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Abstract We present a new method measuring body
impedance using a thigh-to-thigh current path, which can
reflect the abdominal fat portion more sensitively and can
be conveniently applied during the daily use on a toilet
seat. Two pairs of electrodes were installed on a toilet seat
to provide current and to permit voltage measurement
through a thigh-to-thigh current path. The effectiveness of
the method was compared with conventional foot-to-foot
and hand-to-foot current paths by simulation and by
experiments referenced to computed tomography (CT)
image analysis. Body impedance using three different
current paths was measured, and abdominal CT images
were acquired for eight subjects. Measured body imped-
ances were compared with the visceral to subcutaneous fat
ratio (VF/SF) calculated from the CT-determined abdom-
inal fat volume. The thigh-to-thigh current path was about
75% more sensitive in abdominal fat measurement than the
conventional current paths in simulation experiments and
displayed a higher VF/SF correlation (r = 0.768) than the
foot-to-foot (r = 0.425) and hand-to-foot (r = 0.497)
current paths.
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1 Introduction

The prevalence of obesity is increasing worldwide. As the
risks of some adult diseases are positively correlated with
body fat, body fat monitoring is considered as an appro-
priate method to maintain good health level [1-6]. Obesity-
related adult diseases, so-called adult diseases, include type
2 diabetes: coronary heart disease (CHD) and severe sleep
apnea. CHD is a major risk factor for cardiovascular dis-
ease (CVD).

Abdominal body fat is strongly correlated to adult dis-
eases compared to limb body fat. People with an abnor-
mally high level of abdominal body fat (especially visceral
adipose tissue) have a higher risk of adult disease than
other traditionally obese people, even though they appear
similar to non-obese people and their waist and hip girths
and weight are in the normal (non-obese) range [7].

There are several methods currently available to esti-
mate human body composition including body fat [8-10].
Imaging methods such as computed tomography (CT) or
magnetic resonance imaging (MRI) can accurately deter-
mine the amount of body fat from the human abdomen.
Even though they are regarded as the standard of human
abdominal body fat measurements, the expense and radi-
ation exposure of these methods strictly limit their practical
use.

Bioelectrical impedance analysis (BIA) is a widely used
approach that measures electrical impedance at specific
frequencies and estimates a person’s body fat proportion.

@ Springer



1266

Med Biol Eng Comput (2009) 47:1265-1271

BIA has advantages of being portable, safe, easy and quick
to perform, noninvasive and reproducible, in addition to its
low evaluation cost. BIA methods commonly use hand-to-
foot (wrist-to-ankle), foot-to-foot (ankle-to-ankle), or hand-
to-hand (wrist-to-wrist) paths, or combinations of these
paths for the electrical current flow [11]. In these paths, the
impedance of limbs contributes more to total measured
impedance than torso impedance does, because the cross-
sectional area of limbs is much smaller than those of the
trunk [12, 13]. While measured data mainly reflect the
impedance changes of limbs, the change of the trunk rep-
resents an appreciably smaller contribution. Impedance
across the abdomen constitutes only 5-10% of the total
impedance of the foot-to-foot and hand-to-foot paths [14].
Therefore, it is hard to estimate visceral fat sensitively and
distinguish viscerally obese people from non-obese people
using these current paths.

In order to monitor the variation of visceral fat, a more
sensitive method that is also convenient for daily use is
needed. Here, we present a new method of measuring body
impedance using a thigh-to-thigh current path that can
reflect abdominal fat portion more sensitively. For body fat
proportion estimation, this method is localized to the
abdominal area and can be applied during daily home life
as a health-monitoring option.

2 Subjects and methods

2.1 Thigh-to-thigh current path for impedance
measurements

The thigh-to-thigh current path was introduced to increase
the sensitivity of body impedance measurements for
abdominal fat. Figure 1 depicts the thigh-to-thigh current
path that was applied during use of a toilet seat for practical
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®

Fig. 1 Current paths to measure impedances. a Thigh-to-thigh
current path, which was applied on toilet seat for measurement. b
Foot-to-foot current path ¢ Hand-to-foot current path
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measurement, along with the conventional foot-to-foot
(ankle-to-ankle) and hand-to-foot (wrist-to-ankle) current
paths. During the experiment, body impedances of the
subjects were measured with these current paths. A 100-pA
current was applied with a frequency of 50 kHz, because
this frequency is most frequently used at the single-fre-
quency BIA [9, 15]. Also, the frequencies of applied cur-
rent were varied from 1.0 kHz to 1.0 MHz to evaluate the
dependency of impedance on current frequency. Thirty
frequencies were chosen logarithmically per decade, so that
the whole frequency samples consisted of 91 points. The
impedance was calculated by dividing measured voltage by
applied current [16].

A SI 1260 impedance analyzer (Solartron Analytical)
was used for impedance measurements with a 1294
impedance interface (Solartron Analytical) for safety. For
thigh-to-thigh current path measurements, electrodes were
made of commercial copper tape and were attached to the
toilet seat. These metal electrodes were directly connected
to the 1294 impedance interfaces. Each subject was seated
on a toilet seat, and the tetra-polar bioelectrical impedance
measurement method was used [17]. The electrode pair
closer to the knees drove electrical current and the other
pair sensed voltage difference under the driven current
(Fig. 1a).

For measurements using the foot-to-foot and hand-to-
foot current paths, clip-type metal electrodes were used for
tetra-polar measurements with the electrodes being placed
on each subject’s ankle or wrist (Fig. 1b and c). The cur-
rent driven electrodes were on the outside of both ankles
for the foot-to-foot path and the right wrist and right ankle
for the hand-to-foot path, with the voltage sensing elec-
trodes on the inside of the same positions of the limbs.
Subjects maintained a stable lying position on a couch
during the measurement with these two current paths.

Every measurement was performed after a 10-min rest
in the measuring posture for the stabilization of water
distribution in the body. For each measurement, at least
200 ms of stable segment were used for impedance cal-
culation. The average of two measurements was used for
the calculation of impedance for each path. The contacts
between skin and electrodes were fully saturated with
water to minimize the effects of skin-electrode contact
impedances.

2.2 Simulation analysis

Simulation analysis was performed to ascertain the sensi-
tivity of the impedance according to the current paths. The
finite element model (Fig. 2) was used to represent the
right half of trunk, right leg, and right arm. The left half of
trunk, left leg, and right arm were omitted by an equivalent
model using the symmetric property. The size of the trunk
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was 20 cm (anterior—posterior) x 20 cm (proximal—dis-
tal) x 70 cm (superior—inferior), and the trunk was divided
into three areas: chest, abdomen, and pelvis. The leg was
made of an ellipsoid and truncated cone, 15 cm in diameter
at the maximum point and 70 cm in length. The arm was
cylinder-shaped, 6 cm in diameter, and 50 cm in length. By
checking the relationship between the conductivity of fat-
mixture of the trunk and calculated impedance, the sensi-
tivity of the body impedance measuring method was
evaluated according to the variation of the fat. In the
simulation, we allocated the fat in abdominal blocks as
shown in Fig. 2 with different portions of fat composition.
Body tissues could be divided into three tissue groups:
negligibly conductive (bone), partially conductive (fat),
and fully conductive (such as flesh and muscle) [16].
Impedances were calculated based upon the geometry of
volume and the equivalent conductivity. Equivalent con-
ductivity was calculated from the conductivities of differ-
ent types of tissues (Table 1) and their constitutional
proportions (rg,,) by Eq. 1.
equivalent conductivity ¢ = oy X Fa + Gpiesh X (1 — Frar)-
(1)
Impedances were calculated in the simulation by vary-
ing the fat proportions from 0 to 40% in 5% stepwise
increments. The computer simulations were performed

with finite element modeling and simulation software
“COMSOL Multiphysics” Ver. 3.4 (COMSOLAB).
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Fig. 2 Modeling to evaluate the sensitivity of the method on fat
concentrated location. a Thigh-to-thigh path. b Foot-to-foot and hand-
to-foot paths

Table 1 Conductivities of different types of tissues and electrodes

Tissue type Conductivity (S/m)

Flesh 100% (6 gesn) 0.3518
Fat 5%, flesh 95% 0.3354
Fat 10%, flesh 90% 0.3191
Fat 15%, flesh 85% 0.3027
Fat 20%, flesh 80% 0.2863
Fat 25%, flesh 75% 0.2699
Fat 30%, flesh 70% 0.2536
Fat 35%, flesh 65% 0.2372
Fat 40%, flesh 60% 0.2208
Fat 100% (6¢a) 0.0243
Electrodes (Geiectrode) 5.998 x 107

2.3 Subjects

For the evaluation experiments, impedance was measured
from eight healthy male volunteers whose average age,
height, and weight were 27.6 years, 173.4 cm, and 69.4 kg,
respectively. Their waist and hip girths were also mea-
sured, and these data were used for the calculation of body
mass index (BMI) which was calculated by dividing body
weight by height squared [18, 19]. The average of waist
and hip girths were 79.3 and 94.2 cm, respectively, and
average BMI was 23.0 kg/m* (Table 2). Each subject was
initially examined by a CT scan, and impedance was
measured with the three different current paths on the same
day.

2.4 CT image analysis

CT scans were done using a Siemens Somatom Sensation
16. CT images of 20-23 slices from the L2-L5 level with a
5-mm slice thickness were stored in the DICOM file format
with a 512 x 512 pixel size. For image segmenting and
analysis, public domain Java image-processing software
(ImageJ Ver. 1.37) was used. Since visceral obesity highly
correlates with adult diseases like hypertension or diabetes
[20-22], the CT parameter of visceral fat (VF) to

Table 2 Characteristics of subjects

Subjects’ characteristics Mean + S.D. and range

8 (male)

27.6 + 2.1 (25-31)

173.4 £ 6.4 (163.5-182.0)
69.4 £+ 10.3 (50.0-85.4)
79.3 £ 6.9 (67.0-88.0)
94.2 + 5.4 (83.5-101.3)
23.0 + 2.6 (17.5-25.8)

Number (sex)

Age (years)

Height (cm)

Weight (kg)

Girth of the waist (cm)
Girth of the hips (cm)
BMI (kg/m?)
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Fig. 3 Segmented fat area from
a representative CT image.

a Raw image of CT data.

b Segmentation of whole fat
area from a. ¢ Segmentation

of visceral fat area from

b. d Segmentation of
subcutaneous fat area

from b

subcutaneous fat (SF) ratio (VF/SF) is widely used for the
evaluation of visceral obesity [23]. In order to calculate the
amount of VF and SF separately, the fat area was first
extracted from the abdomen area (L2-L5) based on CT
numbers. Pixels having Hounsfield units from —250 to
—50 were considered as the fat region. The fat region was
divided into VF and SF (Fig. 3). The number of pixels
from visceral adipose tissue (VF) and subcutaneous adi-
pose tissue (SF) was calculated from each CT image slice,
and the number of pixels was summed up through all the
CT slices from L2-L5.

2.5 Data analysis

In order to estimate the sensitivity of the suggested thigh-
to-thigh current path by simulation, sensitivity index o was
calculated as in Eq. 2 for each measurement and compared.

AZ

initial

%« 100 = Zwithfat - Zfat free

(%) = x100. (2

Zfat fee

In this equation, Zg, fee 1S the body impedance data
when the fat proportion is 0% in the tissue and Zyim fa¢ 1S
the impedance data from fat mixed tissue with allocated
proportion at the abdomen area of the model in Fig. 2. The
sensitivity index o was evaluated for each of current path
by varying fat proportions. For the experimental data,
correlations between impedance of each current path and
VF/SF of CT volume data were calculated and compared.

In order to ascertain the dependency of impedance on
current frequency, these correlations were calculated by
varying the frequencies of applied current from 1.0 kHz to
1.0 MHz.

3 Results

Table 3 shows the results for the sensitivity simulation of
thigh-to-thigh path in comparison with foot-to-foot and
hand-to-foot current paths with the model in Fig. 2. We
confirmed that the sensitivity index a« was higher with the
thigh-to-thigh path than with the other paths. With
increased fat proportion, the sensitivity of the thigh-to-
thigh path increased, reaching a maximum of 3.62% at a fat
proportion of 40%. This value was 82% higher than the
sensitivity of the foot-to-foot path and 66% higher than the
sensitivity of the hand-to-foot path.

Table 4 shows the impedance data of each subject at
50 kHz frequency. These data are the averaged values of
two measurements for each current path. The impedance
with thigh-to-thigh current path displayed much smaller
impedances than those with the other two current paths.
Impedance was only about 8.7% of the data with the foot-
to-foot path (28.85-331.64 Q) and about 7.5% of the data
with the hand-to-foot path (28.85-384.58 Q). These dif-
ferences likely resulted from the bypass of the high
impedance regions of the limbs [12, 14]. The average

Table 3 Simulated impedance and sensitivity index (o) according to the proportion of fat in abdominal region for the three different current

paths

Fat ratio (%) Thigh-to-thigh Foot-to-foot Increase Hand-to-foot Increase
Z (Ohm) (o) Z (Ohm) () of o (%) Z (Ohm) () of o (%)

0 24.68 324.33 417.27

5 24.75 (0.297) 324.39 (0.174) 70.7 418.02 (0.180) 65.0

10 24.84 (0.657) 324.45 (0.363) 81.0 418.84 (0.377) 74.3

15 24.94 (1.044) 324.52 (0.571) 82.8 419.76 (0.598) 74.6

20 25.04 (1.460) 324.60 (0.799) 82.7 420.79 (0.843) 73.2

25 25.14 (1.877) 324.67 (1.050) 78.8 421.93 (1.118) 67.9

30 25.27 (2.415) 324.76 (1.328) 81.9 423.22 (1.426) 69.3

35 25.41 (2.970) 324.86 (1.639) 81.2 424.70 (1.780) 66.9

40 25.57 (3.617) 324.98 (1.988) 81.9 426.39 (2.185) 65.5

@ Springer
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Table 4 Impedance data for Subject number

Average impedance (Ohm) at 50 kHz

each current path at 50-kHz

Thigh-to-thigh path

Foot-to-foot path Hand-to-foot path

299.10 351.89
309.62 346.67
407.81 466.11
350.65 435.17
327.46 384.90
305.94 366.26
333.69 398.95
318.85 326.65
331.64 384.58

frequency
1 21.65
2 24.81
3 35.61
4 25.78
5 31.32
6 32.18
7 31.47
8 28.01
Average 28.85
{6 Averaged Impedances with the three current paths
E
S 100
a
=
s _\—
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o
E
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«+++« Foot-to-foot

===Hand-to-foot

Fig. 4 Dependence of measured impedance on current frequency for
three current paths. Frequencies varied from 1.0 kHz to 1.0 MHz

impedances of the eight subjects with current frequencies
from 1.0 kHz to 1.0 MHz for three current paths are shown
in Fig. 4. Impedances with the foot-to-foot and hand-to-
foot current paths were about 10 times bigger than the
impedance with the thigh-to-thigh path throughout the
whole frequency range. Even though the impedances
decreased slowly with increasing frequency, it was difficult
to find any frequency-dependent characteristics.

Calculated fat volumes (VF, SF) and their ratio (VF/SF)
from the CT image data are shown in Table 5. The average
VF/SF was 79.86%. The smallest and largest values of
VF/SF were 56.77 and 98.05%, respectively.

Correlations between impedance of each current path at
50-kHz frequency and VF/SF from CT volume are shown in
Fig. 5. The impedance with the thigh-to-thigh path at 50-
kHz frequency had a stronger correlation (r = 0.768) than
the foot-to-foot and hand-to-foot current paths, whose cor-
relations were 0.425 and 0.497, respectively. Correlations
between the impedance of each current path and VF/SF of
CT volume data depending on current frequencies are

Table 5 Calculated fat volumes and ratios from CT images

Subject number Volume (L2-L5)

VF (cm?®) SF (cm?®) VEF/SF (%)
1 892.50 1550.35 57.57
2 1008.57 1183.78 85.20
3 446.72 455.60 98.05
4 841.51 1225.80 68.65
5 1580.14 1866.08 84.68
6 1781.16 1901.39 93.68
7 700.74 743.15 94.29
8 664.90 1171.25 56.77
Average 989.53 1262.18 79.86
Correlations: Impedance (50kHz) and VF/SF

1.0 +

0.9+

0.8 + 0.768

0.7 +

0.6 +

05 0.497

“T 0.425

0.4 +

0.3+

0.2+

0.1+

00l

W Thigh-to-thigh
@ Foot-to-foot

0O Hand-to-foot

Fig. 5 Correlations between the impedances measured by three
different current paths at 50-kHz frequency and VF/SF from CT
volume data
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Correlations: Impedance (1 kHz ~ 1 MHz) and VF/SF
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Fig. 6 Correlations between the impedances measured by three
different current paths for frequencies from 1.0 kHz to 1.0 MHz and
VF/SF from CT volume data

shown in Fig. 6 at frequencies from 1.0 kHz to 1.0 MHz.
The thigh-to-thigh path displayed a higher correlation with
abdominal CT volume data than the foot-to-foot and hand-
to-foot paths throughout the frequency range.

4 Discussion

Concerning correlation to CT data, positions while mea-
suring impedance are relatively unimportant [24]. There-
fore, we presently chose different positions with every
current path in consideration of actual measurement
conditions.

Presently, impedances with the foot-to-foot and hand-to-
foot current paths were about 10 times bigger than the
impedance measured with the thigh-to-thigh path. These
results were likely attributable to the higher impedances of
limbs. In these current paths, current flows through the arm
and foot, which have relatively higher impedance due to
their geometry, while the thigh-to-thigh path bypasses
limb-related high impedance. This reduced impedance
caused by bypassing of the limb impedances is the main
reason for the increased sensitivity of measured impedance
to the fat proportion in the abdominal torso region. A slow
decrease in measured impedance with increasing frequency
was evident. This could be partly due to the capacitive
nature of human tissue; impedance values with relatively
lower frequencies are larger than those with relatively
higher frequencies [25].

As shown in Fig. 6, correlations of impedance with the
thigh-to-thigh path to the CT volume data were much

@ Springer

higher than those with the other paths throughout the fre-
quency range from 1.0 kHz to 1.0 MHz of applied current.
The correlation of impedance with the foot-to-foot path to
the CT data showed a similar aspect with the hand-to-foot
path, as compared with the thigh-to-thigh path. Despite the
marginally decreased correlation between impedance with
a foot-to-foot path and CT data at higher frequencies,
correlations between impedance with the foot-to-foot and
hand-to-foot paths and the CT data maintained lower lev-
els. Therefore, we conclude that there is little frequency
specific characteristics with the three methods, and a single
nominal frequency of 50 kHz is sufficient to evaluate
abdominal fat by the thigh-to-thigh path.

The measured impedance with the thigh-to-thigh current
path was more strongly correlated to the abdominal fat
ratio, because measured impedances with the convention-
ally used foot-to-foot and hand-to-foot paths had much
lower correlations to the abdominal VF/SF fat ratio. This
means that impedance measurements with the thigh-to-
thigh current path is a good way to evaluate body fat in the
abdominal area, especially with respect to VF/SF. More-
over, this method can be used more effectively to monitor
the possibility of visceral obesity, which can be related to
adult diseases including CVD [26].

The thigh-to-thigh current path is easily accommodated
using a toilet seat format. By installing metal electrodes on
the top surface of a toilet seat, data can be collected during
a subject’s daily activities in a bathroom without additional
measurement efforts. Humans use a toilet seat more than
once a day, with bare skin contacting the toilet seat during
the time of use. This provides a perfect opportunity for the
direct skin contact of the metal electrodes that is necessary
for the measurements. Moreover, the measurements can be
obtained unobtrusively during a natural daily activity. Use
of other objects such as a seat or a bed is more onerous
since direct contact of electrodes with skin is much less apt
to occur. Therefore, this method can be used to manage
body fat intelligently and diminish the occurrence and
progress of obesity-related adult diseases in the realm of
ubiquitous healthcare.

5 Conclusion

We suggest a new method to measure body impedance
with a higher correlation to abdominal VF/SF. The sug-
gested thigh-to-thigh current path shows higher sensitivity
to abdominal fat proportion and reflects visceral obesity
more effectively than the conventionally used current paths
for body impedance measurement. Also, the thigh-to-thigh
path is suitable for ubiquitous healthcare monitoring and
can be measured easily on a toilet seat without constraints
and even the awareness of subjects.
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