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Summary 

Interventional oncology is an emerging and rapidly growing field of medicine. Ablative 

therapies have proven to be highly effective against primary as well as metastatic disease 

throughout the body. Thereby, the conventional armamentarium of cancer treatments has 

expanded considerably since the implementation of image-guided tumor ablation. Nowadays, 

heat-based ablation techniques are guideline treatment options for various tumors. 

Unfortunately, thermal ablation of lesions in the proximity of heat-susceptible structures has 

an unacceptable complication rate and is therefore typically contra-indicated. Previously, 

several studies have suggested electroporation as a highly promising technique to achieve 

local tumor control in patients that are ineligible for traditional treatment options due to 

safety and/or efficacy concerns. Although electroporation has been increasingly investigated 

in the (pre-)clinical setting, its exact role has yet to be defined. By conducting the studies 

presented in this thesis we attempted to increase our understanding of the mechanism of 

action of electroporation and its (side) effects in order to improve treatment safety, and to 

explore the potential to expand its clinical indications.  

Chapter 1.  

Tumor ablation with both thermal (RFA, MWA, and cryoablation) and nonthermal (IRE) 

techniques has gained growing attention for the treatment of many focal malignancies. Each 

technique has its own principle and biophysics, largely determining its clinical applicability. As 

a consequence, familiarity with the respective working mechanisms and their treatment 

effects enables physicians to enhance procedural safety and to maximize oncologic outcome. 

In line with this, the first chapter of this thesis attempted to provide a rationale for clinicians 

to select the most appropriate technique for varying situations while discussing the working 



mechanism and treatment effects of IRE as well as the established thermal ablation methods 

(i.e. RFA, MWA, and cryoablation). The table below gives an overview of the 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 

± + + ± ± 

 

Chapter 2. 

Considering IRE’s mechanism of action, the structural integrity of heat-sensitive structures in 

or near the target area should be retained following treatment. To verify this hypothesis, we 

composed the available data from numerous (pre-)clinical studies that examined the effect on 

blood vessels, bile ducts, urinary tract, intestines and nerves. In general, the clinical data were 

consistent with the animal models of IRE and support the hypothesis that vascular- and biliary 

structures are not significantly affected by this modality. Although data regarding IRE for the 



treatment of malignant lesions near neural structures as well as intestines and ureters are 

scarce, they support the assessment of the safety and efficacy in larger studies.  

Chapter 3. 

Although several studies have underlined the safety of IRE in various organs, it should be 

emphasized that serious morbidity and even mortality has been described post-procedurally, 

especially for pancreatic IRE. Awareness, early identification, and subsequently the 

implementation of preventive and intervening measures, may reduce the incidence and 

severity of complications. Therefore, the purpose of this chapter was to exemplify preventive 

and intervening measures to enhance procedural safety for patients treated with IRE. In 

general, appropriate patient selection, patient preparation, and pre/per/post-procedural 

monitoring are essential. Furthermore, the procedure demands highly experienced 

interventionists and a dedicated multidisciplinary team. Accurate treatment planning and 

precise electrode placement are key to establish complete tumor ablation. However, direct 

contact between the electrode tip and blood vessels, bile ducts, intestines, stomach and 

nerves should be avoided since this may lead to severe complications due to thermal damage. 

Chapter 4.  

Irreversible electroporation induces apoptosis with high-voltage electric pulses. Although its 

safety has been confirmed by several studies in numerous organs, prognostic factors 

indicating complete ablation during the procedure are lacking. An observed current rise during 

pulse delivery of 12-15 amperes has previously been suggested as an indicator for IRE success. 

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. The outcomes from 



the study presented in this chapter revealed that the observed conductivity rise during IRE is 

not solely attributable to cellular permeabilization but also to a tissue temperature increase 

secondary to Joule heating. In addition, we demonstrated that there is a correlation between 

current rise and oncologic outcome, however, the current increase threshold (12-15 amperes) 

seems unfeasible for colorectal liver metastases.  

Chapter 5.  

In this chapter we evaluated the feasibility of catheter-based endobronchial electroporation 

for the treatment of peribronchial tumors and assessed the incidence of treatment-related 

complications. Furthermore, cytotoxicity of electroporation with or without chemotherapy 

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 newly designed catheter was performed in the 

main bronchus of eight pigs at 11 locations (2000 V, 70 pulses). Computed tomography 

imaging was performed before the animals were sacrificed at four hours (six animals) and four 

weeks (two animals) post treatment. Treated airway and surrounding parenchyma were 

compared with sham treatment via gross and histopathology. Significant cell death due to 

electroporation and increased cytotoxicity in combination with chemotherapy were observed 

in all cancer cells only (p<0.05). Simulations predicted penetrative electroporation of 

peribronchial 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 computed tomography (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<.001). Cell death due to irreversible electroporation was observed in 



bronchial and parenchymal tissue in acute tissue samples. The ablated lung tissue rapidly 

recovered from the effects of electroporation without change in bronchial patency at 4 weeks 

post-IRE. Finally, we concluded that catheter-based endobronchial electroporation is a 

reproducible technique that can be used to treat peribronchial tumors in combination with 

chemotherapy, without affecting patency of the treated bronchus. Nonetheless, human 

studies are needed to validate our preclinical findings. 

Chapter 6.  

Ablation of tumors that are within or adjacent to the genitourinary tract is associated with the 

risk of stricture formation. The latter is a serious complication as the impeded normal flow 

and the resulting obstructive uropathy can cause renal failure. The risk of stricture impedes 

ablation of genitourinary tract tumors with intent to treat, and limits the number of patients 

who can benefit from minimally invasive non-surgical therapy. Consequently, new treatment 

regimens that reduce postprocedural stricture formation would improve the management of 

patients with genitourinary tract tumors. Pirfenidone is a potent pharmacological agent that 

has demonstrated to effectively arrest fibrosis. The goal of this study was to determine 

whether pirfenidone (PFD) reduces ureteral wall remodeling following irreversible 

electroporation (IRE). 

Chapter 7.  

Surgical models of unilateral ureteral obstruction (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. Moreover, most UUO models 

currently in vogue were designed to understand the pathophysiology of congenital ureteric 



obstruction and includes manipulation in neonatal animal models. Hence, there is a need to 

develop a model of partial UUO which would mimic more accurately the various clinical 

scenarios commonly encountered in adults. In this chapter we hypothesized that IRE is a 

potentially attractive technique for the generation of a more representative UUO model as 

scarring of the tunica muscularis in the treated area causes stricture formation and a gradual 

reduction of lumen patency. To explore this, intra-surgical IRE (2000 V/cm, 90 pulses, 100 μs) 

with caliper electrodes was performed in the right proximal ureter in 24 male rats. Following 

contrast-enhanced MRI, rats were sacrificed at 2, 5, or 10 days post-IRE. Complete urinary 

tract was extracted, and scored on a five-point scale for renal dilatation, ureteral dilation and 

hydronephrosis. In conclusion, we determined that IRE is an easy, safe and reproducible 

technique to obtain a predictable and clinically relevant UUO rat model.  

Chapter 8.  

This chapter provides an overview of the current evidence for IRE in the management of 

hepatopancreaticobiliary (HPB) tumors and its future trends for this indication. Overall, IRE 

represents a promising technique with regard to safety and local control for HPB malignancies 

that are ineligible for surgery or thermal ablation because of their unfavorable tumor location. 

However, physicians should be aware that serious adverse events including mortality, 

especially following pancreatic IRE, have been described. In addition, the currently available 

data should be interpreted with care as most results are based on retrospective, non-

comparative series from a relatively small group of experienced researchers. Nevertheless, 

the preliminary results support the setup of larger phase II and III clinical trials to further define 

the exact role of IRE in the treatment of HPB tumors. 

Chapter 9. 



Pancreatic adenocarcinoma represents one of the most aggressive forms of cancer, for which 

survival has hardly improved over the past 40 years. Surgical resection is the only potentionally 

curative option. However, about 40% of patients present with non-metastatic locally 

advanced pancreatic carcinoma (LAPC; AJCC stage III); these patients are not eligible for 

surgical resection because the tumor involves major blood vessels. As a result, they are 

currently treated with palliative chemotherapy as first line therapy, though median overall 

survival remains poor (approximately 11 months). Therefore, several innovative local 

therapies have been investigated as new treatment options for LAPC. One of these techniques 

is IRE. In Chapter 9.1 we investigated the safety and efficacy of IRE for LAPC in the prospective 

phase I/II PANFIRE trial (clinicaltrials.gov registration number NCT01939665). Between 

January 2014 and June 2015, 38 patients with LAPC were evaluated for inclusion; 13 were not 

eligible, whereas the remaining 25 patients were included and treated with percutaneous IRE. 

Median largest tumor diameter was 4.0 cm (range, 3.3 – 5.0). None of the patients had 

undergone previous radiation therapy, whereas 13/25 patients had received previous 

chemotherapy (10 FOLFIRINOX, 2 gemcitabine, 1 gemcitabine plus nab-paclitaxel) with a 

median of 7 cycles (range, 2-12). The median time from diagnosis to IRE was 5 months (range, 

1-16). Overall, complication rate was acceptable: in total, 23 adverse events occurred, all 

reversible. No deaths occurred and two grade IV complications occurred. Up to six months 

post-IRE overall quality of life and pain perception were unaffected. After a median follow-up 

period of 12 months (IQR 7 - 16), median overall survival from diagnosis was 17 months (95% 

CI 10 - 24), median overall survival from IRE was 11 months (95% CI 9 - 13). Median event-free 

survival from diagnosis was 15 months (95% CI 10 - 20); median event-free survival from IRE 

was 8 months (95% CI 4 - 12). Median time to local progression from IRE was 13 months (95% 



CI 11 - 15). These results suggest prolonged progression-free and overall survival compared to 

chemotherapy alone, or no treatment.  

Besides exploring the safety and efficacy of pancreatic IRE in the PANFIRE-study, we 

assessed the specific imaging characteristics of the tumor and ablation zone before and post-

IRE using contrast-enhanced (ce)CT and ceMRI (Chapter 9.2). Post-IRE, diffusion-weighted 

imaging (DWI)-b800 signal intensities decreased in all cases (p<0.05). Both ceMRI and ceCT 

revealed absent or decreased contrast enhancement, with a hyperintese rim on ceMRI. 

Ablation zone volume increase was noted on both modalities in the first 6 weeks, followed by 

a decrease (p<0.05). Besides this, we examined whether there was a correlation between 

differences in attenuation and the development of local recurrence. Indeed, in the patients 

developing tumor recurrence (5/25), a focal DWI-b800 hyperintense spot at six weeks 

predated unequivocal recurrence on ceCT. We concluded that these early imaging 

characteristics may be useful to establish technical success and predict treatment outcome.  

Chapter 9.3: Irreversible electroporation (IRE) is a relatively new ablation modality for the 

treatment of locally advanced pancreatic cancer (LAPC). IRE is generally applied in addition to 

systemic chemotherapy (FOLFIRINOX), however, the added value of IRE to FOLFIRINOX in 

regards to overall survival remains unknown. We compared the survival of patients with LAPC 

treated with FOLFIRINOX plus IRE versus FOLFIRINOX alone to determine the added value of 

IRE to FOLFIRINOX. A post-hoc comparison of data from a prospective study cohort (IRE-

FOLFIRINOX; PANFIRE trial; NCT01939665) with a matched retrospective FOLFIRINOX-only 

cohort was performed and demonstrated a 4.6 months gain in median overall survival and a 

9.0 months gain in median time to progression over FOLFIRINOX-only. 

Chapter 10.  



In this chapter we describe the initial experience with irreversible electroporation (IRE) to 

treat tumor recurrences in the lesser pelvis. Eight patients (nine tumors [recurrence of primary 

rectal (n = 4), anal (n = 1), sigmoid (n = 1), cervical (n = 1), and renal cell carcinoma (n = 1)]) 

underwent percutaneous IRE as salvage therapy. Following IRE, one serious adverse event and 

eight adverse events occurred. No residual tumor tissue was observed at 3-month follow-up 

in all patients. After a median follow-up of 12 months, local progression was observed in 5/9 

lesions (4/5 were >3 cm pre-IRE); one lesion was successfully retreated. Capitulating these 

results, we concluded that IRE may represent a suitable technique to treat pelvic tumor 

recurrences, although, as opposed to animal studies, permanent neural function loss can 

occur. Complete ablation seems realistic for smaller lesions (≤ 3 cm); for larger lesions 

symptom control should be the focus.  



 


