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Abstract

Ventricular Assist Devices (VADs) are used to treat patients with
cardiogenic shock. As the heart is unable to supply the organs
with sufficient oxygenated blood and nutrients, a VAD maintains
the circulation to keep the patient alive. The observation of
the patient’'s hemodynamics is crucial for an individual treatment;
therefore, sensors to measure quantifiable hemodynmaic parameters
are desirable.

In addition to pressure measurement, the volume of the left ven-
tricle and the progress of muscle recovery seem to be promising pa-
rameters. Ongoing research aims to estimate ventricular volume and
changes in electrical properties of cardiac muscle tissue by applying
bioimpedance measurement. In the case where ventricular insuffi-
ciency is treated by a catheter-based VAD, this very catheter could
be used to conduct bioimpedance measurement inside the assisted
heart. However, the simultaneous measurement of bioimpedance
and VAD support has not yet been realized, although this would al-
low the determination of various loading conditions of the ventricle.
For this purpose, it is necessary to develop models to validate and
quantify bioimpedance measurement during VAD support.

In this study, we present an in silico and an in vitro conductivity
model of a left ventricle to study the application of bioimpedance
measurement in the context of VAD therapy. The in vitro model
is developed from casting two anatomical silicone phantoms: One
phantom of pure silicone, and one phantom enriched with carbon, to
obtain a conductive behavior close to the properties of heart muscle
tissue. Additionally, a measurement device to record the impedance
inside the ventricle is presented. Equivalent to the in vitro model,
the in silico model was designed. This finite element model offers
changes in material properties for myocardium and the blood cavity.

The measurements in the in vitro models show a strong cor-

relation with the results of the simulation of the in silico model.
The measurements and the simulation demonstrate a decrease in

impedance, when conductive muscle properties are applied and
higher impedances correspond to smaller ventricle cross sections.
The in silico and in vitro models are used to further investigate
the application of bioimpedance measurement inside the left heart
ventricle during VAD support. We are confident that the models pre-
sented will allow for future evaluation of hemodynamic monitoring
during VAD therapy at an early stage of research and development.
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silicone conductivity, FEM heart

heart volumetry,

Introduction

Cardiogenic shock (CS) is still a leading cause of death in
developed countries [0]. In the case of a CS, adequate
blood circulation is not maintained due to a reduced pump
performance in the damaged left ventricle. If untreated, the
lack of oxygen and nutrients in the periphery can lead to death.
The VAD systems, in particular minimal-invasive rotary blood
pumps, are used for the treatment of CS to perpetuate blood
circulation and save the patient'’s life.

The state of the art in VAD therapy is to operate the impeller
at a constant rotational speed at the discretion of the attending
physician. However, individual hemodynamic monitoring to
observe the pressures and volumetric flows in the circulation
are needed to know the patient's actual demand for an optimal
therapy [2], [B]. Therefore, parameters in VAD therapy must
be derived to qualify the heart condition and the needs of the
patient. To date, the integration of pressure sensors on the
surface of a VAD has been completed successfully [@], whereas
an accurate measure to monitor the preload of the heart is
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missing.  Life-threatening adverse events, such as suction,
resulting in a shrinkage of left ventricular volume (LVV) are
frequently observed complications. A low LVV can lead to
a shift of the septum and affects the electrical activation of
the heart. By contrast, if the LVV is too high, pulmonary
edema due to the high preload may be caused. Therefore, the
monitoring of LVV is essential to account for the observation
of various loading conditions, which can currently only be
determined for one point in time using imaging modalities.

We believe that using bioimpedance measurements during
VAD treatment will provide additional information about the
condition of the heart; however, the interaction between
bioimpedance measurement and VAD support has not yet been
properly assessed. The placement of more than four electrodes
on the surface of a catheter-based VAD is similar to the setup
proposed by Baan et al. [B]. A current is injected into
the outer electrodes, spanning the electric field, whereas the
inner electrodes are used to measure voltages depending on
the surrounding tissue. The admittance calculated correlates
to the volume of the left ventricular blood cavity. Due to
non-linear effects of the electrical field spread by two point
charges, Wei et al. [6] proposed a new algorithm for volume
computation of the blood cavity. Nevertheless, this method still
requires calibration, for instance with ultrasound. Furthermore,
the method neglects material boundaries, which have a huge
impact on the electric field distribution. Additionally, it has
been shown that the electrical properties of myocardial tissue
change during ischemia [7]. We speculate that this information
can be used to derive an estimate for the condition of
myocardial tissue during CS. All this leads to the consideration
of applying bioimpedance measurements for the improvement
of VAD treatment.

In this work, we present the validation of an in silico and two
in vitro models of the left heart ventricle intended to be used
for the application of bioimpedance measurement during VAD
support. In the future, these models will be used to observe
changes in blood volume and properties of heart muscle tissue
using bioimpedance measurement during VAD support both
theoretically and practically, while simultaneously providing
rapid testing, reproducibility, cost efficiency and the avoidance
of animal testing.

The in silico model is built as a finite element model (FEM)
to perform detailed studies of the electric field and current
pathways in the heart. The electrical material properties can
be modified for each finite element. Further, this model will
be used to find optimal electrode placement on the VAD to
monitor ventricular volume and dynamic changes of tissue
properties.

The in vitro model of the left ventricle consists of two
phantoms made from silicone. One phantom was cast from
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pure silicone; the second is customizable with carbon to adjust
its electrical properties to values similar to that of heart muscle
tissue. Both models combine different advantages so that
they are highly suitable for the investigation of bioimpedance
measurement and the integration of VADs and thus may
contribute to an improvement of therapy.

Additionally, we present, as a first prototype, a miniaturized
and cost-effective hardware setup. The latter is designed to
compare the in vitro with the in silico model while measuring
the impedance continuously over time using a 10-electrode
catheter that emulates the placement of electrodes on the VAD
and in the ventricle.

In vitro model and measurement system
Customized silicone

An elastic material with conductive electrical properties is
required in order to build a realistic model of a human heart. In
this section, the method to customize the electrical properties
of silicone for the in vitro model is described. We selected
silicone, because the elastic properties of this material are
similar to those of heart muscle, it is more durable, than for
example, agar-agar, and easy to process. The most important
advantage is that various additives can be combined with
silicone to mimic the electrical properties of heart muscle tissue.

We selected silicone with a shore scale of A00 (Silikonfab-
rik.de, Ahrensburg, Germany), which is in the range of the
elastic properties of heart tissue, for the in vitro ventricle phan-
tom. Depending on the point of time in the cardiac cycle, heart
muscle tissue has an elasticity modulus between 20 kPa and
280 kPa [B]. Silicone with a shore scale of AOO has an elastic-
ity modulus of about 100 kPA according to Gent et al. [9]. The
electrical conductivity of pure silicone is about oy = 10_10%.
Carbon black powder (VULCANR XC72, Cabot Corporation,
Boston, USA) together with carbon cutlets with an average
length of 3mm (R&G Faserverbundwerkstoffe GmbH, Walden-
buch, Germany) were mixed into the silicone to manipulate
the electrical properties.
the percolation limit (the threshold above a strong increase
in conductivity can be measured) was conducted. Therefore,
a mixture of both materials, carbon powder and carbon cut-
lets, was added to the silicone by simultaneously guaranteed
proper compounding. Different samples with a concentration
of 1% of carbon black powder and a variation of carbon cutlet
concentration (between 0.7 % and 1%) were investigated. All
samples were cast into a standardized cylindrical form with a
diameter of 28 mm, and subsequently degassed (100 kPa) and
cured to ensure reproducibility. A weight of 35.6 g was placed
on all samples to ensure the same contact pressure, since the
contact area influences the impedance measured. An LCR-
meter E4980A from Keysight (Santa Rosa, USA) was applied

A concentration variation to reach
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Fig.1: a) CAD model with the inner wax-/ polyvinylalcohol-core; b) 3D-printed casting molds from polylactide; c) Resulting insulating ventricle
from silicone; d) Resulting conductive ventricle from silicone and carbon.

for the analysis of samples. All measurement results are de-
scribed in detail in [[0]. To summarize the results from our
previous work: all samples had pure ohmic behavior. Difficul-
ties in homogenization of samples were experienced when using
only carbon cutlets. Instead, a mixture of both carbon cutlets
and powder showed homogeneous samples and reproducible re-
sults. A conductivity of about o¢ = 0.306% within the range
of physiological heart tissue (0.05 % -0.3 %) was reached with
a concentration of 1% of carbon black powder and 0.7% of
carbon cutlets.

Ventricle phantom

Three dimensional (3D)-printed low-cost molds that replicate
the anatomical shape of a left ventricle were developed to
cast the in vitro silicone phantoms. Therefore, data from
embodi3D [I] of a left ventricle was taken from a computer
tomographic image series consisting of 300 slices with a slice
thickness of 0.4mm each. The model was simplified by
removing the left atrium, pulmonary veins and the coronary
Additionally, the ventricle walls were smoothed.
These simplifications allowed for 3D printing of molds and the
replication of the inner blood cavity. The modification of the
ventricle was done with Fusion 360 (AUTODESK Corporation,
San Rafael, USA), a computer-aided design (CAD) software.
The simplified ventricle shape was used to construct the 3D
casting molds by cutting the volume of the ventricle out of a
cuboid. The volume of the cuboid was reduced to a minimum
without affecting the stability of the casting molds to save
printing material and time. The casting molds were printed
with polylactide using a wall thickness of 1.75mm and a layer
thickness of 0.2mm. The CAD model and the 3D-printed

arteries.
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casting molds are shown in Fig. Ma) and b), respectively.

The manufacturing of hollow ventricle phantoms was neces-
sary to emulate the inner blood cavity. Therefore, we tested
two methods to obtain a soluble core. Paraffin wax was poured
into a negative core mold and then boiled out of the silicone
phantom. This method required additional molds but was
highly cost-effective. As an alternative, 3D-printed polyviny-
lalcohol cores were used and separated from the silicone by
dissolving in warm water. Here, the reproducibility of the phan-
tom became easier, as fine structures can be reproduced consis-
tently. Furthermore, the 3D-printing of the blood cavity allows
for a rapid customization of the model. The development of the
core (red core in Fig. Ma)) in CAD was done by scaling the ven-
tricle used for the casting molds to an end-diastolic volume of
about 120 ml. This operating point is typical for measurement
of PV-Loop related parameters (e.g. end diastolic volume).
Smaller ventricle sizes can be simulated by applying external
pressure or internal suction displacing the walls according to
the volume shift. In addition, the aorta was replaced by a
cylindrical shape such that a hose can be poured directly into
the silicone phantom.

Two ventricle phantoms were cast for comparison. One
made of pure silicone (see Fig. MDc)) and the other made
of silicone with a carbon concentration (see Fig. @d)) as
described in the previous section Customized silicone. A
wall thickness of 8mm — 10mm was fabricated with a blood
volume of about 140 ml, including the cylindrical part of the
aorta, which is within the physiological range of a man'’s
heart having a wall thickness between 4mm — 10mm and a
diastolic volume of 67ml—155ml [i2]. Both ventricles were
connected to a water tank with a polyvinylchlorid (PVC) hose.
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A saline solution with a conductivity of Ggyjine = 0.658 % close
to the conductivity of blood Opjpoq = 0.701 % was used to
fill the hollow ventricles. The conductivity of the solution
was validated with the conductivity meter HI 8733 (HANNA
Instruments, Woonsocket, Rhode Island, USA).

Impedance measurement system

The impedance measurement system for continuous monitoring
inside the in vitro model is based on the arrangement defined
by Baan et al. [5]. Ten electrodes are attached to a catheter
to replicate a beneficial electrode configuration for catheter-
based VADs. This allows for the future application of our
device in animal experiments as well.
low-cost measurement system was developed, which records
the impedance in real-time while simultaneously allowing for
changes of measurement parameters, such as measurement
frequency, sampling rate and signal pre-amplification. The
impedance measurements were performed using a 6—French
ten-electrode electrophysiology catheter (VANGUARD AG,
Berlin, Germany). The electrodes are made from platinum
and evenly distributed on the catheter at a distance of Smm.

We created a modular hardware configuration to allow for
rapid modifications in the prototype phase. The schematic
arrangement of the printed circuit boards (PCBs) designed is
shown in Fig. B. It consists of a controller area network (CAN)
communication board, the Launchpad MSP430G2553 (Texas
Instruments Incorporated, Dallas, USA), a power supply PCB
and a measurement PCB.

The power supply PCB provides 3.3V and 5V by two low-
dropout regulators. Additionally, a charge pump is integrated
which generates —3.3V for multiplexer and amplifier circuit.

A miniaturized and

The centerpiece of the measuring unit is the microcontroller
MSP430G2553 integrated on the launchpad, which is used
for communication via serial peripheral interface with the
integrated circuits on the CAN-PCB and the measurement
PCB.

The analog front-end AFE4300 from Texas Instruments In-
corporated (Dallas, USA), which is a cost-effective and highly
integrated circuit used in body fat scales, featuring bioelec-
trical impedance analysis, is mounted on the measurement
PCB. The bioelectrical impedance analysis function can be
used to perform reliable four-point impedance measurements
between 1kHz and 100 kHz obtaining magnitude and phase
for various frequencies. It should be noted that an impedance
range of 1Q —2.8kQ is covered by using the AFE4300 front-
end for body fat scales.
pected impedance range is approximately between 0Q and
100, resulting in low utilization of the 16 Bit resolution range
of the analog-to-digital converter (ADC), which is embed-
ded in the AFE4300. However, this problem was solved by

In our measurement setup, the ex-
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an optional pre-amplification of the voltage signal integrated
onto the measurement PCB. Additionally, the PCB includes
the multiplexer DG4051EEG-T1-GE3 (Vishay Intertechnology,
Inc., USA, Malvern) to switch between different sensing elec-
trodes of the catheter. The current injection is permanently
attached to the outer electrodes (1 and 10) of the electrophys-
iology catheter. The ADC of the AFE4300 can convert the
voltage difference of two electrodes simultaneously. We ap-
plied external multiplexing to enable faster sensing at all elec-
trodes (2 —9), since the internal multiplexing of the AFE4300
is too slow to perform heart cycle synchronous measurements.
The maximal conversion rate for one measurement is 95 Hz,
which results from the maximal sampling rate of the ADC, the
time for multiplexing of all channels and communication de-
lays. A conversion rate of 4Hz was selected for this study.
The AFE4300 is calibrated with known resistors to convert the
values recorded by the ADC into impedance values. While the
calibration with two reference values can be described by a
straight-line, the use of four resistors requires a linear multi-
point interpolation, so that the four values measured are used
to calculate three straight-line equations. Therefore, a cali-

Tab. 1: Calibration network consisting of four resistances used for
the AFE4300.

Roo ‘ Ry ‘ Ry ‘ Ry
149Q | 46,97Q | 679Q | 995Q

bration network consisting of four resistances is integrated on
the measurement PCB. The calibration resistances selected for
this study can be taken from Table M. The AFE4300 has two
different operation modes for further processing of the mea-
surement signal. Both phase and the magnitude are calculated
in the 1/Q-demodulation mode. In this mode, two signals are
generated which are proportional to the real and imaginary part
of the impedance and must be sampled individually.

We use the full-wave rectifier, however, in a different
mode where only the magnitude of the impedance signal is
determined. Therefore, the voltage drop at the impedance is
calculated by injecting a sinusoidal current using

u(t) = A|Z|sin(mpt + 0). (1)
Here, Z is the magnitude and 8 is the phase of the impedance
at given frequency @y. The resulting DC value, which is
proportional to the magnitude, is rectified by the AFE4300
as described in

—K|Z|.

2417,
R @)

2 "
pe=2 /T A|Z|sin(eor +6) dr =
2

The factor K is then determined with the calibration resis-
tances. The full-wave rectification is much faster and the
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Fig.2: Schematic overview of the modular layout of the impedance measurement unit.

calibration needs to be performed at only one measurement
frequency. Please refer to the data sheet [I3] for a full descrip-
tion of features of the AFE4300 and the implementation of the
serial peripheral interface communication.

A resistance of 1 kQ to limit the current amplitude for cardiac
current injection and a capacitance of 1 uF for the suppression
of DC voltages were inserted into the injecting path. This leads
to an effective injected current amplitude of about 254 pA.

The in vitro models and the measurement system developed
are going to be integrated into the heart volume test bench
presented in an earlier work [04]. Therefore, a CAN bus
was implemented to guarantee corresponding communication
standards. The CAN-PCB includes a CAN controller and a
transceiver that communicate via serial peripheral interface
with the microcontroller. All signals on the CAN bus are
collected by the MicroAutoBox Il (dSPACE GmbH, Paderborn,
Germany), which runs in real-time. The MicroAutoBox Il is
used as an overall system to adapt all parameters in real-
time and record all quantities measured. The user interface
developed displays the impedances of all segments of the
catheter measured individually. In addition, the measurement
frequency, the sampling rate of the AFE4300, and the selection
of the calibration resistances are visualized and can be changed
during the measurement.

In silico model

A FE model of the left ventricle was designed in CST STUDIO
SUITE 2018 (Providence, Rhode Island, USA) to validate
and further analyze the left ventricle phantoms presented
in section Ventricle phantom. An overview of the model
is shown in Figure B. CST is a tool for the analysis of
electromagnetic fields. CST EM Studio, which is particularly
suitable for low frequency and quasi-static applications, was
applied. All simulations were performed using a tetrahedral
mesh representation of the model and solved with the “Low
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Frequency Domain Solver.” Mesh quality and computational
costs were improved by applying adaptive mesh refinement.
Simplistic geometric shapes can be inserted and combined in
CST via Boolean operations. The import of surface data (.stl
files) is also possible but has limitations for complex geometries.

The material properties of the ventricle were set based on
the measurements from [[0]. The conductivity of pure silicone
was chosen to be Gventricle = Ositicone = 10710 3 to simulate the
insulating ventricle, whereas silicone enriched with carbon was
set to Oventricle = OCarbon = 0.306%. The CAD data used for
the development of the in vitro model was migrated to CST and
the ventricle was modeled inside a water tank. In addition, the
blood cavity was designed to have a conductivity of Og,ine =
0.658 % which is similar to the measured conductivity of the
saline solution (see section Ventricle phantom). The model of
the water tank including the ventricle with adaptable material
properties is shown on the left side in Figure B. A simple
cylindrical structure was used to model the tank. The PVC
hose is modeled as a hollow cylinder with material properties
of PVC. The electrophysiology catheter is realized by placing
cylindrical segments on top of each other. The electrodes are
modeled as perfect electric conducting material in contrast to
the segments between electrodes, which are modeled as PVC.
The catheter and its central location in the left ventricle can
be seen in Figure B on the right side. The positioning of the
catheter is variable, as indicated by the arrows. We use a
tetrahedral mesh type, which allows for accurate modeling of
complex structures. The model presented consists of 312,128
tetrahedrons with an average mesh quality of 0.755; a quality
of 1 being the optimum and a value of 0 being the worst (Fig. B,
middle).

An alternating voltage of 0.1V (peak-to-peak) with a fre-
quency of 64 kHz, which is inside the beta dispersion range,
was set at the outer electrodes (1 and 10) for the simulation,
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Fig. 3: Left: In silico FE model similar to the in vitro model from CAD files; middle: Mesh view of the FE model; right: Close-up of the ventricle's

longitudinal cross-section with the ten-electrode catheter.

as it is not possible to inject current for tetrahedral meshes
in CST. This mesh type is necessary for modeling fine struc-
tures, resulting in the application of a fixed potential, which
corresponds to the fixed current injected in the measurements.
The resulting current can be obtained by the integration of the
current density on a predefined analytical face. The face was
chosen to be in the cutting plane parallel to the injecting elec-
trodes. The current calculated is between 220 A and 290 A,
close to the current applied from the in vitro measurement
setup. The impedance can be calculated from this according
to Ohm’s law. The analysis and all further calculations were
made in MATLAB (MathWorks, Natick, Massachusetts, USA).

Ethical approval
The conducted research is not related to either human or
animals use.

Results and Discussion

Impedance measurement system

The validation of the impedance measurement system pre-
sented was carried out by comparing its results to metal film
resistors with an accuracy of £1%. The conversion rate of the
AFE4300 was set to 4 Hz and the measurement frequency for
the injected current was set to 64 kHz. Two networks of seven
serial connected resistances netl (seven resistances of 12Q)
and net2 (seven resistances of 22Q) were connected to the
measurement system, so that each of the seven channels was
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tested. One measurement of all channels in less than 250 ms
reached an accuracy of 99.34 % for each channel tested with
both resistance networks (netl and net2).

In addition, we performed a sensitivity analysis of the
measurement system at the measurement frequency of 64 kHz
to investigate the influence of varying resistance values of
one channel on the others.  The analysis identifies the
limitations of our system and allows the correct interpretation
of measurement results. For this, one resistor of net2 is
substituted with a different resistor (12.1Q, 33.3Q, 46.8Q
or 98.4Q) and the conversion rate was varied between 4 Hz
to 98 Hz. As a result, the overall error increases up to 10 %.
This error was observed as an increase in impedance for all
channels, at the highest possible conversion rate of 95 Hz and
the substitution of a resistance of 98.4 Q. This may be due to
a transient phenomenon in the AFE4300, where the stationary
state seems to be reached faster when similar resistances are
monitored.

As we do not expect resistances with large ohmic differences
between the catheter segments, it is possible for future appli-
cations to measure the cardiac cycle synchronously with high
conversion rates. Since we only consider static measurements
in this study, we suggest that all measurements presented have
an accuracy in the range of 99.34 %.
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Fig. 4: Left: Measured impedances in the conductive (red) and insulating silicone ventricle (blue) impedance; right: Simulated impedances in the

conductive (red) and insulating ventricle (blue).

In vitro model

The measured resistances of both ventricle phantoms are
illustrated for each electrode segment in Figure B on the
left side. The insulating ventricle is shown in blue and the
conductive ventricle in red. We observed that resistances close
to the apex are larger than those measured in the middle of
the phantom. This confirms measurement results expected,
as the volume of the blood cavity, the most conductive
material, is larger in the middle than in the apex region.
The minimum of the resistance measured is reached in the
segment between electrodes 6 and 7. The measurements from
the conductive ventricle phantom differ from the insulating
ventricle measurements at an average of —3.55Q +0.198Q.
This offset is proportional to the increase in the cross-sectional
area, directly referring to the thickness of the muscle wall
of 8mm-10mm. In the case of the insulating material, the
current remains in the blood chamber, while in conductive
material, parts of the injecting current flows into the ventricle
myocardium. Therefore, the cross-sectional area through which
all the injected current flows is smaller, leading to an overall
increase in resistance in the case of the insulating phantom.
The resistances measured in both ventricles show the same
shape across the different segments, thus, we can assume that
the catheter is similarly placed in both ventricles and that the
geometry of both cast phantoms correlates well.

In silico model
A two-dimensional map of the relative current density of the

simulations with insulating and conductive material is depicted
in Figure B: the current pathways of a ventricle with insulating
properties are shown in the left side and the current pathways
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of the ventricle with conductive properties are shown on the
right side. It is clearly noticeable that in the case of insulating
material, the current remains in the blood chamber (Fig. B,
left), while in the case of conductive material, a significant
part of the current flows into the ventricle myocardium (Fig. B,
right). All materials have been defined as discussed and the
catheter was placed in a position in the middle of the ventricle.

The estimated resistances for all segments between adjacent
electrodes are presented in Figure B on the right side. The
insulating ventricle is illustrated in blue and the conductive
ventricle It is noticeable that higher resistances
appear in the region close to the apex, whereas the lowest
resistances can be observed at the segments in the middle
of the catheter (4 —5). As discussed, this may be due to
the lower volume of blood in the apex region. Comparing
the insulating and the conductive ventricle, conductive muscle
walls reduce impedance. On average, the difference of the
resistance between both settings is —1.612Q +0.334Q. Both
curves converge at the segment close to the aortic valve (2—3).
As these electrodes are close to the blood filled aorta, the
muscle walls show a reduced impact on the current distribution
at the catheter.

in red.

Comparison of the in vitro and in silico model
A similar catheter position in both scenarios had to be found

for the comparison of measurements obtained at the in vitro
models and the simulation results from the in silico model.
The catheter in the FE model can be shifted and rotated as
indicated by the arrows on the right side in Figure B. One of
the difficulties in this study was the placement of the electrode
catheter in the silicone phantoms, since the phantoms are not
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transparent. To solve this problem, we set a fixed insertion
distance of 9 cm from electrode 1 to the beginning of the PVC
hose. With this setup the assumed catheter position is central
in the ventricle without touching the phantom walls. In the
FEM simulation, a distance of 9cm from electrode 1 to the
end of the ventricle, where only the PVC hose remains, was
set. The results shown in Figure B and B are taken with this
catheter location.

Looking at the results from Figure B and comparing mea-
surements (left) and simulations (right), it can be observed
that the shapes of the curves are quantitatively similar. The
assumption from section Impedance measurement system that
resistances measured for different segments are within a narrow
ohmic range (£4 Q) is validated with the simulations, suggest-
ing that the measurement system presented allows for highly
accurate impedance monitoring. Comparing measurement and
simulation results, it can be noticed that a shift of resistance
minima appears from position 4 —5 in the simulation to 6 —7
in the in vitro models. This may be due to the fact that the
real catheter is flexible and, therefore, the determination of its
position is not very accurate.

Additionally, the difference of insulating to conductive ma-
terial is higher in the measurements than in the simulations. A
possible explanation is the difficult placement of the core inside
the casting molds that may lead to a shift of wall thickness
in the in vitro model. We suggest only using polyvinylalco-
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hol cores for future phantom casting. Nevertheless, the resis-
tance measurements in the area of the apex are reproduced in
the simulation, concluding that this area was manufactured as
planned. The simulation and measurement results differ the
most closest to the connecting PVC hose. Furthermore, the
difference between the conductive and the insulating ventricle
is more significant in the measurements compared to the simu-
lation. Our assumption is that the shape of the ventricle phan-
toms in the aortic valve area differs from the CAD model, and
therefore, from the model in CST Studio. Silicone was used to
glue the phantom to the PVC hose while ensuring waterproof-
ness, which resulted in more material. Small differences in the
conductivity and wall thickness of the modeled myocardium
can lead to differences in absolute values observed.
Furthermore, there are some limitations of the presented
study. The background material of the models was kept at
a fixed conductivity of water. However, the conductivity of the
surrounding tissue changes for instance by respiration (inflated:
0.104%; deflated: 0.265 %@ 64kHz). This phenomenon must
be taken into account for dynamic operation. In addition, the
deformation of the lung has an effect on the anatomy of the
heart. Therefore, the development of differently shaped hearts
would be advantageous to cover a wide range of anatomic
differences.  Furthermore, changes in conductivity due to
changes in wall thickness, as they occur in the contracting
heart, should also be investigated for the developed models.
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Conclusion

We developed an in vitro and in silico model of the human
left ventricle. The in vitro model consists of two ventricle
phantoms made from silicone, where one is enriched with
carbon to gain a conductivity similar to heart tissue properties.
A measurement system using a ten-electrode electrophysiology
catheter to measure the impedance inside the phantoms was
presented. A FEM simulation of the same setup was performed
for in silico testing and compared to the results from the in vitro
tests.

In summary, the simulation results fit well to the impedances
measured inside the ventricle phantoms. We are, thus,
confident that our in vitro and in silico model can be used to
further investigate impedance measurements in VAD therapy.
Therefore, the VAD will be integrated into the in vitro model
inside a cardiac volume test bench [I4], which simulates the
remaining heart activity. Additionally, we believe to gain
knowledge about potential electrode placements, to further
improve the calculation of left ventricular volume for the given
VAD geometry using the in silico model.

In addition, simulations and measurements have already
been carried out to model the capacitive behavior of heart mus-
cle tissue [05]. In future research, we will modify the ventricles
and integrate bariumtitanate into silicone to achieve additional
permittivity properties. Overall, the configuration presented
helps to investigate cardiac impedance measurements while
avoiding animal testing and, simultaneously, to continue re-
search that improves the quality of life of patients treated with
VADs.
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