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Abstract  

Introduction 

Irreversible electroporation (IRE) is a new ablation technique that relies on high-voltage 

electrical pulses. This clinical study evaluates the pathological response of colorectal liver 

metastases (CRLM) treated with IRE and the clinical safety and feasibility. 

Methods 

Ten patients with resectable CRLM were included. During laparotomy, the metastases were 

treated with IRE and resected 60 minutes later. Safety and feasibility were assessed based 

on adverse events, laboratory values, technical success and intra-operative ultrasound 

findings. Tissue response was assessed using triphenyl tetrazolium chloride (TTC) vitality 

staining and (immuno)histochemical stainings (HE, complement-3d and caspase-3). 

Results 

Ten lesions with a mean diameter of 2.4cm were successfully electroporated and resected, 

on average, 84 minutes later (range 51-153 minutes). One minor  transient cardiac 

arrhythmia occurred during IRE. Ultrasonography showed a sharply demarcated hypoechoic 

ablation zone around the tumour. TTC showed avitality of all lesions, covering the complete 

tumour in 8/10 lesions. Although immunohistochemistry proved heterogeneous and difficult 

to interpret within the tumours, it confirmed irreversible cell damage in the tumour-free 

margin of all specimens.  

Conclusion 

This ablate-and-resect study demonstrated avitality caused by IRE of CRLM in humans. 

Further characterisation of tissue- and tumour-specific electrical properties is warranted to 

improve ablation protocols for maximized tissue ablation.  
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Introduction  

Image-guided ablation techniques have expanded the therapeutic options for local tumour 

treatment considerably over the past decades, particularly when surgical options are 

precluded (1). This has been of paramount importance in the treatment of colorectal liver 

metastases (CRLM), since 70-80% of the patients are considered unsuitable for surgical 

resection due to location, size and number of metastases, or due to comorbidity (2). 

Thermal ablation, and especially radiofrequency ablation (RFA), is currently the most 

commonly applied technique for curative as well as palliative treatment of CRLM if resection 

is deemed impossible. Although good results can be achieved, with 5-year survival rates 

approaching surgical resection in selected cases, the technique has two important 

limitations. The first is the risk of local recurrence because of incomplete ablation. This risk is 

higher for tumours located near large blood vessels, since heat can be lost to the flowing 

blood (the so-called ‘heat-sink’ effect) (3–5). The second limitation is the risk of thermal 

damage to adjacent or inlaying vital structures (6). This often results in a lack of local 

treatment options for tumours close to large vessels, major bile ducts or other organs. 

Recently, a novel ablation technique that addresses these limitations was introduced: 

irreversible electroporation (IRE). 

Irreversible electroporation is based on the pulsatile application of an electric field (1000-

1500V/cm) between electrodes inserted around the tumour. These electrical pulses alter the 

existing transmembrane potential, which leads to the creation of ‘nano-pores’ and 

disruption of cellular membranes. With sufficient amplitude and pulse duration, the 

membrane changes are permanent and the cell dies through loss of homeostasis (7). 

Preclinical studies have shown that IRE only affects cells within the ablation zone, leaving the 

supporting extracellular matrix intact (8, 9). This preservation of gross anatomic architecture 

thus allows tumours near vascular and biliary structures to be ablated safely (10, 11). In 

addition, the non-thermal mechanism of cell death theoretically means that treatment 

should not be impeded by heat-sink effects.   

The results of the first human studies with IRE are promising (12–15). However, due to small 

patient numbers, heterogeneous inclusion criteria and a relatively short follow-up period, 

extrapolation to general clinical practice is uncertain. Furthermore, the effects of IRE on 

human cancer cells and the mechanism of cell death remain poorly understood. The primary 

aim of this prospective ablate-and-resect study for CRLM in humans was to investigate the 

pathophysiological effect. Secondary aims were clinical safety and feasibility of IRE. 
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Material and Methods  

The study was approved by the local medical ethics committee. All patients gave written 

informed consent. Study design and conduct were in accordance with Good Clinical Practice 

and the principles of the declaration of Helsinki, and the trial was registered at 

Clincaltrials.gov: NCT01799044. 

Patients 

Between November 2012 and March 2013, ten consecutive patients with CRLM who met 

inclusion criteria were prospectively included to undergo open IRE and subsequent resection 

of the treated lesion in one session. All patients were discussed in our multidisciplinary liver 

tumour board prior to inclusion. Each participant underwent a pre-operative workup within 

six weeks prior to surgery that included F18-FDG PET-CT and contrast enhanced computed 

tomography (ceCT) and/or magnetic resonance imaging (MRI), and complete anaesthetic 

screening. Inclusion criteria were at least one resectable F18-FDG PET avid CRLM smaller 

than 3.5cm and good performance status (American Society of Anesthesiologists (ASA) 1-2). 

Patients with additional lesions were also included if all lesions were eligible for local 

treatment by resection or thermal ablation. Exclusion criteria were cardiac arrhythmias or 

pacemaker, epilepsy, previous local treatment of the target lesion, and chemotherapy less 

than six weeks prior to the procedure. 

Anaesthetic management 

Patients received standard haemodynamic monitoring and a thoracic epidural catheter for 

intra- and postoperative pain relief. General anaesthesia was induced with propofol, 

sufentanil and rocuronium and maintenance was achieved with propofol and remifentanil. 

To prevent pulse-induced arrhythmias, the Accusync ECG-gating device (model 72; Milford, 

Connecticut) was connected to a 5-lead ECG, which synchronizes pulse delivery within the 

refractory period of the heart. Just before the start of IRE delivery, complete muscle 

relaxation was induced with rocuronium to prevent generalized muscle contractions and 

twitch absence was confirmed using a peripheral nerve stimulation test (TOF-Watch, MIPM, 

Mammendorfer, Germany). A 12-lead ECG was made one day postoperatively. The epidural 

catheter was left in situ for at least three days. 

Intervention 

A subcostal incision laparotomy was performed for optimal liver exposure. The resectability 

and three-dimensional measurements of the target lesion were confirmed with 

intraoperative ultrasound (IOUS) (Prosound Alpha 7, Hitachi Aloka Medical Ltd., Tokyo, 

Japan). Size and shape, including a 1cm tumour-free margin, determined the number and 
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configuration of the electrodes. Two or more insulated 15cm needle electrodes with an 

exposure length of 20mm were either placed in the outer border or just outside of the 

tumour under US-guidance, aiming at an inter-electrode distance of 20mm (±2mm) between 

electrode pairs, which is considered the most effective treatment distance at which the 

created ablation zone has an oval shape (16). All needles were placed parallel to one another 

to promote homogeneous energy delivery. The NanoKnife (AngioDynamics, Latham, NY), a 

low-energy direct-current electroporation device, was used for ablation. Electroporation was 

performed between all electrode pairs that were separated less than 2.5cm from each other, 

including diagonal ablations. So, for a four-needle configuration the maximum number of 

combinations used was six. First, ten test-pulses of 1500V/cm with a duration of 70μs were 

delivered via each electrode pair, after which the delivered current was verified. The target 

current lies between 20-50A and voltage settings were manually adjusted in case of over- or 

undercurrent. Subsequently, 80 remaining pulses were administered to reach a total of 90 

pulses per electrode pair. For larger tumours, after ablation of the deepest part of the 

tumour a 1.5cm pull-back of the electrodes could be performed to ablate the superficial part 

of the tumour. After IRE, additional lesions were either resected or thermally ablated. At 

least one hour after ablation, the electroporated lesion was resected and submitted for 

pathological analysis.  

Safety 

Adverse events were graded according to NCI CTCAE version 4.0. Perioperative 

haemodynamic and cardiac parameters were assessed. To investigate whether cellular 

destruction leads to biochemical disturbances, parameters including pH, sodium, potassium, 

renal function and liver enzymes including bilirubin were evaluated prior to IRE, directly after 

IRE (prior to any other intervention), 1- and 3 days after surgery. 

Feasibility 

Total ablation time (time from placement of the first electrode to removal of the last), IRE 

delivery time (actual firing time of the electrodes) and number of electrodes placed per 

lesion were recorded. Technical success was defined as (1) the ability to successfully deliver 

all planned pulses and (2) complete lesion coverage on post-procedure IOUS (17). 

Tissue evaluation  

Immediately after resection, the specimen was sectioned in 5mm cross-sectional slices. The 

slice traversing through the midsection of the lesion (largest tumour diameter for spherical 

lesions) was incubated with 5-triphenyl tetrazolium chloride (TTC) at 37°C. TTC is used to 

identify vital tissue; mitochondrial enzymes from vital cells transform the initially colorless 

TTC into a red stain called formazan, whereas non-vital cells remain unstained (11). TTC has 
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been shown to predict the area of irreversible cell damage prior to histological confirmation 

of cell death (18). Each specimen was sectioned in 4μm parafn slices and stained with 

hematoxylin and eosin (HE) for histologic structural evaluation, complement-3d to evaluate 

cell death, and caspase-3 to evaluate apoptosis (19, 20). 

 
Results  
 

Patients 

Ten patients were initially included. At laparotomy, two patients were unexpectedly 

excluded; in one patient this was due to a technical failure of the NanoKnife before ablation, 

in the other patient IOUS revealed progression of liver metastases to the extent that local 

treatment was no longer considered feasible. Therefore, two additional patients were 

included. One lesion in each patient was treated according to protocol. All lesions were 

located in the periphery of the liver. Median lesion size was 2.4cm. Although on pre-

operative imaging all lesions were smaller than 3.5cm, one lesion proved larger on IOUS 

(5.3cm). Median time between IRE and resection was 84 minutes (range 51-153min). Forty-

four additional CRLM were either resected or thermally ablated within the same procedure. 

Baseline characteristics are summarized in table 1.  

Safety and feasibility 

The only IRE-related adverse event was an episode of ventricular extra systoles without 

haemodynamic changes, which occurred during ablation near the left diaphragm. The 

arrhythmia ceased immediately following procedure abortion and IRE was resumed without 

complications after removal of the electrode closest to the diaphragm. Systolic and diastolic 

blood pressure increased in all patients during pulsing, with a mean of 30mmHg (range 10-

54mmHg) and 15mmHg (range 8-23mmHg) respectively. This was modified with additional 

propofol and remifentanil and blood pressure returned to baseline within minutes after IRE. 

Postoperatively, serum liver transaminases and lactate dehydrogenase were elevated 

directly after IRE and on the first postoperative day, followed by a rapid decrease on day 

three. Analyses of the other laboratory values were unremarkable. All ECGs made 24 hours 

after IRE were similar to preoperative registration.  

Besides the technical failure prior to ablation, IRE was technically successful in 9/10 

procedures. Mean total ablation time and mean IRE delivery time were 25 minutes and 182 

seconds per lesion. The median number of electrodes placed per lesion was 3 (range 2-5). 

Real-time monitoring with IOUS showed that a 1-2mm hyperechoic area with gas typically 



RESULTS OF THE COLDFIRE-I STUDY 
 

142 

been shown to predict the area of irreversible cell damage prior to histological confirmation 

of cell death (18). Each specimen was sectioned in 4μm parafn slices and stained with 

hematoxylin and eosin (HE) for histologic structural evaluation, complement-3d to evaluate 

cell death, and caspase-3 to evaluate apoptosis (19, 20). 

 
Results  
 

Patients 

Ten patients were initially included. At laparotomy, two patients were unexpectedly 

excluded; in one patient this was due to a technical failure of the NanoKnife before ablation, 

in the other patient IOUS revealed progression of liver metastases to the extent that local 

treatment was no longer considered feasible. Therefore, two additional patients were 

included. One lesion in each patient was treated according to protocol. All lesions were 

located in the periphery of the liver. Median lesion size was 2.4cm. Although on pre-

operative imaging all lesions were smaller than 3.5cm, one lesion proved larger on IOUS 

(5.3cm). Median time between IRE and resection was 84 minutes (range 51-153min). Forty-

four additional CRLM were either resected or thermally ablated within the same procedure. 

Baseline characteristics are summarized in table 1.  

Safety and feasibility 

The only IRE-related adverse event was an episode of ventricular extra systoles without 

haemodynamic changes, which occurred during ablation near the left diaphragm. The 

arrhythmia ceased immediately following procedure abortion and IRE was resumed without 

complications after removal of the electrode closest to the diaphragm. Systolic and diastolic 

blood pressure increased in all patients during pulsing, with a mean of 30mmHg (range 10-

54mmHg) and 15mmHg (range 8-23mmHg) respectively. This was modified with additional 

propofol and remifentanil and blood pressure returned to baseline within minutes after IRE. 

Postoperatively, serum liver transaminases and lactate dehydrogenase were elevated 

directly after IRE and on the first postoperative day, followed by a rapid decrease on day 

three. Analyses of the other laboratory values were unremarkable. All ECGs made 24 hours 

after IRE were similar to preoperative registration.  

Besides the technical failure prior to ablation, IRE was technically successful in 9/10 

procedures. Mean total ablation time and mean IRE delivery time were 25 minutes and 182 

seconds per lesion. The median number of electrodes placed per lesion was 3 (range 2-5). 

Real-time monitoring with IOUS showed that a 1-2mm hyperechoic area with gas typically 

 
143 

formed around the tip of the electrodes (Fig. 1C). During and immediately after ablation, the 

ablation zone was characterized by a clearly demarcated hypoechoic area widely 

encapsulating the metastasis in all cases (Fig. 1D). Feasibility parameters are shown in table 

2. 

Table 1 Baseline characteristics 

Baseline characteristics     

No. patients   10  
Gender Male  

Female 
 4 

6 
 

Age (mean/range)   63 (49-74)
  

 

ASA  I   
 II 

 3 
7 

 

Site original tumour   Rectum 
Colon 

 5 
5 

 

Original TNM stage T2 
T3 
N0 
N1 
N2 
M0 
M1 

 2 
8 
2 
3 
5 
7 
3 

 

Systemic chemotherapy 
    

> 10 weeks prior to 
IRE 
6-10 weeks prior to 
IRE  
No chemotherapy 

 4 
4 
2 

 

Previous portal vein embolization 
Previous thermal ablation of other 
lesions 

  1 
1 

 

No. lesions treated  IRE + resection 
Thermal ablation 
Resection only 
Total 

 10 
30 
14 
54 

 

IRE lesion size (cm) (median/range)   2.4 (0.8-5.3)  
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Table 2 Feasibility parameters

Parameter  Description 

Technical success 9/10 (90%) In one procedure 1 of 5 electrode pairs did 
not complete 90 pulses due to arrhythmia 

Mean total ablation time 
(min., range) 

25 (16-75) Longest ablation impaired by overcurrent, 
requiring repeated parameter adjustment 

Mean IRE delivery time  
(sec., range) 

182 (90-270) Depends on number of electrode pairs, which 
is determined by lesion size 

Median number of 
electrodes placed (range) 

3 (2-5) 2 electrodes (n=4); 3 electrodes (n=3), 4 
electrodes (n=2), 5 electrodes (n=1) 

Number of electrode pull-
backs 

5 (50%) For ablation with 2 (n=3), 4 (n=1) and 5 (n=1) 
electrodes 

Complete lesion coverage 
on intra-operative 
ultrasound 

10 (100%)  

 

Tissue evaluation   

Macroscopy – fresh tissue 

The ablated area showed a haemorrhagic red-brown discoloration compared to untreated 

tissue, which was most pronounced in the zone immediately surrounding the lesion (Fig. 2A). 

Traversing larger portal, arterial and venous blood vessels and bile ducts within the ablation 

zone appeared patent and intact. 

Macroscopy – vitality staining 

Twenty-four hours after TTC vitality staining and formalin fixation of the midsection slice, 

three different zones were identified: avital tumour, avital ablated parenchyma around the 

tumour (tumour-free margin) and vital liver parenchyma, with a sharp demarcation between 

presumed avital and vital tissue (Fig. 1E and 2B). In 8/10 patients, the colorless ablation zone 

covered the entire tumour, suggestive of a complete ablation in all directions for at least the 

midsection slice. Ablation of the largest tumour was considered incomplete (1/10) since a 

marginal 1mm rim of red-colored, presumed vital tumour tissue remained. One specimen 

(1/10) was considerably damaged during resection and was of insufficient quality to reliably 

assess the effect of TTC. Four specimens contained one additional untreated CRLM alongside 

the IRE-treated lesion, all of which showed a clear red staining suggesting vitality. 

When reanalysing the specimens four weeks after TTC, a new zone surrounding the tumour-

free margin was noticed. In this zone, the initially red formazan area (24 hours after 

staining), depicting mitochondrial activity and therefore vitality, had transformed into a 

colorless area (Fig. 2C). Therefore, at this point, four individual zones were identified: avital 
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tumour tissue (zone I), avital tumour-free margin (zone II), transitional zone between treated 

and untreated tissue (zone III), and vital liver parenchyma (zone IV). 

Microscopy 

Each zone was individually investigated. The morphology of the treated tumour (zone I) was 

highly heterogeneous between and within the specimens, with variable degrees of epithelial 

ductal proliferation, central necrosis and intraluminal mucus deposition on HE staining. 

However, in all lesions clusters of extravasated erythrocytes were detected to a greater or 

lesser extent. Areas with positive and negative response to complement-3d were unevenly 

distributed throughout the tumour, as was caspase-3 activity (Fig 3A-C). 

On HE, the tumour-free margin (zone II) immediately adjacent to the tumour was 

characterized by extensive erythrocyte congestion into and between widened sinusoids and 

infiltration of neutrophilic granulocytes. Although most hepatocytes had increased 

cytoplasmic volume, the architecture of the hepatic lobules was preserved. Morphologically 

vacuolated hepatocytes showed strong cytoplasmic and moderate membranous 

complement-3d activation. Caspase-3 activity in the cell nucleus was evident in 5/10 patients 

(Fig 3D-F) and in accordance with the TTC results there was a clear demarcation between 

zone II and zone III on microscopy, in which the typical characteristics of zone II rapidly 

decreased in intensity except for the neutrophilic granulocyte infiltration (Fig 1F-H; fig 3G-I). 

Untreated liver parenchyma (zone IV) had a normal architecture on HE, absent caspase-3 

activity and minimal cytoplasmic complement-3d positivity, without membranous staining 

(Fig 3J-L). 
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Figure 1 Images of IRE procedure, TTC and microscopic images of the ablated lesion.  

(A) IRE procedure and (B) US pre-IRE showing two electrodes positioned in the periphery of the hypo-echoic CRLM. (C) US 

during IRE showing gas formation directly around the electrodes. (D) US 15 minutes post-IRE showing a hypo-echoic 

ablation zone as compared to surrounding liver tissue broadly encapsulating the lesion. (E) The resected specimen after TTC 

staining shows an avital ablation zone (grey, TTC-), sharply demarcated from the surrounding presumably vital liver 

parenchyma (red, TTC+). (F-H) Photomicrograph of the transition between TTC- and TTC+ tissue (box shown in E) at 20x 

magnification, showing a gradient in (F) congestion of erythrocytes with widening of the sinusoids on HE, (G) cytoplasmic 

complement-3d activity and (H) nuclear caspase-3 positivity.  
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Figure 2 Macroscopic image of a resected specimen representing two CRLM. The left CRLM is treated with IRE, the right 

CRLM is untreated. (A) Fresh tissue 60 minutes after resection showing a haemorrhagic red-brown discoloration of the 

ablated tumour and surrounding ablation zone as compared to the typical appearance of the untreated CRLM and hepatic 

parenchyma. (B) Specimen after TTC staining and formalin fixation for 24 hours, demonstrating a red discoloration of the 

untreated lesion and normal liver parenchyma indicating tissue vitality. The ablated tumour and a tumour-free margin have 

not transformed TTC into red formazan, suggesting avitality. (C) Specimen after TTC staining and formalin fixation for 4 

weeks in which four individual zones are identified: avital tumour tissue (zone I), avital tumour-free margin (zone II), 

transitional zone (zone III) and vital liver parenchyma (zone IV). 
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Figure 3: Photomicrograph of zones I-IV at 20x magnification. Stained with HE (upper), complement-3d (middle) and 

caspase-3 (lower).  

(A-C) Ablated tumour (zone I) showing ductal proliferation with central necrosis and clusters of extravasated erythrocytes 

on HE, variable complement-3d and caspase-3 activity. (D-F) Tumour-free margin (zone II) showing widened sinusoids with 

massive erythrocyte extravasation on HE, strong cytoplasmic complement-3d activity and nuclear caspase-3 activity. (G-I) 

Transitional zone (zone III) showing overall normal hepatic parenchyma except for marked granulocyte infiltration on HE, 

with mild complement-3d and caspase-3 staining. (J-K) Untreated liver parenchyma (zone IV) showing normal morphology 

on HE, minimal cytoplasmic complement-3d and absent caspase-3 activity. 
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caspase-3 (lower).  

(A-C) Ablated tumour (zone I) showing ductal proliferation with central necrosis and clusters of extravasated erythrocytes 

on HE, variable complement-3d and caspase-3 activity. (D-F) Tumour-free margin (zone II) showing widened sinusoids with 

massive erythrocyte extravasation on HE, strong cytoplasmic complement-3d activity and nuclear caspase-3 activity. (G-I) 

Transitional zone (zone III) showing overall normal hepatic parenchyma except for marked granulocyte infiltration on HE, 

with mild complement-3d and caspase-3 staining. (J-K) Untreated liver parenchyma (zone IV) showing normal morphology 

on HE, minimal cytoplasmic complement-3d and absent caspase-3 activity. 
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Discussion  
 
Evaluation of ablation success in the clinical setting generally relies on imaging alone. In this 

ablate-and-resect study we combined intraoperative imaging features with histopathologic 

specimen analysis after IRE. The ultrasonographic ablation zone in our study fully covered 

the tumour and a tumour-free margin. This corresponded with our TTC findings indicating 

avitality of that area in 8 of 9 investigated specimens. Our findings are consistent with a 

previous study of porcine livers, which demonstrated avitality of the ablation zone within 15 

minutes after IRE using TTC (11). The tumour and the initially haemorrhagically infiltrated 

ablation zone turned pale 24 hours after TTC staining and fixation. The appearance of zone 

III remains unexplained. After termination of all ongoing biochemical processes by formalin 

fixation for 24 hours, this region did show mitochondrial enzyme activity. The discoloration 

four weeks later therefore suggests an unknown chemical difference between untreated 

liver parenchyma (zone IV) and the transition zone (zone III), rather than avitality. Since the 

literature describes a margin of reversibly electroporated tissue between treated and 

untreated tissue in the hours after ablation, zone III might represent this zone of reversible 

electroporation. 

Our macroscopic results were supported by additional (immuno)histochemical analyses. The 

congestion and widening of the sinusoids suggests that intracellular adhesion of hepatocytes 

has been impaired due to cell membrane disruption (21). This vascular congestion causes 

tissue hypoxia, which may further contribute to tumour cell death (22). In addition we used 

complement-3d, which indicates irreversible cell damage through retention at the cell 

membrane. Our specimens showed strong cytoplasmic complement-3d activity in the 

tumour-free margin, compared to the other zones, but membranous activity in isolated cells 

only. Cytoplasmic complement-3d activity can recall local production of complement and 

doesn’t unequivocally prove cell death. However, in combination with the TTC findings, 

morphological changes and caspase-3 activity in 5/10 patients, it strongly indicates cell death 

in the tumour-free margin. These results are reminiscent of previous studies with IRE in 

porcine liver (10, 23, 24). 

It is known that TTC identifies irreversible cell damage at an earlier stage than histology. This 

explains why TTC indicated avitality in 8/9 investigated tumours, but microscopic irreversible 

tumour cell damage caused by IRE was harder to objectify due to unevenly distributed 

complement-3d and caspase-3 activity (zone I). Several factors may attribute to this 

heterogeneity. First, pre-existing tumour necrosis may have precluded apoptosis from 

occurring, causing uneven caspase-3 distribution. Second, the ablation-to-resection interval 

may have been too short to allow completion and histologic identification of cell death 
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which is a drawback of the study protocol. This was also suggested in a study with implanted 

hepatocellular carcinoma in rats; on microscopy one day post-IRE the treated tumour tissue 

was still mostly viable with only sporadic necrotic characteristics, while adjacent ablated liver 

tissue was completely necrotic (25). In the following days the area of tumour necrosis 

expanded and was complete at day 7. The authors suggested that rather than a direct effect 

of IRE, cell death overtime was caused by ischemia and associated hypoxia, since the viable 

tumour cells were trapped within the necrotic tissue. This hypothesis is supported by the 

results from Qin et al, who recently demonstrated that the local electrical heterogeneity of 

tumour tissue increases the electric field threshold for IRE as compared to normal tissue. As 

a result, not all cells undergo membrane disruption and live tumour patches can remain 

within the ablated tissue (26).  

Although the macroscopically visible vascular and ductal structures in the ablation zone 

appeared patent and intact, the study design does not allow conclusions to be drawn on the 

integrity of main bile ducts or hilar blood vessels following IRE for central liver tumours, 

since resectable CRLM are generally located distant from the portal triad. Nevertheless, 

current literature reporting the early outcome after IRE for hepatic lesions close to the hilum 

seems promising; no clinically significant bile duct, portal vein or hepatic artery stenosis or 

occlusions were noted (12, 15). The long-term safety of this aspect of the procedure needs 

to be established in future clinical trials. 

As long as the electric field remains below 1500V/cm IRE should be primarily non-thermal 

(27). The gas formation surrounding the electrodes (Fig 1C) is thought to be caused by the 

electrolysis of water (H2O) into oxygen (O2) and hydrogen gas (H2) by the electric current 

passing through the tissue. However, heat-induced evaporation around the electrodes has 

also been described (27). As a safety precaution we therefore recommend that positioning 

of electrodes <2mm to central bile ducts, pancreatic ducts or intestines be avoided. 

The delivery of powerful electrical pulses to human tissue has the potential to cause fatal 

cardiac arrhythmias, epileptic seizures and extensive muscle contractions and thus requires 

specific precautions (16). Cardiac screening and synchronised pulsing, along with complete 

neuromuscular blockade are therefore essential. When these measures are taken, initial 

clinical studies have indicated that IRE is safe (13, 28). Although our small study group 

prevented us from making valid statements on safety, only one transient and benign 

arrhythmia occurred during IRE. In this respect, our results are in concordance with previous 

reports. 

Real-time monitoring provides immediate and reliable feedback on IRE progression (29). In 

our study, the ablation zone directly appeared as a hypoechoic area with well-demarcated 
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margins. Preclinical studies have described this direct effect to be a good initial indication of 

the actual ablation zone (10, 29). This observation requires further validation in clinical 

practice, with future studies focusing on the correlation between immediate post-IRE 

imaging, follow-up imaging and local outcome. 

To ensure the long-term success of IRE further efforts are needed to reduce the chance of 

live tumour cells remaining within the ablation zone. During electroporation, cell membrane 

permeabilisation leads to an increase in tissue conductivity. Animal studies have shown that 

these conductivity changes – among others – determine ablation success, and could 

therefore also provide real-time feedback on treatment outcome (30, 31). However, organ- 

and tumour-specific electric field dose-response studies are scarce, and more research on 

the electric and thermal properties of malignant tissues with irregular geometries is needed 

to identify an optimal electric field for maximized tissue ablation. Several other factors that 

were not addressed in the current study have been identified that may contribute to 

improved efficacy by changing conductivity through the creation of more stable pores, such 

as increasing the total number of pulses delivered between a probe pair (32), the use of 

high-frequency electrical pulses to allow more uniform electrical current flow in 

heterogeneous tissue (33) and the cyclical deposition of IRE application (34). In conclusion, 

this study demonstrated actual macroscopic avitality of malignant liver tumours in humans 

as early as one hour after IRE. Although immunohistochemistry showed complete cell death 

in the tumour-free margin, microscopic cell death in the tumour itself was more difficult to 

objectify. This may be explained by the short time-interval between ablation and resection, 

or by the local electrical heterogeneity of tumour tissue, which requires further 

characterization of the optimal tissue- and tumour-specific ablation parameters to improve 

ablation success. These results represent an important step before IRE can be implemented 

as an ablation technique to treat central liver tumours. Alongside the other available tumour 

ablation techniques, IRE may become an important tool in the treatment of cancer in the 

near future. We plan to validate our results in the currently ongoing COLDFIRE II trial for 

centrally located CRLM. 
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