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The purpose of the study was to validate the simulation model for a microwave thermal ablation in ex
vivo liver tissue. The study aims to show that heat transfer due to the flow of tissue water during ablation
in ex vivo tissue is not negligible. Ablation experiments were performed in ex vivo porcine liver with
microwave powers of 60W to 100 W. During the procedure, the temperature was recorded in the liver
sample at different distances to the applicator using a fiber-optic thermometer. The position of the probes
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Altman analysis. The analysis showed that the flow coefficient of 90,000 W/(K*m?) can be considered

Flow coefficient as the most suitable value for clinically used powers. The presented simulation model can be used to
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calculate the temperature distribution for microwave ablation in ex vivo liver tissue.
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1. Introduction

Thermal ablation techniques such as radiofrequency ablation
(RFA), microwave ablation (MWA) and laser-induced interstitial
thermotherapy (LITT) can be used in interventional oncology for
the treatment of liver malignancies. The application of hyperther-
mic energy to destroy tumor cells is based on the denaturation of
proteins and the subsequent loss of function leading to cell death.
Proteins begin to denature already at about 40 °C, but irreversible
coagulation necrosis occurs only from about 60 to 100 °C [1,2].

Microwave coagulation was developed in the early 1980s during
hepatic resection in order to achieve hemostasis [3] and has sub-
stantially changed the field of thermal ablation in interventional
oncology [2]. In oncology, microwave tumor ablation is a minimally
invasive treatment for early-stage HCC and oligonodular metastases
(three or fewer lesions) and especially for non-resectable liver
lesions.

During the treatment, the applicator is positioned percuta-
neously in the tumor under ultrasound or CT imaging. The emitted
electromagnetic energy at the tip of the applicator excites water
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molecules in the tissue, which results in heat and coagulates the
tissue. As the success of the ablation highly depends on the po-
sitioning of the applicator tip and the conspicuity of the target
tumor, intensive research is currently being conducted on MR-
compatible MWA systems. MR-guidance offers appealing charac-
teristics such as excellent soft-tissue resolution, sometimes even
without additional use of contrast agent, and the potential of real-
time thermosensitive imaging [4].

For the development of these new microwave applicators, ex-
perimental tests are carried out in ex vivo tissues in order to eval-
uate their mode of action and efficiency [4]. Furthermore, theoret-
ical models of the thermal therapy are used for the evaluation. For
those models, the Maxwell’s equation set as well as the Pennes
Bioheat equation is usually applied. The latter includes a term for
the heat loss through the microvascular blood perfusion [5]. The
heat loss through blood perfusion is often neglected in ex vivo
samples because there is no perfusion [6].

However, heating in the microwave ablation leads to partial
boiling and evaporation of tissue water. The extracellular and intra-
cellular water flows through destroyed tissue cells and via vessels
away from the ablation zone resulting in heat transfer. The flow
of water can be clearly observed in MR imaging at high temporal
resolution. Therefore, the heat transfer in an ex vivo liver is not
negligible.
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Fig. 1. Design of the coaxial slot antenna with (1) a short-circuited tip, (2) coaxial inner and outer conductor, (3) a slot, (4) dielectric, (5) wave blocker and (6) Teflon.

In this work, the optimal flow coefficient for the simulation of
microwave ablation in ex vivo liver tissue is validated. For this pur-
pose experiments are carried out with a commercially available
ablation system with different power levels in an ex vivo porcine
liver. The temperatures during the heating and the ablation zone
induced in the liver are compared with the calculated heat distri-
bution at different flow coefficients.

2. Materials and methods
2.1. Applicator design and simulation

The dimensions of the simulated applicator correspond to a
commercially available ablation system (EmprintMT percutaneous
antenna, Medtronic, Minneapolis, USA). In the simulation, the ap-
plicator is based on a 502 coaxial slot antenna with a short-
circuited tip (Fig. 1). The entire outer and inner conductors are
made of copper with a small 1.5-mm-wide ring slot in the outer
conductor close to the distal tip of the antenna to allow the propa-
gation of electromagnetic waves into the tissue. The coaxial dielec-
tric is a polytetrafluoroethylene (PTFE). The operating resonance
frequency of 2.45GHz is matched with the length of the antenna
tip and is controlled by the simulated reflection coefficient. The
slot spacing is chosen based on the effective wavelength in liver
tissue at the operating frequency, which is calculated using follow-
ing equation:

c

Aejy = NG (1)
where c is the speed of light in free space, f is the operating fre-
quency and ¢; is the relative permittivity of the liver tissue at the
operating frequency [6]. The wavelength in liver tissue is therefore
18.5mm [5]. The slot is placed in a distance of A.g /4 from the tip
to achieve a stronger electrical field at the output. At a distance
of As/2 from the tip, a cylinder of copper is added on the outer
conductor as a wave blocker to mitigate backward traveling waves
along the outer shaft of the coaxial cable. It reduces the heating of
the cable and further, a more spherical ablation zone is achieved
[7,8]. The diameter of the short-circuited tip is reduced to mini-
mize the thickness of the outer shell, thereby increasing the effec-
tiveness of the antenna. The shell is an insulation layer of Teflon
which protects the sensitive resonant parts from the high losses
caused by the organic tissue.

The simulation of the heat distribution in the liver tissue was
carried out with the software CST Studio Suite (Microwave Stu-
dio and MPhysics Studio, CST - Computer Simulation Technology,
Darmstadt, Germany). The software includes a package for bio-
electromagnetic simulation which provides electromagnetic and

physiological properties of organic tissues. A bioheat solver (tran-
sient thermal solver) is used in the software for the thermal simu-
lation, so that the temperature-dependent tissue parameters, such
as the relative permittivity and effective conductivity, vary due to
local heating [9,10]. Details of the model used in the simulation are
described in the work of Zurbuchen et al. [9].

In the liver model, the default value for the blood flow coef-
ficient is 68,000 W/(K*m?3). But in ex vivo tissue there is usually
no blood flow. However, as described in introduction, the heating
during the microwave ablation could lead to boiling and evapo-
ration of tissue water. Because of the temperature gradient dur-
ing ablation, extracellular and intracellular water flows through de-
stroyed tissue cells and via vessels away from the ablation zone.
The resulting heat transfer can be described with the flow co-
efficients. To evaluate this effect, the blood flow coefficient was
changed in the software to constant values from 10,000 W/(K*m?3)
to 100,000 W/(K*m3) in 10,000 W/(K*m?) steps. Thus, for the eval-
uation a low blood flow coefficient is used, as commonly used in
the literature for an ex vivo tissue sample (blood flow is neglected),
as well as a blood flow coefficient of 100,000 W/(K*m?3), which is
significantly above the default setting for in vivo liver tissue.

In addition, a hexahedral mesh was used which consists of
cuboids in the time domain. The length of the cuboids varies
throughout the computational volume graded from the smallest
to the largest length (pertaining to the smallest and largest mesh
cells, respectively). Near to the applicator, a mesh of 30 cells per
wavelength was set so that for the smallest cell a size of 0.1 mm
and for the largest cell a size of 1.9 mm was calculated (number of
cells =24,485,888). The fine meshing with a size of 0.1 mm around
the antenna structure is sufficient for accurate prediction of the
radiation pattern at the operating frequency of 2.45GHz and the
resulting 18.5 mm wavelength in liver tissue [5].

2.2. Experimental setup

Microwave ablation was performed in an ex vivo porcine liver
using a 15cm EmprintMT percutaneous antenna (Medtronic, Min-
neapolis, USA). The applicator was inserted centrally into the liver
sample. During the experiments, the temperature was simultane-
ously recorded by a fiber-optic temperature measurement system
(FOTEMP-4, Polytec, Waldbronn, Germany). This system can mea-
sure the temperature in a range from —200 °C to +300 °C with an
accuracy of up to +0.2 °C and a resolution of 0.1 °C. Four temper-
ature probes (TS3, Polytec, Waldbronn, Germany), whose measure-
ment points are at the fiber tip, were also positioned in the liver
around the applicator (Fig. 2).

The used EmprintMT microwave ablation system allows a max-
imum adjustable power of 100W and a maximum ablation time
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Fig. 2. A schematic of the experimental setup of microwave ablation in an ex vivo
porcine liver (transverse plane) using four temperature probes (T1-T4).

Table 1

The positions of the temperature probe tip (T1-T4) related to the applicator tip in
each experiment. The position is given in Cartesian coordinates (Fig. 2). The mea-
sured temperatures after 10 min of ablation (Te,q) are presented as well.

Power [W] Probe z [mm] Xx [mm)] y [mm] Tena [°C]
60 T1 17,2 4,1 2,2 102,6
T2 14,2 72 -13 96,7
T3 144 10,3 -14 93,5
T4 14,8 14,5 11 70,5
70 T1 4,7 4,5 0,0 84,0
T2 4,0 44 0,0 89,6
T3 41 72 0,0 82,2
T4 2,2 10,9 -1,5 68,8
80 T1 13 79 0,5 79,9
T2 2,6 04 11 1259
T3 3,8 41 13 971
T4 6,8 10,5 11 69,9
90 T1 10,0 6,4 0,0 100,8
T2 144 6,2 12 100,2
T3 14,5 89 33 92,6
T4 13,6 12,9 18 99,3
100 T1 52 73 19 100,2
T2 8,0 3,0 0,0 101,3
T3 10,2 6,7 0,0 97,9
T4 9,6 11,2 1,2 80,2

of 10 min. For this reason, the microwave ablation was applied
to the liver sample with powers of 60W, 70W, 80 W, 90W and
100W for 10 min in order to achieve the largest possible tem-
perature gradient and to evaluate the influence of the flow co-
efficient. In each experiment, the positions of the probe tips re-
lated to the applicator tip were different. In Table 1 this position is
given in Cartesian coordinates. The origin of the coordinate sys-
tem lies at the tip of the applicator. The z-axis is aligned with
the applicator axis and the x-axis as well as the y-axis are per-
pendicular to the applicator (Fig. 2). The exact positions in three-
dimensional space were determined by CT imaging (Somatom
Definition AS+, Siemens, Healthineers, Erlangen, Germany) and
transferred to the simulation. The CT scans (voltage =120 kVp, ef-
fective tube current =83 mA, pitch=1) were performed before the
ablation (Fig. 3). Transverse and coronal images were reconstructed
at 1 mm thicknesses (reconstruction kernel =Siemens H70h).

After the ablation, the applicator was gently removed and the
ablation zone in the liver was determined by MR imaging (Magen-
tom Aera, Siemens, Healthineers, Erlangen, Germany) using a turbo
spin echo sequence (TR=700ms, TE=12ms, flip angle=180°,
FOV =220 x 220 mm?, matrix =512 x 512, slice thickness =2.5 mm)
in transverse and coronal planes.

The porcine liver was received from the slaughterhouse shortly
before the experiments so that the dehydration of the tissue was

minimal. The samples were kept at room temperature at the be-
ginning of the experiments. The initial temperature of each sample
was 19.5°C, 19.5°C, 19.5°C, 21.2 °C and 22.0 °C throughout the liver
sample.

2.3. Methodology

The used structure of the coaxial slot antenna in the simu-
lation has been validated in previous works [5,6,11,12] and will
not be further investigated in this study. However, it is neces-
sary to evaluate the simulation of heat transfer by the result-
ing flow in an ex vivo tissue sample during ablation. The flow
of extracellular and intracellular water caused by the heat is still
unknown.

The microwave ablation in the liver tissue was simulated using
the flow coefficients specified above, and a heat distribution pat-
tern was created. The temperature was calculated over a period of
10 min at the measurement place of the temperature probes and
was compared with the measured temperature. The measured and
simulated temperatures were compared using the Bland-Altman
analysis [13]. The mean-of-difference (MOD) between the simu-
lated and measured temperatures and the 96% limits-of-agreement
(LOA; 1.96 x SD of the differences) were obtained. The flow co-
efficient with the lowest MOD between simulated and measured
temperatures was determined for each temperature probe and mi-
crowave power. Subsequently, the optimal flow coefficient was ob-
tained from all experiments and temperature probes by means of
the median.

To evaluate the ablation zone, its area observed in the MR
images was compared to the area of the calculated temperature
map. For this purpose, the 60 °C isothermal area from the simu-
lation was compared with the hypointense region on the MR im-
ages. Since the ablation zones typically have an ellipsoidal shape,
their maximum radial (dy) and longitudinal diameter (d;) were
determined and their ellipsoidal area (A) was calculated with
A =1 [4*dy*d;.

A differentiation between the dead tissue and the transition
zone to the healthy tissue could not be determined exactly, so
that a 5% error in the determination of the diameter is assumed.
For each flow coefficient and microwave power, the difference be-
tween the area observed in the MR images and the isothermal area
from the simulation was calculated and then for each flow coeffi-
cient the mean deviation was determined.

3. Results

The matching of the coaxial slot antenna was carried out in the
liver tissue, since the application of the applicator is also realized
in tissue. The CST software calculates the reflection coefficients of
the simulated applicator. A comparison of the simulated reflection
coefficients of the loaded (in tissue) and unloaded (in air) cases is
presented in Fig. 4. The resonance frequency shift between both
cases is 3.44 GHz.

With the described applicator structure and matching, a mi-
crowave ablation with different flow coefficients in the liver tissue
was simulated. As an example, the simulated and measured tem-
peratures of five experiments are presented in Fig. 5(a)-(e). A large
range of simulated temperatures depending on the flow coefficient
is shown. The influence of the coefficient on the simulation results
is obvious.

The correlation analysis of the measured and calculated
temperatures for all measurement points and powers reveals
the highest correlation at the flow of 10,000 W/(K*m3) and
20,000 W/(K*m3) (correlation coefficient between 0.9907 to
0.9993; median=0.9931). However, the correlation coefficient
merely describes the correlation of the curves to each other.
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Fig. 3. CT imaging to determine the positions of the temperature probe tips in transverse (left) and coronal (right) orientation.
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Fig. 4. The simulated reflection coefficient of the loaded (solid line) and unloaded (dashed line) coaxial slot antenna.

Looking at the absolute temperature values, a large difference
between the measured and simulated values can be seen at low
flow coefficient (Fig. 5(a)-(e)).

For this reason, the Bland-Altman analysis was used to quan-
tify the discrepancy between measured and simulated temperature
[13]. As an example, Fig. 6 demonstrates the Bland-Altman plot
regarding the experiment at 90 W with the probe T2 and a flow
coefficient of 80,000 W/(K*m?3). The average of measured and sim-
ulated temperature is shown on the X-axis, while the Y-axis shows
the temperature deviation and the MOD. Furthermore, the MOD
and LOA of each experiment are listed in Table 2.

In comparison to the correlation coefficient, the Bland-Altman
method shows a greater agreement at higher flow coefficients,
since the respective MOD is lower. The results of the experiment
with a power of 60W are an exception and give the best agree-
ment at 30,000 W/(K*m?), 40,000 W/(K*m?), and 50,000 W/(K*m3).
Table 3 lists for each experiment the flow coefficient related to the
lowest MOD. Hence, the flow coefficient of 80,000 W/(K*m?3) can
be considered as the most suitable value for the simulation using
the median. If the experiments at the power of 60 W are not con-
sidered for the calculation due to their significant deviation from
the other results, the flow coefficient of 90,000 W/(K*m3) will be
more suitable.

Furthermore, the area of the ablation zone obtained from
MR images was evaluated with the 60 °C isothermal area calcu-
lated through the simulation. The lowest average deviation be-
tween the determined areas can be observed at a flow coefficient
of 50,000 W/(K*m3). The mean deviation at 50,000 W/(K*m?3) is
40.3mm? (Table 4). Differentiation between the dead tissue and
the transition zone to the healthy tissue could not be exactly de-
termined on the MR image without contrast agent. Further, the ef-
fect of the tissue shrinkage was not considered in the evaluation
[14,15,16,17].

4. Discussion

To validate the simulation of microwave ablation in the ex vivo
liver tissue, the dimensions of a commercial ablation system were
adopted in the design of the simulated applicator. Microwave ap-
plicators are used for minimally invasive ablation therapies. There-
fore, the applicator design is made as a needle-like surgical tool for
an optimal positioning of the sensor in the organ. In this work, it
was decided therefore for a coaxial slot antenna whose structure is
known in the literature [5,6,11].

Regarding the shape of the heating area, there is a good agree-
ment between the simulation and the commercial ablation system
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Fig. 5. (a)-(e) The measured (dots) and simulated (lines) temperatures related to the experiments at (a) 60 W and probe 1, (b) 70W and probe 2, (c) 80 W and probe 3, (d)

90W and probe 2 and (e) 100W and probe 3.

used in the experiments of this study (Figs. 7 and 8). The frequency
shift between the unloaded and loaded antenna can be attributed
to the high capacitive effect of the liver [18,19]. Accordingly, the
matching of the antenna in the liver is crucial for a comparability
of the simulated heat distribution with a real ablation, as has been
done successfully at 2.45 GHz here.

For comparison, microwave ablation was applied to an ex vivo
porcine liver sample by means of a microwave applicator, which is
also clinically used in patient hyperthermic treatments. In the ex-
periments, a high-resolution CT image reconstruction in two planes
was performed to identify the positions of the applicator and
temperature probes. Since the CT imaging was carried out before

heating, the effect of tissue shrinkage and thus the shift of the
probe positions was neglected in this work. Caused by dehydra-
tion and thermal tissue destruction in the liver ablation, the tissue
volume can shrink between 22% and 74% [14,15,20,21,22]. Most re-
cent studies carried out under CT imaging indicate a volumetric
contraction of 40-50% for ex vivo MW ablation [16,17,23]. In this
setup, the shrinkage rates could not be determined and integrated
into the simulation. Because of the shrinkage effect, the temper-
ature probes could move closer to the applicator over time. The
study by Lui and Brake describes the contraction of liver tissue and
the displacement of fiber optic temperature probes (and aluminum
markers) during microwave ablation [16]. It should be considered
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Fig. 6. Bland-Altman plot comparing the measured (probe 2) with the calculated (at flow coefficient of 80,000 W/(K*m?)) temperatures of the experiment performed with
a power of 90 W. The mean-of-difference and the 96%-limits-of-agreement are presented and were assessed as 5.5+ 18.6 °C.

Table 2
Results of the Bland-Altman analysis of all experiments and probes with different flow coefficients. The mean-of-difference and the 96%-limits-of-agreement of the temper-
atures are presented.

Flow coefficient [W/(K*m?3)]
10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000

Power [W] Probe Mean-of-differences (96%-limits-of-agreement) [°C]

60 T1 511 (£36.2) 31.8 (£16.1) 185 (£6.0) 8.9 (£7.8) 17 (£12.5)  4.0(£16.3) 8.6 (£19.3) 124 (£21.7) 15.5(£23.6) 18.2 (£25.2)
T2 50.6 (+404) 299 (+16.8) 16.0 (£5.2) 6.3 (+£8.9) 1.0 (£14.6) 6.5 (£18.9) 109 (£22.2) 14.4 (£24.7) 173 (£26.8) 19.7 (+£28.4)
T3 24.8 (£13.2) 10.5 (+£9.8) 14 (£19.7) 4.8 (£26.3) 9.2 (£30.7) 125 (4£33.7) 151(359) 171 (£37.5) 18.7 (£38.8) 20.0 (£39.8)
T4 13.1 (£6.0) 6.5 (£12.3) 2.5 (£183) 0.1 (£221) 2.0 (£24.5) 3.3 (£26.1) 4.2 (£273) 5.0(+281) 5.6 (£28.8) 6.1 (£29.3)

70 T1 900 (£572) 676 (£35.7) 523 (4£242) 411 (+18.6) 327 (£16.6) 261 (£164) 208 (+172) 164 (£18.2) 12.7 (£192) 9.6 (+20.1)
T2 89.8 (+54.0)  66.0 (£301) 495 (£177) 375 (+135) 284 (£145) 212 (+170) 155 (£19.6) 10.8 (+219) 1+237) 34 (£25.3)
T3 548 (+347) 368 (£185) 249 (+£171) 16,6 (£20.7) 10.6 (£243) 6.0 (£271) 2.4 (£29.3) 0.4 (£31.0) +323) 4.6 (£33.3)
T4 231(+£149) 150 (£13.8) 99 (£187) 64 (£225) 41 (£250) 24 (+268) 11 (£281) 02 (£29.1 +29.8) 12 (£304)

6.8 (
2.7 (
06 (
80 T1 387 (£250) 240 (£154) 148 (£18.5) 8.6 (+£227) 42 (+259) 10 (£281) 14 (£29.7 33 (£310) 48 (£319) 5.7 (£32.6)
43 (
49 (
22 (

T2 639 (+33.9) 451 (+189) 32.0 (+13.8) 222 (+143) 147 (£166) 8.6 (+19.0) 3.6 (x211) 0.6 (+23.0) +245) 7.8 (£25.7)
T3 956 (£57.3)  69.0 (£321) 509 (£19.9) 379 (+£16.0) 281 (£16.7) 204 (+189) 142 (£212) 92 (+232) 1£249) 16 (£263)
T4 553 (+403) 374 (£20.6) 262 (£143) 186 (£149) 133 (£171) 9.4 (£192) 64 (£20.8) 41 (£221) +231) 11 (£23.9)
90 T1 1385 (£90.2) 99.8 (£53.7) 73.9 (£342) 55.5 (£244) 418 (£20.7) 312 (£20.6) 22.8 (£219) 159 (£23.6) 102 (253) 5.4 (+26.8)
T2 1175 (+82.3) 820 (+461) 58.3 (£25.6)
)

415 (£14.3) 290 (£10.5) 194 (£124) 117 (£15.6) 5.5 (£18.6) 03 (£212) 41 (£23.3)
T3 709 (£511) 446 (+£22.9) 279 (+134) 166 (+158) 8.5 (+203) 2.5 (+23.9) 21 (+£267) 58 (+288) 88 (+30.5) 113 (+318)
T4 164 (+£191) 02 (x173) 103 (£275) 168 (£34.5) 214 (£39.1) 24.6 (£42.3) 271 (£44.6) 29.0 (+46.2) 30.5 (£47.5) 31.8 (+48.5)

100 TI 867 (+657) 554 (+317) 353 (£15.0) 214 (£115) 114 (£155) 3.8 (£19.8) 2.0 (+234) 6.7 (+262) 10.5 (£28.4) 13.7 (£30.2)
T2 2534 (£1351) 205.9 (+£95.6) 172.4 (£719) 1474 (£56.1) 127.9 (+45.1) 1121 (£37.2) 991 (£314) 88.0 (£271) 78.6 (£23.8) 70.4 (£215)
T3 1521 (+105.8) 110.0 (£64.2) 82.0 (£40.9) 62.2 (£272) 475 (£19.7) 362 (£16.5) 27.2 (£162) 199 (£173) 13.9 (+£18.8) 8.8 (£20.3)
T4 690 (£517)  45.0 (+24.6) 301 (+14.8) 203 (+£153) 134 (+183) 83 (£211) 45 (+23.3) 15(£250) 10 (£263) 2.9 (+27.3)

Table 3 in the evaluation as a source for a potential systemic error towards
Flow coefficients at which the lowest mean-of-difference between simulated and higher temperatures.

measured temperatures were calculated through the Bland-Altman analysis. On the other hand, looking at the calculated temperature curves

Power [W] Flow coefficient [W/(K*m?)] over the ablation time, it is striking that the temperature values

T1 ™ T3 T4 are enormously high at low flow coefficients. Disregarding the heat

transfer by the water flow completely, the temperatures would

60 50,000 50,000 30,000 40,000 b hieher. Th d hed in all .

70 100,000 100,000 80.000 80.000 e even higher. The measure temperatures reached in all experi-

80 60,000 80,000 100,000 100,000 ments a maximum value of 125.9 °C (Table 1). The results showed

90 100,000 90,000 70,000 20,000 that there is a higher correlation between the measured and cal-

100 70,000 100,000 100,000 90,000 culated temperature values at high flow coefficients (Fig. 5(b)-(e)).
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Comparison of the ablation zone area observed on the MR images with the area of the 60 °C isotherm determined by the simulation at different flow coefficients. The mean

deviation is determined for each flow coefficient.

Flow coefficient [W/(K*m?3)]

10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000
Power [W] MRI [mm?] Simulation [mm?]
60 501.1 (—48.9 to 514) 1213.0 929.4 748.4 630.7 549.7 494.0 449.6 408.4 3739 350.2
70 602.9 (—58.8 to 61.8) 1313.7 1029.2 827.0 706.3 607.7 549.9 503.8 463.0 423.5 398.7
80 725.0 (—70.7 to 74.3) 1496.7 1150.8 931.2 791.7 684.8 610.6 556.5 507.8 475.4 441.8
90 819.6 (—79.9 to 84.0) 1605.3 12713 1010.6 848.8 743.8 656.3 601.2 555.7 518.7 480.9
100 839.9 (—81.9 to 86.1) 1686.4 1349.2 1090.8 928.6 807.8 726.2 647.2 597.6 552.0 517.8

Difference [mm?]
60 7119 428.3 2473 129.6 48.6 7.0 514 92.6 1271 150.9
70 710.8 426.3 2241 103.4 4.8 53.0 99.1 139.9 179.4 204.2
80 771.7 425.8 206.3 66.7 40.2 1144 168.4 2171 249.6 283.1
90 785.6 451.7 190.9 29.2 75.9 163.4 2184 263.9 301.0 338.8
100 846.5 509.2 250.9 88.7 321 113.8 192.7 2423 288.0 3221
Mean deviation [mm?]: 765.3 4483 2239 83.5 40.3 90.3 146.0 191.2 229.0 259.8

Fig. 7. MR imaging of the porcine liver sample after microwave heating with a
power of 90 W. The ablated area is hypointense compared to the rest of the liver.

An exception appears in the experiment with the low power of
60W (Fig. 5(a)). Bland-Altman evaluation of the flow coefficient
yielded a median of 80,000 W/(K*m?3) for all experiments. At low
powers, the thermal destruction of the tissue over time is less, so

that the resulting tissue water flow is lower than at higher power
levels. The influence of the heat transfer on the temperature dis-
tribution seems to be lower. For this reason, for low power levels
(<70W) and small ablation zones, further evaluations are required
to determine the temperature distribution. For large tumors, higher
powers up to 100W are used in the clinical application with the
used microwave ablation system [24,25,26]. This results in higher
temperature gradients causing a larger flow coefficient. Consider-
ing only the results of the powers from 70W to 100W, a median
flow coefficient of 90,000 W/(K*m3) would be optimal.

Fig. 7 shows the effects of hot water flowing through the ves-
sels away from the ablation zone and forming small satellites with
coagulated tissue. The heat transfer through the resulting flow in
an ex vivo liver tissue is therefore not negligible.

However, the evaluation of the calculated ellipsoidal area of the
ablation zone between the MR image and the simulation revealed
a higher correlation with a flow coefficient of 50,000 W/(K*m?3).
The area of the hypointense region in the MR image (Fig. 7) was
compared with the area of the 60 °C temperature zone of the cal-
culated temperature distribution under different flow coefficients
(Fig. 8). In the hypointense region, it is difficult to differentiate
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Fig. 8. Representation of the calculated temperature distribution of the coaxial slot antenna at a microwave power of 90 W and a flow coefficient of 60,000 W/(K*m?) after
10 min. The extension of the temperature distribution over time reaches the following dimensions: 24.9 mm/19.3 mm (width/length) after 30s, 31.9 mm/28.5 mm after 90s,
36.1 mm/33.0mm after 300s and 36.1 mm/33.1 mm after 600s regarding the 50 °C zone; 22.9mm/16.2 mm after 30s, 27.1 mm/24.4 mm after 90s, 29.8 mm/27.9 mm after

300s and 29.8 mm/28.0 mm after 600s regarding the 60 °C zone.
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between coagulated tissue and tissue located in the transition zone
without contrast agent in an ex vivo sample [27]. At temperatures
lower than 60°C for an extended period of time, coagulation of
the tissue may also be achieved (e.g., temperatures of 50-52 °C
induce cytotoxicity over 4-6 min) [1]. Between 60° and 100 °C,
near instantaneous induction of protein coagulation occurs [1,28].
For clinical application (e.g., in MR- and CT-based thermometry),
the time point of the instantaneous induction of coagulation is
relevant to minimize patient treatment time while being sure
to have completely destroyed the lesion. When the periphery of
the treating zone is considered as coagulated, the ablation will
be stopped to protect surrounding healthy tissue. Therefore, the
evaluation is based on the 60 °C isothermal area.

One of the reasons of the difference in results between the area
evaluation and the Bland-Altman analysis can be resulted from the
fact that the 60 °C isothermal area, in which the tissue is almost
immediately destroyed, does not correspond to the actual ablation
zone. In the simulation, the ablation zone should not depend on
a certain temperature value, but should be time-dependent at cer-
tain temperatures. As described above, even at lower temperatures
over a certain period of time, proteins can already denature, so
that the simulated ablation zones should be larger and should shift
the comparison of the ablation zones to higher flow coefficients.

Furthermore, the simulation does not consider the deviating
heat loss in the peripheral liver (outside the heating area). Al-
though the heat transfer is lower in this area and it could affect
the size of the ablation zone. More complex models could further
improve the results. Other solutions for calculating the tempera-
ture distribution in a microwave ablation in ex vivo liver tissue
could be a two-compartment model of the liver (two different lo-
cal flow coefficients) or a nonlinear flow coefficient. These would
also describe the peripheral areas of the ablation zone in the liver
mathematically.

Another approach could be to preheat the liver sample in saline
solution to 37 °C to limit dehydration of the liver tissue and fill the
empty blood vessels of the ex vivo sample. The initial tempera-
tures would also be closer to the clinical (intraoperative) condi-
tions. Since in the literature the ex vivo evaluations of microwave
antennas and tissue properties are often realized at room temper-
atures [7,8,10], a water bath was not considered in this study as
well. Since the liver tissue was received freshly from the slaugh-
terhouse, there should be no limitations due to dehydration. Fur-
thermore, as this study examines only the ex vivo properties of
the liver sample in terms of the heat transfer, an in vivo similar
condition was not required.

In summary, the evaluation of the ablation zones resulted in
an optimal flow coefficient of 50,000 W/(K*m?) for simulation of
the microwave ablation in ex vivo liver samples, but some sources
of errors in the evaluation should be considered. On the other
hand, the presented model in the current paper shows optimal re-
sults between the accurately measured temperature values from
the experiments and the simulation with a flow coefficient of
90,000 W/(K*m3) and power levels greater than 60 W. Developed
microwave applicator systems can be evaluated with this model
for ex vivo liver tissue.

5. Conclusion

In this work, a validation of a microwave thermal ablation
simulation in ex vivo porcine liver at different flow coefficients
was performed. To assess the simulation model, liver tissue was
heated with a commercially available ablation system and tem-
peratures were recorded simultaneously at multiple positions. Ad-
ditionally, MR imaging was performed after heating and the ab-
lation zone observed on the images was compared to the calcu-
lated heat distribution. The evaluation of the areas resulted in an

optimal flow coefficient of 50,000 W/(K*m?3). However, this method
includes some systematic errors. In contrast, the Bland-Altman
analysis showed a significant agreement of the measured temper-
atures with the simulated temperatures at a flow coefficient of
90,000 W/(K*m3).
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