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A B S T R A C T

The dielectric properties of pancreatic tissues from human healthy and tumour-bearing tissues have been
extracted from impedance measurement on ex vivo, freshly excised samples. They are compared to pig pancreas
samples, measured following the same protocol. The purpose is to add data to the scarce literature on the
properties of the human pancreas and pancreatic tumours, for treatment planning, tissue identification and
numerical simulations. The conductivity measured at 500 kHz for human healthy pancreas is 0.26 S/m, while the
conductivity of tumour-bearing tissues is 0.44 S/m. Those values differ significantly from that listed in the IT IS
database at 0.57 S/m, suggesting an update might be to consider. However, measures of relative permittivity are
in accordance with the database with a value of approximately 2.3x103. Ex vivo porcine model, while being less
conductive than human pancreas with 0.16 S/m at the same frequency, is deemed a relevant model when
studying pancreatic applications of electromagnetic fields-based treatments, such as radiofrequency ablation.

1. Introduction

The dielectric properties of human tissues are important to consider
in the context of several biomedical applications, as they describe the
way tissues behave in electromagnetic fields [1,2]. These applications
cover treatments such as functional electrical stimulation, microwaves,
radio frequency hyperthermia [3] or electroporation and other pulsed
electric field-based treatments [4]. The analysis of these properties can
also be used as a diagnostic tool: as they give a macroscopic image of
cellular phenomena and structures, they can reflect a change in cellular
properties or shapes, for example in the case of tumours [5–8]. These
data are also used for the development of numerical models [9–12].

The properties of interest are the permittivity ε, describing the ma-
terial’s ability to oppose the application of the electric field and to store
electrical energy, as well as the conductivity σ, associated in particular
to the ability of a material to transport free charges and to the electrical
loss through Joule heating. Biological samples are neither perfect con-
ductors nor insulators, presenting both behaviours. Complex permit-
tivity can thus be useful to represent conductivity and permittivity in a

single complex quantity:

ε = ε0εr − j
σ
ω = ε’ − jε’’ (1)

A complex conductivity can similarly be defined, linked to complex
permittivity through:

σ = jωε = σ’ + jσ’’
(2)

Biological tissues are heterogeneous materials, mainly composed of
different types of cells tightly arranged within an extracellular medium.
As such, in an electric field E, local polarization takes place at certain
frequencies, inducing relaxations at the macroscopic level called dis-
persions, relative permittivity and conductivity of biological tissues are
thus frequency-dependent. Dispersions are well described and explained
in the literature [2,13]. The three major ones are named α, β and γ. The α
dispersion observed in the low frequency region, below 10 kHz, results
from the polarization of counter-ions near the charged surface of cell
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membranes. The β dispersion occurs at higher frequency, usually be-
tween 10 kHz to tens of MHz, due to Maxwell-Wagner interfacial
polarisation effects related to the plasma membrane and its interaction
with internal and external electrolytes. The γ dispersion mostly corre-
sponds to the polarization of water molecules contained in the tissues,
and typically appears above 109 Hz.

Numerous data on dielectric properties have been collected and
reviewed over several decades from many organs and tissues, mainly by
C. Gabriel and S. Gabriel and their team [14–17], and are freely avail-
able on regularly updated databases like IT’IS Foundation’s. But in the
case of pancreas only few data can be found, the IT’IS’ data corre-
sponding to thyroid gland for example [18]. Some measures do exist in
small animal models (cats and dogs), but are difficult to extrapolate a
priori to humans [19,20].

In this work, we present the data collected through impedance
measurements on freshly excised human tumour-bearing pancreas after
surgical procedures for locally advanced pancreatic cancer. Both healthy
and tumour tissues were analysed, along with healthy samples from
porcine pancreas, over a frequency range of 10 Hz to 1 MHz.

The aims of this study are to fill a gap in the literature dataset, to
compare healthy and tumour tissues coming from the same patients and
to assess the relevance of the porcine pancreas as a valid ex vivo
replacement model for electromagnetic field-based therapies.

2. Material and methods

2.1. Ethical statement

All procedures involving identifiable human material were carried
out in accordance with the Declaration of Helsinki. All patients whose
resected material was used in this study were informed of the nature of
the planned measures and gave their consent. For animal material, an
administrative authorization was delivered by local authority (Prefec-
ture du Rhône, DDPP-SPA 2023–321) to perform scientific experimen-
tation on animal remains.

2.2. Sample acquisition

Human samples were provided by Beaujon hospital (AP-HP, Clichy,
France) after non-objection for using medical waste was obtained from
patients. Fresh tissue samples were collected within hours (usually less
than 2 h) of surgery from patients undergoing partial resection of the
pancreas, due to locally advanced cancer. Sample preparation was
performed by a senior pathologist, who also identified the tissues as
either healthy or tumour-bearing. The samples from seven patients in
total were used in this study, the measurements took place in two ses-
sions, on site. It is noteworthy that several patients had received
chemotherapy and/or radiotherapy prior to surgery.

A third session of measurements was carried out on fresh samples of
the pancreatic gland from five pigs intended for consumption, provided
by the slaughterhouse Sopacel at Saint-Romain-de-Popey, France. Those
measurements took place in Ampère laboratory, in Ecully. All pig pan-
creases were collected at the same time, in a bag provided by the
slaughterhouse without particular medium. They were stored between
4 ◦C and 8 ◦C in a portable fridge for half an hour during transportation,
and at the same temperature in the lab until measurement. Pancreases
were taken out of the fridge and prepared into measurable samples at
room temperature individually. For each animal, all measurements were
performed within half an hour following the exposition to room tem-
perature. The overall session took place in less than 4 h.

2.3. Measurements

Both human and porcine samples were first cut in approximately 2
mm thick slices, then shaped with a punch, when possible, for a repro-
ducible surface, and with a scalpel otherwise. The final shape of the

samples was highly dependent on the tissue stiffness and in most cases,
the sample slice could not be approximated to a disc. In that case, the
surface area was evaluated using a photograph of the sample placed on a
paper grid, as shown on Fig. 1a. The image was analyzed with ImageJ
software to estimate the surface area. The grid scale and manual con-
touring within the software enabled precise surface area measurement
for each sample.

Samples were placed at room temperature on a sample holder
(Solartron analytical, 12962a) between two parallel circular brass
electrodes, pictured in Fig. 1b). The test bench being equipped with a
caliper, the thickness of the samples was measured as the distance be-
tween the electrodes sandwiching them. The impedance measurement
was performed using a PalmSens4, with a minimum frequency range of
10 Hz to 1 MHz. The input voltage was 0.25 V, and the minimum
sampling time was set at 0.5 s (or 2 periods for a frequency below 4 Hz).
The data collected were post-treated using Matlab® software.

It should be noted that all sample have different surface areas and
thicknesses, which was taken into account when extracting the electrical
properties from the impedance measurements.

2.4. – Preparation of reference samples

Agarose discs (2 %) were prepared from a saline solution (KCl,
Conductivity standard 1413 μS/cm, from Mettler-Toledo) as test sam-
ples. These samples were measured using the same approach described
in section 2.3 to assess their conductivity across the spectrum. The
experiment was conducted on five different agarose discs.

2.5. – Statistics

Normal distribution of each series was checked using a Shapiro-Wilk
test with a significance level of 5 %, adapted to dataset with a low
number of points. It was therefore verified that each group of mea-
surement follows a normal distribution, with a group defined as all
spectra measured for one animal or patient, considering healthy and
tumour-bearing tissues separately. It is to be noted that the three data-
sets “all pig sample”, “all human healthy samples” and “all human
tumour-bearing samples” are not expected to follow a normal distribu-
tion, as they are the concatenation of normal distributions with different
means. In our case, among those three, only the “all human tumour-
bearing samples” dataset was found to have normally distributed data
according to the Shapiro-Wilk test.

Thus, when comparing the means of two datasets, the p-values
calculated corresponds to a Wilcoxon rank sum test, adapted to non-
normal distribution with a low number of points. The null hypothesis
states that the two series come from continuous distributions with equal
means, tested at 5 % significance level. Thus, if p < 0.05 the null hy-
pothesis is rejected and it can be concluded with 95 % confidence that
the means are significantly different. For comparing variances, the p-
value were calculated using the Levene test, where the null hypothesis
assumes that the two distribution have equal variance. If p < 0.05 this
hypothesis is rejected indicating with 95% confidence that the variances
are significantly different. The Wilcoxon rank sum test and Levene test
were performed using Matlab software.

When comparing more than two series, the p-value was calculated
using an ANOVA test, under the hypothesis that all series come from
normal distribution with equal means, tested at 5 % significance level. If
p < 0.05 this hypothesis is rejected with 95 % confidence, indicating
that at least one of the series has a mean significantly different from the
others. The ANOVA test was applied only to datasets that were
confirmed to follow a normal distribution and was performed with Excel
software.
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3. Theory/Calculation

3.1. – Data extraction

Electrical impedance is the ratio between the alternative voltage
applied on the sample and the out-of-phase alternative current resulting
from this application. The applied voltage can be expressed as:

V(t) = V0cos(ωt) (3)

Where V0 is the amplitude of the signal, and ω is the angular frequency
ω = 2πf . In a linear system, the response signal, I(t), is shifted in phase
and can be expressed as:

I(t) = I0cos(ωt − Φ) (4)

To define the impedance of the dipole, we introduce the two phasors:

V = V0ejωt (5)

I = I0e− jΦejωt = I0ej(ωt− Φ) (6)

V(t) and I(t) are then the real parts of V and I , respectively.
For a linear component, impedance can be defined as the ratio of the

phasor for the voltage across the component and the current through the
component:

Z(ω) =

V(ω)

I(ω)
=
V0
I0
ejΦ = Z’(ω) − jZ˝(ω) (7)

The impedance magnitude can therefore be expressed (in ohms) as:
⃒
⃒
⃒Z
⃒
⃒
⃒ =

V0
I0

(8)

And its phase is given by:

arg
(
Z
)
= arctan( − Z˝/Z’) (9)

Complex permittivity or complex conductivity can be linked to imped-
ance in the simple case of two parallel face-to-face electrodes, through
the equation:

Z(ω) =
d

jωεS =
d

σS (10)

Where S is the surface area of the sample and d its thickness.

We can therefore write the equations linking the measured imped-
ance to the sample dielectric properties:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σ’ = σ =
d
S

Z’

|Z|2

σ’’ = ωε0εr =
d
S
Z’’

|Z|2

ε’ = ε0εr =
d
Sω

Z’’

|Z|2

ε’’ =
σ
ω =

d
Sω

Z’

|Z|2

(11)

4. – Results

4.1. Measurement device validation

The real part of the impedance obtained for one of the samples is
presented in Fig. 2.

At the room temperature (27 ◦C), the expected conductivity of the
solution was 0.146 S/m. At the two frequencies of interest in this study,
10 kHz and 500 kHz, the evaluated conductivity were respectively 0.12
± 0.01 S/m and 0.15 ± 0.02 S/m. The relative errors in mean values
were 17 % at 10 kHz and 4 % at 500 kHz. Therefore, the measurement
system is considered acceptable in terms of precision, at the studied
frequencies.

The greater relative error at 10 kHz can be explained by the effect of

Fig. 1. A) picture of the second tumorous sample of patient 3, on gridded paper to measure the surface of the sample b) picture of the experimental setup, with the
sample holder (solartron analytical, 12962a) and the impedance analyser (palmsens4).

Fig. 2. Spectrum of Z’ measured for one of the agarose test samples.
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the double layer, which is still slightly present, as can be seen on Fig. 2.

4.2. General overview

All raw data are provided as supplementary material. They are pre-
sented in the form of a table per sample containing frequency, norm of
the impedance, phase of the impedance, real part and imaginary part of
the impedance. All sample areas and thicknesses are listed in a separate
table. An example of the collected data is presented in Fig. 3, for patient
1 (healthy and malignant tissues) and pig 1, as the measured norm and
phase of the impedance.

Overall, samples from five pigs and seven human patients, either
malignant or healthy pancreatic tissue, were used in this study for a total
of 28 pigs’ samples, 18 humans’ samples of healthy pancreas, and 15
samples of pancreatic ductal adenocarcinoma (PDAC). Table 1presents
an overview of the samples measured, the “patient information” column
is an indication in particular of patient treatment, if they had received
chemotherapy and/or radiotherapy before surgery, or not.

4.3. Extracted electrical properties

The properties were extracted from the impedance measurements
using the methodology described in section 3. Fig. 4 presents the real
and imaginary parts of conductivity and permittivity as defined in
equation (11) for human, healthy and malignant tissues. As in Fig. 3,
only the data for patient 1 is plotted for readability purpose.

Fig. 5 presents the real and imaginary parts of conductivity and
permittivity as defined in equation (11) for pigs. As in Fig. 3, only the
data for pig 1 is plotted for readability purpose.

4.4. Properties at specific frequencies

For the sake of clarity, two frequencies of interest have been selected
to be highlighted. Fig. 6 thus presents the comparison in properties at 10
kHz of the groups “Porcine pancreas”, “Healthy human pancreas” and
“Tumorous human pancreas”, along with a comparison of each animal
within the “Porcine pancreas” group. The choice of this frequency is

justified in the discussion section.
Fig. 7 presents the same comparison at 500 kHz, which is the usual

frequency of interest for radio-frequency ablation procedures [10].
Mean values and standard deviations for conductivity and relative

permittivity are summarised in Table 2, at 10 kHz and 500 kHz.

5. Discussion

5.1. General observations

Tumour tissues were found to be significantly different from those
identified as healthy in the patients’ pancreas, which was expected as
the conductivity is known to be higher in tumour tissues. Their behav-
iour is overall a little less resistive, as we can see in Fig. 3 that the phase
is regularly higher across the spectrum for patient 1, and in Fig. 4 that
the value of the relative permittivity increases. This tendency was also
visible in the other samples form patients, and is consistent with the
literature for other tissues [6].

5.2. Electrode polarization

It is to be noted that the two-electrode configuration used for these
measurements, if the simplest, is not the most accurate to directly
evaluate the properties of samples at low frequency. Indeed, the phe-
nomenon of electrode polarization as to be taken into account. At the
electrode–electrolyte interface, no electron exchange can take place, as
electrons cannot pass into the solution. Consequently, any excess charge
in the electrode tends to be compensated by ions in the electrolyte. This
creates what is known as the electrical double layer, which can be
modelled as a first step by a capacitor (known as the Helmoltz model),
and be refined to a constant phase element (CPE) to take into account its
imperfect capacitive nature [21]. Other more complex model do exist,
taking into account in particular the distribution of ions across the layer.

This double-layer impedance is dominant at low frequencies, and
may distort the intended measurement. The measured impedance can be
written as:

Fig. 3. Impedance spectrum, in norm and phase, of patient 1 samples, healthy and tumorous (above, respectively red circles and blue squares) and of pig 1 (below).
The markers indicates the mean value, and the coloured area the mean value plus and minus the standard deviation.
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Z
measured

= Z
interface

+ Z
sample

(12)

Experimentally, it is considered that for in vivo measurements with two
electrodes the data collected are reliable above 1 kHz [2]. As we can see
in Fig. 3, while the impact of the double layer seems negligible at this
frequency on pig samples, this is not completely the case for the different
human samples. In order to keep a safety margin in the comparison of
properties, the lower frequency of interest was fixed at 10 kHz.

5.3. Intra –pancreas inhomogeneity, and inter-individual variations

We can see on the pig samples, supposedly the most regular dataset,

as the animals were all similarly raised for human consumption and
healthy, that a significant difference in properties can be noted between
each animals, and between samples from the same animal.

As all the samples were collected fresh on the same day, and stored in
parallel in the same conditions, it was expected that the measured
properties would not be highly different from one animal to another.
However it appears that both at 10 kHz and 500 kHz, the differences are
significant for conductivity (p = 10-5 < 0.05 at 10 kHz according to
ANOVA test and p = 10-5 < 0.05 at 500 kHz) as well as for relative
permittivity (p = 2 x10-4 < 0.05 at 10 kHz according to ANOVA test and
p = 9 x10-4 < 0.05 at 500 kHz). The mean values vary from 0.21 S/m to
0.50 S/m approximately for the conductivity, and from 9.3 x103 to 1.63

Table 1
Overview of the samples studied. In the present series, all human patients had received both chemo ad radiotherapy.

Source ID Type Number
of sample

Patient information

Pig samples

Pig 1 Healthy 6 /
Pig 2 Healthy 6 /
Pig 3 Healthy 6 /
Pig 4 Healthy 5 /
Pig 5 Healthy 12 /

Human samples

Patient 1 Tumour 5 No information
Healthy 4

Patient 2 Tumour 3 77-year-old man; mixed IPMN (intrapapillary pancreatic mucinous neoplasm) of predominantly gastric
phenotype in low-grade dysplasia with high-grade microfocus, extending 3 cm in length. No pre- or post-
operative treatment.

Healthy 3

Patient 3 Tumour 2 65-year-old man; first operated in 2019 for an adenocarcinoma developed on IPMN (intrapapillary
pancreatic mucinous neoplasm) with left splenopancreatectomy followed by 6 months of adjuvant
chemotherapy with FOLFIRINOX. Recurrence in 2023, undergoing iterative pancreatic resection by
enlarged pancreatectomy. No radiotherapy or chemotherapy before the 2nd surgery.

Healthy 2

Patient 4 Tumour 3 60-year-old man; grade 1 sporadic non-functioning neuroendocrine tumor (NET), treated by distal (left)
pancreatectomy without splenectomy. No pre- or post-operative treatment.Healthy 3

Patient 5 Tumour 1 74-year-old man. Well-differentiated ductal adenocarcinoma extending over 18 mm. Treatment with
preoperative chemotherapy.Healthy 1

Patient 6 Tumour 3 27-year-old man; Very marked inflammatory processes in the periampullary region, with numerous lymph
nodes with necrotic granulomatous lesions and fibrous changes.

Patient 7 Tumour 2 76-year-old man; poorly differentiated ductal adenocarcinoma (25 mm). Treatment with preoperative
chemotherapy.Healthy 2

Fig. 4. Complex conductivity and permittivity spectra of patient 1 samples, healthy (red circles) and tumorous (blue squares). The markers indicate the mean value,
and the coloured area the mean value plus/minus the standard deviation.
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Fig. 5. Complex conductivity and permittivity spectra for pig 1 samples (n = 5). The markers indicate the mean value, and the coloured area the mean value plus/
minus the standard deviation.

Fig. 6. Boxplot of properties of samples at 10 kHz. a) Comparison of extracted conductivities for pig samples. b) Comparison of extracted relative permittivities for
pig samples. c) Comparison of extracted conductivities for all samples per type. d) Comparison of extracted relative permittivities for all samples per type.
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x104 for relative permittivity.
The variation within the same animal can also be important, as

observed for pig 4 at 10 kHz, where the ratio between the most and least
conductive samples is nearly 3. Considering relative permittivity, this
ratio equals approximately 2 on the same animal, whose intra-
pancreatic properties were the most variable by far at this frequency.
This inhomogeneity of tissue properties can be partially attributed to fat
distribution within this organ [2,19].

For humans, there is a lack of data per patient to measure it, but the
electrical properties of healthy pancreatic tissues are also expected to be
heterogeneous in the organ, and to vary significantly among patients
with different ages and lifestyle [2].

5.4. Comparison of human healthy and tumorous tissues

For a clearer comparison between healthy pancreas and tumour-
bearing tissues, Fig. 8 presents the quartiles of the populations’ prop-
erties between 10 kHz and 1 MHz. The mean values are presented in
Table 2 for 10 kHz and 500 kHz, along with the standard deviations.

The comparison between human sample types shows that tumour

tissues as a mean value are approximately two-fold more conductive
than healthy ones, with 0.16 S/m for healthy pancreas and 0.29 S/m for
tumours at 10 kHz. The ratio is slightly lower at 500 kHz, with 0.26 S/m
for healthy pancreas and 0.44 S/m for tumours. The difference is con-
ductivity between the two populations is significant in the frequency
range from 10 kHz to 1 MHz, as seen in Fig. 8.

In terms of relative permittivity, at 10 kHz, the mean value for
tumorous tissues of 7.46 x104 is significantly higher than the mean value
for healthy tissues of 4.15 x104. The difference is nevertheless not sig-
nificant at 500 kHz, with a variation from 2.33 x103 for healthy tissues
to 3.56 x103 for tumorous tissues. As we can see in Fig. 8, the difference
in terms of relative permittivity between the two populations becomes
non-significant at 30 kHz, and remains so up to 1 MHz.

Differences in properties at macroscopic level between healthy and
tumour tissues were expected from the changes in properties at the
cellular level, in size, membrane area and capacitance [8,22].

As presented tumours have different types, and tumorous tissues are
notoriously more chaotic in structure, the variability of tumours prop-
erties was expected to be higher than that of healthy tissues. This seems
to be true for relative permittivity, but false for conductivity, as the two
distributions present a comparable variance along the spectrum.

Overall, the properties measured for the human pancreas are com-
parable in order of magnitude to other organ such as kidney, bladder or
liver, as reported in the literature [14].

It is interesting to note that the values measured for conductivity are
different from the values usually presented in the IT’IS database, and the
IFAC-CNR database. As no measurements for pancreas have been pub-
lished for human, they both use thyroid gland tissues as a reference
tissue for the pancreas, supposedly because of similarity of the tissues. At
500 kHz, the conductivity is 0.566 S/m according to the databases. The
mean conductivity presented in this work for human pancreas at the
same frequency is less than half that value, with 0.256 S/m, which is

Fig. 7. Boxplot of properties of samples at 500 kHz. a) Comparison of extracted conductivities for pig samples. b) Comparison of extracted relative permittivities for
pig samples. c) Comparison of extracted conductivities for all samples per type. d) Comparison of extracted relative permittivities for all samples per type.

Table 2
Summary of mean values measured for each type of tissue at 10 kHz and 500
kHz, with standard deviation.

10 kHz Conductivity (S/m) Relative permittivity

Porcine pancreas 0.11 ± 0.06 (1,27 ± 0,31) x 104
Human pancreas 0.16 ± 0.10 (4,15 ± 4,26) x 104

Tumorous tissues 0.29 ± 0.08 (7,46 ± 3,37) x 104

500 kHz Conductivity (S/m) Relative permittivity
Porcine pancreas 0,16 ± 0,07 (2,05 ± 0,57) x 103

Human pancreas 0,26 ± 0,11 (2,33 ± 0,98) x 103

Tumorous tissues 0,44 ± 0,11 (3,56 ± 2,12) x 103
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surprisingly close to the values that can be found in old papers on cat
tissues [19], with approximately 0.286 S/m (read as 350 Ω.cm at 500
kHz) and on dog tissues [20], with 0.268 S/m at 254 kHz. However the
differences in conditions of conservation of the tissues and methodology
forces to be careful with this comparison, as measurements on cats were
performed in vivo under anaesthesia, and measurements on dogs were
performed ex vivo in the 12 h following death, with no details on the
conditions of conservation.

This substantial difference with the databases suggests that the
pancreatic conductivity value usually used might need to be updated.
On the other hand, the relative permittivity evaluated in this work of
2.33 x103 at 500 kHz seems in agreement with the value 2.14 x103 listed
in the databases at the same frequency.

5.5. Comparison of human and porcine healthy tissues

At 10 kHz, the porcine tissues are slightly but significantly (p = 4
x10-3 < 0.05) less conductive than human healthy pancreatic samples,
with a mean value of 0.11 S/m for pigs, and 0.16 S/m for human. The
difference increases at 500 kHz, with a value of 0.16 S/m for pigs, and
0.26 S/m for humans, and stays significant (p = 5 x10-4 < 0.05).

For relative permittivity, the value is also significantly lower for
porcine tissues at 10 kHz with a value of 1.27 x104 compared to a value
of 4.15 x104 for human samples (p = 10-8 < 0.05). However the values
are close at 500 kHz, with 2.05 x103 for porcine pancreas and 2.33 x103

for humans. There is no significant difference (p = 0.08 > 0.05) at this
frequency between the two series of measurement.

It is interesting to see that variances in conductivity of the groups
“Healthy pancreas” and “Porcine pancreas” cannot be considered to be
significantly different according to Levene’s test (p = 0.14 > 0.05 at 10
kHz and p = 0.09 > 0.05 at 500 kHz). We can thus consider that in term
of conductivity, the repartition of properties expected for a human
population is comparable to that represented by this porcine population.

On the other hand, there is a significant difference in variances be-
tween those two groups when considering relative permittivity (p = 2
x10-4< 0.05 at 10 kHz and p= 0.02< 0.05 at 500 kHz), the variance for

human samples being slightly greater.

6. Limitations

A number of limitations must be taken into consideration when
interpreting the findings of this study. First of all, one limitation relates
to the nature of the samples, which are fresh ex vivo samples at room
temperature. These data are less reliable than in vivo measurements.
Moreover, most human tissues studied here were exposed to chemo-
therapy and/or radiotherapy beforehand, with different modalities. As a
consequence, the values extracted for conductivity and relative
permittivity cannot be used for healthy tissues as well as for untreated
PDAC without caution. However, given the lack of literature on this
organ, these measurements can be considered a good first assessment of
pancreatic tissue properties. It is also to be noted that the properties
measured are those of the tissues prior to any electromagnetic-based
treatment, and the modifications that might be caused by any therapy
in the tissues are not measured here.

Another point is the method used. As mentioned previously, the two-
electrode method is not ideal for data collection, and even if the elec-
trode polarization can be analytically removed [23], a four-electrode
configuration should be considered for further measurements.

Lastly, the impedance analyser used limited frequency range, and if
adapted to radio-frequency ablation applications (at around 500 kHz)
the data collected are not high-frequency enough for some other appli-
cations, such as microwave ablation (at 915 MHz or 2.45 GHz), or some
numerical models dedicated to dosimetry. For those applications, one
could only consider these data a low frequency basis for comparisons of
pancreatic tissues with other tissues previously described in the
literature.

7. Conclusion and perspectives

This work adds new data to the literature on the electric properties of
pancreatic tissues. The procedure implying several samples per patient
and animal presented in this study allows to observe the significant

Fig. 8. Plot of the extracted conductivity and relative permittivity of the healthy humans pancreases and tumour-bearing tissues, presented in quartiles. The triangle
shaped markers representing the first quartile at a given frequency, the diamond shaped markers representing the median, and the reverse triangle shaped markers
representing the third quartile. *** p < 0.001 and ‘ns’ for non-significant (p > 0.05) according to the Wilcoxon rank sum test.
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disparity in properties between and within each individual. In terms of
mean values, a tumour-bearing tissue was found to be approximately
two-fold more conductive than a healthy pancreatic tissue, with a 2.6
times higher relative permittivity. The values of conductivity measured
in this work are significantly different than those listed in reference
databases, suggesting that the reference values might need to be upda-
ted. The relative permittivity measured is however in accordance with
the databases.

It is interesting to note that the inter-individual variation was com-
parable between human and porcine pancreas, making the latter a
relevant and much more accessible model when planning or studying
the effects of a treatment, as well as for monitoring electromagnetic-
based therapies targeting the pancreas. The differences in conductivity
should nevertheless be taken into account as porcine pancreases
exhibited properties that differed from the human samples they were
compared to, although they were of comparable magnitude.

In the future, it would be interesting to complete those data with
post-treatment measurements, especially in the cases of radiofrequency
ablation and electroporation. One of the main challenge with RF-
ablation modelling being the changes in properties with the tempera-
ture (up to 100 ◦C) [10], and for electroporation the physiological
changes caused by the procedure [24], depending on the electric field
applied. In both cases, a comparison of properties in a given tissue pre
and post treatment could bring interesting insights in the comprehen-
sion of the physiological phenomena and their numerical modelling.
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