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ABSTRACT. The paper provides a numerical workflow, based on the “real-life” clinical workflow of
irreversible electroporation (IRE) performed for the treatment of deep-seated liver tumors. Thanks
to a combination of numerical modeling, image registration algorithm and clinical data, our numer-
ical workflow enables to provide the distribution of the electric field as effectively delivered by the
clinical IRE procedure. As a proof of concept, we show on a specific clinical case of IRE ablation of
liver tumor that clinical data could be advantageously combined to numerical simulations in a near
future , in order to give to the interventional radiologists information on the effective IRE ablation.
We also corroborate the simulated treated region with the post-treatment MRI performed 3 days

after the treatment.

1. INTRODUCTION

Irreversible electroporation (IRE) is a minimally invasive and mainly nonthermal cancer ther-
apy [0 34, [36], which has emerged for the last decade among the promising non surgical local ab-
lation techniques for solid tumors [47, [3| 38, 29 41]. IRE ablation is a focal energy-based method,
which consists in delivering high voltage short pulses to the tumor. More precisely several tens of
high voltage pulses of one hundred microseconds are delivered between each needle pair surround-
ing the target tumor. The rationale of IRE states that if the electric field (EF) magnitude reaches
aboutﬂ 600V /cm [6] for a train of micropulses, then cell membranes are irreversibly damaged by
the electric field —leading to cell apoptosis— while the surrounding tissue scaffold is preserved [35].
Therefore IRE is seen as the treatment of choice for tumors located near vital structures (veins,
arteries, bile ducts) |21} 19, 4]. Indeed, the safety and efficiency of IRE has been shown for patients
with lesions smaller than 5cm and located in the proximity to large blood vessels or major bile
ducts, for whom standard thermal ablation techniques were prohibited [44].

1.1. IRE ablation for liver tumors. In [3| [12], Cannon et al. have shown that IRE is a safe
treatment for hepatic tumors in proximity to vital structures and no liver damages have been
reported in any of the patients treated.

Recently, a single-center retrospective study of the University Hospital J. Verdier at Bondy
(France), on 58 patients with cirrhosis who underwent IRE ablation for 75 hepatocellular carcinoma
(HCC) tumors has confirmed that IRE offers safe complete ablation of HCC tumors in patients
with contraindications to other commonly used ablative techniques [41]. Therefore there is an
increasing interest of interventional radiology for IRE as an alternative to standard non surgical
ablation techniques.

The IRE procedure for liver tumors is standardly performed under general anesthesia as described
in [16, 22]. According to the current clinical recommendations, the interventional radiologist has
to place percutaneously the needles in or around the tumor in a parallel configuration and at the
same depth [12]. Then the electric pulses are synchronized with electrocardiogram (ECG) and

delivered thanks to a pulse generatoif] To assess the treatment success, an MRI is performed a few

IThere is still a huge uncertainty on the EF magnitude threshold and on the number of micropulses needed to
generate cell apoptosis, but it is commonly accepted that EF of magnitude above 500V /cm for several tens of 100us
pulses leads to cell death.

2There is currently only one device for clinical IRE: Nanoknife® developed by Angiodynamics, Latham, NY.
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days after the treatment (2 to 3 days), but the interpretation of the posttreatment images is still
controversial [39)].

1.2. Numerical treatment planning for IRE. One of the main drawbacks of IRE compared
with radiofrequency (RF) or cryo ablations lies in its technical complexity. Indeed, numerous
needles (at least 3 but often 5 to 6 needles) have to be appropriately located in the vicinity of the
tumor to generate the permeabilizing electric field that destroys the tumor.

To overcome this difficult but crucial task several numerical strategies have been developed
to determine numerically the best needles location. Omne can cite the works of the groups of
Miklaveic [24) 49, 48], 31, [17] and Davalos and Rubinsky [8, [6], 25, 27, [34] 35].

These groups have shown the importance of the placement of the needles to ensure the efficacy
of the treatment. Their numerical simulations provide the ideal and optimal location of the needles
to perform IRE to the physician. More precisely, they propose a theoretical needles configuration
superimposed on the pretreatment clinical image and for which the computed electric field in the
tumor reaches about 600V /cm [, 27]. In these studies, the algorithms propose a strict parallel [
placement of the needles at the same depth of the tumor. These algorithms are very interesting for
easily accessible tumors, namely cutaneous, sub-cutaneous, prostate or bone tumors.

However the percutaneous placement of needles to treat deep-seated tumors —as liver tumors—
faces the issue of anatomic constraints. For liver tumors located near vital structures, the numerical
treatment planning strategies often propose unfeasible solution and they are thus somehow useless
to the interventional radiologists. As a result, even though IRE ablation presents a lot of advantages
to treat liver tumors located near vital blood vessel, it is only performed by a small community of
interventional radiologists who developed an expertise beyond the paradigm that needles have to
be positioned in an exactly parallel configuration and at the same depth.

Roughly speaking, the interventional radiologists who perform IRE ablation of liver tumors place
the needles as best as they can, and then the pulse delivery is performed. Several clinical studies
have shown the clinical relevance of this approach [12l [16] [4T], [42]. However, the uncertainties of
the needle positionning generate uncertainties on the electric field distribution, which may affect
dramatically the treatment efficacy.

In order for IRE ablation to become a routine ablation techniques for small liver tumors near vital
structures, it is therefore necessary to provide an evaluation of the treatment as it is effectively
performed. Since IRE is tightly linked to the electric field distribution, it is therefore natural
to compute the EF distribution in the real clinical configuration, in addition to the numerical

treatment planning.

1.3. Goal of the paper. In this paper, we propose a numerical workflow for clinical IRE ablation
of deep-seated tumors, to compute numerically the distribution of the electric field as generated
during the procedure. We show that thanks to a combination of clinical data and numerical models
of tissue electroporation it is possible to determine the electric field distribution as delivered during

3Electroporation-based therapies have been initially used to treat cutaneous or sub-cutaneous tumors, which are
easily accessible. For these tumors, the placement of parallel needles, which simplifies the determination of the electric

field, is quite easy.



the treatment. Our numerical strategy modifies substantially the paradigm of numerics for IRE
treatment. Instead of proposing an unfeasible numerical needle location, we compute the electric
field in the clinical configuration, taking the real needles location.

We illustrate the relevance of our approach on a case report of a patient with hepatocellular
carcinoma (HCC) who underwent IRE ablation at the University Hospital J. Verdier at Bondy,
France. Interestingly, our numerical workflow makes it possible to register the numerical EF dis-
tribution on the clinical image, providing to the physician a numerical tool to assess the treatment
efficacy.

2. MATERIAL AND METHODS

2.1. Clinical workflow and data collection. The clinical workflow as routinely performed at the
University Hospital J. Verdier at Bondy is schematized at the top of Figure [l The procedure has
been detailed and validated by Sutter et al. [41] [42]. It is somehow the minimal clinical procedure,
which can be performed in most of interventional radiology operative room equipped with new
generation of angiographic suit including 3D cone beam CT acquisition capacity [42]. The clinical
workflow is split into 3 steps.

Preoperative Session Interventional session Postoperative Session
(Step 2) (Step 3)

Clinical Workflow

12 23 31

CBCT after needle Chronograms of the
MRI (Day +
CT-scan (Day -30) insertion pulse intensity (Day +3)

Figure 1. Typical clinical workflow [42] (top) as performed at the University Hospital J.
Verdier at Bondy, France.

Clin. Step 1: The diagnostic stage provides a preoperative CT scan or MRI where the hep-
atic capsule, the tumor and the main liver structures are determined several days before
the treatment.

Clin. Step 2: The day of the procedure, IRE ablation is performed under general anesthesia,
as described by Martin et al. [36]. As previously described, the needles are percutaneously
inserted around the tumor by the interventional radiologist with free-hand technic under
combination of real-time ultrasound (US) and 3D Virtual Target Fluoroscopic Display such
that the electric field covers the target region. The needle positioning is performed as par-
allel as possible. A cone beam CT (CBCT) is performed after the percutaneous insertion
under combined ultrasound and fluoroscopic guidance of 2 to 6 monopolar needles around

the target tumor. Then the pulse parameters are set in the pulse generator (number and
4



duration of pulses, nominal electric field between the pair of active needlesﬂ..) according
to the manufacturer recommendations (Nanoknife®, Angiodynamics, Latham, NY). The
electric pulses are then synchronized to the electrocardiogram and delivered during the
refractory phase of the cardiac cycle between alternating pairs of electrodes. The pulse
parameters and the chronograms of the electric voltages and intensities are recorded by the
device.

Clin. Step 3: Three days after the procedure, an MRI is performed to assess the treatment
efficacy.

2.2. Case report. The above clinical workflow is routinely E| performed for HCC lesions at the
University Hospital J. Verdier at Bondy, and a retrospective study confirmed its efficiency [41].
In this paper we report the case of a patient for whom a HCC tumor has been diagnosed and
previously treated by radiofrequency ablation. It has left a significant scar tissue, which is the
hypodense region clearly visible on the CT of Figure One year later, blood markers indicate
a suspicion of relapse, which the radiologist locates at the edge of the scar tissue (see arrow in
Figure . The IRE session is performed with 3 needles numbered from 1 to 3, with an exposure
(active tip length) of 2.5 cm and a spacing of about 2 cm following the clinical procedure described
in the previous section and detailed in [42].

The protocol is 200 pulses of 70 us per pair of electrodes (1-2, 2-3 and 3-1). During the procedure,
in order to widen the treatment area, the needles are pulled backwards on 1.5 cm. Then a second
pullback of 1.5 c¢m is performed for the needles 2 and 3. Hence, the procedure is divided into three
sequences: a first train of 80 pulses per pair (including 10 test pulses), then the first pullback and
a second train of 60 pulses, then the second pullback and the third train of 60 pulses per pair.

2.3. Image Processing.

2.3.1. ROIs Extraction. The extraction of the regions of interest (liver, tumor and main visible
structures such as vessels, hepatic capsule, scars from previous treatments ...) from the preoperative
imaging is performed thanks to the semi automatic segmentation tool ITK-SNAP [46]. The ROIs
are then converted into masks on the computational Cartesian grid.

2.3.2. Needles positioning. The needle geometry and positions are the most sensitive data for the
electric field computation. The geometry is reconstructed exactly from the manufacturer (Angio-
dynamics) specifications. Each needle position is recovered from the CBCT (see Step 2 of the

Figure .

“In the Nanoknife®, the distance between the needles and the nominal electric field —that is the voltage divided
by the electrod distance— have to be set and the the device adjust the voltages.
SIRE ablation is chosen at the University Hospital J. Verdier at Bondy for tumor lesions for which standard non

surgical ablation techniques are prohibited.
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Figure 2. Clinical data of the patient case. (a): CT scan at D-45 with a scar tissue —
hypodense area— and a suspicion of relapse (arrow) inside the liver. (b): CBCT after needle
insertion. The 3 needles are numbered from 1 to 3. (c)-(d): Voltage (¢) and current (d)
chronograms recorded by the Nanoknife® for one 70 ps-long pulse. For each pair needle, 60
to 80 pulses are delivered during the refractory phase of the ECG. (e): Zoom of the treated
zone on the T2 weighted MR image at D+3. One can see 3 dark areas within the high signal
intensity region. They correspond to the location of the needles. Due to the high electric
field, the tissue is burnt in the close vicinity of the needles. The high signal intensity zone

corresponds to non burnt edematized area affected by electric field.

2.3.3. Image Registration. The CBCT with needle —see Figure provides the geometrical
framework of the pulse delivery. It is therefore the computational reference framework. The ROIs
determined on the preoperative imaging are then registered on the CBCT with needles thanks to
the non-rigid registration algorithm FEVolution of De Senneville et al. [7], which is dedicated to
multi-modal images registration.

Similarly, the ROI of the treatment area observed on the postoperative MRI are registered on
the CBCT, which is thus the unique reference framework.

2.4. Numerical electroporation model. Similarly to the current numerical treatment planning
computations, we chose to use the standard non linear static model which has been already exten-

sively studied [14, 28, [32]



2.4.1. Nonlinear static model. The electrostatic field E is derived from a potential U
(1) E=-VU.

The governing equation of U, with the medium conductivity o, is given by the non linear electro-
static equation

(2a) - V- (a(IVU[)VU) =0,

where the conductivity depends nonlinearly on the magnitude of the local electric field:

Iyl _
1+ tanh (7.5 (g2~ 1))
2 )

(2b) o(IVU]) = 00 [ 1.+ ag

where oy is the conductivity the non porated tissue, aep is the coefficient describing the increase of
conductivity in the porated tissue, Fyp is the threshold magnitude of the EF to generate electro-
poration. The threshold Ey, is set to 300 V.em™! [14, 28] [32].

2.4.2. Boundary conditions. Homogeneous Dirichlet and Neumann conditions are imposed on the
active and inactive parts of the needles, respectively. For liver tumors located close to the lung, a
homogeneous Neumann condition is imposed on the hepatic capsule. On the computational domain
boundary, adjacent to the liver, a Fourier—Robin condition of parameter o = 0.01 is imposed, as a
rough approximate condition of a far field boundary condition. In order to choose «a, we perform a
simulation in a larger domain and we verified that the error between the two solutions was smaller
than 5%.

2.4.3. IRENA: a C++ finite difference method based software for IRE numerical assessment. Model
has been implemented in the C++ software IRENA [I1] developed by O. Gallinato and C.
Poignard within the Inria team Monc. The code is based on the finite difference method on
Cartesian grid [9]. The needles and the liver boundary are determined as the zero of a level-
set function [40]. Close to the boundaries, the first and second order derivatives are computed
with the standard Ghost Fluid Method [I0]. The equivalent conductivities at half points are
computed thanks to harmonic mean (additivity law of resistivity). In order to maintain a reasonable
computation time, the refinement is low enough (1 mm? grid voxels). As the mesh does not pick up
the very fine needles, the Dirichlet conditions imposed on the active parts of the electrodes and the
Neumann conditions imposed on the insulated parts are handled thanks to a specific adaptation of
the Ghost Fluid Method. In particular, the Dirichlet conditions are changed into Robin condition
thanks to a first order development of the flux. This results in a numerical scheme, which is

computationally efficient and accurate enough.

2.4.4. Patient-dependent conductivities estimate obtained from the intensity chronograms. During
the clinical procedure, 10 test-pulses (70 us, 3000 V) are delivered by alternating pairs of needles

at the beginning of the procedure. The Nanoknife® records the chronograms of the applied voltage
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and of the intensity for all pulses. The current which flows through the needle i, when the electrodes

(i,7) are active is defined by

(3) Iij = / UanUijdiL‘, for (Z]) = (1, 2), (2, 3), (3, 1).

7

The detailed procedure to obtain accurately the numerical intensity is given in [I1]. It is therefore
possible to fit the numerical intensities on the recorded intensities to obtain the parameters oy and
aep of model for each region of interest (liver, tumor, scar...). We use here a simple trial and

error method.

3. RESULTS

3.1. Generic numerical workflow. Our numerical workflow (see Figure |3)) mimics the standard
clinical workflow of the subsection It comnsists into 3 main numerical steps.

Num. Step 1: Segmentation of the Regions of Interest (ROIs) from the preoperative image
(CT-scan or MRI) thanks to a semi-automatic segmentation before the day of the procedure.

Num. Step 2-a: Needles segmentation from the CBCT of the day of the procedure, and
ROIs registration on the CBCT to get the patient-dependent geometrical framework.

Num. Step 2-b: Calibration of the electroporation model parameters from the test pulse
chronograms (pre-simulations), and simulation/prediction of the treated region, thanks to
the TRENA software

Num. Step 3: Registration of the numerical simulation on the early postoperative MRI.

Preoperative Session Interventional session Postoperative Session
(Step 1) (Step 3)

Clinical Workflow

CBCT after needle Voltage and Current chrono-
CT-scan (Day -30) insertion grams recorded by Nanoknife

Numerical Processes ‘

ROIs Extraction

MRI (Day +3)

ROIs registration on the ~ Model Calibration and A
CBCT Simulation Results

Interpretation

Figure 3. Our numerical workflow (bottom), which mimics the clinical workflow of Sutter et

al. [4A2] (top).



This numerical workflow makes it possible to determine the numerical distribution of the electric
field as performed during the IRE procedure. In a near future, it could thus provide the numerical
procedure-dependent electric field distribution and thus the region of the IRE ablation.

3.2. Patient-specific study. We illustrate the feasibility and the relevance of our numerical work-
flow on the case report presented in subsection

3.2.1. Segmentation of the ROIs and the needles reconstruction. In the patient study, the main
constituents visible on the preoperative CT-Scan of Figure are the hepatic capsule and the
scar tissue due to a previous RF ablation. The tumor is not visible but the operator has delimited
a sphere where the relapse is suspected. The segmentation of the hepatic capsule and the scar
tissue have been performed with the segmentation tool ITK-SNAP [46] and given by Figure
The position of the needles are extracted from the CBCT of Figure as shown in Figure
The red part of the needles stand for the active part where the voltage is applied, the blue parts
are considered as electrically insulated.

(a) (b)

Figure 4. Geometrical framework. (a): Segmentation of the ROIs from the preoperative
CT-Scan of Figure (b): Needles reconstruction from the CBCT of Figure

3.2.2. Registration of the pretreatment ROIs on the CBCT. In order to obtain the geometrical
framework of the procedure, we performed the registration of the preoperative image on the CBCT
using the EVolution algorithm [7]. This non rigid registration algorithm has been validated on
clinical data and the clinical relevance of the registration has been verified by radiologists of the
University Hospital J. Verdier. The deformation map of the registration is given in Figure
while a registered image is given in Figure The EVolution algorithm provides the ROIs and
the needles in the same computational domain as shown by Figure

3.2.3. Model calibration. The strategy of the model calibration lies in the fact that the model pa-
rameters impact the value of the intensities given by equation . Indeed, by definition, the electric
potential U given by equations depends on the parameters. Since the recording intensities are
the only electrical data of tissue, our calibration strategy consists in fitting the numerical inten-
sity on the recorded intensity. Using the preliminary test-pulses, we perform the calibration by
a trial error method —starting from conductivity values available in the literature and changing
them handly step by step to obtain the fitting—, to fit the numerical intensities with the intensities
recorded by Nanoknife®. The tolerance criterium of the fitting procedure is set such that during the

first pulse of each pair combination, the relative error between the maximal value of the recorded
9
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Figure 5. Non rigid registration of ROIs on the CBCT with needles performed by the
EVolution algorithm [7]. (a): Deformation field to register the CT-Scan on the CBCT with
needles. The estimated transformation is used to deform a rectilinear regular grid. (b):
ROIs of the preoperative CT-scan registered on the CBCT with needles (sagittal plane).
(c): Extraction of the 3D geometrical framework. The box is the numerical simulation box.

intensity and the simulated intensity is less than 10%. It is worse noting that the calibration is
performed once, with the initial needle location, and not modified afterwards.

More precisely, during the procedure the Nanoknife® records the voltage and the current for
each pulse. We use these data to impose the voltage between each needle pair as given by the
device, and the recorded currents are used to obtain the conductivities.

For each region of interest (liver tissue and scar tissue), we obtain the non porated tissue con-
ductivity o¢ and the coefficient a,. Since the tumor is not visible on the imaging, we assume that
it has the same electrical property as the tissue. The scar tissue is mainly made of fibrosis, we
consider that its conductivity is higher than the liver conductivity and that it is not influenced by
the electric field. The results are given by Table

Table 1. Conductivity oy and parameter a., of the liver and of the scar.

‘ oo (mS/cm) ‘ Qep
1.2 3.

liver

scar 2. 0.

With these parameters, the numerical intensities are of the same order as the recorded intensities
(see Figure [6]).

Since the static model has been used, for each needle pair the mean intensity of the first pulse
of each pair combination is fit, as shown in Figure[6] This calibration is thus a first approximation

of the real conductivity of the tissues.

3.2.4. Numerical assessment of the procedure. Since the geometry and the conductivity parameters
of the patient have been merely obtained, we can run a direct simulation of the IRE procedure
to assess the electric field distribution in this patient-specific configuration. As Model is a
static model, only one pulse per pair and per sequence is simulated. For each sequence the needles
pairs (1-2), (2-3) and (3-1) are alternately active. During the clinical procedure, the physician has

performed 2 pullbacks of 1.5cm in the coaxial direction of needles to enlarge the treated region, we
10
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Figure 6. Numerical intensities (right) compared with the intensities recorded during the
procedure (left) for 1 pulse of 70 us for each needles pair (from (a) to (c), the pairs are 1-2,
2-3 and 3-1). The applied voltage for each simulation is set to 3000 V, which combination
are given by the Nanoknife® recording.

therefore performed 3 x 3 simulations, which correspond to the initial geometrical configuration
plus the pullbacks. Figure [7] shows the 3D distribution of the simulated electric fields at each step
of the procedure.

3
N \g

200
L a0

(V/em)

(a)

Figure 7. 3D simulation of the electric field magnitude during the whole procedure and
assessment of the treated region on the CBCT. (a): Electric field magnitude (in V.em™1) at
each step of the procedure. Left: first pulse train delivery, Center: after the first pull-back,
Right: after the second pull-back. (b): Median cross section representing the isolines of the
electric field magnitude at the end of the procedure on the CBCT. The isoline 300 V.cm ™!

1

is green, the isoline 500 V.cm~! is orange and the isoline 650 V.cm™! is blue. The yellow

ball corresponds to the tumor location, the scar tissue is in violet.

From a medical view point, it is interesting to register the isolines of the electric field on the CBCT
so that the interventional radiologist can assess the treatment efficacy. The isolines 650 V.cm™!
and 300 V.cm~! are the theoretical threshold EF magnitudes needed for irreversible reversible
electroporation, however since the total number of pulses at the end of the procedure is high (200
pulses are delivered), the irreversible magnitude might be lower. For instance Campelo et al.
found that a electric field magnitude of 500 V.cm™! could be sufficient for clinical IRE of prostate

tumors [2]. Figure shows the isolines 650, 500 and 300 V.cm™! registered on the CBCT.
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4. DISCUSSION

4.1. Choice of the electroporation model and the numerical method. For the sake of
simplicity, we choose the standard non linear electrostatic model of tissue electroporation, which has
already been widely studied by several groups [14] 28, [I]. Even though it is a static description, this
simple model is quite well-established to provide a first estimation of the electric field distribution
at the end of the pulse (in the static regime). The choice of this simple model is justified by
the fact that the electrical dynamical modeling of tissue electroporation is still unclear and the
current dynamic models, both cell-based and tissue-based [20), [I8] [45], are still neither physically
nor mathematically completely justified. Moreover the numerous parameters involved in these
models still prevent their calibration and their identifiability on clinical data.

Remark 1 (On the static model of electroporation). We would like to make clear a misunder-
standing which appeared in some previous studies dealing with numerical simulations of EP models.
In some papers (see |28, 26], 2]) the non linear model is referred to as dynamic. We empha-
size that the model is static since time is not involved in the equations. Due to the nonlinearity,
the numerical solution is obtained iteratively, but the iterations have nothing to do with any time
evolution.

In order to benefit from the voxel structure of the clinical imaging, and the specificity of the
IRE procedure (very thin needles compared to the liver, recovery of the needles location, regions
of interest...) we chose to develop the C++ code IRENA based on finite difference method. Using
the voxel structure of the image and determining the regions of interest by level-sets implies that
no remeshing is necessary once the registration of the needles and the ROIs is performed, unlike
the standard use of softwares based on finite element method such as COMSOL Multiphysics [5]
or FreeFem++[13]. However the use of such softwares or others would not modify the numerical
workflow.

4.2. Numerical workflow: a tool for an accurate EF distribution. The relevance of our
numerical workflow lies mainly in the consideration of the procedure specificities. In particular, the
needles location and the liver conductivities are essential. It is worth noting that the segmentation
of the liver capsule can be skipped if the tumor is far enough from it. Conversely supplementary
influent structures as arterial or biliar trees can be added if they are visible on the pretreatment
imaging. Their segmentation and registration do not differ from what has been described in this
study.

The reconstruction of the specific geometry of the procedure inevitably produces errors. For
instance, the segmentation strongly depends on the imaging resolution, and on the operator. The
numerical errors related to the registration, the discretization and the resolution of the mathe-
matical problem, are numerically controlled and quantifiable. The modeling assumptions for the
registration are not discussed here. For more details, we refer the reader to [7].

The electric current graphs are the only clinical data providing valuable information on the
electrical property of the tissues. They are therefore essential for the calibration stage. While

the values found in literature are rather variable and in wide ranges of values, the conductivity
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parameters of the test-case are directly calibrated from the current graphs. Hence, the relevance
of our clinical workflow also relies on this patient-dependent calibration thanks to the use of the
recorded intensities during the procedure.

4.3. Issue of treatment assessment. The assessment of the treatment efficacy is a hard task.
Apoptosis is a complex biological processﬂ that occurs several hours after IRE procedure [37]. The
manufacturer of the Nanoknife® (Angiodynamics, Latham, NY) states that a significant increase
in the electrical intensity (of the order of 10 A) ensures an irreversible electroporation of the tissue.
This choice of intensity increase is somehow arbitrary. Most of the publications consider that the
electric field threshold for IRE lies between 500 and 700 V.cm~!. More precisely, experimental
observations say the EF magnitude above 600V.cm~! is necessary [23], 6], 5], but Campelo et al.
found a lower threshold value (around 500 V.cm™1) for a clinical IRE procedure in the prostate [2].

This question can be explored by comparing the results of simulations with the post procedure
imaging. Indeed, the early postoperative MRI shows an impact of the treatment 3 days after the
procedure, as shown in Figure on the T2 weighted image. However the clinical interpretation
of this imaging is still controversial. In particular, it is not clear whether the hyperdense region
observed on Figure is a reversibly or irreversibly permeabilized region.

Interestingly, our numerical simulations can provide new keys for the interpretation of the differ-
ent modalities. Since the simulations have been performed in the frame of the CBCT, we registered
the post-treatment MRI in this frame too, thanks to the EVolution algorithm. Then, simulations
are superimposed on the registered post-treatment MRI. The results are given in Figure

(b)

Figure 8. Cross section of the isolines 300, 500 and 650 V.cm ™! registered respectively on
T2 (a), unenhanced (b) and enhanced at delayed phase of intravenous injection of gadolinium
(c) of T1 weighted images.

As shown in Figure [§] each modality enhances a specific feature of the treatment, which can
be correlated to the simulation. More precisely, the T2 weighted image exhibits the largest zone
affected by the treatment. According to our simulation (see Figure , this zone is included
in the zone delimited by the isoline 300 V.em™!. On the T1 weighted image (see Figure
(Center)), the limit of the hypodense area seems correlated to the isoline 500 V.cm™!. It probably
corresponds to the largest area where the cells are killed by the electric field. Eventually, on the

b1t probably results from the loss of cellular material due to a large and persistent permeabilization of cell mem-

branes, following their oxidation during poration [30, [43] [20], [33].
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delayed phase of gadolinium-enhanced T1 weighted image (see Figure , the hypodense region
exhibits the scar and 3 spots where the needles were located. This is probably the region where
the tissue has been burnt due to the pulse delivery. It is worth noting that this region is in the
close vicinity of the electrodes. Of course this possible new lecture of MRI modalities has to be
confirmed on a large panel of clinical cases.

5. CONCLUSION

This paper shows on a specific clinical case that a combination of the clinical data with numerical
approaches make it possible to predict the electric field distribution from clinical data and to
correlate the electroporated regions with the post treatment MRI. Therefore it somehow paves
the way of a real-time patient-dependent determination of the IRE ablation region, thanks to a
combination of numerical models, image registration techniques and clinical data. Our contributions
consist of the three next points:

(1) A numerical workflow based on the clinical workflow as performed at the University Hos-
pital J. Verdier at Bondy. It consists of image registration, electroporation (EP) model
calibration, and numerical simulation.

(2) A model calibration strategy from clinical data.

(3) A proof of concept on a specific clinical case of a patient with HCC who underwent IRE
ablation.

The proof of concept based on a patient-specific case gives an interesting basis for confronting
models to clinical cases in order to improve understanding and modeling, in a retrospective ap-
proach.

The accurate numerical reconstruction of the clinical framework is obtained thanks to advanced
image segmentation and registration of clinical data provided in standard IRE procedures. The
conductivity calibration thanks to the recorded current during the procedure is a promising direction
to be further investigated.

The numerical workflow based on clinical data provides realistic simulations of the EF distribu-
tion, thanks to a standard electroporation tissue model. The numerical results are corroborated
afterwards on early postoperative imaging.

Thanks to the registration of the numerical simulations and the post-treatment MRI in the same
frame, we propose a new lecture of the post treatment MRI. More precisely, the T2 weighted image
seems to give an estimation of the electric field distribution and thus of the maximal area affected
by the electric field, the T1 weighted image could give information on the irreversibly permeabilised
area. The enhanced at delayed phase of intravenous injection of gadolinium of T1 weighted image
seems to exhibit the necrosis generated by the treatment in the close vicinity of the needle. This
paper is somehow a proof of concept of a possible computational strategy for tumor IRE ablation.
Of course the study needs further investigations on a large cohort of patients with HCC treated
by IRE in order to evaluate the advantages and the accuracy of our method, and to confirm our

results.
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