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Abstract. Irreversible electroporation (IRE) has seen 

increasing use for ablation of deep-seated tumors, for 

example in the liver. A previously designed numerical 

framework for planning electroporation-based 

treatments was supplemented with computations of tissue 

heating and statistical probability of cell death. The 

frameworks’ capability of predicting IRE treatment 
outcome was evaluated in a retrospective manner 

through numerical reconstruction of nine clinical cases 

of liver metastases treated with IRE. Patient-specific 

models were developed and simulations of treatments 

were performed. Computed results corresponded well 

with clinical findings predicting undertreatment in all 

cases where tumor recurred. Furthermore, due to a high 

number of delivered pulses during IRE treatment thermal 

damage was observed in a significant volume of modelled 

target tissue, indicating that current protocols used for 

IRE treatment may result in undesired thermal damage 
that may adversely affect treatment safety. 

 

1 Introduction 

Electroporation is a phenomenon where short high 

voltage electric pulses are applied to biological cells 

(biological tissue) in order to induce structural changes in 

the cell membranes. Electroporation can be reversible 

(RE), where cells recover completely, or irreversible 

(IRE), where changes in the membrane result in cells’ 

loss of functionality which can lead to apoptotic cell 

death [1]. Poration level mainly depends on the applied 

electric field strength and duration and can therefore be 
controlled through adjusting the applied pulse parameters 

– applied voltage (pulse amplitude), pulse number, 

duration and delivery dynamics. 

RE and IRE have shown potential for use in various 

fields – from medicine to biotechnology and food 

processing [2]–[4].  In the last two decades, IRE is being 

evaluated for ablation of deep-seated tumors such as in 

liver, pancreas, prostate and kidney [5], [6]. It presents an 

alternative to established thermal ablation technologies 

due to its’ predominantly non-thermal mechanism of cell 

kill and is currently mostly used for treating patients 

where the application of thermal ablation is 
contraindicated due to risk of thermal damage to sensitive 

nearby structures, or when the presence of heat sinks 

reduces ablation efficacy.  

Since IRE is still an early technology, there is a lack 

of standardized treatment protocols and planning 

procedures for use in clinical setting. Typically a high 

number pulses (70-100 or even higher) is delivered per 

electrode pair, with an approximately 1500 V/cm 

voltage-to-distance ratio. The number of electrodes, 

electrode spacing, pulse length and delivery dynamics 
vary significantly between studies.  

Despite IRE being considered a non-thermal 

technology, recent studies have shown a significant 

accumulation of thermal energy in the immediate vicinity 

of the electrodes, which if neglected in clinical setting, 

may affect safety of IRE treatment [7]–[9].  

Numerical modelling has proven to be a fundamental 

tool in investigating and designing electroporation-based 

treatments. In light of recent studies on thermal effects of 

IRE, the aim of this study was to improve the existing 

numerical framework for planning IRE ablation of liver 
metastases by adding computations of temperature 

dissipation during treatment and statistical probability of 

cell kill. The improved numerical framework was 

validated through a retrospective analysis of nine clinical 

cases of liver metastases treated with IRE. 

 

2 Materials and methods 

A previously designed numerical framework for planning 

electroporation-based treatments [9]–[11] was 

supplemented with computations of tissue heating and 

statistical probability of cell death. The frameworks’ 

capability of predicting IRE treatment outcome was 
evaluated in a retrospective manner through numerical 

reconstruction of nine clinical cases of liver metastases 

treated with IRE. The patient study was performed under 

a HIPPA compliant, IRB approved protocol.  

2.1 Numerical framework  

Current numerical models of electroporation are based on 
solving the stationary Laplace partial differential 

equation for electric potential V (Eq. 1): 

                         −∇(σ ∙ ∇V) = 0                          (1) 

                               𝜎 → 𝜎(𝐸)                               (2) 
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Electroporation is implemented in the model through an 

electric field dependent non-linear increase in tissue 

electrical conductivity (Eq. 2). In short, after tissue 

becomes reversibly electroporated (electric field strength 

exceeds the threshold for RE), initial electrical 

conductivity of tissue increases, depending on local 

electric field strength E. The maximum conductivity 

value is reached if electric field strength reaches or 

exceeds the threshold for IRE [12]. Electric field is 

calculated separately for each active electrode pair, their 

respective contributions then combined into final electric 
field distribution (tissue coverage). 

In IRE a large number of pulses is delivered to target 

tissue resulting in a significant increase in temperature 

(T). The existing stationary model of electroporation was 

supplemented with the Pennes bioheat transfer equation 

(Eq. 3) solved in time domain  

           𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
− ∇(𝑘∇𝑇) = 𝑄𝑏𝑖𝑜 + 𝑄ℎ                 (3) 

                                 𝑄ℎ = 𝜎(|𝐸|2)                                (4) 

where ρ is tissue density, Cp is tissue thermal capacity and 

k thermal conductivity. Tissue heating from the 

electrodes is introduced through a Joule heating term Qh 

(Eq. 4). The bioheat source term Qbio (Eq. 3) represents 

blood perfusion and metabolic activity, however when 

electroporation occurs tissue perfusion decreases 

significantly due to vascular lock effect [13]. A rise in 

temperature also affects tissue electrical conductivity. 

Temperature dependence of electrical conductivity was 

modelled uniformly for all tissues with a factor of 

increase +1%/°C. Electrical and thermal properties of 
tissues were taken from the literature [9], [10], [14] and 

are summarized in Table 1. 

Models of statistical probability of cell kill were also 

added to the framework to offer additional insight into 

treatment outcome. Probability of cell kill due to IRE was 

calculated with the statistical Peleg-Fermi model [15], 

which takes into account local electric field E and 

number of applied pulses n: 

                 𝑃(𝐸, 𝑛) =  1 − 
1

1+ 𝑒

𝐸−𝐸𝐶(𝑛)

𝐴𝑛(𝑛)  

                   (5) 

where Ec is the critical electric field causing the death of 

50 % of cells, and An is the kinetic constant; both values 

were adapted from literature [8], [16]. Parameter An was 

slightly modified to better reflect the conditions in tissue. 

The extent of thermal damage was determined by 

solving the Arrhenius kinetics equation [8]: 

             𝛺(𝑡) = ∫ 𝜁 ∙ exp (
−𝐴𝑒

𝑅∙𝑇(𝑡)
) 𝑑𝑡

𝑡=𝜏

𝑡=0
                 (6) 

where ξ represents the frequency factor, Ae activation 

energy and R is the gas constant. Thermal cell kill 

probability was calculated with the following equation: 

                      𝑃𝑇 = 1 − exp (−Ω(𝑡))                      (7) 

COMSOL Multiphysics (COMSOL Inc., Sweden) 

software for finite-element based analysis was used for 

the computations. The model set-up and computations 

were controlled in MATLAB (MathWorks, USA) 

scripting environment through LiveLink. 

2.2 Reconstruction of clinical cases 

The developed model was validated through a numerical 

reconstruction of nine clinical cases of colorectal liver 

metastases treated with IRE and a retrospective analysis 

of predicted and actual treatment outcomes.  

For each patient case two sets of medical images were 

used for model construction – pre-interventional contrast 

enhanced computed tomography (CT) image, used for 

target tissue segmentation, and interventional CT 

showing electrode positions. ITK-SNAP, an open-source 

interactive software, was used for image registration and 
segmentation [17]. First both images had to be registered 

into a common coordinate system. The built-in function 

for rigid registration was used for initial registration (with 

mutual information as similarity criterion) and was then 

corrected manually to ensure the best local registration.  

Segmentation of target tissues – tumor volume, liver 

parenchyma and large adjacent blood vessels (up to 3 cm 

from tumor surface) – was performed manually on pre-

interventional CT. Interventional CT was used to 

determine the points of the electrodes and their retraction 

trajectories (where applicable).  

Segmentation masks were imported into MATLAB 
workspace where a patient-specific anatomically correct 

3D model was built (Figure 1). Needle electrode models 

were added to the model geometry based on their 

positions determined from patient images. IRE treatment 

course was reconstructed using the parameters and data 

from NanoKnife pulse generator, namely active electrode 

pairs, applied pulse parameters and current/voltage 

measurements. 

Table 1: Electrical and thermal properties of modelled biological tissues 

Tissue Initial el. 

conductivity 

(S/m) 

Increased el. 

conductivity 

(S/m) 

Threshold 

for RE 

(V/cm) 

Threshold 

for IRE 

(V/cm) 

Tissue 

density 

(kg/m3) 

Heat 

capacity 

(J/kgK) 

Thermal 

conductivity 

(W/mK) 

Tumor 0,4 1,60 400 800 1079 3540 0,52 

Liver 0,091 0,45 460 700 1079 3540 0,52 

Vessels 0,7 1,05 400 1100 1060 3840 / 
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Figure 1: A) Reconstructed patient-
specific numerical model showing the 
liver organ, major blood vessels, 
tumor volume and two needle 
electrodes. B) Close-up of the model: 
tumor (dark mass) is situated near a 

major blood vessel. IRE was 
performed using two needle 
electrodes. 

 

 

 

 
 

Computations of electric field distribution, tissue heating 
and cell kill probability due to IRE and thermal damage 

were performed for each case. Regions of undertreatment 

were identified in the simulated results and then 

compared to clinical outcomes. The extent of possible 

thermal damage around the electrodes was also 

determined.  

 

3 Results and discussion 

The first rough estimation of the models’ accuracy was 

performed through pair-by-pair comparison of calculated 

and measured electric current . This type of comparison 

is commonly used for verification in numerical studies 
[11]. The relative current error was below 30 % for most 

electrode pairs, with a few exceptions, presumably due to 

unavoidable errors in segmentations and electrode 

placement as well as uncertainties in electrical properties 

of modelled tissues. 

Computed treatment outcome was evaluated based on 

coverage of tumor volume with sufficiently high electric 

field as well as cell kill probability. The exact threshold 

for IRE of tumor tissue has not yet been determined, 

however, studies report values for healthy liver tissue 

spanning between 500-650 V/cm for 90 (100 μs) pulses 

per electrode pair [9], [18]. In our computations tumor 
tissue ablation was considered successful if local electric  

field strength exceeded the assumed threshold of 

500 V/cm. Furthermore, calculated probability of cell kill 

in ablated tissue should be at least 0.9.  

Computed results for all nine reconstructed cases are 

presented in Table 2 along with clinical findings for each 

case. In eight cases out of nine tumor appeared 

completely ablated in follow-up images, however in four 
cases the tumor recurred during the two year follow-up. 

In one case (P4 in Table 2) undertreatment was evident 

already immediately after the procedure due to difficult 

access to the tumor site. The remaining four cases 

reported successful tumor ablation. 

Thermal damage was observed in a significant 

volume of the target tissue, especially in cases where a 

higher number of electrodes (electrode pairs) was used 

for treatment. According to computations in average 30-

50 % of tumor volume was thermally damaged while in 

two cases the extent of thermal damage reached 90 % of 
tumor volume. However, the volume of cell kill caused 

by thermal damage is always “encapsulated” within the 

volume of cell kill due to IRE [8], which indicates that 

the success of IRE treatment is not dependent on thermal 

damage. 

Overall, computations correspond quite well with 

clinical findings, predicting undertreatment in areas 

where tumors recurred. However, computations 

predicted complete ablation in two of five cases in which 

the treatment actually failed (P1 and P3, 2. Tumor). Upon 

inspection of follow-up images for case P1, the site of 

tumor recurrence matched the area of tumor volume that 
was not covered in simulations (5 %). In case P3, 2. 

tumor, the patient had two tumors and it was unclear on 

follow-up images (due to local abscess) where the tumor 

recurred and why. In four successful cases tumor 

coverage varied between 80 % and 100 %, however the 

percentage of tumor volume in which the statistical 

model of IRE predicted cell death was above 95 % in all 

cases.

Table 2: Computation results for nine tumor cases – percentage of tumor volume covered with electric field above 500 V/cm, 
percentage of tumor cell kill caused by IRE and by thermal damage. 

Case  Tumor coverage (%) IRE cell kill (%) Thermal cell kill (%) Clinical outcome 

P1 94,6 93,6 86,7 Tumor recurrence 

P2 59,3 55,7 51,9 Tumor recurrence 

P3, 1. tumor 71,3 79,5 59,3 Tumor recurrence 

P3, 2. tumor 88,0 97,0 45,7 Tumor recurrence 

P4 75,4 60,9 0,00 Confirmed undertreatment 

P5 98,7 95,8 68,6 Successful ablation 

P6 87,1 95,4 35,2 Successful ablation 

P7, 1. tumor 81,4 95,6 29,9 Successful ablation  

P7, 2. tumor 99,5 99,5 90,6 Successful ablation 
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Probability of cell death takes into account cumulative 

contributions from separate electrode pairs, resulting in 

higher percentage of cell kill than electric field alone. 
The main limitations of this study stem from the 

uncertainties of electrical and thermal properties of 

various biological tissues especially during exposure to 

high electric fields. Furthermore, although numerical 

reconstruction of clinical cases offers further insight and 

analysis of various aspects of electroporation-based 

treatments, it is a very difficult process that is limited by 

the retrospective nature of available data.  

4 Conclusions 

Despite some limitations of our study, the presented 

results demonstrate the ability of our numerical 

framework to predict treatment outcome following IRE  

of liver metastases. Furthermore, we have highlighted the 
problem of undesired thermal effects that can occur with 

IRE treatment. More specifically, IRE protocols 

currently used in clinical setting allow for a high number 

of pulses to be delivered to electrode pairs, which may 

negatively impact treatment safety. Validated 

standardized protocols and treatment planning 

procedures for IRE are thus needed in the future. 
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