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GGeenneerraall  IInnttrroodduuccttiioonn  

Rationale 

Renal cell carcinoma (RCC) covers the majority of kidney cancers (90%) and is the second 
most common malignancy diagnosed in the urinary system [1, 2]. Clinical behaviour of RCC 
varies widely and is mainly inherent to its histopathology: Most common subtypes of RCC 
are clear cell renal cell carcinoma (75-80%, ccRCC) with the most aggressive behaviour and 
highest tendency to metastasize, papillary renal cell carcinoma (10-15%, pRCC) and 
chromophobic renal cell carcinoma (5%, cRCC)[3, 4]. Although the incidence of RCC is rising 
worldwide, mortality rates appear to be stabilizing in developed countries [2]. A potential 
explanation for this rise is the increased use of imaging techniques for unrelated disorders, 
leading to incidentally detected renal masses. A subsequent characteristic associated with 
incidental detection of renal masses is stage migration to an earlier stage at the time of 
diagnosis. Over the past decades, the majority of diagnosed renal masses are smaller than 
4 cm (small renal mass, SRM) [5, 6].  

The median age of a patient with RCC at the time of diagnosis is 64 years [7]. Considering 
the global increase in the life expectancy of the general population, the number of elderly 
patients diagnosed with RCC will keep increasing. The preferred treatment for patients 
with a SRM that appears suspicious for malignancy on imaging has always been surgical 
resection. The development of ablative therapies however has altered the management of 
renal masses. A trend is observed towards a more personalized treatment, taking into 
account not only the oncological outcomes of a treatment but also the age and 
comorbidity of the patient, as well as histology and localization of the tumour [8]. 
Moreover, ‘shared decision making’ plays an increasing role in current practice. Hereby the 
healthcare practitioner consults the patient regarding the different management options 
(standard and alternative) with associated risks and benefits. Consequently, the patient 
will be able to make a fully informed treatment decision regarding his/her choice of 
treatment [9]. All the above-mentioned factors have driven a tendency towards minimal 
invasive diagnosis and therapy of renal masses. 

State of the art diagnosis of renal cell carcinoma 

Incidental detection through cross-sectional imaging, including magnetic resonance 
imaging (MRI), computed tomography (CT), and ultrasound (US), reveals renal masses that 
do not exhibit symptoms. Haematuria, flank pain, and an abdominal mass, the ‘classic’ triad 
of symptoms due to RCC, currently arise in only 10% of all cases [10]. The increase in 
asymptomatic SRMs has set the clinician for a dilemma: Cross-sectional imaging 
techniques are highly accurate in detecting renal masses but fail to reliably distinguish 
malignant from benign masses. Additionally, cross-sectional imaging cannot assess tumour 
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grade and therefore cannot predict which SRM will exhibit aggressive behaviour with 
accompanied poor prognostic factors. To determine an appropriate treatment, the risk of 
malignancy, and specifically, the risk of high-grade disease and metastatic potential should 
be assessed.  

Certain characteristics can be identified to determine possible malignancy on cross-
sectional imaging. One of those features is tumour size: The risk of (high grade) malignancy 
and the risk of metastasis increases with the size of the renal mass [11, 12]. Another feature 
is the enhancement of the renal mass on contrast-enhanced CT or MRI: Generally, 
enhancement of >20 Hounsfield Units (HU) on CT is associated with malignancy. Lastly, a 
growth rate of more than 0.3 cm per year is also associated with malignancy. Apart from 
these features, it is known that 25-30% of all SRMs are benign [13, 14]. Another 25% is 
malignant but appears to exhibit indolent behaviour. Around 30% of SRMs are of 
intermediate-risk and only 13-20% of SRMs are thought to be high-grade disease [12, 14]. 
This highlights the fact that not every SRM needs aggressive treatment, in particular not in 
elderly patients who are likely to die from other comorbidities before their SRM will 
metastasize or will cause local problems.  

Currently, the only way to accurately diagnose RCC is through imaging-guided renal mass 
biopsy (RMB). Using a core biopsy needle, a suspected lesion can be biopsied 
percutaneously under image guidance (ultrasound or CT). Accuracy of RMBs is high, with 
a reported sensitivity and specificity of 98%-99% and 96%-99% respectively [15, 16]. 
Complications of RMB are not common and include hematomas (4-5%), macroscopic 
haematuria (1%), and significant pain (1%) [15]. The risk of tumour seeding has been noted 
in incidental reports, but has never been established in larger series and lacks 
histopathologic confirmation in the majority of cases [15, 17]. The estimated risk in the 
literature reported is 0.01%-1.2% and therefore yields low concern in clinical practice, 
although patients should be informed about this during their consultation.  

An important limitation of RMB is the high rate of non-diagnostic results. A non-diagnostic 
biopsy occurs when there is insufficient tumour tissue harvested or when normal renal 
parenchyma, predominantly fibrotic tissue or necrotic tissue is found [18]. Non-diagnostic 
biopsies are reported in up to 22% of RMBs and manifest more often in smaller tumours 
[15, 16, 19]. This highlights the diagnostic challenge of the growing amount of incidentally 
detected SRMs, as they give rise to a relatively high percentage of non-diagnostic biopsies 
compared to larger tumours. The diagnostic yield (the percentage of biopsies that lead to 
a diagnosis) of RMB is therefore limited and either repeat biopsies are necessary or a 
treatment plan will be made without histopathological confirmation. Another drawback of 
RMB is the inability to accurately establish histopathological grade or predict the risk for 
aggressive malignancy. To establish proper disease management and to estimate cancer-
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specific survival, determining the disease grade is of the utmost importance [20]. RMB 
turns out to underestimate this grade in up to 55% of cases when compared to resected 
specimen pathology [21]. The clinician prefers not to operate on a benign renal mass since 
surgery is invasive and may be accompanied by significant complications and side effects. 
Research has demonstrated that resection without a preoperative histological diagnosis 
results in benign final pathology in 40% of renal masses smaller than 1 cm, and 20% of 
renal masses 1 – 4 cm [22]. Nonetheless, routinely performing preoperative RMB’s is 
hAmpered by a potential non-diagnostic outcome or an underestimation of the nuclear 
grade, which may direct the treatment in an unwanted direction. Although these 
considerations should be noted, the increased incidence of SRMs and therefore the 
relatively high risk of excising a benign renal mass has led towards RMB-guided 
management. Therefore, there is a need for better and possibly real-time diagnostic tools 
in the work-up of RCC that combines high diagnostic yield and high accuracy with a 
minimally invasive method of acquisition.  

Optical biopsy to diagnose renal cell carcinoma 

Optical biopsy refers to a group of optical technologies that uses light to image and 
characterise tissue without the need for excision [23]. Optical coherence tomography 
(OCT) is a high-resolution imaging technology with the potential to operate as an optical 
biopsy. It uses near-infrared light to establish real-time, cross-sectional imaging of tissue 
without requiring a contrast-agent. OCT was originally discovered in 1991 with its first 
application in ophthalmology to assess retinal thickness and morphology. Nowadays, the 
technique has developed significantly and OCT is a well-established modality that has 
several clinical uses, such as in the fields of cardiology [24], gastroenterology [25], 
dermatology [26], gynaecology [27], and urology [28]. OCT may be compared to 
ultrasound, in which sound waves are used to reconstruct the tissue by measuring the 
time-delay and amplitude of the returning sound wave. Similarly, OCT detects light that is 
backscattered by the tissue. OCT is capable of performing fast and high-resolution imaging, 
with a resolution of 10-15 µm and an imaging depth of 2-3 mm [28–30]. During an OCT 
scan, the near-infrared light scans circulatory and pulls back simultaneously over a 
trajectory of 54 mm in total. OCT can be performed fiber-optically so that the technique 
can be applied through an endoscope, catheter, or a needle which allows imaging of 
internal organs [31]. OCT can be analysed through a qualitative assessment of image 
features by eye, or quantitative assessment by measuring the backscattered light. 
Qualitative assessment by eye refers to the ability to recognize micro-architectural 
changes, in the way a pathologist would do when he analyses tissue under the microscope. 
A proposed parameter for quantitative assessment is the decay of signal intensity per 
millimeter tissue penetration, termed the optical attenuation coefficient (μOCT, mm-1) 
[30]. It has been hypothesized that the μOCT is able to discriminate benign from malignant 
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tissue, and enables the grading of malignant tissue as well [32]. In tumourigenesis, the cell 
organelles and the cell structure is altered when compared to normal cells. The 
mitochondria and nuclei increase in number due to high mitotic activity, and as a result the 
size and shape of the cell and cell organelles changes. Those changes leads to different 
optical properties of tissue and therefore alter the backscattering signal measured with 
OCT [33].  

For the diagnosis of RCC, OCT has been investigated in ex-vivo and in-vivo studies [19, 29, 
34–39]. In general, the value of qualitative assessment for the diagnosis of RCC appears to 
be hAmpered. RCC varies widely in its visual presentation on OCT images, which makes it 
hard to recognize specific optical features that contribute to an ‘OCT diagnosis' for RCC 
[28]. Only for the qualitative discrimination of angiomyolipoma (AML) and oncocytomas, 
distinctive visible features on OCT images may be recognized [37, 38]. Fig. 1 illustrates OCT 
cross-sections (B-scans) with corresponding pathology slides of oncocytoma, RCC, and 
angiomyolipoma. 
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The backscattering properties of the renal tumours can also lead to quantitative analysis 
using the μOCT. This way of analysing OCT images appeared to be more promising for 
diagnosing RCC: The μOCT was significantly higher in RCC compared to benign renal masses 
and normal renal parenchyma in several in vivo- and ex vivo studies [34–36]. Taking this 
into consideration, it is hypothesized that by assessing the μOCT of a renal mass, an 
objective, fast, and minimally invasive method for RCC-diagnosis might be possible.  

Treatment of kidney cancer 

According to guidelines, a partial nephrectomy is indicated for localised RCC when 
technically feasible [40]. A partial nephrectomy is unsuitable for localised RCC in a few 
situations: tumour involvement of the renal vein, insufficient volume of the remaining 
parenchyma to maintain a proper renal function, or in case of an unfavourable tumour 
location (centrally located; adherence to the vessels, ureters, or collecting system) [41]. 
Even if the tumour is small and located at such an unfavourable spot, a radical 
nephrectomy is advised with associated consequences for the renal function and 
comorbidity [41]. Technical advances in partial nephrectomy have led to a maximum 
nephron-sparing approach accompanied with very low complication rates. Simultaneously, 
the ablation of SRMs has developed quickly in the last decade and studies have shown 
significant improvements in both functional outcomes and oncological effectiveness with 
similar results in recurrences compared to a partial nephrectomy [42]. 

Renal mass ablation 

RCC is increasingly diagnosed at an early stage, requiring a less radical approach since the 
risk of metastasis is lower in smaller tumours. A challenge in the management of these 
‘early diagnosed’ RCCs, that comprises a majority of SRMs, is to find a balance in treating 
those tumours that will metastasize and display aggressive behaviour, but avoid 
overtreatment. When there is a chance that the patient will die earlier due to unrelated 
comorbidities instead of his or her RCC, management options should be carefully weighed 
in order not to cause the patient further morbidity and consequently a lower quality of life 
[43]. Image-guided percutaneous ablation has gained popularity in renal mass treatment 
due to its nephron-sparing properties, fast patient recovery, and low complication rate. 
The most commonly used ablation techniques are cryoablation (CA), radiofrequency 
ablation (RFA) and microwave ablation (MWA), all categorized as thermal ablation. 
According to the European guidelines, the standard of care is partial nephrectomy (PN) for 
localised RCC [41, 44]. However, recent studies have demonstrated that in terms of 
oncological outcome, recurrence-free- and metastases free –survival, thermal ablation is 
comparable to a PN for cT1a tumours (≤ 4cm and confined to the kidney) [42, 45–48]. 
These studies also reported lower complications rates, less renal function decrease, and 
shorter hospital stay for thermal ablation when compared to a PN [45, 46]. Overall survival 
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(OS) is worse for thermal ablation when compared to PN in most studies [45]. However, in 
most series, the baseline characteristics of the patient groups reveal a more comorbid and 
older population in the thermal ablation group when compared to the PN group. Hence, it 
is thought that the difference in OS is mainly caused by selection bias as thermal ablation 
is originally a second-line treatment and performed in unfit patients. Other management 
options such as stereotactic ablative radiotherapy (SABR) are evolving rapidly as a 
treatment for primary RCC. A recent systematic review demonstrated that SABR has a low 
toxicity profile and exhibits excellent local tumour control [49, 50]. An additional benefit is 
that general anaesthesia is not required, and larger tumours (> 4 cm) can be treated as 
well. Lastly, in elderly patients with a SRM, limited life expectation, high comorbidity, 
and/or low risk of an aggressive tumour, active surveillance (AS) may be a suitable 
management option. Early results of a prospective registry demonstrated AS with delayed 
intervention not to be inferior to active treatment in terms of oncological outcomes [51].  

Thermal ablation is considered when the patient is not fit for surgery, has the risk of 
developing multiple RCCs, has a genetic risk for developing multiple RCCs, and is diagnosed 
with bilateral tumours or has a solitary kidney and is at risk of complete loss of renal 
function after resection [52]. The advantages of thermal ablation are low-invasiveness, 
minimal effect on renal function, and faster recovery for the patient compared to 
resection. A potential disadvantage is the risk of incomplete ablation due to the so-called 
heat sink effect: Nearby lying vessels or ureters will drain off heat or cold, and since this is 
the basis of the mechanism for tissue destruction in thermal ablation this may lead to 
inconsistent ablation effects. Under-treatment of the tumour side closest to the 
vessel/ureter might occur and develop into a residual tumour or recurrence. An other 
potentially harmful consequence is that the vital structure like the ureter, pyelum, or 
vessels may be damaged by thermal ablation. Especially the urothelial lining of the ureter, 
pyelum or collecting system is susceptible to extremely high or low temperatures. Hence, 
thermal ablation is not feasible in a centrally located tumour and the patient is advised to 
undergo a radical nephrectomy. This will result in a long recovery period and an 
impairment of the renal function, posing a significant risk for comorbidity for the patient 
[53]. In patients with a solitary kidney with a centrally located tumour, this results in total 
loss of renal function and dependency on renal function replacement therapy or kidney 
transplantation. Especially in this patient group, there is an imperative need for an ablation 
technique that will not damage the vital structures without decreased effectiveness due 
to the heat sink. An upcoming ablation technology, hypothesized to fulfill this need, is 
irreversible electroporation (IRE). IRE is an ablation technique using short, high-Voltage 
electrical pulses to destruct tissue between the placed needles. The mechanism of action 
behind IRE is not completely understood yet and fuels an ongoing debate to date. IRE is 
thought to create small holes called nanopores in the cell membrane of tumour cells, which 
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leads to increased permeability of the membrane [54]. When a sufficient amount of 
nanopores is reached, the homeostasis of the tumour cell is altered which subsequently 
causes cell death through apoptosis. Although an increase in temperature is demonstrated 
in IRE ablated porcine kidneys [55], it is thought that only a minority of the tissue is 
destructed by direct thermal ablation [56]. In animal models, preservation of the collecting 
system and urothelial tissue in renal IRE has suggested that vital structures surrounding 
kidneys may be less sensitive to the electrical IRE pulses when compared to thermal 
ablation [57, 58]. Recently, this phenomenon has been reported in humans: Patients that 
received IRE and 4 weeks later extirpation of their renal tumour showed unaltered normal 
morphology of the urinary collecting system and urothelial regeneration in the pathology 
specimen [59]. Therefore, IRE is proposed as a solution for thermal limitations like the heat 
sink effect and can potentially be used for centrally located tumours [59, 60]. Initial 
research has demonstrated promising results on renal SRMs, but prospective research 
should validate those results before IRE can be translated into phase 3 trials and eventually 
clinical practice.  

Aim of the thesis 

The first aim of this thesis is to investigate the diagnostic value of needle-based, 
percutaneous optical coherence tomography (OCT) in the differentiation of renal masses. 
Secondly, the feasibility and safety of percutaneous, irreversible electroporation (IRE) are 
assessed for the treatment of SRMs.  

Outline of the thesis 

CChhaapptteerr  22  reports on the comparison between OCT and conventional RMB for the 
differentiation of renal masses. Diagnostic yield (total percentage of biopsies that lead to 
diagnosis) and accuracy, (sensitivity, specificity, negative predictive value, and positive 
predictive value) will be assessed for both OCT and RMB in a prospective cohort of 95 
patients. In cchhaapptteerr  33 a literature overview is presented of the novel ablative technologies, 
including irreversible electroporation (IRE), microwave ablation (MWA), and stereotactic 
ablative radiation therapy (SABR), for the treatment of localised RCC. They are compared 
to the currently established ablative techniques, cryoablation and radiofrequency ablation 
(RFA). In cchhaapptteerr  44  a literature overview on IRE in several organs is provided including the 
liver, pancreas, kidney, and prostate. Additionally, the principle and the procedure of IRE 
is described. CChhaapptteerr  55  reports on the study protocol regarding IRE for the ablation of 
localised RCC in humans. It aims at feasibility and safety, functional outcomes, and clinical 
efficacy. Additionally, the protocol has a specific focus on several imaging techniques (MRI, 
CT, and contrast-enhanced ultrasound) used in the follow-up after IRE. CChhaapptteerr  66  reports 
on the feasibility and safety results of the IRE study, as well as the functional outcomes 
including postoperative pain and renal function. CChhaapptteerr  77 describes the imaging 
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characteristics, enhancement, and the volume of the ablated tumour after renal IRE 
ablation using contrast-enhanced CT and MRI. CChhaapptteerrss  88  finalizes this thesis by reporting 
on a conclusion, summary, and future perspectives.  In cchhaapptteerr  99 an English and Dutch 
summary is provided per chapter. 
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AAbbssttrraacctt  

BBaacckkggrroouunndd:: Lack of accuracy in preoperative imaging leads to overtreatment of benign 
renal masses (RMs) or indolent renal cell carcinomas (RCCs). Optical coherence tomography 
(OCT) is a real-time and high-resolution optical technique, enabling quantitative analysis 
through the attenuation coefficient (μOCT, mm-1). 

OObbjjeeccttiivvee:: To determine the accuracy, the sensitivity, specificity, positive predictive value 
(PPV), and negative predictive value (NPV), and the diagnostic yield, the percentage that 
leads to a diagnosis, of OCT and renal mass biopsy (RMB) for the differentiation of benign 
RMs versus RCC, and oncocytoma versus RCC. 

DDeessiiggnn,,  sseettttiinngg,,  aanndd  ppaarrttiicciippaannttss:: From October 2013 to June 2016, 95 patients with solid 
enhancing RMs on cross-sectional imaging were prospectively included. All patients 
underwent subsequent excision or ablation. 

IInntteerrvveennttiioonn::  Percutaneous, image-guided, needle-based OCT followed by a RMB in an 
outpatient setting under local anaesthesia. 

OOuuttccoommee  mmeeaassuurreemmeennttss  aanndd  ssttaattiissttiiccaall  aannaallyyssiiss:: Accuracy and diagnostic yield, μOCT 
correlated to resection pathology or second biopsy during ablation. Tables (2x2) for RMB 
and receiver operating characteristic curves for OCT were determined. A Mann-Whitney 
test was used to differentiate between the μOCTs of the RMs. 

RReessuullttss  aanndd  lliimmiittaattiioonnss::  RMB diagnostic yield was 79% with sensitivity, specificity, positive 
predictive value, and negative predictive value of 100%, 89%, 99%, and 100%, respectively. 
The diagnostic yield of OCT to differentiate RCC from benign was 99%. A significant 
difference was observed in the median μOCT between benign RMs  (3.2 mm-1,   
interquartile   range   [IQR]:   2.65–4.35)   and   RCCs   (4.3 mm-1,   IQR:   3.70–5.00), p = 
0.0171,  and  oncocytomas  (3.38 mm-1,  IQR:  2.68–3.95)  and  RCCs  (4.3 mm-1,  IQR:  3.70– 
5.00), p = 0.0031. OCT showed sensitivity, specificity, PPV, and NPV of 91%, 56%, 91%, and 
56%, respectively, to differentiate benign RMs from RCCs and 92%, 67%, 95%, and 55%, 
respectively, to differentiate oncocytomas from RCCs. Limitations include two reference 
standards and the heterogeneity of the benign RMs. 

CCoonncclluussiioonnss::  Compared with RMB, OCT has a higher diagnostic yield. OCT accurately 
distinguishes benign RMs from RCCs, and oncocytoma from RCCs, although specificity and 
NPV are lower. 

  



Diagnostic yield and accuracy of optical biopsy compared with renal mass biopsy

2

| 25   
 

 

IInnttrroodduuccttiioonn  

Recent decades witnessed a significant change in renal cell carcinoma (RCC) stage 
distribution at diagnosis and a steady rise in clinical small renal masses (SRMs; ≤ 4 cm) [1,2]. 
Surgery, when possible, remains indicated when RCC suspicion rises on cross-sectional 
imaging [3–5]. However, 17–40% of resected renal masses (RMs) turn out to be benign 
suggesting an imbalance between diagnosis and treatment paradigms. The RMs shifted 
presentation and expanded treatment options provide the foundation to modify the 
diagnostic approach [6]. 

Cross-sectional imaging is excellent to detect RMs but cannot reliably differentiate benign 
from malignant RMs. Renal mass biopsy (RMB) emerges as the most valid tool to 
preoperatively determine the histological diagnosis. When diagnostic, RMB is highly 
accurate in differentiating benign from malignant and for subtype determination. 
However, accuracy is mostly determined after the exclusion of non-diagnostic biopsies 
(NDB) [7,8]. NDB rates remain variable and are reported in up to 23% in SRMs [20]. 
Additionally, RMB has a low negative predictive value (NPV) and underestimates the 
Fuhrman grade in 24–55% of the cases when compared with pathology specimen [10,11]. 

Optical imaging modalities such as optical coherence tomography (OCT) arise as potential 
diagnostic tools in urologic cancers to overcome RMB pitfalls [7,8,12,13]. OCT is a real-time 
imaging technique that allows the visualization of tissue at a cellular level. High-resolution 
images, with a tissue penetration of 2–3 mm, are obtained within seconds without the 
need for a contrast agent. Percutaneous, needle-based OCT differentiation between 
benign and malignant renal tumours using a quantitative parameter (attenuation 
coefficient, μOCT) has proven to be safe and feasible [11]. Based on these pilot results, we 
launched a prospective diagnostic study comparing needle-based OCT with conventional 
RMB in patients with RMs tributary of active treatment. 

The primary objective is an interim analysis assessing the diagnostic accuracy of OCT versus 
conventional RMB for differentiation between benign and malignant RMs and between 
RCC and oncocytoma. The secondary objective is to determine the diagnostic yield of both 
techniques. 
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MMaatteerriiaall  aanndd  mmeetthhooddss  

Study design 

This is a prospective diagnostic study, approved by the Institutional Review Board of our 
Institute (2012_269). Trial registration was completed by the Dutch Central Committee on 
Research Involving Human Subjects (NL41985.018.12) and in the clinicaltrials.gov database  
(NCT02073110)  [13]. All patients gave written informed consent. This study conforms to 
Standards for Reporting Diagnostic Accuracy guidelines [14]. 

Participants 

From October 2013 to July 2016, consecutive patients with a solid enhancing RM seen at 
the outpatient clinic (tertiary care hospital) were offered a RMB and participation in the 
study. Inclusion criteria comprised: older than 18 yr, solid enhancing RM on cross-sectional 
imaging suspicious for RCC, and candidate for active treatment (surgery or ablation). In our 
center, RMB is included in the diagnostic workup of solid RMs. Nonparticipation in the 
study did not preclude RMB. Patients who were not candidates for active treatment were 
excluded from the study. 

Test methods 

Patients underwent percutaneous needle-based OCT (index test) followed by image-
guided RMB (standard test) in the same procedure. The percutaneous tract and RMB were 
performed by interventional radiologists and the OCT by resident urology. The reference 
standard was the surgical pathology specimen in patients receiving radical/partial 
nephrectomy, or a second procedural biopsy in patients receiving ablation. Ablation was 
recommended to patients with high comorbidity or surgical risk [3,4]. Surgical specimens 
and RMBs were pre-specified as a positive test when histology/pathology results reported 
renal malignancy. OCT results tested as positive when the determined cut-off value of 
μOCT was reached or exceeded (exploratory). RMB and OCT procedures were performed 
according to the protocol as previously described to warrant systematic data acquisition 
[11]. 

Analysis: histology and pathology 

A genitourinary pathologist blinded for OCT results performed the analysis of the RMBs 
and the surgical specimens.  Pathology analysis was performed according to the pathology 
department-specific protocol [11]. NDBs included those reported by the pathologists as 
normal renal parenchyma, fibrosis, necrosis, or insufficient tissue for analysis. 
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Analysis: OCT 

As described previously, quantitative analysis consisted of determining the average μOCT 
based on five different B-scans [11,15–17]. From one volumetric OCT scan (541 B-scans), 
five B-scans were randomly selected to determine the average μOCT values of the 
corresponding five A-scans (Fig. 1). The μOCT values were corrected for the point spread 
function, the system roll-off, and the refractive index n = 1.4 [15]. When OCT scans 
revealed only fluid or perinephric fat tissue, OCT was interpreted as non-diagnostic (ND). 
The resident urology and the engineer that analysed the OCT scans were blinded for the 
pathology results. 

Statistical analysis 

A sample size calculation was performed based on our pilot study [18], resulting in a 
needed inclusion number of 194 patients [13]. The Institutional Review Board 
predetermine the interim analysis to be conducted once half of the patients were included. 
The diagnostic yield for RMB and OCT was calculated by dividing the diagnostic cases by 
the total number of cases x 100. Diagnostic accuracy (sensitivity, specificity, PPV, and NPV) 
of RMB was calculated based on histopathology at treatment. The values of μOCT were 
unpaired and numeric, and non-normally distributed. The Mann-Whitney U test was used 
to evaluate the difference in μOCT value between malignant and benign RMs, and RCCs 
and oncocytomas. Test results were interpreted as significant if the two-sided p-value was 
below 0.05. The receiver operating characteristic (ROC) curve was used to investigate 
different μOCT cut-off values to determine the optimal trade-off between sensitivity, 
specificity, PPV, and NPV. The added value of OCT was calculated using the μOCT optimal 
cut-off value, the proportion of correctly diagnosed tumours by OCT was calculated among 
the group of NDBs. The overall added value of OCT was calculated by dividing the correctly 
identified tumours by the total interim cohort x 100. 

 



Chapter 228 |

 

 
FFiigg..  11  – Quantitative analysis of optical coherence tomography (OCT) scan. (A) One volumetric OCT scan 
(54 mm total in length) of renal cell carcinoma tissue and adjacent perirenal fat tissue. (B) One volumetric 
OCT scan consisted of 541 cross-sectional B-scans. Five cross-sectional B-scans were selected for analysis. 
(C) In each cross-sectional B-scan 30 parallel A-lines (A-scan) are drawn, radiating outward from the heart 
of the probe. (D) An average of five A-scans from each selected B-scan is plotted in a graph using Fiji plugin 
(developed in house). The slope of the graphic represents the μOCT. 
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RReessuullttss  

Participants 

During the study period, 281 patients presented with a solid-enhancing RM at the 
outpatient clinic, and 95 patients were included in this interim cohort. The inclusion 
flowchart is presented in Fig. 2. Patient demographics, tumour characteristics and 
complexity, and type of treatment of the entire and diagnostic RMB and OCT cohorts are 
depicted in Table 1. 

Diagnostic yield 

Overall, RMB was ND in 20 patients (21%) and OCT was non-diagnostic in one patient (1%). 
The diagnostic yields of RMB and OCT were 79% and 99%, respectively (Table 2). 

Diagnostic accuracy 

The diagnostic RMB group (75 patients) consisted of nine oncocytomas and 66 RCCs. In 
differentiating between RCC and oncocytoma, no false-negative and one false positive case 
were observed. Sensitivity, specificity, PPV, and NPV were 100%, 89%, 99%, and 100%, 
respectively (Table 2). 

The diagnostic OCT group (94 patients) consisted of 78 RCCs, nine oncocytomas, three 
cysts, one papillary adenoma, one leiomyoma, one case of granulation tissue mass, and 
one haemangioma. The median μOCT of benign RMs (3.2 mm-1,  interquartile range  [IQR]:  
2.65–4.35)  was significantly lower than the median μOCT of RCCs (4.3 mm-1, IQR: 3.70–
5.00), p = 0.0171 (Fig. 3). ROC analysis showed an optimal μOCT cut-off value of  >3.2 mm-

1  for sensitivity, specificity, PPV, and NPV of 91%, 56%, 91%, and 56%, respectively (Table 
2). The area under the curve (AUC) was 0.69 (95% confidence interval [CI]: 0.59–0.78). A 
subset analysis in patients exclusively receiving radical or partial nephrectomy (N = 84) 
demonstrated an AUC of 0.64 (95% CI: 0.53–0.74). 

For differentiation between oncocytoma (n = 8) and RCC (n = 78), the  median  μOCT of  
oncocytoma  (3.2 mm-1,  IQR: 2.68–3.95) was significantly lower than the median μOCT of 
RCC  (4.3 mm-1,  IQR:  3.70–5.00),  p = 0.0031  (Fig.  3).  ROC curve showed an optimal μOCT 
cut-off    value  of >3.2 mm-1  for a  sensitivity,  specificity,  PPV,  and  NPV  of 92%, 67%, 
95%, and 55%, respectively (Table 2). The AUC was 0.81 (95% CI: 0.73–0.91). Subset 
analysis in patients receiving radical or partial nephrectomy showed an AUC of 0.77 (95% 
CI: 0.66–0.86). 

Added-value of OCT 

Applying the established μOCT cut-off value of  3.2 mm-1, OCT was diagnostic in 14 (70%) 
out of 20 ND-RMBs. This included 11 of 13 malignant masses (85%), and three of seven 
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benign masses (43%). The added value of the OCT in our interim cohort was 15%. Patient 
demographics of the ND group are depicted in Table 3. ND-RMBs occurred more frequently 
in men and in smaller masses. 

 

 

FFiigg..  22  – Flowchart of inclusion of interim cohort. Surgery includes radical or partial nephrectomy. 
Cryo = cryoablation; CT = computed tomography; ND = non-diagnostic; OCT = optical coherence 
tomography; PA = pathology analysis; pt = patient; RM = renal mass; RMB = renal mass biopsy; US = 
ultrasound. 
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Adverse events 

A total of three patients developed a perinephric haematoma requiring overnight hospital 
admission for observation. One of them presented with transient macroscopic haematuria 
(Grade 1 according to Common Terminology Criteria for Adverse Events version 3.0). No 
patient required a blood transfusion. One patient developed a lung embolism 1 week after 
OCT/RMB procedure requiring therapeutic nadroparin (Grade 4 according to Common 
Terminology Criteria for Adverse Events version 3.0). All patients recovered and did not 
experience any lasting symptoms. 
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TTaabbllee  11  –– Patient characteristics. In accordance with the PADUA score, tumours were 
interpreted as low (5–7 points), moderate (8–9 points), or high ( 10 points). RENAL 
Nephrometry Scores 4–6 were considered low complexity for resection, 7–9 were 
considered moderate complexity, and 10–12 were considered high complexity. 

CChhaarraacctteerriissttiiccss  IInntteerriimm  ccoohhoorrtt  ((NN  ==  9955))  DDiiaaggnnoossttiicc  OOCCTT  ((NN  ==  9944))  DDiiaaggnnoossttiicc  RRMMBB    
((NN  ==  7755))  

Mean age, yr (SD) 59 (12) 58 (12) 47 (12) 
Median size in cm 
(range) 

3.3 (1.2–9.1) 3.3 (1.2–9.1) 3.6 (1.2–9.1) 

SRMs (%) 60 (63) 59 (63) 42 (56) 
Men (%) 65 (68) 64 (68) 50 (67) 
Mean PADUA (SD) 9 (2) 9 (2) 9 (2) 
Low 5–7 (%) 30 (32) 29 (31) 23 (31) 
Moderate 8–9 (%) 29 (31) 29 (31) 24 (32) 
High >10 (%) 36 (38) 36 (38) 28 (37) 
Mean RENAL (SD) 8 (2) 8 (2) 8 (2) 
Low 4–6 (%) 29 (31) 28 (30) 21 (28) 
Moderate 7–9 (%) 38 (40) 38 (40) 31 (41) 
High 10–12 (%) 28 (29) 28 (29) 23 (31) 
Treatment type    
Open partial 
nephrectomy 

11 (12) 11 (12) 8 (11) 

Open radical 
nephrectomy 

4 (4) 4 (4) 4 (5) 

Lap partial 
nephrectomy 

48 (50) 48 (50) 35 (47) 

Lap radical 
nephrectomy 

21 (22) 21 (22) 18 (24) 

Cryoablation 11 (12) 10 (11) 10 (13) 
Resection PA    
ccRCC (%) 53 (56) 53 (56) 42 (56) 
pRCC (%) 18 (19) 18 (19) 17 (23) 
chrRCC (%) 7 (7) 6 (6) 6 (8) 
RCC (%) 1 (1) 1 (1) 1 (1) 
Oncocytoma (%) 9 (10) 9 (10) 9 (12) 
Cyst (%) 3 (3) 3 (3) 0 (0) 
Other benign 
pathology (%) 

4 (4) 4 (4) 0 (0) 

Papillary adenoma (%) 1 (1) 1 (1) 0 (0) 
Leiomyoma (%) 1 (1) 1 (1) 0 (0) 
Granulation tissue 
mass (%) 

1 (1) 1 (1) 0 (0) 

Haemangioma (%) 1 (1) 1 (1) 0 (0) 
CT-guided RMB 1 (1) 1 (1) 1 (1) 
CEUS-guided RMB 1 (1) 1 (1) 1 (1) 
US-guided RMB 93 (98) 92 (98) 73 (98) 

ccRCC = clear  cell renal cell carcinoma; CEUS = contrast-enhanced ultrasound; chrRCC = chromophobe 
renal cell carcinoma; CT = computed tomography; Lap = laparoscopic; OCT = optical coherence 
tomography; PA = pulmonary artery; pRCC = papillary renal cell carcinoma;   RCC = mucinous-spindle   RCC; 
RMB = renal mass biopsy; SD = standard deviation; SRM = small renal mass; US = ultrasound. 
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TTaabbllee  22  ––  Comparison of diagnostic yield and accuracy of renal mass biopsy (RMB) and 
optical coherence tomography (OCT) in the interim cohort. (Only diagnostic RMBs and 
diagnostic OCT scans are included in the table for accuracy calculations. For OCT, the 
optimal cut-off value of 3.2 mm-1 is used for accuracy calculation). 

 DY 
(%) 

Sens 
(%) 

Spec 
(%) 

PPV 
(%) 

NPV 
(%) 

AUC AUC CI 

1. Conventional RMB: oncocytomas 
vs RCCs (N = 75) 

79 100 89 99 100 — — 

2. OCT: benign vs RCCs (N = 94) 99 91 56 91 56 0.69 0.59–0.769 
3. OCT: oncocytomas vs RCCs  
(N = 87) 

99 92 67 95 55 0.81 0.71–0.88 

DY= diagnostic yield; Sens= sensitivity; Spec = specificity; PPV = positive predictive value; NPV = negative 
predictive value; RCC = renal cell carcinoma; AUC = area under the curve; CI = confidence interval. 
 

 

FFiigg..  33  –– (A) Optical coherence tomography boxplot of benign renal masses (N = 16) versus renal cell 
carcinomas (RCCs; N = 78). Median μOCT of benign tumours (3.2 mm-1, interquartile range [IQR]: 2.65–
4.35) was significantly lower than median μOCT of malignant tumours (4.3 mm-1, IQR: 3.70–5.00) with p = 
0.0171. Statistical analysis was performed using the Mann-Whitney test (* = p < 0.05). Receiver operating 
characteristic curve of benign renal masses versus RCCs with an area under the curve of 0.69 (95% 
confidence interval [CI]: 0.59–0.78). Optimal cut-off value of 3.2 mm-1 was determined, yielding a 
sensitivity, specificity, positive predictive value, and negative predictive value of 91%, 56%, 91%, and 56%, 
respectively (95% CI: 0.59–0.78). (B) Optical coherence tomography boxplot of oncocytomas (N = 9) versus 
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RCCs (N = 78). Median μOCT of oncocytoma (3.2 mm-1, IQR: 2.68–3.95) was significantly lower than median 
μOCT of RCC (4.3 mm-1, IQR: 3.90–5.00) with p = 0.0031. Statistical analysis was performed using the Mann-
Whitney test (* = p < 0.05). Receiver operating characteristic curve of oncocytomas versus RCCs with an 
area under the curve of 0.81 (95% CI: 0.73–0.91). An optimal cut-off value of 3.2 mm-1 was determined, 
yielding a sensitivity, specificity, positive predictive value, and negative predictive value of 91%, 67%, 95%, 
and 54%, respectively (95% CI: 0.73–0.91). 

TTaabbllee  33  –– Patient characteristics of non-diagnostic renal mass   biopsy (RMB) group (n = 
20). In accordance with the PADUA score, tumours were interpreted as low (5–7 points), 
moderate (8–9 points), or high ( 10 points). RENAL Nephrometry Scores 4–6 were 
considered low complexity for resection, 7–9 were considered moderate complexity, and 
10–12 were considered high complexity. 

CChhaarraacctteerriissttiiccss    VVaalluuee  
MMeeaann  aaggee  iinn  yyrr  ((SSDD))  59 (14) 
MMeeddiiaann  ssiizzee  iinn  ccmm  ((rraannggee))  
SSRRMMss  ((%%))  

2.5 (1.2-7.9) 
18 (90%) 

MMaallee  ((%%))  15 (75%) 
MMeeaann  PPAADDUUAA  ((SSDD))  
  LLooww  55--77  ((%%))  
  MMooddeerraattee  88--99  ((%%))  
  HHiigghh  1100≥≥  ((%%))  

9 (2) 
5 (25%) 
8 (40%) 
7 (35%) 

MMeeaann  RREENNAALL  ((SSDD))  
  LLooww  44--66  ((%%))  
  MMooddeerraattee  77--99  ((%%))  
  HHiigghh  1100--1122  ((%%))  

7 (2) 
7(35%) 
10 (50%) 
3 (15%) 

TTrreeaattmmeenntt  ttyyppee  
  OOppeenn  ppaarrttiiaall  nneepphhrreeccttoommyy  ((%%))  
  OOppeenn  rraaddiiccaall  nneepphhrreeccttoommyy  ((%%))  
  LLaapp  ppaarrttiiaall  nneepphhrreeccttoommyy  ((%%))  
  LLaapp  rraaddiiccaall  nneepphhrreeccttoommyy  ((%%))  
  CCrryyooaabbllaattiioonn  ((%%))  

 
3 (15%) 
0 (0%) 
13 (65%) 
3 (15%) 
1 (5%) 

RReesseeccttiioonn  PPAA  
  ccccRRCCCC  ((%%))  
  ppRRCCCC  ((%%))  
  cchhrrRRCCCC  ((%%))  
  ootthheerr  RRCCCC  ((%%))  
  OOnnccooccyyttoommaa  ((%%))  
  CCyysstt  ((%%))  
  
ootthheerr  bbeenniiggnn  PPAA  ((%%))  
  PPaappiillllaarryy  aaddeennoommaa  ((%%))  
  LLeeiioommyyoommaa  ((%%))  
  GGrraannuullaattiioonn  ttiissssuuee  ((%%))  
  HHeemmaannggiioommaa  ((%%))  

 
11 (55%) 
1 (5%) 
1 (5%) 
0 (0%) 
0 (0%) 
3 (15%) 
 
4 (20%) 
1 (5%) 
1 (5%) 
1 (5%) 
1 (5%) 

CCTT--gguuiiddeedd  RRMMBB  
CCEEUUSS--gguuiiddeedd  RRMMBB  
UUSS--gguuiiddeedd  RRMMBB  

0 (0%) 
0 (0%) 
20 (100%) 

ccRCC = clear cell renal cell carcinoma; CEUS = contrast-enhanced ultrasound; chrRCC = chromophobe renal 
cell carcinoma; CT = computed tomography;     Lap = laparoscopy;     PA = pulmonary      artery;      other 
RCC = mucinous-spindle  RCC;  pRCC:  papillary  renal  cell  carcinoma; RMB = renal mass biopsy; SD = 
standard deviation; SRM = small renal masses; US = ultrasound.  
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DDiissccuussssiioonn  

Our prospective interim analysis comparing the diagnostic accuracy of OCT and RMB 
provides evidence that OCT differentiates between benign RMs and RCC with a sensitivity 
and PPV of 91% (both) similar to RMB (100% and 99%, respectively). These figures are 
slightly higher in differentiating RCC from oncocytoma. However, OCT has a lower 
specificity and NPV than RMB in both comparative scenarios. As a counterpart, the 
diagnostic yield of OCT is higher than of RMB (99% vs 79%, respectively).  

Two recent systematic reviews (SR) and meta-analysis on the accuracy of RMB highlighted 
a very high sensitivity (97.5–99.1%) and specificity (96.2–99.7%) with narrow CIs [9,10]. 
The sensitivity of the RMB and OCT mimics in our study the SR data. The high risk of 
selection bias and the use of different reference standards among studies included in the 
SRs is minimised in our setting by the prospective design and two well predefined 
standards for comparison, both including a second histological/pathological confirmation. 
It is recognised that when the reference standard at use is the surgical specimen, specificity 
may decrease justifying the slightly lower specificity of the RMB in our study. 

The lower specificity and NPV of the OCT are justified by the quantitative character of the 
OCT measurement resulting in overlap (Fig. 3). The manner in which OCT data were 
analysed is a limitation. In our study, the five B-scans in which the average μOCT were 
determined, and were randomly selected within the tumour region. Considering that one 
volumetric OCT scan pulls back over a trajectory of 54 mm (~ 541 B-scans), of which 
approximately 70% is tumour region (~ 380 B-scans), our analysis omits a  large share of 
data without knowing if this could be of any diagnostic profit. RMs may contain necrosis,  
inflammation, or cystic areas, all holding very low μOCT values that may explain our false-
negative OCT scans. Oncocytomas may contain calcifications in 40% of the cases [19] 
leading to high μOCT values contributing to false-positive results. In the future, 
optimisation of the technique should include automated OCT analysis comprising all B-
scans within the tumour region, in order to detect the lowest μOCT value and calculate the 
proportion of μOCT value <3.2 mm-1. Automating analysis may improve NPV and 
specificity, reduce selection bias and interobserver variability, and even overcome the 
difficulties to determine subtype heterogeneity in a biopsy. 

Overall median diagnostic yield of 86–92% is described for RMB in the previously mentioned 
meta-analysis. The characteristics of our cohort with a clinical median tumour size of 3.3 
cm (range: 1.2–9.1 cm) and 63% of SRMs justify the 21% of NDBs. While in the upper range 
of the literature, these rates are not rare for small tumours RMBs. On the contrary, OCT 
exhibits an almost perfect diagnostic yield that minimises deceiving diagnostics or repeat 
biopsies and deserves to be paired with the lower specificity and NPV of the RMB. 
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When analysing the ND-RMB cohort, a median size of 2.5 cm (range: 1.2–7.9 cm) was noted 
and 90% were SRMs. Although no statistics were done due to the small sample size (N=20 
patients), a trend for a smaller size in the ND-RMB group was evident and consistent with 
the negative correlation between size and diagnostic RMB [21,22]. Specifically, within the 
group of ND-RMBs, OCT reduces the ND rate by 70%, suggesting that a future OCT 
indication may be as an adjunct or first choice test in small or very SRMs to overcome the 
ND shortcoming related to size. 

We acknowledge that the number of biopsy cores, operator expertise, as well as the 
ultrasound guidance, may have hindered the diagnostic yield of the RMB biopsy. The most 
recent literature on ultrasound-guided RMB shows ND rates between 13% and 19%, similar 
to ours [23,24], although no direct comparison exists with computed tomography-
guidance. In this sense the gain hereby reported by the superior diagnostic yield of the OCT 
may not be reproducible in other settings. 

ND-RMB rates also increase when strict definitions for a diagnostic RMB are contemplated. 
The extremely exclusive ND definition used in our study may be partially responsible for 
the low diagnostic yield of the RMB, responding otherwise to the expectations of 
physicians and patients in terms of defining an accurate diagnostic technique. Moreover, 
we cannot rule out that performing OCT before RMB might have increased the number of 
ND-RMBs by jeopardising the trajectory of the biopsy needle. 

The use of two different reference standards (histopathology surgical specimen and 
histology of second ablation biopsy) may be considered a limitation by some. However, 
besides the fact that more than one reference standard is allowed in a diagnostic study 
[15], the concordance rate of tumour histology type between RMB and resection 
pathology is high, supporting the second RMB as the alternative reference standard. 

An interesting observation is that the diagnostic RMB group merely contained RCCs and 
oncocytomas, while the diagnostic OCT group comprised of seven different types of 
tumour suggesting that the rarest benign pathology is reported as ND by RMB, resulting in 
two heterogeneous groups for RMB- and OCT accuracy analysis. The IQR for OCT accuracy 
analysis is broad, with a larger variability and overlap between benign and malignant 
masses (Fig. 3A). These findings are mainly due to the numerous different types of tumour 
and the small sample size per tumour type. Our data support the usefulness of the OCT at 
least at the same level of conventional RMB, and the balance between accuracy and 
diagnostic yield provides evidence to further proceed with the study until full sample 
inclusion. However, conclusions related to grade or subtype determination cannot yet be 
pronounced. Ultimately, if positive definitive data are available and validated, the position 
of the OCT in the practical diagnostic scenario of RM will be determined not only by 
accuracy parameters, but also by the technical expertise required—still considerable at the 
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moment—and its cost-effectiveness. Although out of the scope of the present analysis, a 
cost-effectiveness assessment is planned in our study. 

CCoonncclluussiioonnss  

Our interim analysis shows that OCT holds a higher diagnostic yield than conventional 
RMBs. OCT differentiates between benign and malignant RMs and between RCC and 
oncocytoma with similar sensitivity and PPV than RMB, although specificity and NPV of OCT 
are lower than that of RMB. These interim results support the continuation of our 
prospective study until final inclusion and the potential advantage of OCT in reducing ND 
results in a selected RM population. For the time being, efforts should focus on optimising 
OCT analysis to increase specificity and NPV. 
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AAbbssttrraacctt  

PPuurrppoossee  An increasing interest in percutaneous ablation of renal tumours has been caused 
by the increasing incidence of SRMs, the trend toward minimally invasive nephron-sparing 
treatments, and the rapid development of local ablative technologies. In the era of shared 
decision making, patient preference for non-invasive treatments also leads to an increasing 
demand for image-guided ablation. Although some guidelines still reserve ablation for poor 
surgical candidates, indications may soon expand as evidence for the use of the two most 
validated local ablative techniques, cryoablation (CA) and radiofrequency ablation (RFA), is 
accumulating.  

MMeetthhooddss  A literature search was conducted to identify original research articles 
investigating the clinical outcomes of new emerging technologies, percutaneous MWA, 
percutaneous IRE, and SABR, in patients with primary cT1 localised renal cell cancer. 

RReessuullttss  Due to the collaboration between experts in the field of biomedical engineering, 
urologists, interventional radiologists, and radiation oncologists, the improvements in 
ablation technologies have been evolving rapidly in the last decades. New emerging 
technologies such as microwave ablation (MWA), irreversible electroporation (IRE), and 
stereotactic ablative radiotherapy (SABR) seem to be getting ready for prime time. 

CCoonncclluussiioonn  This topical paper describes the new emerging technologies for cT1 localised 
renal cell cancer and investigates how they compare to CA and RFA. 
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IInnttrroodduuccttiioonn  

With the increasing use of cross-sectional imaging, the subsequent rise in the incidence of 
SRMs, the evolution of new ablative technologies, and the aging population, percutaneous 
ablation of localised RCC in both fit and unfit patients is gaining more interest. The different 
guidelines advise to offer focal therapy only for the elderly or unfit patient, and until today 
the EAU guideline still does. The AUA guideline on the contrary is more progressive: They 
advise considering thermal ablation as an alternate approach for the management of cT1a 
renal masses < 3 cm in size [1, 2]. 

Focal therapy can be very attractive for patients for several reasons. Image-guided ablation 
is minimally invasive, allows for quick patient recovery, short hospital stay, fewer 
complications, and a smaller reduction in renal function as compared to surgery [3]. 
Cryoablation (CA) and radiofrequency ablation (RFA) are the most studied techniques to 
date with the longest outcomes reported and both are therefore advised as the designated 
modalities for SRMs in the various guidelines [1–4]. Yet, CA and RFA have their drawbacks 
and limitations. New competing emerging technologies such as microwave ablation 
(MWA), irreversible electroporation (IRE), and stereotactic ablative radiotherapy (SABR) 
are increasingly used, or under clinical investigation and appear promising. 

The scope of this topical paper is to describe these emerging technologies and assess their 
potential roles as compared to the current standard techniques CA and RFA. A literature 
search was conducted to identify original research articles investigating the clinical 
outcomes of percutaneous MWA, percutaneous IRE, and SABR in patients with primary cT1 
localised renal cell cancer. 

MMiiccrroowwaavvee  aabbllaattiioonn  ((MMWWAA))  

MWA is a thermal ablation technique, which uses electromagnetic waves through one or 
multiple antennas. The electromagnetic microwaves agitate water molecules in the 
surrounding tissue, producing friction and heat, causing cell death by coagulative necrosis [5]. 

One randomized controlled trial was published in 2012 comparing open partial 
nephrectomy (OPN), laparoscopic partial nephrectomy (LPN), open MWA, and 
laparoscopic MWA. Besides the fact that there was less blood loss, fewer complications, 
and less decline in postoperative renal function in favor of MWA, no difference was found 
in local recurrence-free survival with a median follow-up of 32 months. The major 
limitation of this study was the small number of inclusions: 48 underwent microwave 
ablation [6]. Regarding studies on percutaneous MWA, only case series have been 
published so far. Although concerns were raised initially about higher local recurrence and 
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complication rates for MWA in comparison to RFA and cryoablation, more recent data have 
shown that outcomes are comparable. 

We selected original research studies with > 50 cases of percutaneous MWA in patients 
with cT1 localised RCC, and the results of seven studies are listed in Table 1 [7-13]. All of 
the studies were level of evidence 3, mainly retrospective observational studies. 

MWA was performed with either ultrasound- or CT-guidance. The duration of ablation 
across the studies was mainly short (5–22.5 min), while the total procedure times took 
longer (22.5–45 min). The number of probes used ranged from 1 to 2, with one antenna 
used when tumour size < 2 cm, two antennas used when tumour size ≥ 2 cm, and three 
antennas were used when tumour size was > 3 cm. With mean tumour sizes ranging from 
2.3 cm to 3.2 cm, a low percentage of complications was reported (3.2–24.8%). 
Complications reported mainly consisted of hematuria, perirenal hematomas, or urinoma. 
The functional results after MWA showed only a decrease in renal function ranging from 
1.1 to 8.4% across the studies. 

Concerning oncological outcomes, the residual disease was reported ranging from 0 to 
18.3%, and local recurrences ranged from 0 to 15.7%. With median follow-up periods 
ranging from 8 to 26 months, a low percentage of metastases was reported (0–2.9%). 
Overall survival ranged from 80.6% to 97%. DFS ranged from 87.9 to 97%, and CSS ranged 
from 97 to 100%. The major drawback is that any residual or recurrence during follow-up 
was mostly not proven with pathology but only on imaging. Another limitation of these 
studies is their retrospective nature, the relatively short follow- up, and the small tumour 
sizes. Although data on MWA seems promising, they have currently not reached the long-
term outcomes of the thoroughly studied modalities using RFA and CA [1-3]. 

Potential advantages of MWA are shorter ablation and procedure times as compared with 
RFA and CA [15], less influence by the heat-sink effect of the blood circulation as compared 
to RFA [5,16] and the potential of MWA to achieve larger ablation zones than RFA (Table 
4). In the future, MWA can potentially compete with CA for larger (cT1b) lesions. A 
potential disadvantage of MWA is the unpredictability of the ablation zone as compared 
to CA, but this may be resolved as technology improves. 
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IIrrrreevveerrssiibbllee  eelleeccttrrooppoorraattiioonn  ((IIRREE))  

IRE is a novel focal ablation technique based on the principle of electroporation of the cell 
membrane. By using ultrashort high-Voltage electrical pulses, it causes nanopores in the 
cell membrane and consequently an increased cellular permeability causing cell death by 
apoptosis [17]. Although IRE is supposed to be a non-thermal ablation modality, a 
secondary rise in temperature has been shown [18]. Whether thermal damage 
accompanying the non-thermal damage is of any clinical relevance is still a matter of 
debate. A characteristic feature of IRE is that the lesions show a sharp demarcation zone 
between ablated and non-ablated tissue, making IRE particularly useful for planning more 
precise tumour ablation while preserving surrounding tissue. This can be an advantage in 
tumours in difficult,  central locations or with a complex shape. Experience with IRE for 
renal tumours is limited. We selected original research studies for the safety and feasibility 
of IRE in primary RCC; the results of seven studies are listed in Table 2 [19-26]. 

All of the studies selected were level of evidence three or four (Table 2). Pech et al. 
demonstrated the feasibility and safety of IRE in ‘an ablate and resect’ clinical Phase 1 study 
in six patients [19], while Thompson performed IRE in ten patients [20]. Two retrospective 
studies performed by Trimmer [21] and Diehl [22] investigated the feasibility and short-
term functional and oncologic outcomes after percutaneous IRE of 20 and 7 renal tumours, 
respectively. Wendler et al. have done extensive work on IRE in the IRENE study, in which 
patients underwent percutaneous CT-guided IRE and 4 weeks later radical or partial 
nephrectomy [23-25]. Canvasser et al. published about 42 renal tumours for which CT-
guided IRE was performed [26]. Buijs et al. submitted a paper presenting the preliminary 
results of ten cases who underwent percutaneous IRE [27]. Percutaneous IRE was mainly 
performed CT-guided.  

The numbers of needles used across all studies ranged from 3 to 4. If reported, procedure 
times ranged from 53 to 203 min, dependent on the tumour size and complexity of needle 
positioning and the shape needed to get the correct ablation zone. Mean tumour sizes 
ranged from 2.0 to 2.7 cm. 

Mainly minor complications were reported and consisted of perinephric hematomas, post-
procedural pain, and urinary retention. The major complications reported in two studies 
were transient gross hematuria in a hilar tumour and stage 1 acute kidney failure [22,27]. 

Renal function decline was minimal but was not always reported. Wendler et al. showed 
preservation of the urine collecting system: the urothelium showed signs of regeneration 
after 28 days, while the tumour and parenchyma showed clear necrosis and permanent 
cell destruction [25]. 
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Follow-up was available in five of seven studies: the mean follow-up ranged from 6 to 25 
months. A high but variable percentage of residual disease was reported (range 7–37.5%). 
Some of the authors suggested that residual tumour was most likely the result of probe 
malpositioning [21, 26, 27]. Wendler et al. have done extensive work on IRE in the IRENE 
study in which patients underwent percutaneous CT-guided IRE and 4 weeks later radical 
or partial nephrectomy. They demonstrated microscopic residual tumour cells in three out 
of eight biopsy-proven RCC cases. Although they questioned the clinical relevance of the 
microscopic tumour residues remaining in the non-viable ablation region, this still offers a 
possibility of repeat ablation in their opinion [23,24]. In their study, one patient showed 
local recurrence after 1 year. The studies that reported recurrences showed percentages 
ranging from 0 to 12.5% (Table 2). 

Little is published concerning post-procedural imaging in these studies. Some showed a 
slightly larger hypodense area of the ablation zone, compared to the original tumour, and 
surrounding areas of enhancement in the perinephric fat [21]. Diehl et al. showed a 
progressive, significant decrease in treated tumour signal intensity on follow-up imaging, 
suggesting a treatment response rate of 100% at a mean follow-up of 6.4 months [22]. The 
limitation of some of the studies was the low number of biopsy-proven tumours treated 
[21,22,26]. 

A major drawback of IRE is the need for deep muscle relaxation and ECG synchronized 
pulsing during general anesthesia. The pulsatile application of electricity with a high 
current of around 20–50 A and a Voltage of 500–3000 V is a challenge for the 
anesthesiologist. It can give possible triggering of cardiac arrhythmias and severe muscle 
contractions or epileptic seizures when not synchronized with ECG or in the absence of 
neuromuscular blocking agents [28]. 

Although IRE seems feasible and safe, these results are preliminary and need technical 
improvement to ensure oncological results. Furthermore, the remaining questions are how 
do we know at what time the effect of IRE is successful, and how to interpret the imaging 
during follow-up, and what is the best imaging modality to use? All these questions are 
remaining and creating a need for further investigation. IRE is promising in selected cases 
(tumours near vital structures). The main disadvantages are the need for general 
anesthesia with deep muscle relaxation and long procedure times caused by the complex 
positioning of needles. 
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SStteerreeoottaaccttiicc  aabbllaattiivvee  rraaddiiootthheerraappyy  ((SSAABBRR))  

Radiotherapy has been settled as a palliative treatment option in the armamentarium of 
the urologist in the metastasized setting for renal cell cancer. In the past, conventional 
radiotherapy had a limited role in the treatment of primary RCC largely due to the 
supposed radioresistance of RCC. In retrospect, this is mainly caused by the fact that too 
low doses were given. Due to the availability of new technologies that deliver high-dose 
stereotactic ablative radiotherapy, there has been a shift toward possible treatment 
options for primary RCC with curative intent. To date, SABR is mainly chosen as a treatment 
option for patients who are at high risk for anesthesia. Also, high-dose radiation seems to 
have an immunogenic effect in patients with RCC. The intense localised radiation provided 
by SABR would drive the release of antigens by tumours, inducing a tumour-specific T cell 
response [29]. 

We selected original research studies for primary RCC who underwent SABR with > 20 
cases; besides a systematic review, only two studies were selected (Table 3). Siva et al. 
performed a systematic review on SABR for RCC with no tumour size restrictions in 2012. 
In total, ten publications describing 126 patients reported treatment with one to six 
fractions of SABR [30]. Recently the same group published a prospective study in which 37 
patients with inoperable primary RCC underwent SABR. Tumours of < 5 cm received one 
single SABR of 26 Gy delivered, while in tumours ≥ 5 cm 42 Gy was delivered in three 
fractions [31].  Furthermore, safety, efficacy, and survival were assessed in a multi-
institutional setting in 223 patients from nine institutions. Both single-fraction SABR and 
multi-fraction SABR were given [32]. 

Tumour sizes ranged from 2.1 to 7.5 cm in the studies, representing not only cT1 but also 
cT2a tumours [31, 32]. Treatment-related toxicities were defined using Common 
Terminology Criteria of Adverse Events: severe toxicity ranging from 1.3 to 3.8% grade 3–
4. Grade 1 toxicity ranged from 21.4 to 78%. Mainly fatigue, nausea, radiation dermatitis, 
and enteritis were reported. There was a relatively minor decrease in eGFR after SABR 
(5.5–11 mL/min) even when considering that tumour size was larger than that in the 
studies performing IRE of MWA. With a median follow-up ranging from median 9–57 
months across the studies, the local control was excellent for patients with comorbid 
conditions, especially because the reported Charlson Comorbidity Index (CCI) was > 6 in 
76% of the patients [31]. 

Single-fraction SABR was associated with better progression-free survival and cancer-
specific survival. An interesting observation in the multi-institutional study was that 
patients receiving single-fraction SABR appear to be less likely to progress distantly or to 
die of cancer, something that authors did not fully understand [32]. A potential explanation 
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could be the enhanced abscopal effect of distant tumour cell eradication because of single-
fraction irradiation. An alternative hypothesis is that during fractionated radiotherapy, 
circulating tumour cells are released in the circulation, which may still be viable after 
smaller doses of fractionated radiotherapy [32]. Concluding from these series, cT1 primary 
tumours, and even cT2 tumours, can be ablated in the unfit patient who is unable to 
undergo anesthesia with promising results. 
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TTaabbllee  44:: Practical Pro & Cons of different types of percutaneous Ablation in cT1 RCC 

 Pro  Con 
RFA Single needle possible 

Coagulative properties  
Can be done under deep sedation, 
general anesthesia not mandatory 
Quicker than CA 
Good evidence available 
 

Heat-sink effect 
No real-time monitoring of ablation zone 
Limited size of ablation zone 
Risk for urothelial damage 

Cryoablation Real-time monitoring of ablation 
zone possible 
Large ablation size possible  
Can be done under deep sedation, 
general anesthesia not mandatory 
Good evidence available 
 

Heat-sink effect  
Multiple needles often required 
Risk for bleeding  
More time-consuming than RFA and MWA 
 

MWA Quicker than RFA and CA  
Higher temperatures than RFA 
Coagulative properties  
Can be done under deep sedation, 
general anesthesia not mandatory 
 

No real-time monitoring of ablation zone 
Risk for urothelial damage 
Limited evidence available 

IRE Direct post-procedural monitoring 
possible 
No injury to surrounding structures 
Well suited for centrally located 
tumours 

General anesthesia with muscle relaxation 
and EKG-triggering required 
Multiple parallel placed needles required 
More time-consuming than CA, RFA and 
MWA 
No sound evidence available 

SABR Truly non-invasive 
No anesthesia required 
No size limit 

Renal function impairment 
No sound evidence available 

CCoonnssiiddeerraattiioonnss  

In daily practice, it is challenging to decide which treatment modality is best for cT1 
localised RCC. Due to the increasing incidence of SRMs and the aging population not fit for 
surgery, increased demand for ablations may be expected. In addition to this, we are 
confronted with the fit patient requesting for ablation, while for these patients partial 
nephrectomy is still advised. Following the paradigm of shared-decision making, it could 
be that even fitter patients will choose for focal therapy in the future. The AUA guideline 
advises considering thermal ablation as an alternate approach for the management of cT1a 
renal masses < 3 cm in sizes [2], while the EAU still advises offering CA or RFA only to elderly 
and/or comorbid patients with SRMs [1]. Both CA and RFA are the designated types of 
ablation advised by the different guidelines [2,3]. Whichever ablative technique is chosen, 
counseling should always include information regarding the likelihood of tumour 
persistence or local recurrence. Furthermore, a percutaneous approach is preferred over 
a surgical approach whenever feasible to minimize morbidity [2]. Recent studies on the 
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use of ablation in SRMs confirmed a decrease in the use of laparoscopic ablations [33]. 
Comparing RFA and CA, conflicting data regarding efficacy and oncological outcomes have 
been described [34-36]. In practice, RFA seems to be faster and cheaper, while CA takes 
more time, is more expensive, but can potentially be more precise in monitoring the ‘ice-
ball’ during the procedure. Furthermore, CA seems to be more effective in cT1b tumours 
[37]. The majority of complications associated with ablation are minor. While CA has a 
higher chance for bleeding (up to 8%), RFA has fewer bleeding complications as a result of 
its coagulative effect (up to 4%) [38]. For RFA, the major complication is urothelial damage 
leading to urinary leak or possible stricture (up to 4.8%) [39]. On the contrary, CA produced 
less harm to the collecting system or ureter (1–2%) [40,41]. 

The advantage of CA is creating a large ‘ice-ball’, with multiple cryo-needles, in different 
sizes, which can be visualized during the procedure. This means real-time monitoring of 
the ablation is possible. RFA uses one or more probes, but the presumed ‘fire-ball’ cannot 
be visualized on CT during the procedure. 

With the evolution of new technologies, MWA, IRE, and SABR have made their entrance. 
While the body of evidence for MWA in renal masses is still limited, it could have some 
potential advantages in ablating larger lesions possibly even in a shorter time compared to 
RFA or CA [15]. As oncological data will mature in the coming years for MWA, they probably 
will become comparable to RFA and CA. While MWA is routinely used for SRM to date, IRE 
is still under investigation. IRE has proven to be feasible and safe in small series but is by 
far not settled, and further research has to be done in the field. Even when IRE is to be 
introduced in clinical practice, it will solely be in selected cases: in centrally located 
tumours or when vital structures are very close. Patients are required to undergo general 
anesthesia with muscle relaxation.  

SABR is safe with low toxicity, has no definite size limitation, is not limited by tumour 
location, and is thought to promote anti-tumour immunity. Even though the optimal dose 
and fractionation regimens are not yet definite, it could be the sole solution in some 
selected cases [31, 32]. The immunogenic effect seen in SABR is also suggested in other 
ablation types and the combination with immunotherapy such as immune checkpoint 
inhibition could be promising in the future.42 Further research in dose fractionation and 
oncological long-term follow-up in SABR has to settle the treatment type for SRMs. 

The dilemma concerning which type of ablation should be used in selected cases is still 
unresolved. The type of ablation chosen for a cT1 renal cell cancer mostly depends on the 
experience and expertise of the urologist and interventional radiologist, and the available 
resources. The individual characteristics of each kidney tumour are different and make it 
necessary to adapt the type of ablation to this particular tumour. Proper case selection is 
very important when considering the use of ablative therapies. Furthermore, the condition 
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of the patient is vital in deciding the possibilities for the type of ablation. The percutaneous 
approach is preferred over the laparoscopic because of fewer complications and its 
minimal invasiveness [44]. The different types of ablation available offer a solution to give 
direction to this decision-making process when considering their pros and cons when 
evidence is more sound (Table 4, Fig. 1). 

 

FFiigg..  11  Flowchart for guiding decision making for type of ablation in cT1 localised RCC. For SRMs in fit patient, 
different types of ablation are possible (CA, RFA, MWA, IRE in selected cases), while for cT1a- b tumours in 
unfit patients CA or SABR is advised. SRMs < 3 cm are expected to be in the favorable prognostic group 
[43], for this reason a cut-off value of tumour size 3 can be used, as bigger lesions and cT1b lesions are best 
treated with CA.37 

CCoonncclluussiioonn  

Image-guided percutaneous ablation for cT1 localised renal cell cancer has become a 
readily available and competing alternative for partial nephrectomy. Due to an expected 
increase in SRMs, an aging population, awareness of shared- decision making, patient 
preference, and rapid technical improvements, ablative therapy will become much more 
relevant in the near future. Image-guided ablative therapy is a good alternative for SRMs in 
fit patients but seems also a good solution in cT1b tumours in the unfit patient. As new 
emerging technologies are rising to compete with their historical counter partners, we will 
need to carefully evaluate them. As MWA, IRE, and SABR is introduced, the near future will 
learn if these new emerging technologies are ready for prime time and how they will 
eventually settle in the palette of image-guided ablation for cT1 localised renal cell 
carcinoma.  

cT1 RCC
biopsy proven

cT1a
fit patients

<3 cm RFA , CA, or MWA

3-4 cm
Cryoablation

(MWA in future?)

Central Tumours
IRE

(experimental)

cT1b
unfit patients, anesthesia or 

deep sedation is possible

Cryoablation
(MWA in future?)

cT1a-b
no anesthesia possible

SABR
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AAbbssttrraacctt::    

The field of focal ablative therapy for the treatment of cancer is characterised by an 
abundance of thermal ablative techniques that provide a minimally invasive treatment 
option in selected tumours. However, the unselective destruction inflicted by thermal 
ablation modalities can result in damage to vital structures in the vicinity of the tumour. 
Furthermore, the efficacy of thermal ablation intensity can be impaired due to thermal sink 
caused by large blood vessels in the proximity of the tumour. Irreversible electroporation 
(IRE) is a novel ablation modality based on the principle of electroporation or 
electropermeabilization, in which electric pulses are used to create nanoscale defects in 
the cell membrane. In theory, IRE has the potential of overcoming the aforementioned 
limitations of thermal ablation techniques. This review provides a description of the principle 
of IRE, combined with an overview of in vivo research performed to date in the liver, 
pancreas, kidney, and prostate. 
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IInnttrroodduuccttiioonn  

The past decades have yielded significant developments in the field of focal ablative 
therapy for the treatment of primary tumours or organ-confined distant metastases. 
Among the practiced techniques are cryoablation, radiofrequency ablation (RFA), 
microwave ablation, and high-intensity focused ultrasonography. These thermal ablative 
techniques provide a minimally invasive treatment option in selected tumours in multiple 
organs such as the liver, lung, pancreas, kidney, and prostate [1–6]. 

Focal tumour ablation requires precisely dosed and accurate targeting of the tissue to be 
ablated while preserving surrounding healthy tissues and vital structures such as blood 
vessels, nerves, and neighboring organs [7,8]. The unselective destruction inflicted by 
thermal ablation modalities can result in damage to vital structures in the vicinity of the 
tumour. Furthermore, the efficacy of thermal ablation intensity can be impaired due to 
“thermal sink”. The proximity of large vessels, bile ducts, or the renal collecting system can 
cause thermal fluctuations, leading to inconsistent ablation results [4,8]. 

Irreversible electroporation (IRE) is a novel ablation modality with the potential of 
overcoming the aforestated limitations of thermal ablation techniques. This review 
describes the principle of IRE, combined with an overview of in vivo research performed to 
date in tumours of the liver, pancreas, kidney, and prostate (Table 1). It has to be noted 
that the development of IRE is simultaneous to that of related techniques based on the 
same principle, such as electrochemotherapy (ECT), which combines electroporation with 
chemotherapy [9,10]. This review is confined to IRE as an ablation technique and does not 
go into detail on ECT. 

EEvviiddeennccee  aaccqquuiissiittiioonn  

For this nonsystematic review, we performed a literature search of PubMed for original 
and review articles written in English using the search terms “Irreversible Electroporation”, 
combined with “liver”, “pancreas”, “kidney”, and “prostate”. This search resulted in 203 
hits, from which we selected 20 articles based on relevant contributions to clinical 
evaluation of IRE (Table 1). Case reports were excluded. The selected articles had been 
published from 2011 to 2015, and 40% of the papers were published in 2015. Levels of 
evidence were assigned to the selected articles according to the Oxford Centre for 
Evidence-based Medicine’s “Levels of Evidence” [11]. The reference lists of the selected 
papers were scrutinized for additional relevant articles (yielding 41 articles). 
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IIRREE  pprriinncciippllee  

IRE is based on the principle of electroporation or electropermeabilization, in which electric 
pulses are used to create nanoscale defects in the cell membrane. These defects, termed 
“nanopores” or “conductive pores”, permeate the cell membrane, permitting molecules to 
pass into the targeted cells [8,12,13]. Nanopore formation can be temporary (reversible 
electroporation), as used in the fields of gene transfection or ECT [9,14,15]. Above a certain 
electrical threshold, the “nanopores” become permanent, causing cell death due to the 
inability to maintain homeostasis (IRE), as used in the food industry for sterilization and, 
more recently, in medicine for tumour ablation [16–18]. The occurrence of IRE was initially 
considered an unwanted treatment side effect during reversible electroporation 
procedures. In the past decade, however, the focus has turned to IRE as an ablation 
modality, resulting in the development of a commercially available IRE console designed 
specifically for tissue ablation [8,19]. 

The presence of nanopores following the delivery of electrical pulses has been visualized 
using electron microscopy, showing temporary and permanent nanopores [12,13]. The 
pulse-induced disturbances of the cells as a whole were studied using fluorescence 
microscopy [20,21]. Because direct visualization of cell poration is difficult to follow over 
time, researchers have used indirect measures to quantify the effect of electroporation, such 
as changes in electrical conductivity or the uptake of dye following the admission of 
electrical pulses [22,23]. However, visualization of membrane pores following the 
application of pulses does not definitively prove them to be the cause of IRE-induced cell 
death. Furthermore, ex vivo and animal research results have shown that IRE using the 
current clinically practiced treatment settings causes a substantial increase in temperature in 
the targeted tissue [24–26]. This secondary temperature development raises the question 
regarding the extent of the IRE effect that is caused by the temperature change versus that 
due to cell membrane poration. Therefore, as the field of tumour ablation using IRE 
progresses at a rapid pace, its underlying mechanism remains a subject of debate [16,24,27]. 

If we assume instead of temperature development, the theory of cell membrane poration, 
IRE is not dependent on thermal energy and is therefore not influenced by “thermal sink”, 
promising consistent results in the vicinity of large vessels or the renal collecting system. 
Furthermore, IRE should be defined so as to limit damage to the cell membrane, spare tissue 
architecture, and minimize damage to blood vessels, nerves, and the renal collecting 
system [28]. IRE lesions show a sharp demarcation between ablated and nonablated tissues, 
whereas thermal ablation techniques show a transitional zone of partially damaged tissue 
wherein insufficient temperatures were reached for definitive ablation [29]. This indicates 
that IRE ablation boundaries can potentially be planned more precisely compared to 
conventional techniques. 
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IIRREE  ddeevviiccee  aanndd  pprroocceedduurree  

The first, and at the time of writing only, commercially available IRE console for clinical use 
in tissue ablation is the NanoKnife™, also registered as the HVP-01 Electroporation System 
(Angiodynamics Inc, Queensbury, NY, USA). The system carries a CE mark and has US Food 
and Drug Administration approval for soft tissue ablation. The NanoKnife™ platform 
consists of a low-energy direct current generator interfaced with a computer system 
equipped with user-friendly treatment planning software (Fig. 1A and B). The system has 
the capability of connecting up to six monopolar needle electrodes, 16 G in diameter, and 
covered in a retractable insulation sheath, allowing for the adjustment of the active tip 
length (Fig. 1C). Bipolar IRE electrodes are available; however, these are not commonly 
used after early animal research showed bipolar IRE to result in lower ablation volumes, 
combined with a higher risk of collateral damage [30]. 

Further parameters to be adjusted in IRE ablation are Voltage, pulse number, pulse length, 
electrode number, and electrode spacing. The parameters can be entered into the IRE 
console, which subsequently generates a two-dimensional (2D) representation of the 
ablation shape, perpendicular to the direction of the inserted needle electrodes (Fig. 1B). 
Knowledge on how to tailor IRE settings to specific tissue/tumour types remains limited. 
Research into the simulation of the IRE ablation zone, in order to aid IRE ablation planning, is 
underway but has not yet yielded accurate results [31]. Except for slight variations, IRE 
settings are similar for most research into tumour ablation. Currently practiced IRE settings 
for tumour ablation are Voltage 1,500 V/cm, 70–90 pulses of 70–90 μs, electrode spacing 
1.5–2 cm, and active electrode tip length 1–2.5 cm. 

To prevent complications as a result of the administration of high-intensity electrical 
pulses, two main precautions are generally taken during IRE procedures. First, to prevent 
severe muscle contractions, IRE procedures take place under general anesthesia with 
additional muscle relaxation [32]. Second, the administered IRE pulses could potentially 
cause cardiac arrhythmia, depending on the distance of the ablation spot to the heart [36]. 
Therefore, synchronization of the IRE pulses with the cardiac rhythm is advised. A 
synchronization device can be interfaced to the IRE console to ensure accurate pulse timing 
(Fig. 1D). The IRE electrodes are positioned under computed tomography (CT) and/or 
ultrasound guidance in a similar manner to RFA or cryoablation probes. To guarantee an 
equal distribution of the electrical field, the electrodes need to be placed exactly parallel. 
External spacers are available to interlock the electrodes (Fig. 1C). In prostate ablations, a 
brachytherapy grid can be used for needle targeting and fixation [29]. 
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AA  
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DD  

 

CC  

 

FFiigg..  11  IRE equipment. NNootteess::  (AA) The NanoKnife™ IRE console. (BB) User-friendly treatment planning software 
generates a 2D representation of the ablation zone, perpendicular to the direction of the inserted needle 
electrodes. (CC) Monopolar needle electrodes (16 G), covered in a retractable insulation sheath, allowing for 
adjustment of the active tip length. The blue spacer allows for parallel external fixation of the IRE needles. 
(DD) AccuSync ECG synchronizer, allowing for synchronization of the iRe pulses with the cardiac rhythm. 
AAbbbbrreevviiaattiioonnss::  ECG, electrocardiogram; IRE, irreversible electroporation; 2D, two-dimensional. 

IInn  vviivvoo  IIRREE  rreessuullttss  

Liver 

Conventional thermal ablation techniques, specifically RFA, have been proven effective in 
the treatment of hepatic tumours in selected patients [33,34]. Thermal ablation in the liver is 
limited by the risk of thermal damage to large vessels, bile ducts, gall bladder, hepatic 
capsule, and extrahepatic organs [35]. Furthermore, the presence of large vessels may 
lead to a heat sink, impairing ablation results. 
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IRE of tumours of the liver is the most extensively investigated, with nine trials reporting 
on its efficacy and safety (Table 1). In terms of safety, all nine studies concluded that IRE 
was well tolerated by patients, and that IRE is safe for treating liver tumours under the 
condition that the procedure is electrocardiographically synchronized to the cardiac 
rhythm [36,37]. IRE was especially feasible in tumours close to major vital structures, for 
instance, bile ducts, portal veins, and arteries [38,39]. 

The tumour response rate varied from 50% to 98.1% [36–38,40–42]. Highest response rates 
were described in patients with a median tumour size of 1 cm in high-risk locations, such 
as perivascular regions and positions close to major biliary structures, investigated by 
Kingham et al [38]. Lowest response rates were demonstrated in patients with liver 
metastasis from numerous different primary tumours, fluctuating from 1.7 to 6.3 cm in size 
[36]. The overall local recurrences at a 6-month follow-up varied from 0% to 55% [38–41]. 
The aforementioned response rates and recurrences vary widely across studies, which is 
probably due to the heterogeneity of patient populations, ablation protocols, and tumour 
characteristics. 

In conclusion, the success of IRE in the liver mainly depends on lesion size. Thomson et al 
reported that liver metastases >5 cm did not show any response concerning tumour 
control [36]. When four or more unipolar electrodes are required to ablate one lesion, the 
overall response rate decreases drastically. This is imaginable because it is technically 
challenging to place a multiple-needle array. Additionally, the field of electrical impulses is 
wider and therefore less controllable.  A further risk factor associated with local recurrence 
after IRE is tumour type, with hepatocellular carcinoma (HCC) being less associated with 
recurrence than metastatic disease (P=0.023 for HCC, cholangiocellular carcinoma, or 
metastatic disease) [39]. 

Early results of IRE appear to be promising for small liver lesions close to vital structures, 
as no complications that were directly related to the IRE ablation were described. 
Nonetheless, comparative studies with conventional thermal ablative therapies need to be 
carried out to prove its oncological efficacy. 

Pancreas 

Pancreatic tumours are aggressive in nature. Furthermore, they are generally complicated 
to treat due to the proximity to vital structures, such as the portal vein, the celiac trunk, 
and the superior mesenteric vein [43]. In patients with unresectable locally advanced 
pancreatic cancer (LAPC), RFA has been shown to improve survival. However, RFA 
treatment is characterised by a high rate of complications [44]. 

Narayanan et al evaluated the safety of percutaneous pancreatic IRE in 15 ablations in 14 
patients. No severe complications or mortality occurred [45]. One patient developed a 
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grade 2 pancreatitis, which resolved spontaneously. Similarly, Paiella et al reported on the 
safety and feasibility of pancreatic IRE in ten patients diagnosed with unresectable LAPC 
[46]. Two complications were observed, namely, a pancreatic abscess and a 
pancreaticoduodenal fistula, both in the same patient. 

A considerable amount of experience in pancreatic IRE has been obtained by the research 
of Martin et al [47–49].    Starting with a pilot study in 27 patients, aimed at studying the 
safety and feasibility of pancreatic IRE, 17 possible IRE-related complications were 
reported in four patients, ranging from grades 1 to 5 [47]. Grade 4 and grade 5 
complications consisted of bile leak (n=2) and portal vein thrombosis (n=2). One mortality 
occurred at 70 days post-IRE. This was due to portal vein thrombosis, which was 
presumably induced or worsened by the IRE treatment. At a 90-day follow-up, none of the 
patients showed signs of local recurrence [47]. In a subsequent study, Martin et al reported 
on pancreatic IRE in a group of 54 unresectable LAPCs [48]. When comparing IRE patients 
to those on standard therapy, an improvement in local progression-free survival was 
observed (14 vs 6 months; P=0.01), distant progression-free survival (15 vs 9 months; 
P=0.02), and overall survival (20 vs 13 months; P=0.03). A total of 67 adverse events were 
reported in 32 patients of the IRE group, including two cases of bile leakage and two cases of 
duodenal leakage. One mortality occurred post-pancreatic IRE [48]. A recent analysis of 200 
LAPC stage III patients treated with IRE in addition to conventional chemotherapy and 
radiation therapy showed equally promising results [49]. Median overall survival in these 
patients was 24.9 months (range: 4.9–85 months), at a complication rate of 37% (median: 
grade 2, range: grades 1–5). In six (3%) patients, a local recurrence was observed [49]. 

According to these studies, IRE has proven to be an effective treatment in pancreatic 
carcinomas, with an improvement in progression-free survival and overall survival when 
compared to chemotherapy or chemoradiation therapy. However, a few limitations 
deserve consideration. Sample sizes are small and therefore confine the clinical evidence. 
We recommend that trials should be repeated with larger populations. Additionally, 
complication rates are high and severe in nature. A major part of the aforementioned 
studies included unresectable pancreatic carcinomas, a population that is known for its high 
morbidity and mortality. Due to high complication rates and the aggressive nature of these 
tumours, it might be difficult to determine the overall effect of IRE in pancreatic carcinomas. 
However, the first results indicate that IRE is a suitable option and should be considered in 
patients diagnosed with unresectable pancreatic carcinoma. 

Kidney 

The alternative for nephron-sparing surgery is the use of RFA or cryoablation in selected 
patients presenting with a small renal mass (≤4 cm). Oncologic outcomes of ablative 
therapies are slightly lower compared to the results from conventional surgery. This is, 
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however, balanced by a lower complication rate and preservation of renal function [50,51]. 
Thermal ablative treatments are contraindicated for tumours near the renal collecting 
system, the large blood vessels, or the abdominal organs. IRE could potentially extend the 
application of focal therapy in kidney cancer if proven safe and reliable in these high-risk 
locations. 

The first-in-human study into the feasibility and safety of IRE ablation of renal cell 
carcinoma was performed by Pech et al [18]. This “ablate-and-resect” pilot study included 
six patients with a renal mass requiring radical nephrectomy. IRE was performed under 
anesthesia immediately before resection of the kidney. In one patient, a single 
intraoperative supraventricular extrasystole was encountered, without any further 
electrocardiographic abnormalities during follow-up. Histopathological examination, using 
hematoxylin and eosin staining, of the resected tumours showed swelling of the ablated 
cells, but no actual dead cells were observed [18]. No additional viability staining was 
performed. 

Thomson et al investigated the safety of IRE in renal masses in their multiple organ (liver, 
lung, and kidney) IRE study. IRE of the kidney was performed in ten tumours of seven 
patients [36]. One patient developed an obstruction of the ureter, which previously had 
been obstructed as a result of RFA ablation treatment. None of the remaining patients 
showed signs of stricture while the ureter or collecting system was within the ablation 
zone. Two patients suffered transient hematuria, both of whom had received IRE 
treatment extending into the central portion of the kidney. Two patients required a second 
IRE treatment after 3 months of follow-up [36]. 

Trimmer et al reported on 20 cases of IRE in small renal masses, with 1 year of imaging 
follow-up [52]. Two out of the 20 cases presented with residual tumour at 6-week follow-
up imaging and were treated with salvage RFA. Six-month follow-up was available in 15 
cases showing no signs of recurrence. One-year follow-up was available in six cases, 
showing recurrence in one case, which was treated by partial nephrectomy. No major 
complications were observed [52]. 

The most recent report on renal mass IRE is from Wendler et al, providing preliminary results 
of a trial in which the IRE lesions are resected 4 weeks post-ablation [53]. This interim report 
describes the results in the first three patients and gives a detailed report on the 
histopathology of an IRE ablation zone. The IRE lesions cover all three tumours completely, 
with no residual tumour in the margins. Very small tumour residues of unclear malignancy 
have been observed within the ablation zone. The viability, and with that the oncological 
consequence, of these small residues is unclear. The authors aim to perform additional 
viability staining in more patients to further investigate this issue [53]. 
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It is concluded that IRE is safe and feasible in the treatment of kidney tumours. No major 
complications occurred in any of the studies. Nonetheless, the golden standard, a 
laparoscopic partial nephrectomy, is a highly effective minimally invasive treatment, which 
is accompanied by very low complication rates and side effects. Therefore, we consider that 
IRE should be considered in patients diagnosed with renal tumours close to vital structures 
as only a second-line treatment. 

Prostate 

Prostate cancer is the most prevalent form of cancer in men, with an increase in the 
detection of localised disease in the Western world due to the use of prostate-specific 
antigen testing and improved imaging techniques [29,54]. Conventional therapies in 
prostate cancer (prostatectomy and radiotherapy) are associated with high incidence of 
treatment side effects. Common side effects resulting from the destructive nature of 
conventional treatment include urinary incontinence (0%–20%), bowel problems (22%–
36%), and erectile dysfunction (19%–74%) [55–57]. Focal therapies, including IRE, have the 
potential to reduce these burdens by sparing vital structures such as the urethra and the 
neurovascular bundles. 

The first to report on the use of IRE in prostate cancer were Onik and Rubinsky, 58 treating 
16 patients with localised cancer for whom preservation of potency and continence was 
a major concern. All patients were continent immediately upon removal of the catheter 0–
3 days posttreatment. Patients who were potent before remained so after IRE treatment. 
However, two patients who received bilateral IRE treatment required 6 months for full 
return of potency. Treatment success was determined after 3 weeks by transperineal 
biopsies. Fifteen patients showed no evidence of cancer in the targeted area, with one 
patient refusing follow-up. In one patient, a microfocus Gleason 6 cancer was found 
outside the targeted area [58]. 

Valerio et al performed IRE of prostate cancer in  34 patients, assessing safety and 
feasibility [59]. A total of 12 grade 1 complications and ten grade 2 complications 
occurred. Follow-up consisted of multiparametric magnetic resonance imaging (MRI) at 1 
week and 6 months post-IRE. Complications included urinary retention (n=2; 6%), debris/ 
hematuria (n=6; 18%), dysuria (n=5; 15%), and urinary tract infection (n=5; 15%). Six 
patients (18%) showed suspicion of residual disease, four of whom underwent a secondary 
treatment. Only one patient had histological confirmation of treatment failure, through 
transperineal biopsies, and decided to undergo a radical prostatectomy [59]. 

Recently, Van den Bos et al performed an ablate-and- resect study, performing IRE in 16 
prostate cancer patients 4 weeks prior to radical prostatectomy [29]. Their study focused 
on safety and feasibility, not specifically targeting the prostate cancer, and therefore did not 
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present results on cancer-free rates. However, pathology results showed complete ablation 
of tissue (necrosis and fibrosis) within the IRE electrode con- figuration. Furthermore, the IRE 
ablation zones were found to extend beyond the IRE needles, with three needle ablations 
being 2.9 times larger than the needle configuration and four needle ablations being 2.5 
times larger. Importantly, no skip lesions were observed within the needle configuration 
[29]. 

In theory, focal treatment in prostate cancer is a promising approach as current 
conventional therapies have a lot of limitations. Radical prostatectomy and radiotherapy 
both have poor functional outcomes, with high rates of urinary incontinence and erectile 
dysfunction. It is believed that IRE has the potential to overcome these side effects. 
However, to date, there is little evidence on the oncological outcome and no long-term 
results of IRE in prostate cancer are available. To our knowledge, there is sufficient evidence 
to say that IRE is a safe and effective focal treatment modality in prostate cancer, but a 
large trial is needed to warrant its oncological efficacy. 

CCoonnssiiddeerraattiioonnss  aanndd  ffuuttuurree  ppeerrssppeeccttiivveess  

The introduction of new treatment techniques should adhere to a standardized 
methodology, such as the IDEAL recommendations [60]. Following such guidelines will 
result in a stepwise, safe, and scientifically valid evaluation of the new technique at hand. 
Research into in vivo IRE is focusing on several different organs simultaneously, with 
progress being at a different stage for each field. Although IRE research in liver and 
pancreas is leading the way, it is important to not take these results as evidence for the 
safety and efficacy of IRE in other organs, that is, skipping ahead in the organ-specific 
evaluation of IRE. 

Several trials are expected to provide additional evidence on in vivo IRE in the near future. 
The COLDFIRE-II trial (NCT02082782) is aimed at including 29 patients with colorectal liver 
metastasis for treatment with percutaneous CT-guided IRE, with follow-up by positron 
emission tomography (PET)-CT and PET-MRI. The same research group is finalizing the 
results of the PANFIRE trial (NCT01939665), having included 15 patients with locally 
advanced pancreatic adenocarcinoma, treated with percutaneous IRE and subsequently 
followed by cross-sectional imaging (CT/MRI) and blood tumour markers. Two further trials 
focusing on IRE in pancreatic cancer are the IMPALA trial (NL44713.018.13) and the 
pancreatic IRE trial (NL45048.058.13) at the Leiden University (the Netherlands). 

Although the evidence on IRE in different organs is rapidly expanding, most results remain 
in the form of low- quality cohort studies, to be graded as level 4 of evidence [11]. Different 
groups are collaborating by pooling IRE data in registries. Uniform and central collection of 
data will result in larger data sets, allowing for more substantial evaluation of IRE safety and 
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efficacy. Examples of such registries are the Soft Tissue Ablation Registry (STAR) and the 
prostate IRE registry (NCT02255890) of the Clinical Research Office of the Endourological 
Society (CROES). A considerable improvement on the available evidence will come from 
the CROES coordinated multicenter randomized controlled trial (RCT) (level 2b) into IRE in 
prostate cancer (NCT01835977). This recently started RCT will compare the IRE safety and 
efficacy between a focal IRE ablation and extended IRE ablation of the prostate. 

For IRE to evolve into an accepted segment of standard therapy more research is needed, 
directed at tissue-specific device settings and ablation protocols, further evaluation of early 
ablation results, and follow-up methods, completed by studies focused on long-term 
oncological outcomes. At this phase of development, it is essential to perform IRE  as much 
as possible in the setting of a clinical trial. As it involves the use of a medical device instead 
of a pharmacological product, the optimal way to proceed is following the 
recommendations of the IDEAL collaboration [60]. This evaluation equals surgical 
innovation to the different phases of pharmacological research. IRE has been described for 
the IDEAL stage 2a (development phase). To develop IRE into a minimally invasive 
treatment device, results should be compared with a standard test at use in Phase IIb and 
Phase III RCT trials. The best trial for the clinical evaluation of a new technique is an RCT. 
These trials are, however, seldom undertaken because they are time-consuming and 
expensive. The common trial design, a prospective cohort, should consist of a strict 
treatment protocol in combination with a clearly defined population. If inclusion in a trial 
is not possible, patient data should at least be pooled uniformly in a centrally coordinated 
registry. 

CCoonncclluussiioonn  

IRE is showing promising results in early clinical research. The prospect of treating tumours 
in the vicinity of vital structures gives IRE a potential edge over conventional ablation 
techniques, which are mainly thermal in nature. However, for IRE to evolve into a clinically 
accepted ablation technique, further development is needed on multiple fronts, namely, 
tissue-specific device settings/protocols, ablation monitoring, and follow-up imaging, as well 
as long-term oncological outcomes. At this stage of development, it is essential to perform 
IRE in the setting of well-designed clinical trials and, if trial participation is not possible, at 
least to pool patients in a registry. Furthermore, as electrical properties vary among 
different tissue types, it is important not to interchange outcomes between organs, 
undermining the organ-specific evaluation of IRE. 
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AAbbssttrraacctt  

BBaacckkggrroouunndd::  Irreversible electroporation (IRE) is an emerging technique delivering 
electrical pulses to ablate tissue, with the theoretical advantage to overcome the main 
shortcomings of conventional thermal ablation. Recent short-term research showed that 
IRE for the ablation of renal masses is a safe and feasible treatment option. In an ablate 
and resect design, histopathological analysis 4 weeks after IRE demonstrated that the renal 
tumours were completely covered by ablation zone. In order to develop a validated long-
term IRE follow-up study, it is essential to obtain clinical confirmation of the feasibility, 
safety and efficacy of this novel technology. Additionally, follow-up after IRE ablation 
obliges verification of a suitable imaging modality. 

OObbjjeeccttiivvee::  The objectives of this study are feasibility, safety and clinical efficacy of IRE 
ablation for renal masses and to evaluate the use of cross-sectional imaging modalities in 
the follow-up after IRE in renal tumours. This study conforms to the recommendations of 
the IDEAL Collaboration and can be categorized as a phase II trial. 

MMeetthhooddss::  In this prospective clinical trial, IRE will be performed in 20 patients aged 18 
years and older presenting with a solid enhancing small renal mass (SRM) (≤4 cm) who are 
candidates for ablation. Magnetic resonance imaging (MRI) and contrast-enhanced 
ultrasound (CEUS) will be performed at 1-day pre-IRE and 1-week post-IRE. Computed 
tomography (CT), CEUS, and MRI will be performed at 3 months, 6 months, and 12 months 
post-IRE. 

RReessuullttss::  Presently, the recruitment of patients has started and the first inclusions are 
completed. Preliminary results and outcomes are expected in 2018. 

CCoonncclluussiioonnss::  To establish the position of IRE ablation for treating renal tumours, a 
structured stepwise assessment in clinical practice is required. This study will offer 
fundamental knowledge on the feasibility, safety and clinical efficacy of IRE ablation for 
SRMs, potentially positioning IRE as an ablative modality for renal tumours and accrediting 
future research with long-term follow-up. 
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IInnttrroodduuccttiioonn  

Ablative Therapy in Renal Cell Carcinoma 

Due to the widespread detection of small renal masses (SRMs), a gradual but sustained 
rise in the incidence of renal tumours 4 cm or less (cT1a, according to the TNM 
[tumour/node/metastasis] staging system) has been observed [1-4]. At present, the 
reference standard therapy in the management of SRMs is nephron-sparing surgery like 
partial nephrectomy [5]. However, a significant interest is sparked in minimally invasive 
therapies, including cryoablation and radiofrequency ablation (RFA). Literature shows that 
thermal ablation compared to partial nephrectomy is characterised by a slightly higher 
recurrence rate but also accompanied by a lower complication rate [6,7]. Nevertheless, a 
growing body of research advocates that in selected patients similar oncological results 
can be obtained compared to those accomplished in surgical resection [8]. Current 
guidelines recommend primary ablative therapy in patients who are (1) not suitable for 
surgery, (2) have a genetic predisposition for developing multiple tumours, and (3) are 
diagnosed with bilateral tumours or have a solitary kidney and are at risk of complete loss 
of renal function after surgery [9-11]. 

Ablation of undesirable tissue depends on accurate dosing and adequate targeting of 
tumour destruction while sparing vital structures such as adjacent organs, collecting 
system, or major vessels [12,13]. Due to temperature fluctuations that are accompanied 
by the thermal character of cryoablation and RFA, it is thought that the destruction process 
of the tumour is unselective [14,15]. Ablation effects and tissue heating may be less 
effective in proximity to blood vessels as a result of thermal drainage by regional vascular 
flow impairing the extent of coagulation, in the literature termed as a “heat sink” effect 
[9,16]. Additionally, collateral damage to underlying vital structures can occur, as the 
natures of these structures are susceptible to extreme temperatures. Therefore according 
to guidelines, renal tumours located near the hilum or the proximal ureter are not suitable 
for thermal ablation, forming a niche in the ablative treatment of renal tumours [10]. 

Irreversible Electroporation in Renal Cell Carcinoma 

An emerging technique among the assortment of ablative modalities is called irreversible 
electroporation (IRE). It is based on high-Voltage electrical pulses transferred between 2 or 
more needle electrodes. Charging the cell membrane causes holes in the membrane called 
nanopores, resulting in increased permeability of the cell and subsequent cell death 
[13,17-20]. 

Theoretically, the mechanism of action of IRE does not rely on temperature changes. 
Therefore it has been postulated that it has the potential to overcome the current 
limitations of thermal ablative modalities like cryoablation and RFA [12]. However, using 
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the current clinical device settings, a temperature rise is to be expected as shown by 
Wagstaff et al in an animal model [21]. 

Concerning IRE ablation in renal tumours, 4 studies have been performed in humans [20,22-
24]. All studies concluded that the safety of IRE in humans is warranted as long as 
electrocardiogram (ECG) synchronization is used. 

Trimmer et al made a start in safety and clinical efficacy, describing post-ablation  features 
on cross-sectional imaging. Although these initial results seem promising and appear similar 
to conventional ablative techniques, a few limitations deserve consideration. The study 
design is retrospective, and the follow-up was limited. Imaging was available in 15 out of 20 
patients (75%) at 6-month follow-up and only in 6 out of 20 patients (30%) at 1-year follow-
up [23]. 

Thomson et al performed IRE in various organs, including 10 renal tumours in 7 patients. 
One patient (14%) developed a ureteral stricture after IRE ablation in an area of the ureter 
that previously had been obstructed by RFA. Other centrally located tumours did not show 
any major complications. A total of 2 patients (29%) experienced minor complications 
consisting of transient hematuria [24]. Wendler et al were the first to provide 
histopathological data of IRE in renal tumours of 3 patients, showing complete coverage 
of the tumour within the ablation zone with preservation of the renal parenchyma [25]. Very 
small tumour residues of unclear malignant potential were found within the ablation zone. 
Unfortunately, the clinical significance of these residues remained unclear and impossible 
to follow-up since the tumours had been resected. 

Rationale 

The first human studies have proven the safety of IRE for the ablation of SRMs. Initial results 
on the clinical efficacy of IRE are promising and imply that effective oncological 
management is achievable. Clinical outcomes should be investigated in a small prospective 
patient population to provide essential data before embarking on a randomized trial. We, 
therefore, plan to perform a study aiming at the feasibility, safety and clinical efficacy of IRE 
in SRMs, with a specific focus on post-ablation follow-up with cross-sectional imaging. 
Research on IRE in liver tumours has demonstrated that the ablation success of IRE 
decreases with tumour size above 4 cm [24]. According to current guidelines, ablative 
treatment is only offered to patients with SRMs (≤4 cm) [10]. Therefore, we aim to 
investigate IRE ablation in renal masses up to 4 cm. This prospective, human, in vivo trial is 
an essential step to safely progress to larger randomized trials on IRE of SRMs. This study 
conforms to the recommendations of the IDEAL (idea, development, exploration, 
assessment, long-term study) Collaboration and can be categorized as a phase II [26]. 
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MMeetthhooddss  

Study Objectives 

• To determine the safety and feasibility of IRE ablation of SRMs (≤4 cm) by evaluating 
device and procedural adverse events using Common Terminology Criteria for 
Adverse Events (CTCAE) version 4.0 

• To determine the clinical efficacy of IRE ablation for SRMs (≤4 cm) assessed by the 
recurrence and residual disease rate at follow-up using cross-sectional imaging 

•  To evaluate the use of computed tomography (CT), magnetic resonance imaging 
(MRI), and contrast-enhanced ultrasound (CEUS) in the visualization of (non)complete 
ablation to assess the radiological extent of the ablation zone at 1 week, 3 months, 6 
months, 9 months and 1 year after IRE 

• To evaluate perioperative outcomes after IRE ablation of SRMs (≤4 cm) such as (1) 
renal function, measured by creatinine levels and estimated glomerular filtration rate 
(eGFR), (2) average length of hospital stay, (3) quality of life, and (4) postoperative 
pain score after IRE, measured by a visual analog scale (VAS) and analgesics use 

PPooppuullaattiioonn  

A total of 20 patients with solid enhancing SRMs on cross-sectional imaging qualifying for 
ablative therapy will be enrolled in this study. Eligible patients are 18 years of age and older 
and will receive a biopsy of the SRM before the procedure. All inclusions are reviewed for 
safety and eligibility by a nephrologist participating in the research project. The inclusion 
and exclusion criteria for this study are listed in Table 1. 
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TTaabbllee  11..  Selection criteria. Severe cardiovascular disease is defined as the diagnosis of 
myocardial infarction, uncontrolled angina, significant ventricular arrhythmias, stroke, or 
severe cardiac failure (New York Heart Association class III and IV) within 6 months prior to 
inclusion. 

 

  SSttuuddyy  DDeessiiggnn  

This is a prospective, human, in vivo study among 20 patients presenting with solid 
enhancing SRM on cross-sectional imaging suspect for RCC. Preoperatively, imaging is 
required through CT, MRI, and CEUS. Furthermore, serum creatinine levels and VAS scores 
are obtained. A biopsy of the SRM will be performed prior to the ablation. IRE ablation will 
be performed using CT guidance, and ablation success will be measured directly after the 
ablation through contrast-enhanced CT. Device-related adverse events will be registered 
using the CTCAE version 4.0 guideline. At 1 week post-ablation, only  CEUS and MRI will 
be performed to limit exposure to ionizing radiation. At 3 months, 6 months, and 12 months 
post-ablation, CEUS, MRI, and CT will be performed. Additionally, at these time points, 
serum creatinine levels and VAS scores will be obtained, and quality of life will be assessed 
through Short Form 36 (SF-36) questionnaires. The residual and recurrent disease will be 
assessed through tissue enhancement on cross-sectional imaging. When imaging appears 
suspicious for recurrence or residual disease, a percutaneous renal core biopsy will be 
performed. A study flowchart demonstrating the investigations is outlined in Fig. 1. 

Inclusion criteria: 

• Age 18 years and older 

• Solid enhancing SRM on cross-sectional imaging suspect for RCC 

• Candidate for ablation 

• Signed informed consent 
 
Exclusion criteria: 

• Irreversible bleeding disorders 

• Inability to stop anticoagulation therapy 

• Implantable cardioverter-defibrillator or pacemaker 
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FFiigg..  11. Study design flowchart. 
Study Procedures  
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Renal Core Biopsy (Standard) 

According to the ablation protocol of the Academic Medical Center University Hospital, 
percutaneous renal core biopsies will be obtained prior to the IRE procedure. At least 2 
core biopsies will be acquired for pathological examination. 

Irreversible Electroporation Ablation (Study Intervention) 

In this study, IRE ablation is performed using the NanoKnife IRE device (AngioDynamics Inc) 
(Fig. 2, A), also registered as the HVP-01 electroporation system. The IRE system contains a 
low energy direct current generator, a footswitch, and 19G monopolar needle electrodes 
(15 or 25 cm length). Regulatory authorities have approved both the device and the 
electrodes through a Conformité Européenne certificate for the use of cell membrane 
electroporation. Additionally, the US Food and Drug Administration has granted 510(k) 
clearance with premarket notifications (K060054, K080202, K080376, K080287). Granted 
510(k) components are all approved for surgical ablation of soft tissue. 

The IRE procedure will be performed at the radiology department CT room with the patient 
under general anesthesia including deep muscle relaxation to prevent severe muscle 
contraction [27]. CT imaging will be performed with the patient in the prone or lateral 
position, dependent on tumour location and position of adjacent organs such as intestines. 
An interventional radiologist cooperating with a urological surgeon and a resident urology, 
all experts on percutaneous ablative procedures, will perform the IRE procedure. IRE pulses 
will be synchronized with ECG under the supervision of an anesthesiologist. Prior to 
ablation, a (second) set of biopsies will be obtained to confirm histopathology. Guided by 
CT and accompanied by an external spacer for fixation, needle electrodes will be placed 
(Fig. 2B). The number of probes and probe placement will be attuned for specific tumour 
size and location, granting 15 mm between the electrodes with an active tip length of 15-
25 mm. IRE pulses with pulse intensity of 1500 V/cm will be delivered in 90 consecutive 
pulses of 90 µs. Settings are used to disrupt the cell membrane potential in order to achieve 
irreversible permeability of the cell and subsequent apoptosis. Van den Bos et al 
demonstrated that with current settings the ablation zone is completely ablated without 
leaving any skip lesions within the electrode configuration [28]. 

The primary cycle of IRE is estimated to be 5 to 10 minutes, with a total operating time of 
approximately 90 minutes. Immediately after IRE has been performed, a contrast-
enhanced CT will be made to assess immediate technical success and to detect acute 
complications. It is expected that patients will be discharged 24 to 36 hours after the IRE 
procedure. Before the patient’s discharge, quality of life and postprocedural pain will be 
assessed through SF-36 questionnaire and VAS score respectively. At 1 week after the 
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procedure, VAS score and SF-36 questionnaire will be obtained and cross-sectional imaging 
by CEUS and MRI will be performed. 

  
  

AA  BB  
FFiigg..  22..  A. The NanoKnife IRE console. B. The console operates with 19G monopolar needle electrodes, which 
are bundled together using the external spacers. 

Computed Tomography Imaging (Standard) 

As provided per ablation protocol, CT imaging will take place during the diagnostic phase 
and during the procedure. According to our ablation surveillance protocol, follow-up CT 
imaging will be performed at 3 months, 6 months, 1 year, 1.5 years, 2 years, 2.5 years, and 
3 years after IRE ablation. After this, patients will be followed up yearly for up to 10 years. 
This is the standardized follow-up after ablative therapy at our institution (see Fig. 1). 
Patients with an eGFR below 60  mL/min/1.73 m2 will undergo pre- and post hydration in 
order to prevent contrast-induced nephropathy according to our hospital protocol. 
Patients with an eGFR below 30 mL/min/1.73 m2 are excluded from CT imaging. 

CT imaging will be performed in a supine position in a dual-source CT system, SOMATOM 
Force (Siemens Medical Solutions), or in a Sensation 64-slice CT scanner (Siemens Medical 
Solutions). First, a survey scan from the upper border of the diaphragm to the ischium bone 
will be made. Next, noncontrast series in the same section will be performed. 
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Subsequently, 100 mL of Ultravist-300 diluted with NaCl 0.9% will be administered 
intravenously with a speed of 4 mL/s to achieve enhancement. Following contrast injection, 
arterial and corticomedullary phase series will be obtained after 45 seconds and 90 seconds, 
respectively. Source images will be reconstructed in coronal and sagittal planes using 
multiplanar reconstruction in the venous and delayed series. 

Contrast-Enhanced Ultrasound and Magnetic Resonance Imaging (Study Intervention) 

Baseline CEUS will be obtained from 1 day to 3 months before IRE, and 1 week, 3 months, 
6 months, and 12 months after IRE. Baseline MRI will be obtained from 1 day to 3 months 
before IRE, and 1 week, 3 months, 6 months, and 12 months after IRE (see Fig. 1). This 
frequency was established in order to assess lesion size and characteristics. 

CEUS imaging encompasses microbubbles of 3 to 5 µm as a contrast agent to visualize blood 
flow. The phospholipid-coated microbubbles demonstrate regional tissue vascularization, 
including the tissue-specific microvasculature. This study uses a Philips iU22 (Phillips 
Healthcare) device united with a third-generation intravenous ultrasound contrast agent 
(SonoVue) for optimal imaging. Sonovue contrast agent is characterised by a distribution 
half-life of 1 minute and an elimination half-life of 6 minutes when intravenously 
administired [29]. 

MRI will be performed with the patient in the supine position using a 1.5 Tesla AVANTO MRI 
scanner (Siemens Healthcare) with a 16-channel body matrix array coil. According to our 
kidney tumour protocol, a minimum of 9 sequences will be performed: T2-trufi with fat 
suppression, T1-fl2d contrast-enhanced in and out of phase, T2-haste, T1-vibe 
unenhanced, and dynamic series at 0, 30, 60, and 90 seconds post arrival of contrast in the 
thoraric aorta..  Intravenous contrast agent Gadovist (Bayer Pharma) of 0.1 mmol per kg of 
body weight will be administered at a rate of 2 ml/sec for enhancement. 

SSaammppllee  SSiizzee  

Our sample size was deliberated based on previous similar study designs that used 
comparable sample sizes of 6 to 20 patients [20,23-25]. In this phase of research (phase II 
IDEAL Collaboration), a small cohort of N=20 was chosen to acquire the first results to 
progress to a large trial. A sample size of 20 patients does not permit reliable comparative 
statistical analysis. In this study, IRE is intended as a curative therapy. Consequently, there 
will be no exploration of the number of probes and configuration settings.  
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Potential Benefits and Risks 

Conventional focal ablative therapies, RFA, and cryoablation are indicated in patients 
presenting with an SRM who are poor surgical candidates or who are (genetically) 
predisposed to develop multiple tumours and are at risk of significant loss of renal function 
after surgery. For this study, IRE ablation will be offered to this group of patients in our 
institution. Early research into renal IRE has proven that procedural safety and the 
periprocedural burden are comparable to conventional ablative therapies. The lack of long-
term oncological follow-up poses a potential risk as patients cannot be counseled on the 
risk of residual or recurrent tumour. Post-IRE follow-up will be equal to post cryoablation 
and post-RFA follow-up and therefore does not carry an additional burden concerning 
ionizing radiation. When renal function appears to decrease to eGFR below 30 
mL/min/1.73 m2, only MRI and CEUS will be performed to prevent contrast-induced 
nephropathy. Furthermore, potential risks associated with IRE ablation for renal tumours 
using the NanoKnife system are listed in Table 2. 

TTaabbllee  22:: Potential risks associated with IRE of renal tumours. 

PPootteennttiiaall  HHaazzaarrddss  ooff  rreennaall  IIRREE  aabbllaattiioonn  PPootteennttiiaall  EEffffeeccttss  

Excessive energy delivery  Muscle contraction, burn, damage to critical anatomical 
structure, unintended tissue ablated, 
bradycardia/hypotension, vagal stimulation/asystole, 
electrical shock, myocardial infarction, stroke, death  

Insufficient/ no energy delivery  Ineffective ablation, no ablation  

Unintended mains or patient circuit 
Voltage exposure to patient or user  

Electrical shock  

Incorrect timing of pulse delivery  Transient arrhythmia, prolonged arrhythmia, stroke, 
death  

Unintended interference with implanted 
devices containing electronics or metal 
parts  

Myocardial infarction, stroke, death  

Unexpected movement of the device and 
displacement of the electrodes  

Hypotension, damage to critical anatomical structure, 

pneumothorax, mechanical perforation, haemorrhage, 
unintended tissue ablated, electrical shock, death  

Sterile barrier breach Infection, sepsis 
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DDaattaa  SSaaffeettyy  MMoonniittoorriinngg  BBooaarrdd    

The study will be monitored by a data safety monitoring board (DSMB) consisting of an 
independent urologist and a clinical epidemiologist. This team will monitor patient safety 
and treatment efficacy data during the study. Monitoring procedures are predetermined 
and described in the DSMB charter, approved by the institutional review board (IRB) of the 
Academic Medical Center University Hospital in Amsterdam. Additional DSMB meetings 
can be called at any time if deemed necessary by the DSMB or the principal investigator. 

Analysis 

The NanoKnife console produces 2-dimensional images including a prediction of the 
ablation zone, which is perpendicular to the needle. The AMIRA (FEI) software package 
system will bundle the 2-dimensional ablation zone cross-sections around the length of 
the exposed tip. This will estimate the following: 

• Ablation zone volume (cm3) 
• 3-Dimensional reconstruction 
• Ablation zone shape/symmetry 

 
An experienced uroradiologist will evaluate CT and MRI images for the following 
characteristics : 

• The volume of ablation zone (cm3) 
• Shape of ablation zone 
• Residual tumour on ablation zone border 
• Skip lesions or signs of recurrence within ablation zone 
• Transition zone between ablated and normal renal tissue 
• Damage to adjacent vital structures 

 
For MRI and CT, whole-mount ablation zone will be calculated. The AMIRA software system 
will be used to obtain a 3-dimensional kidney and ablation zone. CEUS will be performed 
by an interventional radiologist and will be used for 2-dimensional imaging only. 

EEtthhiiccaall  CCoonnssiiddeerraattiioonn  

The IRB of the Academic Medical Center, Amsterdam, approved this study protocol 
(2016_055). The protocol has been registered with the Dutch Central Committee on 
Research Involving Human Subjects (NL56935.018.16) and is entered in the 
ClinicalTrials.gov database (NCT02828709). The study is conducted following the ethical 
principles and standards of Good Clinical Practice which have their origin in the Declaration 
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of Helsinki (Fortaleza, Brazil, October 2013). Potential candidates will receive the study 
information both verbally and in writing. They will be granted at least 1 week to decide on 
participation. Written informed consent will be acquired from all participants. If deemed 
necessary, supplementary information will be provided verbally or in writing. 

AAvvaaiillaabbiilliittyy  ooff  DDaattaa  aanndd  MMaatteerriiaallss  

The study initiator, international coordinating researcher, and biostatistician have access 
to all data. All data is available for audit, and all data will be published in an international 
peer-reviewed medical journal. The datasets created in the current study are not publicly 
available due to protecting the privacy of participants but are available from the 
corresponding author on reasonable request. 

RReessuullttss  

At the time of writing the trial is recruiting patients, with 2 inclusions completed. The 
expected inclusion rate is 1 patient every 6 weeks, resulting in an estimated inclusion 
period of 2 years. Hence we calculate that we will recruit the full sample size within 2 years. 
Additionally, early results on the outcome of residual tumour disease, quality of life, and 
safety and feasibility will be acquired within 2 years (see Fig. 3). The imaging follow-up in 
this study is 1 year for each patient (see Fig. 1); therefore, we expect to complete the study 
in 2019. 

 

FFiigg..  33..  Planned timeline of recruitment, enrollment, and outcome. 
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DDiissccuussssiioonn  

Principal Findings 

IDEAL phase I research into IRE in renal tumours has shown encouraging short-term 
outcomes, paving the way for small-scale follow-up studies. In our opinion, it is crucial to 
prospectively investigate the feasibility, safety and clinical efficacy of IRE in renal tumours to 
serve as a solid base for a large randomized trial. We aim to determine the clinical effect of 
IRE by assessing the presence of enhancement on cross-sectional imaging during follow-
up as it is advised in thermal ablation [30]. Whereas IRE is a novel ablation technology, 
posttreatment radiological features in CT scan or MRI are still ill-defined. However, 
retrospective preliminary research suggests the radiological pattern is similar to the one 
described after thermal ablation [23]. 

Limitations 

A limitation within our study is the absence of histopathological confirmation post-IRE. In 
literature, 2 in vivo studies have revealed the IRE ablation effects in a histopathologic 
analysis. The first study resected the renal tumour immediately after ablation, 
demonstrating preliminary IRE ablation effect on a cellular level. In this study no definite 
cell death was observed, implying that IRE effects are not directly established. Wendler et 
al resected the ablated tumours 4 weeks after the IRE procedure, showing that the ablation 
zone covered the renal tumours completely. Nonetheless, within the ablation zone very 
small residues of tumour have been found of uncertain malignancy [22] in 3 cases 
described. Studies in animal models have demonstrated that the effect of IRE is partially 
achieved after 3 to 4 weeks [31-33]. Yet resecting ablated RCCs in humans after longer than 
4 weeks is not acceptable when ablation is used in a curative setting. Hence, the only way 
to provide insight into the clinical value of these minimal tumour residues is to thoroughly 
follow patients with intensive imaging studies after IRE ablation. Even though renal mass 
biopsy during the follow-up targeting the ablation zone may contribute to 
histopathological confirmation, it would have brought additional burden in a fragile 
population and would not have been an irrefutable proof of complete ablation. Therefore, 
as provided by the consensus that ablation success in kidney tumours is assessed by 
radiological characteristics [30], success in our study will be assessed exclusively based on 
radiological features. 
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CCoonncclluussiioonnss  

In our study, IRE parameters (1500 V/cm, active tip length 15-25 mm, inter-electrode 
spacing 1 to 2 cm, 90 treatment pulses after 10 sufficient test pulses) were chosen because 
several clinical studies confirmed that on a histopathological level the ablation zone is 
completely ablated within the electrode configuration without leaving skip lesions [25,28]. 
Due to the small sample size and the design of the study, we do not intend to explore 
different IRE configurations and probe settings. 

IRE promises consistent ablation results due to its ‘nonthermal’ character and is therefore 
theoretically suitable for centrally located tumours. However, recent literature has 
investigated the temperature rise of IRE ablation in porcine kidneys and livers, 
demonstrating a significant temperature rise when repetitive high-intensity pulses are 
applied [21,34]. Al-Sakere et al showed that when a high amount of energy is applied in a 
small number of pulses, a significant temperature rise occurs (a phenomenon called Joule 
heating). In current literature, a solution has been suggested in which the same amount of 
energy is applied in more pulses, which could result in a mild temperature increase [18,35]. 
Other factors that can influence the temperature in IRE ablation are varying Voltage, pulse 
length, the distance between electrodes, active tip length, and electrode configuration 
[35]. Furthermore, early clinical practice of IRE in renal tumours close to vital structures 
demonstrated that no major complications occurred, suggesting that thermal damage of IRE 
is not clinically significant, and centrally located tumours are suitable for IRE [24]. 

For the follow-up of renal masses, the most frequently used imaging modality is contrast-
enhanced CT. Multiple studies have demonstrated that MRI and CEUS are adequate 
imaging techniques for follow-up after IRE [36-40]. However, the use of contrast-enhanced 
CT scans in the follow-up after kidney ablation might be precluded because of potential 
nephrotoxicity or ionizing radiation exposure in young patients. In the population of 
patients that receive ablation for their renal mass comorbidity, older age and decrease in 
renal function are common since their presence entails a clear indication for ablative 
therapy. Furthermore, MRI, applicable to a broader range of the ablated population, may 
not be easily available and may increase costs. Hence, in this population, it is vital to 
investigate whether other imaging modalities will detect recurrences and residual disease 
in renal masses with the same accuracy as CT and MRI. 

Nononcological outcomes of IRE have been minimally investigated in renal tumours. A total 
of 2 small studies described serum creatinine levels and demonstrated no significant changes 
in renal function or transient increase of creatinine which resolved after 1 month [23,24]. 
Postprocedural pain and length of stay are described by Thomson et al in the liver, kidney, 
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and lung (N=36, kidney tumours n=4). While 4 patients were admitted longer than 24 
hours, none of these patients had kidney tumours. 

Postprocedural pain was registered through analgesics use, demonstrating 2 patients who 
required intravenous or intramuscular analgesics. No patient required prolonged analgesic 
use after discharge. Quality of life has not been reported in current IRE literature. Insight 
in non-oncological outcomes, including quality of life, is urgently required since treatment 
decision making is often influenced by this. Particularly in the ablation population, meaning 
elderly patients with multiple comorbidities, quality of life after an intervention is of great 
importance. 

Categorized as a level 2 study according to the IDEAL classification, this study will provide 
prospective information on kidney IRE ablation with an extensive description of the 
radiological evolution of the ablated lesion along time as well as mid-term oncological 
outcomes. Lastly, we will provide prospective data on quality of life, kidney function, pain 
level, and duration of admittance after IRE. 
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AAbbssttrraacctt  

Background: Irreversible electroporation (IRE) has the potential to overcome limitations of 
thermal ablation, enabling small renal mass (SRM) ablation near vital structures. 

Purpose: To assess feasibility and safety of percutaneous IRE for the treatment of SRMs. 

Materials and methods: This prospective study is a phase 2 trial (NCT02828709) of IRE for 
patients with SRMs. Primary endpoints are feasibility and safety. Device- and procedural-
adverse events were assessed by Clavien-Dindo and Common Terminology Criteria for 
Adverse Events version 4.0 grading systems. Technical feasibility was assessed by recording 
the technical success of the procedures. Technical success was evaluated by performing a 
CT immediately after ablation where complete tumour coverage and nonenhancement 
were evaluated. Tumour characteristics and patient characteristics, procedural- and 
anesthesia details, postprocedural events, and perioperative complications were 
recorded. 

Results: Ten SRMs were included with a mean tumour size of 2.2 cm (range 1.1−3.9 cm) 
were treated with IRE. Renal mass biopsies revealed 7 clear cell and 1 papillary renal cell 
carcinoma. Two renal mass biopsies were non-diagnostic. The median follow-up was 6 
months (range 3−12 months). Technical success was achieved in 9 out of 10 cases. One 
patient had a grade 3 Clavien-Dindo complication (1/10, 95% Confidence interval (CI) 
0.0179−0.4041). Mean anesthesia time was 3.7 hours (range 3−5 hours), mean procedural 
time was 2.1 hours (range 1 hour 45 minutes−2 hours 30 minutes) and mean ablation time 
was 50 minutes (range 20 minutes−1 hour 45 minutes). The creatinine preoperative and 
postoperative (1 week, 3 months, 6 months, and 12 months) did not significantly differ. In 
total, 8 out of 10 cases did not experience postoperative pain. 

Conclusion: IRE in SRMs is safe and feasible. Renal function is not affected by IRE and 
postoperative pain is rare. Anesthesia time and procedural time are a potential concern. 
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IInnttrroodduuccttiioonn  

Renal cell carcinoma (RCC) is one of the most lethal malignancies among urological 
cancers, and its incidence is increasing mainly due to the rise of the small renal masses 
(SRMs; <4cm) [1]. Thermal ablation is a nephron-sparing, minimal-invasive approach with 
the aim to obtain local tumour control while maintaining a low toxicity profile. Guidelines 
generally recommend thermal ablation in elderly, comorbid patients, or in patients with a 
high risk of complete loss of renal function following surgery [2,3]. Although results are 
good, thermal ablation still has its limitations including the so-called heat sink effect, in 
which perfused blood vessels nearby the tumour cause inconsistent ablation effect [4]. 
Additionally, centrally located tumours are unsuitable for thermal ablation due to damage 
to the collecting system and the increased risk of bleeding and strictures [5,6]. 

Irreversible electroporation (IRE) is an electricity-based ablation modality, creating small 
nanopores in the cell membrane of tumour tissue while sparing connective tissue of the 
collecting system and vital structures [7]. Few retrospective studies regarding IRE in SRMs 
in humans have been published on safety and feasibility [8−11]. Translating IRE into clinical 
practice requires a prospective assessment of its feasibility and safety following the idea, 
development, exploration, assessment, long-term study (IDEAL) criteria. Hence, phase 2 
studies are needed before the implementation of a new technology. The primary objective 
of this report is to assess feasibility and safety of IRE for the treatment of SRMs in a 
prospective IDEAL phase   2 study. The secondary objective is to assess the functional 
outcome by measuring the renal function and postoperative pain. 

MMaatteerriiaallss  aanndd  mmeetthhooddss  

Study design and patients 

This prospective, IDEAL phase 2, human, in vivo study on feasibility and safety of IRE in 
SRMs study was approved by the local Institutional Review Board 
(2016_55/NCT02828709). The study was implemented according to the study protocol as 
previously reported [12]. Trial registration has been completed at the Dutch Central 
Committee on Research Involving Human Subjects (NL56935.018.16, www.ccmo.nl) and in 
the clinicaltrials.gov database (NCT02828709). This study conforms to the 
recommendations of the IDEAL collaboration and can be categorized as a phase 2 trial [13]. 
Primary endpoints were feasibility and safety. All patients gave written informed consent. 
Inclusion criteria were age ≥18 years, a SRM with contrast enhancement on cross-sectional 
imaging suspect for RCC, signed informed consent, and candidate for ablative therapy. As 
a part of shared decision making, different treatment options for cT1a tumours were 
discussed with the patients including surgery, active surveillance, and ablation. The patient 
indications as well as the post-ablation scans were evaluated by a multidisciplinary kidney 
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tumour panel including medical oncologists, interventional radiologists, and urologists. 
Single kidneys were also included as this is an indication for ablative therapy. All patients 
were admitted the day before the procedure and discharged the day after the procedure. 
The total sample size was planned on 20 SRMs according to the study protocol. 

IRE procedure 

Ablation was performed using the IRE device (Nanoknife, AngioDynamics, Queensbury, NY, 
USA) under general anesthesia with deep muscle relaxation [14]. The console comprises a 
low energy direct current generator, a footswitch, and 19G monopolar needle electrodes 
(15 or 25 cm length). IRE electrodes were placed percutaneously under CT guidance by an 
interventional radiologist experienced in IRE in conjunction with a resident urology and/or 
urologist. A full neuromuscular blockade was achieved to prevent muscle contraction. 
Renal mass biopsy (RMB) was performed during the diagnostic workup or during the 
procedure prior to the ablation. The electrodes were placed to delineate the border 
between tumour tissue and normal renal parenchyma. Three to 6 electrodes with an active 
tip exposure of 15 mm to 25 mm, depending on the size of the tumour, were used to 
deliver pulses. The delivery of pulses was synchronized with the patients’ ECG. First, 10 
test pulses of 90 ms using 1,500 V/m3 were administered, after which the Voltage was 
adjusted to achieve 20 to 40 Ampere. Second, when sufficient Ampere was reached, 90 
pulses of 90 ms were administered. When the depth of the tumour exceeded 20-25 mm, a 
pullback (retraction of electrodes) was performed or the active tip length was adjusted in 
order to cover the entire tumour. Immediately after ablation, a contrast-enhanced CT was 
performed to assess the absence of ablation zone enhancement, coverage of the tumour, 
and to detect acute complications. Ablation time (beginning of the test pulses until the end 
of the 90 treatment pulses), procedural time (the time for scanning, performing RMB and 
placing electrodes), and anesthesia time (from induction of anesthesia until the 
anaesthesiologist transfers the care of the patient to the postanesthesia care unit) were 
recorded (supplementary Fig. 1). Additionally, perioperative complications and technical 
success were recorded. 
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SSuupppplleemmeennttaarryy  FFiigg..  11:: Schematic view of the definitions of the procedural-, ablation- and anesthesia time. 

Feasibility and safety 

The safety of IRE was assessed by evaluating the device and procedural adverse events 
(AEs) using the Clavien-Dindo (CD) and Common Terminology Criteria for Adverse Events 
(CTCAE) version 4.0 grading systems postoperatively and during the follow-up [15−17]. 
Tumour characteristics were described using the Renal and Padua classification [18,19]. 
Patient comorbidities were described according to the age-adjusted Charlson comorbidity 
index (ACCI) [20]. The feasibility of IRE was assessed by recording the technical success of 
the ablation, determined by obtaining a contrast-enhanced CT immediately after IRE. As 
instructed by guidelines, technical success was established when ablation was able to treat 
the tumour according to the protocol, and when the ablation zone covered the whole 
tumour [21]. Serum creatinine was measured preoperative, and at 1 week, 3 months, 6 
months, and 12 months post-IRE. The pain was measured preoperative, and at 1 day, 1 
week, 3 months, and 12 months post-IRE. 

RReessuullttss  

From September 2016 until January 2018, 10 SRMs were included and treated in 10 
treatment sessions (9 patients, 6 male, 3 female; mean age 68 years old [range 60−77 
years]). Patient and tumour characteristics are described in Table 1. The median follow-up 
was 6 months (range 3−12 months). Fig. 1 shows the MRI pre-IRE (tumour) and the post-
IRE ablation zone. The renal mass biopsies demonstrated 7 clear cell RCCs, 2 non-
diagnostic cases, and 1 papillary RCC. One patient was diagnosed with bilateral SRMs and 
underwent bilateral ablation on 2 separate treatment sessions (SRM 5 and 6). In total 9 out 
of 10 SRMs (8 out of 9 patients) were discharged the day after the IRE procedure. 

Anesthesia time

From induction of 
the anesthesia until 
the waking up of the 
patient. 

Procedural time

Scanning the 
patient, performing 
the renal mass 
biopsy, and placing 
the IRE-electrodes.

Ablation time

Beginning of the 
test-pulses until the 
end of the treatment 
pulses. 
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IRE procedure 

Ablation and operative data are displayed in Table 2. Mean anesthesia time was 3.7 hours 
(range 3−4 hours).  The mean ablation time was 50 minutes (range 20 minutes−1 hour 45 
minutes). The mean procedural time was 2.1 hours (range 1 hour 45 minutes−2 hours 30 
minutes). 

Safety 

All AEs are depicted in Table 3. Five AEs occurred in 4 patients within the first month after 
ablation. The five AEs consisted of one CD grade 3b (95% CI 0.0179−0.4041), one CD grade 
2 (95% CI 0.0179−0.4041), and three CD Grades 1 (95% CI 0.1078−0.6032). 

CD grade 3b, CTCAE grade 3: Case 2 had a single kidney and developed an increase in 
creatinine 1 day after the IRE procedure due to a blood clot that partially obstructed the 
ureter. A double J ureteric stent was inserted under general anesthesia and admission was 
prolonged with 6 nights. Subsequently, the renal function returned back to the 
preoperative level 3 weeks after the procedure and the double J ureteric stent was 
removed. The patient did not require dialysis and did not have any lasting symptoms. 

CD grade 2, CTCAE grade 3: Case 8 developed pyelonephritis 17 days after the IRE 
procedure, which required admission for 2 nights and IV antibiotics.  

Grade 1 CD, Grade 1 CTCAE: Case 8 also developed a perinephric hematoma during the 
procedure, which was observed on the CT made immediately after ablation (Grade 1 CD, 
Grade 1 CTCAE). There were no signs of active bleeding. The hematoma was visible on 
imaging at 1 week post-IRE but was not visible anymore at 3 months post-IRE. Case 9 
experienced painful micturition during 3 days after the procedure (Grade 1 CD, Grade 1 
CTCAE), which resolved spontaneously within a week after the IRE. Case 7 had an episode 
of painless hematuria without passage of clots 5 days after ablation, which lasted for 2 
days and resolved spontaneously (Grade 1 CD, Grade 1 CTCAE). All patients recovered 
without any permanent sequela. 

In total, 9 out of 10 cases returned back to preoperative renal function 1 week after 
ablation. All the cases retained preoperative renal function within 3 weeks after ablation. 
There was no urinary leakage or retention. No patient required dialysis. 
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Technical feasibility 

Technical success was achieved in 9 out of 10 cases. One patient (Case 7) had a growing 
and enhancing lesion  3  months after ablation on CT. Retrospective evaluation by the 
multidisciplinary kidney tumour panel of the procedural CT scan performed immediately 
after ablation and the CT scan performed 1 week after ablation revealed the residual 
tumour.  This tumour was the largest of the cohort with a  size of   3.9 x 3.9 x 3.7 cm. 

One technical problem was encountered during the procedure of Case 1. Throughout the 
ablation, the IRE console measured a high current error between 1 electrode pair during 
the pullback. Hence, the device was shut down twice during the procedure. The Voltage 
was reduced to 600 v/ cm3 and the pulses were divided into 3 times 30 pulses instead of 1 
time 90 pulses. After this, the procedure was completed without problems. 
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Functional results 

The average creatinine serum was not significantly different pre-IRE vs. 1 week, 3 months, 
6 months, and 12 months post-IRE (Fig. 2). In total, 2 out of 10 cases experienced mild to 
moderate pain at 1-day post-IRE (Case 2 and Case 8). Case 2 had an obstructed ureter by 
a blood clot (Grade 3 CD) and Case 8 had a perinephric hematoma (Grade 1 CD). In both 
cases, the pain was resolved 1-week post-IRE. 

 

FFiigg..  22.. The serum creatinine in µmol/L (Y-axis) and the timeline (X-axis). Mean creatinine preoperative was 
112 µmol/L (std dev 19.3, CI 62.0−161.3), mean creatinine 1 week post-IRE was 114.2 µmol/L (std dev 21.4, 
CI 59.1−169.2), mean creatinine 3 months post-IRE was 110.2 µmol/L (std dev 15.4, CI 70.4−149.9), mean 
creatinine 6 months post-IRE was 109.7 µmol/L (std dev  17.3, CI  65.3−154.1), and mean creatinine 12 
months post-IRE was 115.7 µmol/L (std dev 16.2, CI 74.1−157.2). Preoperative vs. 1 week post-IRE, 3 
months post-IRE, 6 months post-IRE, and 12 months post-IRE were not significantly different. std dev = 
standard deviation. 

DDiissccuussssiioonn  

IRE is characterised by high-Voltage delivery of electrical pulses, proposing a potentially 
safe treatment for centrally located tumours, and overcoming limitations of thermal 
ablation. We report the feasibility and safety of renal IRE in a prospective IDEAL phase 2 
study. IRE was feasible for treating SRMs, with a high immediate technical success rate. IRE 
was well tolerated by patients, even in SRMs located near vital structures. 

RCC patients become increasingly more comorbid and older. Shared decision making and 
patient preferences result in the increased use of ablation. A recent meta-analysis has 
demonstrated similar recurrence rates and distant metastasis rates for partial 
nephrectomy vs. thermal ablation. However, the study was limited by heterogeneity 
among studies and the lack of randomized trials [22]. IRE has been proposed to overcome 
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the heat sink limitation of thermal ablation. Additionally, centrally located SRMs that face 
a radical nephrectomy and consequently an impaired renal function can potentially be 
treated less invasively and in a nephron-sparing manner if IRE proves to be a safe and 
effective technique [23]. For these SRMs, IRE could potentially be a suitable treatment. 

A limitation of our study is the small sample size. This pilot study was intended to precede 
a larger trial which will emphasize long-term endpoints. At the start of this project IRE for 
kidney cancer was still in the developmental stage, warranting us to start with a pilot study 
to prove feasibility and short-term safety before embarking on a larger study with more 
inclusions. Hence, adhering to IDEAL guidelines, it would not seem ethical to include a large 
number of patients at this stage. We initially planned to include 20 cases. This number did 
not contain a formal sample size calculation and was mainly based on previous renal IRE 
studies, which included 3 to 20 cases [10,11,25,26]. Considering the high immediate 
technical success rate in the first 10 cases, a larger sample size was not required to prove 
feasibility. Therefore, we will proceed to a large trial to determine long-term clinical 
efficacy and safety. An amendment including the reduced sample size and the reason for 
stopping at 10 patients has been reviewed and accepted by the Institutional Review Board. 

To date, no recurrences have occurred in our study population. One patient, Case 7, had a 
residual tumour on cross-sectional imaging at 3 months post-IRE (1/10). The residual 
tumour was not biopsy-proven but was highly suspicious on imaging. The patient 
underwent additional cryoablation and 3 months afterward cross-sectional imaging 
showed no enhancement. The RMB that was obtained prior to the cryoablation 
demonstrated a high grade, clear cell RCC. 

During the ablation of Case 1, a technical error occurred. Due to the input of high Voltage, 
the Ampere outcome exceeded the border of 60 Ampere, hence, the device shut down. 
Adjusting the Voltage input produced a reasonable Ampere (21 Amperes) and still within 
the borders for adequate tumour destruction (20-40 Ampere). The patient has remained 
recurrence-free to date. 

To date, renal IRE has been prospectively investigated in only 3 studies [8, 10,24] of which 
2 studies are an ablate & resect study. It is well known that retrospective safety analysis 
underreports AEs with high inter-rater variability, and is mainly outcome-driven. Wendler 
et al. demonstrated in a prospective, ablate & resect study in 7 patients, that IRE results in 
major damage to tumour tissue while sparing the urine collecting system or allowing for 
regeneration of the urothelium [7]. Thomson prospectively proved safety and efficacy in 7 
patients with kidney tumours [10].  

In our prospective study, we demonstrated IRE to be safe. One postoperative CD grade 3 
AE occurred (an obstructed ureter by a blood clot) which, given the nature of the event, 
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seems to be related to the procedure of needle-based ablation, and not specifically to the 
electricity-based ablation effect. It is thought that the electrode punctured the collecting 
system, causing a small bleeding in the collecting system. The decrease in renal function 
was resolved within 3 weeks and the patient did not require dialysis. 

Additionally, the pyelonephritis (CD grade 2) occurred 17 days after IRE ablation. Taking 
the long interval between the infection and the IRE ablation into account, it is uncertain if 
the infection was a direct result of the percutaneous ablation. Nevertheless, if so, it was a 
consequence of the ablation, this event seems to be procedure-related and not device-
related. A total of 3 CD Grade 1 events occurred and were all transient and self-limiting. 
The demonstrated toxicity profile seems to be comparable to the renal IRE ablation in the 
literature [9,10,24,25]. 

Comorbidity and age generally increase the risk of complications and the ACCI in our 
population is high (mean ACCI 7 [range 5−12]), designating a high-risk population. 
Comparing complications with thermal ablation cohorts is therefore challenging, given the 
lower comorbidity rate and the large cohorts [27]. 

One case showed a residual tumour in retrospective. This technical failure was probably 
caused by an incorrect placed electrode, not entirely covering the tumour. This tumour 
was also the largest of the cohort measuring 3.9 x 3.9 x 3.7 cm and adjacent to the 
collecting system. The patient preferred additional ablation over surgery and underwent 
cryoablation of the residual tumour. 

The long anesthesia time and procedural time is a potential concern as described earlier by 
Wendler et al., as increased anesthesia time increases the risk for complications [12]. On 
the contrary, the ablation time in our series is short with a mean of 50 minutes (range 20 
minutes−1 hour 45 minutes). It appears that placing the needles is feasible, but time-
consuming due to the need for precise- and multi-needle placement. For IRE specifically, 
the electrodes have to be placed in the borders of the tumour. 

CCoonncclluussiioonnss  

Renal IRE ablation in SRMs is safe and feasible. IRE offers a high immediate technical 
success rate in SRMs and is well tolerated with a low toxicity profile. Renal function is not 
affected by IRE. Pain postoperative was rare and only occurred in patients with 
complications. Long procedural time and anesthesia time is a disadvantage of the 
technique. 
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AAbbssttrraacctt  

PPuurrppoossee::  Ablation plays a growing role in the treatment of small renal masses (SRMs) due 
to its nephron-sparing properties and low invasiveness. Irreversible electroporation (IRE) 
has the potential, although still experimental, to overcome current limitations of thermal 
ablation. No prospective imaging studies exist of the ablation zone in the follow-up after 
renal IRE in humans. Objectives are to assess computed tomography (CT) and magnetic 
resonance imaging (MRI) on the ablation zone volume (AZV), enhancement and imaging 
characteristics after renal IRE. 

MMeetthhooddss::  Prospective phase 2 study of IRE in nine patients with ten SRMs. MRI imaging 
was performed pre-IRE, 1 week, 3 months, 6 months and 12 months after IRE. CT was 
performed pre-IRE, perioperatively (direct after ablation), 3 months, 6 months and 12 
months after IRE. AZVs were assessed by two independent observers. Observer variation 
was analysed. Evolution of AZVs, and the relation between the needle configuration 
volume (NCV; planned AZV) and CT- and MRI volumes were evaluated. 

RReessuullttss::  Eight SRMs were clear cell renal cell carcinomas, one SRM was a papillary renal 
cell carcinoma and one patient had a non-diagnostic biopsy. On CT, median AZV increased 
perioperatively until 3 months post-IRE (respectively, 16.8 cm3 and 6.2 cm3) compared to 
the NCV (4.8 cm3). On MRI,  median AZV increased 1 week post-IRE until 3 months post-
IRE (respectively, 14.5 cm3 and 4.6 cm3) compared to the NCV (4.8 cm3). At 6 months the 
AZV starts decreasing (CT 4.8 cm3; MRI 3.0 cm3) , continuing at 12 months (CT 4.2 cm3, MRI 
1.1 cm3). Strong correlation was demonstrated between the planning and the post-
treatment volumes. Inter-observer agreement between observers was excellent (CT 95% 
CI 0.82-0.95, MRI 95% CI 0.86-0.96).  All SRMs appeared non-enhanced immediately after 
ablation, except for one residual tumour. Subtraction images confirmed non-enhancement 
on MRI in unclear enhancement cases (3/9). Directly after IRE, gas bubbles, perinephric 
stranding and edema were observed in all cases.  

CCoonncclluussiioonn::  The AZV increases immediately on CT until 3 months after IRE. On MRI, the 
AZV increases at 1 week until 3 months post-IRE. At 6 months the AZV starts decreasing 
until 12 months post-IRE on both CT and MRI. Enhancement was absent post-IRE, except 
for one residual tumour. Gas bubbles, perinephric stranding and edema are normal 
findings directly post-IRE. 
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IInnttrroodduuccttiioonn  

Given the ageing population and increased incidental detection of small renal masses (≤4 
cm, SRMs), focal therapies such as cryoablation (CA) and radiofrequency ablation (RFA) 
gained interest due to their nephron-sparing properties and minimal invasiveness. A 
potential drawback of CA and RFA is a lower efficacy in the proximity of vessels or the renal 
collecting system (heat sink effect) [1,2]. This may lead to an inadequate ablation and 
consequently residual- or recurrent disease [3). Additionally, vital structures (vessels, 
collecting system) can be damaged by the thermal process, causing necrosis and leading 
to perioperative or even long-term complications [4,5]. Irreversible electroporation (IRE), 
an electricity-based ablation modality, has the potential to circumvent these limitations as 
collagen structures, extracellular matrix and vital structures appears to be less affected to 
IRE compared to tumour tissue [6,7].  

Multiple studies have shown that renal IRE is safe and feasible [8–12]. Except for one 
retrospective study with limited follow-up data [8], no previous study focused on the 
imaging characteristics and volume of the ablation zone (AZ) after renal IRE.  

In pancreas, liver and prostate,  volume and ablation zone characteristics are investigated 
and described to guide the follow-up [13–15]. Renal cell carcinoma (RCC) is very different 
from those tumours and comprises a wide variation of subtypes and inherently clinical 
behaviour.  Real-time image assessment using contrast enhanced computed tomography 
(CT) is incorporated in renal ablation procedures to evaluate immediate technical success 
and to detect acute complications. In renal IRE it is yet unknown if the planned ablation 
size correlates with the definite ablation size, since IRE is an experimental ablation 
modality. Besides the two-dimensional, schematic needle-position that is created on the 
IRE generator at time of the ablation, no pre-treatment model exists that can predict the 
size and volume of the AZ. Currently, imaging in the follow-up is the only feedback on 
effectivity of the ablation. In order to detect residual disease, early recurrence, and for 
planning and predicting the AZ, detailed knowledge on the imaging characteristics of post-
treatment AZ and their evolution over time is vital. Therefore the objective of this 
manuscript is to prospectively determine the IRE induced ablation zone volume (AZV) and 
its evolution over time using CT and magnetic resonance imaging (MRI). Second objective 
is to prospectively report on the imaging characteristics and enhancement of the AZ using 
CT and MRI.  
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MMeetthhooddss::  

Study design 

This prospective, human, in-vivo, IDEAL (Idea, development, exploration, assessment, 
long-term study) phase 2 study is approved by the local Institutional Review Board (IRB) 
(protocol decision number 2016_055). The study was executed according to the study 
protocol as previously reported [16]. All patients gave written informed consent. Trial 
registration has been completed at the National Central Committee on Research Involving 
Human Subjects and in the clinicaltrials.gov database (NCT02828709). 

Patients  

Patients were consecutively included in the study and treated with percutaneous IRE 
between September 2016 and January 2018. Recruitment found place at the urology 
outpatient clinic. Inclusion criteria consisted of age ≥18 years, a solid, enhancing SRM on 
cross-sectional imaging suspicious for RCC, signed informed consent, and candidate for 
ablative therapy [16]. Exclusion criteria were irreversible bleeding disorder, implantable 
cardioverter-defibrillator or pacemaker, severe cardiovascular disease, inability to stop 
anticoagulants (new oral anticoagulants or coumarin derivates) and inability for deep 
muscle relaxation and general anaesthesia. The follow-up was 12 months.  The indications 
for ablative therapy as well as the assessments on recurrence and residual diseases on 
post-IRE scans were evaluated in the multidisciplinary kidney board panel, consisting of 
interventional radiologists, urologists, nephrologists and oncologists.  

IRE procedure 

As described in the study protocol [16], IRE ablation was performed using the IRE generator 
and associated needles (Nanoknife ®, AngioDynamics, Queensbury, New York, United 
States of America (USA)) under general anesthesia with deep muscle relaxation [17]. The 
procedure was performed at the interventional radiology department. Prior to the 
ablation, a renal mass biopsy was performed according to guidelines [18]. IRE electrodes 
were placed percutaneously under CT guidance by an interventional radiologist 
experienced in IRE together with an urologist and a urology resident. The electrodes were 
positioned at the edge of the tumour. Maximum space between the needles was 2 – 2.4 
cm. Three to six electrodes with an active tip exposure length of 15 mm to 25 mm, 
depending on the size of the tumour, were used to deliver the pulses. Immediately after 
the ablation a contrast-enhanced CT was performed to assess enhancement, volume and 
characteristics of the perioperative AZ.  
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Imaging follow-up schedule 

Baseline CT- and MRI-imaging were obtained from 1 day to 3 months prior to the ablation. 
MRI was performed at 1 week, 3 months, 6 months and 12 months post-IRE. CT was 
performed according to our institutional protocol for follow-up of renal mass ablation at 3 
months, 6 months and 12 months post-IRE. As renal ablation patients receive substantial 
doses of ionizing radiation it was deemed unethical to perform additional CT scan at 1 week 
post-IRE. 

Magnetic Resonance Imaging 

A 1.5 Tesla AVANTO MRI scanner (Siemens Healthcare, Erlangen, Germany) with a surface 
phased, 16-channel body array matrix coil was utilized.  A coronal T2 weighted localizing 
sequence was performed using fast imaging with balanced steady-state free precession 
(bSSFP) to confirm kidney location. Transverse diffusion-weighted images (b0, b500 
sec/mm2; matrix 134⨯134; field of view (FOV) 380 mm; slice thickness 6mm) were 
acquired. Breath-hold T2 weighted bSSFP transverse sequences with and without fat-
suppression (matrix 384 x 230; FOV 350 mm; slice thickness 5mm) were acquired, followed 
by single shot breath hold half fourier acquisition (HASTE) in coronal and transverse planes 
(Matrix 320 x 256; FOV 400 mm; slice thickness 6mm). Finally, breath-hold transverse 
unenhanced and contrast-enhanced T1-weighted three-dimensional transverse fat-
suppressed spoiled gradient-echo images (matrix 320⨯240; FOV 400 mm; slice thickness 
3mm) were acquired before and at 0, 30, 60 and 90 sec post arrival of contrast in the 
thoracic aorta. A coronal post-contrast plane was acquired at 90 sec. For contrast 
enhancement, Gadopentetate dimeglumine 0.2 ml/kg (Gd-DTPA) (Gadovist 1.0, Bayer 
Pharma, Leverkusen, Germany; 0.1mmol/kg of body weight) was administered at a rate of 
2 ml/sec using a power injector (Medrad, Warrendale,  Pennsylvania, USA) followed by a 
20 ml saline flush. 

Computed Tomography 

Scans were made on 384-slice CT scanner in supine position (SOMATOM Force, Siemens 
Healthcare, Erlangen, Germany). The renal tumour protocol consisted of a three phase 
contrast enhanced CT, with a slice thickness of 3 mm, after injection of 100 mL of contrast 
agent (Ultravist-300) with 4 mL/sec to achieve enhancement. First, a pre-contrast scan was 
obtained. The arterial phase and corticomedullary phase were acquired after 45 sec and 
90 sec respectively. Patients with an eGFR of 30-60 ml/min/1.73 m2 were prehydrated 
according to our institutional protocol at the time.  
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Tumour- and ablation zone volume  

Volumes were measured using volume software (AGFA IMPAX Client 6.6.1.4024). The 
volumes were separately measured by two independent observers. The tumour volume 
(TV) and ablation zone volume (AZV) were measured by the observers, by manually 
delineating the lesion in every slice on both CT and MRI. Based on this, the volume was 
calculated using the volume software [19]. The TV and the AZV were measured using the 
corticomedullary phase and in the dynamic series of CT and MRI respectively. The needle 
configuration volume (NCV) was defined as the volume between the active needle ends 
prior to the ablation. The cross-sectional surface between the IRE electrodes given by the 
software on the IRE console was multiplied by the active tip length (Supplementary Fig. 1). 
The perioperative AZV was defined as the AZV on contrast-enhanced CT performed at the 
end of the IRE procedure. The post-IRE AZV was defined as the AZV on cross-sectional 
imaging performed at 1 week (MRI only), 3 months (MRI and CT), 6 months (MRI and CT) 
and 12 months (MRI and CT) after IRE.  

 

SSuupppplleemmeennttaarryy  FFiigg..  11:: The needle configuration volume is assessed prior to IRE ablation according to 
positioned needles. The cross-sectional surface between the IRE electrodes given by the software on the 
IRE console was multiplied by the active tip length to determine the volume (based on the calculation of 
the volume of a prism). 

 

Imaging analysis 

Characteristics were evaluated by an abdominal radiologist, an interventional radiologist 
and a resident urology in consensus. On CT, characteristics of the AZ were evaluated. CT 
enhancement was measured by delineating a region of interest (ROI) within the 
tumour/AZ. Density measurements were evaluated in hounsfield units (HU). Lesion 
enhancement was calculated as follows: Three equally spaced CT slices were selected. In 
each slice a circular region of interest (ROI) was delineated within the AZ, excluding 
necrotic or cystic areas. The average HU value of all pixels within the three ROIs was 
calculated and used for analysis. On MRI, signal intensity and diffusion restriction (DR) were 
evaluated in post-contrast dynamic images, diffusion weighted images (DWI), T2 weighted 
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imaging, and non-contrast-enhanced sequences. To confirm enhancement subtraction 
images were made. 

Statistical methods 

For both CT- and MRI volumes, inter-observer reliability was assessed using the intra-class 
coefficient (ICC). ICC estimates and their 95% confidence intervals (ICs) were calculated 
based on mean-rating (k=2), consistency, and two way random-effects model, according 
to McGraw and Wong [20].  The 95% confidence intervals (CIs) of the ICC estimate guided 
the interpretation [21]: Values below 0.5 are interpreted as poor reliability, between 0.5 
and 0.75 as moderate reliability, between 0.75 and 0.9 as good reliability, and values 
greater than 0.90 indicated excellent reliability. 

Both raters were blinded to each other results. The volume and enhancement 
measurements were expressed as medians and interquartile range (IQR) since the data 
were not normally distributed. Comparison of the volume on CT with the volume on MRI 
per time point was illustrated using Bland-Altman plots. Regression analysis was executed 
to analyse relation between the planned volumes (NCV), and the CT-AZVs and MRI-AZVs. 
Statistical analyses were performed using MedCalc Statistical Software for mac, version 
15.8 (MedCalc Software, Ostend, Belgium).  

Sample size   

This imaging study is a part of a safety and feasibility pilot study [16]. For the aim of this 
study evaluation of ten IRE treated SRMs were required.  
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RReessuullttss  

Patients  

Nine patients with ten SRMs with a median age of 68 years (IQR 60-77) were treated and 
included. Patient- and tumour characteristics are summarized in table 1 and table 2. Two 
patients had chronically impaired renal function preoperatively (stage 3B). Three patients 
had a solitary kidney. The follow-up was 12 months in all patients, except for one patient 
in whom residual tumour was diagnosed at 3 months. This patient (SRM 7) underwent 
salvage cryoablation and was therefore excluded from follow-up after 6 months. One 
patient had a non-diagnostic biopsy during ablation (SRM 6). The same patient was 
diagnosed with bilateral tumours and underwent bilateral IRE ablation in two separate 
sessions (SRM 5; right and SRM 6; left). One patient was unable to undergo MRI due to 
claustrophobia. One pre-IRE MRI was missing as the patient was referred from another 
hospital. 

TTaabbllee  11:: Patient characteristics. *=Anticoagulant medication stopped before ablation and 
restarted after ablation; Y=yes; N=no; SRM=Small renal mass; ACCI = age-adjusted Charlson 
comorbidity index; SRM 5 and 6 are respectively the right and left kidney of the same 
patient 

    SSRRMM  
11  

SSRRMM  
22  

SSRRMM  
33  

SSRRMM  
44  

SSRRMM  
55  

SSRRMM  
66  

SSRRMM  
77  

SSRRMM  
88  

SSRRMM  
99  

SSRRMM  
1100  

PPaattiieenntt  cchhaarraacctteerriissttiiccss                      
AAggee  72 60 68 66 60 60 77 77 70 73 
MMaallee  Y Y N Y Y Y N N Y Y 
SSoolliittaarryy  kkiiddnneeyy  N Y Y Y N N N N N N 
SSeerruumm  ccrreeaattiinniinnee  
((µµmmooll//LL))  

88 194 85 144 77 82 70 82 122 112 

AAnnttiiccooaagguullaanntt  mmeeddss  Y* Y* N Y Y* Y* N N Y N 
AAggee--aaddjjuusstteedd  CCCCII  6 7 10 12 5 5 5 10 7 5 
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CT for the evaluation of IRE 

Tumour and ablation zone volume  

ICC was 0.91 (95% CI 0.82-0.95). The median tumour volume (TV) on CT is 9.5 cm3 (IQR 7.1-
14.4 cm3). The median NCV is 4.8 cm3 (IQR 3.6-9.4 cm3). The median perioperative AZV 
(immediately after ablation) is 16.8 cm3 (IQR 14.3-19.6 cm3) and 3.5 times larger compared 
to the NCV. At 3 months post-IRE the median AZV is 6.2 cm3 (IQR 4.4-9.4 cm3). At 6 months 
and 12 months the median AZV was 4.8 cm3 (IQR 3.9-7.4 cm3), and 4.2 cm3 (IQR 2.5-5.5 
cm3), respectively. Volume outcomes are described in Fig. 1 and table 3 respectively.  

 
FFiigg..  11aa:: CT volumes in cm3 over time (median, 25th-75th percentile). On X-axe from left to right: Tumour 
volume (TV) pre-IRE 9.5 cm3 (IQR 7.1-14.4 cm3); Needle configuration volume (NCV) 4.8 cm3 (IQR 3.6-9.4 
cm3); Perioperative ablation zone volume immediately after ablation (perioperative AZV) 16.8 cm3 (IQR 
14.3-19.6 cm3); 3 months post-IRE AZV 6.2 cm3 (IQR 4.4-9.4 cm3); 6 months post-IRE AZV 4.8 cm3 (IQR 3.9-
7.4 cm3); 12 months post-IRE AZV 4.2 cm3 (IQR 2.5-5.5 cm3). One outlier resembles SRM 7 with an initial 
tumour size of 3.9x3.9x3.7 cm.  
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Ablation zone enhancement and characteristics 

Pre-IRE, median tumour enhancement was 92 HU (IQR 62-193 HU). The perioperative AZ 
showed a median decrease in enhancement to 44 HU (IQR 37-54 HU). At 3 months post-
IRE, the median AZ enhancement was 37 HU (IQR 35-52 HU), at 6 months post-IRE the 
median AZ enhancement was 42 HU (IQR 39-67 HU) and at 12 months was 44 HU (IQR 37-
45 HU). Enhancement data are depicted in Fig. 2.  

 

FFiigg..  22:: CT enhancement  in Hounsfield Units (HU) over time (median, 25th-75th percentile). On X-axe from 
left to right: Tumour enhancement pre-IRE 92 HU (IQR 62-193 HU); perioperative enhancement of ablation 
zone immediately after ablation (perioperative enhancement AZ) 44 HU (IQR 37-54 HU).; 3 months post-
IRE enhancement 37 HU (IQR 35-52) HU; 6 months post-IRE enhancement 42 HU (IQR 39-67 HU); 12 
months post-IRE enhancement 44 HU (IQR 37-45 HU). The outlier at 3 months post-IRE and 6 months post-
IRE is the residual tumour of SRM 7. 

In the perioperative AZ we observed ‘gas bubbles’ in proximity of, and within, the ablation 
zone in all cases (10/10) (Fig. 3). On the contrast-enhanced, perioperative CT-scan 
performed directly after ablation, there was clearly an ablated tumour visible, which could 
be distinguished from the edema/inflammation surrounding the ablated tumour in 
majority of cases (6/10) (Fig. 4). Perinephric stranding developed immediately after 
ablation which persisted and gradually reduced during the follow-up of 12 months (10/10) 
(Fig. 3 and fig. 4). 
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FFiigg..  33:: CT effects of IRE perioperatively (immediately after ablation): Notice the gas bubbles (orange arrows) 
in and around the hypodense ablation zone. Blue arrows point out the IRE electrodes punctured in the 
border of the the tumour. 
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FFiigg..  44:: CT effects of IRE perioperatively.  1 en 2: CT scan performed perioperatively in SRM 10 and 6 
respectively. Red lining indicates the hypodense ablated tumour. Blue lining indicates the oudemateus and 
inflammation tissue surrounding it, also hypodense but less grey. 3: CT scan performed 3 months post-IRE 
in SRM 8. Green arrows indicate the perinephric stranding. 4: CT scan performed perioperatively in SRM 5. 
Green arrows outlining the perinephric stranding.  

 

MRI for the evaluation of IRE 

Tumour- and ablation zone volume  

ICC was 0.92 (95% CI 0.86-0.96). The median TV on MRI pre-IRE was 7.1 cm3 (IQR 2.6-11.4 
cm3). The median NCV is 4.8 cm3 (IQR 3.6-9.4 cm3). The median volume post-IRE at 1 week 
was 14.5 cm3 (IQR 12.0-30.4 cm3) and 3 times larger when compared to the NCV. At 3 
months post-IRE the median volume was 4.6 cm3 (IQR 2.6-12.8 cm3), at 6 months post-IRE 
3.0 cm3 (IQR 1.5-6.8 cm3), and at 12 months post-IRE 1.1 cm3 (IQR 0.9-4.5 cm3). Volume 
outcomes are described in Fig. 5 and Table 3 respectively. 

1
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FFiigg..  55aa:: MRI volumes in cm3 over time (median, 25th-75th percentile). On X-axe from left to right: Tumour 
volume (TV) pre-IRE 7.1 cm3 (IQR 2.6-11.4 cm3); needle configuration volume (NCV) 4.8 cm3 (IQR 3.6-9.4 
cm3); 1 week post-IRE volume 14.5 cm3 (IQR 12.0-30.4 cm3; 3 months post-IRE volume 4.6 cm3 (IQR 2.6-
12.8 cm3); 6 months post-IRE volume 3.0 cm3 (IQR 1.5-6.8 cm3); 12 months post-IRE volume 1.1 cm3 (IQR 
0.9-4.5 cm3). One outlier resembles SRM 7 with an initial tumour size of 3.9x3.9x3.7 cm and was the residual 
tumour diagnosed at 3 months
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TTaabbllee  33.. Comparison of volumes between timepoints.  

TTiimmeeppooiinntt    MMeeddiiaann  ((IIQQRR))  iinn  ccmm33  

CT Tumour volume (TV)  9.5 (7.1-14.4) 
Needle configuration volume (NCV)  4.8 (3.6-9.4) 
CT Perioperative ablation zone volume (peri-AZV)  16.8 (14.3-19.6) 
CT 3-months post-IRE ablation zone volume (3-AZV) 6.2 (4.4-9.4) 
CT 6-months post-IRE ablation zone volume (6-AZV)  4.8 (3.9-7.4) 
CT 12-months post-IRE ablation zone volume (12-AZV)  4.2 (2.2-5.5) 
MRI Tumour volume (TV) 7.1 (2.6-11.4) 
Needle configuration volume (NCV) 4.8 (3.6-9.4) 
MRI 1-week post-IRE ablation zone volume (1w-AZV) 14.5 (12.0-30.4)  
MRI 3-months post-IRE ablation zone volume (3-AZV) 4.6 (2.6-12.8) 
MRI 6-months post-IRE ablation zone volume (6-AZV) 3.0 (1.5-6.8) 
MRI 12-months post-IRE ablation zone volume (12-AZV) 1.1 (0.9-4.5) 

Imaging characteristics 

Pre-IRE:  
Seven SRMs showed enhancement in the arterial phase on T1volumetric interpolated 
breath-hold examination (VIBE) (7/8), which was confirmed by subtraction images (7/8). 
Three SRMs showed presence of focal DR (3/8). For the non-contrast-enhanced phase, 4 
SRMs were isointense, 2 SRMs were hypo-intense, and 2 SRMs were hyperintense. For the 
T2 weighted, 2 SRMs were isointense, 3 SRMs were hypointense, 3 SRMs were 
hyperintense.  

Post-IRE:  
Non-contrast-enhanced phase: After ablation, most AZ’s developed to hyperintensity 
through the follow-up of 12 months (6/9). Other AZ’s developed hyperintensity but 
resolved after 1 week- 3 months and became isointense (3/9).  

T1 VIBE: All AZ’s were non-enhanced post-IRE, with the exception of the residual tumour.  
Eight SRMs showed non-enhancement 1 week after ablation in the arterial phase and 
remained like this until the end of the study (8/9). In three out of those eight non-
enhancing Subtraction images confirmed the non-enhancement in all nine SRMs. One SRM 
contained residual tumour (SRM 7) (1/9) showing heterogeneous signal at 1 week and 
persisting enhancement from 3 months on.  

Diffusion weighted images: In the majority of the SRMs there was no presence of focal DR 
post-IRE. In the minority of cases presence of focal DR was seen at one time point but was 
transient. In seven SRMs there was no DR during the entire follow-up of 1 year post-IRE 
(7/9). In 3 SRMs, there was presence of focal DR at 1 week-3 months but resolved after 
this follow-up visit.  

T2 weighted imaging: The majority of masses were hypointense after ablation (7/9). In the 
minority there was heterogeneous signal, which evolved to hypointensity in time (2/9).  
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Comparison planned volumes, AZVs- MRI and AZVs- CT 

Regression analyses of MRI and CT plotted against the NCV showed a moderate to strong 
positive correlation for both CT and MRI, with larger intercepts for CT than for MRI in every 
time point (Fig. 6). Bland-Altman plots of CT and MRI per time point showed a mean 
difference (estimated bias) of -0.7 cm3 for the tumour volume prior to ablation, -0.7 cm3 
at 3 months post-IRE, -0.18 cm3 at 6 months post-IRE and 0.52 cm3 at 12 months post-IRE 
(Fig.7).   

 
FFiigg..  66:: Fig. 6: Scatterplots of 3-months, 6-months, and 12-months post-IRE for CT volumes and MRI volumes 
correlated to the needle configuration volume (NCV).  
A: r=0.9 with a slope 0.88 and an intercept of 2.5, resulting in y= 2.5 + 0.88x 
B: r=0.69 with a slope 0.45 and an intercept of 2.8, resulting in y= 2.8 + 0.45x  
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C: r=0.65 with a slope 0.37 and an intercept of 1.8, resulting in y= 1.8 + 0.37x  
D: r=0.74 with a slope 1.03 and an intercept of 1.4, resulting in y= 1.4 + 1.03x 
E: r=0.75 with a slope 0.73 and an intercept of 0.71, resulting in y= 0.71 + 0.73x 
F:     r=0.60 with a slope 0.46 and an intercept of 0.39, resulting in y= 0.39 + 0.46x 
 

 
FFiigg..  77:: Bland-Altman plot per time point of CT vs MRI. From left to right: A mean difference (estimated bias) 
of -0.7 cm3 of the tumour volume prior to ablation, -0.7 cm3 at 3 months post-IRE, -0.18 cm3 at 6 months 
post-IRE, and 0.52 cm3 at 12 months post-IRE. 

DDiissccuussssiioonn  

This prospective study assessed MRI and CT imaging pre- and post-IRE treatment for SRMs. 
There was no loss to follow-up and the follow-up visits were planned according to regularly 
scheduled timepoints, as in clinical practice. Expertise on pre- and post-IRE MRI and CT 
images is an unmet need for planning renal IRE ablation, and for determination of the 
ablation response and treatment effect [20].  

We reported an increase of the AZV on respectively CT and MRI immediately after ablation 
until 1 week post-IRE and 3 months post-IRE. At 6 months, the AZV started to decrease in 
comparison to the perioperative AZV, 1-week and 3 months post-IRE AZV. This decrease 
continued until the end of the study at 12 months. The increase of the ablation zone can 
be clarified by possible edema, reactive inflammation tissue and transient hyperaemia. The 
increase is consistent with previous articles: Trimmer et al reported this increase in a 
retrospective patient series [8]. Other authors demonstrated an increase and subsequently 
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a decrease of lesion size after renal ablation, although these observations were in pigs 
[21,22]. In other organs, such as pancreas and prostate, this is in human investigated and 
similarly reported the increase [13,14].  

Second, all SRMs appeared non-enhanced 1 week after ablation until the end of the study 
on MRI and CT, except for one patient with a residual tumour. In case of unclear tumour 
enhancement (3/9), subtraction images were especially helpful confirming (non-
)enhancement (Fig 5b). One patient (SRM 7) had a residual tumour, diagnosed at 3 months 
post-IRE and biopsy confirmed during her salvage cryoablation (clear cell renal Cell 
carcinoma Fuhrman grade 3). This patient resembles an outlier in volumes and 
enhancement post-IRE. The tumour size was 3.9cm x 3.9cm x 3.7 cm, hence this was the 
largest in our cohort. Literature has shown that tumours of 4cm or larger decreases the 
effectiveness of IRE [23], emphasizing that we should be cautious in future with ablating 
large tumours since the produced electrical field is more difficult to control. Another 
possibility is that the residual disease may be the result of a malposition of one of the IRE 
electrodes.  
Several other MRI sequences like the non-contrast enhanced-, diffusion weighted-, and T2-
weighted images were analysed but did not appear to have an additional value. Obviously, 
the sample size of our pilot study is small, therefore these conclusions should be 
interpreted with caution.  

We attempted to compare CT with MRI to evaluate if both imaging techniques deviate 
from each other and therefore may be more suitable for IRE follow-up. The Bland-Altman 
plots demonstrated that after renal IRE the MRI volumes were slightly larger than the CT 
volumes. The regression analysis showed a strong correlation between the needle 
configuration volume (the planned volume) and the post-treatment volumes for most of 
the timepoints. According to these regression analyses, CT volumes appeared slightly 
larger than MRI volumes. Again, our sample size is small hence reliable conclusions are not 
yet to be drawn based on this cohort. When looking at the evaluation of visual 
characteristics after renal IRE, MRI had an advantage over CT. When there were doubts 
about recurrences or residual tumour due to unclear enhancement, which is more than 
often the case after ablation due to reactive edema or inflammation tissue, the subtraction 
images of MRI were able to differentiate between the latter. 

On both MRI and CT, the TV appears larger than the NCV. Based on previous experiments 
in porcine kidney, we assumed that the eventual ablation zone exceeds the NCV with 
approximately 5 mm in every direction [24]. This has never been properly investigated for 
renal IRE in humans, hence those calculations were not taken into account for our NCV. 
However, in prostatic IRE studies in humans this has been confirmed with histopathology 
correlation [13].  
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Although we had a vulnerable study population including 3 solitary kidneys, IRE was well-
tolerated. Two patients had a grade 3 adverse event according to the Common 
Terminology Criteria for Adverse Events  (CTAE). One patient with a solitary kidney 
experienced pain and had an impaired renal function due to a blood clot which partially 
obstructed the ureter postoperative. After a double J ureteral stent was inserted his renal 
function returned to preoperative levels (CTCAE grade 3). One patient had a pyelonephritis 
17 days after the ablation requiring admission for 2 nights and IV antibiotics (CTCAE grade 
3). Three patients had a CTCAE grade 1 adverse event (macroscopic hematuria, painful 
micturition, perinephric hematoma). The renal functions of all patients returned to pre-
operative levels. All patients recovered from their minor or major complication without 
any lasting symptoms. 

Our study is limited by a small sample size as the primary objective of the study was to 
assess technical feasibility and safety. The second objective was to evaluate the use of 
several imaging modalities, including CT and MRI, on the visualization of the ablation zone 
in the follow-up after renal IRE. For determining AZVs in imaging after IRE, several studies 
have demonstrated that correlation is excellent in a small number of cases [13,25].  

Another limitation is the comparison of multiple types of NCVs (2-6 needle configurations). 
For uniformity of the ablation zones, ideally the same number of needles should be used 
in every patient. As IRE was used as a curative treatment in our trial and differently sized 
tumours were included, it was considered unethical to use the same NCV for every tumour. 

At last, our study is limited by a lack of histopathologic confirmation during follow-up. 
Generally, guidelines recommend renal mass biopsies only in case of suspicion on cross-
sectional imaging [18]. Ideally, for optimal correlation of CT and MR images with 
histopathology, this would have required a nephrectomy or at least routine biopsies. 
Considering that this population was extremely vulnerable, we decided not to obtain 
histopathology.  

We have quantified the ablation zone post-IRE in SRMs. With this, we are providing a 
foundation for larger trials to further investigate follow-up imaging after renal IRE, and 
providing guidance to clinicians for planning IRE ablation and monitoring response.  
In conclusion, the AZV increases after renal IRE ablation. At 6 months the decrease of the 
AZV starts gradually until 12 months. Enhancement was absent post-IRE, except for one 
patient showing residual tumour. On MRI, subtraction images can be used to confirm (non-
)enhancement accurately and hence may be applied as a predictor for residual disease or 
early recurrences. Gas bubbles, perinephric stranding and edema are normal findings on 
CT and MRI after renal IRE. 
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OOppttiiccaall  ccoohheerreennccee  ttoommooggrraapphhyy  ((OOCCTT))  

In this thesis, we investigated the diagnostic value of percutaneous, needle-based, optical 
coherence tomography (OCT) for the diagnosis of renal cell carcinoma (RCC), filling the gap 
between cross-sectional imaging and histopathologic diagnosis. We assessed the 
diagnostic accuracy, defined as the sensitivity, specificity, negative predictive value (NPV), 
and positive predictive value (PPV), and the diagnostic yield of OCT in a patient cohort of 
95 patients with a renal mass (RM). This was compared with the pathology of their renal 
mass biopsy (RMB). The OCT data were analysed using quantitative analysis by measuring 
the μOCT of the RMs. We utilized this to develop μOCT cut-off values for diagnosing RCC, 
paving the way for diagnosing kidney cancer through OCT. 

Accuracy of OCT was high (sensitivity 92%; specificity 67%; PPV 95%; NPV 55%), indicating 
the potential of OCT for diagnosing kidney cancer. The NPV and specificity of RMB remain 
higher than OCT (OCT 55% and 67% vs RMB 89% and 100%). Although these diagnostic 
accuracy measures are in favour of RMB, the accuracy calculations typically exclude all the 
non-diagnostic results. These were higher for RMB than for OCT, translating into a 
diagnostic yield of 99% for OCT and 79% for RMB. This thesis supports the usefulness of 
OCT in patients with renal masses and yields a promising balance between accuracy and 
diagnostic yield.  

A beneficial feature of OCT is the real-time visualization and the option for direct 
adjustment. This means that during an OCT scan, the operator is able to notice that the 
OCT probe is not (entirely) located in the tumour and therefore has the possibility to 
reposition the probe. Subsequently, the operator repeatedly performs an OCT scan and 
re-evaluates the new position of the probe. When properly positioned, the scan can be 
used for diagnosis. This is also demonstrated by the high diagnostic yield in our study of 
99%. In the future, when the proposed cut-off values of μOCT are validated in a larger 
cohort, they can provide a foundation for automated analysis of the OCT data. This model 
aims at performing ánd analyzing the OCT scan ‘on the spot’, resulting in a real-time 
diagnosis within minutes. This may even lead to the concept of diagnosis and treatment in 
one visit: Real-time diagnosis of RCC based on automated, quantitative OCT analysis, and 
consecutive a percutaneous ablative therapy in the same session. The patient enters the 
hospital with a renal mass and leaves with a RCC diagnosis and eradication of the tumour 
on the same day. 

An important drawback of OCT during our study is that analysis of the data was not yet 
optimized: The used ‘manual’ analysis leaves out a very large portion of all the cross-
sectional data (B-scans) that are harvested along the total OCT trajectory of the tumour. 
With that, a lot of valuable diagnostic information is left out and the μOCT that leads to the 
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OCT-diagnosis is only based on 5 individual B-scans of suspected lesion within the total 
data set (≈ 300-500 B-scans). This problem might contribute to the relatively high 
percentage of false-negative and false-positive OCT scans in our cohort, rendering the low 
NPV and specificity. This may be solved by a fully automated μOCT analysis of the complete 
datastack. 

RCC is a heterogeneous malignancy including various subtypes with diverse morphologies 
and molecular characteristics. Additionally, the intratumour heterogeneity of RCC poses a 
challenge for a correct sampling of the tumour as well. If the sample, in this case of OCT, 
is very small this inherently leads to a large margin of error. Future research should focus 
on including all, or at least the majority of the B-scans of the tumour in the analysis of the 
OCT data and in this way on contributing to a more representative μOCT of the tumour. As 
a result, this may lead to a higher specificity and NPV of OCT.  

The success of implementation of a new diagnostic tool into daily clinical practice depends 
on multiple factors such as costs, practical use, availability of the materials, and of course 
clinical data such as the accuracy, diagnostic yield, and complication rate or adverse 
events. All of these characteristics should be compared with the currently used reference 
test or gold standard. As stated earlier, the accuracy of OCT is proved to be high and may 
improve as the technology further evolves. Since the quantitative parameter μOCT can be 
used for renal mass differentiation, the outcome of OCT is objectified as it is based on 
numerical cut-off values. Such an analsysis is by nature insensitive to interobserver 
variation, which is a known difficulty in regular pathology analysis. 

The OCT procedure itself has a steep learning curve. Additionally, it is well-tolerated by 
patients owing to the low complication rate. The availability and costs should be further 
investigated before OCT can be used as a routine test in clinical practice.  

Whether OCT will be used as a stand-alone differentiating technique or in combination 
with other diagnostic tools and/or treatments remains uncertain. Recent research has 
demonstrated that for the intra-operative assessment of margins of resected renal 
tumours OCT may be valuable [1], as it can differentiate malignant from benign tissue on 
a near-microscopic level and potentially prevent residual disease as a result of positive 
margins. Additionally, in a different scenario, OCT may function as an aid to renal mass 
biopsies. Since the main disadvantage of renal mass biopsies is the non-diagnostic 
outcomes, OCT can contribute to the solution of this problem. The non-diagnostic 
outcomes may be reduced if the OCT probe can be incorporated in a renal mass biopsy 
needle. In this way, OCT can guide the biopsy needle on a near-microscopic level and locate 
it precisely into the solid tumour tissue, and avoid sampling necrotic or inflamed tissue. 
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IIrrrreevveerrssiibbllee  eelleeccttrrooppoorraattiioonn  ((IIRREE))  

We prospectively assessed the feasibility and safety of renal IRE in humans in a phase 2 
IDEAL study (development phase). The prospect of safely treating renal masses in the 
proximity to vital structures like the ureter or the collecting system is a unique advantage 
compared to other ablative techniques with a thermal mechanism. We determined the 
feasibility of IRE by evaluating the technical success of the IRE ablation itself assessed by a 
contrast-enhanced CT scan immediately after IRE. Technical success was achieved when 
the procedure was able to ablate the tumour according to the protocol, and when the 
ablation zone covered the whole tumour as seen on cross-sectional imaging [2]. The safety 
of IRE was determined by evaluating the device and procedural adverse events (AEs) within 
one month after the procedure. We demonstrated a high immediate technical success rate 
and a low AE rate based on our pilot study of 10 SRMs. Hence, we concluded that IRE was 
safe and feasible for the treatment of small renal masses (SRMs). 

Our study population was a fragile population with multiple comorbidities and an average 
age-adjusted Charlson comorbidity index (ACCI) of 7, which is not uncommon for patients 
that qualify for renal ablation. Out of the ten small renal masses (SRMs) that received IRE 
ablation, 3 were in a solitary functioning kidney (SFK). All patients retained preoperative 
renal function within 3 weeks after the ablation, demonstrating that IRE did not affect the 
renal function. 

Centrally located renal masses, meaning in the vicinity of the renal hilum, the ureter, 
and/or the collecting system, remain a challenge among renal mass management. IRE is 
thought to preserve vital structures like ducts and vessels and is, therefore, able to treat 
RMs that are centrally located. When evaluating this potential of IRE we treated a group 
of patients in which 7 out of 9 patients had tumours located close to vital structures. As 
our complication rate was low, we concluded that in our population IRE was safe. There 
were two serious adverse events in our study: Acute kidney failure as a result of a partially 
obstructed ureter due to a blood clot 1 day after IRE ablation, and a pyelonephritis 3 weeks 
after IRE ablation. The acute kidney failure due to the obstructed ureter was probably the 
result of an unintended puncture of the urinary tract by one of the IRE electrodes during 
the procedure that caused an intra-ureteral blood clot, requiring a temporary JJ-stent. This 
puncture is a risk that is accompanied by any needle-based, percutaneous procedure and 
would not have been less if cryoablation or RFA was applied. Both patients did not require 
dialysis and recovered without any lasting symptoms from the complication.  

The postulation that IRE can safely ablate in proximity to vital structures is in line with 
Wendler et al, who demonstrated this on a pathohistological level: They showed 
preservation and regeneration of the collecting system after renal IRE in swine [3]. This 
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implies that the demonstrated rise in temperature within the IRE needle configuration by 
Wagstaff et al [4] does not seem to cause significant damage to the vital structures to the 
extent that it causes severe, short-term complications or limits the ablation effect. Future 
research, preferably following the recommendations of the IDEAL collaboration, should 
confirm this potential advantage.  

Limitations of renal IRE are the need of anesthesia and the long procedural time: Mean 
anesthesia time was 3.7 hours (range 3–5 hours), mean procedural time was 2.1 hours 
(range 1 hour 45 minutes–2 hours 30 minutes) and mean ablation time was 50 minutes 
(range 20 minutes–1 hour 45 minutes). The placement of the needles prior to the ablation 
was complex, as a consequence IRE requires an experienced interventional radiologist. 
Additionally, the general anesthesia, in particular, the deep muscle relaxation to prevent 
muscle contractions, may also be time-consuming as it takes time to induce deep sleep 
and to wake up from this.  

A major target for improvement in renal IRE is the optimization of the electric parameters 
needed to induce an adequate IRE ablation. The amount of Voltage used for the amplitude 
is entered by the operator into the IRE console. This produces an electrical current of a 
certain amount of Ampere. The desired height of the Voltage and the Ampere used to 
achieve adequate RCC destruction is still unknown. The same goes for the pulse length and 
the number of pulses applied per session. Most of the settings are copied from treatment 
plans of other tumours (i.e. pancreas carcinoma or colorectal liver metastases). Renal 
masses have many different pathophysiologically subtypes exhibiting different biological 
behaviours and therefore display a variable risk of progression and metastasis. Ideally, 
these electric parameters of IRE should be evaluated per tissue type and tumour type. 
Electroporation properties may vary amongst different cell types and therefore the clinical 
effect of IRE may differ. Hence, for optimal tumour destruction, those properties should 
be evaluated and stratified accordingly. In practice, this means that based on the 
histopathological results of a RMB, an IRE operator should adapt the amount of Voltage 
applied,  the desired electrical current outcome (Ampere), and the number of pulses and 
the pulse length.  

The electrical parameters are closely related to another underexposed subject around IRE, 
specifically the planning of the ablation zone. Ideally, a pre-treatment model should be 
developed that can simulate the 3D-volume and shape of the ablation zone for every kind 
of needle configuration (i.e. the number of IRE needles used). This model should also 
anticipate the tissue type of the ablation target and the physical mechanism of electrical 
field-tissue interaction. Currently, the planning model that is used on the IRE operator is a 
2D, schematic visualization of the planned ablation that only considers the length of the 
needles, the distance between needles, and the number of needles (Fig. 1). Ideally, the 
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future model should include the planned 3D volume and visualize this within the CT scan 
of the patient. In this way, the interventional radiologist can precisely plan and treat 
different kinds of tumours and shapes.  

 
FFiigguurree  11.. Schematic 2D ablation zone. 1, 2, and 3 represent the IRE probes. The grey area represents the 
ablation zone that is shaped around the IRE probes. The blue area represents the schematic view of the 
tumour. 

Lastly, imaging in the follow-up after renal IRE should be further investigated. We assessed 
CT and MRI in the follow-up after renal IRE and found that the volume of the ablation zone 
increases directly after IRE ablation until 3 months after on both CT and MRI.  The volume 
of the ablated tumour decreases from 6 months on. We demonstrated that the detection 
of residual- or recurrent disease is characterised by enhancement of the ablation zone 
after ablation. Subtraction images in MRI were especially helpful in differentiating residual 
tumour from edema and other post-interventional reactive tissue. Our study has a small 
sample size of 10 SRMs because it was developed with the intent to prospectively 
investigate the safety and feasibility of renal IRE (development & exploration IDEAL phase). 
Therefore, we used only descriptive imaging reports in the follow-up after renal IRE. 
Research in larger study cohorts has to demonstrate which imaging modality is more 
suitable in characterizing the ablation zone after IRE. However, in our cohort, MRI 
appeared to be the best visualization modality because of the ability to accurately detect 
residual tumours/recurrences with the help of subtraction images. MRI has the advantage 
that it does not expose the patient to radiation damage and it is feasible for patients with 
eGFR<30. The disadvantages are that an MRI scan is costly, time-consuming and unsuitable 
for pacemakers. To date, CT remains the first-line modality for detecting and staging renal 
tumours. However, since the ‘renal ablation population’ is in general medically inoperable 
and in need of nephron-sparing management, MRI can be more valuable in this specific 
niche.  

The assessment of ablation response remains challenging, as in thermal ablation. In most 
ablation responses there is an increase in the size of the ablation zone followed by a 
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subsequent decrease, as in our study. But at what point in time after the ablation this 
decrease will take place and in what scenario the growth of the ablation zone should be 
noted as suspicious remains unknown. Therefore, in ablation response, the pattern of 
enhancement within the ablated tumour is thought to be of more diagnostic value. The 
combination of evolution of the ablation zone volume and enhancement pattern should 
be deciding whether a patient should undergo a biopsy.   

Whether renal IRE will obtain a place in the standard practice is still undetermined and will 
mainly depend on the research that is needed on the earlier mentioned fronts. In the 
present situation, renal IRE should be applied in a research setting or registry. Phase 3 
research should further assess and validate the clinical evaluation and, if possible, compare 
IRE with thermal ablation in a randomized setting. Thermal ablation, in particular RFA and 
cryoablation, is widely investigated, contributing to excellent oncological outcomes of 
thermal ablation for the treatment of cT1a RCCs (4cm or smaller). The particular niche in 
which renal IRE can be of additional value is particularly the group of centrally located RMs 
amongst the ablation population, defined as the non-operable patient or the patient with 
a need for maximum conservation of renal parenchyma. 

In the face of an aging population, it might be profitable to tailor management to 
minimalize overtreatment as the competing risk of death increases with age. The 
implementation of shared decision making will generate a more personalized approach in 
oncology. Patients will face complex decisions regarding management options, and more 
studies should be performed to guide patients within these options. It is imperative that 
as clinicians we should be able to explain the gain of treating a tumour but also to elaborate 
on the advantages of no treatment (active surveillance). The majority of small renal masses 
grow slowly (around 3-5mm per year) and therefore the need for treatment is not always 
urgent, especially not in patients with significant comorbidity or/and of advanced age. 
However, around 20% of patients with SRMs show an aggressive growth pattern [5, 6]. This 
emphasizes that the clinical behaviour of ‘the group’ SRMs is diverse, implicating that there 
is a variable potential to cause harm to a patient. Every treatment modality is accompanied 
by a potential risk of complications and a recovery period which can have significant 
consequences for a fragile patient. As a result, active surveillance with the option to a 
delayed intervention will, besides ablative therapies, gain ground in the management of 
SRMs.  
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EEnngglliisshh  ssuummmmaarryy  

CChhaapptteerr  11 describes the rationale of this thesis by elaborating on the principles and 
drawbacks of the diagnosis and treatment of renal masses. The incidence of localised renal 
cancer in an early stage is increasing, whilst mortality appears to be stabilizing. Obtaining 
a pre-operative histopathologic diagnosis is desirable to avoid overtreatment. Renal mass 
biopsies are restricted by high non-diagnostic rates and are reported in up to 22% in small 
renal masses (SRMs, ≤ 4cm). This emphasizes the need for a tool that distinguishes the 
aggressive RCC from the indolent or even benign renal mass. Optical coherence 
tomography (OCT) refers to a group of optical technologies that uses light to image and 
differentiate tissue without the need for excision. In renal mass treatment, a trend is 
observed towards minimal invasive management, like thermal ablation (cryoablation, 
radiofrequency ablation, and microwave ablation), stereotactic ablative radiotherapy, and 
even active surveillance. Irreversible electroporation (IRE), a relatively new ablation 
technique, is proposed to potentially overcome the hurdles of thermal ablation as it 
preserves vital structures. The aim of this thesis is to investigate the diagnostic value of 
optical coherence tomography (OCT) for the differentiation of renal masses and to assess 
the feasibility and safety of irreversible electroporation (IRE) for the treatment of small 
renal masses (SRMs). 

In  CChhaapptteerr  22,, the diagnostic accuracy and diagnostic yield of percutaneous OCT and renal 
mass biopsy are assessed in 95 patients. The diagnostic accuracy is defined as the 
sensitivity, specificity, positive predictive value (PPV), and negative predictive value, and 
the diagnostic yield is defined as the percentage of biopsies that lead to a diagnosis. Both 
techniques are compared with each other and in their potential to differentiate between 
renal masses. Two groups were evaluated: all malignant renal masses versus all benign 
renal masses, and oncocytomas (the most prevalent benign renal mass) versus renal cell 
carcinoma (the most prevalent malignant renal mass). OCT reveals high accuracy for both 
groups, although still slightly lower than renal mass biopsy. As a counterpart, the diagnostic 
yield of OCT is higher than of renal mass biopsy.  

CChhaapptteerr  33  evaluates the novel ablation technologies microwave (MWA), irreversible 
electroporation (IRE), and stereotactic ablative radiotherapy (SABR) for the treatment of 
localised renal cell cancer. Advantages and disadvantages are compared to the currently 
used ablation technologies cryoablation (CA), and radiofrequency ablation (RFA). A 
literature search was conducted to identify original articles on the novel ablation 
technologies. The majority of the articles are level 3 of evidence and retrospective of 
nature. Generally, for ablation, the percutaneous approach is preferred over the 
laparoscopic because of fewer complications and its minimal invasiveness. MWA may have 
potential advantages in ablating larger lesions with short procedure times compared to 
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radiofrequency ablation or cryoablation. IRE shows promising results in centrally located 
tumours, although the need for general anesthesia with deep muscle relaxation and long 
procedure times is a potential concern. SABR shows excellent local control and is not 
limited by location or size of the tumour. An additional advantage is that there is no need 
for general anesthesia. Overall, the type of treatment chosen for renal mass management 
depends mainly on the expertise of the operating center, the condition of the patient, and 
the location and size of the tumour.  

CChhaapptteerr  44  provides an overview of in vivo IRE research performed in the liver, pancreas, 
kidney, and prostate. Additionally, this chapter describes the procedure and the principle 
of IRE. The prospect of treating tumours in the vicinity of vital structures gives IRE a 
potential edge over conventional ablation techniques. Most of the IRE research is 
performed in the liver and pancreas, showing promising results on different fronts, namely 
early efficacy and safety and feasibility. Prostate and kidney IRE research is limited and 
mainly retrospective of nature. For IRE to evolve into a clinically accepted ablation 
technique, further improvement is needed on tissue-specific device settings/protocols, 
ablation monitoring, follow-up imaging, and long-term oncological outcomes. At this stage, 
it is imperative to perform IRE only in the setting of a clinical trial and with this providing a 
stepwise, safe, and scientifically valid evaluation of IRE. Organ-specific evaluation of IRE 
should be carried out preferably adhering to standardized guidelines.  

CChhaapptteerr  55 presents a prospective, human, in-vivo study protocol, aiming at feasibility, 
safety, and clinical efficacy of IRE ablation in small renal masses (SRMs). Renal ablation is 
increasingly used due to its nephron-sparing properties, low complication rate, and the 
short postoperative recovery. IRE is not influenced by the heat sink effect and is suitable 
for tumours in proximity to vital structures, extending the ablation indication to centrally 
located tumours. For IRE to evolve into a clinically accepted technique, clinical outcomes 
should be investigated in a small patient population to provide prospective data (IDEAL 
phase 2) before embarking on a larger trial (IDEAL phase 3). Hence, the objectives of this 
study are feasibility, safety, and clinical efficacy of IRE in small renal masses with a specific 
focus on several cross-sectional imaging modalities (MRI, CT, and contrast-enhanced 
ultrasound) for the visualization of the IRE ablation zone in the follow-up. Lastly, 
perioperative outcomes like quality of life, renal function, and postoperative pain will be 
recorded. This study will provide prospective information regarding the safety and 
feasibility of renal IRE ablation, with an extensive description of the radiological evolution 
of the ablated lesion along time as well as mid-term oncological outcomes.  

CChhaapptteerr  66 demonstrates the results of the feasibility and safety of percutaneous IRE for 
the treatment of small renal masses (SRMs). Both commonly used grading systems the 
Clavien-Dindo (CD) and the common terminology criteria for adverse events (CTCAE) were 
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used to assess safety. In total, ten SRMs in nine patients were included. Renal mass biopsy 
demonstrated seven clear cell RCCs, one papillary RCC, and two non-diagnostic biopsies. 
Technical success was achieved in nine out of ten cases. Seven out of ten SRMs were in 
proximity to vital structures. One patient had a grade 3b Clavien-Dindo complication 
(CTCAE grade 3): an impaired renal function due to a partially blocked ureter because of a 
blood clot. Mean anesthesia time was 3.7 hours and mean ablation time was 50 minutes. 
Renal function 1-month post-IRE was unaffected by IRE. Postoperative pain was rare and 
usually mild. Based on this pilot study, we concluded that renal IRE ablation in SRMs is safe 
and feasible, and well-tolerated in centrally located tumours. A limitation is that the IRE 
procedure is relatively complex and time-consuming in this stage.  

Ablation is guided by cross-sectional imaging and the success of the procedure is also 
assessed by cross-sectional imaging. However, prospective imaging studies on renal IRE 
are absent. CChhaapptteerr  77  reports on the imaging modalities MRI and CT for the visualization 
of the ablation zone after IRE in patients with SRMs. The volumes of the ablation zone and 
the imaging characteristics, including enhancement of the ablation zone, after IRE in SRMs 
were evaluated. The volume of the ablated tumour increases directly after IRE until 3 
months after IRE. After this, a decrease in volume takes place. All SRMs appeared non-
enhanced immediately after ablation, except for one residual (1/10). MRI was particularly 
helpful in distinguishing post-interventional edema from the residual tumour by the use of 
subtraction images. Gas bubbles, perinephric stranding, and ablation zone edema are 
normal findings directly post-IRE. 
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NNeeddeerrllaannddssee  SSaammeennvvaattttiinngg  

In hhooooffddssttuukk  11 wordt de diagnostiek naar en de behandeling van nierkanker beschreven, 
alsmede de nieuwe ontwikkelingen hierin. Het vóórkomen van kleine niertumoren neemt 
toe door onder andere toevalsbevindingen bij toenemend gebruik van beeldvormende 
technieken. Het opsporen van nierkanker binnen deze groep wordt momenteel door de 
uitslag van het nierbiopt bepaald, met als nadeel een hoog percentage van zogenaamde 
niet-diagnostische biopten, maximaal 22% in kleine niertumoren. Een niet-diagnostisch of 
een niet-conclusief biopt is een biopt dat geen diagnostische uitslag oplevert, doordat er 
bijvoorbeeld te weinig weefsel of alleen nierweefsel zonder tumorweefsel in het biopt zit. 
Het diagnostisch vermogen van de nierbiopten kan hierdoor beperkt zijn.   

Optische coherentie tomografie (OCT) is een optische techniek waarmee onder andere 
verschillende soorten weefsels van elkaar te onderscheiden zijn. Het voordeel is dat met 
behulp van deze minimaal-invasieve en hoge resolutie techniek potentieel direct een 
diagnose kan gesteld kan worden. Een tweede voordeel is dat het een ‘real-time’ techniek 
is, wat onder andere betekent dat de OCT meting ‘real-time’ aan te passen is bij een niet-
conclusieve uitslag. Dit zou moeten bijdragen om het percentage niet-diagnostische 
uitslagen te verminderen.  

Bij de behandeling van niertumoren staat van oudsher de nieroperatie centraal. 
Tegenwoordig is er een trend ontstaan richting de minimaal-invasieve behandelingen. 
Voorbeelden hiervan zijn thermale ablatie zoals radiofrequente ablatie en cryoablatie, 
stereotactische radiotherapie en zelfs ‘active surveillance’, oftewel het actief volgen van 
niertumoren zonder te behandelen. Irreversibele elektroporatie (IRE) is een nieuwe ablatie 
techniek waarbij de nadelen van thermale ablatie potentieel te voorkomen zijn omdat het 
werkingsmechanisme van IRE gebaseerd is op elektriciteit en niet afhankelijk is van 
temperatuur, in tegenstelling tot thermale ablatie. Dit heeft als gevolg dat IRE de vitale 
structuren minder lijkt aan te tasten. Het doel van dit proefschrift is om de diagnostische 
waarde te onderzoeken van optische coherentie tomografie (OCT) voor het diagnosticeren 
van nierkanker. Daarnaast is het doel de haalbaarheid en veiligheid van IRE te onderzoeken 
voor de behandeling van kleine niertumoren. 

In hhooooffddssttuukk  22 wordt de accuratesse (sensitiviteit, specificiteit, negatief voorspellende 
waarde en positief voorspellende waarde) en het diagnostisch vermogen (het percentage 
diagnostische uitslagen) van zowel OCT als de conventionele nierbiopten beoordeeld en 
met elkaar vergeleken in 95 patiënten. Er wordt in het bijzonder gekeken naar hun potentie 
om te differentiëren tussen kwaadaardige en goedaardige niertumoren. Er zijn hierbij twee 
groepen geëvalueerd: alle kwaadaardige niertumoren versus alle goedaardige 
niertumoren, en meer specifiek de oncocytomen (de meestvoorkomende goedaardige 
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niertumor) versus de renaal cel carcinomen (de meest voorkomende kwaadaardige 
niertumor). OCT toont hoge accuratesse in beide groepen, alhoewel iets lager dan het 
conventionele nierbiopt. Aan de andere kant is het diagnostische vermogen van OCT hoger 
dan dat van de nierbiopten. Dit artikel ondersteunt de bruikbaarheid van OCT in 
niertumoren en laat een gunstige balans zien tussen accuratesse en het diagnostische 
vermogen. Indien deze data worden gevalideerd door toekomstige studies, zal de 
praktische en klinische implementatie van OCT uiteindelijk, niet alleen afhangen van  de 
accuratesse en het diagnostisch vermogen, maar ook van de benodigde expertise, de 
beschikbare apparatuur en de kosteneffectiviteit.  

HHooooffddssttuukk  33 evalueert de nieuwe ablatietechnieken microwave ablatie (MWA), 
irreversibele elektroporatie (IRE) en van stereotactische radiotherapie (SABR) voor 
behandeling van gelokaliseerde nierkanker en beoordeelt hun potentie in vergelijking met 
de momenteel meest gebruikte technieken, zoals radiofrequente ablatie (RFA) en 
cryoablatie (CA). Een literatuuronderzoek is opgezet om originele artikelen op te sporen 
die de uitkomsten van deze nieuwe ablatietechnieken onderzoeken. Het grootste deel van 
de huidige literatuur is level of evidence 3 en retrospectief van aard.  Over het algemeen 
wordt de percutane benadering van de ablatietechnieken geprefereerd boven de 
laporoscopische benadering bij RFA, MWA en CA. MWA heeft mogelijk voordelen in het 
ableren van grote tumoren en de proceduretijd is kort in vergelijking met RFA en CA. IRE 
laat veelbelovende resultaten zien bij centraal gelegen tumoren (dwz dichtbij bloedvaten 
of het verzamelsysteem van de nier), alhoewel de lange proceduretijd een potentieel 
nadeel is. SABR laat hoge locale controle zien en wordt niet beperkt door  locatie of grootte 
van tumoren, bovendien is er geen (algehele) narcose nodig. Het bepalen van het type 
behandeling dat geschikt is voor niertumoren hangt over het geheel genomen af van de 
expertise van het behandelend centrum, de conditie van de patient, en de locatie danwel 
grootte van de niertumor. 

HHooooffddssttuukk  44  biedt  een overzicht van alle in-vivo IRE onderzoeken uitgevoerd tot op heden 
in de lever, pancreas, nier en prostaat. Daarnaast beschrijft dit hoofdstuk de IRE procedure 
en het principe waarop IRE is gebaseerd. De eerste onderzoeksresultaten in IRE voor de 
lever, pancreas, nier en prostaat lijken veelbelovend. Het grootste gedeelte van het 
onderzoek is uitgevoerd in lever en pancreas wat veelbelovende resultaten laat zien met 
name op het gebied van effectiviteit, veiligheid en haalbaarheid. De mogelijkheidvan het 
behandelen van tumoren die dichtbij vitale structuren liggen geeft IRE een potentieel 
voordeel ten opzichte van conventionele ablatietechnieken als CA en RFA. Echter zal IRE, 
voordat het naar een klinisch geaccepteerde techniek kan worden vertaald, zich eerst 
verder moeten ontwikkelen op verschillende fronten. Daarbij gaat het met name om 
weefselspecifieke apparaatinstellingen danwel protocollen, het monitoren van de ablatie 
en de follow-up beelden en tot slot de lange termijn oncologische resultaten. Het 



English & Dutch summary 

9

| 161   
 

 

onderzoek naar IRE in verschillende organen is snel aan het uitbreiden, maar de meeste 
resultaten zijn gebaseerd op laag-kwaliteit onderzoek, te kwalificeren als level of evidence 
4. Daarom is het in dit stadium essentieel om IRE alleen uit te voeren in onderzoeksverband 
en om het per orgaan stapsgewijs te evalueren.  

HHooooffddssttuukk  55 presenteert een prospectief, in-vivo studieprotocol gericht op de 
uitvoerbaarheid, veiligheid en klinische effectiviteit van IRE ablatie in patiënten met kleine 
niertumoren. IRE is een opkomende ablatietechniek met het potentiele voordeel vitale 
structuren rondom de tumor minder te beschadigen dan de huidige thermale 
ablatietechnieken, zoals cryoablatie en radiofrequente ablatie. Met deze studie richten wij 
ons op een gestandaardiseerde en stapsgewijze evaluatie van IRE in niertumoren, door 
met een kleine prospectieve studie (IDEAL fase 2 onderzoek) te starten die de basis kan 
vormen voor grotere studies (IDEAL fase 3 onderzoek). De uitvoerbaarheid zal worden 
beoordeeld door het technische succes van de procedures bij te houden. De veiligheid 
wordt beoordeeld door het aantal ongewenste voorvallen bij te houden. Naast het bepalen 
van de haalbaarheid, veiligheid en klinische effectiviteit zal deze studie ook verschillende 
beeldvormende technieken, namelijk CT, MRI en contrast echografie (CEUS), in de follow-
up na IRE evalueren. Tot slot zullen perioperatieve parameters zoals kwaliteit van leven, 
nierfunctie en postoperatieve pijn worden bijgehouden.  

HHooooffddssttuukk  66 toont de resultaten van onderzoek naar de uitvoerbaarheid en veiligheid van 
percutane IRE voor de behandeling van kleine niertumoren. Twee graderingssystemen, de 
Clavien-Dindo (CD) en de common terminology criteria for adverse events (CTCAE), zijn 
gebruikt om de veiligheid te beoordelen. In totaal zijn er tien kleine niertumoren in negen 
patiënten geïncludeerd en behandeld met IRE. De nierbiopten lieten in totaal zeven 
heldercellige renaal cel carcinomen zien, een papillair renaal cel carcinoom en twee niet-
diagnostische uitslagen. In totaal lagen zeven van de tien tumoren in de buurt van een 
vitale structuur. Technisch succes was behaald in negen van de tien tumoren. Een patiënt 
had een graad 3b Clavien-Dindo complicatie (CTCAE graad 3). De gemiddelde anesthesie 
tijd was 3.7 uur en de gemiddelde ablatie tijd was 50 minuten. Over het algemeen was de 
nierfunctie onaangetast door IRE. Postoperatieve pijn was zeldzaam en indien het 
voorkwam mild van aard. Concluderend kan gesteld worden dat IRE ablatie in niertumoren 
uitvoerbaar, veilig en goed te verdragen is in tumoren dichtbij vitale structuren. Een 
beperking is dat de IRE procedure van niertumoren in dit stadium tijdrovend is en relatief 
complex.  

Ablatie begint een steeds grotere rol te spelen binnen de behandeling van kleine 
niertumoren gezien het niersparende en minimaal invasieve karakter. Ablaties worden 
beeld-gestuurd uitgevoerd en het succes hiervan wordt ook door beeldvorming 
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gecontroleerd en gemonitord in de follow-up. Echter, studies waarin beeldvorming wordt 
onderzocht in IRE ge-ableerde niertumoren zijn zeldzaam.  

HHooooffddssttuukk  77  beschrijft de beeldvorming van MRI en CT na IRE in kleine niertumoren. De 
volumes van de ablatie zone, oftewel de ge-ableerde tumoren,  en de beeldvormende 
karakteristieken zijn beoordeeld. De volumes van CT en MRI zijn vergeleken met elkaar en 
met het geplande ablatievolume. De ablatievolumes correleren goed met het geplande 
ablatievolume. Het volume van de ge-ableerde tumoren neemt direct toe na ablatie en 
houdt aan tot 3 maanden na IRE. Hierna vindt er een afname van ablatievolume plaats. 
Alle ge-ableerde tumoren lieten geen aankleuring meer zien op CT en MRI, behalve de 
enige resttumor.  Gas bubbels, perinefrische ‘draderigheid’ en oedeem in en rondom de 
ge-ableerde tumoren zijn normale bevindingen direct na IRE.  
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