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Abstract

Athletes need a balanced body composition in order to achieve max-
imum performance. Especially dehydration reduces power and en-
durance during physical exercise. Monitoring the body composi-
tion, with a focus on body fluid, may help to avoid reduction in per-
formance and other health problems. For this, a potential measure-
ment method is bioimpedance spectroscopy (BIS). BIS is a simple,
non-invasive measurement method that allows to determine differ-
ent body compartments (body fluid, fat, fat-free mass). However,
because many physiological changes occur during physical exer-
cise that can influence impedance measurements and distort results,
it cannot be assumed that the BIS data are related to body fluid loss
alone. To confirm that BIS can detect body fluid loss due to phys-
ical exercise, finite element (FE) simulations were done. Besides
impedance, also the current density contribution during a BIS mea-
surement was modeled to evaluate the influence of certain tissues
on BIS measurements. Simulations were done using CST EM Stu-
dio (Computer Simulation Technology, Germany) and the Visible
Human Data Set (National Library of Medicine, USA). In addition
to the simulations, BIS measurements were also made on athletes.
Comparison between the measured bioimpedance data and simula-
tion data, as well as body weight loss during sport, indicates that
BIS measurements are sensitive enough to monitor body fluid loss
during physical exercise.
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Introduction

The human body consists of different compartments such as
bones, fat and body water. A balance between all these com-
partments is essential for a person’s health, quality of life
and sport performance. Especially body water (that accounts
for 50-70 % of total body weight) is important with regard
to physical exercise and endurance. Sawka showed that ath-
letes and workers frequently dehydrate by 3-6 %, which de-
creases their cognitive and physical performance [1]. Also,
during one game, soccer players have a loss of body weight
of 1-2.5 kg [2] or of 2-4 1 body water [3, 4]. In all cases,
the amount of body water loss depends on ambient temper-
ature, humidity, length of exercise, nutritional intake, cloth-
ing, airflow and heat acclimatization status [5]. A consid-
erable loss of body weight and body fluid may cause de-
hydration with severe consequences. Dehydration reduces
central blood volume and skin blood flow. Furthermore, de-
creased blood volume causes an increase in heart rate, thus
reducing stroke volume [5]. Finally, dehydration can re-
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sult in loss of motion control, confusion, nausea and even
death [6]. To avoid these consequences, the monitoring of
body composition is important. Bioimpedance spectroscopy
(BIS) allows such monitoring in a non-invasive, rapid and
inexpensive way. Compared with other measurement meth-
ods, BIS provides a good estimation of water content during
changes in hydration status [6, 7]. However, to obtain pre-
cise BIS measurements controlled conditions are required
to avoid the influence of external factors such as electrode
placement, subject’s posture and/or body movements [9]. In
relation to physical exercise, several other factors also need
to be considered. One such factor is temperature, because
both body and skin temperature affect body impedance. Cor-
nish et al. investigated the influence of temperature on skin
impedance and showed that skin resistance and reactance de-
creases by 35 % and 18 %, respectively, in a temperature
range of 20 °C — 40 °C [10]. Representing body fluids as
electrolyte solution, Grimnes et al. reported an impedance
change of +2 %/°C [11]. Heat stress combined with phys-
ical exercise also alters fluid distribution between vascular,
interstitial and intracellular compartments [12]. In addition,
sweat is produced, which results in improved skin conduc-
tivity and therefore reduced skin impedance. Sawka and
Coyle described sweat rates of 1-2 1/h during vigorous ex-
ercise in the heat [13]. Finally, physical exercise leads to
increased vascular perfusion and cutaneous blood flow, hy-
peremia and vasodilatation [14]. O’Brien et al. reported that
all these factors influence overall body impedance and can
complicate the detection of body fluid loss [15]. They ana-
lyzed several studies and found that impedance change was
not uniform. Although only athletes were measured, in some
studies body impedance increased during training whereas
in other studies impedance decreased [15, 16, 17, 18, 19].
These differences emphasize that more studies are needed
to clarify whether BIS measurements are sensitive enough
to accurately detect body fluid loss during physical exer-
cise. One possible approach is to use simulations based on
physical models. Finite element (FE) simulations are often
used to elucidate processes and measurement setups, and to
analyze influencing factors. However, simulating measure-
ments on a human body is difficult due to the specific prop-
erties of the human body (e.g. magnetic permittivity, electric
conductivity/permittivity) which are not well described and
depend on a person’s activity [20]. Therefore, only a few
groups have simulated impedance measurements on a hu-
man body. For example, Beckmann et al. used simulations
to optimize electrode placement for thoracic BIS measure-
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Fig. 1: Discretization of electromagnetic properties to a dual FIT
grid [25]

ments [21]. Wang et al. reported that FE models provide
good information on optimal electrode positions and sources
for thoracic impedance changes in impedance cardiography
[22]. Gagnon et al. developed an FE model to simulate the
electrical characteristics of benign and malignant cells to bet-
ter understand skin impedance measurements [23]. Finally,
Barchanski et al. tried to reproduce a whole body BIS mea-
surement and compare it to real measurements [24].

Technical Basics
Finite Integration Technique (FIT)

FE simulations of BIS measurements are used to model
the conductivity and permittivity contribution of different
tissues in the human body to determine certain measurement
scenarios and influences. Therefore, complex geometries are
divided into simple finite elements. These elements can be
rectangles or triangles for 2D problems, and pentahedrons,
pyramids, tetrahedrons or hexahedrons for 3D problems.
Physical values are assigned to the edges, faces and volumes
of these substructures. Figure 1 shows the discretization of
the electromagnetic properties.

Using the FIT, magnetic (b) and electric fluxes (d) are
allocated on the faces of the grids while electric voltages
(e) and magnetic field strength (h) are assigned to the
edges. Hence, a system of equations, called Maxwell-Grid
Equations, has to be solved for the whole calculation domain,
where each cell is described by:
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Note that both C matrices correspond to the curl operator
and both S matrices to the divergence operator [26]. These
equations can be simplified for this work because of electro-
quasistatic conditions (see chapter Methods).
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Bioimpedance Spectroscopy Technique

During a BIS measurement, four electrodes are attached to
the body: two outer electrodes inject AC currents usually
with frequencies between 5 kHz and 1 MHz and the other
two measure the resulting voltage. Knowing voltage and
current, body impedance can be calculated. To determine
water content, the electrical characteristics of human tissue
must be taken into account. Various body compartments, e.g.
blood and muscle, have higher conductivities compared with,
e.g., bone and fat [10]. According to the relative amount of
each tissue and body fluid, the electrical characteristics of the
human body change. Body fluid itself can be divided into
extracellular water (ECW) and intracellular water (ICW),
representing extra- and intracellular volume (ECV, ICV) (see
figure 2).

These volumes are separated by the cellular membrane.
ECW and ICW are predominantly electrically resistive enti-
ties (R,,R;), whereas the cellular membrane, due to its lipid
bilayer, has a capacitive behavior (C,,). Accordingly, the dis-
tribution of an injected current depends on its frequency: a
low frequency current flows only around the cells, whereas a
high frequency current will pass through the cell membrane
and the ICW. Such behavior can be represented by an electri-
cal model, known as the Cole model [27], and described by
the following equation:

. e Re —jo T,
2= g R (R“L 1+(ijm(Re+Ri))“> e

(3)

In this equation, « is a heuristic factor representing the
presence of different tissues in parallel with specific time
constants. 7Ty is the dead time produced by e.g. the stray
capacities of the measurement device. R, and R; are the
extra- and intracellular resistance and C,, the membrane
capacity [28]. Using the Cole parameters and the basics of
the Hanai Theory [29], equations for the calculation of ECW,
ICW, and total body water have been provided [30].
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These two equations approximate all body segments as
frustums with the length 1 and the circumferences C; and C;.
Here, p, = 40.3 Qcm and p; = 153.95 Qcm are empirically
assessed values. To calculate the fat free mass (FFM), the
following equation can be used [28]:

FFM = (d,-ECV)+ (d;-ICV) (6)

Here, d. = 1.106 is the mean density of ECW and
d; = 1.521 the mean density of ICW. The muscle mass
(MM) is calculated by an empirically assessed equation [31]:

17V —0.127-FFM - 0.068 )
0.5545
Using this MM and the real part of the measured
impedance, the muscle conductivity for f — co and f — 0
can be calculated.

MM =

Methods
The Simulation Model

BIS measurements were simulated using an anatomical data
set of a male human. The data set is based on the Visible
Human Data Set (National Library of Medicine, MD, USA)
providing resolutions from 1 x 1 x 1 mm> to 8 x 8 x 8 mm?>
[32]. The source of this data is an executed prisoner, Joseph
Paul Jernigan, who was frozen into gelatin after death. His
frozen body has been cut into more than 1800 slices, so-
called cryosections. These slices have been digitized using
MRI and CT with an image resolution of 4096 x 2700 pixels
and a 24 bit color depth. For the presented simulation
model, an anatomical data set created by MVR Studio GmbH
(Loerrach, Germany) was used.

This data set already contains segmented voxels for all im-
portant tissues. Since voxels contain no volume data for a
certain tissue, the voxel data had to be converted into vol-
umes. First, all tissues were converted into stereolithography
files containing surface geometries composed of triangles,
represented by polygon meshes, enclosing the different tis-
sues. This enclosed area can be converted into volume data,
which was done for every type of tissue. Using Boolean op-
erations, all tissue volumes were combined to form the whole
body. Therefore, one volume containing all tissues was cre-
ated using fatty tissue as a meta structure into which all other
tissues were inserted by subtracting them from this meta tis-
sue. Since the highest resolution (8 x 8 x 8 mm?) was used,
the model contained no skin tissue. Thus, a new skin layer
was added beyond the electrodes. The thickness of this ad-
ditional skin layer was 5 mm (which is significantly thicker
than real human skin). Unfortunately, due to the model reso-
lution and the cylindrical body shape, thinner skin could not
be generated. The BIS electrodes composed of aluminum
and PEC (perfect electric conducting) layers were added on
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both feet which corresponds to a leg-to-leg BIS measure-
ment. The resulting volume model consumed 3.3 GB RAM.

Conductivity (o) and permittivity (€,) values for every
tissue have been implemented using the data from Gabriel
et al. (see table 1) [27].

Tab. 1: Permittivity and conductivity values at 100 kHz [27]

o [S/m] &
Skin 0.065836 15357
Bone 0.020791 227.64
Fat 0.024414 92.885
Muscle 0.36185 8089.2

For the simulation the PECs were charged with a fixed
voltage. To calculate the complex current, the current density
was integrated over transversal faces. Since the maximum
wavelength is much higher than our model volume, the
low frequency electroquasistatic solver with the following
boundary conditions was used for the simulation:

0B

7 d — =
Y 0an Y 0

Due to these boundary conditions, the complex current
cannot be determined directly. Assuming D as a harmonic
oscillation (5 = |D
current, the complex current could be calculated using the
following equation:

®)
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The simulation of an ankle-to-ankle BIS measurement
with a mesh density of 2 million tetrahedrons consumed
5 GB RAM and took 25 hours per sweep. The calculation
frequency ranged from 5 kHz to 5 MHz, covering the
measuring range of common BIS devices, which usually is
5kHz to 1 MHz. The slightly bigger frequency range ensures
the simulation of preferably complete Cole curves. Matlab
(The Mathworks Inc., USA) was used to analyze impedances
obtained by the simulations to compute R, and R;.

Bioimpedance Spectroscopy Technique

To validate and compare the simulation results, real BIS
measurements were made in a group of athletes. The aim
was to test the sensitivity of real measurements to detect body
fluid loss during physical training. In this trial, the hydration
level of the 10 test subjects (aged 22-34 years; Table 2)
was monitored during exercise on a cross trainer (Ergo Lyps
Medical, Daum Electronics, Fiirth, Germany). As reported
earlier, it is difficult to measure changes in impedance during
physical exercise and results are not always uniform [14].
Because skin temperature plays a major role, the infrared
VarioCAM hr head camera (Jenoptik, Germany) was used to
define the time range in which skin temperature is constant
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Tab. 2: Physical data of the ten athletes.

Athlete’s Age Height Weight Sex

ID no. (years) (m) (kg)

1 27 1.99 101.4 Male

2 22 1.89 75.5 Male

3 27 1.78 60.8 Male

4 31 1.71 81.5 Male

5 34 1.70 76.9 Male

6 26 1.70 69.3 Female
7 25 1.77 71.8 Female
8 25 1.89 75.6 Male

9 25 1.78 80.7 Male
10 25 1.71 74.9 Male

during exercise. During this period, body fluid loss can be
analyzed using BIS.

The ten athletes were requested to work out on the cross
trainer for specific time periods (warm up time + 3 x 30 min
training + cooling down time). In the defined periods, whole
body BIS measurements (wrist-to-ankle) were made with a
Hydra 4200 (Xitron Technologies, USA) as reference mea-
surements since this is the standard measurement method [7].
In five athletes, ankle-to-ankle impedance as a new measure-
ment method was also measured and analyzed in order to
compare measurements made in athletes with the simulation
data. Ankle-to-ankle BIS measurements or even thigh-to-
thigh measurements have some advantages over whole body
measurements. Investigations of Medrano and Beckmann et
al. have shown that these measurement techniques are more
suitable focusing on wearable BIS applications, which are
needed for continous sport monitoring [8]. In addition, im-
ages of the legs and arms were made with the infrared cam-
era. Athletes did not drink or eat for 2 h before and during
measurements to ensure a controlled fluid loss. As a refer-
ence for dehydration, each athlete was weighed before and
after training, and the temperature in the gym room was kept
constant. To exclude influences of body fluid shifts, all sub-
jects had to lie down for a certain time before measurements
were made and every measurement was made with exactly
the same body posture [9].

Results

Simulation Results

For the simulation of dehydration during physical exercise,
several assumptions were made. Dehydration describes
the loss of total body water, which increases whole body
impedance. Since muscle is one of the main water reservoirs
in the human body, dehydration during physical exercise
leads to fluid loss mainly in this tissue. As a consequence,
muscle conductivity decreases. According to these assump-
tions, muscle conductivity of the visible human model was
reduced for the simulation of dehydration. Since no conduc-
tivity values for dehydrated muscle tissue are available, these
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were assessed by measurements with the Xitron Hydra on ad-
ditional athletes (not the validation group for the simulation)
and for all athletes the MM was calculated before and after
exercise according to equation 7 to determine the change of
muscle tissue conductivity (= 0.045 S/m). The results of the
simulations are shown in figure 3.

The simulation showed a clear impedance shift to higher
values (6 %). This implies that the change of muscle con-
ductivity is visible in the impedance measurements. Conse-
quently, it can be assumed that body fluid loss during phys-
ical exercise can be detected using BIS. Additional confir-
mation of these results is provided by analysis of the cur-
rent density contribution. For this, three cutting planes were
defined in the middle of the thigh, the knee and the lower
leg. At each cutting plane, the frequency-dependent current
density was calculated for each tissue. Table 3 presents the
current density contribution.

Tab. 3: Current density contribution (in percentage) at 1 MHz.

Tissue/Cutting Plane  Thigh Knee Lower Leg
Bone 0.1 % 207% 027 %
Muscle 96.05% 84.82% 98.95 %
Fat 386 % 13.12% 0.77 %

The results show that the main current flowed through
muscle (84.82 %; 98.95 %). This can be explained by
good perfusion and high water content in muscle, resulting
in good muscle conductivity (0.32 - 0.5 S/m). The high
current density in muscle tissue compared to other tissue
confirms the considerable influence of muscle tissue on BIS
measurements. Thus, BIS measurements are highly sensitive
to changes in the electrical properties of muscle tissue and,
consequently, to loss of body fluid during physical exercise.
Even a small variation will lead to a large impedance shift.
However, the simulation showed one deviation. In leg, the
values of simulated absolute impedance are much higher
than those of real measured impedance (= 490 Q [33]).
This difference can be due to a variety of reasons. The
main factor is the FE model resolution (8 x 8 x 8 mm?)
that leads to inaccuracy. During the conversion process,
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Fig.4: Infrared images of the leg of athlete no. 5 showing his
temperature profile during the trial.

small structures such as blood vessels (e.g. arterioles) were
’lost’; these volumes are too small for the model and are
replaced by the meta-volume fat which has less conductivity.
Another reason for higher impedance is the lack of skin in the
original voxel model. The 5 mm skin volume that was added
later on is much thicker and does not reflect the realistic
skin impedance. Last but not least, a 2-point measurement
was simulated instead of a 4-point measurement which is
used when measuring real persons. Thus, the electrode-skin
interface is part of the simulated impedance.

BIS Measurement Results

In this study, the analyses were performed in two steps. First,
temperature measurements taken with the infrared camera
were evaluated and time periods with stable temperature
profiles were defined. Then, the Cole parameters were
determined and analyzed for the specified time periods.
Finally, the results of the study were compared with the
simulation data.

Figure 4 presents infrared images of athlete (ID no. 5)
during the trial, as an example of the temperature profile
during a complete measurement. The first picture was taken
before the training (0 min); at that moment, the athlete
was relaxed and rested. The skin temperature ranges from
27 °C to 32 °C. After starting to work out, skin temperature
increased due to muscle activity and skin perfusion. This
temperature change was visible in the lighter areas on the
skin during the training period. Even after a recovery time
of 15 min, the legs were still warm and well perfused. Thus,
a 15-min period is probably too short for a complete cool
down, and a longer recovery period is necessary to return
to the baseline conditions. This effect was observed in all
athletes and can also be seen in the temperature profile of
test person no. 10 (Fig. 5). The skin temperature of the last
measurement was still 2 °C higher than the skin temperature
at the beginning of the trial. Comparisons between the
first and last impedance measurements are therefore not
recommended.

Another interesting effect is visible at the beginning of the
temperature profile. In some cases skin temperature did not
increase immediately after the start of training. In contrast,
skin temperature decreased within the first 20 min despite the
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warming-up period. One reason for this could be the convec-
tive heat transfer. At the start of training the body needs a
certain amount of time to warm up, and to activate vascu-
lar perfusion and muscle activity, so that skin temperature
increases slowly. However, the arms were already moving
and heat transfer between the moving arms and surround-
ing air started immediately after training started. It is pos-
sible that the cooling effect prevails at the start of training,
which leads to a decrease in skin temperature within the first
20 min. Afterwards, heat production due to muscle activ-
ity and skin perfusion is dominant and skin temperature in-
creases. Since changes in temperature have a considerable
impact on BIS measurements, impedance can only be an-
alyzed, compared and evaluated during stable temperature
ranges. Therefore, the training period was divided into two
parts. Figure 6 shows the temperature deviation in all ath-
letes during the first 40 min and during the remainder of the
training.

In the first period higher temperature changes were mea-
surable (=~ 7 %), whereas after the first 40 min skin tem-
perature remained stable (= 3 %). As a consequence, only
impedance data measured after the first 40 min of the training
were used to analyze the sensitivity of the BIS measurement.
Based on these temperature profiles, measured impedance
data were analyzed and the Cole parameters were calculated.
After the first 40 min the extracellular resistance of all ath-
letes increased. Table 4 shows the change in whole body
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Re 1, as well as the change in R, 44 measured between ankle-
to-ankle for all ten athletes.

Tab. 4: Change of R, and weight for all 10 athletes.

Subjects Parameter
ARe,rel [%] ARe7AA [%] Awelght [%]

1 5.2 34 -2.3
2 2.8 1.9 -3.0
3 1.7 0.2 -3.3
4 0.5 14 2.2
5 4.0 0.24 -2.3
6 4.21 - -1.2
7 2.22 - -1.5
8 2.59 - -1.3
9 4.94 - -0.8
10 2.46 - -1.3

The change in R, ,.; of the whole body ranged from 0.5 -
5.2 %, with an average of 3.06 %. The change in R, 44 of the
ankle-to-ankle measurements ranged from 0.2 - 3.4 %, with
an average of 0.7 %. These increases of impedance reflect the
measured loss of water. In addition, comparing measurement
results (figure 7) with the simulation data (figure 3) , almost
identical impedance shifts are observed. First, by visual in-
spection of these figures, one can observe an impedance shift
to higher impedances indicating a fluid loss. Second, an-
alyzing the low frequency impedance change, the simulated
impedance increases about 6 %, and the measured impedance
about 5 %.

In addition, a correlation coefficient near r = 1 can be
obtained comparing the static simulation with the static
measurement. These findings confirm the accuracy of the
simulation. Since body weight measurements before and
after training ensured that each athlete lost body water
during training (see table 4), it is assumed that the measured
impedance shift corresponds to body fluid loss and, thus,
BIS measurements are sensitive enough to detect dehydration
even during real physical exercise.
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Conclusion

In this work, changes of body fluid due to physical exercise
were analyzed using FE simulations of BIS measurements
and real measurements in athletes before, during and after
training. FE simulations were based on an anatomical
data set from a male human. The simulated ankle-to-ankle
BIS measurements show a clear shift to higher impedances.
This verifies the sensitivity of BIS to changes in muscle
conductivity and, therefore, to body fluid loss during physical
exercise. Comparison of the real measured impedance
data and the simulation data confirm that, under controlled
temperature conditions, impedance changes and body fluid
loss can be detected during physical exercise. It is shown
that FE simulations are a valuable tool to interpret BIS
measurements by taking an insight into the human body and
being able to analyze where current paths run and which
changes affect measured impedances. Thus it it possible to
identify sources for adapting models in the future. Additional
factors that may influence BIS measurements during physical
activity (e.g. changes in perfusion or ion losses) should also
be investigated using FE simulations.
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