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Abstract

Purpose: To evaluate the effect of peri-tumoral metallic implants (MI) on the safety and efficacy 

of percutaneous irreversible electroporation (IRE) of colorectal liver metastasis (CRLM).

Materials and Methods: In this retrospective study, 25 patients (12 women, 13 men; MI: 13, 

No MI: 12 ) were treated for 29 CRLM. Patient characteristics, tumor location and size, treatment 

parameters and the presence of MI were evaluated as determinants of local tumor progression 

(LTP) with the competing risks model (uni- and multivariate analyses). Patient specific computer 
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models were created to examine the effect of the MI on the electric field used to induce IRE, 

probability of cell kill and potential thermal effects.

Results: Patients had a median follow-up of 25 months, during which no IRE related major 

complications were reported. Univariate analysis showed that tumor size (> 2cm), probe spacing 

(> 20 mm), and the presence of MI (p < 0.05) were significant predictors of time to LTP, but only 

the latter was found to be an independent predictor on multivariate analysis (sub-hazard ratio = 

6.5, [95% CI: 1.99, 21.4], p = 0.002). Absence of peri-tumoral MI was associated with higher 

progression free survival at 12 months (92.3% [56.6, 98.9] vs 12.5% [ 2.1, 32.8]). Computer 

simulations indicated significant distortions and reduction of electric field strength near MI, which 

could have contributed to under-treatment of the tumor.

Conclusions: Peri-tumoral MI increases the risk of treatment failure following IRE of CRLM.
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Introduction

Irreversible electroporation (IRE) has been evaluated for the ablation of primary (1–3) and 

metastatic tumors (4,5) in the liver that cannot be treated with thermal ablation because of 

safety or efficacy concerns. The largely non-thermal tumor killing effect of IRE has allowed 

its use for the treatment of tumors abutting the bile duct and large blood vessels in the liver 

(6,7). Early studies report efficacious local control of colorectal liver metastases (CRLM) 

using IRE (4,5), and tumor diameter greater than 3 cm has been reported to be the only 

independent risk factor for local tumor progression following ablation (3). Patients selected 

to undergo ablation of their CRLM may have undergone prior treatment such as surgical 

resection, and can therefore have surgical clips, biliary stents or other metallic implants in 

the vicinity (< 1cm) of the tumor to be treated. Metallic implants (MI) have substantially 

greater electrical conductivity than the tumor or healthy liver, and may influence the 

distribution and strength of the electric field applied during IRE (8,9). The presence of MI 

can also create pockets of high current density, leading to undesirable effects such as 

electrical arcing and localized heating (8). While the presence of large MI such as stents are 

a contraindication to the application of IRE as per manufacturer IFU, the presence of small 

MI such as surgical clips at the site of ablative treatment is a common clinical scenario in the 

management of unresectable liver malignancies. Therefore, the objective of this study was to 

understand the effect of metallic implants on the safety and efficacy of percutaneous IRE of 

CRLM. Our hypothesis was that MI will reduce the efficacy of CRLM ablation with IRE, 

and that patient specific computer models can be used as a novel tool to identify the 

mechanism by which MI affect IRE outcomes.
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Material and Methods

Patient Selection and Eligibility Criteria

Retrospective review of all patients who underwent IRE of their CRLMs at our institution, a 

tertiary cancer center, between 2011 and 2015 was performed under a HIPPA compliant, 

IRB approved protocol.

Treatment

The decision to use IRE to treat patients’ CRLMs was entirely at the IR physician’s 

discretion and was driven by the tumor’s proximity to large (> 3 mm) blood vessels or major 

bile ducts, where thermal ablation would increase the risk of complications or LTP. All 

procedures were performed while the patients were under general anesthesia and deep 

muscle relaxation, and electric pulse delivery was synchronized to the patient’s 

electrocardiogram. All treatments were performed with the NanoKnife system 

(Angiodynamics, NY, USA), using CT guidance for electrode placement by two 

interventional radiologists with more than 15 years of experience performing percutaneous 

ablation and 7 years of experience performing IRE in patients. Electrode geometry and 

treatment parameters were selected with the intent to treat the tumor while achieving a 

minimum of 5 mm ablation margin. Triphasic CT was performed immediately after ablation 

to evaluate technical success of the ablation. Complete coverage of the tumor and a 5mm 

ablation margin with a non-enhancing region on immediate post-treatment CT imaging was 

defined as the ablation endpoint. All patients included in this study received systemic 

chemotherapy as per standard of care for their disease status during the follow-up period.

Imaging Follow-up and Local Tumor Progression

Triphasic liver CT imaging was performed within 4-8 weeks after IRE ablation and every 

2-4 months thereafter through the follow-up period. IRE success was defined as the absence 

of irregular peripheral or nodular enhancement within 1 cm of the ablated area at the first 

imaging follow-up. Imaging appearance indicating otherwise was considered treatment 

failure with residual tumor at the first imaging follow-up (4-8 weeks) (26). Evidence of new 

abnormal tumor tissue (i.e. tumor recurrence) within 1 cm from the ablation zone observed 

on contrast-enhanced CT images obtained after the first imaging follow-up, and confirmed 

by review was considered local tumor progression (LTP). This approach is consistent with 

the guidelines on reporting of tumor ablation (26,10). Positron emission tomography (PET) 

was performed at 6- and 12-months following ablation and presence of increased SUV 

uptake was considered positive evidence of local tumor progression. Procedure-related 

complications and side effects were noted and classified on the basis of criteria proposed by 

the Society of Interventional Radiology (11), CIRSE complication classifications (32) and 

the National Cancer Institute Common Terminology Criteria Adverse Events (CTCAE, 

version 4.0). The operating interventional radiology physicians retrospectively reviewed 

imaging assessments. Evidence of tumor recurrence up to 1 cm from the ablation zone seen 

on contrast-enhanced CT images and confirmed by the review was considered LTP.
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Numerical calculations

A subset of all patients included in the study, four with MI in the vicinity of ablation zone 

(up to 1 cm from the tumor and or the electrodes) and four without, were selected for 

evaluation of treatment delivery with computer simulations. The number of ablation probes 

used for the treatment (≤ 4) and the availability of complete intraprocedural treatment 

parameters data was used to select the sub-set of patients for evaluation with computer 

simulations. The selected datasets and corresponding treatment parameters (voltage, 

electrode spacing and exposure, and the number of pulses) were exported to Visifield (12). 

Visifield is a web-based tool for visualizing in vivo distribution of electric fields during 

electroporation-based treatments. Patients’ pre-procedural CT images were manually 

segmented by an experienced radiologist (M.F.) to demarcate the tumor, liver parenchyma, 

major anatomic landmarks such as blood vessels, and to define positions and orientations of 

any metallic surgical clips in the treatment vicinity (Fig. 1A). Intra-procedural CT images 

were registered to preprocedural images and used to determine the positions of IRE 

electrodes during treatment (Fig. 1B). A 3D numerical model was built for each patient and 

tumor (Fig. 1C). Electric field distribution was computed using a nonlinear model of electric 

field dependent tissue conductivity. Tissue heating was taken into account by solving the 

Pennes’ bioheat equation. Electrical and thermal properties of the modelled tissues (e.g. 

liver, blood, and tumor density, thermal capacity and conductivity, etc.) were compiled from 

the literature in previous work (13). The electric field was computed for each electrode pair 

present in the treatments. The total extent of the ablation zone was evaluated by combining 

the maximal computed electric field in situ from all electrode pairs (14), and regions that 

may have experienced insufficient field strength for complete ablation were identified. 

Probability of cell death due to irreversible electroporation was calculated using a statistical 

Peleg-Fermi model, which also takes into account the number of applied electrical 

pulses(15). Model parameters were adjusted to best describe the properties of liver tissue 

during IRE treatment. The probability of cell death due to thermal damage was calculated 

using the Arrhenius equation (16). The volume of the tumor experiencing electric field 

greater than the critical threshold, where the probability of cell death due to IRE or thermal 

damage was > 0.9 were calculated as the percentage of the pre-treatment tumor volume.

Statistical Analysis

Median follow-up time was determined based on patients who were alive at the end of the 

review period. Survival rates were calculated by using the Kaplan-Meier method and were 

stratified for gender, tumor location, tumor size ( > 2 cm), number of ablation probes ( > 3), 

treatment parameters (probe spacing > 2 cm, treatment voltage < 2500 V, pulse length < 100 

microseconds, and the number of pulses applied < 90), and the presence of metallic surgical 

clips within 1 cm from the tumor margin. Variables that showed statistical significance at 

univariate analysis were subsequently analyzed with a multivariate model. As patient death 

may occur prior to evidence of LTP on imaging, LTP predictors were adjusted for competing 

factors for death using the Fine-Gray competing risks regression model (17). This analysis 

enabled us to identify specific factors contributing to the risk of LTP by modeling sub-

distribution functions of LTP, death without LTP, along with the associated hazard rates 

(HR) and the sub-hazard ratio (sHR). Results of this analysis is shown along with the 

Kaplan-Meyer technique for comparison. Differences in electric field coverage, cell death 
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probability and thermal damage in simulation models within (clips vs. no clips) and between 

patients were assessed with a Mann-Whitney U test. Data were analyzed with a 

commercially available statistical software (Stata, version 12.0; Stata, College Station, 

Texas).

Results

The study enrolled 25 consecutive patients who underwent IRE of 29 CRLMs. Amongst 

these patients, 13 had MI in the peri-tumoral region and 12 did not have MI. All patients 

completed follow-up and were included in the analysis. Patient and tumor characteristics, 

and treatment parameters used to perform IRE are detailed in Table 1 and Table 2 

respectively.

Clincal Outcomes.

IRE treatment failure was observed in 13.8% of tumors (4/29) at the first postablation CECT 

scan (Fig. 2 A–F) performed 4-8 weeks following treatment, and all cases with residual 

tumor were patients with MI (Fig. 2 D–E). Subsequent tumor progression was observed in 

58.6% of tumors (17/29) during the median follow up period of 25 months (Fig. 3 A–C) 

wherein all patients had MI. The cumulative survival without LTP was 48.3% [95% 

confidence interval [CI]: 29.5, 64.8] and 40.5% [22.6, 57.7] at the 12 and 24-month follow-

up respectively. Univariate analysis suggested that tumor size >2 cm (p=0.003), probe 

spacing > 2 cm (p=0.018), and the presence of metallic clips within 1cm of ablation probes 

(p = 0.001) to be significant predictors of time to LTP. Gender of the patient (p = 0.997), the 

tumor location (p = 0.445), the number of probes used for the treatment (p = 0.252), 

treatment voltage < 2500 V (p = 0.582), pulse length < 100 microseconds (p = 0.830), or the 

number of pulses applied < 90 pulses (p=0.830) were not found to be determinants of LTP. 

On subsequent multivariate analysis only the presence of metallic clips (HR, 29.5; P = 

0.002) was found to be an independent predictor of shorter time to LTP (Table 3). As patient 

death may have occurred before imaging evidence of LTP could be gathered, a competing 

analysis was performed. The resulting sHR of the presence of metallic clips as predictor of 

LTP was still significant (sHR: 6.5, 95% CI: 1.99, 21.4, P =0.002). Kaplan-Meier survival 

curve of LTP are displayed in Fig. 4A. In the absence of metallic clips in the vicinity of 

ablation, the progression free survival rate was 92.3% (56.6, 98.9) at 6-36 months. In 

presence of metallic clips, the progression free survival rate was 18.8% (4.6, 40.3) at 6 

months, 12.5% (2.1, 32.8) at 12 months, and 0% after. Overall survival rate was 82.8% 

[63.4, 92.4] at 12 months, 61.3% [40.1, 76.5] at 24 months, and 26.8% [12, 44.2] at 36 

months (Fig. 4B). Progression of disease was the cause of death in all patients, and assessed 

variables were not found to be predictors of overall survival, including tumor size of greater 

than 2 cm (HR=1.92; [0.78-4,7]; p = 0.154) and the presence of metallic clips (HR=2; 

[0.81-4,92]; p=0.132).

Treatment related complications of grade > 3 were not observed. Six complications with 

grade < 3 occurred following the procedures. This included pneumothoraxes (n=5, 4 

requiring drainage), and 1 case of urinary retention. Complication related to injury of the 

liver, blood vessels of the liver, bile ducts, small bowel or duodenum were not observed.
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Simulation Outcomes.

Ablation was considered technically successful if the electric field strength exceeded the 

threshold for IRE in the liver (500 V/cm) (31) and the probability of cell death was > 0.9 in 

the tumor and the margin (Fig. 1 D–F). In patients with MI, the electric field was computed 

with and without the clips to isolate the specific impact of these clips on ablation outcomes 

(Fig. 5 A–C). The presence of metallic clips resulted in a reduction of electric field strength 

in their immediate surrounding microscopic volume, with maximum distortion at the middle 

of the clip, along the longitudinal axis. The reduction in electric field strength at the site of 

such distortions was sufficient to reduce the efficacy of cell death (Fig. 5D). Such distortions 

in the electric field strength were restricted to < 1mm away from the clip, (Fig. 5E,F) and no 

difference was found in gross volume of tumor experiencing electric field at the critical 

threshold when comparing simulations performed with, and without the clips (p=0.8852, 

Table 4).

Correlation of Simulation – Clinical Outcomes

Based on computed electric field coverage and cell death probaility, simulation results from 

patient specific models correlated with clinical outcomes, predicting LTP in all patients with 

metallic surgical clips (Fig. 2E, 3D, 5D). Two patients without clips, and all four patients 

having clips were seen to have inadequate electric field coverage in the tumor and the 

margin, however, having cell death in > 95 % of tumor volume seemed to improve local 

tumor control in patients without clips. Overall, there was no statistically significant 

difference in the percentage volume of the tumor experiencing electric field coverage greater 

than the critical threshold (MI: 78.2 ± 16% vs no MI: 91.6 ± 8.8%, p = 0.3123) or the 

estimated probability of cell death within the ablation (MI: 81.4 ± 18.7% vs no MI: 96.5 

± 1.9%, p = 0.1939) between the two patient groups, with the presence of clips being the 

only differentiating factor.

Risk of thermal damage from MI.

Due to the large number of pulses delivered during IRE treatment, thermal damage could be 

observed in a significant volume of target tissue. However, the percentage volume of the 

tumor where cell kill was expected due to thermal damage was completely enclosed within 

the volume of cell death from IRE. (Fig. 6A–D). In patients having clips, simulations 

performed with (60.9 ± 18.1%) and without the clips (60.8 ± 18.2%, p = 0.8852) did not 

reveal a difference in the degree of thermal damage, stemming from the presence of metal in 

the treatment region. Likewise, there was no difference in the volume of thermal damage 

within the ablation between the two patient cohorts (p = 0.8852).

Discussion

CRLM often presents as infiltrative disease, with high risk of recurrence at the surgical 

margin in patients having unfavorable mutational status (18,19). Anatomic location of the 

surgical margin can influence choice of loco-regional treatment to manage recurrent disease. 

IRE has emerged as potential choice for the management of these patients as the technique 

can be safely applied in delicate anatomic locations even if the tumor involves critical 

structures (2,6,7,30). Tumor size has been previously identified as an predictor of LTP in 
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IRE (3), which was confirmed in our analysis as well. Our results suggest that IRE requires 

further optimization and refinement when treating CRLM, especially when the treatment site 

has MI such as surgical clips. As evidenced by our experience, application of IRE without 

adjusting treatment parameters to account for the presence of metallic surgical clips reduces 

treatment efficacy.

IRE in patients using the Nanoknife system is contraindicated in the presence of large MI 

such as stents as per the manufacturer’s instruction for use. However, the impact of smaller 

MI such as surgical clips was largely considered negligible. Our simulation results suggest 

that the presence of MI in tissue being treated with IRE can distort both the electrical and 

thermal field distribution, resulting in an unpredictable ablation zone. This consideration has 

resulted in multiple preclinical studies evaluating the safety and impact of the presence of 

metallic implants on IRE treatment. Using a tuber model, Neal et al. (20) evaluated the 

impact of metallic seeds on electric field distribution and the ablation volume, reporting no 

deleterious effects. However, in vivo preclinical evaluation by Ben-David et al. (9) has 

shown the presence of metal in the IRE treatment zone can distort the size and shape of the 

ablation. Scheffer et al. (8), and Dunki-Jacobs et al. (21) have then shown that IRE can cause 

localized heating, with the presence of metal increasing thermal damage at the treatment 

site. In a case report, Mansson et al. (22) present contraindication to the use of IRE in 

patients who have bare metal stents from the elevated risk of severe adverse events. We add 

to these prior results by reporting that the presence of metallic surgical clips can impact the 

efficacy of IRE when treating CRLM in a clinical setting but does not seem to impact 

ablation safety.

Ablation with IRE is amenable to numerical modeling, which has been validated in multiple 

preclinical and clinical studies as a tool for predicting the safety and efficacy of this 

technique (12–14,23–25). However, the use of simulation tools for treatment planning for 

IRE is not standard of care and is not performed in current clinical practice. In this study we 

employ patient specific numerical models as a tool to understand the etiology and factors 

underlying IRE failure when used to treat CRLM patients having metallic surgical clips at 

the site of ablation. We observed that metallic clips induce microscopic distortions in the 

electric field used to perform IRE while having negligible effect on the overall volume of 

tissue experiencing electric field strength above the critical threshold. We also found that the 

electric field coverage was often inadequate for the tumor and its margin irrespective of the 

metallic clip’s presence, which may explain tumor recurrence away from the location of MI 

in some patients. Despite inadequate coverage, LTP was not observed in patients without 

clips possibly because of higher estimated cell kill probability. The cell death probability 

calculations takes into account the number of pulses delivered into a tissue and increased 

pulse numbers seems to improve tumor control even in regions of reduced electric field 

strength which is consistent with theory (26,27). Ablation with IRE involves interplay 

between different treatment parameters (voltage, pulse duration, and the number of pulses 

applied) and IRE planning based only on electric field coverage may therefore be inadequate 

to ensure successful treatment. Our experimental findings suggest incorporation of 

simulation for planning can assist in appropriate probe placement and optimization of 

electrode geometry prior to pulse delivery. Appropriate electrode orientation with respect to 
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the metallic implant may reduce distortions in the electric field, thereby minimizing the 

impact of MI on ablation outcomes.

While increasing pulse application has been seen as a way to increase the efficacy of IRE, 

any benefit from increased pulse application has to be carefully considered in light of 

associated thermal damage during IRE consistent with previous calculations and recent ex 

vivo experiments (16,28). While IRE has a predominantly non-thermal cell kill mechanism 

(29), all our simulations suggested the existence of thermal damage in a considerable 

volume of the treated tissue. Since metal is a good thermal and electrical conductor, the 

presence of metallic implants at the treatment site does not result in their direct heating but 

increases the thermal energy deposited into the tissue surrounding the implant. Such 

localized heating can reduce the safety associated with IRE (8,21), which often is the 

motivating rationale when selecting this treatment technique for use in specific clinical 

conditions. Precise treatment planning, with use of patient-specific simulation models prior 

to treatment delivery can improve electrode positioning and treatment parameter selection to 

improve treatment outcomes even in patients having metallic implants at the treatment site.

Our study is limited by its retrospective nature and the small number of patients included. 

Likewise, the patient specific simulation models were performed only in a subset of all 

patients that were treated at our center, potentially limiting the generalizability of our 

findings. Expanding the data with additional patients and simulation models can increase our 

knowledge of IRE for the treatment of CRLM, which will be the focus of future studies. As 

a retrospective study, with an inherent patient selection bias, we are unable to control for the 

volume or number of metallic implants in the ablation or evaluate the effect in different 

types of clips based on material (stainless steel vs. titanium).

In conclusion, the presence of metallic surgical clips within 1 cm from the tumor margin is 

associated with increased risk of treatment failure after IRE of CRLM, but safety is not 

affected. Potentially, increasing pulse application can offset electric field distortion in the 

presence of metallic implants, but this may reduce the non-thermal benefits of IRE. The 

results of this study emphasize the importance of an adequate patients’ selection and a 

detailed treatment planning process, which could help to reduce the tumor recurrences while 

avoiding complications after percutaneous IRE of CLRM.
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Figure 1. 
Workflow of patient specific simulation models. A. Pre-treatment CT images were 

segmented to extract the tumor (white arrow) and surrounding parenchyma. B. Intra-

treatment CT imaging is used to identify the location of clips (arrowhead) and ablation 

probes (black arrow). C. The segmented images are converted to 3D models, arrowheads 

indicate location of surgical clips relative to the tumor (outlined in blue). Calculation of D. 

electric field distribution (units in V/cm), E. thermal damage (units degree centigrade) and F. 

cell kill probability (fraction 0-1) in the tumor and margin (outline arrow). The tumor is 

outlined in black, axial cross sections selected to show the tumor at the largest cross section 

and the relative location of the surgical clips (arrowhead).
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Figure 2: 
Example of CRLM treated with IRE in patient number two who had surgical clips in the 

treatment region. A and B. Pre-treatment CT image showing tumor location (white arrow) 

and relative location of the surgical clips (black arrow). C. Intra-treatment CT image 

showing ablation probe placement. D. Immediate post-IRE image showing technical 

treatment success (arrowheads). Tumor recurrence (white arrow) on CECT at E. 8 and F. 24 

months following IRE, abutting the metallic implant (black arrow).
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Figure 3: 
Example of CRLM treated with IRE in patient number one who had surgical clips in the 

treatment region. A. Pre-treatment CT image showing tumor location (white arrow) and the 

relative location of the surgical clips (black arrow). Local tumor progression (white arrow) 

assessed with B. CT imaging and C. PET imaging at 12 months post-IRE.
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Figure 4. 
Kaplan Meier estimate of A. local tumor progression free survival (HR=29.5, [3.5-47.2], 

p=0.002) and B. overall survival (HR=2; [0.81-4,92]; p=0.132). after IRE with or without 

presence of metallic implants within 1 cm from the tumor margin.
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Figure 5. 
Simulation model constructed for patient number two. A. Pre-IRE image showing the 

location of surgical clips within the treatment region (white arrow). Estimate of electric field 

coverage when simulations were performed B. without or C. with the surgical clips (outline 

arrows). D. Local tumor progression observed on PET margin. imaging at 24 months post-

IRE (black arrow). E,F. Computed electric field distribution in target tissue, distortions are 

visible in the vicinity of the clips (circles).
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Figure 6. 
Volume of thermal damage during IRE in A. Patient number four, B. Patient number five, C. 

Patient number six and D. Patient number seven. The tumor is outlined in black, the region 

of thermal damage is depicted in red and the total region of IRE is shown in blue. Tissue was 

considered ablated (thermally or by IRE) if cell kill probability was above 0.9.

Cornelis et al. Page 16

Cardiovasc Intervent Radiol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cornelis et al. Page 17

Table 1:

Patient and Tumor Characteristics

Characteristics MI No-MI

No. of patients 13 12

No. of lesions 17 12

Age (years) 51.7 ± 10.7 61 ± 12.7

Sex 7 male / 6 female 6 male / 6 female

Tumor size (cm) 2.80 ± 0.76 1.45 ± 0.78

Note: Data are expressed as mean values ± standard deviation.
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Table 2:

Treatment characteristics, recorded from the IRE generator

No. of probes 3 (2-6)

Probe spacing (mm) 15 (10 - 25)

Treatment voltage (V) 1890 (1050 – 3000)

Num. pulses per probe 90 (70 – 90)

Pulse width (uS) 90 (90 – 100)

Impedance change (ohms) −13.5 (−3.7 – −38.5)

Peak current (A) 27.5 (8.9 – 50)

Cumulative energy delivered (J) 406.8 (74.5 – 938.2)

Note.— Data are expressed as median values ± standard deviation, and range is given in parenthesis.
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Table 3:

Univariate and Multivariate Analyses of Factors Associated with Local Tumor Progression by Using 

Regression Models

Univariate Analysis Multivariate Analysis

P value HR CI95% P value

Size(>2 cm) 0.003 1.65 0.6-4.9 0.364

Distance of probes (> 20 mm) 0.018 0.99 0.3-3.5 0.996

Metallic implants 0.001 29.5 3.5-247.2 0.002

Note.—All examined variables displayed significance at univariate analysis and multivariate analysis. Multivariate analysis data were calculated 
with the regression model.
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Table 4:

Electric field coverage and cell kill probability in tumor volume

Patient # Electric field coverage* (%) IRE cell kill** (%) Thermal cell kill*** (%)

no clips clips no clips clips no clips clips

1 94.57 94.63 93.61 93.87 86.74 86.68

2 59.32 58.94 55.70 55.51 51.90 52.09

3 71.26 71.18 79.53 81.03 59.34 59.84

4 87.98 87.35 96.89 96.53 45.66 44.75

5 98.71 / 95.76 / 68.63 /

6 87.04 / 95.37 / 35.19 /

7 81.44 / 95.62 / 29.90 /

8 99.48 / 99.48 / 90.63 /

Note. —

*
Percentage of tumor volume covered with electric field of at least 500 V/cm.

**
Percentage of tumor volume with cell death probability above 0.9 due to irreversible electroporation alone (Peleg-Fermi model adapted from 

(15)).

***
Percentage of tumor volume with cell death probability above 0.9 due to thermal damage alone.
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