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Abstract: The purpose of this work is to further develop
a novel dual-mode microwave applicator for diagnosis
and thermal ablation treatment. The MR-compatible MW
applicator enables differentiation of tumor tissue and
healthy tissue through dielectric contrast measurements,
optimizing the positioning of the applicator in the lesion.
Due to the robust applicator design and the resulting
permittivity tracking during ablation, even carbonized
tissue can be detected. The use of operating frequencies
between 5 and 10 GHz allow a noticeably lower power
consumption for microwave ablation of only 20 W
compared to commercially available applicators. Clini-
cally relevant dimensions of ablation zones can be ach-
ieved and additionally monitored using MR imaging and
thermometry.

Keywords: dual-mode microwave applicator; liver cancer;
microwave ablation; multimodality imaging; theranostic.

1 Introduction

Microwave technology and techniques offer novel treatment
options as well as diagnostic tools for medicine. The elec-
tromagnetic field with frequencies in the microwave range

between 300MHz and 300 GHz interacts with organic tissue
in a non-contact and non-destructive way. From this inter-
action, information about the tissue typeand its constitution
can be extracted. Further, by increasing the excitation
power, heating or even destruction of the tissue can be
achieved. Microwave ablation (MWA) uses this phenome-
non to destroy tumors with heat. During the minimally
invasive procedure, a needle-shaped antenna (active part of
the applicator) is guided through the patient’s body towards
the targeted lesion which is then destroyed via heat. Even
though surgical resection of tumors is still the gold standard
in the treatment of many solid tumors in the liver, the
number of inoperable tumors is large. For example, when
the tumor has grown in a difficult-to-reach body area, near a
major blood vessel or other critical structures, of the organ.
For these cases, minimally invasive treatment options are
effective alternatives. The advantages are much shorter
treatment duration as well as faster convalescence and
lower risks of infections. Moreover, a recent study demon-
strated that MWA enables a significant reduction of circu-
lating tumor cells in patients with hepatocellular carcinoma
(HCC) (tumoricidal effect) [1].

The current aim of microwave ablation systems as
minimal-invasive solutions is to provide a curative treat-
ment option instead of being applied only as palliative
care. Curative in this sense means that the increase of
the therapeutic temperature above 60 °C in the targeted tis-
sue canbemonitored andcontrolled, allowing for a localized
heating and a complete coagulation and destruction of
the tumor plus a security margin of about 5 to 10 mm
of the healthy surrounding tissue. Up to now, data on per-
formance and duration of commercially available ablation
therapy systems have been summarized in tables by the
manufacturers of the respective probes and are based on
clinical studies with ex vivo and/or in vivo experiments. This
data is not standardized and does not include patient-
specific characteristics that might be important for an
optimal ablation performance [2, 3]. In addition, for a precise
tumor localization as well as a more efficient destruction of
tumor cells and a better protection of healthy surrounding
tissue, i.e. preventing undertreatment or overtreatment, a
real-time non-invasive imaging is essential [4]. Generally, in
the percutaneous procedures, ultrasound (US), computed
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tomography (CT) or magnetic resonance imaging (MRI) can
be employed for targeting the tumor tissue and controlling
the ablation process. MRI is non-invasive, avoids ionizing
radiation, provides a multi-directional image acquisition
with a high contrast and resolution and allows for an online
thermometry [5]. Current microwave ablation procedures are
performed under CT guidance that has several disadvan-
tages compared toMRI due to the ionizing radiation and less
accurate imaging.

In this article, a multimodality approach is presented
which can be realized by combining the MR imaging and
MRI thermometry with a microwave sensor integrated at
the tip of the microwave applicator. In combination with a
dedicated calibration procedure, it provides accurate and
real-time information to position the needle-like device
into tumorous tissue (Figure 1). Once the applicator is
inserted into the targeted tumor, the sensing mode could
also be used during the thermal ablation treatment to
monitor temperature changes by detecting the specific
permittivity drop that occurs when a temperature above
60 °C is achieved. Hence, the dual-mode applicator is used
not only for therapy but also for diagnostics (theranostics).
Together with MRI thermometry, the proposed dual-mode
microwave ablation system gives detailed information in
the applicator’s vicinity as well as overall information of
the temperature distribution in the tissue.

To date, there are only a few approaches that use the
detection of changes in the dielectric properties of the tis-
sue to represent and regulate the course of treatment of
MWA. The general feasibility of a microwave tomography
system as treatment monitoring option was evaluated in
[6]. The conceptwas further evaluated in-silico underlining
the potential of using microwaves as fast and non-invasive
way to observe the therapy progress [7]. Another approach
utilizing dielectric differences between tumorous, normal
and ablated tissue, is given in [8]. The method is based on
the evaluation of the broadband reflection signal of the
microwave applicator in the time domain to determine
the tumor-normal tissue boundary. The required a-priori

knowledge of the dielectric properties of the tissue sur-
rounding the applicator is obtained by a further method
proposed by the same group [9].

In contrast to the presented approaches of microwave-
based monitoring of treatment progress, the dual-mode
concept is deliberately designed as complementary imag-
ing to MRI by serving as an additional source of informa-
tion to increase treatment success rather than substituting
already established imaging techniques.

2 Preliminary investigations

The feasibility of a microwave applicator with sensing
properties to detect tumor tissue is strongly dependent on
the question whether normal and tumor tissue be distin-
guished bymicrowaves. To answer this, a clinical studywas
performed to determine the patient-specific dielectric con-
trasts of freshly resected ex-vivo human liver samples [10].
According to those results, sensitivity requirements for
novel MWA systems for tumor detection can be formulated.
The clinical study included measurements of the complex
permittivity of five liver samples consisting of tumorous and
healthy tissue in the frequency range between 0.5 and
26.5 GHz. In Figure 2 the mean values and corresponding
standard deviations of the real and imaginary parts of the
measured relative permittivity at 5.8 GHz of each patient are
shown. As described in [10] the observed permittivity trend
at 2.45 GHz is very similar. The discrete frequencies at 2.45
and 5.8 GHz are in ISM bands (Industrial, Scientific, and
Medical Bands) and represent a current and a possible
future working frequency of MWA systems. In general, the
contrast betweenhealthyand tumorous tissue ishigher than
the corresponding standard deviation. Hence, a distinction
between healthy and tumor tissue would be possible.
Only patient 3 shows a larger standard deviation of the
measurement points in the healthy tissue. A possible
explanation for this could be the scattering of tumor cells
into the tissue declared as healthy. Further, the frequency-
dependency of the patient-specific dielectric contrast was
evaluated. It varies strongly from patient to patient with
maximal dielectric contrast between 28.9% (patient 3)
and 60.9% (patient 2) and local maxima in the frequency
range between 8 and 12 GHz.

According to the results of this study, dielectric
contrast measurements yield the possibility to detect the
presence of tumor tissue in contrast to healthy tissue.
However, those measurements must be performed indi-
vidually per patient. For the feasibility of microwave-
based detection systems, it could thus be deduced that the
application of general data sheets with threshold values
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Figure 1: Dual-mode concept based on two operational modes to
detect tumors and perform thermal ablation.
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for the differentiation between healthy and tumor tissue
are not practicable. Instead, individual measurement of
dielectric contrast should be performed for tumor detec-
tion. In terms of sensitivity requirements of microwave-
based detection devices, dielectric contrasts in the range
of 20% should be resolved. Therefore, the corresponding
extraction error should be smaller than ±10%.

3 Applicator development

For the applicator design an open-ended coaxial slot ge-
ometry was selected. The geometry is further extended by a
blocking structure to reduce backward travelingwaves that
could lead to burning of the healthy tissue around the
operating channel. Further, backward traveling waves
could influence the shape of the ablation zone towards
more longitudinal extended lesions that would not meet
the rather spherical shaped tumor sizes. The relevant
design parameter of the structure are the distance between
the open end and slot, the length of the slot, the distance
from the slot to the blocking structure and the length of the
blocking structure. The resonance frequency is dominantly
determined by the distance between slot and open end of
the coaxial cable that corresponds to a quarter wavelength
of the guided wave at resonance frequency. A standing
wave between the distal end and the slot of applicator is
created with an electrical field minimum and an induced
currentmaximum in the position of the slot. Hence, the slot
is equivalent to a quarter wave monopole feeding point
where the maximum radiation occurs. The axial and radial
cross sections of the geometry and relevant design pa-
rameters are given in Figure 3.

The applicator development process was performed in
an iterative way. First, a prototype based on a UT 085 co-
axial cable with a diameter Øout = 2.1 mm was designed.
The applicator operated in the frequency range between 5
and 7 GHz for complex permittivity extraction and the
thermal ablation was performed at an operating frequency
of 5.8 GHz [11]. In a second step, the applicator was further
optimized by a decrease of the coaxial cable diameter to
Øout = 1.19 mm in order to reduce the invasiveness of the
needle-like tool. The geometrical parameters of the struc-
ture were determined by full-wave simulation, taking into
account biological and temperature-dependent material
properties of the environment. A multi objective optimiza-
tion of the geometrical parameters of the coaxial slot

Figure 2: The mean value and standard deviation of (a) real and
(b) imaginary part of the complex permittivity of normal and tumor
liver tissue at 5.8 GHz [10].
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Figure 3: Applicator design. (a) Axial and (b) radial cross section of open-ended coaxial slot applicator with relevant geometric parameters.
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structurewasperformedbasedonamulit physical approach
incorporating electromagnetic-thermal coupled simulations
[12]. The optimization objectives were a maximized appli-
cator efficiency and ablation zone characteristics in terms of
spherical shape and maximum size. As constraint of the
optimization, the sensing sensitivity of the coaxial slot
applicator is taken into account as a key factor that must be
fulfilled for the dual-mode functionality. The relative
permittivity is extracted bymeans of a three-step calibration
procedure based on the well-known open coaxial probe de-
embedding method [13]. As described in [11], the equivalent
circuit of the open-ended slot applicator at the operating
frequency can be transformed in a way that the de-
embedding procedure can be applied with a parallel
capacitance that is solely dependent of the surrounding
complex permittivity of the Material under Test (Figure 4).
The relation between the measured reflection coefficient
Γmeas and the surrounding complex permittivity is bilinear
and can be described by following equation.

εr =
a Γmeas + b
c  Γmeas + 1

,

with a, b, and c as complex coefficient that are determined
by three measurements with calibration standard material
with known permittivity. As reference materials, saline
solution with various sodium chloride (NaCl)- concentra-
tions were used. Those substances are easy and cost-
efficient to fabricate and provide well-known material
properties that are in the range of organic tissue dielectric
properties.

For the optimizing of the geometric parameters of the
open-ended coaxial slot applicator, the sensitivity was
evaluated by determining the extracted relative permittivity
values and compare it to the actual simulated values. By this
procedure, the applicators performance is considered also
for simulations with reference materials. The resonance
frequency of the optimized structure inserted into liver tis-
sue is not exactly at the operating frequency of 5.8 GHz but
shifted towards a lower frequency at 5.4 GHz (Figure 5). For
the casewhen the applicator is inserted into deionizedwater

(DIW) with different dielectric properties compared to liver
tissue, the matching is still very good below −15 dB. Hence,
the sensitivity analysis as constraint for the optimization
procedure could be considered as method for a robust
applicator design that is not soprone to permittivity changes
in the surrounding such as they occur during an ablation
procedure. Reflection coefficient measurements of a fabri-
cated optimized prototype with a diameter of Øout = 1.19mm
inserted into DIW are in good agreement with the simula-
tions as shown in Figure 5.

4 Results

The sensing mode and ablation performance of the dual-
mode applicator prototypes were systematically analyzed
via simulations and measurements. Furthermore, the MRI
compatibility of the applicator itself in a non-active state as
well as in operation of the sensing mode was evaluated. In
the following, the results are summarized.

4.1 Sensing mode evaluation

In [11], a sensitivity analysis of the prototype applicator
with a diameter Øout = 2.1 mm inserted into various saline
solutions and DIW with known permittivity values is
described that yielded a mean extraction error of less than
5%. With this accuracy, the dielectric contrast between
healthy and tumor liver tissue could be resolved. In a next
step the feasibility of extracting dielectric properties
during an ablation procedure was evaluated. With the
temperature change of the tissue, the relative permittivity
decreases. In the case when carbonization occurs, a
sudden permittivity drop can be observed [14, 15]. Figure 6
shows the measured permittivity curves as a function of

, 

Figure 4: Simplified two port network of the open ended coaxial slot
applicator. Transmission characteristics that are not dependent of
the surrounding dielectric properties are included in the two port
described by the matrix S.

Figure 5: Reflection coefficient simulation of applicator inserted
into liver tissue andDIWandmeasurement of a fabricated applicator
inserted into DIW.
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time of ablations with ex vivo bovine liver with an input
power of 10 and 20 W. During the measurement, due to
permittivity tracking during ablation with an input po-
wer of 20 W, carbonized tissue could be detected. This
was confirmed by visual inspection of the tissue sample
following the measurement. This method allows indi-
vidual assessment of the tissue condition during abla-
tion in the immediate vicinity of the active part of the
applicator. Thus, the dual-mode applicator in detection
mode could provide initial feedback to assess the indi-
vidual absorption of microwave energy in the patient’s
tissue.

4.2 Ablation performance

To systematically evaluate the ablation performance and
sphericity of the laboratory demonstrator, ablations were
performed at a power of 20 W and an ablation durations of
10min in an ex vivo porcine liver. The shape of the ablation
zone corresponds to a rotationally symmetric ellipsoid
with radii a = c and half of the length b, as shown in
Figure 1. The ablation volume V = 4/3 πa2 b of ten ablation
experiments and the sphericity index SI = a/b were
determined. The results showed a mean ablation volume
of V = 23.34 ± 4.41 cm3 and an SI between 0.60 and 0.66
(Figure 6). With the determined volume, the radii are on
average a = 1.56 cm and b = 2.28 cm, so that the clinically
relevant dimensions for the treatment of tumors with a
diameter of 2 cm are achieved. However, an approxi-
mately spherical ablation zone (SI = 1) is desired in
interventional oncology therapy because tumors are
predominantly spherical in shape. Sphericity could be
optimized with increasing frequency [16, 17]. This should
be investigated in further studies.

4.3 MRI-compatibility and thermometry

The evaluation of the MRI compatibility of the dual-mode
applicator was performed on a demonstrator with a non-
magnetic cable of type UT-047C-LL (Elspec GmbH) and a
cable diameter of 1.19 mm. Systematic evaluation and
classification of image artifacts from interventional nee-
dles is significant for the feasibility and efficiency of
ablation therapies. MRI artifacts from applicators often
show up as signal loss, which can obscure significant
structures in the organ (if significant in size). In addition,
accurate visualization of the applicator tip is very impor-
tant, as underestimation of the penetration depth can lead
to accidental puncture wounds in the surrounding
(healthy) tissue [18]. In contrast, overestimation of the
applicator length could potentially lead to insufficient
insertion depth and thus reduce therapeutic efficacy [2].
MR imaging was performed in vitro on a 1.5 T MR scanner
(Magnetom Aera, Siemens Healthineers, Erlangen, Ger-
many). A homogeneous gel phantom of agarose (3.0 wt%)
was poured around the applicator to evaluate the image
artifacts. MR contrast agent (0.5%, Dotarem, Guerbet
GmbH, Sulzbach, Germany) was added to the phantom to
enhance contrast in the T1-weighted sequences. Image
artifacts were evaluated at different sequence types
(T1-weighted and T2-weighted Turbo Spin Echo (TSE),
T1-weighted Fast Low Angle Shot (FLASH)) and different
applicator angles of attack (0°, 45°, 90°). In the MR images
(Figure 7), the artifact diameter at the applicator tip was
determined and the tip location error (TLE) was analyzed.
Results of the artifact analysis showed a general over-
estimation of the applicator size and tip position. The
applicator induces a mean artifact diameter of
1.95 ± 0.37 mm at the tip. The TLE was determined to be
1.05 ± 0.63 mm. The resulting artifacts are minimal in the
context of this work and are below the 5 mm threshold for

Figure 6: Sensing mode evaluation. (a) Relative permittivity measurement during an ablation with an input power of 10 W (blue) and 20 W
(red). The tissue carbonization can be detected during the intervention and was confirmed by (b) a visual control of the ablated tissue sample.
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MR interventions postulated by Frahm et al. and Wonne-
berger et al. in terms of artifact diameter and TLE [8, 19].

For the validation of theMRI compatibility of the active
dual-mode applicator, measurements of the sensing mode
were performedwithin theMRI (Figure 7). For this purpose,
a phantom consisting of three layerswith varying dielectric
properties was used, through which the applicator is
guided during the course of the measurement [20]. During
this procedure MR imaging was performed with a TSE
sequence used in clinical practice. A picture of the appli-
cator in the phantom during the experiment is given in
Figure 8. The permittivity was extracted at ten different
positions within the phantom. This corresponds to a dis-
tance between two measurement positions of about 1 cm.

While the first and third layer of the phantom have the
same dielectric properties, themiddle layer, colored in red,
provides a dielectric contrast to represent the scenario of a
tumor with a different permittivity compared to the sur-
rounding healthy tissue. Figure 8 gives the contrast values
of the two consecutive values of the relative permittivity
⃒
⃒
⃒
⃒Δε′r

⃒
⃒
⃒
⃒. A jump in permittivity between positions 5 and 6 can

be clearly extracted, indicating the different layers of the
phantom. This result provides a fundamental evidence that
the dielectric properties, in particular the contrast between
diseased and healthy tissue is detectable by means of the
dual-mode applicator in MRI. In conclusion, it can be
deduced from the experiment that when used simulta-
neously, both the functionality of MRI imaging and that
of the dual-mode applicator in detection mode are
guaranteed.

As a part of the evaluation of the clinical application of
the applicator, MR thermometry was performed in further
experiments to check for artifacts and field distortions
[5, 21, 22]. An RF-spoiled gradient echo sequence was used
to obtain magnitude and phase difference images with the
following image parameters: TR = 50 ms, TE = 13 ms, field
of view = 220 × 220 mm2, matrix size = 128 × 128, slice
thickness = 7mm, acquisition time = 2.13 s. Fat suppression
was implemented. First, thermometry was performed over
a period of 20 min at 4 s intervals in the passive state of the
applicator and then in the active detection mode. For this
purpose, the gel phantom from the artifact evaluation in
imaging was used to obtain a homogeneous medium
around the applicator. In each image, a region of interest
(ROI) was positioned at a distance of 3 mm from the slot
and in the outer region of the phantom to determine the
signal-to-noise ratio (SNR). TheROI near the applicator had
a size of 3 × 3 pixels and the ROI to determine the image
noise at a greater distance from the applicator had a size of

Figure 7: MR imaging of the applicator using T1w-TSE sequence in
axial orientation in the gel phantom. The diameter of the artifacts in
this image are 3.5 and 2.2 mm respectively (white arrows).

in % bei 5,8 GHz 
0 1 2 3 4 5 6

1
2
3
4
5
6
7
8
9

10

Po
si

on

Schicht 1

Schicht 2

Schicht 3

Layer 1

Layer 2

Layer 3

at

Figure 8: Validation of the detection mode of the applicator during MR measurement in ten different layers in a gel phantom.
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6 × 6 pixels. With the detection mode, the SNR was
29.56 ± 2.37 and without the detection mode, the SNR
was 30.40 ± 2,60. In comparison, a significance of 0.98was
obtained. Artifacts could not be evidenced during detec-
tion. In a second experiment, the applicatorwas positioned
for heating in ex vivo porcine liver tissue. In addition, four
fiberoptic temperature probes were positioned in the liver,
which were visualized in the transverse MR image. The
measured temperature was used for comparison with the
calculated temperature at the probe tips. Ablation was
performed at 20 W. Over a period of 16 min, ablation was
performed intermittently for 25 s, followed by an inter-
ruption of 5 s to perform MR thermometry. Using proton
resonance frequency (PRF) thermometry, temperatures
were calculated over an ROI of 2 × 2 pixels [23, 24]. A
comparison of the measured and calculated temperature
values showed a slope of m = 1.06 and a correlation coef-
ficient of 1. Artifacts and field distortions could not be
proven with the theranostic applicator and is appropriate
for use in image-guided ablation procedures.

5 Conclusion and outlook

This work presents the development of a theranostic
applicator for clinical use in percutaneous microwave
ablation. The results demonstrate the potential of multi-
modality imaging to improve tumor localization and
monitoring during MR-guided MWA. Dielectric contrast
measurements can detect tumor tissue in contrast to
healthy tissue and optimize the positioning of the appli-
cator. A significant change in permittivity could be
demonstrated with the dual-mode applicator in MRI. In
the sensitivity analysis of the prototype applicator with a
diameter of 2.1 mm, a mean extraction error of less than
5% was obtained. This is noticeably below the sensitivity
requirements of microwave-based detection devices,
whose dielectric contrast are resolved in the range of
20%. Due to the robust applicator design and resulting
permittivity tracking during ablation, carbonized tissue
can also be detected. This provides a further option for
monitoring interventional oncology therapy in addition to
imaging and thermometry. Furthermore, clinically rele-
vant dimensions of ablation zones could be achieved with
the prototype applicator at a power of 20 W. In addition,
there were minimal artifacts in MR imaging, which are
acceptable for applicator positioning and monitoring. MR
thermometry can also be used since no field distortions
were detected.

In further studies, the sphericity of the ablation zone
should be further optimized. Furthermore, a validation of
the ablation performance could be performed under addi-
tional water cooling of the applicator shaft. Based on the
results of this work, the developed dual-mode microwave
applicator can be prepared for (pre-) clinical studies in the
future.
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