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SUMMARY

Body composition assessment at the molecular level is relevant for the athletic population and its association with high performance
is well recognized. The four-compartment molecular model (4C) is the reference method for fat mass (FM) and fat-free mass (FFM)
estimation. However, its implementation in a real context is not feasible. Coaches and athletes need practical body composition methods
for body composition assessment, and the bioelectrical impedance analysis method (BIA) is usually seen as a useful alternative. The aim
of this study was to test the validity of BIA (Tanita, TBF-310) to determine the FM and FFM of elite judo athletes. A total of 29 males
were evaluated in a period of weight stability using the reference method (4C) and the alternative method (Tanita, TBF-310). Regarding
the 4C method, total-body water was assessed by deuterium dilution, bone mineral by DXA, and body volume by air displacement
plethysmography. The slops and intercepts differed from 1(0.39 and 1.17) and O (4.24 and -6.47) for FM and FFM, respectively. FM from
Tanita TBF-310 overestimated the 4C method by 0.2 kg although no differences were found for FFM. Tanita TBF-310 explained 21%
and 72% respectively in the estimation of absolute values of FM and FFM from the 4C method. Limits of agreement were significant,
varying from -6.7 kg to 7.0 kg for FM and from -8.9 kg to 7.5 kg for FFM. In conclusion, TBF-310 Tanita is not a valid alternative method
for estimating body composition in highly trained judo athletes.
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2C - Two-compartment model FFM - Fat-free mass

4C - four-compartment model FM - Fat mass

°H,0 - Deuterium oxide solution dose M - Total-body mineral

BIA - Bioelectrical impedance analysis method Mo — Bone mineral

BMC - Bone mineral content Ms — Total-body soft tissue mineral

BV - Body volume SMOW - Standard mean ocean water

BW - Body weight TBW - Total-body water

CV - Coefficient of variation TEM? - Squared technical errors of measurement
DFFM - Fat-free mass density VO, . —Maximum oxygen uptake
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N JUDO ATHLETES USING A FOUR-COMPARTM

ENT MOLECULAR MODEL AS THE REFERENCE.

INTRODUCTION

For athletic populations, body composition has an
important role in performance regulation and train-
ing programs; that is even more relevant in sports in
which weight can greatly affect the performance, or a
target body weight needs to be achieved. Judo athletes
frequently use dehydration techniques for weight loss
since it is a quick way to achieve a target weight, a
strategy that impairs performance™. The assessment
of body composition in weight-sensitive sports, such
as judo, using bioelectrical impedance analysis (BIA)
is still relatively unexplored, and information is scarce
in this area®.

BIA is a method based on a volumetric approach
to estimate total-body water (TBW). Based on the
assumption that fat-free mass (FFM) comprises 73.2%
of water, the mass of this compartment can be cal-
culated from TBW. Then, fat mass (FM) is obtained
by subtracting FFM from the total-body mass. In ath-
letes, the water fraction of FFM tends to have a high
variability®. The algorithms used by BIA devices to
predict TBW do not take into account the variability
of water fraction in the FFM compartment and also
the variability of the remaining protein and mineral
fractions. Different BIA manufactures and devices
also use several different algorithms to estimate
TBW and its associated calculation of FFM. Among
several types of BIA equipment, foot-to-foot equipment
has been used to assess body composition in highly
active adults™™. In a large sample of adults, includ-
ing participants involved in regular sport practice™,
the foot-to-foot BIA equipment (TBF-310) presented
higher reproducibility in fat mass determination™.
Another study involving lean and obese adults used
the foot-to-foot BIA equipment (TBF-300A) and con-
cluded that it was an accurate solution for lean but
not obese adults when compared to bioimpedance
spectroscopy™. Swartz et al”® used a sample of highly
active adults and found that the ‘adult’ mode of a foot-
to-foot BIA equipment (TBF-305) accurately estimated
group % body fat of individuals engaging in >2.5 h aer-
obic activity/week, using hydrostatic weighing as the
reference. Considering the studies above, using foot-
to-foot BIA equipment in highly active adults did not
use reference methods for determining the accuracy
of body composition measures, specifically by using
the reference method at the molecular level, i.e., the
four-compartment model (4C model).

At the molecular level, multicompartment mod-
els, such as the four-compartment model (4C) take

into consideration the variability of the main FFM
components (water, protein, and minerals) and
are considered the state of the art regarding FM
and FFM assessment because they provide more
accurate estimates of body composition than the
other methods™.

The performance of the Tanita model TBF-310, a
foot-to-foot device for body composition assessment
of athletes, is still unknown. The aim of this study
was to test the validity of BIA (Tanita, TBF-310) in the
determination of FFM and FM in judo athletes using
a 4C molecular method as a reference. We hypothe-
size that the Tanita TBF-310 it is a valid alternative in
body composition estimation of judo athletes when
compared to a 4C model.

METHODS
Participants

Twenty-nine male judo athletes from the Portu-
guese national team were evaluated during a period
of weight stability. The inclusion criteria were as fol-
lows: 1) age of 18 years or over; 2) at least 5 years of
training experience; 3) currently training at least 15 h
per week; 4) a minimum technical level of 1rst degree
black belt; 5) tested negative for doping; and 6) not
taking any medications or dietary supplements.

Medical screening indicated no health limitations
for study participation. All athletes were informed
about the possible risks of the investigation before
providing written informed consent to participate.

All procedures were approved by the Ethics Com-
mittee of the Faculty of Human Kinetics, University
of Lisbon and conducted in accordance with the Dec-
laration of Helsinki'.

Experimental design

Participants were national top-level judo athletes.
Data collection was performed between September
and October. The period of weight stability was consid-
ered the baseline phase with judo athletes performing
their regular regimens of judo training, which typically
consists of 2 h in the morning and 2 h in the evening.
Two of the morning sessions were used for improv-
ing cardiorespiratory fitness and strength, while the
other sessions consisted of judo-specific skills, drills,
and randori (fighting practice) with varying intensity
below and up to 90-95% of maximum oxygen uptake
(VO,, ), representing a target heart rate below and
up to 185-190 beats/min.
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Body composition measurements

Participants attended the laboratory after a 12-h
fast and refrained from exercise, alcohol, or stimulant
beverages for at least 15 h. All measurements were
carried out on the same morning. In brief, the proce-
dures were as follows:

Anthropometry

Participants were weighed to the nearest 0.01 kg
wearing a bathing suit without shoes on an electronic
scale connected to the plethysmograph computer
(BOD POD, COSMED, Rome, Italy). Height was mea-
sured to the nearest 0.1 cm with a stadiometer (Seca,
Hamburg, Germany), according to the standardized
procedures described elsewhere™.

Hydration status

To ensure all athletes were in a neutral hydration
state during the period of weight stability, we checked
if voided urine was pale yellow. We confirmed with the
athletes that their first daily post-voiding body weight
on the 3 days before the first visit did not change by
more than 1%*.

Bioelectrical impedance analysis.

Body composition was assessed using the Tanita
Body Composition Analyser - model TBF-310 foot-to-
foot (Tanita Corp., Tokyo, Japan) which provided a
print-out of measured impedance and calculated FM
and FFM. FFM hydration is assumed as a constant
value of 73.2%. The subjects were barefoot and wearing
bathing suits for the evaluation. Based on the test-re-
test of 10 subjects, the coefficients of variation for both
fat-free mass and fat mass were nearly 2%.

Four-compartment model

A four-compartment (4C) model was used as the
reference method with total-body soft tissue mineral
(Ms) component estimated at 0.0129TBW™. The 4C
model is described as follows:

FM (kg) = 2.748BV - 0.699TBW + 1.129Mo
-2.051BM (1)

Where FM is fat mass, BV is body volume (L)
assessed by air displacement plethysmograph, TBW
is total body water (kg) evaluated by the deuterium
dilution technique, Mo is bone mineral (kg) obtained
by DXA, Ms is total body soft tissue mineral content
(kg), and BW is body weight (kg).

Total body mineral (M) was calculated as:

M = Mo + Ms (3)

Fat-free mass was calculated as body weight minus
fat mass.

Calculation of fat-free mass density

FFM density (DFFM) was estimated from TBW,
Mo, Ms, and protein (protein is equal to body weight
minus fat mass, TBW, Mo, and Ms), contents of FFM
(estimated as body weight minus FM from the 4C
model) and their densities (0.9937, 2.982, 3.317, and
1.34 gee) for TBW, Mo, Ms, and protein, respectively:

DFFM = 1/(TBW/DTBW) + (Mo/DMo) + (Ms/DMs) +
(protein/Dprotein)] (4)

Bone mineral

Dual-energy X-ray absorptiometry (Scan Hologic
Explorer-W, fan-beam densitometer, software QDR for
Windows version 12.4; Hologic, Waltham, Massachu-
setts, USA) was used to measure bone mineral content
(BMC). The scan positioning, acquisition, and analysis
were standardized. Since bone mineral content rep-
resents ashed bone, BMC was converted to total body
bone mineral (Mo) by multiplying it by 1.0436%°. The
coefficient of variation (CV), based on the test-retest
of 10 participants, was 1.6%2".

Body volume

Body volume was assessed by air displacement
plethysmography (COSMED, Rome, Italy) as described
elsewhere?. Body volume was computed based on the
initial body volume corrected for thoracic gas volume
and a surface area artifact computed automatically.
The CV, based on the test-retest of 10 participants,
was 0.5%%.

Total-body water

Total-body water (TBW) was assessed by the deu-
terium dilution technique using a stable Hydra gas
isotope ratio mass spectrometer (PDZ, Europa Scien-
tific, UK). After a 12-h fast, an initial urine sample was
collected and a deuterium oxide solution dose (*H,0) of
99.9 atom % D (Sigma-Aldrich Chemistry) at 0.1 g/kg of
body weight, diluted in 50 mL of tap water was imme-
diately administered. After a 4-h equilibration period,
anew urine sample was collected. Abundances of °H,0
in dilutions of the isotope doses were analyzed. Urine
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and diluted dose samples were prepared for analysis
using the equilibration technique of Scrimgeour and
colleagues®®. The enrichments of equilibrated local
water standards were calibrated against the standard
mean ocean water (SMOW). Based on delta SMOW,
total body water was estimated including a 4% correc-
tion due to the recognized amount corresponding to
deuterium dilution in other compartments®. The CV,
based on the test-retest of 10 participants, was 1.3%2.

Propagation of measurement error

In the present study, we selected air-displacement
plethysmography to assess BV, DXA to estimate bone
mineral, and BIA to estimate TBW. The propagation of
measurement errors associated with the determina-
tion of BV, TBW, and bone mineral (Mo) can be calcu-
lated by assuming that the squared technical errors
of measurement (TEM?) are independent and additive.
Accordingly:

TEM = (TEM? for effect of body volume determination
on % FM + TEM? for TBW on % FM + TEM- for
MO on % FM) 1°®

So, using the equation above:
TEM =[0.81* + 0.36% + 0.04%]1°5 = 0.89 % FM

The precision of the 4C model to determine FM
was ~1%.

Statistical analysis

Data were analyzed with SPSS software for Win-
dows version 22.0 (SPSS Inc., Chicago, IL). The compari-
son of group means was performed using paired-sample
t-test and Wilcoxon test when normality was not ver-
ified. Comparison of group means with the reference
population was made using one-sample t-test. Simple
linear regression analysis was performed to calculate
the relationship between fat-free mass estimated by the
reference 4C model and from BIA. The concordance cor-
relation coefficient analysis was performed according
to Lin® using the software MedCalc (Software MedCalc,
Mariakerke, Belgium (2009)). The agreement between
methods was assessed by the Bland-Altman method?,
including the 95% limits of agreement. The correlation
between the mean of the reference and the alternative
method with the difference between both was used as
an indication of proportional bias. Also, correlations
between the differences between the methods and

potential variables that could affect these differences
were determined. For all tests, statistical significance
was set at p<0.05.

RESULTS

The variables representing demographic charac-
teristics and body composition of participants are
presented in Table 1.

TABLE 1. CHARACTERISTICS AND BODY COMPOSITION
VARIABLES (N=29)

Total (n =29)

Mean £ SD Range
Age (years) 231+34 18 - 31
Weight (kg) 735+ 84 56.5 - 10011
Height (cm) 1754 +57 165 -188.7
BMI (kg/m?) 240+26 202-312
FM, (kg) 70 £31 29-167
FM, . (%) 95+37 37206
FFM,. (kg) 66578 512-897
FM.,,,. (kg)® 72+36 28-174
FM,,.. (%)* 95+38 41-204
FFM.,  (kg) 65.7 593 528 -82.38
Water fraction (%) 716 +21 68-77
Bone mineral fraction (%) 49+03 4-5
Soft mineral fraction (%) 0.9+ 0.03 1-1
Residual fraction (%) 226+24 18-27
FFM, (g/cm?) 1101 £ 0.007 1.085-1112

Abbreviations: SD, standard deviations; BMI, body mass index; FM, Fat mass; FFM,
Fat-free mass; 4C, four-compartment model; FFM, Fat-free mass density.

* Significantly different from the reference method, p<0.05

Tanita overestimated FM by 0.2+3.5kg from the
4C model (p=0.012) while for the FFM no differences
were found between methods (0.7+4.17kg) (Table 1).

Table 2 shows the results related to the Tanita
performance in the evaluation of FM and FFM by
regression analysis and the concordance correla-
tion coefficient.

TABLE 2. CRITERIA PERFORMANCE OF TANITA TBF-

310 IN THE ESTIMATION OF FM AND FFM FROM THE
REFERENCE METHOD

R SEE | Slope | Intercept | CCC | Precision | Accuracy
(ke) () (Cb)
(Fkl\é\) 046 |275 | 0392 |4.24° 045 | 046 0.98
sz;/\ 0.85 [420 |11M* |-641 0.81 | 0.85 0.96

Abbreviations: R, coefficient of correlation; SEE, standard error of estimation; CCC,
concordance correlation coefficient; FM, Fat mass; FFM, Fat-free mass.

* Slope significantly different from 1, p<0.05

b Intercept significantly different from 0, p<0.05
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The alternative method explained 21% and 72% of
the absolute values observed in FM and FFM, respec-
tively, from the reference method.

For both FM and FFM, the slops and the intercepts,
differed from 1 and O, respectively.

Figure 1 displays the agreement between methods
using the Bland-Altman technique. For FM and FFM,
relatively large limits of agreement (95% confidence
intervals) were observed with an under-estimation of
-6.7 kg and -8.8 kg or an over-estimation of 7.0 kg and
7.5 kg, respectively for FM and FFM.

DISCUSSION

We evaluated the validity of Tanita TBF-310 for
body composition estimation in elite judo athletes,
using a 4C model as the reference method. Our find-
ings indicate that this BIA device is not accurate for
assessing body composition in highly trained athletes.

The present foot-to-foot BIA equipment, a simple
and low-cost solution for body composition estima-
tion in the field settings, has been used to assess fat
and fat-free mass of highly active populations™™®
with acceptable accuracy, though not extended by
our findings.

So far, no studies analyzed the Tanita model (TBF-
310) for determining body composition in athletes
using the 4C model as criterion. Nevertheless, this
foot-to-foot device was validated in other popula-
tions®*3". In a cross-sectional study using DXA as the
reference method, Beeson et al. found that Tanita TBF-
310 explained 86% and 93% of FM (%) and FFM (kg),
respectively, in Hispanic diabetic participants but with

large individual variability?®. Using a cross-sectional
design, Radley et al. reported that Tanita TBF-319
explained 94% and 83% of FM and FFM, respectively,
in overweight and obese children with individual dif-
ferences up to 11.0% for FM and 9.3 kg for FFM com-
pared to DXA®. In a longitudinal study with a sample
of overweight and obese women, the Tanita TBF-310
explained 77% and 14% of the variability in FM and
FFM changes from a 4C model, along with wide limits
of agreement®.

Compared to the aforementioned studies, Tanita
TBF-310 showed poor validity, explaining 21% and 72%
for FM and FFM, respectively, with a lack of agree-
ment between methods and inaccuracies in estimating
body composition at an individual level. It is important
to underline that a 4C model was used as the criterion
to validate the foot-to-foot BIA device. This state-of-
the-art method does not rely on assumptions in FM
determination as it accounts for the variability of the
FFM components, namely TBW, protein, and mineral.

Conversely, in 2C models using densitometric
techniques, the FFM density is assumed to be con-
stant at 1.1 g/cm®by considering that a stable contri-
bution of the main FFM components is observed®. We
observed that TBW, protein, and mineral fractions of
the FFM were similar to those observed on cadaver
analysis®. Brozek et al* referred 5.6% of Mo is FFM,
and 1.2% of Ms is FFM?. We obtained values of 4.8%
and 0.92%, respectively, for Mo and Ms FFM fractions.
For protein, the assumed contribution is 19.4%, but a
higher percentage was found in this study 22.6%. In
the majority of mammals, TBW/FFM is constant at
73.2% + 0.036%* but in our study we found that athletes

FIGURE 1. BLAND-ALTMAN ANALYSIS OF THE DIFFERENCES BETWEEN TANITA TBF-310 AND THE 4C MODEL FOR
FM AND FFM ESTIMATION. THE SOLID MIDDLE LINE REPRESENTS THE MEAN DIFFERENCES BETWEEN ABSOLUTE
FAT MASS (FM) AND FAT-FREE MASS (FFM) FROM TANITA TBF-310 AND THE FOUR-COMPONENT MODEL (4-C);
THE UPPER AND LOWER DASHED LINES REPRESENT +2 SD FROM THE MEAN, I.E. 95 % LIMITS OF AGREEMENT (+

1-96 SD).
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showed a mean value of 71.5% + 2.1%. Therefore, using
hydrometric techniques to estimate FFM based on the
assumed value of 73.2%, an overestimation of FM and
an underestimation of FFM would be expected. These
results indicate that the assumption of a stable FFM
composition and density is not appropriate in highly
trained judo athletes. In fact, densitometric and hydro-
metric techniques may compromise body composition
estimation in this population.

The use of the 4C model is a major strength of this
study, as this method is considered the “state of the
art” to determine the FM and FFM at the molecular
level. The 4C model accounts for the variability of the
FFM molecular components thus avoiding assump-
tions that may not be valid for highly trained athletes.

A few limitations of this study should be high-
lighted, namely its external validity as results are not
generalized for females, non-athletic population, and
other devices/models. This study did not assess the
validity of this equipment in determining longitudinal
changes in body composition. It is also important to
mention that the validity of the equipment was tested
during a period of weight stability in judo athletes and
therefore it is unknown if a similar accuracy would
be found if these athletes were assessed prior compe-
tition when a target body weight would be required.

Many laboratories and clinical centers still use the
Tanita TBF-310 equipment. The point of this validation
was to demonstrate the usefulness of this equipment
for estimating body composition in athletes whose
weight management is determinant. Based on the
findings, this equipment provided inaccurate estima-
tions of fat and fat-free mass and must not be used
for assessing body composition in elite judo athletes.

CONCLUSION

Considering all the performance criteria, our
findings revealed that Tanita TBF-310 is not a valid
alternative in body composition estimation of judo
athletes when compared to a 4C model. The larger
individual variability observed limits its accuracy at
an individual level. Thus, Tanita TBF-310 should not
be used in judo athletes to assess and monitor body
composition over the season as the errors observed
when using this device may compromise athletic
health and performance.
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A avaliacdo da composicdo corporal ao nivel molecular é relevante para a populagdo esportiva e sua associagdo com o alto rendimento
é bem reconhecida. O modelo molecular a quatro compartimentos (4C) é o método de referéncia para as estimativas de massa gorda
(MG) e massa livre de gordura (MLG). No entanto, sua implementagdo no contexto real ndo é vidvel. Técnicos e atletas precisam de
métodos prdticos de composicdo corporal para a avaliagdo da composicdo corporal e o método de andlise de impedancia bioelétrica
(BIA) é geralmente visto como uma alternativa dtil. O objetivo deste estudo foi testar a validade da BIA (Tanita, TBF-310) na deter-
minagdo de MG e MLG em atletas de elite de judé. Um total de 29 atletas masculinos foi avaliado em um periodo de estabilidade de
peso usando o método de referéncia (4C) e o método alternativo (Tanita, TBF-310). Em relagdo ao método a 4C, a dgua corporal total
foi avaliada pela diluigdo de deutério, mineral 6sseo por DXA e volume corporal por pletismografia por deslocamento de ar. Os declives
e intercecdes diferiram de 1(0,39 e 1,11) e O (4,24 e —6,41) para MG e MLG, respectivamente. A MG da Tanita TBF-310 superestimou
0 método 4C em 0,2 kg, embora ndo tenham sido encontradas diferengas para MLG. A Tanita TBF-310 explicou 21% e 72%, respecti-
vamente, na estimativa dos valores absolutos de MG e MLG do método a 4C. Os limites de concorddncia foram grandes, variando de
-6,7 kg a 7,0 kg para MG e de -89 kg a 7,5 kg para MLG. Em conclusdo, a TBF-310 Tanita ndo é um método alternativo vdlido para
estimar a composi¢do corporal em judocas altamente treinados.

PALAVRAS-CHAVE: Andlise por impeddncia bioelétrica. Tanita TBF-310. Modelo a quatro compartimentos. Massa gorda. Massa livre de
gordura. Métodos de avaliagdo de composigdo corporal.
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