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Abstract—The dielectric properties of biological tissues play
a significant role in the planning and development of electro-
magnetic thermal therapies. In most cases in the literature, heart
is considered as a homogeneous organ and its dielectric properties
values are reported as such. In this paper, the results of dielectric
property measurements on nineteen different parts of four ovine
hearts are presented. The results of the measurements indicate
that the dielectric properties vary between the different parts of
the heart and therefore, the heart should not be considered to
be homogeneous for accurate electromagnetic modelling.

Index Terms—heart, great vessels, dielectric properties, open-
ended coaxial probe, biological tissues, measurements, relative
permittivity, conductivity

I. INTRODUCTION

The heart is a dual pump with carbon dioxide rich blood
from the vena cavae entering the right atrium before being
pumped out from the right ventricle to the lungs through
the pulmonary artery [1]. Oxygen rich blood from the lungs
returns through the pulmonary vein to the left atrium, before
being pumped out from the left ventricle to the entire body via
the aorta. This dual pump structure is shown in Fig. 1. From a
histological perspective, the tissues of the heart are designed
and arranged to fit a certain function. The endocardium is
the inner lining of the heart, continuous with the endothelium
of blood vessels [2]. Inside this layer is the cardiac muscle
layer called the myocardium, which is thicker on the left side
due to the need for greater force in pumping blood to the
entire body as opposed to the right side that serves the lungs
[2]. On the exterior surface of the heart is the epicardium, a
serous membrane. Finally, a layer of fibrocartilage separates
the atria and ventricles supporting the heart valves and forming
openings between the chambers [2]. A previous study has
also suggested that treating the heart as a homogeneous organ
may not provide accurate dielectric representation of the entire
organ [3].

Hence in this study, the heart was considered a heteroge-
neous organ with care taken to discretely measure the dielectric
properties of distinct regions of both the heart and great
vessels. These regions were identified based on the anatomical
and functional categorisation of the heart and vessels as
described above.
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Fig. 1. Anterior (frontal) view of the opened heart [5].

II. MATERIALS AND METHODS
A. Tissue Samples

The hearts of n = 4 sheep were obtained from an abattoir
immediately after humane slaughter using a captive bolt and
carotid artery dissection. Upon death, the thoracic contents
of each animal were removed, placed in an airtight container,
and transported to the laboratory where the dielectric measure-
ments were to be performed. Upon arrival in the laboratory,
the hearts and great vessels were dissected away from the rest
of the thoracic tissues. The time from tissue excision to first
measurement was approximately 4.5 hours.

The heart can be considered a heterogeneous organ based on
differing anatomy and physiology in different regions of the
organ [1,2,4]. Further, the great vessels entering (the vena cava
and pulmonary vein), and leaving (the aorta and pulmonary
artery) differ in structure and function [1,2,4].

We have measured the dielectric properties of the following
distinct regions of both the heart (n = 15 sites), and great
vessels (n = 4 sites):

o Epicardium, and endocardium of the:

— Left Ventricle;
— Right Ventricle;



Fig. 2. Open-ended coaxial probe in contact with the ovine heart.

Left Atrium;
Right Atrium
Left Atrial appendage;
Right Atrial appendage

e Myocardium of the Septum (the dividing wall between
the ventricles);

o Left Atrioventricular (mitral/ biscuspid) valve surface;

o Right Atrioventricular (tricuspid) valve surface;

o Endothelium of the Great Vessels (Aorta, Pulmonary
Artery, Pulmonary Vein, Vena Cava).

B. Measurement Method

The dielectric property measurements were performed using
the open-ended coaxial probe method [6,7]. Four hearts and
the great vessels were measured two at a time using two
open-ended coaxial probes each connected to separate vector
network analyzers (VNA). One of the two slim form probes,
which are a part of the 85070E Dielectric Probe Kit from
Keysight [8], was connected to a Keysight S063A ENA [9]
VNA (Fig. 3) and the other slim form probe was connected
to an Agilent (now Keysight) E§362B PNA [10] VNA. Both
probes were connected directly to the VNA ports without the
use of cables to avoid the measurement uncertainties that come
from the cable movement [11].

In order to bring the tissue that is being measured in contact
with the probe a lift table was used.

For each of the measurement locations on each of the hearts,
fifteen measurements were performed. After the heart was
lifted to make the contact with the probe, the first measurement
was performed. After that the heart was lowered with the lift
table and lifted back up to make a contact with the probe again
to perform another measurement (Fig. 2).

Each time the contact of the probe with the heart was made
at a slightly different position on the heart (but the same part
of the heart e.g. left ventricle epicardium). This process was
repeated until all of the fifteen measurements on one part of
the heart were performed. After making fifteen measurements
on one part of the heart, the same process was repeated for all
other locations on the heart and interiors of the great vessels

Fig. 3. Measurement setup. The heart is lifted into contact with the probe by
using the lift table. The Slim form probe is directly connected with the port
of the Keysight 5063A ENA.

listed above. A small longitudinal cut was made on each vessel
in order to allow the probe to make the contact with the interior
of the vessel.

The measurements were conducted by recording the s1;
parameter in 101 discrete frequency points with logarithmic
distribution over the frequency range [12] of 200 MHz to 8.5
GHz for measurements performed with the Keysight 5063A
ENA and the frequency range of 200 MHz to 20 GHz for
measurements performed with the Agilent E8362B PNA.

The measured s11 parameters were converted to the dielec-
tric property values by using the N1500A Materials Measure-
ment Suite software from Keysight [13].

Both measurement setups were calibrated before the first
measurements and every time 45 measurements had been
performed since the last calibration (approximately every 35
minutes). The calibration method that was used is the one port
calibration method [14]. The three standards used for calibra-
tion were open, short and deionized water. The validation of
the calibration was done by measuring the dielectric properties
of 0.9% NaCl solution and comparing the measurements to the
known properties from the literature [15].

The temperature of the tissue at the point of the contact
with the probe was recorded for the first and for the fifteenth
measurement on one measurement location using the Fluke
62 MAX+ infrared thermometer. The minimum and maximum
recorded temperatures were 21.7 °C and 25.6 °C.

The temperature of the calibration liquid (deionized water)
was recorded for every calibration and it ranged from 23.5 °C
to 26.5 °C. The temperature of validation liquid (0.9% NaCl
solution) was recorded for each validation and it ranged from
23.6 °C to 25.7 °C. The temperatures of both liquids were
measured using the DTM 3000 digital thermometer.

The time of death of the animals and the time of excision of
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Fig. 4. Sample of the results of the dielectric properties of the heart and the great vessels measurements. Each plot is showing fifteen measurement results
for one measurement location on one of the hearts.Thick red line is the mean of the measured relative permittivity. The thick blue line is the mean of the
measured conductivity. The dark red line is heart muscle and green is heart lumen from the literature [11,18,19] since data from these specific regions is not

available.

the heart were recorded. The time of each measurement was
also recorded in order to calculate the time between the death
of the animal and the measurement and the time between the
excision of the heart and the measurement. All measurement
were taken within 4 hours, between 4:38 and 8:39 hours after

TABLE I
THE AVERAGE AND WORST-CASE MEAN PERCENTAGE VALIDATION
ERRORS.

Average Worst case

the excision.

Relative
permittivity
1.39

Conductivity
3.40

Relative
permittivity
2.44

Conductivity
5.66

III. RESULTS AND DISCUSSION
A. Validation

The validation measurements were done before making the
first measurement on each measurement location for each of
the hearts. One validation was also done after every calibra-
tion. The total number of validations is 25 for each of the
hearts or 100 in total.

The validation error was calculated for each validation as
the mean value across the frequency range of the percentage
difference between measured values of the 0.9% NaCl solution
and the values from the literature [15] for each frequency. This

validation error was calculated for both relative permittivity
and conductivity. Worst case and average validation error are
reported in Table L.

The data and metadata was collected in line with the
MINDER framework [16].

B. Dielectric properties of the heart and the great vessels

In Fig. 4 four sets of fifteen measurements are shown, each
on different part of a heart.
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Fig. 5. Means of the dielectric properties of the heart and the great vessels measurements for each heart. Legend shows the time (in hours and minutes) since
the first measurement on the heart. Data from literature [11,18,19] for heart muscle (dark red) and heart lumen (green) is plotted for comparison.

In Fig. 4a we can see the results for dielectric properties
measured on the outside of the left atrial appendage of the
heart number two. In Fig. 4b the dielectric properties measured
on the epicardium tissue on the left atrium of the heart number
four are plotted. These two sets of measurements exemplify
how difficult it is to perform a consistent measurement on the
outside of the heart. This can be due to the heterogeneity of
the outside tissues of the heart [17]. As it can be seen on
Fig. 2, on the outside of the heart, the heart muscle tissue is
partially exposed and partially covered by a layer of fat tissue.
Another reason for high variability of the dielectric properties
measurements on the outside of the heart could be the fact that
the excised tissues dehydrate over time and dehydration of the
tissue changes the dielectric properties of the tissue [20].

In Fig. 4c and Fig. 4d the results of measurements on
interior of the pulmonary artery of the heart number three
and right ventricle endocardium of the heart number two are
shown. There is much less variability in the measurements
compared to Fig. 4a and Fig. 4b. This could be due to the
fact that the interior of the heart is much more homogeneous
compared to the outside. Also, the internal part of the excised
hearts do not dehydrate as much as the outer parts as they
are only exposed to the air right before the measurements are
conducted.

Fig. 5 shows the mean values for the epicardium and
endocardium on the left ventricle of all of the hearts. Time that
has elapsed from the first measurement on each of the heart
is indicated on the labels. This is the time since the hearts
were taken out of the sealed airtight containers in order to
start doing the measurements. This time is important because
it can be considered that that is the time at which the tissue
has started to dehydrate more rapidly than when it was still in
the sealed container.

Fig. 5 confirms that the measurements on the outside parts
of the heart, which in this case is the epicardium, show higher
variability that the measurements on the inside, in this case
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Fig. 6. Box plot for mean relative permittivity values for four different hearts
at two sets of close frequencies. The mean values are calculated from all the
measurements that were performed on each heart.

the endocardium.

Fig. 6 shows box plots of all of the measurements on
each heart for two sets of discrete frequencies. One set of
frequencies is as close to 915 MHz as can be found in our
data and the other is aimed to be close to 2.45 GHz. These
frequencies were selected as they are typical frequencies in mi-
crowave frequency ablation (MFA) [3], [21]. The frequencies
are slightly different due to the fact that none of the frequency
points in our experiments is at that exact frequency due to the
logarithmic spacing.

We can see that the results of measurements on all the hearts
produce similar box plots. This tells us that there is no obvious
inter-individual variability between the four organs. It is also
worth noticing that all the outlier points are located bellow
the boxes in the plot. This can be because the outliers may be
caused either by measuring the fat tissue, which has a lower
relative permittivity than the muscle tissue or by measured
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Fig. 7. Box plot for mean relative permittivity values across all four hearts
for nineteen different measurement locations at 935 MHz.
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Fig. 8. Box plot for mean relative permittivity values across all four hearts
for nineteen different measurement locations at 2.4 GHz.

tissues dehydration, which also leads to lower properties.

In Fig. 7 and Fig. 8 the box plots for each location of the
measurement is showing more variability at both frequencies.
The location of the measurement is indicated by the tissue
identification number. Tissue identification numbers from 1-
6 are epicardium tissues, 7 is septum myocardium, 8-13 are
endocardium tissues, 14-15 are the valves and 16-19 are the
great vessels. This variability is an indicator that the dielectric
properties vary between the different parts of the heart.

IV. CONCLUSION

In this paper the results of the dielectric properties mea-
surements on different parts of four ovine hearts indicate that
different parts of the heart have different dielectric properties.
This is in agreement with the previous work on similar topic.
We also demonstrate how some of the confounding factors in
the dielectric properties measurement process, such as tissue
heterogeneity and tissue dehydration, can influence the results
of the measurement. Inter-individual variability, which can also

be considered to be a confounding factor in the measurement
process, did not play a significant role in our experiments.
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