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Abstract

Death rate of accidental drowning in the bathtub was the highest among casualties occurring at

home, according to the annual report of the Japanese Ministry of Health, Labour and Welfare in 2007. To prevent
accidental drowning during bathing at home, we obtained respiratory waveforms from bioelectric impedance
(BEI) measurement using non-contact electrodes. The BEI measurement is an involuntary measurement method,
from which respiratory waveform during bathing can be extracted. In the present study, to find the most
appropriate electrode configuration as well as the optimal measuring frequency, we calculated the frequency
dependence of impedance amplitude by numerical technique based on a three-dimensional finite difference
method for a composite system consisting of a human body submerged in bath water. The results of model
calculation agreed with the experimental results. Next, to obtain respiratory waveforms with large amplitudes,
we investigated the optimal frequency experimentally. The frequency of 1 MHz was suitable for involuntary

measurement of respiratory waveform during bathing.
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1. Introduction

Drowning in the bathtub, the major site of drowning at
home, has been reported in UK[1], US[2, 3], and Japan[4,
5]. According to the annual report of the Japanese
Ministry of Health, Labour and Welfare in 2007, the death
rate of accidental drowning in bathtub was the highest
among the casualties occurring at home. Especially, more
than 60% of the deaths by accidental drowning in the
bathtub were persons aged 65 years and older[4]. In most
cases, death during bathing is attributed to respiratory
arrest with unknown cause, cerebral stroke, ischemic
heart disease, or drowning[6]. Continuous vital monitor-
ing is expected to prevent accidental drowning during
bathing at home. However, clinical monitors to measure
vital signs are inconvenient for bathing at home because
these monitors employ electrodes or probes that are
attached to the subject. As a result, the probes and wires
disturb the subjects’ movements during bathing. Uncon-
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strained and involuntary vital monitoring is required to
prevent accidental drowning during bathing at home.
Bathtub-electrocardiograph (bathtub-ECG) detects ECG
through the bath water (tap water) during bathing, using
electrodes that are placed on the bathtub wall, and heart
rate can be evaluated without disturbing the subjects’
movements during bathing [7, 8]. Moreover, respiratory
waveform can be extracted from the ECG[9, 10]. The
bathtub-ECG may serve as a monitor to detect not only
heart disease but also apnea during bathing. Several
respiratory monitors have been developed and used, such
as bioelectric impedance (BEI) measurement[11], nasal
thermistor [12], and capnography[13]. These convention-
al monitors employ probes and wires that might disturb
the subjects’ movements during bathing. Compared with
other methods, BEI measurement is influenced by many
different factors including geometry, tissue conductivity,
and blood flow [11]. Therefore many applications have
been developed. As one of these applications, we
developed a BEI technique to monitor respiratory
waveform during bathing, which does not require the
subject’s cooperation. We already reported the respira-
tory waveform of BEI measurement recorded using non-
contact electrodes during bathing [14]. We placed elec-
trodes near the chest in order to increase breathing
movement sensitivity. However, such electrode place-
ment restricts the subject’s movements. Therefore, we
sought to obtain respiratory waveform by placing the
electrodes on the inner walls of the bathtub to allow free
movements during bathing. Electrodes were placed on
the bathtub wall so as not to disturb the subjects’
movements during bathing, and BEI was monitored
through the bath water[15]. In the present study, to find
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the most appropriate electrode configuration and the
optimal measuring frequency, we calculated the frequen-
cy dependence of impedance amplitude by a numerical
technique, which is based on a three-dimensional finite
difference method (3D-FDM) for a composite system
consisting of a human body submerged in bath water. The
experimental results were then compared with the results
of 3D-FDM calculation.

2. Model and calculation

2.1 Model

Respiratory waveform is obtained as the difference in
amplitude of BEI measured at the inspiration stage and
the expiration stage [14]. Current passing between
electrodes is expected to change according to electrode
configuration. A model simulation is employed to select
the most appropriate electrode configuration and the
measuring frequency that yields large amplitude in the
respiratory waveform. To examine the effects of changes
in lung volume and chest circumference due to respira-
tion, we used a simplified three-dimensional model (3D-
model) as shown in Fig.1. This 3D-model consists of
concentric circular cylinders: the inner circular cylinder
with radius Riung represents the lung; the region between
Riug and Rchest-T em represents the body fluid including
blood, tissue, bone; and the region between Rchest-1 cm and
Reest represents an electrically insulating layer equiva-
lent to the cell membrane at the stratum corneum (SC)
[16], where Rchest and T cm denote the chest radius and the
membrane thickness, respectively. The permittivity € and
conductivity « for the lung and the body fluid are
considered to be dependent on frequency due to their
complicated structures [17]. However, to simplify the
problem in the present study consisting of the whole body
and bath water, we assumed that these regions are
uniform and are characterized by € and « independent of
frequency, as follows: €ung = 1 and ke = 0 S/m equivalent
to air representing the lung region, and enr= 78 and xn=
1.6 S/m equivalent to physiological saline solution
representing the body fluid. For the cell membrane,
Ten=3nm, em= 3and kem = 0 S/m. The values of € and
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Fig.1 A simplified 3-dimensional model of the inner struc-
ture of the upper body. Solid line and dotted line
indicate MaxIn and MaxEx stages, respectively.

kem are consistent with typical hydrophobic liquids [18].
Using the values of €m and T e, we obtained the value of
specific membrane capacitance, Cv,as € €em/ T em= 8.9 X
10" F/m? which is of the same order as that reported
previously[19]. The values of Recnest at the maximum end
inspiration stage (MaxIn) and maximum end expiration
stage (MaxEx) were set at 160 and 140 mm, respectively,
based on the results of chest measurements of the
subjects. The values of Rung at MaxIn and MaxEx were
estimated to be 80 and 40 mm, respectively, from the vital
capacity of the subjects. For the bath water, esw = 78 and
kow /Kot = 1/1000, which are typical of water used for
bathing. The size of the electrode was 120 X 120 mm. The
3D-model calculation regarding the frequency depen-
dence of impedance amplitude was conducted for four
different electrode configurations to choose the most
suitable configuration (Fig.2).

2.2 Calculation

2.2.1 Calculation method

We calculated the conductance G, the capacitance C, and
the impedance amplitude |Z] by the 3D-FDM at MaxIn and
at MaxEx for the frequency range of 1xHz to 10 THz.
Potential distributions were calculated by the 3D-FDM at
the condition of a voltage difference of 1 V between the
electrodes. Boundary condition of zero vertical compo-
nent in electric field was given. Calculation was carried
out for the region enclosed by the bold line in Fig. 3,
because of the symmetric property of the 3D-model. The
unit lengths and numbers of units in 3D-FDM are also
shown in Fig. 3. Electrical current that flows between the
electrodes was calculated based on the 3D-FDM, and
capacitance C, conductance G, and impedance-amplitude
Z were obtained from the electrical current. Discrete
equations about complex permittivity and discrete
method of region in the 3D-FDM followed Asami’s method
[20]. Frequency dependence of the impedance amplitude
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Fig.2 Electrode configurations. Bold lines and closed squares
indicate electrodes. Solid line and dotted line indicate
MaxIn and MaxEx stages, respectively.
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Fig.3 The area enclosed by the bold line indicates the
calculation region.

of water was also calculated by the 3D-FDM.

2.2.2 Calculation results

For the electrode configuration A, the simulation results
of the capacitance, the conductance, and the impedance-
amplitude Z are shown in Fig. 4. Frequency dependence
of water showed a single relaxation time, which is the
typical dielectric dispersion of water. This finding shows
that the 3D-model is adequate for our analysis. Frequency
dependence of the 3D-model showed dielectric dispersion
including two relaxation times. The impedance amplitude
at MaxIn was larger than that at MaxEx between 1 yHz
and 0.1 Hz. The impedance amplitude at MaxIn was
smaller than that at MaxEx between 0.1 Hz and 1 MHz.
The impedance amplitudes of both water and the 3D-
models showed almost the same values from the
frequency of 1 MHz.

Figure 5 shows the normalized impedance amplitude
difference between MaxEx and MaxIn at 1 MHz for the
four electrode configurations. We chose electrode con-
figuration A for subsequent experiments because the
amplitude difference was the largest.

3. Experimental methods

3.1 Bathtub

In this study, a bathtub made from fiber-reinforced plastic
(FRP) with internal dimensions of 960 X 580 X 560 mm
was used in a condominium. Dimensions of the bathtub
are shown in Fig.6. From the calculation results,
electrode configuration A was employed. The size of the
electrode used in the experiment was the same as that
used in calculation. The stainless steel electrode
(SUS304) 100 x 100 mm in size and 0.1 mm in thickness
was attached to a polyvinyl-chloride plate 2mm in
thickness, with double-faced adhesive tape. Electrode
configuration A was employed according to the result of
the 3D-FDM calculation. The bathtub was filled with bath
water at 39 = 1°C, and the bathroom temperature was
kept between 23 and 28°C.

3.2 Subjects

The study protocol was approved by the University of
Toyama Ethics Committee, and written informed consent
was obtained from the each participant. Eighteen healthy
volunteers had medical check-up conducted by a medical
doctor, and the medical doctor permitted sixteen males
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Fig.4 Calculation results for frequency dependence of
impedance amplitude using electrode configuration A.

aged 22-45 (mean * SD:24.2 = 5.8) years to participate
in the experimental protocol. They averaged 63.6 = 9.1
kg in weight and 171.3 + 5.8 cm in height.

3.3 BEI spectrum

An electrode was connected to a wire 300 mm in length
with a metal binder-clip; the other end of the wire was
soldered to a BNC panel jack on an aluminum board 0.5
mm in thickness, as a guard electrode (Fig.6). The BNC
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panel jack was connected to two co-axial cables (3D2V,
Fujikura, Japan) 4 m in length by a BNC T-shape adapter;
the other ends of the co-axial cables were connected to a
precision impedance analyzer (4294A, Agilent Technolo-
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Fig.5 Comparison of the difference in impedance amplitude
among four electrode configurations.

gies, USA) with BNC connectors. Frequency dependence
of impedance amplitude was measured at MaxIn and at
MaxEx over a frequency range of 4kHz to 4 MHz (8
points/decade) with an applied current of 141 uA rms
using the “averaging mode” of the impedance analyzer.
At this stage, the impedance of the bath water was
measured without the subject.

3.4 Respiratory waveform
Figure 7 shows the electrical circuit for detecting
respiratory waveform during bathing. The circuit com-
prised mainly three sections: constant current section,
non-inverting amplifier section, and half-wave rectifier
section. A constant current (1 MHz, 70 #A) was applied
to the electrodes placed on the inner wall of the bathtub.
Voltage between the electrodes was amplified. AC signals
from the amplifier output were rectified and smoothed,
and an envelope of AC signals as a respiratory waveform
was obtained. Electric power for this circuit was supplied
by an alkaline battery of 9 V (6LF22, Toshiba) to prevent
electric shock.

Figure 8 shows a schematic diagram of the whole
monitoring system to obtain respiratory waveform. For
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Fig.6 Schematic representation of the system for measuring frequen-
cy dependence of impedance amplitude.
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Fig.8 Diagrammatic representation of the measuring system for
respiratory waveforms. IM: amplifier for BEI measurement,
N-TH: nasal thermistor, RSP: rubber strain gauge plethysmo-

graph.

BEI measurements, the subject was sandwiched by a pair
of electrodes. In all the instruments, electric power was
supplied by a medical isolation transformer (SM-204V,
Nihon Koden, Japan). The electrode was connected to a
wire 300 mm in length using a metal binder-clip; the other
end of the wire was soldered to the electrical circuit.

Three respiratory waveforms were simultaneously
measured as reference signals with two rubber strain
gauge plethysmographs (RSPs) and a nasal thermistor
(NTH). According to the literature [21], one RSP (C-
RSP) was placed on the midline of the chest at a point that
gave maximal deflection during quiet breathing. The
other RSP (R-RSP) for abdominal motion was placed on
the midline 50 mm cephalad to the umbilicus. These
respiratory sensors were attached with medical adhesive
tape (25 mm in width, Transpore Surgical Tape, 3M,
Japan) to the subject. These signals were monitored by a
multi-telemeter system (WEB-5000, Nihon Koden) and
were acquired by a data acquisition system (Powerlab
8/30, Chart Ver. 5.4.2, AD Instruments, USA). All the
sensors including BEI were recorded at sampling
intervals of 0.1 s.

3.5 Protocol

The subject sat in a chair for 10 minutes and rested before
starting the examination. No sensor was attached to the
subject in spectrum measurement, and the respiratory
sensors as reference signals were attached to the subject
during respiratory waveform measurement, as shown in
the previous section. After that, the subject took a shower
outside of the bathtub to wash away his sweat before
soaking his body in the bathtub. The subject gently
soaked in the bathtub, and excess bath water was allowed
to overflow. The subject was asked to put his elbows on
the edges of the bathtub to maintain his posture. After the
measurements, which took a total of 10 minutes, the
subject slowly got out of the bathtub. The examiner
wiped the subject’s body with a towel and removed all the
reference sensors.

3.6 Statistics

Data were analyzed for frequency dependence of imped-
ance amplitude with respect to each study variable by
Kruskal-Wallis and Steel-Dwass multiple comparison
method. A 95% confidence level was considered signifi-
cant.

4. Experimental results

Figure 9 shows the typical spectra of frequency
dependence of impedance amplitude for water only and a
subject in water. The relative shape of the frequency
dependence of impedance amplitude supports the result
of the 3D-model calculation by 3D-FDM (see Fig.4),
although the impedance amplitude increases at around
the frequency of 1 MHz in the experiment.

The averaged differences in impedance amplitude
between MaxIn and MaxEx for various frequencies were
compared to obtain the optimal frequency for respiratory
monitoring (Fig. 10). The averaged difference in imped-
ance amplitude was significantly and markedly larger at
the frequency of 1 MHz. Therefore, the frequency of 1
MHz is suitable for involuntary measurement of respira-
tory waveform during bathing.

Typical respiratory waveforms during bathing are
shown in Fig.11. The BEI waveform increased with
expiration and decreased with inspiration. These results
are consistent with those of the spectrum as shown in
Fig.9. The BEI waveform at the frequency of 1 MHz
synchronized with that of C-RSP. In this subject, the A-
RSP has inverse phase compared to C-RSP and BEL. When
the subject held his breath, all the waveforms including
that of BEI flattened. During the breath holding, the
reference signals were smooth but the BEI signals showed
a little fluctuation. The amplitude of the small fluctuations
was less than 10% of the respiratory waveforms. After
breathing was resumed, the synchronous waveforms were
restored. The respiratory waveforms of BEI in all subjects
synchronized with those of the references (197 breaths).
The BEI waveforms were flattened during breath
holdings in all subjects (25 breath holdings).
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Fig.9 Typical spectra of frequency dependence of imped-
ance amplitude for water and a subject in water.
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bathing.

5. Discussion

The frequency dependence of impedance amplitude was
calculated by the 3D-FDM model, and measured by the
BEI method via bath water. The results of the model
calculation agreed with the experimental results. In other
word, the 3D-FDM model reflects the BEI measurement
via bath water and the result of electrode configuration
shows an adequate relationship between the frequency
and the impedance amplitude. The frequency dependence
of impedance amplitude was compared among four
electrode configurations in this study. We found that the
best configuration is the face-to-face position of the
electrodes and at the closest distance between the
electrodes. We chose the measuring frequency at 1 MHz
because the averaged difference in impedance amplitude
was significantly and markedly larger at the frequency of
1 MHz than at other frequencies. Although there are no
calculation results, we experimentally confirmed that the
increased impedance amplitude at around 1 MHz would
be caused by the grounding method of the measuring
instrument.

In this study, we showed that the BEI technique
evaluates the breath holding phase as well as the
respiratory waveforms. This technique evaluates the
movement of the chest region. The small fluctuations of
BEI signals during breath holding may reflect the
movement of the chest region caused by discomfort of
breath holding. This indicates that self-care motions such
as arm movement during bathing influence the imped-
ance amplitude. Therefore, the respiratory waveform
obtained by the BEI technique would be affected by the
self-care motions, because arm movements during bathing
influence the impedance amplitude. However, the
changes in BEI waveform as a result of self-care motions
can be considered to be a vital sign that the person is
alive.

In this study, we developed a system for involuntary
measurement of respiratory waveform. The respiratory
waveform obtained from the BEI system synchronized
with those obtained from conventional sensors. The
instruments for recording bathtub ECG use similar
electrode configuration as in the present study [8-10].
However, the respiratory waveform obtained from the
bathtub ECG is measured passively, whereas that from
the BEI is measured actively. In other words, the signals
obtained from the BEI generate the respiratory waveform
and may be used to measure body fat via tap water in the
future.

Other passive monitoring methods using image
processing have been reported. In one method, respira-
tory signals during bathing are measured by an image
sequence. Wavelet at the water surface in the bathtub is
analyzed, and respiratory rate is estimated [22]. In
another method, body surface motions including respira-
tory motion are evaluated using a fiber grating vision
sensor in the bathroom [23]. These methods use a video
camera as the image sensor, and does not disturb the
subjects’ movements during bathing. However, many
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people object to the use of a video camera in the bathroom
because it is private space. On the other hand, the BEI
technique that we developed does not invade the subject’s
private space.

The BEI technique is an active monitoring method.
The body fat meter is a popular instrument used at home
for body weight control and preventive medicine. Body
fat is estimated by a BEI technique, and a person has to
touch the electrodes of the BEI monitor to measure body
fat. The BEI technique that we developed may be able to
monitor body fat during bathing. As a next step, we plan
to develop a BEI technique for involuntary monitoring of
not only respiratory waveform but also body fat during
bathing.

When bathing, Japanese customarily immerse the
whole body in deep, hot water. The whole body is thus
subjected to heating and hydrostatic pressure. This style
of bathing may result in accidents in the bath. Abnormal
breathing and breath holding during bathing can be
detected by our BEI technique. Acute cardiac event also
can be detected by the bathtub ECG[7, 8]. By installing
these instruments in a home bathtub, the vital signs of the
bather are monitored automatically and unobtrusively
without the subject being aware of the monitoring.
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