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Abstract. The early detection of lung pathologies is crucial to improve the outcome of the patient,
especially in critically ill, ventilated patients. For this, a continuous monitoring tool available at the
bedside would be appreciated. One possible modality for this is Bioimpedance Spectroscopy (BIS),
which measures the complex bioimpedance in a frequency range, typically from a few kHz up to 1 MHz.

In this paper, we present the results of an experimental validation study in 17 animals to use
bioimpedance measurement for the detection and identification of lung pathologies. Three different
groups are investigated: in the first two groups, acute respiratory distress syndrome (ARDS) was induced
using either an infusion of lipoplysacharide or repetitive lavages, respectively. The third group served as
the control group, where no additional intervention took place. The results of the statistical analysis show
that the distribution of impedance magnitude features is significantly different in the two pathological
groups compared to the control group. Furthermore, the separation between the two pathological groups
seems to be possible by feature combination. Hence, the results indicate that bioimpedance spectroscopy
is a promising modality to enable bedside monitoring for lung pathology detection.

Keywords: Bioimpedance Spectroscopy, Bioimpedance Measurement, Lung Pathologies, ARDS, Animal Trial

1. Introduction

Lung pathologies, such as atelectasis, edema, or pneumonia are often life-threatening conditions,
especially in critically ill, ventilated patients at the intensive care unit. If not detected and treated at an
early stage, these can develop into an acute respiratory distress syndrome (ARDS), which is a life-
threatening condition [Thompson et al., 2017]. Currently, these pathologies are detected by arterial blood
gas test, x-ray, computed tomography (CT), sonography, or a combination of these modalities [American
Thoracic Society and Infectious Diseases Society of America, 2005; Khan et al., 2009; Marquette et al.,
1995]. However, all these techniques do not provide continuous results. Furthermore, depending on the
patients’ condition, they may be difficult to conduct as, for example, in CT, the patient has to be
transported and would be exposed to radiation. Thus, early detection of the respective pathology is not
guaranteed as the tests are either performed in a fixed interval or only if symptoms are already present.
Hence, continuous monitoring able to detect those pathologies would be highly recommended. One
possible modality for this is the measurement of bioimpedance.

Bioimpedance measurements as a monitoring tool showed promising results in various medical
applications. One modality based on bioimpedance measurements is Electrical Impedance Tomography
(EIT), where conductivity changes inside the body are mapped onto an image from repetitive
bioimpedance measurements at different positions on the body surface. Applications for this are widely
ranged covering lung monitoring [Aguiar Santos et al., 2018; Trepte et al., 2016], perfusion monitoring



[Hentze et al., 2018], brain monitoring [Malone et al., 2014], breast cancer detection [Akhtari-Zavare
and Latiff, 2015] or bladder volume estimation [Schlebusch et al., 2014]. A different technique is
Bioimpedance Spectroscopy (BIS), where, in contrast to classical EIT, impedance measurements are not
only performed at a single current injection frequency but in a frequency range, typically from a few kHz
to 1 MHz. Here, typical applications are the analysis of body composition [Kyle et al., 2004] and the
measurement of body fluid volumes [Jaffrin and Morel, 2008; Moissl et al., 2006]. Additionally, BIS
showed promising results as a fluid management system in heart failure [Weyer et al., 2014] and as a
monitoring technique in dialysis [Ismail et al., 2014]. Both modalities and applications have the
considerable advantage of being inexpensive, available at the bedside, and non-invasive. These
properties would also be desirable in the context of lung pathology identification.

In this paper, we aim to investigate if bioimpedance spectroscopy measurements can help to detect
and identify different lung pathologies. In previous work, we showed in simulations, that lung
pathologies have a significant impact on the measured impedance data at specific electrode positions
[Orschulik et al., 2018c]. Now, we present the results of an experimental validation study in a total of 17
animals (pigs).

This paper is structured as follows: in Section 2, Materials and Methods, we give the medical
background. The concept of bioimpedance spectroscopy is introduced with an emphasis on the effect of
adjusted electrode configurations on the measurement result. Furthermore, the animal trial setup is shown
and the measurement strategy presented. In Section 3, we give both the medical and technical results and
present a statistical analysis of the impedance data. In Section 4, the results are discussed and the
limitations of the study are addressed. Finally, we draw our conclusions in Section 5.

Preliminary findings related to this article have been previously published at the 11% International
Conference on Bioelectromagnetism (ICBEM2018) [Orschulik et al., 2018b].

2. Materials and Methods

2.1 Medical Background

The general idea of this work is to inspect if specific lung pathologies can be identified and detected
using bioimpedance spectroscopy measurements. If not treated in an early stage, these pathologies might
develop into an acute respiratory distress syndrome (ARDS), which is a severe condition. According to
the Berlin definition, the severity of ARDS can be divided into four stages of severity using the Horovitz
index, which is defined as the ratio of the partial pressure of oxygen in blood (P, ,, [mmHg]) and the
fraction of oxygen in inhaled air (F; 5,) [Horovitz et al., 1974; Ranieri et al., 2012]:

e 300mmHg < Po0,/Fio, : no ARDS

e 200mmHg < Po0,/Fio, < 300 mmHg : mild ARDS

e 100mmHg < Po0,/Fio, < 200 mmHg : moderate ARDS
. Po0,/Fio, < 100 mmHg : severe ARDS

In practice, the Horovitz index can only be calculated by arterial blood gas analysis. Unfortunately,
this is not possible continuously and is potentially harmful to the patient. Bioimpedance spectroscopy, in
contrast, allows a continuous measurement, which might be especially beneficial in mechanically
ventilated, critically ill patients at the intensive care unit. Thus, continuous detection of the severity and
an identification of the underlying pathology using BIS would be highly appreciated.

2.2 Bioimpedance Spectroscopy

The general idea of Bioimpedance Spectroscopy (BIS) is to determine the complex impedance in a
given frequency range, typically in the range between a few kHz to 1 MHz. This is done using a tetrapolar
measurement setup, where a small, alternating current is injected into the body at two electrodes while
the resulting voltage drop is measured across two different electrodes. The tetrapolar measurement setup
has the advantage of widely eliminating the electrode skin impedance.
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Figure 1: Current flow through biological tissue at low and high frequencies and electrical equivalent circuit
[Schlebusch et al., 2010].
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Figure 2: Sample shape of an impedance spectrum based on the Cole equation from Equation (1).

In the given frequency range, bioimpedance spectroscopy seeks to determine the effect of the cells,
especially of the cell membrane, on the measured impedance. At low frequencies, the majority of the
current flows through the extracellular space around the cells. As the cell membrane has a capacitive
behavior, this changes at higher frequencies where the current flows through both the extra- and
intracellular space. This characteristic is known as S-dispersion and is depicted in Figure 1, left.

Most commonly, this behavior is modeled by a three-component electrical equivalent circuit
consisting of two resistors and one capacitor, which is known as the Debye model and depicted in Figure
1, right [Debye, 1929; Grimnes and Martinsen, 2005]. Later, this model was adjusted by an empirical
constant leading to an equation for the frequency-dependent, complex tissue impedance known as the
Cole equation [Cole, 1940]:

R, —R.,

20) =Rt TG 2mf 100 @

where R, is the resistivity at f = 0 Hz, R,, the resistivity at f - oo Hz, t, the characteristic time
constant of the system and a an empirical constant. This equation results in a semicircular shaped
impedance spectrum in the complex plane. Figure 2 shows a sample impedance spectrum derived from
the Cole equation using the parameters R, =20 Q, R, =10 Q, 7, =4 us and « = 0.9 in a frequency
range from f = 3 kHz to f = 1 MHz. It should be noted that, due to the frequency range and the
empirical constant a, the impedance spectrum does not intersect with the real axis. However, by
analyzing and fitting the impedance spectrum to the model, the tissue parameters Ry, R.,, T, and a can
be determined. For « = 1, the Cole equation represents the Debye-model with the relation R, = R,,
R; = Ry||R+ and t; = R; - C,,, [Simini and Bertemes-Filho, 2018].

Depending on the tetrapolar measurement setup, the measured impedance spectrum may vary from
the actual tissue impedance. In particular, even though, typically, only resistive and capacitive



(a) Hand-to-foot configuration (b) Thoracic configuration

Figure 3: Exemplary electrode positions for hand-to-foot (left) and other thoracic configurations (right). Current
injecting electrodes are depicted in red, voltage sensing electrodes in blue. Exemplary current density
paths are shown in red dots.

components are present as tissue properties, impedance values representing inductive properties (positive
phase value) may be present in the measured data. Commonly, these properties are taken as a sign of
measurement and instrumentation errors, which certainly are a significant contributor to such unexpected
behavior. However, these properties can additionally be explained by the fact that in the tetrapolar
measurement setup, parts of the injected current do not flow through the measurement path but are
bypassed through different regions [Callaghan et al., 2010; Grimnes and Martinsen, 20071].

In Figure 3, two different tetrapolar configurations are shown: a hand-to-foot configuration (Figure
3a), where two electrodes are placed on the hand and two electrodes are placed on the foot and a thoracic
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Figure 4: Tetrapolar measurement setup in hand-to-foot configuration with electrode impedances. The
impedance of interest is Zyyr (TUT = Tissue Under Test).

configuration (Figure 3b), where the electrodes are placed at the thorax. The current injection electrodes
are depicted in red and the voltage sensing electrodes in blue. In the hand-to-foot configuration, almost
the complete injection current flows through the measurement path. This configuration can be transferred
to an equivalent circuit as shown in Figure 4, where Z,,r is the impedance between the voltage sensing
electrodes (TUT = Tissue Under Test) and Z,, the respective electrode skin impedance.

From this, the measured impedance Z can be derived as:

_Um _ i (Zryr) + i (Zel,ml + Zryr "'Zel,mz)
iin . iin (2)
Im<Liip
— TUT
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Figure 5: Tetrapolar measurement setup in the thoracic configuration with electrode impedances.

where i;, isthe injected current and i,,, is the necessary current to measure the voltage drop. Itis apparent
that, in this typical tetrapolar measurement setup, the impact of the electrode skin impedances is reduced
and that the measured impedance is the actual impedance between the voltage sensing electrodes.

In the case of the thoracic configuration, however, a different scenario is present. Here, the
appropriate equivalent circuit is shown in Figure 5. In addition to the impedance between the voltage
sensing electrode pair Z,, and the electrode skin impedances Z,;, the impedance between the current
injecting electrodes Zgp; and the impedances between each respective current injecting and voltage
sensing electrode Zp, , are present. This leads to a different measured transfer function Z:

7= Um _ Zrur ( Zpp1r+Zgp; + Zpp; _n Zppi i )
=2 - i
lin lin Zryr +Zgpy * Zgp; + Zpp, Zryr Y Zgpy v Zgp; + Zpp, 3)
im<iin Zryr - Zgpi

ZTUT +ZBP1 +ZBP,i + ZBPZ

It is apparent that the measured transfer function Z is different from the impedance Z;yr .
Furthermore, if the phase of the denominator £(Z;yr + Zgpy + Zgp; + Zgp,) is smaller than the phase
of the numerator 2(Zyr - Zgp,;), the measured phase will become positive, even though no inductive
properties in the individual impedances exist. In practice, this may be the case when large capacities
between current injecting and voltage sensing electrode pairs are present. Thus, it is likely that errors in
measurement and instrumentation, together with the effect of electrode placement may cause quasi-
inductive properties in bioimpedance spectroscopy measurements.

2.3 Animal trial

The data analyzed in this trial is based on an animal study. The experiments were performed in
accordance with the German legislation governing animal studies following The Principles of Laboratory
Animal Care and were approved by the North Rhine-Westphalia State Agency for Nature, Environment,
and Consumer Protection (Germany; 84-02.04.2013.A200).

A total of 21 female pigs (German landrace) weighing 32.6 - 40.6 kg were investigated in this trial,
of which 17 animals were included in this study. 4 animals were not included due to a premature ending
of the trial or problems in instrumentation. The remaining animals were randomized into three different
groups:

e ARDS induced by an infusion of lipopolysaccharides (LPS) (n=5)
e ARDS induced by bronchoalveolar lavage (LAV) (n=7)
e  Control group with no intervention (CO) (n=5)

The initial procedure was similar in all three groups. All animals were mechanically ventilated in a
volume-controlled mode using a tidal volume of 6-8 ml/kg bodyweight. The inspiratory-expiratory ratio
was set to 1:1. A PEEP of 5 cm H,O was maintained during the entire trial. The breathing rate was
adjusted to maintain partial pressure of carbon dioxide in the range of P,.CO, = 35-45 mmHg.
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Figure 6: Positions of electrodes (a) and approximate sensing region (b) of the different measurement
configurations used in the animal trial. Internal electrodes were places on the endotracheal tube (ET-Tube)

After initial preparations, a baseline measurement was performed. Then, F; ,, was set to 1.0 so that
the measured P, o, value is equal to the Horovitz index (see Section 2.1). Depending on the group,
different interventions followed.

In the lipopolysaccharides group (LPS), ARDS was established by the infusion of 200 pg/kg LPS
(Escherichia coli, Sigma 055:B5) for one hour. Typically, three hours after infusion, a stable ARDS
(Pa,0,/Fi0, < 300 mmHg) was reached. The infusion led to a damage of the endothelial cells and an
inflammatory response, as it would be present in pneumonia.

In the lavage group (LAV), lavages with 30 ml/kg bodyweight saline solution 0.9 % were performed
every 10 min, followed by arterial blood gas test. ARDS was considered established, when P, ,, was
below 100 mmHg one hour after the last lavage. This was typically the case after three hours of repeated
lavages. This intervention led to atelectasis and edema.

In the control group (CO), no additional intervention was performed. All animals were ventilated
witha F;,, of 1.0 for three hours.

Medical parameters were recorded hourly simultaneously to the impedance measurements. The
results and medical evaluation of the animal trial are published in [Hochhausen et al., 2019].

2.4 Measurement strategy

During the trials, measurements were performed hourly using a total of 16 external and two internal
electrodes. The positions of the electrodes are depicted in Figure 6 a). Electrodes 1 — 5 and 12 — 16 were
placed in a similar way as the electrodes of an EIT belt at approx. the height of the 5th intercostal space.
Electrodes 12+, 16+, 1+ and 5+ were placed approx. 10 cm below the respective electrodes 12, 16, 1,
and 5. Electrodes L2 and R2 were internal electrodes, which are integrated on the cuff on the endotracheal
tube (ET-tube) used for mechanical ventilation. Electrodes L3 and R3 are surface electrodes at the same
height as the internal electrodes. Using these electrode positions, tetrapolar impedance measurements
were performed using eight different injection- and sensing patterns as shown in Table 1.

Table 1: Electrode configurations used in this study.

Config # [ i Vi V_
I 4 13 5 12

I L2 2 R2 15

" L2 2 R3 3

v R2 15 L3 14

V L2 5 L3 4

Vi R2 12 R3 13
VI 16 12 16+ 12+
Vil 1 5 1+ 5+



In [Orschulik et al., 2016; Orschulik et al., 2018a], we showed in simulations that proper placement
of electrodes can focus measurements on specific regions of interest. Furthermore, we demonstrated that
the addition of internal electrodes might be beneficial for focused impedance measurements in the lung.
In the given setup, the focus regions for the eight configurations | — V111 are:

l. External, transthoracic measurement, central focus region,
Il. Two internal electrodes, central focus region,

. One internal electrode, central-left focus region,

(\VA One internal electrode, central-right focus region,

V. One internal electrode, wide-left focus region,

VI. One internal electrode, wide-right focus region,
VII. External electrodes, bottom right focus region,
VIII. External electrodes, bottom left focus region.

Figure 6 b) shows an approximation of the appropriate sensing regions. The exact measurement
sensitivity is dependent on the internal conductivity distribution and the exact electrode position.

During the trials, bioimpedance spectroscopy measurements were recorded hourly using the BIS
device Sfb7 by Impedimed (Carlsbad, USA). Impedance was measured at 256 frequencies between 4
kHz and 1 MHz. The duration of one spectroscopic impedance measurement took less than 1 second.
Data was recorded and processed in Matlab (MathWorks Inc., USA).

2.5 Data validity and filtering

In order to test the validity of the data, the Kramers-Kronig transformation was applied. Specifically,
the conformity was verified using the linear Kramkers-Kronig validity test as introduced in [Boukamp,
1995] using both a real-fit and complex fit as suggested in [Schonleber et al., 2014; Schénleber and Ivers-
Tiffée, 2015].

Next, to reduce noise, the data was filtered. For this, a third-order Savitzky-Golay filter with a frame
length of 41 was applied to the raw data of single impedance spectroscopy measurements [Savitzky and
Golay, 1964]. Figure 7 shows an exemplary bioimpedance measurement before filtering (red) and after
applying the filter (blue). It is apparent that the filter is able to eliminate the noise while the shape of the
spectrum is maintained. All subsequent calculations and processing steps were henceforth based on the
filtered data.

2.6 Data normalization

In general, the measured impedance of each individual subject is dependent on many different factors
such as body height, body weight, or body composition. This is utilized by various applications such as
Bioimpedance Analysis (BIA), where important parameters such as extra-, intracellular, and total body
water are extracted from impedance measurements [Jaffrin and Morel, 2008; Kushner and Schoeller,
1986; Moissl et al., 2006]. The aim of this study was to investigate the effect of lung pathologies on the
impedance spectrum. Thus, in order to cancel out other effects, all measurements were normalized to the
baseline measurement at each measured frequency:

Z(f.t)

Znorm (fr t) = mx (4)

with Z(f, t) being the measured complex impedance at frequency f at time t and Z(f, 0) the baseline
measurement.

This means that, for the baseline measurements, all values were normalized to 1. At later
measurements, the magnitude of each element directly showed if the measurement result at the specific
frequency increased (|Z,orm| = 1) or decreased (|Z,,rm| <1). This normalization procedure was
performed for all features except for the extracted tissue parameters, as such a normalization eliminates
information on the shape of the spectrum. For the tissue parameters, each respective parameter was
normalized on the baseline measurement. For example, the parameter R, ;5 (t) Was derived as:

Resorn(® = 550 ®)
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Figure 7: Exemplary bioimpedance measurement before (red) and after (blue) filtering with the third order
Savitzky-Golay filter.

3. Results

In this chapter, the results of the animal study and the data analysis will be presented. In particular,
we aim to answer three questions:

1. Does the presence of a lung pathology have a significant impact on the measured impedance
spectrum compared to the control group?

2. Is the impact on the measured impedance spectrum dependent on the type of the pathology
(Lavage or LPS group)? Is there a significant difference between the two pathologic
groups?

3. Are configurations utilizing internal electrodes superior to configurations using only
external electrodes?

First, the medical results will be briefly presented. Then, the features will be introduced. Finally, the best
features will be displayed in boxplots, compared to the medical reference, and the results of a statistical
significance analysis will be shown.

3.1 Medical results

In this paper, the medical results will only be presented in the form of the Horovitz index, which is
the key medical reference parameter for the identification and classification of ARDS (see Section 2.1).
For a complete analysis of the medical results and a comparison to Electrical Impedance Tomography,
the reader is referred to [Hochhausen et al., 2019].

In Figure 8, boxplots of the Horovitz index for the three groups at the time points baseline, 4 h after
baseline, 7 h after baseline, and 11 h after baseline are presented. In the LPS group, lipopolysaccharides
was injected after baseline measurement, which resulted in ARDS. Specifically, 4 hours after the baseline
measurement, mild ARDS was reached (200 mmHg < P, ,,/F; o, < 300 mmHg). At later time points,
the Horovitz index even dropped further so that a stable moderate or severe ARDS (P ,/F;o, <
200 mmHg) was achieved. In the LAV group, ARDS was induced by repetitive lavages. This led to a
moderate or severe ARDS 4 h after baseline measurement. At later time points, however, the variance in
the Horovitz index was found to be higher than in the LPS group. In some trials, at t=7 h and t=11 h the
criterion for mild ARDS was not even fulfilled any more (P, o,/F; o, > 300 mmHg) while in other trials
a severe ARDS was still present (P, 0,/F;0, < 100 mmHg), indicating that in some cases, the lung
recovered significantly. Thus, in this trial, the LPS method provided a more stable ARDS than the LAV
method. In the CO group, no additional intervention was performed. Thus, it is not surprising that the
Horovitz index stayed in the healthy range throughout the full trial.
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Figure 8: Medical results of the animal trial. Boxplots of the Horovitz index are shown for each group,
individually. In the LPS and LAV group, ARDS is established at t=4 h after baseline measurement
(Horovitz index < 300 mmHg). In the CO group, no ARDS is present.

3.2 Impedance features

In the given setup, impedance data was recorded hourly at 8 different electrode configurations. As
only 17 animals were investigated in this study, a simple fitting of the impedance data to the medical
reference would probably be successful. However, due to the small sample size, the validity would be
questionable. Thus, in order to avoid overfitting, two meaningful feature sets were investigated: the
impedance magnitude and the spectroscopic tissue parameters.

As introduced in Section 2.6, the impedance data was normalized to the baseline measurement. Thus,
the value |Z,,.,-(f, t)| represents the amplification or drop of the magnitude of the impedance at
frequency f and time t with respect to the baseline measurement. This magnitude was analyzed at the
frequencies of 4 kHz, 57 kHz, and 550 kHz in order to represent low, medium, and high frequencies.

The analysis of the spectroscopic measurements was performed taking into account the adjusted
tetrapolar model as described in Section 2.2. For this, eq. (3) was applied, as in Section 2.2 However,
adding three additional, independent bypass impedances Zgp,, Zgp; and Zgp, would, depending on the
modeled complexity of the respective impedances, introduce multiple parameters and thus additional
degrees of freedom, which would make a potential fitting algorithm unstable and the results difficult to
compare. Hence, the analysis was performed using various assumptions in four distinct steps: The
simplification of eq. (3), the fitting of the baseline measurement to the simplified equation and the
calculation of the bypass impedance for the baseline measurement, the decomposition of the measured
impedance into the impedance of the TUT for each time step, and the extraction of tissue parameters and
normalization of each extracted tissue parameter on the baseline measurement.

First, as mentioned above, a parameter fitting to eq. (3) would increase the degrees of freedom of the
fitting algorithm, which could result in unstable results as the impedance at the 256 different frequency
points are not independent of each other, but could be, in the best case, modeled using one single Cole
equation. Hence, the number of parameters was reduced by two assumptions: Firstly, the impedance
between the current injecting electrodes was assumed to be equal to the impedance between the voltage
sensing electrodes: Zyr = Zgp,;. Secondly, the two impedances between current injecting and voltage
sensing electrodes were also assumed to be equal: Zzp; = Zgp,. In Figure 3 b.), for example, a typical
thoracic electrode setup is shown. It can be seen that, in this example, both the respective impedance
between the two current injecting and the two voltage sensing electrode pair is derived from a similar
region and orientation, while the impedance between one single current injecting and voltage sensing
electrode is perpendicularly orientated. After applying the simplifications above, eq. (3) was modified to
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Ztyr (f)
2- ZTUT(f) +2- ZBPl(f).

Z(f) = (6)

In the second step, the baseline measurement was fitted to the simplified model in eq. (6). For this,
the impedance Z,,(f) was modeled using the Cole equation as introduced in eq. (1). The impedance
between a single current injecting and voltage sensing electrode Zp,(f), however, was modeled as a
parallel RC-circuit with an empirical constant:

Ry
1+ (- 2nf - RyCy)®

Zgp:(f) = (7

This modeling takes into account both capacitive effects between the current injecting and voltage
sensing system due to electrode placement as well as errors due to instrumentation and was previously
used in a comparable compensation approach in [Callaghan et al., 2010]. The curve fitting was realized
in Matlab using the Nelder-Mead simplex algorithm, as described in [Lagarias et al., 1998]. After this
step, the baseline measurement was decomposed into the Cole-shaped part Z ., 5, (f, t = BL) and the
bypass part Zgpq g, (f,t = BL). This is visualized in the top row of Figure 9, where the complete
decomposition chain is shown.

In the third step, the Cole-shaped part Zryr. (f,t =t;) was derived for all subsequent
measurements by decomposing the measured impedance Z(f,t;) using the baseline bypass impedance
Zgp1p(f,t = BL):

Z%UT,ti (fr t= ti) (8)
2- ZTUT,tl-(ft =t;)+2 - Zgpyp(f.t =BL)

Z(f.t) =

In general, the procedure described in step 2 for the baseline could be repeated for each subsequent
measurement, which would result in an individual Cole-shaped impedance and an individual bypass
impedance for each time point. This, however, has the problem of, again, adding additional degrees of
freedom to each measurement, which could introduce significant differences in the individual fitted
results between the different measurement points. In order to avoid this, the bypass impedance was
modeled to stay constant throughout each individual trial, which assumes that it is mainly dependent on
the measurement setup itself and that the pathology purely affects the Cole-shaped impedance. The result
of the decomposition is then the Cole-shaped part for each time point Zryr ., (f, t = t;).

The fourth and final step was the derivation and normalization of the tissue parameters from the
impedance Zryr,,(f,t =t;). For this, the Cole equation as introduced in eq. (1) was applied to
Zryry,(f t = t;) atall time points. This results in the parameters Ry, R, T, and a. From this, the extra-
and intracellular resistance R, and R; were calculated based on the extracted parameters R, and R,,. The
normalization of the derived parameters was based on the parameters of the baseline measurement, as
shown in eg. (5). In total, five tissue parameters were extracted, normalized and analyzed: The
extracellular resistance R, .- , the intracellular resistance R; -, the ratio between extra- and
intracellular resistance (R,/R;)orm, the time constant .., and the empirical Cole parameter a,,,;,.

In Figure 9, the extraction method for the tissue parameters is visualized. At the baseline
measurement (BL), both the impedance of the TUT Zyy;p5,(f,BL) and the bypass impedance
Zgp1p.(f,t = BL) was extracted. This bypass impedance was then used as an input in order to
decompose the measured impedance into the impedance of the TUT for the subsequent time steps
Zryre,(f, t;), which is represented by the blue curve on the right side. The red dotted curve shows the
result of the Cole-fit to the decomposed impedance.
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Figure 9: Fitting and decomposition of the measured impedance Z,, for tissue parameter extraction. Due
to the adjusted electrode positions as introduced in Section 2.2, the measurement was assumed
to consist of the Cole-shaped impedance Z ., and the bypass impedance Zgp,. The initial
fitting into the two impedances was done at the baseline measurement. The extracted bypass
impedance at this time point was assumed to be valid for all subsequent measurements as well,
so that a decomposition was performed at later time points. From the Cole-shaped impedance,
the tissue parameters were extracted using curve fitting.
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Figure 10: Boxplots of the feature | Z,,,,m (4 kHz,t)| of config. 111 at baseline, 4 h, 7 h and 11 h after baseline
measurement. Pairwise significant differences between groups are marked with § (p<0,05).

3.3 Results and Statistical evaluation

In this section, the results and statistical evaluation will be presented. The statistical evaluation was
performed using the software SPSS (IBM SPSS Statistics for Windows, Version 23). The significance
level was set at p < 0,05. Not-normal distribution was confirmed using the Shapiro-Wilk-test [Shapiro
and Wilk, 1965]. The pairwise differences between the three groups (LPS and CO group, LAV and CO
group, LPS, and LAV group) were analyzed using the Mann-Whitney-U-Test [Mann and Whitney,
1947].

In Figure 10, the distribution of the impedance magnitude feature |Z,,.m (4 kHZz)| at configuration
I11, which was focusing on the central left focus region and utilized one internal electrode, is presented
at 4 kHz (low frequency). Similar to the Horovitz index in Figure 8, the results are shown at baseline and
4 h, 7 h, and 11 h after baseline measurement. Significant pairwise differences between groups are
marked with §. First, it is apparent that in all three groups, the normalized impedance magnitude dropped
over the course of the study. Att =4 h, however, this drop was significantly higher in the two pathological
groups (LPS and LAV group) than in the control group. This was also the case at t = 7 h after baseline
measurement. At t = 11 h after baseline measurement, the difference between the LAV group and the
CO group became smaller so that no significant difference was present any more between these two
groups. In the LPS group, in contrast, the impedance magnitude dropped even further so that the
distribution of the feature was significantly different between the LPS group and both the LAV and CO
group at this time point.

In Figure 11, the results for another impedance magnitude feature, |Z,,,.m (57 kHZz)| at configuration
IV at 57 kHz, are given. This time, the central right region was focused by the electrode configuration.
The results obtained in this configuration are similar to the one of configuration Il at 4 kHz above.
Again, in all groups, the impedance magnitude dropped during the trial. Furthermore, at 4 hand 7 h after
baseline measurement, the LPS and LAV groups had significant differences in the distribution of the
feature compared to the CO group. At t = 11 h after baseline measurement, the distribution inside the
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Figure 11: Boxplots of the feature | Z,,,,» (57 kHz, t)| of config. IV at baseline, 4 h, 7 h and 11 h after baseline
measurement. Pairwise significant differences between groups are marked with § (p<0,05).
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Figure 12: Boxplots of the feature R, ,,,,-, Of config. V at baseline, 4 h, 7 h and 11 h after baseline measurement.
Pairwise significant differences between groups are marked with 8§ (p<0,05).

LPS group was different from both the LAV and CO group, while the LAV and CO group did not show
a significantly different pairwise distribution.

When comparing both impedance magnitude features to the Horovitz index in Figure 8, analogies
and differences can be observed. For instance, the ARDS induced in the LPS group was more stable and
more severe in the medical results at later time points than in the LAV group. This is also confirmed in
the two presented impedance magnitude features, as the difference between the LPS group and the CO
group grew throughout the trial. In the LAV group, however, this difference to the CO group became
smaller at later time points. Notably, att =11 h after baseline measurement, the distribution of the feature
inside the LAV and the CO group was not significantly different anymore. This is different from the
medical result, in which the LAV and CO group showed different distributions in the Horovitz value
throughout the complete trial. However, when applying the classification criteria of ARDS to the
Horovitz index as introduced in Section 2.1, it is apparent that at t = 11 h after baseline measurement,
ARDS was no longer present in some animals of the LAV group (Horovitz index > 300 mmHg). Hence,
the rapprochement in the impedance magnitude features is in accordance with the medical reference
measurement.

The overall drop of the impedance magnitude, which can also be observed in the CO group, is not
visible in a similar way in the Horovitz index, where the control group remained in the same range during
the full trial. The reason for this impedance magnitude drop is not apparent. However, it can be assumed
that it was caused by the anesthetic procedure and fluid management, which was equal inside all three
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groups. Overall, the results of the distribution in the two presented impedance magnitude features match
the distribution in the medical reference data.

In Figure 12, the distribution of the extracted tissue parameter R, ,,,,,, at configuration V, is shown.
This configuration had a wide left focus region and utilized one internal electrode. In contrast to the two
features presented earlier, which were calculated based on the magnitude of the raw data, the tissue
parameters are the result of the application of the adjusted tetrapolar model, as described in Section 3.2.
Similar to the previous results, the value of the feature dropped in all three groups. The biggest difference
to the magnitude feature is visible in the LAV group. In contrast to the impedance magnitude features,
the distribution of the Cole feature was almost identical in the LAV and the CO group. In the LPS group,
in contrast, the value of the feature dropped throughout the course of the study. As a result, the
distribution of the LPS group was significantly different from the CO group at 4 h, 7 h, and 11 h after
baseline measurement and significantly different to the LAV group at 4 h and 11 h after baseline
measurement. Especially at 4h after baseline measurement, this is in contrast to the medical Horovitz
index, where it was lowest in the LAV group. The reason for this is unclear. One possible explanation,
however, is the underlying mechanism of the interventions which caused ARDS: While in the LPS group,
ARDS was induced by injection of lipopolysaccharide leading to damage of the endothelial cells and an
inflammatory response (pneumonia), the repetitive lavages in the LAV group caused atelectasis and
edema. This might have led to different dielectric properties, which could be observed in the tissue
parameters, as the shape of the impedance spectrum is taken into account [Ballard-Croft et al., 2012;
Bannerman and Goldblum, 2003; Russ et al., 2016; Wang et al., 2008].

The complete results of the pairwise statistical analysis between the three groups are given in
Appendix 1 - Appendix 3. For each electrode configuration (Config # | — VII11), the features introduced in
Section 3.2 are analyzed. Again, the results are presented at the time points 4 h, 7 h, and 11 h after
baseline measurement. The values show the p-value if p < 0,05 or “n.s.” if not significant.

Specifically, in Appendix 1, the results of the pairwise Mann-Whitney-U analysis between the CO
and the LPS group are shown. It is apparent that in most cases, the distribution of the normalized
impedance magnitude |Z,,,,-(f, t)| was significantly different in the control group than in the LPS
group. This difference becomes even stronger over the course of the trial, which is in accordance with
both the medical results as well as the observation of three demonstrated features above. For the tissue
parameters, the feature R, ,,,,, showed the most significant differences, while the distribution in the
other tissue parameters was not significantly different between the two groups.

In Appendix 2, the results of the pairwise analysis between the CO and LAV group are given. Here,
at 4h and 7h after baseline measurement, the distributions of the measurement results from
configurations 11, 1V, and VI, which all utilized both internal and external electrodes, showed significant
differences between the two groups for the magnitude-based features. However, 11 h after baseline
measurement, the difference between the two groups got smaller, as fewer features showed significant
differences. This, again, is in accordance with the medical reference data and the observations in the
boxplots. For the tissue parameters, almost no significant differences were present between the CO and
the LAV group.

Finally, the results of the pairwise comparison between the LPS and the LAV group are presented in
Appendix 3. Att=4h and t = 7 h after baseline measurements, almost no significant differences in the
distribution of the features were observed. At t = 11 h, however, more features showed a significant
difference in their distribution, especially in configuration IV, V, and VI, which all utilized both internal
and external electrodes. Overall, only the feature |Z,,,, (4 kHz,t)| at configuration V, which was a
configuration using internal and external electrodes, showed significant differences in all three time
points.

4. Discussion

At the beginning of Chapter 3, three questions were asked:

1. Does the presence of a lung pathology have a significant impact on the measured impedance
spectrum compared to the control group?

2. Is the impact on the measured impedance spectrum dependent on the type of the pathology
(Lavage or LPS group)? Is there a significant difference between the two pathologic
groups?

3. Are configurations utilizing internal electrodes superior to configurations using only
external electrodes?
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Based on the results, these questions can be answered as follows:

1. Depending on the feature, the distribution of the features in the pathological LPS and LAV
groups was significantly different than in the control group.

2. The dependency of the extracted features on the type of the pathology has to be analyzed
for each feature individually. In the impedance magnitude features, the behavior was similar
in both pathologies: the impedance drop in the pathological groups was significantly higher
than in the control group. In some Cole based features, the type of pathology had an impact
on the feature value. Hence, one way to differentiate the two pathological groups from each
other could be the combination of multiple features to create a strong separator.

3. The configurations with the most significant differences were the electrode configurations
I, 11, 1V, V, and VI. All these configurations used both internal and external electrodes.
Especially when comparing these configurations to the configurations 1, VII, and VIII,
which only used external electrodes, a benefit from internal electrodes can be observed.

It should be noted that, for most time points and configurations, the simple magnitude drop features
produced more significant differences between the groups than the comparatively complex tissue
parameters. One possible reason for this is that the tissue parameters were determined based on the
adjusted tetrapolar model and the decomposition introduced in Section 2.2 and 3.2. While the comparison
between the extracted tissue parameters and the decomposed impedance showed a good agreement (blue
and red curve in Figure 9, right), the impact of the bypass impedance on the measurement is still unclear.
In particular, assumptions on the size and shape of the bypass impedance were made, which might have
caused an oversimplification of the underlying mechanisms. Nevertheless, the adjusted tetrapolar model
and the decomposition strategy demonstrate that, especially when using electrode configurations in
which the voltage sensing current does not match the injecting current, parameter extraction such as
Cole-fitting should be used with care.

Despite this, the results of the study indicate in total that bioimpedance spectroscopy is a promising
approach to detect and distinguish lung pathologies. However, multiple limitations apply to the study
itself. First, the sample size is quite small. In total, the data of 17 animal trials was analyzed. Due to the
small amount of data, one crucial question cannot be addressed: Can the type and severity of lung
pathologies be classified using bioimpedance spectroscopy measurements? Based on the data, it could
be assumed that, for example, a normalized impedance magnitude in configuration Il at 4 kHz below
0,8 (1Z,,0rm (4 kHz, t)| < 0,8) would be an indicator of acute respiratory distress syndrome. Such a
statement, however, would be invalid as it is a result of overfitting. For a robust classification, the dataset
has to be divided into a training, validation, and test set. This, however, is not possible in the given dataset
size.

Second, all features were normalized on the baseline measurement. In a potential clinical scenario,
however, a baseline measurement may not be available. This is problematic as all features are different
in magnitude and scale due to interindividual differences in body height, body weight, or body fat
percentage. Additionally, the time point of the baseline measurement is important as even in the control
group, where no additional intervention took place, a variation of the impedance spectrum was observed.
In a large dataset, however, a baseline definition based on external anatomical parameters might be
possible as it is, for example, successfully performed in the field of bioimpedance analysis [Kyle et al.,
2004].

Third, measurements were only performed for eight hours after ARDS establishment. In clinical
scenarios, especially in the intensive care unit, patients will be ventilated and monitored for much longer
times. It has to be investigated if significantly different distributions of the features also hold in long term
experiments. Furthermore, if more data is available, more complex features could be extracted,
potentially allowing a better distinguishability and classification of the three groups.

Despite the limitations, the results show that the distribution of the extracted features is significantly
different in the pathological groups than in the control group. The fact that simple features, such as the
impedance magnitude drop and tissue parameters, were used instead of more complex features adapted
to the dataset increases the relevance of the results. While it is unlikely that impedance measurements
will replace blood gas analysis, they could be used as an indicator of a worsened lung state. Especially
as impedance measurement can be performed continuously and do not cause additional harm in ventilated
patients, they can help to detect lung pathologies in an earlier stage which is a key factor in improving
the patients’ outcome.
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5. Conclusion

In this paper, the results of an animal study on the detection and identification of lung pathologies
using bioimpedance spectroscopy were presented. 17 animals were divided into three different groups:
the LPS group, where acute respiratory distress syndrome (ARDS) was induced by an infusion of
lipoplysacharide, the LAV groups, where ARDS was induced by repetitive bronchoalveolar lavages, and
the CO group, which was the control group without any further intervention. Bioimpedance spectroscopy
measurements were performed hourly at eight different electrode configurations using both internal and
external electrodes. Features were extracted from the impedance data and analyzed using a statistical
test. It was shown that the distribution of extracted features was different in the pathological groups than
in the control group. Furthermore, some features also showed significant differences between the two
pathological groups.

In future work, the results should be confirmed in a larger dataset. Furthermore, data normalization
procedures should be developed based on anatomical information so that single measurements instead of
values normalized on a specific baseline measurement can be used. Finally, a classifier should be
developed, allowing the use of bioimpedance spectroscopy as an indicator for blood gas analysis for
early detection of lung pathologies.
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Appendixes

Appendix 1: Results of the pairwise Mann-Whitney U analysis of different features between the control group
(CO) and the LPS group (LPS) at t=4 h, 7 h, and 11 h after baseline measurement. Values show the p-value if
p<0.05 or “n.s.” if not significant.

Config #
| 11 1 v \V VI VIl VI
Feature

t=4 h
1Z,0rm(4 KHz,4 )] | 0,028 [ 0,009 [ 0,009 | n.s. | 0.009 | n.s ns. | ns.

1Z,....,(57 KHz,4h)| | 0,047 | 0,009 | 0,009 | 0,009 | 0,009 | 0,009 | 0,028 | ns.
Z,0. (550 kHz,4h)| | 0,047 | 0,028 | n.s. | 0,009 | 0,016 | 0,028 | 0,047 | ns.

R norm 0,028 | 0,028 n.s. n.s. 0,009 n.s. n.s. n.s.

R norm n.s. n.s. n.s. n.s. 0,009 n.s. n.s. n.s.

(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

T2 norm n.s. n.s. n.s. n.s. 0,028 n.s. n.s. n.s.

Aporm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
t=7h

1Z,0rm (4 KHz,710)] [ 0,028 [ 0,009 | 0,009 [ ns. [ 0,009 | 0,028 [ ns. | 0016
1Z00rm (57 kKHz,7h)| | 0,016 | 0,009 | 0,009 | 0,009 | 0,009 | 0,016 | n.s. | 0,028
1Z00rm (550 KHz, 7 0)[ | 0,028 | 0,028 | 0,009 | 0,009 | 0,016 | 0,009 | ns. | ns.

R orm 0,009 | 0,009 n.s. 0,047 | 0,028 n.s. n.s. 0,047
Rinorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Qporm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

t=11h




17

1Z,0rm (4 KHz, 12 0)| | 0,016 | 0,009 | 0,009 | 0,009 | 0,009 | 0,009 | ns. | 0,028
1Z,0m (57 kHz,110)| | 0,016 | 0,009 | 0,009 | 0,009 | 0,009 | 0,009 | ns. | 0,028
1Z00m (550 kHz, 11 0)] | 0,028 | 0,009 | 0,009 | 0,009 | 0,009 | 0,009 | ns. | n.s.

R orm 0,009 | 0,009 n.s. 0,009 | 0,009 | 0,028 n.s. 0,047
R norm n.s. n.s. 0,047 n.s. n.s. n.s. n.s. n.s.
(Ro/R))orm n.s. 0,047 | 0,047 n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Aporm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Appendix 2: Results of the pairwise Mann-Whitney U analysis of different features between the control group
(CO) and the lavage group (LAV) att=4 h, 7 h, and 11 h after baseline measurement. Values show the p-value if
p<0.05 or “n.s.” if not significant.

Config #
| 11 1 v \V VI VIl VI
Feature

t=4h

|Z 1 0rm (4 KHZ, 4 h)| n.s. n.s. 0,012 | 0,012 n.s. 0,042 n.s. n.s.
|Z 10 (B7 kKHZ,4 0)| n.s. n.s. 0,012 | 0,012 n.s. 0,012 n.s. n.s.
|Z 10rm (550 KHZ, 4 h)| n.s. n.s. 0,007 | 0,007 n.s. 0,028 n.s. n.s.

R orm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Rinorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Qporm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

t=7h
|Z 1 0rm (4 KHZ, 7 h)| n.s. n.s. 0,028 | 0,016 n.s. n.s. n.s. n.s.

|Z 10rm (B7 kHZ),7 h] n.s. 0,047 | 0,009 | 0,009 n.s. 0,047 n.s. n.s.
|Z 10 (550 KHz, 7 h)| n.s. n.s. 0,009 | 0,009 n.s. 0,047 n.s. n.s.

R norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Rinorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

T2 norm n.s. 0,028 n.s. n.s. n.s. n.s. n.s. n.s.

Aporm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
t=11h

|Z 1 0rm (4 KHZ,11 h)| n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

|Z 10 (57 kHz, 11 h)| n.s. n.s. 0,028 n.s. n.s. 0,047 n.s. n.s.
|Z 10 (550 kHz,11 h)| | n.s. n.s. 0,016 n.s. n.s. 0,047 n.s. n.s.

Renorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Rinorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. 0,028 n.s. n.s. n.s. n.s. n.s. n.s.
Anorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Appendix 3: Results of the pairwise Mann-Whitney U analysis of different features between the Lavage group
(LAV) and the LPS group (LPS) att=4 h, 7 h, and 11 h after baseline measurement. Values show the p-value if
p<0.05 or “n.s.” if not significant.

\cOnfig#H Colon | m v v v | v | v
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Feature

t=4h
|Z 1 0rm (4 KHZ, 4 h)| n.s. n.s. n.s. n.s. 0,042 n.s. n.s. n.s.
|Z0rm (57 kHz, 4 h)| n.s. n.s. n.s. n.s. n.s. n.s. 0,028 n.s.
|Z 00rn (550 kKHz, 4 h)| n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Renorm n.s. n.s. n.s. n.s. 0,028 n.s. n.s. n.s.
Ri norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. n.s. n.s. n.s. 0,028 n.s. n.s. n.s.
porm n.s. n.s. 0,028 n.s. n.s. n.s. n.s. n.s.

t=7h
|Z 1 0rm (4 KHZ, 7 h)| 0,047 n.s. n.s. n.s. 0,047 n.s. n.s. n.s.
|Z00rm (B7 kHz, 7 h)| n.s. n.s. n.s. n.s. 0,047 n.s. n.s. n.s.
|Z 107 (550 kHz, 7 h)| n.s. n.s. n.s. 0,047 n.s. n.s. n.s. n.s.
Renorm n.s. n.s. n.s. n.s. n.s. 0,047 n.s. n.s.
Ri norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. 0,047 n.s. n.s. n.s. n.s. n.s. n.s.
Qporm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

t=11h
|Z 1 0rm (4 KHZ,11 h)| 0,047 n.s. 0,016 0,009 0,009 0,016 0,028 n.s.
|Z 10 (57 kHz,11 h)| n.s. n.s. n.s. 0,009 0,009 0,016 n.s. n.s.
|Z0rm (550 kHz, 11 h)| n.s. n.s. n.s. 0,009 0,028 0,028 n.s. n.s.
Renorm n.s. n.s. n.s. 0,009 0,009 0,009 n.s. n.s.
Ri norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
(R./R) porm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
T2 norm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Anorm n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

References

Aguiar Santos, S., Czaplik, M., Orschulik, J., Hochhausen, N., & Leonhardt, S. (2018). Lung pathologies analyzed with multi-
frequency electrical impedance tomography: Pilot animal study. Respiratory physiology & neurobiology, 254, (1-9).
doi:10.1016/j.resp.2018.03.016

Akhtari-Zavare, M., & Latiff, L. A. (2015). Electrical Impedance Tomography as a Primary Screening Technique for Breast
Cancer Detection. Asian Pacific Journal of Cancer Prevention, 16, (14, 5595-5597). d0i:10.7314/apjcp.2015.16.14.5595

American Thoracic Society and Infectious Diseases Society of America. (2005). Guidelines for the management of adults with
hospital-acquired, ventilator-associated, and healthcare-associated pneumonia. American journal of respiratory and critical
care medicine, 171, (4, 388-416). d0i:10.1164/rccm.200405-644ST

Ballard-Croft, C., Wang, D., Sumpter, L. R., Zhou, X., & Zwischenberger, J. B. (2012). Large-animal models of acute respiratory
distress syndrome. The Annals of thoracic surgery, 93, (4, 1331-1339). doi:10.1016/j.athoracsur.2011.06.107

Bannerman, D. D., & Goldblum, S. E. (2003). Mechanisms of bacterial lipopolysaccharide-induced endothelial apoptosis.
American journal of physiology. Lung cellular and molecular physiology, 284, (6, L899-914).
doi:10.1152/ajplung.00338.2002

Boukamp, B. A. (1995). A Linear Kronig-Kramers Transform Test for Immittance Data Validation. Journal of The
Electrochemical Society, 142, (6, 1885). d0i:10.1149/1.2044210

Callaghan, M. F., Lund, T., Roitt, I. M., & Bayford, R. H. (2010). Positive phase error from parallel conductance in tetrapolar
bio-impedance measurements and its compensation. Journal of Electrical Bioimpedance, 1, (1, 71). doi:10.5617/jeb.142

Cole, K. S. (1940). PERMEABILITY AND IMPERMEABILITY OF CELL MEMBRANES FOR IONS. Cold Spring Harbor
Symposia on Quantitative Biology, 8, (0, 110-122). doi:10.1101/sqb.1940.008.01.013

Debye, P. (1929). Polar molecules (Dover hooks on science, S64, Reprint). New York NY: Dover Publ.

Grimnes, S., & Martinsen, O. G. (2005). Cole electrical impedance model--a critique and an alternative. IEEE transactions on
bio-medical engineering, 52, (1, 132-135). doi:10.1109/tbme.2004.836499

Grimnes, S., & Martinsen, @. G. (2007). Sources of error in tetrapolar impedance measurements on biomaterials and other ionic
conductors. Journal of Physics D: Applied Physics, 40, (1, 9-14). doi:10.1088/0022-3727/40/1/S02

Hentze, B., Muders, T., Luepschen, H., Maripuu, E., Hedenstierna, G., Putensen, C., Walter, M., & Leonhardt, S. (2018).
Regional lung ventilation and perfusion by electrical impedance tomography compared to single-photon emission computed
tomography. Physiological measurement, 39, (6, 65004). doi:10.1088/1361-6579/aac7ae

Hochhausen, N., Orschulik, J., Follmann, A., Santos, S. A., Dohmeier, H., Leonhardt, S., Rossaint, R., & Czaplik, M. (2019).
Comparison of two experimental ARDS models in pigs using electrical impedance tomography. PloS one, 14, (11,
€0225218). doi:10.1371/journal.pone.0225218

Horovitz, J. H., Carrico, C. J., & Shires, G. T. (1974). Pulmonary response to major injury. Archives of surgery (Chicago, III. :
1960), 108, (3, 349-355). doi:10.1001/archsurg.1974.01350270079014



19

Ismail, A. H., Trué, N., Gross, T., Eilebrecht, B., Walter, M., Schlieper, G., Eitner, F., Floege, J., & Leonhardt, S. (2014).
Usefulness of bioimpedance spectroscopy for detection of hypotensive episode during dialysis. ASAIO journal (American
Society for Artificial Internal Organs : 1992), 60, (5, 570-575). d0i:10.1097/mat.0000000000000104

Jaffrin, M. Y., & Morel, H. (2008). Body fluid volumes measurements by impedance: A review of bioimpedance spectroscopy
(BIS) and bioimpedance analysis (BIA) methods. Medical engineering & physics, 30, (10, 1257-1269).
doi:10.1016/j.medengphy.2008.06.009

Khan, A. N., Al-Jahdali, H., Al-Ghanem, S., & Gouda, A. (2009). Reading chest radiographs in the critically ill (Part I1):
Radiography of lung pathologies common in the ICU patient. Annals of thoracic medicine, 4, (3, 149-157).
doi:10.4103/1817-1737.53349

Kushner, R. F., & Schoeller, D. A. (1986). Estimation of total body water by bioelectrical impedance analysis. The American
journal of clinical nutrition, 44, (3, 417-424). doi:10.1093/ajcn/44.3.417

Kyle, U. G., Bosaeus, I., Lorenzo, A. D. de, Deurenberg, P., Elia, M., G6mez, J. M., Heitmann, B. L., Kent-Smith, L., Melchior,
J.-C., Pirlich, M., Scharfetter, H., Schols, A. M. W. J., & Pichard, C. (2004). Bioelectrical impedance analysis--part I: review
of principles and methods. Clinical nutrition (Edinburgh, Scotland), 23, (5, 1226-1243). doi:10.1016/j.cInu.2004.06.004

Lagarias, J. C., Reeds, J. A., Wright, M. H., & Wright, P. E. (1998). Convergence Properties of the Nelder--Mead Simplex
Method in Low Dimensions. SIAM Journal on Optimization, 9, (1, 112-147). doi:10.1137/s1052623496303470

Malone, E., Jehl, M., Arridge, S., Betcke, T., & Holder, D. (2014). Stroke type differentiation using spectrally constrained
multifrequency EIT: evaluation of feasibility in a realistic head model. Physiological measurement, 35, (6, 1051-1066).
doi:10.1088/0967-3334/35/6/1051

Mann, H. B., & Whitney, D. R. (1947). On a Test of Whether one of Two Random Variables is Stochastically Larger than the
Other. The Annals of Mathematical Statistics, 18, (1, 50-60). doi:10.1214/aoms/1177730491

Marquette, C. H., Copin, M. C., Wallet, F., Neviere, R., Saulnier, F., Mathieu, D., Durocher, A., Ramon, P., & Tonnel, A. B.
(1995). Diagnostic tests for pneumonia in ventilated patients: prospective evaluation of diagnostic accuracy using histology
as a diagnostic gold standard. American journal of respiratory and critical care medicine, 151, (6, 1878-1888).
doi:10.1164/ajrccm.151.6.7767535

Moissl, U. M., Wabel, P., Chamney, P. W., Bosaeus, ., Levin, N. W., Bosy-Westphal, A., Korth, O., Mller, M. J., Ellegard, L.,
Malmros, V., Kaitwatcharachai, C., Kuhlmann, M. K., Zhu, F., & Fuller, N. J. (2006). Body fluid volume determination via
body composition spectroscopy in health and disease. Physiological measurement, 27, (9, 921-933). doi:10.1088/0967-
3334/27/9/012

Orschulik, J., Petkau, R., Wartzek, T., Hochhausen, N., Czaplik, M., Leonhardt, S., & Teichmann, D. (2016). Improved electrode
positions for local impedance measurements in the lung-a simulation study. Physiological measurement, 37, (12, 2111~
2129). doi:10.1088/0967-3334/37/12/2111

Orschulik, J., Hochhausen, N., Czaplik, M., Teichmann, D., Leonhardt, S., & Walter, M. (2018a). Addition of internal electrodes
is beneficial for focused bioimpedance measurements in the lung. Physiological measurement, 39, (3, 35009).
doi:10.1088/1361-6579/aaad45

Orschulik, J., Hochhausen, N., Santos, S. A., Czaplik, M., Leonhardt, S., & Walter, M. (2018b) Detection of Acute Respiratory
Distress Syndrome using Sectoral Bioimpedance Spectroscopy - a Pilot Study. In Proceedings of the 11th International
Conference on Bioelectromagnetism.

Orschulik, J., Pokee, D., Menden, T., Leonhardt, S., & Walter, M. (2018c). Three-dimensional pulmonary monitoring using
focused electrical impedance measurements. Journal of Electrical Bioimpedance, 9, (1, 84-95). doi:10.2478/joeb-2018-0013

Ranieri, V. M., Rubenfeld, G. D., Thompson, B. T., Ferguson, N. D., Caldwell, E., Fan, E., Camporota, L., & Slutsky, A. S.
(2012). Acute respiratory distress syndrome: the Berlin Definition. JAMA, 307, (23, 2526-2533).
doi:10.1001/jama.2012.5669

Russ, M., Kronfeldt, S., Boemke, W., Busch, T., Francis, R. C. E., & Pickerodt, P. A. (2016). Lavage-induced Surfactant
Depletion in Pigs As a Model of the Acute Respiratory Distress Syndrome (ARDS). Journal of visualized experiments :
JoVE, (115). doi:10.3791/53610

Savitzky, A., & Golay, M. J. E. (1964). Smoothing and Differentiation of Data by Simplified Least Squares Procedures.
Analytical Chemistry, 36, (8, 1627-1639). doi:10.1021/ac60214a047

Schlebusch, T., Rothlingshofer, L., Kim, S., Kény, M., & Leonhardt, S. (2010). On the Road to a Textile Integrated
Bioimpedance Early Warning System for Lung Edema. In 2010 International Conference on Body Sensor Networks [, pp.
302-307]. IEEE.

Schlebusch, T., Orschulik, J., Malmivuo, J., Leonhardt, S., Leonhauser, D., Grosse, J., Kowollik, M., Kirschner-Hermanns, R., &
Walter, M. (2014). Impedance ratio method for urine conductivity-invariant estimation of bladder volume. Journal of
Electrical Bioimpedance, 5, (1). doi:10.5617/jeb.895

Schénleber, M., & lvers-Tiffée, E. (2015). Approximability of impedance spectra by RC elements and implications for
impedance analysis. Electrochemistry Communications, 58, (15-19). doi:10.1016/j.elecom.2015.05.018

Schonleber, M., Klotz, D., & lvers-Tiffée, E. (2014). A Method for Improving the Robustness of linear Kramers-Kronig Validity
Tests. Electrochimica Acta, 131, (20-27). doi:10.1016/j.electacta.2014.01.034

Shapiro, S. S., & Wilk, M. B. (1965). An Analysis of Variance Test for Normality (Complete Samples). Biometrika, 52, (3/4,
591). doi:10.2307/2333709

Simini, F., & Bertemes-Filho, P. (2018). Bioimpedance in Biomedical Applications and Research. Cham: Springer International
Publishing.

Thompson, B. T., Chambers, R. C., & Liu, K. D. (2017). Acute Respiratory Distress Syndrome. The New England journal of
medicine, 377, (6, 562-572). d0i:10.1056/NEJMral1608077

Trepte, C. J. C., Phillips, C. R., Sola, J., Adler, A., Haas, S. A., Rapin, M., Bohm, S. H., & Reuter, D. A. (2016). Electrical
impedance tomography (EIT) for quantification of pulmonary edema in acute lung injury. Critical care (London, England),
20, (18). d0i:10.1186/s13054-015-1173-5

Wang, H. M., Bodenstein, M., & Markstaller, K. (2008). Overview of the pathology of three widely used animal models of acute
lung injury. European surgical research. Europaische chirurgische Forschung. Recherches chirurgicales europeennes, 40,
(4, 305-316). d0i:10.1159/000121471

Weyer, S., Zink, M. D., Wartzek, T., Leicht, L., Mischke, K., Vollmer, T., & Leonhardt, S. (2014). Bioelectrical impedance
spectroscopy as a fluid management system in heart failure. Physiological measurement, 35, (6, 917-930).
doi:10.1088/0967-3334/35/6/917



