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Improvement of Numerical Treatment Planning
of Irreversible Electroporation Ablation for
Treatment of Liver Tumors
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Abstracit—Objective: The aims of this study were to de-
termine the electric field threshold that best fits the local re-
sponse to irreversible electroporation (IRE) ablation of hep-
atic tumors as seen in follow-up MRI; to numerically eval-
uate the heat generating effect of IRE; and to demonstrate
the utility of treatment planning to improve procedures in
the future. Methods: 18 cases of hepatic tumors treated
with IRE ablation were numerically reconstructed and treat-
ment outcome was computed with a humerical treatment
planning framework. Simulated ablation volumes were
compared to ablation volumes segmented from 6-week
follow-up MRI. Two cases with a high thermal component
were selected for numerical optimization. Results: The best
fit between segmented and simulated ablation zones was
obtained at 900 V/cm threshold with the average absolute
error of 5.6 + 1.5 mm. Considerable heating was observed
in 7/18 cases, where >50% of tumor volume experienced
heating likely to cause thermal damage. In the selected
two cases, thermal damage was eliminated with adjustment
of applied voltages. Conclusion: Lesions visible on MRI 6
weeks post IRE represent areas that experienced an electric
field of 900 V/cm or higher. This threshold is higher than
previously reported for IRE of hepatic tumors. It is likely the
6-week follow-up period was too long and the ablation zone
has already shrunk considerably, resulting in overestima-
tion of the threshold. Significance: We developed a sophis-
ticated method for validation of the numerical treatment
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planning framework. A future prospective study can be ef-
fectively designed based on the findings of this study.

Index Terms—Irreversible electroporation (IRE),
liver tumors, numerical modelling, treatment planning,
tumor ablation.

[. INTRODUCTION

RREVERSIBLE electroporation (IRE) ablation is a rela-
I tively new modality for ablation of deep-seated tumors and
soft tissues [1]. Short high voltage electrical pulses are delivered
to the target tissue, causing a disruption in cell membrane
structural integrity and increased permeability, which leads to
the loss of cell homeostasis. The affected cells cannot recover
from the loss of membrane functionality and eventually die
in a process similar to apoptosis [2]-[4]. IRE ablation is be-
ing evaluated for ablation of various deep-seated tumors such
as in liver, pancreas, prostate and kidney [5]-[8]. Unlike in
conventional ablation modalities, the success of IRE ablation
does not depend on the change in target tissue temperature
[1], [9]. Thus it presents an alternative treatment option in
cases where the use of thermal ablation modalities is con-
traindicated due to risk of thermal damage to sensitive nearby
structures or when the presence of heat sinks reduces ablation
efficacy [7], [10], [11].

A prerequisite for successful IRE ablation is complete
coverage of clinical target volume with a sufficiently high
electric field (threshold). Needle electrodes are used for
delivery of electric pulses and the electric field distribution in
tissue mostly depends on the electrode configuration and applied
voltage magnitude. Currently, the estimated threshold for IRE
of hepatic tumors is around 600 V/cm, however, studies report
thresholds in the range of 500-700 V/cm [12]-[15]. Furthermore,
the electroporation threshold depends on the number and
duration of delivered pulses — with a higher number of pulses or
longer pulses alower electric field strength will suffice [16], [17].

According to the recommendations of the current manufac-
turer, the electrodes need to be placed around the tumor parallel
to each other and on the same depth to ease the prediction
of electric field distribution. This is often difficult to achieve
in practice, causing uncertainties in ablation zone appearance
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[18], [19]. In order to avoid undertreatment of the target tissue,
voltages higher than strictly required and multiple sessions with
additional electrodes or electrode retractions are often used in
practice to produce a larger ablation zone. There is currently
no method for real-time monitoring of ablation efficacy. In
some studies on IRE ablation of pancreatic cancer a 12-15 A
increase in electric current of was suggested as an indicator for
successful irreversible electroporation. In order to achieve this
increase in electric current additional (hundreds of) pulses are
applied to tissue [20], [21]. While this method may be feasible
for successful ablation in the pancreas, the implementation of
the specific current increase of 12-15 A might not be an appro-
priate endpoint for all tumor types and locations [22]. Several
experimental studies have also shown that current protocols may
lead to a considerable Joule heating and thermal damage in the
vicinity of electrodes. This may impact treatment safety if the
electrodes are positioned in the immediate vicinity or touching
certain anatomical structures susceptible to thermal damage —
for example in the liver thermal damage to bile ducts can result
in life threatening complications [23]-[25].

A numerical treatment planning tool that predicts ablation
zone a priori presents an option for overcoming the uncer-
tainties in the treatment area (especially undertreatment) and
avoiding potential thermal damage to nearby critical structures.
Furthermore minimizing thermal damage of targeted tissue, i. e.
tumor, facilitates both immune response and faster resolution of
ablated tissue. A patient specific numerical model is developed
from the patient’s medical imaging and a treatment plan is then
prepared, completed with an optimized number and positioning
of the electrodes and applied voltages. Thus complete coverage
of target volume with a sufficiently high electric field is ensured,
avoiding undertreatment of the target area, while (thermal) dam-
age to surrounding tissue is minimized. The clinical practicality
of numerical modelling for treatment planning has already been
shown [12], [15], [26], however, further validation using clinical
data and a robustness analysis of developed treatment plans are
needed in order to introduce numerical treatment planning into
clinical routine.

In this retrospective study, 18 cases of hepatic tumors treated
with IRE ablation were numerically reconstructed and treatment
outcome was computed with the numerical treatment planning
framework, which was developed previously [12], [27]-[29].
Simulated ablation volumes were extracted from computed 3D
electric field distribution and compared to actual ablation vol-
ume determined from follow-up MRI. The main objective of
our study was to determine the electric field threshold in the
numerical model, which best fits the clinical response in target
tissue obtained from follow-up imaging. This would allow us to
determine at which electric field threshold in silico we expect
a complete ablation in vivo and therefore validate the outcome
prediction of the treatment planning framework for IRE ablation
of hepatic tumors. Furthermore, we investigated the thermal
component of IRE ablation in our dataset and demonstrated the
potential of treatment planning to ensure complete coverage of
target area while avoiding thermal damage, and to improve and
shorten future IRE procedures.

Il. MATERIALS AND METHODS
A. Case Selection Eligibility Criteria

A review of patients who underwent IRE ablation of primary
and secondary liver tumors at the author’s institution between
2015 and 2018 was performed. Cases were selected for the
numerical study based on the availability of data for numer-
ical reconstructions — the accessibility of pre-interventional
contrast-enhanced CT (CECT), complete peri-interventional CT
scans with all electrode positions visible, follow-up imaging and
complete reports of delivered IRE protocols (active electrode
pairs, applied voltage magnitude, number and duration of ap-
plied pulses, retraction/replacement of electrodes). A total of
18 cases were eligible for reconstruction — 12 cases of primary
liver cancer (HCC) and 6 cases of various liver metastases. The
tumor characteristics and procedure data for all 18 cases are
available in supplementary materials in Table E4. The patient
data used in this retrospective study is from clinical procedures
performed in the past. All the patient data used in this study
was completely anonymized and IRB approval was therefore
not required according to local regulations.

B. Ablation Procedure and Follow-up

Patients underwent percutaneous irreversible electroporation
ablation of primary and secondary hepatic tumors. A multi-
phase (arterial and portal venous phase) contrast-enhanced CT
(CECT) and/or multiphase MRI was acquired up to 30 days prior
to the procedure. The number of needle electrodes, insertion
trajectories and placement were decided by the interventional
radiologist based on pre-and peri- interventional imaging.

IRE procedures were performed with the NanoKnife system
(AngioDynamics, Latham, NY, USA) using 4-6 electrodes (1.2
mm diameter, 2 cm active length) per ablation. After needle
insertion, a native CT scan was taken to confirm the needle
placement. Pulse parameters were defined according to Angio-
Dynamics guidelines with applied voltage ranging from 1200
to 3000 V. Generally, 100 pulses of 90 us were delivered per
electrode pair in sequences of 10 pulses, followed by delay
for recharge of the pulse generator. Delivery of each single
pulse was synchronized with the absolute refractory period of
patients’ ECG cycle using AccuSync. The delivered current
and voltage were recorded automatically by the pulse generator
with a specified hardware precision of 3% [30]. The successful
delivery of all pulses was considered as procedure endpoint.
All procedures were performed under general anesthesia with
muscle relaxation.

The first follow-up imaging was performed on the first work-
ing day after intervention with an abdominal CT and contrast
enhanced T1W MRI. Consequent follow-up MRI was performed
at approximately 6 week post- and 3 months post-intervention.

C. Numerical Reconstruction

Patients’ pre-interventional CECT and peri-interventional
native CT (showing electrode positions) were used for
the numerical reconstructions of IRE procedures. First, the
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Fig. 1. Study design and steps. Three sets of patient images were
used for the numerical reconstruction of each case: pre- and peri-
interventional CT for the reconstruction of the IRE procedure and ap-
proximately 6 week follow-up MRI for comparison of the simulated and
the actual ablation zone. All three sets had to be registered into the same
imaging domain, the domain of the peri-interventional CT, which also
served as the computation domain in the numerical model. Validation of
the model was performed through a comparison of the simulated and
the actual ablation zone segmented from follow-up MRI using surface
deviation metrics.

pre-interventional CECTs were registered into the spatial do-
main of the peri-interventional CT, which served as the compu-
tational domain (Fig. 1). Rigid registration with mutual informa-
tion criterion was selected for registration using the registration
tool in ITK-SNAP software [31]. Tissues of interest — tumor
volume, liver parenchyma and major blood vessels in the vicinity
of the treated area (< 3 cm from tumor border) — were then
manually segmented on registered CECT (Fig. 2(A)). All seg-
mentations were performed in ITK-SNAP and were inspected
and verified by an experienced radiologist.

For each patient, a 3D anatomically correct numerical model
was built based on segmented tissue masks from CECT (Fig. 1).
Final positions of needle electrodes were determined from peri-
interventional CT (Fig. 2(B)) and introduced into the model.
Treatment parameters, namely active electrode pairs, applied
voltage, number and duration of delivered pulses and potential
electrode re-placement or retraction (in cases where multiple
sessions were required) were determined from treatment re-
ports. Measurements of delivered currents and actual voltage of
electrical pulses delivered were extracted from the NanoKnife

pulse generator and used for validation of computed electric
currents (Fig. 2(D)).

Treatment outcome was computed using the numerical frame-
work for planning of electroporation based treatments [12], [27].
COMSOL Multiphysics v5.4 (Comsol Inc., Sweden) was used
for numerical computations, however, the model construction
and simulation set up was performed in MATLAB R2018b
(MathWorks, USA) via LiveLink connector.

Electric field distribution in the target tissue is computed
indirectly by solving the stationary partial differential equation
for electric potential [32], [33]. The stationary model is sup-
plemented with the modified Pennes’ bioheat transfer equation
solved in time domain, which includes the Joule heating term and
bioheat term [34], [35]. The electrical conductivity of modelled
tissues is affected by both electroporation phenomenon and
heating electroporation is implemented in the model through
anon-linear electric field dependent increase in tissue base elec-
trical conductivity [36]. The thermal dependence of electrical
conductivity is modelled with a constant factor of increase of
1.0%/ °C. The bioheat term of the Pennes equation represents
tissue perfusion and metabolic activity, however, when electro-
poration occurs tissue perfusion decreases significantly due to
vascular lock effect [37]. The delays after each sequence of ten
pulses are an important part of the heating/cooling dynamics
during IRE ablation and were therefore accounted for in our
model.

The electric field distribution is calculated separately for each
active electrode pair used in the procedure. The final electric
field distribution in situ is determined by combining the maximal
electric field contributions from all electrode pairs (cumulative
coverage of target tissue). Thermal damage in target tissue is
determined by integrating the Arrhenius kinetics equation over
the treatment time period [38]. The kinetic parameters of the
equation were selected to expose the most alarming thermal
effects which start at temperatures above 50°C, namely, protein
denaturation [39], [40]. The threshold for thermal damage was
90 % probability of cell death as determined by the integration.
For each case, the results of the reconstruction consist of a
final 3D electric field distribution as experienced by tissue,
the temporal evolution of tissue temperature and a 3D map of
thermal damage probability.

A more detailed description of the model and equations used
in the computation is available in supplementary materials. All
selected tissue properties and model parameters are available in
supplementary materials in Tables E1 and E2. All segmented
tissue masks (interventional CECT and follow-up MRI), 3D
surface models of liver, tumors and segmented ablation zones,
and 3D electric field distributions are available for download in
the associated data repository.!

D. Model Validation

For each case, we extracted six isosurfaces from the 3D
electric field distribution, which correspond to threshold values
of 400-900 V/cm (100 V/cm steps). These simulated ablation

Thttps://doi.org/10.6084/m9.figshare.12961646.v1

Authorized licensed use limited to: UNIVERSITY OF LJUBLJANA. Downloaded on November 23,2021 at 20:04:36 UTC from IEEE Xplore. Restrictions apply.


https://doi.org/10.6084/m9.figshare.12961646.v1

3516

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 68, NO. 12, DECEMBER 2021

(©)

Fig. 2.

(b)

4000 r

U &1 plot, procedure 1
1 i A T

! |

| |

| |

(NN

3000 il ¢
1000
ol
0 1000 2000 3000 4000 5000 6000 7000
Compressed time [sample]

L

8000 9000 10000

|
D 2000 s
[

Voltage [V]

30 ™
e

N
S

Nl

PN | 1

'\ T
|

’H

M 1 1 1 1

¥ | In 1 [

T | ] M

| | [} |

| | |
10} I
1111

AR
il ’\l AN m‘i!.m MWH

0 1000 2000 3000 4000 S000 6000 7000 8000 9000 10000
Compressed time [sample]

(d)

Current [A]

An example of tissue segmentation, electrode placement and follow-up imaging for one of the reconstructed cases (case P14 in Table

E4 in supplementary materials). In this particular case, the tumor was very large, therefore two consecutive sessions were performed with 2 cm
electrode retraction in between sessions. A) Tissue segmentation overlay on pre-interventional CECT (yellow — tumor, green — vessels, red — liver
parenchyma). B) Native interventional CT with visible needle electrode positions. C) Seven week follow-up late phase T1W MRI. Ablation zone is
visible as hypo-enhanced region with a hyper-intense rim (arrow). D) An example of voltage and electric current measurements recovered from
NanoKnife device. Nine electrode pairs were used in this case with 100 pulses delivered to each pair in each session. Only the first 10 pulses
of each pair are shown to highlight the difference in voltage magnitude applied to different pairs — there was no voltage decrease visible in the

subsequent 90 pulses. Electrode pairs are separated with dashed lines.

volumes were then compared with ablation volumes segmented
from follow-up MRI. Six week follow-up TIW MRI (median
5.5 weeks, range 4—12 weeks) was chosen for model validation,
since 1-day follow-up was not suitable for segmentation due to
edema and poor visibility and 3-month follow-up was too long.
The hepatic capsule and ablation volume (zone) were manually
segmented on the MRI using ITK-SNAP software. The ablation
zone is visible on the late hepatobiliary phase as a hypo-intense
region with a peripheral hyper-intense rim (Fig. 2(C)).

In order to compare the segmented and simulated ablation
volumes, the follow-up MRI needed to be registered into the
spatial domain of peri-interventional CT (Fig. 1). Due to the mul-
timodal nature of images, the registration was performed using
hepatic capsule masks. Segmented masks from CT and MR were
transformed into 3D liver models, which were then registered
using Materialise 3-matic software (Materialise NV, Belgium).
The registration resulted in the alignment of segmented and
simulated ablation volumes to a common coordinate system on
which the analysis of surface deviation between the volumes

was then performed (Fig. 1). Average absolute error (AAE) was
chosen as the measure of surface deviation and was calculated for
each combination of segmented ablation surface and simulated
ablation surface at 400-900 V/cm thresholds. AAE is a measure
to find how on average two objects differ and is calculated as
follows:

aap = Ziilhl (1

In (1), per-face metrics are computed by trilinear interpolation
from the distance level set (d) at the center of the face and
weighted (w) over the area of the triangle face.

E. Statistical Analysis

The statistical analysis was performed in MATLAB using the
Statistics and Machine Learning Toolbox. Difference between
HCC and metastatic tumor subgroups were calculated using the
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Wilcoxon rank sum test (Mann-Whitney test). Correlations be-
tween segmented ablation size and average absolute error (AAE)
for both subgroups and for the whole dataset were calculated
using the Spearman’s rank correlation coefficient.

F. Treatment Planning/Case Optimization Example

In order to demonstrate how treatment planning could im-
prove future IRE procedures, two cases, in which the recon-
structions suggested a high percentage of thermal damage in the
target tissue, were selected for optimization and development of
a hypothetical treatment plan. In this study only applied voltage
magnitudes were optimized.

In the first selected case, 6 electrodes were used in the original
procedure, constituting 10 active electrode pairs. Retraction of
the electrodes (1.5 cm) was also performed thus resulting in
two successive deliveries of 100 pulses to all electrode pairs
(i.e., 200 pulses delivered altogether). In the optimized plan, the
original electrode placement was preserved. However, electrode
retraction was omitted and longer conductive electrode tip was
used instead — 3 cm as opposed to the original 2 cm tip. These ad-
ditional changes were based on previous experience and were not
subject to further optimization. In the second case, 6 electrodes
were used in the procedure forming 10 active electrode pairs and
no retraction was performed. The original electrode placement
without further modifications was used in the optimized plan as
well.

Optimization of applied voltage magnitudes to electrode pairs
was performed in MATLAB by calculating the minimum of a
nonlinear criterion function F (2). The criterion function was
constructed to ensure complete IRE of clinical target volume
(CTV), while minimizing IRE of the surrounding healthy tissue
and preventing a large current draw. The threshold for IRE of
tumor and healthy liver tissue was set to 600 V/cm according to
the literature [12]-[14], [41], [42].

Viiver
F = —1000 -V, 10 - ———— I
orvep +10- 3770 4 Z.f<>7
all pairs
(2)
f (1) = 2! fevr, 3)

In (2) Vory-pp stands for the fraction of CTV experiencing
IRE, Vory and Virypr are the CTV and volume of healthy
tissue experiencing IRE respectively, and f{/) is the nonlinear
function representing electric current limitation (3). The con-
tribution of f{I) to the criterion function F is negligible until
the calculated current I exceeds the cutoff value Ioy7 (set to
40 A in our case). If this happens, the contribution of f{I) rapidly
increases thus eliminating the pairs that would potentially cause
a high current draw. The weights in the criterion function were
selected arbitrarily but with respect to individual demands for
IRE.

In a single iteration of the optimization process new voltages
were selected for all electrode pairs from a pool of possible
values ranging from 1500 V to 3000 V (only multiples of
100 V were allowed as candidates to speed up the process).

TABLE |
COMPARISON OF MEASURED AND COMPUTED MEAN ELECTRIC CURRENTS
AND ROOT MEAN SQUARED ERROR (RMSE) FOR EACH CASE

Mean Mean
Case measured computed RMSE (A)
current (A) current (A)

P1 37.5 26.9 12.3
P2 20.9 18.7 3.8
P3 36.7 353 9.6
P4 30.0 293 94
P5 26.3 29.8 4.6
P6 233 30.6 14.0
P7 26.3 21.1 5.8
P8 27.2 29.5 52
P9 33.6 233 12.0
P10 22.8 22.1 8.8
P11 27.0 24.1 42
P12 26.3 28.8 39
P13 21.7 23.5 5.8
P14 29.0 38.2 15.0
P15 40.4 24.0 17.3
P16 28.2 234 5.1
P17 21.4 22.0 34
P18 26.8 353 133

The stationary model was computed using the new voltages and
the criterion function was evaluated. The process was repeated
until a minimum of the criterion function was reached.

Only the computation of the stationary electric field was
used in the optimization, since heating is directly dependent
on delivered energy, or in other words, changing (lowering) the
applied voltage will also change (lower) the delivered energy
and therefore heat. The addition of heating computation in
time domain would not significantly improve the accuracy of
the criterion function while it would significantly increase the
necessary computation resource and optimization time.

The selected voltages resulting in the function minimum were
considered as the optimized treatment parameters (plan). The
compete model with computation of heating in time domain
was then computed to evaluate the thermal component in the
optimized plan. Lastly, the percentage of volume, where the
probability of thermal damage exceeded 90 %, was calculated
and compared to the original results from the reconstruction.

[ll. RESULTS

For each reconstructed case, the computed electric current for
all electrode pairs was compared to the current measurements
recovered from NanoKnife pulse generator. Table I shows the
mean electric current value (averaged over all active electrode
pairs) and root mean squared error (RMSE) for all 18 recon-
structed cases. The average relative error of the pair-to-pair
comparison of measured and computed electric currentis 28.9%.

Percentage of tumor volume and clinical target volume (CTV)
covered with the electric field of and above a specific threshold
value (400-900 V/cm) was calculated (further on referred to as
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TABLE Il
PERCENTAGE OF TUMOR VOLUME COVERED IN THE ELECTRIC FIELD OF (OR
ABOVE) SPECIFIC THRESHOLD (400—900 V/CM) AND PERCENTAGE OF
TUMOR VOLUME SUBJECTED TO THERMAL DAMAGE. MEAN, STANDARD
DEVIATION, MEDIAN AND RANGE ARE CALCULATED OVER THE WHOLE DATA
SET OF 18 TUMOR CASES

Coverage Mean Staqdard Median Range

[%] deviation [%] [%] [%]
400 V/em 97 6.2 100 76-100
500 V/em 94 9.7 100 68-100
600 V/ecm 90 133 98 58-100
700 V/em 83 17.0 89 41-100
800 V/ecm 75 20.0 75 32-100
900 V/em 65 22.0 64 21-100
Thermal 48 329 37 5-100
damage

TABLE I

PERCENTAGE OF CLINICAL TARGET VOLUME (CTV) COVERED IN THE
ELECTRIC FIELD OF (OR ABOVE) SPECIFIC THRESHOLD (400—900 V/cMm)
AND PERCENTAGE OF CTV SUBJECTED TO THERMAL DAMAGE. MEAN,
STANDARD DEVIATION, MEDIAN AND RANGE ARE CALCULATED OVER THE
WHOLE DATA SET OF 18 TUMOR CASES.

Coverage Mean Standard Median Range

[%] deviation [%] [%] [%]
400 V/em 94 113 99 54-100
500 V/em 90 13.6 96 47-100
600 V/em 85 15.8 89 40-100
700 V/em 78 17.5 78 34-100
800 V/em 71 18.8 70 28-100
900 V/em 64 19.6 62 22-100
dThermal 36 245 29 3-87

amage

coverage) as well as the percentage of thermal damage. CTV
is considered as tumor volume with 5 mm and 10 mm safety
margin for HCC and metastases, respectively. The mean and
median coverage and thermal damage were calculated (along
with standard deviation and range) over all cases and are shown
in Table II for tumor volume and Table III for CTV. Detailed
results for each case separately are available in supplementary
materials in Tables E5 and E6. According to Tables II and III
the best coverage is achieved with the lowest electric field of
400 V/em at 97% and 94% mean volume coverage for tumor
and CTV respectively, followed closely by 500 V/cm threshold,
where the mean volume coverage was 94 % and 90 % for tumor
and CTV respectively.

At the highest studied threshold — 900 V/cm - the mean
volume coverage of tumor and CTV was 65% and 64% respec-
tively. We extracted six isosurfaces from the electric field data,
which correspond to 400-900 V/cm thresholds, thus simulating
different ablation volumes. We compared the simulated ablation
volumes to segmented ablation volumes from 6-week follow-up
MRI. Fig. 3 shows simulated ablation volumes with respect to
segmented ablation volumes. Ideally, the two volumes would be
the same; however, the numerically predicted size of the ablation
is always larger than the ablation seen on follow-up MRI. There
is only one case, where the segmented ablation was larger than
the simulated ablation. For better clarity, only data for 600 V/cm
and 900 V/cm electric field thresholds is shown on Fig. 3; our
results indicate the best fit is achieved at 900 V/cm, however, in
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Fig. 3. Simulated ablation volume size obtained at 600 V/cm and 900
V/cm thresholds compared to the segmented ablation volume size.

TABLE IV
MEAN AND MEDIAN SURFACE DEVIATION AND RESPECTIVE DATA RANGE
BETWEEN THE TWO ABLATION VOLUMES (SEGMENTED AND SIMULATED) FOR
EACH OF THE SIX ELECTRIC FIELD THRESHOLDS. THE SELECTED MEASURE
OF ABLATION ZONE COMPARISON IS THE AVERAGE ABSOLUTE ERROR

(AAE)
Median Standard
Threshold AAE deviation Median Range
[mm] [mm] AAE [mm)] [mm]
400 V/em 94 34 9.8 2.6-15.6
500 V/em 8.1 3.0 8.4 2.6-13.9
600 V/em 7.1 2.6 7.4 3.1-12.2
700 V/em 6.5 2.3 6.6 3.3-11.2
800 V/ecm 5.9 1.8 6.0 2.8-10.6
900 V/em 5.6 1.5 5.8 3.0-8.6

current literature lower thresholds (600-700 V/cm) for IRE of
hepatic tissue are reported [12], [14], [15].

Surface deviation — average absolute error (AAE) — was
calculated for each combination of segmented and simulated
volumes in order to determine the best fit between the two
volumes and consequently determine the in silico electric field
value that corresponds to successful ablation of the treated
tissue. AAE is lower when the segmented ablation is larger or
when the electric field threshold is higher (smaller simulated
ablation zone). Mean and median AAE of the overall 18 cases
for each electric field threshold were calculated and are shown in
Table IV along with respective standard deviations and ranges.
Since the ablation zone sizes vary between the cases in our
dataset, we also normalized the AAE with the diameter of the
segmented ablation zone to obtain a relative value for AAE.
Normalized results are presented in table E3 in Section 2 of
supplementary materials. Fig. 4 shows the calculated AAE for
all 18 cases with respect to segmented ablation volumes.
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Fig. 4. Average absolute error (AAE) of surface deviation between
simulated ablation volume (at 600 V/cm and 900 V/cm threshold) and
ablation volume segmented from approximately 6-week follow-up MRI.

As in Fig. 3, only data for 600 V/ecm and 900 V/cm electric
field thresholds are shown for clarity. The results for all thresh-
olds are provided in section 2 of the Supplementary materials.

We evaluated whether there is a statistically significant differ-
ence in AAE and electric field coverage between the metastatic
and HCC tumors. The difference in calculated AAE between the
two subgroups, and calculated coverage of tumor volume and
CTYV between the two subgroups was evaluated using the Mann-
Whitney test (Wilcoxon rank sum test). No statistical difference
between the two subgroups was found. Correlation between
segmented ablation size and AAE for both subgroups and for the
whole dataset was calculated using the Spearman’s rank correla-
tion coefficient. According to the test, there is a strong negative
correlation between AAE and segmented ablation volume in the
metastatic group which is statistically significant for 800 V/cm
(p = 0.033). There is a negative correlation in the HCC group
but it is not statistically significant. In the whole dataset, there
is a negative correlation between AAE and segmented ablation
volume, which is also statistically significant for 800 V/cm (p =
0.047). Correlation between segmented and simulated ablation
size for both subgroups and for the whole dataset was calculated
using the Spearman’s rank correlation coefficient. According to
the test, there is a weak positive correlation between segmented
and simulated ablation size in the HCC group, but it is not
statistically significant. There is no correlation in the metastatic
group.

Our simulations show considerable Joule heating resulting in
thermal damage of target tissue. There are 5 out of 18 cases
where >50 % of CTV is thermally damaged, 7 out of 18 cases
where >50 % of tumor volume is thermally damaged and 4 out
of 18 cases where >90 % of tumor volume is thermally damaged
(data is available in supplementary materials). The average and
median volume percentage of thermal damage along with the
standard deviation and data range are shown in Tables II and III
for tumor volume and CTV respectively.

In our dataset, thermal damage was observed in cases that
were clinically challenging and therefore more pulses were
delivered to tissue — either due to electrode retraction or overall
higher number of electrodes used for ablation. The numerical
framework was used to design a treatment plan for two selected
cases that exhibited a high thermal component with the aim
of reducing thermal damage while preserving the coverage of
target tissue. The threshold determined from fitting the computed
results to follow-up imaging in this study was originally intended
to be used in the optimization of the two selected cases as well.
However, since the determined threshold is much higher than
expected and reported in literature, we decided to use 600 V/cm
as the threshold for IRE of tumor and healthy tissue. This value is
in the middle of the range reported in literature (500-700 V/cm)
and corresponds better with the clinical outcomes of our patient
sample, since 14/18 cases had complete response identified
6 weeks post IRE (see Tables II and III and Tables E4-E6 in
the Supplementary materials). In both cases, we were able to
eliminate the thermal component completely by lowering the
applied voltage magnitude. In Case 1, the voltages were lowered
from the original range of 2405-3000 V to alower range of 1700-
1900 V and in Case 2 from the original span of 2310-3000 V to
a lower span of 1800-2000 V. Table V shows the percentage of
tumor volume and CTV experiencing thermal damage and cov-
erage of both respective volumes with an electric field strength
of 600 V/cm for both the original simulation (reconstruction)
and simulation with optimized voltages. In both cases tumor
coverage remained at 100%, while in Case 2 CTV coverage was
3 percentage points lower in the optimized simulation. In both
cases, thermal damage of tissue was practically eliminated.

Furthermore, in Case 1, where electrode retraction was ini-
tially performed, longer electrodes were used in the simulation
(3 cm instead on 2 cm) rendering retraction unnecessary and
therefore potentially shortening the procedure duration. The
optimization also resulted in lower electric currents in both
cases. Fig. 5 shows an example of computed results for Case 2.
Electric field distribution and maximum computed temperature
in tissue are shown for original and optimized simulation as an
overlay on the patient’s peri-interventional CT images. Panels B
and D show a significant reduction in tissue heating, while panels
A and C show little alteration in electric field distribution and
almost no change in coverage of target tissue with and electric
field sufficient to cause IRE.

[V. DISCUSSION

In this retrospective study, 18 clinical cases of IRE ablation
of hepatic tumors were numerically reconstructed and treatment
outcome was computed using a numerical tool for treatment
planning. The aim of our study was to determine the in silico
electric field threshold in the numerical model, that corresponds
to successful ablation of target tissue in vivo as visible on follow-
up imaging. A complete response is not necessarily considered
as 100% cell death due to IRE alone. There are additional mech-
anisms contributing to tumor eradication, for example immune
response and vascular lock, which are still being investigated
[43]-[47]. Furthermore, electric field threshold should not be
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TABLE V
PERCENTAGE OF TUMOR VOLUME AND CTV EXPERIENCING THERMAL DAMAGE AND COVERAGE WITH AN ELECTRIC FIELD OF 600 V/CM IN THE ORIGINAL
SIMULATIONS (RECONSTRUCTIONS) AND THE OPTIMIZED SIMULATIONS

Thermal damage Coverage with 600 V/cm
Tumor volume CTV Tumor volume CTV
original optimized original optimized original optimized original optimized
Case 1 92 % 0% 70 % 0% 100 % 100 % 100 % 100 %
Case 2 90 % 4.6 % 63 % 2.5% 100 % 100 % 99 % 96 %
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Fig. 5.

(d)

Results of numerical optimization for Case 2. Computed electric field distribution and tissue temperature are represented as an overlay

on patient’s peri-interventional CT with six visible needle electrodes. Tumor volume is outlined in black. Panels A and B show the results of the
original simulation (reconstruction). Computation indicates considerable heating, resulting in almost complete thermal ablation of tumor volume
(see Table V). Temperatures around the electrodes reach up to 100 °C. Panels C and D show results after optimization of applied voltages. Tissue
coverage with sufficiently high electric field remains mostly unaffected and should not negatively affect treatment success (A, C) while tissue heating

is practically eliminated (B, D).

mistaken with the voltage-to-distance ratio used for calibration
of delivered voltage magnitude, recommended by manufacturers
of pulse generators, which has the same unit of V/cm. The
electric field in our model is considered as the local electric
field as experienced by cells/tissue in situ.

For each case, six simulated ablation volumes were ex-
tracted, corresponding to in silico electric field thresholds of
400-900 V/cm, and compared to ablation volumes segmented
from follow-up MRI acquired approximately 6 weeks after IRE
procedure. The chosen metric for ablation zone comparison was

surface deviation calculated as an average absolute error (AAE).
In a study by Moche et al. [48] a similar approach was employed
to evaluate the integrability of the simulation tool for prediction
of radiofrequency ablation (RFA) zones in the liver. The authors
report a mean AAE of 3.4 mm =+ 1.7 mm that was considered ac-
curate enough for clinical demands. In our study, the lowest mean
AAE was 5.6 mm =+ 1.5 mm (standard deviation) for simulated
ablation volume at 900 V/cm. It is important to note that [48]
was a prospective study accounting also for the computational
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demands, therefore a better correlation between computed and
segmented volumes is expected than in a retrospective study.

Based on existing literature we know that a 900 V/cm thresh-
old is higher than what is required for complete ablation of
hepatic tissue with irreversible electroporation. The threshold
for IRE of hepatic tumors is estimated to be somewhere between
500-700 V/cm [12]-[14], [41], [42]. With longer pulses or
higher number of pulses, lower amplitudes are needed for the
same fraction of electroporated cells [16], [17]. An increase in
tissue temperature, which is the result of Joule heating during
IRE, presumably also decreases the threshold for electroporation
[35]. However, if we observe our data at lower thresholds, there
is an even larger deviation between segmented and simulated
ablation volumes, with simulated volumes being larger than
segmented volumes. There are several possible reasons for this
discrepancy. As opposed to RFA where the necrotic tissue is
easily demarcated from viable tissue and its appearance on
follow-up imaging does not change within the studied time
frame, the healing dynamics (and consequential shrinkage) of
electroporated tissue make the determination of actual ablation
zone size on follow-up imaging difficult. It is therefore difficult
to determine with certainty the region where apoptotic and
necrotic cell death due to irreversible electroporation occur,
which presumably contributes to a higher error in surface de-
viation when compared to the study on RFA. Furthermore, it is
most likely that the 6-week follow-up period was too long and
the ablation zone has already shrunk considerably. It is possible
that a part of the lesion visible on 6-week follow-up represents
thermal damage; however, it is practically impossible to distin-
guish between thermal necrosis and IRE apoptosis/necrosis on
the MRI.

Recent studies on MRI findings after IRE ablation of liver
metastases [49] and HCC [50] have shown that the ablation
zone shrinks rapidly in size in the first 2—4 weeks after the
procedure. Barabasch et al. [49] report an increase in ablation
size in the first 24h after IRE with the mean ablation size being
836% of target lesion size one day after IRE. In the two weeks
after the IRE procedure, a rapid decrease in ablation size was
observed and a moderate decrease was observed afterwards.
Furthermore, the rim enhancement visible on T1w and T2w
MRI disappeared within 6 weeks in 21 out of 37 patients in the
study. Padia et al. [50] also report a marked decrease of ablation
zone size especially in the first 4 weeks after IRE procedure.
The authors point out that early MRI (1 day post-IRE) may
overestimate the appearance of the ablation zone, since both
reversibly and irreversibly electroporated tissue may accumulate
the gadolinium contrast agent, if the latter is present before the
delivery of pulses [51].

One of the main advantages of irreversible electroporation
is the preservation of the extracellular matrix and connective
tissue. This quality promotes the use of electroporation in the
vicinity of sensitive anatomical structures and also enables
healing of treated tissue. The healing dynamics, however, are
patient specific and are closely connected to the health of the liver
organ and presumably also depend on patients’ age and overall
health status. The healing ability of cirrhotic liver is distinctively
decreased which suggests the shrinking of the ablation zone

might be slower in cases with cirrhotic liver (common in HCC
cases) than in cases where the liver organ tissue is healthy
(common in metastatic disease). Our results, however, did not
show a statistically significant difference between the healthy
(metastases) and cirrhotic (HCC) liver group. Although this may
also be due to small sample size — 6 cases of metastases versus
12 cases of HCC. Animal experiments show fast resolution of
IRE tissue within two weeks from procedure. However, two
electrodes and a variety of pulse protocols were used in the
experiments, resulting in a less pronounced thermal component
[52]. Apart from the much larger volume of affected tissue in
our study (compared to animal studies), it is also possible that
the thermal component slows down the resolution of IRE lesion.

Our model is designed to compute the electric field distribu-
tion at the time of treatment. We conclude that the threshold of
900 V/cm determined in our study does not represent the actual
biological manifestation of IRE which would be beneficial for
treatment planning. Our results indicate that lesions visible on
MRI 6 weeks post IRE represent tissue areas that experienced
a local electric field strength of 900 V/cm or higher during
treatment. We hypothesize that a more beneficial correlation
with contours at lower electric field thresholds (e.g., 500-700
V/cm) would be achieved if follow up at an earlier time point
were available for comparison with simulated ablation volumes.
Kos et al. [12] compared simulated electric field distribution
with findings from contrast enhanced CT on the day of IRE
procedure and achieved good overlap with the ablation volume
at 700 V/cm threshold. Gallinato et al. [15] compared simulated
electric field distribution with MRI findings 3 days after IRE
procedure and achieved a good fit between isocontours at 500
V/cm threshold and the hypo-enhanced area seen on T1w MRI.
Based on the collective knowledge on the estimated threshold
for IRE of hepatic tissue and MRI findings from Barabasch et al.
and Padia er al. we assume the best time point for comparison
with our computed results would be somewhere between 1 to
2 weeks after IRE procedure. Based on the results of a similar
study on RFA of hepatic tumors, an AAE of <4 mm between
simulated and actual (segmented) ablation volume should be
sufficient for clinical demands and would effectively validate
the numerical model.

A future prospective study utilizing multiple follow-up ex-
aminations, for example 3 to 5 days (when the inflammation
should already subsided), 1 week and 2 weeks post IRE, would
enable comparison of computed electric field to ablation size
at different time points post IRE and would allow the determi-
nation of a more realistic electric field threshold beneficial for
treatment planning. However, such a study might be ethically
questionable due to repeated exposure of patients to contrast
media and would also be quite costly. When a better time point
for follow-up image acquisition is determined, a validation of
the model performance and sensitivity should be performed in
a prospective study and on a larger sample of patients including
various liver diseases. Diffusion weighted imaging (DWI) was
shown to represent the electroporated zone in early MRI quite
well [53] and it does not require a contrast agent or radiation, so it
could potentially present a possible solution for multiple follow-
up sessions. Another recent pre-clinical study investigated the
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trans-catheter intra-arterial perfusion MRI (TRIP-MRI) as a po-
tential biomarker for differentiating reversibly and irreversibly
electroporated zones. The study showed promising results in
rabbit liver and warrants further investigation [54].

When interpreting the computed results we must, however,
also consider the limitations of the numerical models currently in
use, which mainly stem from uncertainties in the electrical prop-
erties of biological tissues. Whereas electrical conductivities of
normal tissues have been measured abundantly (although with
a large dispersion of values), properties of various malignant
tissues, especially at low frequencies, are still reported with
considerable uncertainty. Furthermore, the dynamics and extent
of electrical conductivity increase during electroporation are still
not well determined and are being actively studied [55]. The
retrospective nature of our study is a major drawback and largely
contributes to the error in our results. The reconstruction process
was limited by missing documentation on needle positions and
administered pulse protocols (see “Case selection” section of
Materials and Methods), the follow-up intervals were different
between patients, image registration (especially multimodal)
also produces a certain error. The variance in dielectric properties
of tissues and possible errors in the reconstruction of active
electrode pairs affects the error in computed electric current
(Table I). In a future prospective study, complete imaging of all
needle positions (including retracted needles), as well as correct
needle numbering would need to be recorded. Lastly, cases
that are treated with IRE ablation are usually clinically more
challenging, since IRE is still mostly considered only as a “last
resort” procedure when other techniques are contraindicated or
exhausted. Therefore, a large variance was to be expected in
our dataset. In the future, a prospective study would be more
appropriate to gather the necessary data to perform a similar
analysis and determine a more realistic electric field threshold.

Also investigated in our study was the possible thermal
damage due to IRE. Although IRE ablation is considered a
non-thermal technique, several studies have shown mild hy-
perthermic as well as thermal ablation effects during and af-
ter IRE [23], [35], [38], [56], [57]. It has been demonstrated
that mild hyperthermic effects might even positively affect
treatment outcome by presumably lowering the electroporation
threshold [58]. However, thermal ablation component could
potentially be problematic, since IRE is currently presented as
a non-thermal modality for use in cases and anatomical loca-
tions, where thermal damage is not acceptable. Our computed
results showed considerable heating present in some of the
cases — especially in the more clinically challenging cases where
many electrodes/pulses were delivered. The highest increase in
temperature was observed, as expected, in the vicinity of the
electrodes, where the current density is the highest. It is possible,
that our model overestimates the extent of thermal damage.
Although the Arrhenius equation is quite popular for assessing
thermal damage, it is prone to overestimation of cell death at the
mild-hyperthermic temperatures, as the kinetic parameters are
difficult to define and not well documented for hepatic tissue.
Another limitation is the uniform initial perfusion across the
tissue, as it underestimates the cooling from the larger blood
vessels. Nevertheless, since parts of tissue are cumulatively

exposed to hundreds of pulses, undesired heating and thermal
necrosis is inevitable, and can negatively affect treatment safety,
should the electrodes be in contact or in the immediate vicinity
of critical anatomical structures.

Numerical computations and treatment planning in the two
selected cases demonstrate the ability to perform IRE ablation
without potentially damaging thermal effects. In the two se-
lected cases with a presumably high thermal damage fraction,
we were able to eliminate the thermal damage entirely while
retaining a complete coverage of the target volume. In this study,
only the applied voltage magnitudes were optimized. Another
option for decreasing the temperature rise is the reduction of
active electrode pairs. Due to uncertainties in ablation zone
size, multiple sessions with electrode retraction are often used
in clinical practice. In one of the selected cases, we were able
to eliminate electrode retraction achieving complete coverage
of tumor volume and safety margin in one session, thus also
shortening the total procedure time.

Treatment plans in their current realization are usually pre-
pared a few days ahead of intervention using patients’ preinter-
ventional imaging. Their usefulness for the interventional radiol-
ogist is limited since exact electrode placement according to the
plan is often hard to achieve due to anatomical constraints and
other technical difficulties. Furthermore, variability in dielectric
properties of healthy and tumor tissue directly affect the electric
field distribution and therefor influence the treatment efficacy. To
ensure that the treatment success is not affected by these factors,
a certain safety margin needs to be utilized when preparing the
treatment plan. A robustness analysis of the treatment planning
for percutaneous IRE is needed to evaluate the impact of errors
in electrode positioning and variations in applied voltage and
pulses on the effectiveness of the treatment. Despite current
limitations, numerical modelling and treatment planning are
important tools in understanding and improving electroporation-
based treatments. Introduction of numerical treatment planning
into clinical practice has the potential to improve the future pro-
cedures: we can numerically determine beforehand whether the
procedure is feasible or not, optimization of electrode number
and active pairs can make the procedure quicker and technically
less difficult and the use of lower voltages can avoid high currents
and thermal damage. One of the challenges which need to be
overcome, however, is the difficulty in placing the electrodes in
agreement with the pretreatment plan [59]. Electrode insertion
is still mainly performed freehandedly and very few studies can
be found where electrode placement is coupled with navigation
systems [18], [S9]-[61]. We believe combining numerical treat-
ment planning with commercially available navigation systems
would even further advance the clinical routine for IRE ablation.

V. CONCLUSION

In conclusion, the aim of our study was to validate the
previously developed numerical framework for the purpose of
treatment planning of irreversible electroporation ablation of
hepatic tumors — more specifically, to correlate the computed
electric field distribution with ablation zone appearance on 6-
week follow-up MRI. Our study was limited by its retrospective
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nature and a rather late time of follow-up imaging, as the ablation
zone has presumably already shrunk in the 6 weeks following the
ablation. Since the numerical model is intended to compute the
ablation size on the day of treatment, a large error is present in
the results and we were therefore not able to effectively validate
the model. However, our results indicate that lesions visible on
MRI 6 weeks post IRE represent tissue areas that experienced
a local electric field strength of 900 V/cm or higher during
treatment. Furthermore, we developed and polished a sophisti-
cated method for validation of the numerical treatment planning
software. Based on our findings, a future prospective study can
be effectively designed, therefore providing the necessary data
to further validate the model and ensure sufficient accuracy for
clinical demands. A complete database, containing all image
segmentations, computed 3D electric field distributions, and 3D
surface models of liver, tumors and ablation volumes is also
available in the supplementary materials.
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