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Introduction

GENERAL INTRODUCTION AND THESIS OUTLINE

Surgical resection is currently still considered the most important definitive 
treatment option for patients with primary or (in some cases) metastatic cancer. 
However, a substantial number of patients have tumors that cannot be resected 
because of their anatomical location (e.g. adjacent to major blood vessels or bile 
ducts), multifocal disease or the presence of comorbidities (1,2). In light of the 
limitations of surgical resection for these tumors, a number of locoregional ablative 
technologies have been developed over the past decades.

Thermal ablation of unresectable malignant tumors has proven to be 
highly effective for smaller lesions with low morbidity and mortality rates (3). 
Nevertheless, thermal ablation of lesions close to heat-susceptible structures like 
major bile ducts and vessels is associated with a substantial risk of complications 
due to thermal damage (4). Also, lesions adjacent to major blood vessels pose a 
challenge to thermal ablation techniques because of the “heat-sink effect”: the 
cooling effect of blood flow in vessels greater than 3 mm, leading to incomplete 
ablation (5,6). Consequently, thermal ablation is contraindicated near these 
structures, and for this reason patients commonly receive palliative treatment 
with stent placement and chemotherapy. Unfortunately, response to chemotherapy 
is typically limited due to poor drug penetration caused by molecular mechanisms 
of resistance and/or the disorganized intratumoral vascular network limiting 
the delivery of anticancer drugs to cells that are situated distal from functioning 
blood vessel (7).

Considering the restrictions of chemotherapy in these tumors, there is a need 
for therapeutic innovation and discovery. Therapies that can either enhance 
homogeneity of drug delivery or destroy tumors without affecting heat-sensitive 
structures will have great clinical value.

Electroporation is a phenomenon in which the cell membrane permeability to 
ions and macromolecules is increased by exposing cells to short (microseconds 
to milliseconds) high-voltage electric pulses (8). The permeabilization can be 
temporary (reversible electroporation) or permanent (irreversible electroporation 
[IRE]) as a function of the electric field magnitude (voltage) and duration (pulse 
length), period, and number of pulses.

137341_Laurien_Vroomen_BNW-def.indd   8 13-8-2019   09:17:19
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Reversible electroporation is commonly used in the combination with non-
permeant anticancer drugs (electrochemotherapy [ECT]) to potentiate their entry 
into the cell, thereby increasing their intrinsic cytotoxicity (9). Tumor management 
with ECT was first described in 1991 for malignant head and neck nodules 
(10). Since then, the therapy has advanced considerably in terms of available 
systems. Several studies have confirmed its safety and efficacy in cutaneous and 
subcutaneous tumors as well as in preclinical models of colorectal tumors (11–14). 
The abovementioned results point to the potential value of ECT in treating deep-
seated, non-resectable disease.

Similar to ECT, IRE is also a highly promising modality for tissue ablation 
and treatment of difficult-to-reach tumors (15–17). Unlike thermal ablation, IRE 
affects only the cell membrane, whilst preserving the extracellular tissue scaffold. 
Consequently, luminal structures such as the walls of blood vessels, bile ducts and 
intestines remain patent and regeneration can occur (18). In addition, studies have 
shown that complete cell death within the ablation zone can be attained with IRE 
(19). These features make IRE an attractive alternative for focal therapy of primary 
and metastatic tumors, which are adjacent to heat-sensitive structures.

AIM OF THIS THESIS:

The aims of this thesis was to answer four main questions: (1) ‘what is the current-
day evidence for the use of IRE in clinical oncology?’, (2) ‘what is known about the 
safety of IRE on critical structures such as blood vessels, bile ducts, urinary tract, 
intestines and nerves?’, (3) ‘what is the exact underlying working mechanism of 
IRE?’, and finally (4) ‘what are potential new indications for electroporation (IRE 
and ECT) in oncology?’.

Thesis outline
Chapter 1 compares IRE with the established thermal ablation techniques 
while contrasting the respective working mechanisms as well as techniques and 
outcomes in clinical practice. It provides a rationale for clinicians to select the 
most appropriate technique for varying situations of liver, lung, kidney and bone 
cancer / tumors.

137341_Laurien_Vroomen_BNW-def.indd   9 13-8-2019   09:17:19
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Chapter 2 summarizes the results from several preclinical and clinical studies 
examining the effect of IRE on bile ducts, blood vessels, urinary tract, prostate, 
intestines, and nerves.

Chapter 3 illustrates preventive and intervening measures to enhance 
procedural safety for patients treated with IRE.

Chapter 4, 5, 6 and 7 represent the preclinical part of this thesis. Chapter 4 
explores the hypothesis that the observed conductivity rise during IRE can be 
used as a measure of successful ablation. Additionally, the suggested correlation 
between current increase and oncologic outcome in IRE for colorectal liver 
metastases is investigated. In Chapter 5 a new catheter electrode device for 
endobronchial IRE is presented and the feasibility, intra-procedural and midterm 
safety are assessed in a pig model. In addition, the efficacy of IRE for treatment of 
human lung adenocarcinoma with or without chemotherapy are evaluated in vitro. 
The primary objective of the study presented in Chapter 6 is to determine whether 
the use of an anti-fibrotic drug (pirfenidone) reduces ureteral wall remodeling 
following IRE. Chapter 7 investigates whether IRE is a safe and reproducible 
technique to obtain a predictable and clinically relevant unilateral ureteral 
obstruction (UUO) in a rat model. Typically, surgical models of UUO are used to 
study the pathogenesis of renal fibrosis, yet these models induce immediate UUO 
and are thereby unable to capture the gradual development of the obstruction and 
its renal effects. Considering IRE’s working mechanism, we hypothesize that IRE 
is a potentially attractive technique for the generation of a more representative 
UUO model.

Chapter 8 provides an overview of the current clinical results and discusses 
future trends of IRE for hepatopancreaticobiliary tumors.

In Chapter 9 and 10 the results of our clinical studies are presented. Chapter 
9 involves the pancreas. Chapter 9.1 presents the results of the prospective 
PANFIRE-study. The primary aim of this study is to investigate the safety of 
percutaneous IRE for locally advanced pancreatic carcinoma, the secondary 
objective represents the efficacy for this indication. Quality of life and pain 
perception before and following the procedure are also explored. The purpose of 
the study presented in Chapter 9.2 is to assess specific imaging characteristics 
after pancreatic IRE with contrast-enhanced (ce)MRI and ceCT and to the 

137341_Laurien_Vroomen_BNW-def.indd   10 13-8-2019   09:17:19
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correlation of these characteristics to the development of tumor recurrence. In 
order to determine the added value of IRE in the treatment of locally advanced 
pancreatic cancer, we compared the survival of patients treated with FOLFIRINOX 
plus IRE versus FOLFIRINOX alone in Chapter 9.3. Chapter 10 presents a case 
series describing the initial experience with IRE to treat tumor recurrences in 
the lesser pelvis.
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 François H Cornelis 
Stephen B Solomon
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ABSTRACT

Focal treatment with radiofrequency, microwave and cryoablation has been 
increasingly used for the treatment of tumors in patients who cannot undergo 
surgical resection, and in select patients with early stage disease. Each of these 
ablation modalities has a unique working principle and biophysics underlying 
the ablative effect, which largely determines the clinical indication for its 
application. Irreversible electroporation, a relatively new ablation technique with 
a predominantly non-thermal cell killing mechanism has emerged as an alternative 
treatment technique for tumors that are contraindicated for thermal ablation 
because of safety or efficacy considerations. Here, established thermal ablation 
techniques are compared with irreversible electroporation for treatment of tumors 
in the lung, liver, kidney and bone, and rationale is provided to guide selection of 
the most appropriate technique for each clinical setting.

137341_Laurien_Vroomen_BNW-def.indd   16 13-8-2019   09:17:26
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INTRODUCTION

A significant number of patients have tumors that cannot be safely resected 
through surgery because of unfavorable tumor location, presence of multifocal 
disease, or patient co-morbidities [1, 2]. Image-guided tumor ablation with 
radiofrequency (RFA), microwave ablation (MWA) or cryoablation has been 
developed as an alternative to surgical resection for these patients. These ablation 
techniques rely on sustained alterations of tissue temperature for cytotoxic effect, 
and have been reported to be highly effective for the treatment of both primary and 
metastatic disease [2–6]. However, the working mechanisms of these techniques 
contraindicate their use in patients with tumors that are adjacent to major blood 
vessels, bile ducts, large airways, nerves, digestive or urinary tract because of 
safety and efficacy concerns. Ablation with irreversible electroporation (IRE) has 
been recently explored for the safe and efficacious treatment of tumors that cannot 
be treated with thermal ablation techniques. As a relatively new technique, there is 
limited clinical experience with IRE, and therefore the risks and benefits of using 
this technique have not been completely defined.

The purpose of this article was to compare IRE with thermal ablation techniques 
while contrasting the respective working mechanisms as well as techniques and 
outcomes in clinical practice in order to provide a rationale for clinicians to select 
the most appropriate technique for varying situations.

1
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BIOPHYSICS

Hyperthermic ablation
RFA and MWA are heat-based techniques that deliver electrical or electromagnetic 
energy into target tissue by using needle mounted electrodes or antennae. As 
a result, heat is generated by a modality-specific pathway. During RFA, the 
temperature rise is produced by a high-frequency oscillating electrical current 
that induces resistive heating surrounding the radiofrequency electrode and 
tissue hyperthermia (Table 1) [7]. MWA occurs through the biophysics of dielectric 
hysteresis, which compels polar molecules (e.g. water) to instantly realign with 
the oscillating field, causing an increase of the kinetic energy of the molecules, 
and hence tissue heating.

Table 1. Characteristics of the different ablation techniques.

Ablation 
technique

Ablation effect Treatment effect

Lung 
tumors

Liver 
tumors

Kidney 
tumors

Bone 
tumors

RFA Application of a 
high-frequency 
oscillating 
electric field

Resistive 
heating 
surrounding 
the electrode 
tip and tissue 
hyperthermia

+++ +++ +++ +++

MWA Application of 
a propagating 
electromagnetic 
energy

Tissue 
hyperthermia 
by dielectric 
hysteresis

+ +++ ± + +

Cryoablation Application of 
liquid nitrogen 
or argon gas

Crystal 
formation and 
osmotic shock

+ + − +++ +++

IRE Application of 
electric pulses

Irreversible 
cell membrane 
disruption

± + + ± ±

RFA: radiofrequency ablation; MWA: microwave ablation; IRE: irreversible 
electroporation.
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During RFA and MWA procedures, a 2-3-fold elevation (from 37 0C to ≥100 0C) 
of tissue temperatures is induced. Sustained exposure to such high temperatures 
cause cell death due to direct and indirect injury [8]. Direct damage affects the 
tissue that is closest to the application tip, which is exposed to temperatures of 
≥ 50 0C.  The heat causes protein denaturation and cell membrane dysfunction, 
which causes cells to undergo acute coagulative necrosis. Moreover, tissue 
desiccation and destruction of microvasculature also occurs as a result of elevated 
temperatures. At temperatures ≤ 45 0C, tissue injury is triggered by indirect 
pathways. Sublethal and reversible damage occurs at temperatures between 41 
and 45 °C; cells that are exposed to these temperatures are more susceptible to 
injury and their metabolic functions might be negatively affected. Furthermore, 
the damaged tissue expresses vascular adhesion molecules and chemokines that 
activate the immune system [8]. At temperatures up to 41 °C, hyperemia occurs 
and the heat shock response is initiated [9, 10]. 

Hypothermic ablation
Cryoablation systems use extreme cold (temperatures below -40 0C) to destroy 
tumor tissue by using needle-based probes. The rapid tissue cooling can either be 
achieved by direct circulation of liquid nitrogen, or through the Joule-Thompson 
effect by using argon gas. The working mechanism of cryoablation is based on 
two principles: crystal formation and osmotic shock [11]. Intracellular crystal 
formation is a result of negative thermal expansion due to prompt tissue cooling, 
and leads to cell swelling and ultimately permanent cell membrane injury. Cells 
in the near vicinity of the cryoprobe are destroyed by this mechanism, whereas 
more peripherally located cells are susceptible to cell death induced by osmotic 
shock. During cryoablation, ice formation in the extracellular space leads to a 
hyperosmotic environment, which causes intracellular fluid outflow and cell 
dehydration. Oppositely, post-treatment-thawing causes osmotic stress by reversal 
of the osmotic gradient that subsequently initiates influx of extracellular fluid 
resulting in cell expansion and membrane rupture. 

Irreversible electroporation (IRE)
Electroporation is a phenomenon in which the cell membrane permeability to 
ions and macromolecules is increased by exposing the cell to high voltage electric 
pulses applied by two or more needle electrodes [12]. The external electric field 
shifts the transmembrane potential when crossing its threshold resulting in cell 

1
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membrane reorganization, and ultimately pore formation. This permeabilization 
can be temporary (reversible electroporation) or permanent in case of IRE, where 
permanent pore formation leads to cell death from loss of homeostasis and 
osmotic effects. In addition, electroporation induces a transient constriction and 
increased permeability of blood vessels as well as a ‘vascular lock’ [13]. In addition 
to the applied voltage, other pulse parameters such as pulse length, period, and 
number of pulses have also been reported to influence the latter phenomenon. 
Unlike thermal ablation, IRE only affects the cell membrane, while preserving 
the extracellular scaffold. Consequently, lumen structures like bile ducts, blood 
vessels and intestines remain patent and post-procedural regeneration can occur 
[12, 14, 15]. 

ORGAN-SPECIFIC CONSIDERATIONS

Liver tumors
Thermal ablation of inoperable tumors has been shown to be equally effective 
as surgical resection with acceptable morbidity and mortality rates [3, 16–18]. 
For patients with small (≤3 cm) hepatocellular carcinomas or colorectal liver 
metastases , RFA and MWA can effectively be used as primary treatment options 
[4, 19, 20]. Although both modalities are safe and effective treatment options for 
perivascular colorectal liver metastases, a higher complication rate has been 
described after MWA for peribiliary tumors [20]. Therefore, it is advised to use 
RFA for smaller lesions (≤3 cm) located in the proximity of bile ducts. Alternatively, 
MWA can be applied for larger colorectal liver metastases (≤ 6 cm) or lesions 
near blood vessels because of its convection profile (i.e. higher intratumoral 
temperature, larger ablation zone, faster ablation time, and less procedural pain) 
[21]. Nevertheless, owing to its working mechanism, thermal ablation of tumors 
directly located to major blood vessels and bile ducts is contraindicated because of 
the increased risk for life-threatening complications. Furthermore, the blood flow 
in large vessels causes a heat-sink effect that decreases ablation efficacy [22, 23].

Several reports have suggested IRE as a useful ablation modality for hepatic 
malignancies adjacent to major blood vessels and the biliary tree (Figure 1) [24, 25]. 
Complete tumor destruction post-IRE has been reported in an ablate-and-resect 
study [26]. Yet, as for every ablative technique, tumor size is a limiting factor with 
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efficacy declining with increasing lesion size [27]. Hence, best oncologic outcomes 
can be achieved for hepatic lesions with a maximum diameter up to 3 cm [28]. For 
larger lesions (≥ 5 cm), no response in terms of tumor control has been reported 
[27]. Tumor type also correlated with local recurrence; hepatocellular carcinomas 
was less associated with recurrence compared to metastatic disease [27]. The 
presence of surgical clips or stents within the ablation zone is a contraindication 
for IRE, as well as heat-based techniques, because of an unpredictable ablation 
pattern [29].  

Figure 1. Contrast-enhanced CT scan showing a small centrally located colorectal liver 
metastasis (1.7 x 1.2 cm) in segment VII/VIII abutting the right hepatic vein (arrow) (A). 
Non-enhanced CT scan showing one of the two electrodes in situ (arrow) (B). Contrast-en-
hanced CT scan three months post-IRE showing a non-enhancing ablation zone (arrow). 
Of note, the patient underwent left lobectomy and wedge excision because of another col-
orectal liver metastasis in segment VIII two months after the IRE procedure (asterisk) 
(C). Contrast-enhanced CT scan 4 years post-IRE showing no signs for local recurrence 
(arrow) (D). 

In comparison to heat-based thermal ablation or IRE, cryoablation is not 
considered a primary treatment option in the management of hepatic malignancies 
because of the risk to induce cryoshock; this is a situation in which tumor cell 
remnants are released into the system, which can cause a potentially life-
threatening systemic inflammatory response with multiorgan failure [30]. 
In addition, treatment success after cryotherapy for perivascular lesions is 
diminished due to its high susceptibility to heat-sink effects [31, 32]. 

Accurate interpretation of post-ablation imaging characteristics is crucial to 
evaluate treatment success and to guide future therapy [33]. Successful treatment 
following RFA, MWA or IRE appears as a hypodense lesion on contrast-enhanced 
CT, isointense on MRI DWIb800 and non-avid on F18-FDG PET-CT (Figure 2) [26, 
34]. Initial post-ablation examinations reveal a notable increase of lesion volume 
on contrast-enhanced CT and MRI, followed by a decrease during follow-up. In 

1
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addition, a transient peripheral hyperenhancing rim, presumably caused by 
hyperemia, may be visible after hepatic ablation [34, 35]. 

Figure 2. F18-FDG PET-CT showing a small (1.9 x 1.9 cm) colorectal liver metastasis 
(arrow) in hepatic segment II (A). PET-CT showing the FDG-avid lesion (arrow) with the 
microwave antennae in situ (asterisk) (B). Intra-procedural PET image fused with the cor-
responding CT image showing a large ablation zone, covering the complete lesion (arrow) 
(C). F18-FDG PET-CT immediately after treatment showing absence of tracer uptake of the 
treated area (D). Images obtained 6 weeks, 5-, 12-, and 24 months post-procedurally show 
a hypodense lesion on contrast-enhanced CT with shrinkage of the ablation zone (E-H).

In conclusion, thermal ablation with MWA or RFA is highly effective in the 
treatment of hepatic lesions. Due to its convection profile, MWA should, at least 
in theory, provide better local tumor control, especially for peri-vascular tumors. 
IRE should be considered in cases where thermal ablation is inapplicable due to 
tumor proximity to the biliary tree. 

Lung tumors
Percutaneous RFA is an alternate treatment option for inoperable patients with 
early-stage non-small cell lung cancer or oligometastatic pulmonary disease 
[2, 36]. Since the aired, healthy lung works as an insulator, ablation of tumors 
surrounded by pulmonary tissue necessitates less energy than treatment of those 
having pleural contact [37]. Thermal and electrical conductivity is low and the heat 
concentrates around the electrode, which protects healthy peritumoral lung from 
current-induced injury [38, 39]. Several studies have demonstrated preservation of 
the pulmonary function, making it an attractive therapy for patients who present 
with high-risk pulmonary and cardiac comorbidities [40, 41]. Tumors with a 
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maximum diameter of 2 cm can effectively be treated; a significantly lower success 
rate is described for tumors ranging from 2 – 3 cm [42]. One study evaluated 
the pathological effectiveness of RFA for lung metastases and demonstrated 
100% necrosis in all lesions [43]. Similarly to surgical resection, an appropriate 
ablation margin should be attained; a 8 and 6 mm margin for adenocarcinoma and 
squamous cell carcinoma, respectively, is needed to cover 95% of the microscopic 
tumor extension [44]. Tumor type is an additional determinant for treatment 
success, in which adenocarcinoma is associated with a favorable oncologic outcome 
[45]. 

Long-term survival data concerning MWA and cryoablation in the management 
of primary or secondary disease are not widely available [2, 46–48]. Yet, 
preliminary studies concluded that both techniques are safe and efficacious 
[2, 46–50]. Moreover, cryoablation is an attractive option for tumors along the 
pleura and chest wall since the technique is associated with less intra- and post-
procedural pain (Figure 3) [51].
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Figure 3. 81 year-old male with lung metastasis from colorectal cancer. (A) Computed 
tomography (CT) image obtained in the transverse plane following intravenous admin-
istration of iodinated contrast material shows a small pathologically proven metastasis 
(arrow) of primary rectal adenocarcinoma along the medial aspect of the right lower pul-
monary lobe adjacent to the inferior pulmonary ligament and posterior to the inferior vena 
cava. (B-C) Non-enhanced CT scan shows the cryoprobe in situ (arrow) and an iatrogenic 
pneumothorax (asterisk) requiring a chest tube (arrow). (D-F) Imaging 4 weeks, 6-, and 
30 months after the procedure shows no signs for local recurrence and notable shrinkage 
of the ablation zone during follow-up.

Although injury to surrounding normal tissue and lung parenchyma is limited 
during thermal ablation, procedures can result in complications like pneumothorax, 
hemorrhage, fistula formation and bronchospasm [52, 53]. In addition , thermal 
ablation of lesions close to the heart might be challenging; treatment may damage 
the myocardium or provoke arrhythmias [54, 55]. Moreover, tumor tissue cooling 
induced by the well-perfused structures such as the heart and large pulmonary 
vessels could prohibit sufficient heating to attain complete ablation [56]. 

Although results from preclinical studies investigating IRE for lung ablation 
are highly promising, preliminary clinical outcomes have been unsatisfactory 
(Figure 4) [57–59]. Presumably, the disappointing results can be explained by 
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high differences in electric conductivity between lung parenchyma and tumor 
tissue [59]. 

Figure 4. 68 year-old male with lung metastasis from thyroid cancer. (A) Computed tomog-
raphy (CT) image obtained in the transverse plane following intravenous administration of 
iodinated contrast material shows a biopsy-proven metastasis (arrow) of primary thyroid 
cancer in the right lower pulmonary lobe near the bronchovascular bundle. (B) Intrapro-
cedural CT scan shows the two electrodes in situ (arrows). (C-E) CT imaging after 4 weeks, 
3 months and 1 year post-IRE shows a hypodense lesion without signs for local recurrence 
(arrows). (F) Follow-up CT scan 1.5 years after the procedure reveals a local recurrence. 

In summary, ablation with RFA of primary or oligometastatic lung tumors 
is safe and highly effective, especially for patients who are medically unfit to 
undergo surgery. Cryoablation should be considered the treatment of choice for 
lesions adjacent to the pleura and chest wall. Unlike thermal ablation, there is not 
an obvious rationale to incorporating IRE in the treatment armamentarium for 
malignancies within the lung at this point. 

Kidney tumors
For patients with stage I (T1a) renal cell carcinoma cryoablation or RFA can 
be considered a primary treatment option where ablation success is strongly 
correlated with the size of the tumor [5, 60, 61]. Excellent and durable outcomes 
can be achieved in tumors less than 3 cm in diameter. Careful patient selection 
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is of paramount importance since thermal techniques are associated with higher 
local recurrence rates compared to conventional surgical techniques [62–65]. 
Hence, elderly and those with competing health risks should be considered 
optimum candidates for thermal therapies [60]. The reported marginally lower 
oncologic outcomes after thermal ablation can be balanced by significantly lower 
complication rate and preservation of renal function, especially in patient with 
high burden of comorbidity [5, 66].  Further advantages of ablation are a generally 
shorter hospital admission length and a low-cost-strategy character [67]. Long-
term clinical and oncologic outcomes after percutaneous RFA in comparison with 
partial nephrectomy for patients with stage T1a RCC lesions show that treatment 
with RFA is associated with a lower risk of acute kidney syndrome, along with 
comparable 5-year oncologic outcomes [68]. 

Some studies suggest cryoablation to be favorable to high-temperature based 
techniques because of relatively low morbidity and high efficacy [69]. Laparoscopic 
cryoablation is associated with shorter procedure time, shorter hospital admission, 
less blood loss, and a lower complication risk compared to laparoscopic partial 
nephrectomy [70]. Unfortunately, this is countered by an increased risk of local 
and distant progression after focal ablation [70]. Compared to laparoscopic 
cryoablation, the percutaneous approach appears to be equal or even superior in 
terms of survival [71, 72].

Although MWA offers several theoretical advantages over RFA, clinical 
outcomes in literature are not consistent. Several studies reported oncologic 
outcomes that are comparable with post-surgery data [73, 74]. Yet, this heat-based 
technique is associated with a high intraoperative and postoperative complication 
rate (20%, and 40%, respectively) as well as an undesirable recurrence rate of 
40% [75]. 

Preliminary data showed that IRE is a feasible and safe procedure for renal 
tumors near the renal collecting system; up till now no major complications have 
been observed [76–78]. Even though IRE hypothetically spares the ureter, there is 
a possible risk of stricture. Especially, treatment settings of 2000 V/cm or higher 
cause transmural necrosis and injury to the tunica muscularis, which could 
increase the change of stricture formation and reduction of lumen patency [79, 80]. 
Nonetheless, data regarding the efficacy of renal IRE are scarce and inconclusive. 
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Studies evaluating the histopathologic response revealed no complete tumor 
destruction post-IRE [76, 78].

In summary, RFA and cryoablation are both highly effective treatment options 
for kidney tumors and ablation with IRE may prove useful for treating centrally 
located tumors and tumors infiltrating the collecting system. Nevertheless, more 
research is warranted to determine the role of IRE in for treating kidney cancer. 

Bone tumors
According to the CIRSE Quality Improvement Guidelines, cryotherapy and RFA 
can be used as potential curative treatment options for primary bone tumors or 
secondary musculoskeletal disease; complete treatment may be achieved in slow-
growing tumors with diameter <3 cm in <3 separate locations [6]. Yet, there are 
only a few studies available supporting this. 

Metastases of breast, prostate, and lung cancer are the most common 
malignancies in the bone [81]. Up to 80% of the patients report debilitating 
pain, affecting quality of life and performance status [82, 83]. Consequently, 
pain palliation is often the primary treatment goal. Cryoablation and RFA are 
most commonly used for the ablation of skeletal metastases. Both modalities can 
effectively be used for osteolytic, mixed osteolytic/osteoblastic, or soft tissue 
lesions [84]. Up till now, no comparative studies have been conducted to compare 
clinical outcomes after RFA and cryoablation for the palliation of painful bone 
metastases. Nonetheless, post-treatment reported pain scores are statistically not 
different between both techniques [84]. For osteoblastic lesions, cryoablation is the 
modality of choice due to the poor delivery of RFA energy into sclerotic bone tissue 
[85, 86]. Cryotherapy is better suited for treating large hypervascular tumors or in 
lesions that are located near metal hardware [84]. Early outcomes following MWA 
of bone metastases are promising. Studies show that MWA is well tolerated with 
an impressive efficacy [87]. Patients report a reduction in pain as well as analgesic 
use while having an improvement of function [87]. Although selected patients can 
benefit from RFA or cryoablation, the disadvantage of these thermal modalities 
is the increased risk of permanent nerve injury. For patients with lesions close 
to neural structures, IRE might be an accurate treatment alternative. Preclinical 
animal studies showed regeneration of initially damaged axons with complete 
recovery of function [88–91]. Nonetheless, a study exploring the post-ablation 
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effects of IRE in the epidural space of the porcine spine demonstrated that even 
at low voltage settings nerve root injury can occur [92]. In addition, nerve damage 
has also been observed in clinical practice [93]. Owing to its working mechanism, 
IRE might be an attractive treatment modality to prevent post-ablation fractures 
since IRE spares the extracellular scaffold. Preclinical results revealed that IRE has 
the potential to change the status of cellular immunity in osteosarcoma-bearing 
rats  [94]. Clinical data regarding IRE for bone tumors is very limited. Currently, 
only one case report have been published describing a successful ablation of an 
Ewing sarcoma [95]. 

In summary, RFA and cryoablation can successfully be used as primary 
treatment for bone tumors in the curative- and palliative setting. IRE might have 
the potential to be a complimentary treatment option, however, data concerning 
safety and efficacy is presently unavailable.  
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INTRODUCTION

Surgical resection is the definitive treatment option for patients with primary or 
metastatic cancers, resulting in the best possible patient outcomes when resection 
is achieved with negative margins. However, involvement of vital structures 
such as blood vessels, genitourinary or gastrointestinal tract often poses a 
contraindication to safe and successful surgical resection. 

In light of the limitations of surgical resection for tumors involving the vital 
structures, a number of locoregional therapies have been developed in the last 20 
years. Focal ablation, which has gained increased attention in the recent years, 
is a local technique that uses energy to destroy tumor tissue. Of focal ablation 
techniques, thermal ablation using radiofrequency ablation (RFA) or microwave 
ablation (MWA) is most frequently used. The intent of thermal ablation is to 
destroy malignant cells; however, extra-cellular proteins will also be heated and 
could be denatured, leading to permanent damage to the tissue infrastructure 
including vital structures [1]. Consequently, thermal ablation is contraindicated 
adjacent to the biliary tree, major blood vessels, intestines, nerves and the urinary 
tract [2-4]. Moreover, lesions adjacent to major blood vessels pose a challenge to 
thermal techniques due to the “heat-sink” effect: the cooling effect of blood flow 
in vessels greater than 3 mm, leading to incomplete ablation [5,6].

Recently, a novel ablation technique that potentially circumvents the 
abovementioned limitations was introduced: irreversible electroporation (IRE). 
IRE is an image-guided ablation technique where electric pulses are applied 
through needle electrodes. By applying the electric field in-situ, irreversible cell 
damage could be achieved, leading to cell death without substantially raising the 
temperature of the tissue [7]. Considering that the primary working mechanism 
of IRE is non-thermal, the extracellular matrix should theoretically remain intact 
while all cells are destroyed within the ablation zone [8]. As a result, the structural 
integrity of inlaying and adjacent vital structures including bile ducts, blood 
vessels, urinary tract, prostrate, intestines, and nerves should also be retained 
due to the preservation of the collagen framework followed by regeneration 
[9]. Several animal model and clinical studies investigating this hypothesis are 
presented below.
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BLOOD VESSELS

Preclinical studies
The impact of large blood vessels adjacent to the tumor on the efficacy of IRE formed 
the topic of investigation of four preclinical studies [10-13]. In a porcine model of 
liver cancer, Charpentier et al [12] reported that IRE achieved hepatocyte necrosis 
extending to the margin of the large hepatic veins, without evidence of heat-sink. 
In another porcine model of liver cancer, Lee et al [13] reported that IRE achieved 
uniform ablation not sparing perivascular tissue in tumor tissue contiguous to 
hepatic veins, as seen on computer tomography (CT) evaluation, gross pathology, 
as well as histopathology evaluation. When triphenyl tetrazoliumchloride vitality 
staining was used by Au et al [10] 10 minutes after IRE, the demarcated ablation 
zone was seen to be unaffected by large blood vessels or bile ducts and there 
was little change thereafter. Lastly, Ben-David et al [11] reported no influence on 
the shape or size of the ablation zone by the presence of blood vessels. Despite 
generally positive findings, however, the effect of large blood vessels on the efficacy 
of IRE remains inconclusive. Although Charpentier et al [12] found that IRE did not 
cause a heat-sink, they also reported a more irregular ablation zone in the liver 
hilum than in intra-hepatic zones, potentially because the liver hilum is located 
in proximity of large blood vessels. When an in vivo rat model was used, Golberg 
et al [15] reported that IRE in the proximity of larger vessels and clustered vessel 
structures had less effect than IRE in the tissue parenchyma or in the proximity 
of smaller vessels, suggesting either a heat sink, or as they stated, an ‘electric field 
sink’. 

Other preclinical studies studied the effect of IRE on blood vessel patency, 
focusing on tissue with blood vessels traversing the ablation zone [16-22,13,11]. 
Nine studies ablating tissue with traversing blood vessels demonstrated the 
preservation of large vessels [17-19], intact architecture [20,11], and color flow 
angiography on 2D ultrasound imaging [19] without signs of thrombosis [21,19]. 
However, signs of acute vasculitis such as leukocyte, lymphocyte, and neutrophil 
infiltration in the vessel wall; endothelial damage [22,20,18,17,13]; transient loss 
of smooth muscle cells; and occasional interruption of blood flow and occlusion 
by erythrocytes and fibrin deposition [20] were also reported, mainly in the 
smaller vessels. Additionally, although the primary aim of the study of Lee et al 
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[13] mentioned above was to study the presence of blood vessels on IRE rather than 
IRE on blood vessel patency, nevertheless they also reported a transient narrowing 
of large vessels in 9/23 cases, which resolved after 4 weeks. 

Studies investigating IRE-related injury to large blood vessels in the treatment 
zone are limited. In two studies where IRE was directly applied to vessels, the 
carotid artery was used [23,24]. At 24 hours after ablation, no difference was seen 
between IRE-treated vessels and control vessels in morphology or the number of 
cells in the tunica media. After 7 to 28 days, a lower number (75%) of vascular 
smooth muscle cells were present in the tunica media of IRE treated vessels 
compared to controls. However, no signs of thrombosis, aneurysm formation or 
vascular rupture were reported and there was no change in vessel diameter [23]. 
After 24 hours, endothelial damage seemed to have recovered [24].  

Clinical studies
Clinical studies have focused on evaluating the effect of IRE on vessel patency in 
close proximity to the ablation zone. 

In a study by Narayanan et al [25], 101 patients with 129 lesions of various 
malignancies were included (liver [100], pancreas [18], kidney [3], pelvis [1], aorto-
caval lymph nodes [2], adrenal [2], lung [1], retroperitoneal [1], and surgical bed 
of a prior Whipple procedure [1]). Observed abnormal IRE-associated vascular 
changes on imaging were (i) thrombosis of the left portal vein at one month follow-
up (n=1), (ii) non-occlusive thrombus in the main portal vein at 24h follow-up 
(n=1), and (iii) mild vessel narrowing (<20% of original caliber) involving the 
superior branch of right portal vein, main right portal vein, and right hepatic vein, 
respectively, at 24h follow-up (n=3). All these were noted in the venous system, 
with the highest prevalence of changes in the portal vein. This may be related to 
flow dynamics within the portal venous system making it more susceptible to 
vascular damage [25]. The distance between the treatment area and vessel wall did 
not appear to be a significant factor in post-procedural vessel patency [25]. Long-
term follow-up revealed no late vascular deviations in the majority of vessels [25]. 

Vessel spasm was noted by Scheffer et al [26], who presented a case report of a 
67-year-old patient with locally advanced pancreatic carcinoma (LAPC) (stage III) 
who was percutaneously treated with IRE. On contrast-enhanced CT, a spastic but 
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patent hepatic and splenic artery was visible immediately following the removal 
of the electrodes. 

Recently, Martin et al [27] published findings from a study comparing outcomes 
between open IRE alone (n=150) and pancreatic resection plus IRE (n=50) in 200 
patients with LAPC (stage III). Noted vascular complications were a deep venous 
thrombosis (n=1), pseudo-aneurysm (n=1), hepatic arterial thrombosis (n=1), and 
a non-occlusive superior mesenteric vein/portal vein thrombosis (SMV) (n=1) (all 
Clavien-Dindo grade II). A patient in the in situ group with prior complete portal 
vein thrombosis/SMV occlusion died within 90 days after the procedure because 
of liver failure. Similarly, Philips et al [27] reported two cases of bleeding and one 
case of progressive portal vein thrombosis after a total of 167 IRE procedures in 
various unresectable tumors (with a majority being liver [39.5%] and pancreatic 
[35.5%] lesions). Progression of vessel thrombosis may be stimulated by IRE, most 
likely through edema after the ablation procedure [28].

It remains a matter of debate whether or not IRE is a safe procedure in the 
vicinity of blood vessels. The most commonly reported vessel-related complication 
post-IRE is thrombosis, with the portal vein being the most affected site. IRE may 
also cause hemorrhage. Administration of anticoagulants of which the effect could 
be easily reversed (e.g., heparin) may be considered post-procedurally in order to 
minimize the risk of thrombus formation. Nonetheless, data on this are lacking. 
In addition, needle placement in direct contact with blood vessels may result in 
thrombosis or hemorrhage as a result of a thermal effect since heat development 
during IRE seems unavoidable [29-31]. Consequently, direct contact (>2 mm) 
between the active electrode tip and blood vessels should be avoided [32].

BILIARY SYSTEM

Preclinical studies
In preclinical studies, preservation of bile ducts post-IRE is noted without any sign 
of bile leakage [17,19,16]; however, there are signs of acute choledochitis [18] and 
occasional apoptotic cells [33].  

2
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Clinical studies
To assess biliary complications after percutaneous IRE of 22 hepatic tumors (in 11 
patients) located within 1 cm from major bile ducts, Silk et al [29] retrospectively 
examined all pre- and post-procedural CT images for signs of bile duct dilatation, 
obstruction, or leakage (Figure 1 and 2). In addition, serum bilirubin and alkaline 
phosphatase values were evaluated to identify possible biliary injury. In their 
review, an increase of pre-existing or new onset biliary duct dilatation was 
detected in three patients. However, the reported dilatation was secondary to 
tumor progression in 2/3 cases. Only the subsegmental bile duct prominence, 
which developed in the third patient who had no laboratory signs of bile duct 
injury, was considered directly related to the IRE procedure. This adverse event 
might be the result of a thermal effect since retrospective assessment of the CT 
images revealed that one needle was placed in direct contact with the bile duct 
[29]. 

Figure 1. Representative tumor locations (arrowheads), bile ducts (arrows), and imme-
diate follow-up imaging after IRE treatment showing ablation cavity (asterisks). Tumors 
included in the study were located ≤1 cm from the common hepatic duct (a) or a primary 
branch (b) [28].
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Figure 2. A 52-year-old man with colorectal metastases underwent IRE treatment for two 
tumor locations. (a) Initial contrast-enhanced CT scan (portal venous phase) performed 
before treatment shows baseline duct width. (b) Follow-up CT scan performed immediately 
after the procedure shows ablation cavity and a prominent segmental duct (arrowheads). 
(c) Follow-up CT scan performed 1 month later still shows bile duct dilatation (arrow-
heads) [28].

Similarly, Kingham et al [34] evaluated the safety of IRE for patients with 
malignant liver tumors that were located near (<1 cm) major hepatic veins or 
portal pedicles. Twenty-eight patients with 65 tumors were included, of whom 
22 patients [79%] were treated with an open approach and 6 [21%] were treated 
percutaneously. Post-IRE, one grade I portal vein thrombosis occurred (1.5%), with 
no biliary dilation. Additionally, Hosein and colleagues [35] examined all available 
follow-up CT scans and detected no vessel stenosis, thrombosis, or shunting within 
or adjacent to the treatment zones. Biliary strictures were also not observed on 
post-procedural imaging. 

A prospective analysis was performed by Cannon et al [36] who analyzed 
the safety of IRE for hepatic tumors in close proximity to major vascular or 
biliary structures or to adjacent organs. Forty-four patients (20 colorectal liver 
metastases, 14 hepatocellular carcinoma, and 10 other metastases) underwent 48 
IRE procedures. Biliary complications were stent occlusion and cholangitis due to 
biliary stent occlusion. During follow-up, neither biliary stricture nor portal vein 
thrombosis was reported. 

Lastly, Dollinger et al [37] evaluated biliary complications after IRE of hepatic 
tumors in 24 patients (53 tumors). Bile ducts were located within a radius of 1.0 
cm of the ablation zone. Subacute follow-up MR images (i.e. 1-3 days post-IRE) 
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showed 15 bile duct injuries: narrowing (n=8) and dilatation (n=7). Further, three 
patients showed transient abnormalities of laboratory values (bilirubin, 1.6-5.2 
mg/dL) at subacute follow-up.

The abovementioned clinical data corroborate the referenced animal data, 
advocating the relative safety of hepatic IRE in proximity of blood vessels and 
bile ducts. However, bile ducts adjacent to the target area may be negatively 
affected, leading to cholangitis and biliary obstruction. Therefore, prophylactic 
biliary protection is recommended prior to the procedure since placement of a 
plastic biliary endoprosthesis or percutaneous transhepatic cholangiography 
drain may be more difficult post-IRE due to extensive swelling of the ampullary 
area (unpublished data).

PANCREAS

Preclinical studies
Preclinical studies in swine have demonstrated the feasibility and relative safety 
of IRE in pancreatic tissue [38-41]. In all studies, IRE ablations in pancreas were 
performed in healthy swine. No immediate complications were seen [38-41]. In 
the days following IRE, a transient increase in white blood cell count, normalizing 
on the second [40] or third [38] day; a transient increase in amylase and lipase, 
normalizing on the second [40], third [38] or 14th day [41]; lactate dehydrogenase, 
normalizing on the 14th day [41]; and aspartate transaminase, normalizing on the 
14th day [41] or remaining elevated throughout the 14 days of evaluation [38] were 
seen. Blood urea nitrogen and creatinine remained within normal limits for all 
animals [38]. Some animals developed ascites, with a similar increase in amylase 
and lipase on day 1 which decreased after; however, no clinical signs of pancreatitis 
were observed and this finding was confirmed on pathologic evaluation [40]. In 
the study by Bower et al, all animals experienced a transient hypoglycemia 1-3 
hours post-operatively which began to resolve after 5 hours and was normalized 
on the first post-operative day [38].

Clinical studies
In the clinical setting, Martin et al [42] performed a prospective multi-institutional 
pilot evaluation of twenty-seven patients undergoing open IRE for LAPC (stage 
III). IRE device-related complications (n=4) were progression of a portal vein 

137341_Laurien_Vroomen_BNW-def.indd   46 13-8-2019   09:17:35



47

Chapter 2

thrombus, a new-onset complete portal vein thrombosis, a duodenotomy leak 
after removal of a metal stent at the time of operation, and a duodenal leak after 
transduodenal needle placement.

In addition, Paiella et al [43] reported two IRE-related adverse events in one 
patient after pancreatic IRE: an abscess within the pancreas accompanied by a 
pancreoduodenal fistula. Any invasive treatment was not mandatory since the 
patient responded well to broad-spectrum antibiotic therapy.

Trueba-Arguiñarena et al [31] treated a 66-year-old patient with IRE for the 
management of a malignant pancreatic adenocarcinoma that involved the celiac 
artery. Pre-IRE, contrast-enhanced CT revealed thrombosis of the splenic and 
mesenteric vein with abundant collateral circulation from the intestinal venous 
return, and a patent portal vein. Five days post-procedural fluid in the right 
abdomen and edema in the wall of ascending colon was detected on imaging, which 
was probably due to collateral vein damage by needle placement compromising 
the venous drainage. This complication was successfully treated with diuretics 
and resolved during follow-up. Nine days post-IRE, the patient presented with an 
episode of hematemesis that required blood transfusion and was related to six 
transgastrically inserted electrodes.

Furthermore, Scheffer et al (unpublished data) prospectively investigated the 
safety of percutaneous IRE for LAPC (stage III) in twenty-five patients. Twenty-
three adverse events occurred in 10/25 patients, with a median grade of Common 
Terminology Criteria of Adverse Events (CTCAE) grade I (range, I-III). Within 90 
days post-IRE, 3/10 patients with no previous biliary protection developed new-
onset biliary obstruction (grade III) requiring additional treatment. The placement 
of the biliary endoprosthesis or percutaneous transhepatic cholangiography 
drainage was challenging in 2/3 patients due to extensive swelling of the ampullary 
area. Moreover, one patient developed stenosis of the superior mesenteric artery 
six weeks post-IRE. Lastly, two grade IV complications occurred, one edematous 
pancreatitis with bile leakage and hemodynamic instability and one life-
threatening hemorrhage caused by a duodenal ulcer.

In a study by Kluger et al [44], prospective data of consecutive patients who 
received IRE for T4 pancreatic tumors were analyzed to determine treatment 
safety, using the Clavien-Dindo classification. A total of 50 patients underwent 53 
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IRE procedures for primary treatment (n=29) or margin extension (n=24). Post-
procedural mortality (i.e., within 90 days post-IRE) occurred in six patients, five of 
whom were in the primary treatment control group. Among the direct IRE-related 
complications, the authors reported: upper gastrointestinal hemorrhage (grade 
III; n=3), duodenal ulceration/perforation (grade III; n = 1), biliary obstruction 
(grade III; n=1), duodenal and bile duct necrosis (grade V; n=1), duodenal-
cutaneous fistula (grade V; n=1), portal vein thrombosis (grade V; n=1), and 
bleeding of the gastroduodenal artery (grade V; n=1). Although there were no 
significant differences in the incidences of grade III-IV complications based on the 
modifiable IRE-parameters, needle placement, tumor size, or primary treatment 
versus margin extension, some complications in patients receiving treatment in 
margins seemed to be secondary to the injury of normal pancreatic tissue.

Pancreatic IRE is generally well tolerated; however, major adverse events could 
occur. It is suggested to place electrodes mainly in tumor tissue and circumvent 
electrode placement in - or ablation of healthy pancreatic tissue in order to avoid 
IRE-induced pancreatitis since IRE may cause self-digestion of the pancreas itself. 
The procedure could be performed percutaneously or using an open approach. The 
choice is at the discretion of the physician. Although complication rates appear 
similar between the two techniques, both approaches have advantages over each 
other (unpublished data). The advantage of percutaneous IRE over open IRE is 
the ability to use CT guidance during the procedure, which gives the surgeon the 
ability to determine the exact three-dimensional tumor measurements and its 
vicinity to surrounding structures. In addition, percutaneous IRE is less invasive 
than open IRE since the open approach requires laparotomy. On the contrary, open 
IRE enables real-time differentiation between resectable and unresectable tumors 
and the detection of metastases that are not yet visible on imaging.

URINARY TRACT

Preclinical studies
For IRE in urologic tumors, the main concerns are the patency of traversing nerves 
and the urinary collecting system. In preclinical performance of IRE around 
urinary collecting systems, microscopic evaluation showed a completely destroyed 
urothelium but intact extracellular matrix [45-49]. However, when evaluated 
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with fluoroscopy, impeded peristaltic segments were observed [47]. There were 
no signs of leakage or damage of the collecting system when ablating kidneys 
[45,48,50]; no signs of kidney failure [50]; and no signs of cicatrisation, shrinkage, 
or ulceration of the renal pelvis and calyxes [50]. A transient increase in serum 
creatinine was seen but was within the standard values [50].

Clinical studies
Human data regarding renal IRE is scarce; nonetheless, preliminary data suggest 
safety of IRE in the management of renal tumors with preservation of renal 
function. Thomson et al. [51] treated ten malignant kidney lesions (in seven 
patients) that were unresponsive to alternative treatment methods. One patient 
with a previously damaged ureter by RFA developed a ureteric stricture after IRE, 
requiring a ureteric stent. Although the ureter or collecting system was centrally 
located in all target lesions, no other strictures were observed. Additionally, 
transient hematuria (<24h) occurred in two patients after direct puncture of the 
renal pelvis by an 18-gauge needle electrode; however, it resolved spontaneously. 
In a retrospective study by Trimmer et al [52], 20 patients underwent CT-guided 
IRE of T1a renal carcinoma (n=13) or small benign or indeterminate renal masses. 
Post-IRE, no major adverse events occurred. However, minor complications, i.e., 
postprocedural pain (n=2), perinephric hematomas (n=2), and urinary retention 
secondary to anesthesia (n=3), were noted in 35% (7/20).

Regarding focal IRE of the prostate, Valerio et al [53] described a cohort of 34 
men with a median follow-up of six months (range, 1-24), of whom potency and 
continence were preserved in 95% and 100%, respectively, post-IRE. A study by 
Ting et al [54] examining IRE for localized prostate cancer corroborated these 
findings. Functional follow-up was comparable to Valerio et al and there was no 
significant decline in urinary, sexual, or bowel function after six months follow-
up. These data are very promising and may have important clinical implications 
in minimizing complications after focal prostatic therapy.

NERVES

Preclinical studies
IRE’s effect on nerves has mainly been investigated by applying IRE directly to 
sciatic and femoral nerves. Two studies showed that immediately after injury, 
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nerve continuity was preserved [55,56]. In one of these, by Li et al, where IRE 
was performed on the sciatic nerve, the authors reported immediate signs 
of disintegrated myelin sheet [55] and immediate complete paralysis with a 
reduced nerve conduction velocity. However, these were temporary; the myelin 
sheet regenerated after seven weeks and the paralyzed foot recovered normal 
function after seven weeks. In another study, where IRE was also performed on 
the sciatic nerve, the authors reported loss of Schwann cells after three days [57] 
but these also regenerated two weeks. One study reported that two months after 
IRE treatment on the sciatic nerve, the compound muscle action potential (CMAP) 
remained lowered in half of the animals [58]; this finding was different from Li 
et al in which proximal and distal CMAP recovered 7 and 10 weeks after IRE, 
respectively.

In one study where IRE was applied on the vertebrae, no neurologic defects 
were detected when IRE was performed directly over the posterior cortex or 
pedicles where the nerves exited the central nerve system [59].

Clinical studies
To date, there are very few articles describing the preliminary results of IRE to 
treat locoregional pelvic tumor recurrences that are otherwise unsuitable for 
established treatment options due to the vicinity of major nerves, prostate, or 
ureter.

The first article, by Niessen et al [60], presented a case report of a 56-year-old 
woman who was referred for IRE treatment of a large advanced local recurrence of 
endometrial tumor (maximum tumor diameter was 14.9 cm) with infiltration of the 
sacral bone and nerve plexus. Two ablation procedures were performed to cover 
the complete target lesion. After the first procedure, no neural symptoms were 
observed, such as aggravated back pain, sensory deficit, loss of leg strength, or 
paresthesia. Unfortunately, a mild 4+ paresis of the right extensor hallucis longus 
(L4 to S1) occurred after the second procedure, which resolved four weeks post-
IRE. Neurological examination revealed no sensory loss or impairment of bladder 
function.

Vroomen et al. [61] resented findings in a series of eight patients (9 tumors) who 
underwent percutaneous IRE to treat the recurrence of various tumors (primary 
rectal [n=4], anal [n=1], sigmoid [n=1], cervical carcinoma [n=1], and renal cell 
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carcinoma [n=1]) after a median follow-up of 14 months (range, 2-36). One delayed 
hemorrhage occurred after restarting anticoagulation therapy three days post-
IRE. Three patients showed lower limb motor loss with sensory involvement; 
partial recovery occurred in one patient. Two patients developed a hypotonic 
bladder, with complete recovery in one. Additionally, two patients showed upper 
limb motor loss with sensory involvement, which recovered partially in both.

In conclusion, IRE may represent a suitable technique to treat lesions that 
are located in the vicinity of neural structures. Nevertheless, loss of permanent 
function may occur. Intra-operative neuro-physiologic monitoring (IONM) during 
percutaneous IRE may be helpful to identify impending neural damage and to 
prevent permanent function loss since neural structures in the vicinity of the 
target area are often poorly visualized [62]. Future studies should evaluate its 
potential utility during IRE.

CONCLUSION

These preclinical and clinical studies provide a background of evidence suggesting 
that IRE may have a suitable role in the treatment of patients who are less than 
ideal candidates for current thermal ablation modalities due to tumor location 
in proximity to vital structures. Although theoretically IRE has a non-thermal 
working mechanism, some studies describe the thermal potential of IRE [63-
65,30]. To avoid potential thermal damage, electrodes should be placed in a way 
where there is no direct contact between the active tip of the needle and a vital 
structure. Nevertheless, the clinical data are consistent with the animal models 
of IRE and support the hypothesis that vascular structures in and around the 
treatment zone are not significantly affected by this modality. The ability to 
destroy tissue up to the vessel and biliary wall without damage to the vessel and 
biliary tree, respectively, gives IRE the potential to overcome the issue of local 
recurrences near these vital structures which, as noted above, is the clinical 
limitation of the thermal ablation. Further, data regarding IRE for the treatment 
of malignant lesions adjacent to neural structures, as well as renal and prostatic 
tumors are very promising and support the assessment of the safety and efficacy 
of IRE in larger studies.
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INTRODUCTION

As ablative techniques are used more than ever in oncologic treatment, increasing 
knowledge about the possible adverse effects has arisen. It is well known that 
thermal ablation of lesions in the proximity of critical structures, like major bile 
ducts, nerves, intestines, ureters, and vessels, has an unacceptable complication 
rate due to thermal damage and can therefore be contraindicated in selected cases 
[1–3].

Irreversible electroporation has been developed to address the tumors that 
are located in an area that is unsuitable for thermal ablation. Since the cellular 
destruction is, at least theoretically, triggered by a nonthermal mechanism, IRE 
is considered to conserve proteins and the underlying connective tissue [4–8]. 
Preclinical and early clinical data have demonstrated that IRE can destroy tumor 
tissue while preserving the structural integrity of major bile ducts, the urinary 
tract, and larger vessels (see Chap. 5: The Effect of Irreversible Electroporation on 
Blood Vessels, Bile Ducts, Urinary Tract, Intestines, and Nerves) [9, 10]. Hence, IRE 
shows promise for the safe ablation of difficult-to-reach tumors [11–15]. However, 
physicians should be aware of potential adverse events that may negatively affect 
patient outcome. Awareness, early identification, and the implementation of 
preventive and intervening measures may reduce the incidence and severity of 
complications [16].

This chapter will address the general complications that are associated with 
IRE and suggest safety-enhancing procedures. Several general anesthesiology-
related issues, such as pain management and the use of synchronized pulsing 
with the ardiac cycle to prevent arrhythmias, have been discussed in Chap. 6 
(Anesthetic Management During Irreversible Electroporation Procedures). Organ-
specific complications are summarized here but discussed more extensively in 
the various chapters in part IV.

IRE-related complications can be divided into three categories:

–– General risks associated with the procedure

–– Risks associated with probe placement

–– Risks associated with the pulsed electrical field
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RISKS ASSOCIATED WITH THE GENERAL PROCEDURE

Patient selection is crucial for treatment success in any type of tumor [17]. 
A multidisciplinary team should evaluate eligibility of the patients, based 
on (1) medical history and physical examination, with specific emphasis on 
contraindications for IRE, (2) laboratory assessment, and (3) appropriate 
preprocedural imaging to assess the stage of the disease (number, size, and 
location of lesion[s]). Patients with poor functional reserve (American Society 
of Anesthesiologists [ASA] performance status >3) at baseline should not be 
considered candidates for IRE.

A board-certified interventional radiologist, trained by one of the IRE proctors, 
should perform the IRE procedure. The preferred approach for IRE is topic of 
ongoing debate. Both methods have distinct advantages and disadvantages and 
none has proven yet to be generally superior over the other. Treatment approach 
should therefore be based on the experience of the performing physician. Since the 
open approach requires laparotomy, it enables the use of intraoperative ultrasound 
(US) for real-time differentiation between resectable and inoperable tumors and 
detection of micro-metastases. Furthermore, it gives the surgeon the possibility 
to manipulate overlaying structures to protect them from damage.

The advantage of the less invasive percutaneous IRE-procedure is the use 
of CT-guidance. This allows for three-dimensional tumor measurements and 
evaluation of its relation to surrounding structures. Determining exact inter-
electrode distances and electrode angulations is more accurate than with the US-
guided open approach. The length of hospital stay is in favor of the percutaneous 
procedure due to lower complication rates. Nonetheless, both approaches mandate 
extensive experience with image-guided tumor ablation.

In postoperative bedridden patients, thromboembolic complications can occur, 
which can represent a dangerous event in terms of mortality and morbidity with 
high social impact and costs. Postprocedural administration of low-molecular-
weight heparin (LMWH) until the patient has regained daily activity has proven to 
be an effective and safe method to prevent these events [18]. After major abdominal 
surgery there is evidence to even continue LMWH for a month after surgery [19].

3

137341_Laurien_Vroomen_BNW-def.indd   61 13-8-2019   09:17:42



62

Chapter 3

Infection is a major concern after oncological interventions, depending on the 
site treatment and is more often encountered after open procedures [20]. Maximum 
sterile precautions are therefore mandatory. The issue of prophylactic antibiotic 
agents for tumor ablation is controversial, with some operators administering 
them universally and others only in selected cases. There have been no randomized 
controlled trials on antibiotic agent use in patients undergoing tumor ablation; at 
present, most of the published data pertaining to this topic relate to the personal 
experience of various groups [21].

Although percutaneous tumor ablation is generally considered a clean 
procedure, pancreatic and hepatic IRE in the presence of a biliary enteric 
anastomosis, biliary stent placement, and after sphincterotomy should 
qualify as clean-contaminated procedures, due to retrograde enteric bacterial 
communication with the biliary tract. In these procedures, prophylactic antibiotics 
are usually recommended [20]. Furthermore, if during an IRE procedure stomach 
or bowel is traversed, an additional dose of antibiotics is often administered. In the 
absence of definitive scientific evidence, many practitioners continue the empirical 
use of prophylaxis.

Different infectious complications, like pneumonia, surgical site infections 
or urinary tract infections more frequently occur in patients who underwent 
laparotomy. Adequate precautions should be taken, like early urinary catheter 
removal, early mobilization and physical therapy, and adequate pain management 
(see Chap. 6).

The protracted extended-arm positioning required for CT-guided IRE is 
known to cause postural perioperative peripheral nerve injury (PPNI). Optimum 
patient positioning with the limbs preferably placed in natural position without 
stretching nerves, muscles, tendons, and vessels is helpful to reduce the risk of 
neural impairment [22]. To achieve safe and optimum positioning, foam wedges, 
cushions, vacuum bag systems, or dedicated positioning molds can be used.
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RISKS ASSOCIATED WITH PROBE PLACEMENT

The key to a successful and safe ablation is meticulous treatment planning and per-
procedural imaging. The required number of electrodes and their configuration 
should be determined based on features such as tumor shape and size, and its 
relation to critical structures that are at risk for injury [17].

During open IRE surrounding structures are often visible and can be moved 
or manipulated by the surgeon to some extent. The position of the electrodes 
is confirmed by intraoperative ultrasound, as is the relation of the probes to 
structures within the target organ. Eligibility for IRE should be questioned 
in case of transmucosal tumor invasion into surrounding intestines like the 
duodenum, considering the risk for ulceration and/or bleeding [23, 24]. Since 
bowel transgression may contaminate the sterile ablation zone, traversing the 
duodenum or colon with one or more probes should preferably be avoided during 
percutaneous IRE. Pneumo-, hydro-, and balloon-dissection as well as the so-called 
lever technique are safe, low-cost, and technically easy-to-perform maneuvers 
during percutaneous IRE to create space between intra-abdominal structures (Fig. 
7.1). As previously stated, supplementary antibiotic prophylaxis is recommended 
if traversing the intestinal tract is inevitable.

3
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Figure 7.1 CT fluoroscopy images during IRE. (a) Positioning the first electrode. (b) Pneu-
modissection with CO2 (red arrows) to obtain distance from the adjacent small bowel. (c) 
Liver technique with the pneumodissection needle (curved red arrow) which is deviating 
the small bowel laterally during the introduction of the second electrode. (d) Positioning 
of the second electrode passing by the small bowel.

CT imaging is crucial for probe placement during percutaneous interventions, 
but tumor delineation is often poor on unenhanced CT. When using an intravenous 
contrast agent the interventionist is restricted to a certain time-window after 
administration. Since the maximum dose of intravenous contrast material is 
already reached after one or two contrast injections, repetitive monitoring is 
precluded. Repeated imaging is mandatory during the multiple probe placements 
required for IRE. To allow repeated and real-time visualization of the tumor and 
adjacent vessels without exceeding the contrast threshold, a flush catheter can 
be placed in the proximal abdominal aorta (for pancreatic IRE) or in the superior 
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mesenteric artery (for hepatic IRE) prior to the procedure. Through this catheter, 
small amounts of diluted contrast are administered allowing accurate contrast 
enhanced imaging throughout the ablation. This improves safety and accuracy 
of electrode placement, while reducing the total dose of contrast administration 
(Fig. 7.2) [25].

Figure 7.2 (a) Flush catheter placed in the abdominal aorta cranial of the visceral arteries. 
(b) Flush catheter used to inject small amounts of contrast on CT to allow repeated and 
real time visualization of the tumor and adjacent vessels. (c) Nonenhanced CT with flush 
catheter in the aorta; celiac trunk is not visualized within the pancreatic mass (red arrow) 
and safe electrode positioning (asterisk) cannot be confirmed. (d) Catheter-based ceCT 
showing contrast in the celiac trunk (red arrow) within the pancreatic mass and the safe 
position of the electrode (asterisk) next to the celiac trunk.

Adverse events associated with needle insertion (e.g., pneumothorax, 
hemorrhage, biliary tract injury) are more often encountered with IRE than with 
other ablation techniques, presumably due to the higher number of required 
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insertions, the necessity for parallel probe placement in order to promote 
homogeneous energy delivery, and the fact that difficult-to-reach lesions are 
often centrally located and by definition surrounded by critical structures [26]. 
The recommended inter-electrode distance for each electrode-pair is 1.5–2.0 cm. 
Larger lesions require exponentially more electrodes and overlapping ablations 
are usually necessary to obtain a complete ablation including a tumor-free margin 
[27]. The likelihood for adverse events as well as incomplete tumor coverage 
resulting in residual tumor increases with the number of electrodes [28].

To minimize the risk of per-procedural bleeding, coagulation abnormalities 
should be verified and corrected if necessary, aiming at an INR value of <1.20 and 
an APTT value of 25–40s.
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PREVENTING RISKS ASSOCIATED WITH PULSED ELECTRICAL 
FIELD EXPOSURE

The application of multiple cycles of short and intense (up to 3000 Volt) electrical 
pulses presents several challenges in the anesthetic management that need to be 
anticipated and can lead to various site-specific complications (Table 7.1). These 
complications are discussed in detail in the concerning chapters.

Table 7.1 Site-specific AEs associated with IRE

Organ Complication(s) Incidencea Severity
Liver [12] Bile duct occlusion

Portal vein thrombosis/occlusion
Cholangitis
Hamothorax
Pneumothorax
Pleural effusion

Intermediate
Intermediate
Low
Low
High
Intermediate

Major
Major
Major
Major
Minor
Minor

Pancreas [12, 36] Portal vein thrombosis/occlusion
Pancreatitis
Bile leak
Pancreaticoduodenal fistula
Hematoma
Duodenal wall necrosis or 
leakage

Intermediate
Intermediate
Low
Low
Low
Low

Major
Minor – Major
Major
Minor – Major
Minor
Major

Kidney [12] Ureter obstruction
Transient hematuria
Adrenal ablation

Low
High
Low

Major
Minor
Minor

Lung [12] Parenchymal hemorrhage
Pneumothorax

Intermediate
Very high

Major
Minor

Prostate [36] Transient potency loss
Hematuria and/or debris
Dysuria
Urinary tract infection
Urinary retention

Intermediate
Intermediate
Low
Low
Low

Minor
Minor
Minor
Minor
Minor

Lesser pelvis [37] Neural function loss High [38] Major

In accordance to the working mechanism of IRE, vascular structures should 
theoretically remain intact [4–6]. However, vessel thrombosis and hemorrhage 
have been reported post IRE [29–31]. The most reported vessel-related 
complication post-IRE is thrombosis [11, 30]. The venous system might be more 
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at risk for vascular damage than the arterial system, with the portal vein most 
often affected due to flow dynamics. Edema of the ablation zone following IRE 
may further stimulate progression of vessel thrombosis and obstruction due 
to compression [30]. In case of an acute vessel occlusion, arterial or portal vein 
stenting may be performed directly after IRE [24, 32]. For patients prone to a 
portal vein occlusion, based on a preexisting narrowed portal vein, the stenting 
procedure can be facilitated by inserting a catheter into the portal vein prior to 
the procedure, over which the stent can be easily deployed afterwards (Fig. 7.3).

Figure 7.3 Portal vein stenting directly after IRE. (a) Catheter placement in the portal vein 
prior to IRE; (b) portal vein stenosis on ceCT prior to IRE; (c) stent positioning over the 
catheter after IRE; (d) expanded portal vein stent.
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Placement of a biliary endoprosthesis or PTC-drain prior to IRE is recommended 
in case of inadequate biliary drainage. Since an endoscopically placed biliary 
endoprosthesis (endoscopic retrograde cholangiopancreaticography [ERCP]) 
allows for biliary drainage without the use of an indwelling external drain, this 
technique is considered the preferred treatment. In case of biliary obstruction 
in the weeks following IRE, placement of a biliary endoprosthesis through ERCP 
may be more difficult due to extensive swelling of the duodenal or ampullary area 
[24]. In the months following IRE, endoscopic placement may be hampered by IRE 
induced fibrosis and remodeling of the ablated area. In these cases, percutaneous 
transhepatic bile duct drainage (PTCD) or rendez-vous techniques might be an 
option [33].

Direct contact between the active needle tip and vulnerable structures can 
cause thermal injury, as heat development of the electrodes during IRE has proven 
inevitable (see Chap. 9; Thermal Effects of Irreversible Electroporation) [10, 23, 34, 
35]. Although a safety mechanism within the IRE system automatically turns off 
energy delivery in case of overcurrent (>50 Ampère), thermal injury cannot be 
completely excluded. To avoid potential thermal damage, the distance between 
the active tip of the electrode and heat-susceptible bile ducts or vessels should be 
at least 2 mm [12]. Voltage, pulse length, interelectrode distance, active tip length, 
and electrode configuration each have a strong effect on temperature development 
and distribution during IRE. Sequential pulsing may reduce the temperature rise 
and consequently the extent and volume of thermal damage [34]. Further research 
should demonstrate whether this is truly beneficial with respect to procedural 
safety and whether this does not compromise ablation zone size and oncologic 
efficacy.

3
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ABSTRACT

Purpose: Irreversible electroporation (IRE) induces apoptosis with high-voltage 
electric pulses. Although the working mechanism is non-thermal, development 
of secondary Joule heating occurs. This study investigated whether the observed 
conductivity rise during IRE is caused by increased cellular permeabilization or 
heat development.

Methods: IRE was performed in a gelatin tissue phantom, in potato tubers, and in 
30 patients with unresectable colorectal liver metastases (CRLM). Continuous vs. 
sequential pulsing protocols (10-90 vs. 10-30-30-30) were assessed. Temperature 
was measured using fiber-optic probes. After temperature had returned to 
baseline, 100 additional pulses were delivered. The primary technique efficacy of 
the treated CRLM was compared to the periprocedural current rise. Seven patients 
received ten additional pulses after a ten minute cool-down period.

Results: Temperature and current rise was higher for the continuous pulsing 
protocol (medians, gel: 13.05 vs. 9.55°C and 9 amperes (A) vs. 7A; potato: 12.70 
vs. 10.53°C and 6.0A vs. 6.5A). After cooling-down, current returned to baseline 
in the gel phantom and near baseline values (Δ2A with continuous- and Δ5A with 
sequential pulsing) in the potato tubers. The current declined after cooling-down 
in all seven patients with CRLM, although baseline values were not reached. There 
was a positive correlation between current rise and primary technique efficacy 
(p=0.02), however the previously reported current increase threshold of 12-15A 
was reached in 13%.

Conclusion: The observed conductivity rise during IRE is caused by both cellular 
permeabilization and heat development. Although a correlation between current 
rise and efficacy exists, the current increase threshold seems unfeasible for CRLM.
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INTRODUCTION

Electroporation is a phenomenon that occurs when strong electric field pulses are 
applied to cells, thereby altering the transmembrane potential, and eventually 
leading to the formation of nanopores in the cellular membrane [1-3]. Depending 
on the magnitude of the electrical field pulses, frequency and exposure time to the 
electrical field, the permeabilization of the cellular membrane can be temporary 
(reversible electroporation) or permanent (irreversible electroporation; IRE) [4]. 
Reversible electroporation has been used to introduce genes and drugs into the 
cell, after which the cellular membrane recovers [5; 6]. In IRE, the combination of 
a high-magnitude electrical field and long exposure time to this electrical field is 
used, leading to permanent disrupted cell membranes and eventually apoptosis 
[7].

IRE has been investigated as treatment option for a variety of malignant 
tumors and safety has been confirmed in several studies [8-12]. Although IRE is 
currently used as a ‘last resort treatment’ (patients would otherwise be designated 
to palliative treatment), efficacy results are moderate [10; 13-15]. Local tumor 
progression (LTP) after IRE ranges between 55-93% for colorectal liver metastases 
(CRLMs) [11]. Therefore, it is desirable to obtain prognostic factors indicating 
complete ablation during the procedure to improve oncologic outcome. However, 
in contrast to thermal based ablation techniques such as radiofrequency and 
microwave ablation, temperature development and exposure time to temperature 
are not feasible as endpoints of successful ablation with IRE [16]. Furthermore, 
imaging directly after the procedure is not reliable due to edema, artefactual 
distortion, and formation of gas pockets during IRE [17].

Several studies have investigated methods to predict real-time treatment 
effectiveness [17-19]. An observed current rise during IRE of 12-15 amperes (A) has 
been suggested as indicator for successful ablation [17; 18]. This proposed method 
is based on the assumption that electrical properties of ablated tissue are altered 
by disruption of the cellular membranes in an ablation zone [17; 18]. By using an 
electric circuit model of tissue, the effects of electroporation on the electrical 
properties of ablated tissue can be illustrated (Figure 1). Prior to electroporation 
the current passes through the extracellular space, since the membrane capacitance 
prevents it from passing intracellularly. After electroporation, the induced 
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nanopores shunt the membrane capacitance, resulting in a lower cell resistance, 
because the parallel connected intracellular and extracellular resistance (RIC and 
REC) both contribute to the current conduction. Given this fact, the periprocedural 
current rise as an endpoint for IRE success is explained using Ohm’s law (          ), 
as the voltage is set and the resistance decreases.

Figure 1. Simple electric circuit model of biological tissue. I = current; IC = intracellular; 
EC = extracellular; CMEM = capacitance cell membrane; R = resistor.

However, the conductivity of human tissue is also affected by temperature. 
Although IRE was initially considered non-thermal, recent papers have shown 
a certain temperature rise during IRE due to secondary Joule heating [4; 20-22]. 
The correlation between tissue temperature and electrical conductivity can be 
characterized by the following equation (1):

   equation 1: σ(T)= σ0 [1+κ1 (T - T0)]

in which σ(T) is the conductivity (siemens/meter) at temperature T (°C), σ0
 is 

the equivalent conductivity at ambient temperature T0 and κ1 is the temperature 
coefficient of tissue, typically in the order of 2%/°C for aqueous solutions [23; 24]. 
Hence, electrical conductivity increases from σ0 to σ for a temperature increase 
of T0 to T. This conductance increase is physically explained by the fact that fluid 
viscosity decreases with increasing temperature, meaning increased mobility of 
the involved ionic charge carriers. Summarizing, when temperature increases, 
electric tissue resistance decreases and electric current increases.

Based on both formulas, our hypothesis and primary study objective was that 
the periprocedural conductivity rise may not be solely attributable to the decrease 

I =
U 
R
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in resistance caused by disrupted cell membranes, but also to a tissue temperature 
increase secondary to Joule heating. Our secondary objective was to investigate 
whether current increase and oncologic outcome are correlated in IRE for CRLM.

MATERIALS AND METHODS

In-vitro experiments
An acellular gelatin tissue phantom and a potato tuber model were used 
(Figure 2). The tissue phantom was made of 150 ml saline (NaCl 0.9%), 125 
mg ammonium persulfate, 100 ml 30% acrylamide/bis solution and 200 μl 
tetramethylethyleendiamine, and mimicked soft biological tissue with regard 
to its electrical properties [25]. Potato tubers are an established medium for 
research in electroporation, since any irreversibly electroporated area will be 
distinctively darker hours after electroporation due to the release of an enzyme 
called polyphenoloxidase through damaged cell membranes [26].

Figure 2. Setup of in-vitro IRE experiments. (A) two needle-electrodes were inserted 
parallel in the potato through an external spacer (white asterisk), ensuring inter-electrode 
distance of 2 cm and parallelism; (B) close-up image of the needle-electrodes (red aster-
isks) inserted in the gel phantom with two fiber-optic temperature probes (blue arrows) 
inserted at 0.5 and 1.0 cm distance from the electrode tip (black asterisk at bracket: active 
tip of the electrode).

4
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Treatment protocol
Electrodes were placed parallel to each other with an inter-electrode distance 
of 2.0 cm, active tip length of 2.0 cm, and 0.5 cm distance to the gel surface. To 
investigate whether the type of pulse protocol affects current increase, ninety 
pulses were either delivered continuously or sequentially in 3 cycles of 30 pulses, 
with a pulse length of 90 μsec, and a voltage-to-distance ratio of 1000 V/cm. To 
measure the temperature within the ablated area, two fiber-optic temperature 
probes, with a 1 mm diameter (TRUE Lumiterm X5, Ipitek, Carslbad, CA, US) were 
placed 5 mm from an electrode tip and right in the middle of the two electrodes 
(Figure 2). Temperature was measured prior to, during and after pulse delivery 
until it returned to baseline. Since baseline temperature of the gel phantoms and 
potato tubers varied, the temperature change (ΔT) was determined between 
baseline and maximum temperature measured. After a sufficient cool-down 
period, in which the temperature returned to baseline, the same pulse protocol was 
repeated. Furthermore, the sequential pulse protocol was applied in a preheated 
gel phantom (comparing 20 and 40°C). Additional data on hypotheses are given in 
Online Resource 1. All data regarding delivered current and voltage settings were 
obtained from the NanoKnife system.

In-vivo experiments
An evaluation of patients treated with percutaneous IRE for CRLM was performed. 
The cohort consisted of participants from the prospective COLDFIRE-2 trial 
[27]. The trial was approved by the Medical Ehtical Review Board of the VUmc. 
Inclusion criteria were small (≤ 3.5 cm) 18F-fluorodeoxyglucose positron emission 
tomography-computed tomography (18F-FDG PET-CT) avid CRLM, unsuitable for 
resection or thermal ablation due to proximity to vital structures. The procedure 
was performed using the NanoKnife system® (AngioDynamics, Latham, New York) 
and has previously been described [28].

Treatment protocol
The same pulse protocol was used as for the in vitro protocol. Patients treated 
with sequential pulsing (10-30-30-30 pulses) were compared with patients treated 
with continuous pulsing (10-90), which had been adjusted/incorporated during a 
routine protocol alteration in the VUmc.
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In seven patients, the standard pulses were followed by a 10-minute cool-down 
period, after which another 10 pulses were admitted. The resistance after this 
10-minute pause was calculated from the maximum current that arose during the 
last cluster pulses and the set voltage. This value was compared to the resistance 
at the beginning and end of the standard procedure.

Correlation efficacy – current increase
The increase in current (ΔI) was calculated for each needle-electrode pair by 
subtracting the maximum current of the first cluster pulses (i.e. 10 pulses) from the 
maximum current of the last cluster (Figure 3). In case of over- or undercurrent, 
the voltage settings were adjusted manually. To compare ΔI at the beginning and 
end of the procedure between individual patients, resistance was calculated using 
Ohm’s law dividing the voltage by the maximum current. Next, the difference in 
resistance between the first and last cluster was calculated (equation 2), and 
the mean decrease in resistance was determined for all needle-electrode pairs 
together (equation 3).

  equation 2:   ∆Rpair =Rend - Rbegin

  equation 3:   ∆Rtotal = (∆Rpair 1 + ∆Rpair 2 + ... +∆Rpair n )  ÷ n

Subsequently, the mean decrease in resistance was converted to the 
corresponding difference in current at a standardized voltage of 3000 V (equation 
4), to compare subjects.

  equation 4:   ∆I3000V = 

Patients with and without LTP were compared to investigate a correlation 
between efficacy of IRE and the current increase. If patients had at least a 18F-FDG 
PET-CT scan at 3 months, they were included in the analysis [29].

3000
∆Rtotal
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Figure 3. Current increase during IRE. Image obtained from the NanoKnife system show-
ing 1) a current decrease within a cluster of pulses; 2) a current increase (ΔI) of around 11 
ampere between the first and last cluster.

Statistical analysis
Continuous variables were presented with standard descriptive statistics 
including means, standard deviations, medians, and ranges. Categorical variables 
were presented with frequencies. A Pearson’s correlation was computed to assess 
the relationship between current and temperature increase. Student’s t-test for 
independent samples was used to compare current increase in patients with and 
without LTP. A p-value < 0.05 was considered statistically significant. Data were 
analyzed using SPSS version 22.0.

RESULTS

In-vitro experiments
During all in-vitro experiments a temperature increase was recorded, which was 
higher at 5mm from the electrode tips compared to the area in the middle of the 
electrode tips (10mm). Median ΔT was higher during continuous pulsing (p = 0.007 
at 5mm and p = 0.018 at 10mm) than during sequential pulsing, although the 
latter was not statistically significant (p = 0.074 at 5mm and p = 0.894 at 10mm). 
Medians of maximum ΔT are shown in Table 1 (note the small ranges compared 
to the difference of the medians). Median ΔI per pulse protocol is given in Table 2. 
Median cooling down time was 37 minutes. After this cool-down period, amperage 
decreased to baseline value in the gel phantom. In the potato tubers, amperage 
declined but did not reach baseline value (Δ2A with continuous- and Δ5A with 
sequential pulsing). ΔI was positively correlated to temperature increase for both 
mediums and pulse protocols (gel phantom p < 0.001 (continuous) and p = .002 
(sequential); potato tuber p = .019 (continuous) and p = 0.005 (sequential); Figure 
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4). When the baseline temperature of the gel phantom was preheated to 40°C, 
the starting amperage was higher compared to a baseline temperature of 20°C 
(Figure 5).
Table 1. Temperature increase during in-vitro IRE

Median (range) of the maximum temperature increase in ⁰C
Continuous pulsing
(10-90 pulses)

Sequential pulsing
(10-30-30-30 pulses)

p-value

Electrode tip (5mm)
Gel phantom (20°C) 13.05 (12.72–13.29) 9.55 (9.52–9.57) 0.007
Potato tubers 12.70 (12.15–13.25) 10.53 (10.22–10.83) 0.074
Between electrodes
Gel phantom (20°C) 5.86 (5.75–5.96) 4.99 (4.93–5.04) 0.018
Potato tubers 7.91 (7.74–8.07) 7.88 (7.86–7.90) 0.894

Table 2. Current increase during in-vitro IRE

Median (range) increase in current in amperes
Continuous pulsing
(10-90 pulses)

Sequential pulsing
(10-30-30-30 pulses)

Gel phantom (20°C) 9.0 (9.0–9.0) 7.0 (7.0–7.0)
Potato tubers 6.0 (6.0–6.0) 6.5 (5.0–8.0)

4
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Figure 4. Temperature (orange line) and current (dark blue line) development during 
in-vitro IRE. (A-B) Experiments in gel phantom including cool-down; (C-D) Experiments 
in potato tuber including cool-down. Note: the differences in scales. The data is linearly 
interpolated between the data points.
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Figure 5. Temperature (orange line) and current (dark blue line) development during 
in-vitro IRE with different starting temperatures of the gel phantom. Solid line: start-
ing temperature 38.74 ⁰C; dashed line: starting temperature 22.02 ⁰C. Note: the graphs are 
linearly interpolated between 10 and 100 pulses.

In-vivo experiments
Thirty patients were evaluated. Baseline characteristics are summarized in 
Table 3. After a median follow-up period of 11.5 months (range 3-30 months), six 
patients showed LTP (20%). LTP occurred relatively late after treatment, ranging 
from 5-23 months. All patients showed a decrease in resistance during IRE (mean 
21.6 ohms; range 6.2-43.7 ohms) and subsequently an increase in current (mean 
7.3A; range 0.9-16.0A). Patients with LTP showed a significantly lower decrease 
in resistance (14.8 ohms) compared to patients without LTP (23.3 ohms; p = 0.02; 
Figure 6A). This finding was correlated to a significantly higher current increase in 
patients without LTP (8.0 vs 4.5A; p = 0.02; Figure 6B). The mean current increase 
during continuous pulsing was lower than during sequential pulsing (6.2 vs 8.2A), 
however this finding was not statistically significant (p = 0.09).

4
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Table 3. Characteristics of all patients treated with IRE for CRLM

LTP
(n = 6; 20%)

No LTP
(n = 24; 80%)

p-value

Gender 0.25
Male 3 18
Female 3 6
Size longest diameter; 
mm, median (range)

19.0 (10.0-35.0) 21.5 (10.0-38.0) 0.94

# of electrodes, median 
(range)

4 (3-7) 4 (2-7) 0.54

Pulse protocol 0.60
Continuous 2 11
Sequential 4 13
Approach 0.48
Open 0 3
Percutaneous 6 21
Current ampere, mean 
(range)
Begin 31.1 (23.7-38.8) 25.2 (18.0-33.0)
End 35.6 (30.3-41.5) 33.3 (24.6-42.7)
Increase 4.5 (0.9-8.1) 8.0 (2.7-16.0) 0.02
Resistance ohm, mean 
(range)
Begin 91.4 (77.4-125.6) 103.0 (72.8-133.0)
End 76.7 (65.2-94.1) 79.6 (60.6-99.3)
Decrease 14.8 (6.2-31.4) 23.3 (12.2-43.7) 0.02

Seven patients received 10 additional pulses after a 10-minute cool-down 
period. All patients showed a current increase during the standard pulse protocol. 
The current after the 10-minute pause was lower compared to the current after 
90 pulses (Figure 7). 
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Figure 6. Box plots showing mean decrease in periprocedural resistance (A) and 
mean periprocedural increase in current (B) of patients with (green box) and without 
LTP (orange box). The dashed line is set at 12A.

Figure 7. Current development in patients. (A) data per individual patient; (B) box plot 
of current development of all patients; begin: measured current after the first 10 pulses, 
end: measured current after 100 pulses, 10 min: measured current after the 10 pulses 
following a 10-minute pause.

DISCUSSION

This study was performed to examine whether the observed current rise during 
treatment with IRE is based upon cell permeabilization within the ablation zone 
and/or upon temperature rise-related tissue conductivity increase. Both in the 
tissue-mimicking gel phantom and in the potato tuber, we observed a rise in 
current and temperature. These findings suggest that the current increase cannot 
solely be held accountable to membrane permeabilization, because in an acellular 
phantom permeabilization is absent. Furthermore, when temperature returned 
to baseline after the cool-down phase, the amperage of the following delivered 
pulses also returned to baseline values in the tissue-mimicking gel phantom 

4
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and declined in the potato tubers. This suggests that temperature increase that 
occurs during IRE plays a part in the current increase observed with IRE. The 
association between higher starting amperage and higher baseline temperature 
of the gel phantom also supports the hypothesis that current increase depends 
on temperature (Figure 5). 

After evaluation of 30 patients treated with IRE for CRLM, patients with LTP 
showed a statistically significant lower decrease in resistance and subsequently 
a low increase in current during IRE compared to patients without LTP. This 
is in accordance with the study performed by Dunki-Jacobs et al., who found a 
correlation between amperes increase and local recurrence after pancreatic IRE. 
They suggested a minimum current increase of 12-15A for successful ablation, with 
repetition of the protocol in case of a lower increase [17]. However, in the subset 
of patients without LTP in our study, only 3 patients (10%) showed an increase 
of at least 12A. Repeating the protocol in the remaining 21 patients without LTP 
(70%), as suggested by Dunki-Jacobs et al., would have implicated overtreatment 
and an increased risk of thermal damage caused by the accumulated energy of the 
additional pulses [1; 30]. A possible explanation for the low number of patients 
who experienced 12A increase during IRE, could be the different tumor histology 
(CRLM versus pancreatic cancer) [17]. These conflicting results suggest that the 
implementation of this value as feasible endpoint for successful ablation might 
be premature to apply to all tumor types [31]. Furthermore, it has never been 
established that applying additional pulses after 100 pulses will increase the 
ablation zone [32]. In fact, one could even hypothesize that the additional current 
increase during the extra pulses is ascribed to higher temperatures, rapidly 
increasing the risk for thermal damage.

If the conductivity increase depends on temperature increase, it is expected 
that the current increase in patients treated with continuous pulsing would 
be higher compared to sequential pulsing. However, there was no significant 
difference found in current increase between both pulse protocols. This finding 
could be explained by the observation that the median time for cooling-down in 
the in-vitro experiments was 37 minutes. So, the short pause of several seconds 
until approximately 1 minute between the consecutive 30 pulses during sequential 
pulsing in clinical patients may be too short to establish a temperature decrease to 
baseline values. However, living tissue is perfused and will conduct temperatures 
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faster and further away from the ablation zone compared to the gel phantom, 
shortening the cool-down period in vivo [33]. 

Another explanation could be the greater electroporation effect with sequential 
pulsing. Appelbaum et al. showed that sequential pulsing with a four-probe 
array created larger ablation zones than continuous pulsing [34]. The authors 
hypothesized that the increase in conductivity induced by an IRE pulse persists 
after the initial pulse. The shifts of cellular contents, caused by the opening of 
IRE-induced nanopores in the cellular membrane, occur in the order of minutes 
rather than seconds. So, timing of pulses might also influence ablation zone volume, 
due to increased electroporation effects with sequential pulsing. The greater 
electroporation effect will increase conductivity, but this effect is compensated by 
the lower increase in temperature compared to continuous pulsing, which causes 
a smaller electroporation effect but greater temperature increase.

After the 10-minute pause in patients, the current decreased in all patients 
but did not reach baseline values. If the conductivity rise would be explained by 
permeabilization of cell membranes, the pause would not have caused any decrease 
in current in the following pulses, since the permeabilization would be irreversible. 
However, if the conductivity only depends on temperature, the current would 
return to baseline values. This findings suggests that both permeabilization and 
temperature affect the current increase during IRE. 

There is a potential flaw in the assumption that occurrence of LTP could 
entirely be prevented by reaching an intraprocedural endpoint indicating 
successful ablation, whilst needle placement also plays an essential part in the 
occurrence of LTP. IRE typically creates a sharply demarcated ablation zone, killing 
all cells within, making it well suited for destroying the entire visible tumor [35]. 
However, at the time of treatment there may already be infiltrative cells outside 
the borders of the visible tumor. This fact also contributes to the occurrence of LTP, 
since pre-treatment planning of the needle-electrodes is based on visible tumor. 
The ablate-and-resect study performed by Scheffer et al., showed the existence 
of a reversibly electroporated tissue zone between the irreversibly damaged 
ablation zone and the normal liver parenchyma. Combining IRE with systemic or 
electrochemotherapy could eradicate the infiltrative cells just outside the margin 
of the ablation zone, thereby decreasing the occurrence of LTP [36; 37]. 

4
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This study has its own limitations. The temperature distribution in the 
gel phantom and potato tubers will probably differ from in vivo temperature 
distribution, since both in-vitro mediums were colder than normal tissue and 
unperfused. Nevertheless, temperature development was consistently positive 
correlated to current development. Furthermore, a methodical drawback of 
the study is the short follow-up period (3 months) for some patients. Although 
the median follow-up of 11.5 months is potentially long enough to properly 
categorize patients in the subgroups with or without LTP, it could be possible that 
some patients developed LTP after their last follow-up and are therefore falsely 
counted as LTP free. Another important limitation of the current study is that the 
mean current rise of all needle-electrode pairs together was calculated, possibly 
leading to under- or overestimation of this value by compensating for a needle-
electrode pair that shows little or high rise in current. Therefore we are currently 
remodeling the needle placement in all treated patients, to investigate whether LTP 
can be predicted by a low increase in current between one needle-electrode pair. 
Furthermore, we will retrospectively visualize the electric field distribution based 
upon needle placement and applied electric parameters, to investigate whether 
this would have predicted LTP and could be used to prevent LTP prospectively.  

This study did not take electrolysis into account as phenomenon occurring 
during electroporation. Previous studies have shown that with increasing number 
of pulses, electrolytically produced gases shape along the electrodes [22; 38; 39]. 
Guenther et al. suggested that the sudden increase in current at the start of a 
cluster of pulses is caused by a violent discharge when the electric field across the 
gas layers increases above the breakdown voltage [38]. The currently used clinical 
protocols for IRE, i.e. a large number of high-voltage pulses, cannot distinguish 
which phenomenon (temperature development or electric breakdown) causes the 
increase in current. Suggestions have been made to avoid the electric breakdown 
and subsequent surges in current, by delivering the pulses as continuously 
decreasing voltages to avoid that the voltage is sufficient to produce the breakdown 
or by delivering the pulses at a lower frequency to facilitate diffusion of the gases. 
However, both suggestions will also decrease temperature development with IRE, 
thus not allowing distinction between the cause of current increase [22]. Though, 
the relevant question would be whether the pulse protocol can be adjusted in 
a way that tissue is still irreversibly damaged and efficacy results remain the 
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same, but no electric breakdown occurs, since associated pressure waves can cause 
substantial damage to surrounding healthy tissue, and temperature increase is 
limited to a minimum. 

In conclusion, this study has shown that the observed conductivity rise 
during IRE is not solely attributable to electroporation of cell membranes, but 
also subsidiary to development of heat. As previously mentioned, a significant 
difference was found in resistance decrease and subsequently current increase 
in patients with and without LTP [17]. However, the widespread adoption of this 
value may have been premature, since the suggested required current increase 
of 12-15A would have implicated overtreatment of a large subset of patients, 
unnecessarily increasing the risk of thermal damage. To ensure complete ablation 
while preventing thermal damage, the search towards optimized clinical pulse 
protocols for all various tumor types should still continue.

4
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ABSTRACT

Objective: To evaluate the feasibility of catheter based endobronchial 
electroporation for the treatment of peri-bronchial tumors, and assess the 
incidence of treatment related adverse events.

Methods: Cytotoxicity of electroporation with or without cisplatin or gefitinib 
was assessed in-vitro with lung cancer and normal cell lines. A novel catheter was 
designed for endobronchial electroporation and computer simulations were used 
to predict in-vivo treatment effects. Electroporation with the test catheter was 
performed (2000 V, 70 pulses) in the main bronchus of eight pigs at 11 locations. 
CT imaging was performed prior to sacrifice at 4 hours (6 animal) or 4 weeks 
(2 animals) post-treatment. Treated airway and surrounding parenchyma was 
compared to sham treatment using gross and histopathology.

Results: Significant cell death due to electroporation and increased cytotoxicity in 
combination with cisplatin or gefitinib was observed in cancer cells only (p<0.05). 
Simulations predicted penetrative electroporation of peri-bronchial parenchyma 
without tissue heating. Electric pulse delivery in vivo induced transient venous and 
bronchial spasms that resolved without intervention. Cross sectional measurement 
of electroporation effects on CT (14.4±1.4 by 10.5±1.3 mm) and gross pathology 
(17.2±3.0 by 8.8±0.6 mm) were representative of values predicted by simulation 
(p<0.001). Cell death due to irreversible electroporation was observed in bronchial 
and parenchymal tissue in acute tissue samples. Treated lung rapidly recovered 
from the effects of electroporation without change in bronchial patency at 4 weeks 
post-treatment.

Conclusions: Catheter based endobronchial electroporation is a reproducible 
technique that can be used to treat peri-bronchial tumors in combination with 
cisplatin, without affecting patency of the treated bronchus.

137341_Laurien_Vroomen_BNW-def.indd   98 13-8-2019   09:17:59



99

Chapter 5

INTRODUCTION

Central airway obstruction by primary or metastatic tumors can cause significant 
morbidity to patients, increasing the overall risk of mortality (1). Bronchoscopy 
guided electrocautery (2), laser (3-5) and thermal ablation (6-8) have been 
evaluated for the debulking and focal treatment of exophytic central airway 
tumors with encouraging results (9-12). However, bronchoscopy guided ablation 
is considered unsuitable for the treatment of peri-bronchial or extrinsic tumor sub-
types, and patients with such tumors are usually palliated with stent placement 
(1,12,13). Stent patency is often challenged from continued tumor growth, 
formation of granulation tissue and mucous blockage due to impeded clearance; 
necessitating repeated interventions (13-16). New ablation techniques and devices 
that can safely treat peri-bronchial tumors can improve the management of 
patients with central airway obstruction from malignant disease. 

Permeabilization of the cell membrane with electric pulses is called 
electroporation, and the effects of permeabilization can either be transient 
(Reversible Electroporation or RE) or permanent (Irreversible Electroporation 
or IRE) (17). Transient permeabilization of the cell membrane during RE allows 
increased transport of chemotherapeutics into cancer cells, leading to tumor 
destruction. IRE of the cell membrane causes cell death from loss of homeostasis, 
and IRE has been developed for the focal ablation of tumors in the liver and 
pancreas (18). Electroporation in patients has also been observed to preserve 
the architecture and function of ductal organs such as the bile duct and large blood 
vessels that lie within or are adjacent to the treatment zone (19). These features 
make electroporation an attractive candidate for the endobronchial treatment 
of malignant central airway obstruction without affecting airway patency. The 
objective of this study was therefore to evaluate the feasibility of catheter based 
endobronchial electroporation for the treatment of peri-bronchial tumors, and to 
investigate the incidence of treatment related adverse events.

5
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MATERIALS AND METHODS

In vitro assessment of electroporation
Three human non-small cell lung cancer cell lines (HCC827, A549, and H1975) 
and the human bronchial epithelial cell line (HBEC) were used to assess in 
vitro electroporation. All cells were treated with 70 pulses at varying voltages. 
See appendix 1 in supplemental materials for culture and treatment details. 
Fluorescent microscopy using Acridine Orange (2 µl/ml) and Propidium Iodide 
(20 µl/ml) was performed immediately following treatment to discriminate the 
population of non-electroporated, electroporated and necrotic cells. Changes in 
cell viability due to electroporation were assessed with an MTT assay (Invitrogen, 
USA) performed 4 hours following treatment, and were normalized against 
viability of cells receiving sham treatment. 

In vitro evaluation of electroporation in the presence of cisplatin or gefi-
tinib 
In vitro techniques described in the preceding section were used to assess 
outcomes when cells underwent electroporation with cisplatin or gefitinib 
(SantaCruz Biotechnology, USA), and compared to treatment with drug alone 
(see Appendix 1 in supplementary materials for treatment details). The cells were 
incubated after treatment, and cell proliferation was assessed using an MTT assay 
at 24 or 72 hours post-treatment with cisplatin or gefitinib respectively. 

Computer simulation of in vivo electroporation and ex vivo temperature 
measurement
Numerical models were constructed and computer simulations were performed 
to estimate the expected region of peri-bronchial lung parenchyma that will 
experience electroporation and identify the potential for thermal injury to the 
airway when using the endobronchial catheter. Appendix 2 (supplementary 
materials) and Figure 1 describe the design as well as the construction of the 
endobronchial catheter (see supplementary video for demonstration of working 
principle). Ex vivo temperature measurements were performed to record heat 
development during pulse delivery. For details on the numerical models and ex 
vivo temperature measurements, see Appendix 3 and 4 (supplementary materials).  
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Figure 1. Endobronchial catheter with basket electrode used for performing elec-
troporation. A-B: A basket electrode was constructed at the tip of a multilumen catheter 
such that insert-withdrawing the electrode from the distal tip expanded or collapsed the 
basket. This basket configuration provided uniform surface contact with lumen of varying 
diameter (C: 5mm, D: 10mm, E: 17mm and F: 21mm). 

In Vivo Evaluation of Endobronchial Electroporation
Eight male Yorkshire pigs (3-4 months old; weight range, 36–55 kg) were used 
under an Institutional Animal Care and Use Committee (IACUC) approved protocol 
for this study. The animals were sedated, intubated, and underwent treatment 
while under inhaled anesthesia (2-3% isoflurane in 100% oxygen). Following 
anesthesia, the catheter electrode was placed through the intubation tube using 
fluoroscopy or CT guidance (Figure 2A, B). The catheter was advanced to right 
or left mainstem bronchus and the basket was unfurled at a location that was 
at least 3 cm from the heart. Three animals received treatments in both the left 
and right main bronchus, while the remaining five received treatment in only one 
bronchus, with the contralateral bronchus undergoing sham device placement. 
Animals received an intravenous short acting muscular paralytic (rocuronium, 1.2 
mg/kg) prior to pulse delivery to reduce neuromuscular activation from electrical 
stimulation. Endobronchial pulse delivery was performed with ECG cardiac 
gating (Nanoknife; AngioDynamics, USA) using a single treatment setting (2000 
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V, 90 µs pulse length at 1Hz, 70 pulses). CT imaging was repeated immediately 
following pulse delivery and at 2 hours following treatment in all animals. Six 
animals (8 treatments) were euthanized within 4 hours of treatment and two 
animals (3 treatments) recovered from anesthesia and were followed for 28 days 
post-treatment with additional CT imaging on days 7 and 28 (see appendix 5 in 
supplementary materials for details on imaging and analysis). 

Figure 2. Intra-procedural imaging during endobronchial electroporation, and fol-
low-up CT imaging of treated lung. A: The basket electrode was guided into the mainstem 
bronchus under fluoroscopy guidance and unfurled. B: Pre-treatment CT imaging demon-
strating uniform electrode contact with bronchial wall (arrows), pulmonary vein adjacent 
to the bronchus is marked with an asterisk. C: There is obvious spasm of the vein (asterisk) 
immediately following pulse delivery. D: Electroporated lung appears as a region of dense 
consolidation (bounded by dotted yellow line). E: Contrast enhanced CT images show patent 
vein (asterisk) and the absence of thrombus formation. F: Day 7 imaging shows resolution 
of treatment related consolidation of the lung. Diameter of pulmonary vein and treated 
bronchus are similar to baseline. Day 28 imaging shows normal lung tissue with no obvious 
signs of treatment effect, scar formation or granulation tissue in the treated bronchus.   
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Gross pathology and histopathology
The lungs and trachea were extracted en bloc from all animals immediately 
following euthanasia for gross pathology and histopathology, using Hematoxylin 
and Eosin (H&E), TUNEL (cell death) and anti-cleaved caspase-3 (cell apoptosis) 
(see Appendix 6 in supplementary materials for information on tissue processing 
and histopathology).

Statistical Analysis
Statistical analyses were conducted using EZR software (Saitama Medical Center, 
Jichi Medical University, Japan) or STATA (StataCorp, Texas, USA). p<0.05 was 
inferred as indication of significant difference in measurements (See Appendix 7 
in supplementary materials for information on statistical techniques and analysis).

RESULTS

Malignant cells are more sensitive to the effects of electroporation 
Electroporation was detected in both normal and cancer cells even at the lowest 
tested voltage (500 V), where greater percentage of HBEC cells underwent 
electroporation when compared to cancer cells. The percentage population 
of HBEC cells undergoing electroporation saturated at higher voltages, while 
the percentage of cancer cells undergoing electroporation increased in a dose 
dependent fashion in proportion to the applied voltage. The highest test voltage 
(2000 V) induced RE or IRE in >80% of the population for all cancer cell lines 
(Figure 3A-B, D-E). HBEC cells seemed more resilient to cell death from irreversible 
electroporation and the H1975 cells were most sensitive to IRE. Cell death was 
observed at increased numbers in the immediate vicinity of the electrodes, with 
reduced incidence between the electrodes and the periphery of the treatment zone 
where reduced electric field strength was expected (Figure 3 C,F). Pulse voltage 
of 1000 V resulted in RE or IRE of at least 50% of cells in all cell lines, and was 
presumed to be the IC50 value for lung electroporation. At 4 hours post-treatment, 
electroporation had the least impact on the proliferation and cell viability of HBEC 
cells, with slight reduction in proliferation only in the 2000 V setting (Figure 3 G-J). 
Cancer cell lines exhibited reduction in proliferation in proportion to the applied 
voltage, with approximately 50% and 75% reduction in numbers when treated 
with 1500 and 2000 V pulses respectively. 
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Figure 3. Cell viability and proliferation following in vitro electroporation. Proportion 
of cells that were not electroporated, either reversibly or irreversibly electroporated and 
were dead estimated using propidium iodide/acridine orange staining for normal (A) and 
cancer cells lines (B-D). E&F: Well plates scanned following electroporation show viable 
cells (green fluorescence) outside the region of electroporation (marked by dashed line). 
In some cells (E), the region between electrodes that experiences reduced electric field 
strengths undergo reversible electroporation without complete cell death (red staining). 
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All cells were treated at 2000 V, location of the electrodes are marked by X. G-J: Cell pro-
liferation and viability 4 hours after electroporation. P values less than 0.05 are indicated 
by a bar and asterisk. 

Electroporation enhances the cytotoxicity of cisplatin and gefitinib in 
cancer cells 
Compared to treatment with cisplatin or gefitinib alone, electroporation in the 
presence of either drug significantly reduced cell proliferation in all cancer cell 
lines (all p<0.0125) (Figure 4). The minimal required voltage to achieve a significant 
reduction in cell proliferation differed among the cancer cell lines. HCC827 cell line 
exhibited greatest reduction in proliferation following combination treatment 
with electroporation and cisplatin, followed by A549 and H1975 cells, while HBEC 
proved resilient to such treatment (Figure 4). When compared to electroporation 
alone, combination treatment produced significantly greater reduction in 
proliferation at lower voltages (500 and 1000 V, p<0.0125), but the difference was 
not significant at higher voltages (1500 and 2000 V). The anti-proliferative effect 
of gefitinib was greatest in HCC827 (Figure 5) and the effect was modest in the 
other cancer cell lines (A549 and H1975). 
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Figure 4. Results of combination treatment with electroporation and Cisplatin. Cell 
proliferation at 24 hours following electroporation in the presence of Cisplatin compared 
with treatment with drug alone at IC50 values for A: norma and B-D: Cancer cell lines. P 
values less than 0.05 are indicated by a bar and asterisk.  

Figure 5. Results of combination treatment with electroporation and Gefitinib. Cell 
proliferation at 24 hours following electroporation in the presence of Gefitinib compared 
with treatment with drug alone at IC50 values for A-C: Cancer cell lines.  
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Numerical simulations can estimate regions of electroporation following 
endobronchial pulse delivery 
Computer simulations generated the expected electric field distribution in the 
lung during endobronchial electric pulse delivery with the basket electrode. Pulse 
delivery at 2000 V provided maximum penetration of the electric field within the 
peri-bronchial lung parenchyma without causing clinically significant increase 
in tissue temperature. Electric fields sufficient to induce electroporation in vitro 
(500-2000 V/cm) were predicted in a 1 cm circumferential region surrounding the 
basket electrode (Figure 6A). Large blood vessels and airways were observed to 
affect the electric field distribution, with reduction of the electric field strength 
below thresholds for electroporation at microscopic regions in the immediate 
vicinity of such structures (Figure 6A). Delivery of electric pulses caused an 
increase in tissue temperature, but the maximum tissue temperature within 
treated tissue remained below 500C (Figure 6B). The maximum predicted 
temperature was reached at the end of pulse delivery and the total rise in tissue 
temperature was <100C; temperatures returned to physiologic levels rapidly 
after that timepoint (Figure 6D-F). Changes in tissue temperature estimated by 
simulations matched measurements from ex-vivo experiments (Figure 6C).  

5

137341_Laurien_Vroomen_BNW-def.indd   107 13-8-2019   09:18:02



108

Chapter 5

Figure 6. Electric field distribution and treatment related temperature changes es-
timated with numerical simulations. A: Electric field distribution during pulse delivery 
with endobronchial basket electrode (arrows). The 500 V/cm field strength which is the 
lower bound for electroporation is demarcated by a white line (arrowhead). B: Tissue tem-
perature expected at the immediate vicinity of one of the electrodes. Blue, red and green 
lines represent temperature distribution at immediately before pulse delivery, at the end 
of the last pulse and at 80 seconds after all pulses were delivered. C: Ex-vivo temperature 
measurement adjacent to the electrode when pulses were delivered at 2000 V. Tissue heat 
maps D: At the beginning of the first pulse, electrode locations are marked by arrows. E: 
At the end of pulse delivery and F: 80 seconds after all pulses were delivered. 

Endobronchial catheter based electroporation of normal swine lung is 
feasible and reproducible
Endobronchial electroporation was successfully performed in all animals, where 
the mean diameter of the bronchus at the location of basket placement was 6.0 ± 1.1 
mm (range: 4.0 - 7.4 mm). On CT images, the mean maximum length, long-axis and 
short-axis radius of tissue demonstrating treatment related changes were 48.9±4.9 
mm (range: 40.0 - 55.4 mm), 14.4±1.4 mm (range: 12.8 ± 17.1 mm) and 10.5±1.3 
mm (range: 9.2 - 13.4 mm), respectively. On gross pathology, mean maximum 
length of tissue demonstrating treatment related changes along the airway tract 
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was 24.7±3.3 mm (range: 20.5 - 29.3 mm), which was significantly lesser than 
that of corresponding measurement on CT imaging (p=0.004). Mean long-axis 
and short-axis radius measurements on gross pathology slice were 17.2±3.0 mm 
(range: 14.5 - 20.5) and 8.8±0.6 mm (range: 8.2 - 9.2) respectively, and these were 
not significantly different from corresponding measurements on CT imaging. 
The long-axis and short-axis measurements of electroporation related changes 
on both CT and gross pathology were representative of values predicted using 
simulations (p<0.001). On H&E staining, all specimens collected 4 hours following 
electroporation demonstrated sloughing of bronchial epithelium, transmural 
hemorrhage, hyperemic congestion and necrosis of submucosal glands. There was 
increased presence of inflammatory cells and interstitial edema in the parenchyma 
(Figure 7). Compared to sham treated specimens, there was prominent TUNEL 
staining in cell nuclei of the bronchial wall but staining was moderate in the 
peri-bronchial parenchyma. Anti-cleaved caspase-3 antibody stained specimens 
showed diffuse apoptotic cells in the treated bronchi and prominent presence of 
apoptotic cells in the treated parenchyma.
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Figure 7. H&E, TUNEL and Anti-cleaved caspase-3 antibody stained tissue specimens. 
Top Row: H&E images demonstrate sloughing of bronchial epithelium (black arrow), hem-
orrhage (black arrowhead), hyperemic congestion (white arrowheads) and necrosis of 
submucosal glands (white arrows) in electroporation treated bronchus but not in the sham 
treated sample. Peri-bronchial parenchyma demonstrates increased presence of inflam-
matory cells (yellow arrow) and edema. Middle Row: There is increased and prominent 
TUNEL staining in the bronchial wall and moderate staining in the lung parenchyma, indi-
cating cell death in these regions. Staining is mild or absent in the sham treated samples. 
Bottom Row: There is widespread staining for cleaved caspase3 in cell nuclei in the treated 
parenchyma and moderate staining in the bronchial wall, indicating cells in various stages 
of apoptosis. Staining is mild or absent in the sham treated samples. All images taken at 
20X magnification.

Endobronchial electroporation is marked by rapid recovery of lung paren-
chyma from treatment effects 
The mean distance between the basket electrode and the heart was 4.9±1.2 cm 
(range, 3.0 - 7.0 cm) and electric pulse delivery did not cause intra-procedural 
adverse effects such as arrhythmia or tachycardia. Immediate post-electroporation 
spasm of the bronchus (5/11 treatments) or the pulmonary vein adjacent to the 
bronchus (3/11 treatments) was observed on CT. There was significant reduction in 
the diameter of the bronchi (Figure 2C, D) from baseline to a mean value of 3.8±0.3 
mm (range, 3.3-4.3 mm; p<0.001), and pulmonary veins reduced from 8.5±0.4 mm 
(range, 8.0 - 9.0 mm) to 3.2±0.7 mm (range, 2.8 - 4.2 mm; p<0.001). There were 
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no remarkable changes in the patency of the pulmonary artery, and incidence 
of oxygen desaturation, reduction in vital signs, or thrombus formation was not 
observed (Figure 2E). Rapid recovery of bronchial and venous luminal diameter 
was seen on CT imaging performed 2-4 hours following treatment, but complete 
recovery was not observed in animals sacrificed 4 hours post-electroporation. 
A one-way repeated measures ANOVA showed that on longitudinal analysis IRE 
induced statistically significant reduction in mean bronchial F(2, 13) = 4.21, p = 
0.038 and pulmonary vein diameter, F(2, 13) = 4.15, p = 0.04 in acute animals, 
but this was not evident in the two animals that were survived. Examination of 
gross pathology specimens did not reveal obvious narrowing of pulmonary vein 
or bronchus on visual examination, and assessment of the treated airway tract 
was not suggestive of thermal injury (Supplementary Figure 1). The diameter of 
the treated bronchi and pulmonary veins within the treatment region were no 
different from baseline on CT imaging performed at Day 7 in both animals. The 
treatment zone resolved rapidly, revealing minimal treatment related changes on 
Day 7 CT imaging. CT imaging findings of the treatment region on Day 28 were not 
different from untreated lung (Figure 2F, G). Clinical monitoring of two animals 
over the 28 day period was unremarkable, without any treatment related adverse 
effect or complication. H&E stained samples from the animals euthanized 28 days 
post-treatment did not yield evidence of granulation tissue or remodeling of the 
treated airway. 

DISCUSSION

Patients with malignant central airway obstruction usually cannot undergo 
surgical treatment because of unfavorable tumor location, or poor baseline 
cardiovascular function (1). Instead, bronchoscopy-guided interventions are 
performed, often in an emergency setting, to stabilize the patient and restore 
airway patency with stenting (9-13). However, debulking of the peri-bronchial 
tumor is crucial to ensure continued stent patency, without which additional 
interventions are required to maintain lung function (14-16). The results of this 
study support endobronchial electroporation as a new option for the debulking of 
peri-bronchial tumor without causing adverse events or affecting airway patency, 
which may also prolong the obstruction free life-time of stents.
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Within this study the basket of the catheter was unfurled at a location that was 
at least 3 cm from the heart. Nonetheless, Deodhar et al. (28) examined the effect 
of IRE in swine lung and myocardium, and concluded that unsynchronized IRE 
close to the heart (<1.7 cm) can lead to lethal ventricular arrhythmias. However, 
synchronization of electric pulse delivery with the absolute refractory period of 
the heart circumvents fatal arrhythmias. These results implicate that electric pulse 
delivery for treating bronchial tumors near the heart can be performed using ECG 
gating.  

The simulation models and in vivo results indicate that tissue in the vicinity of 
the basket electrode experiences stronger electric fields that induce cell death from 
IRE, which can allow ablation of tumor infiltrating the bronchus. Simultaneously, 
tissue further away from the electrodes will undergo RE, where combination with 
intravenously administered cisplatin may be required for tumor destruction. 
Together, these two effects can be used to destroy tumors surrounding the 
bronchus till depths of 1-2 cm. Further refinements of the device and optimization 
of pulse parameters can support treatment of larger tumors. 

Electroporation supports penetrative treatment of the peri-bronchial lung 
without substantial changes in tissue temperature that is common to techniques 
such as electrocautery, laser ablation, and radiofrequency ablation. Unlike these 
thermal ablation techniques, treatment penetration with electroporation is not 
affected by changes in treated tissue, such as bleeding, which has been reported 
to interfere with laser ablation (3-4). The quantum of energy deposited into the 
tissue during electroporation is substantially lower (<1 kJ) when compared to laser 
ablation or electrocautery, which may limit incidence of airway perforation during 
treatment. Electroporation has been widely reported to leave extracellular matrix 
components and collagenous structures within the treatment zone unaffected 
(23-24), which may underlie the preservation of airway patency in study animals 
even without stent placement. The preservation of the extracellular matrix may 
also have aided the rapid recovery of the treated lung parenchyma, but the exact 
mechanisms are not clear at this point. Since IRE is a non-ionizing technique 
based on a non-thermal working mechanism, repeated treatment is potentially 
feasible, making it an attractive option for patients with recurrent disease or 
tumor infiltration into the bronchus. Unlike existing ablation techniques, pre-
procedural numerical simulations can accurately predict the size and shape of 
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tissue that will undergo electroporation, and such planned treatment delivery 
can enhance the safety of this technique. The test device is well suited for 
fluoroscopy guided treatment of the central airways, which may be useful for the 
management of patients where bronchoscopy can exacerbate airway symptoms. 
Transient bronchial and venous spasm was the only treatment related adverse 
event observed following electroporation. Electric pulses used for electroporation 
can electrically stimulate smooth and skeletal muscle (25), which can explain both 
the incidence of spasm as well as its transient nature (26). 

Results from in vitro experiments of this study provide strong evidence to 
support combining electroporation with drugs such as cisplatin and gefitinib that 
are commonly used for adjuvant therapy of lung cancer. While electroporation in 
the presence of either drug significantly increased cell death, such effects were 
most prominent in cells treated at lower voltages. These results were concordant 
with incidence of reversible electroporation at lower voltages where cells would 
recover viability in the absence of cytotoxic drugs, and direct cytotoxic effect of 
IRE at higher voltages. Transient permeabilization of the cell membrane permits 
free diffusion of drugs into the cell, and this effect especially benefits drugs that 
undergo receptor or transporter mediated entry into the cytoplasm. Cisplatin 
uptake in cells is understood to be coordinated by the copper transporter Ctr1p 
(27). Electroporation may support uptake of cisplatin while bypassing the 
transporter, and can assist treatment of tumors that develop resistance to the 
drug because of mutations or deletion of the Ctr1 gene. Interestingly, combination 
therapy with electroporation increased the therapeutic effect of gefitinib in both 
sensitive (HCC827) and insensitive cell lines (H1975). The mechanisms underlying 
increased effectiveness of this combination therapy is not clear and requires 
further exploration. 

There are several limitations in our study. There are no validated large 
animal models of lung cancer that impeded testing the efficacy of the device and 
electroporation in vivo. Since this is the first study investigating endobronchial 
catheter-based electroporation for lung cancer, it was not possible to determine 
a precise sample size. Instead, comparable studies investigating ablation in 
endoluminal setting in a porcine model were used to guide selection of animal 
numbers and experimental design. It is expected that tumor clearance following 
electroporation will not be similar to regeneration of normal lung reported in this 
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study, and the risk of complications such as fistula formation is unknown. The 
electrical conductance and thermal properties of lung tumors vary substantially 
from normal lung, and this may affect the shape and size of the tissue that 
undergoes electroporation. The diameter of our device is larger than the working 
channel of bronchoscopes, and further refinement of the device will be required 
prior to bronchoscopy-guided ablation in patients. Pilot human studies may be 
required to answer some of these questions, and also to validate the preclinical 
findings of this study. 

CONCLUSION

Catheter based endobronchial electroporation is a reproducible technique that can 
be used to treat peri-bronchial tumors in combination with Cisplatin or Gefitinib. 
Electroporation does not affect the patency of the treated bronchus or lung and 
can be developed for the treatment of malignant central airway obstructions.
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