water (ECW) ratio may introduce errors into
BIA body composition estimates. Due to differences in the type and amount of dissolved
electrolytes in ICW and ECW [28], ICW has a higher specific resistivity than ECW [29].
Theoretically, variability in the ICW-to-ECW ratio will alter the relationship between body
composition and impedance measurements [29]. In obese subjects, where a relative
expansion of the ECW compartment has been reported in women [30] and children [31] this
may have important implications for BIA prediction of body composition, especially if
adipose tissue is accumulated disproportionately around the body. However, to the
knowledge of the authors no studies have investigated variation in the ICW-to-ECW ratio
with increasing fatness in children. Furthermore, as noted by Deurenberg et al. [29], ICW-
to-ECW ratio is dependent on age, physical activity levels and the phase of menstruation in
females.

In conclusion, this is the first study to demonstrate that, when compared to an appropriate
criterion measure of body composition, Tanita TBF-310 foot-to-foot BIA was able to
provide accurate estimates of group mean values but not of individual body composition
assessments in either males or females, which showed considerable discrepancies in a high
proportion of subjects. Assessment of body composition must be accurate on an individual
basis and across all levels of body fat in order to: correctly identify the overweight and
obese; aid development of overweight and obese definitions based on the association
between health risks and body fat; further understanding of the relationship between body
fat and other risk profile data, such as metabolic, fitness and fat distribution variables; and
aid accurate interpretation when body composition measurements are used to standardise or
index physiological variables, e.g. basal metabolic rate (BMR) adjustment for FFM. At this
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time therefore foot-to-foot BIA cannot be recommended for use by researchers, clinicians
and practitioners, and even the general public to measure body composition on an individual
basis.
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Bland and Altman plots comparing percentage body fat estimated by Tanita BIA with 4-CM

measurements: B boys; A girls.
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Table 1

Subject characteristics and body composition estimates.

Characteristic

Age (y)

Body mass (kg)
Height (m)

BMI (kg.m™2)
BMI sds

FFM (kg; 4-CM)
FM (kg; 4-CM)
PBF (%; 4-CM)

Males (n=38)

mean * sd range
136+13 10.9-15.6
82.8+189 46.0-118.2
165+0.11 1.46-1.86
30.3+6.0 21.1-424
270+0.76 1.14-3.85
51.0+123 314-755
31.8+14.4 2.7-62.3
37.5+12.0 35-58.1

Females (n=14)

mean * sd
147+£22
87.5+20.5
1.64 +0.07
32457
2.78+0.74
49.2+6.9
38.3+14.3
423+72

range
111-176
54.4-118.8
1.49-1.75
22.7-40.2
1.36 - 3.63
36.0-61.6
17.0-58.0
28.2-52.2
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Table 2

Mean difference (Tanita — 4-CM estimate) + 95% limits of agreement between methods.

Method All Males Females
(n=52) (n=38) (n=14)

FFM (kg) 07+84 08+93  05%55
FM(kg) -07+84 -08+93 -05%55
PBF (%) -13%+99 -16+110 -04+65

NB —in no case was there a significant influence of the size of the measurement (average of the two techniques) on the difference between the
techniques.
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