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Abstract—Microwave ablation is a promising treatment for
kidney cancer. Accurate knowledge of the dielectric properties of
biological tissues is vital for quantifying the safety, reliability and
accuracy of ablation, among other microwave medical treatments
and diagnostic technologies. In dielectric studies to date, the
heterogeneity within the kidney has not been considered, and
the kidney has been treated as a fully homogeneous organ.
Therefore, the available dielectric data of the kidney is not
as thorough and accurate as it could be. For this reason,
in this study, dielectric measurements are performed over a
broad frequency range to quantitatively investigate the difference
between the dielectric properties of various regions of the kidney
and to develop an anatomically accurate dielectric profile of
the kidney. All measurements are conducted on freshly excised
porcine kidney samples, and confounders impacting dielectric
data are controlled and related metadata recorded. The results
demonstrate a considerable difference of up to 49% between
the dielectric properties of different regions of the kidney. The
findings in this paper suggest that the heterogeneity within the
kidney should be taken into consideration in order to obtain
an accurate representation of the actual dielectric properties.
Additionally, a two-pole Cole-Cole model is fitted to the measured
data of the different regions of the kidney and the model
parameters presented for reference. The anatomically accurate
dielectric profile of kidney provided in this paper will support
the development of more effective and reliable microwave medical
treatments.

Index Terms—Renal cell carcinoma, kidney, radio frequency
ablation, microwave ablation, dielectric properties, Cole-Cole
model, genetic algorithm, anatomical dielectric model.

I. INTRODUCTION

K IDNEY cancer is among the 10 most common cancers
in both men and women [1]. The most common type of

kidney cancer is Renal cell carcinoma (RCC), also known as
renal cell cancer or renal cell adenocarcinoma. About 9 out of
10 kidney cancer cases are renal cell carcinomas [1]. Gener-
ally, RCC grows as a single tumour within a kidney. However,
sometimes there are multiple tumours occurring in one or even
both kidneys. The main treatment for kidney cancer is surgical
removal of the tumour. The risk of general anaesthesia and
wound complications are major concerns associated with these
surgical procedures. Additionally, surgery is riskier for elderly
patients and patients with only one kidney. Therefore, the open
surgery approach is being superseded by less invasive thermal
ablation procedures [2].

Radio frequency ablation (RFA) and microwave ablation
(MWA) are thermal ablation treatments that use image guid-
ance to place a needle through the skin into a kidney tumour
in order to deliver the treatment. RFA uses high-energy radio
waves, usually ranging from 350 to 500 kHz, to heat and
destroy the tumour. RFA is a well-established therapeutic
modality and is used for neoplasms arising in the liver, bone,
lung, breast, and kidney [3]–[5]. However, RFA is partially
limited by the heat-sink effect and the increased impedance
of the ablated tissue [6]. While microwave ablation is a less
developed modality, it shows strong promise in treatment of
cancer. Notably, MWA (currently performed at either 915 MHz
or 2.45 GHz) attains a more predictable ablation zone, per-
mits simultaneous treatment of multiple lesions, and achieves
larger coagulation volumes in a shorter procedural time than
required by RFA, which makes it a promising candidate for
the treatment of kidney cancer.

The dielectric properties of tissues are critically important
for a wide variety of applications, such as the design and
evaluation of electromagnetic (EM) diagnostic and therapeutic
medical devices, especially microwave imaging and ablation.
These properties are also used for determination of the Specific
Absorption Rate (SAR), and evaluation of possible health
hazards associated with non-ionising radiation [7]–[9]. The
dielectric properties of biological tissues have been widely
studied at microwave and radio frequencies since the early
1950s [10]–[14]. These properties, namely, the conductivity
and the relative permittivity, describe the interaction of a
material with an applied electromagnetic (EM) field. The
complex permittivity ε of a material is highly frequency
dependent and is defined as:

ε(ω) = ε′(ω)− jε′′(ω) (1)

where ε′(ω) is the relative permittivity (also called dielectric
constant), j =

√
−1, ω is the angular frequency and ε′′(ω) is

the dielectric loss. The relative permittivity indicates the ability
of the material to store energy and the loss factor represents
the energy dissipated in the material. The dielectric loss can
be converted into effective conductivity using:

σ(ω) = ωε0ε
′′(ω) (2)

where ε0 is the permittivity of free space.
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To date, numerous dielectric studies have been performed
using different techniques, various tissues samples, and differ-
ent sample shape and size constraints over different frequency
ranges [15]–[17], [17]–[19], [19]–[21], [21]–[28]. Most of
these studies have not considered heterogeneity within organs
and have treated several heterogeneous organs, especially the
kidney, as a homogeneous tissue organ. A heterogeneous organ
is one that is composed of multiple tissue types. As such,
heterogeneous organs include the breast (which contains fat
and glandular tissue), along with the kidney, heart, thymus,
pancreas, and so on. Even the available dielectric data in
literature for several homogeneous organs shows considerable
variation [29]. As a result, the generalisation of a single
measurement to an entire heterogeneous organ may result in
an inaccurate representation of the actual dielectric properties
of the organ. Such uncertainty in dielectric properties can
significantly impact the reliability and accuracy of various
medical treatments and diagnostics, especially MWA.

The kidney is one such organ that has been treated as a
homogeneous organ in all dielectric studies to date. One of the
most comprehensive studies of the ex-vivo dielectric properties
of biological tissues was performed by Gabriel et al. in 1996.
This study was conducted over a wide frequency range of 10
Hz to 20 GHz [30]–[32], and also treated kidney as homo-
geneous organ and provided a single dielectric measurement
model for the entire kidney.

The kidney is a bean-shaped organ found on both the right
and left sides of the body in vertebrates. The function of the
kidney is to extract waste from blood, balance body fluids,
form urine, and aid in other important functions of the body.
The parenchyma of kidney can be divided into three distinct
anatomical regions: the capsule, the cortex, and the medulla,
as shown in Fig. 1. In dielectric studies to date, most have

Fig. 1: Anatomic structure of kidney [33]. The three main
anatomical regions of the kidney organ are shown: the capsule,
the cortex, and the medulla.

measured the dielectric properties of the capsule of the kidney
and generalised the corresponding data to the kidney as a
whole. However, as the three regions are composed of distinct
tissue types, this may not be an accurate generalisation.

Therefore, the aim of this work is to investigate the dif-
ference in the dielectric properties of different regions of the
kidney over the microwave frequency range and to develop an
anatomically accurate dielectric model of the kidney. To this
end, a study of ex-vivo porcine kidney tissues was performed

in collaboration with University College Dublin. The measured
data is used to quantify the dielectric differences between the
three anatomical regions of the porcine kidney. Additionally,
a two-pole Cole-Cole model is fitted to the measured data of
each region using the two-stage genetic algorithm [34] and
high accuracy parameter values are presented for reference
purposes. To the best of authors’ knowledge, this work is
the first of its kind to measure and quantify the dielectric
properties of different regions of the kidney over a broad
frequency range. This advanced, accurate dielectric model will
support the development of microwave technologies for the
treatment of kidney disease.

The structure of this paper is as follows. First, the dielectric
measurement set-up is introduced and the tissue samples
described. In the same section, the measurement uncertainty
and procedures are presented, along with information on the
collection of experimental metadata and Cole-Cole data fitting.
Next, in Section III, the dielectric measurement results are
provided and the difference in properties between the different
regions of the kidney are discussed. The Cole-Cole model
parameters for the medulla, cortex, and capsule, are also
presented. Finally, the work concludes in Section IV.

II. METHODOLOGY

This section describes the experimental design, sample
acquisition, dielectric measurement protocol and parametric
data fitting.

A. Experimental Design

The dielectric measurements were conducted using the
open-ended coaxial probe method. This technique is well
known to be suitable for the dielectric measurements of
biological tissues and requires minimum handling of the
samples [35]. The commercially available slim form probe
from Keysight Technologies was used. The 85070E dielectric
probe kit was connected to the Keysight Technologies E8362B
PNA series vector network analyser (VNA). The measure-
ments were recorded over the frequency range of 500 MHz
to 20 GHz with 101 logarithmically-spaced frequency points
[36]. The selected frequency range covered the maximum
frequency range of the measurement equipment. The value
of 101 frequency points was chosen as it allows for a point
distribution having 50 points on each side of the centre point. It
has been found through experience and multiple measurements
that the coaxial cable connected between the probe and the
VNA is one the main factors that introduces uncertainty in
the measurements. Therefore, in this experimental design, the
probe was directly connected to the port of the VNA using an
N-type to SMA right angle connector, as shown in Fig. 2. The
removal of coaxial cable not only improved the repeatability
and the stability of the measurements, but also removed the
measurement sagging effect and the requirement of regular
refreshing the calibration during the repeated measurements.
A digital infrared IR thermometer with dual-laser targeting
(N85FR) from Precision Gold was used to measure the tem-
perature of tissue samples before each measurement. A digital
thermometer (HI98509) from Hanna Instruments was used to
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Fig. 2: Photograph of the slim form probe connection with the
vector network analyser.

measure the temperature of liquids used in the calibration and
validation processes. A lifting stand was used to lift the sample
and place it in solid contact with the probe, without having to
move the probe.

B. Sample Acquisition

In this study, samples from six pigs were obtained. All
animals were 64 days (±1 d) old, with an average weight
of 22.89 kg (±3.62). All pigs were a cross breed of Large
White and Landrace Sows. The kidney organs were excised
and the tissue samples were dissected immediately after the
death of the animal. The euthanasia method used was a
lethal injection of pentobarbital sodium (Euthatal Solution,
200 mg/ml; Merial Animal Health, Essex, UK) at a rate of
0.71 ml/kg BW to the cranial vena cava. In this study, all
procedures were carried out under the Protocols AREC-17-
19-ODoherty and AREC-E17-37-Kilroy of the local Animal
Research Ethics Subcommittee (AREC), University College
Dublin. Tissue excision was performed by a trained veterinary
surgeon. After excision, each sample was placed in a closed,
airtight container. The integrity of the tissue samples was
maintained until the time of the dielectric measurement, and
no preservatives or additives were used as these could impact
the dielectric measurement value. The measurements were
performed on freshly excised tissue samples. While handling
the tissue samples, extra care was taken to avoid any sort of
contamination. Cotton swabs were used to remove the extra
blood from the tissues.

C. Dielectric Measurements

1) System Uncertainty Analysis: Multiple measurements
were performed on standard reference materials prior to the
porcine measurement study in order to examine the uncertainty
of the measurement system. In particular, 15 measurements
were performed over three calibrations of the VNA on the
reference material 0.1M NaCl at 22oC. Using these measure-
ments, the total combined uncertainty (TCU) was calculated as
in [37]. The TCU was calculated to be 2.1 and 3.4 for the rela-
tive permittivity and the conductivity, respectively. For relative
permittivity, the uncertainties in repeatability (type A) and

accuracy (type B) are within 2.1% and 0.26%, respectively.
While for the conductivity, the uncertainty in repeatability
(type A) and accuracy (type B) are within 2.3% and 4.2%,
respectively. Since no cable was used in the measurements
and the measurements were always performed immediately
after the calibration, the cable drift was negligible and thus
no drift or cable movements were included in this uncertainty
analysis.

2) Measurement Protocol: The measurement system was
calibrated using the open/short/load calibration mechanism.
The Smith chart was visually inspected to ensure a proper,
high-quality short during the calibration. Deionised water was
used as the standard load material in the calibration process.
Calibrations were performed at regular intervals during the
measurement process and each calibration was validated using
the 0.1M NaCl (saline) from ROMIL Ltd. as the standard
reference material. Fig. 3 shows the comparison between a set
of four validation measurements performed at different times
during the tissue dielectric measurement process. In the figure,
the reference model of 0.1M NaCl [37] is also shown. The
maximum average percentage difference between all validation
measurements and the reference model is only 1.64%, which
highlights the repeatability and accuracy of the measurement
system.

Fig. 3: Measured relative permittivity of system validation
measurements using 0.1M NaCl, and the standard model from
the literature [37].

For samples from each of the six animals, dielectric mea-
surements were conducted on three regions of porcine kidney:
the capsule, the cortex and the medulla. For each region of
a given sample, three measurements were recorded at three
different sites and were averaged to constitute a single mea-
surement. In total, 54 dielectric measurements were recorded.
For each measurement, the probe was placed in solid, stable
contact with the tissue sample. The probe was cleaned with
alcohol wipes in order to ensure that there was no residual left
on the probe after each measurement. All measurements were
performed within 90 minutes after the death of the animal.

3) Metadata Collection: The precise knowledge of dielec-
tric properties is vital for novel medical diagnostic and thera-
peutic devices as well as for safety assessment of communi-
cation technologies, such as mobile phones and other wireless
devices. Despite the critical importance of dielectric properties,
the available data in literature suffer from inconsistencies in
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reported data. To avoid advancing this problem, in this study,
the Minimum Information for Dielectric Measurements of
Biological Tissues (MINDER) standard (proposed in [38]) is
used to record the raw data along with relevant metadata to
enable sharing and re-use of data. The recorded metadata can
be used to easily interpret data and reproduce the measure-
ments performed in this study. Moreover, all data and metadata
obtained in this measurement study will be available in an
online data repository [39].

D. Parametric Model

The Cole-Cole [40] model is one of the most commonly
utilized and the most well-known parametric models. It is
defined as:

ε̂(ω) = ε∞ +

n∑
p=1

∆εp
1 + (ωτp)(1−αp)

+
σs
ωε0

(3)

where ε̂(ω) is the complex permittivity, ε∞ is the permittivity
at the highest frequency, p is the Cole-Cole pole, n is the total
number of poles, ∆ε is the change in the permittivity, τ is the
relaxation constant, σs is the static ionic conductivity, and α
is a positive fractional constant with a value 0 ≤ α ≤ 1. The
exponent α is an empirical parameter and is used to describe
different spectral shapes.

For optimal representation of the data, the Cole-Cole poles
correspond to the number of dielectric relations over the
frequency range. One pole can sufficiently characterise one
dispersion region. In this study, a two-pole Cole-Cole model
was fitted the measured data. The frequency range in this study
involves two dispersion regions (tail of β and γ) [41] and thus
two poles were sufficient to represent these dispersion regions.

The two-stage genetic algorithm (GA) was used to fit the
two-pole Cole-Cole model to the measured data. The values of
Cole-Cole parameters ε∞,∆ε, σs and τ were allowed to vary
within the GA. In order to ensure that the GA did not converge
towards local optima, bound value ranges were applied to each
parameter. The bound values were selected in accordance with
the literature [30] and are shown in table I. In this work,

TABLE I: Bound value ranges for the Cole-Cole parameters
used during fitting with the GA.

Parameter Value Range
ε∞ 1 - 10
∆ε 1 - 100
τ 1 µs - 12 ps
σs 0.001 - 1

the GA population size was 1000 individuals. The crossover
fraction and the mutation probability were set to 0.9 and 0.1,
respectively. The tournament selection method was used and
the parameter value was 20.

III. RESULTS

In this section, the results of the dielectric measurements are
first presented and discussed. Then, the fitting results of the
two-pole Cole-Cole model are provided along with the model
parameter values.

A. Measured Data

The measured dielectric data is used to calculate the mean
and standard deviation (STD) of capsule, cortex, and medulla
across all six porcine kidney samples. The results for each
region of the kidney are shown in Fig. 4. In the figure, the
solid curves with markers identify the mean, while the error
bars on each curve indicate the STD. The data shows that the
dielectric properties of all three regions are clearly distinguish-
able from each other. Especially, for the medulla, the relative
permittivity and the conductivity values are much higher at
lower frequencies than those of the cortex and capsule. This
result is in agreement with the anatomical fact that medulla
tissue has a different composition than the cortex and the
capsule, and therefore, has different dielectric properties. The
maximum difference in the relative permittivity of the medulla
with respect to (w.r.t.) to that of the capsule is 20.8% at 4
GHz, which is well above the uncertainty of the measurement.
The dielectric properties of the cortex are more similar to
the properties of the capsule, mainly because both layers
have a similar tissue composition. However, the maximum
difference in the relative permittivity of cortex w.r.t. to that
of the capsule is 7.3% at 5.4 GHz, which is again more than
the total uncertainty of the system. The average differences
over the entire frequency range for medulla and cortex relative
to capsule are 18.6% and 6.3%, respectively. The differences
are more significant for conductivity with maximum values
of 49.5% and 9.5% for medulla and cortex, respectively. The
average differences in conductivity over the entire frequency
range for medulla and cortex relative to capsule are 35.6% and
7.5%, respectively. The STD of the properties of the capsule
is higher than that of the other two regions. The main reason
for this is likely the dehydration process of the capsule. In
the case of ex-vivo measurements, the capsule, as the exterior
surface layer of the kidney, may dehydrate more rapidly than
the other two regions.

It is not feasible to compare the entire dataset for each
sample due to the diversity of the data. Therefore, two fre-
quency points of 915 MHz and 2.45 GHz are selected, which
are the frequencies relevant for ablation and hyperthermia
applications. Fig. 5 shows the percentage difference of cortex
and medulla relative to capsule at the two selected frequency
points for each individual sample. The figure shows significant
percentage difference between the properties of medulla and
capsule at both frequency points with maximum value of
26.6% at 915 MHz and 28.85% at 2.45 GHz for sample
2. The percent difference of cortex relative to capsule is
less significant than that of medulla relative to capsule (in
agreement with Fig. 4) with maximum value of 11.4% at 915
MHz and 12.64% at 2.45 GHz for sample 2. The trends are
similar across the frequency range. Table II summarises the
differences in the dielectric properties of the kidney regions
for the two frequency points.

Overall, these results suggest that using the dielectric prop-
erties of only the capsule (or, in fact, of only any given region)
to estimate the properties of the entire kidney may not provide
an accurate representation of the kidney properties.
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(a) Relative Permittivity

(b) Conductivity

Fig. 4: Measured mean and standard deviation (STD) of the dielectric properties of the cortex, medulla and capsule of six
porcine kidney samples: a) mean and STD of relative permittivity and b) mean and STD of conductivity.

B. Fitted Data

The two-pole Cole-Cole model was fitted to the mean
dielectric properties of the three different kidney regions using
the two-stage GA. Fig. 6 shows the measured data and the

fitted model for the relative permittivity. The average fractional
error between the measured data and the fitted model for
relative permittivity and conductivity in all three cases was
less than 0.7%. The two-pole Cole-Cole model parameters for
the capsule, cortex, and medulla, obtained using the two-stage
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(a) At 915 MHz

(b) At 2.45 GHz

Fig. 5: Percentage difference of cortex and medulla relative to
capsule for six kidney samples: a) at 915 MHz and b) at 2.45
GHz.

TABLE II: Mean, STD, and dielectric contrast ratio w.r.t. the
capsule, of the three regions of the porcine kidney at 915 MHz
and 2.45 GHz.

(a) Relative Permittivity
Region Frequency Mean STD Ratio

Capsule 915 MHz 56.12 2.52 1:1
2.45 GHz 52.18 2.59 1:1

Cortex 915 MHz 59.39 0.87 1.06:1
2.45 GHz 55.70 0.90 1.07:1

Medulla 915 MHz 66.49 1.08 1.19:1
2.45 GHz 62.70 1.31 1.20:1

(b) Conductivity
Region Frequency Mean STD Ratio

Capsule 915 MHz 1.03 0.08 1:1
2.45 GHz 1.92 0.11 1:1

Cortex 915 MHz 1.11 0.05 1.08:1
2.45 GHz 2.02 0.05 1.05:1

Medulla 915 MHz 1.49 0.09 1.45:1
2.45 GHz 2.55 0.10 1.33:1

GA are presented in Table III. Next, the fitted porcine models
obtained in this study are compared with the bovine kidney
(cortex) model presented by Gabriel et al. [32]. A comparison
across species is valid, as studies [25], [42] suggest that there
is no significant difference between the dielectric properties
of the same tissue from different source species. Fig. 7 shows

Fig. 6: Plot of the fitted two-pole Cole-Cole models and
corresponding measurement average for each of the three
kidney regions.

TABLE III: Two-pole Cole-Cole parameters for three regions
of the porcine kidney.

Parameter Capsule Cortex Medulla
ε∞ 3.43 6.52 2.63

σs(Sm−1) 0.73 0.88 0.91
∆ε1 38.15 3.79 62.62
τ1(s) 8.04e-12 1.55e-10 8.30e-12
α1 3.64e-05 3.90e-04 0.082

∆ε2 37.29 50.08 58.81
τ2(s) 8.99e-10 8.35e-12 1.35e-09
α2 0.70 0.05 0.01

the fitted relative permittivity models of the kidney capsule,
cortex, and medulla, obtained in this study, along with the
model values of the bovine kidney from Gabriel et al. It
should be noted that as the porcine measurements in this study
were conducted at room temperature, a direct comparison to
the bovine model from the literature (measured at body tem-
perature) cannot be made. Furthermore, additional differences
between the data obtained in this study and Gabriel et al.
model may exist due to differences in control of confounders
(tissue handling, storage, time from excision, etc.). Despite
this, the range of kidney properties obtained in this study are
consistent with those obtained in the literature. Significantly,
the large dielectric heterogeneity demonstrated in this study
will exist across the temperature range.

Fig. 7: Plot of the relative permittivity of the fitted two-pole
Cole-Cole model for each of the three kidney regions, along
with Gabriel’s kidney model from the literature [43].
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IV. CONCLUSION

In this study, dielectric measurements were performed on
tissue samples from six pigs of the same age, same breed,
and approximately same weight, in order to quantitatively
investigate the dielectric properties of different regions of
kidney. The aim of this study was to examine whether the
treatment of the kidney as an homogeneous organ in all of
the previously performed dielectric studies would provide an
accurate representation of the actual properties or not, and
to develop an accurate anatomical dielectric model of the
kidney. Dielectric measurements were performed on the three
major anatomical regions of the kidney: the capsule, cortex
and medulla. All measurements were taken on freshly excised
porcine samples. The results have demonstrated a clear differ-
ence among the dielectric properties of the different regions
of the porcine kidney, with average differences of 18.6%
and 6.3% in relative permittivity over the entire frequency
range for medulla and cortex relative to capsule, respectively.
The obtained results suggest that treating the kidney as a
homogeneous organ and generalising the single measurement
performed on the capsule to the dielectric properties of the
entire organ may not accurately represent the actual properties
of kidney. The heterogeneity within the kidney should be con-
sidered in order to achieve a fully accurate dielectric profile.
The anatomically accurate data presented in this work will
support the development of reliable and effective microwave
medical devices. Furthermore, two-pole Cole-Cole model has
been fitted to the measured data for each kidney region and
model parameters have been presented for reference purposes.
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