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CHAPTER 1

Introduction

Parts of this introduction have been published as:
The Role of Imaging in the Active Surveillance of Small Renal Masses
PGK Wagstaff, PJ Zondervan, JJMCH de la Rosette, MP Laguna Pes
Current Urology Reports. 2014 Mar;15(3):386

Irreversible Electroporation: state-of-the-art
PGK Wagstaff, M Buijs, W van den Bos, DM de Bruin, PJ Zondervan, 
JJMCH de la Rosette, MP Laguna Pes
OncoTargets and Therapy. 2016; In press
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General introduction

Background
The worldwide incidence of kidney cancer was estimated at new 338.000 cases in 2012 
[1]. More than 90% of these malignancies are renal cell carcinomas (RCC), divided over 
the three main subgroups clear cell RCC (70%), papillary RCC (10-15%) and chromophobe 
RCC (5%) [2,3]. Up to 68% of RCCs are detected as a small renal mass (SRM) before the 
onset of clinical symptoms such as flank pain and haematuria [4,5]. A small renal mass is 
defined as a solid or partly solid renal tumour with a maximal diameter ≤4cm, contrast 
enhancing on CT or MRI imaging and consequently suspicious for RCC [4]. 

A recent analysis of international trends in RCC incidence and mortality shows an ever 
increasing incidence of RCC in most countries. Early discovery and treatment of RCC is 
accompanied by a significant decline in mortality in Northern- and Western Europe, the 
USA and Australia [3]. These declining mortality rates in Western countries indicate the 
possibility for considerable healthcare gain in the treatment of renal masses. We should, 
however, take care that the increased incidence of small renal masses does not lead to 
overtreatment of low grade tumors that would have not caused any problems had they 
remained undetected [6,7]. Reduction of the burden of renal mass treatment requires 
knowledge of the natural history of renal masses, combined with the development of 
advanced techniques for tumor differentiation and minimally invasive focal treatment 
modalities. This thesis focusses on new techniques in the diagnosis and treatment 
of renal masses. Firstly, by investigating Optical Coherence Tomography, a novel high 
resolution optical imaging technique, aimed at improving renal mass differentiation 
in order to guarantee optimal patient selection. Secondly, by exploring Irreversible 
Electroporation, a novel minimally invasive ablative technology, aiming at broadening 
the scope of conventional thermal ablative techniques, to be used for focal therapy of 
renal masses in selected patients [8]. 
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Renal mass differentiation
Until now, renal mass treatment decisions have been made primarily on the basis of age, 
comorbidity and gross imaging characteristic. However these parameters and diagnostic 
methods lack the finesse to truly detect the malignant potential of an SRM. Studies 
focussing on malignant potential have shown considerable heterogeneity among SRMs. 
Benign histology is found in 20% of SRMs [9]. Out of the remaining 80%, being RCC, 
a portion of only 20-25% display aggressive histopathological characteristics making 
them potentially lethal [10,11]. Most cohorts show a correlation between malignancy 
and tumour size at diagnosis with a benign percentage of 43-46% in tumours < 1 cm 
compared to 1-6% for tumours >7 cm [12-14]. High grade malignancy is only seen in 
2.3% of the tumours below 1 cm [13]. However, most of this data was derived from 
retrospective studies in which size cut-off, methods for measuring the tumours and 
patient selection often varies, thereby impairing proper comparison. 

In addition to tumour size, growth rate has been assessed as a possible indicator of 
malignant potential. Pooled analysis of localized renal mass data showed a mean 
annual growth rate of 0.3-0.4 cm with progression to metastatic disease in 1-2% of 
the cases [15,16]. Interestingly, 23% (65) of the observed masses showed zero net 
growth. Furthermore within this zero growth group none of the patients progressed 
to metastatic disease [16]. The first prospective active surveillance study (Jewett et al.) 
including a total of 209 SRMs showed no significant difference in mean annual growth 
rate between benign vs malignant renal masses, being 0.17 cm vs. 0.14 cm (p=0.08) 
[17]. Therefore, tumour growth rate, with the exception of zero growth, is not a reliable 
predictor of malignant potential. 

CT and MRI imaging are both highly sensitive in detecting SRMs but lack specificity in 
differentiating between benign and malignant masses and in properly characterizing 
subtype [18-20]. So far, none of the conventional imaging modalities have shown 
the capability of flawlessly distinguishing between benign and malignant tumours, 
and subsequently between low and high malignant potential. Combining imaging 
techniques is unlikely to overcome these shortcomings since problems in differentiation 
concern the same tumour subgroups in the different imaging techniques [20]. 
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In the majority of cancer types the definitive diagnosis is obtained through pathological 
analysis of a tissue sample. The general opinion on the use of renal mass biopsy has 
changed substantially in the past decades [21-23]. When considering active surveillance 
or focal therapy of renal masses the histological information provided by renal mass 
biopsies is an important aid in risk-stratification [21,22]. A diagnostic biopsy, defined 
by sufficient and representative material for histopathological diagnosis, provides 
objective tumor differentiation with a sensitivity and specificity in the range of 90-100% 
[8]. A non-diagnostic biopsy, defined by insufficient material or not representative 
for histopathological diagnosis, is reported in 10-20% of the renal mass biopsies, and 
even up to 30% in SRMs [8,20]. Fuhrman grade assessment needs to be viewed with 
caution due to the possibility of under staging. Results on concordance of Fuhrman 
grade between biopsy and final pathology vary greatly with a range of 46-94% [24]. The 
feared risk of seeding has been estimated at less than 0.01% [25]. In addition, serious 
complications requiring intervention are seen in less than 1% of the cases [26]. Biopsy 
processing time combined with the frequent need for repeat biopsies severely delays 
the diagnostic process [8]. These limitations emphasize the need for a fast, accurate 
and quantitative technique for the differentiation of renal masses. 

Optical coherence tomography (OCT) is a high resolution imaging technique. It is the 
optical equivalent of B-mode ultrasound imaging, using backscattered near infrared 
light to construct real-time images, allowing for the analysis of tissue specific optical 
properties. OCT images have a 10-15µm axial resolution, which is up to 10 times 
higher than any imaging technique in routine clinical practice [27,28]. This resolution 
is in the range of conventional light microscopy, enabling cross-sectional imaging of 
the tissue microstructure at an effective tissue penetration of 2-3 mm [27,28]. The 
technique was initially developed for retinal imaging in the 1990s and has since evolved 
to become standard practice in ophthalmology [29,30]. The drive to apply OCT to 
other in-vivo tissues fuelled the development of small diameter OCT probes. Readily 
available fiber-optical components used in the telecommunication sector allowed the 
construction of relatively inexpensive fiber-optic OCT probes, enabling endoscopic or 
needle based probe delivery [28]. Among novel OCT approaches are percutaneous OCT 
of the coronary arteries, transbronchial OCT, endoscopic OCT of ureteral tumors and 
percutaneous OCT of renal masses [27,31,32]. Within the high resolution OCT images 
the loss of signal intensity per millimeter of tissue penetration can be calculated, 
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expressed as the attenuation coefficient (µOCT). During carcinogenesis cellular changes 
occur resulting in an increased number, larger and more irregularly shaped nuclei 
and more active mitochondria [27,33,34]. These cellular changer alter the scattering 
characteristics of the affected tissue [35]. Analysing the scattering properties, through 
µOCT measurements, provides a quantitative measure for tumor differentiation [33,36-
39]. 

The success of focal therapy relies heavily on accurate tissue differentiation, in order 
to guide treatment planning and follow-up. Fast and accurate differentiation of renal 
masses is an unmet challenge using conventional diagnostic techniques. Percutaneous 
needle based OCT in the form of an optical biopsy has the potential to fulfil these 
requirements, allowing for real-time quantitative evaluation of carcinogenic changes to 
the tissue microstructure.

Renal mass treatment
The treatment of SRMs has shown a shift from radical nephrectomy to nephron sparing 
interventions. While technical advances in minimally invasive surgery and ablation 
have facilitated kidney preservation, the increase in life expectancy means that an 
increase in the number of elderly patients suffering from multiple severe comorbidities 
and concomitant SRM is to be expected. In this patient group minimally invasive 
excisional techniques compete strongly with focal ablative techniques, and even active 
surveillance [21]. 

Thermal focal ablative therapies such as cryoablation and radiofrequency ablation (RFA) 
are currently reserved for patients who are poor surgical candidates, or those patients 
who have a genetic predisposition for developing multiple tumours [21,40,41]. Recent 
studies have shown 5-10 year oncological follow-up of cryoablation and RFA to be slightly 
inferior to partial nephrectomy, balanced by a lower complication rate and preservation 
of the renal function [42,43]. Focal ablation of renal masses calls for precisely dosed 
and accurate ablation of malignant tissue while preserving the surrounding healthy 
tissue and vital structures such as blood vessels, nerves, the renal collecting system 
and neighbouring abdominal organs [44]. Conventional thermal ablation techniques 
are characterised by unselective destruction of the targeted tissue which can result in 
collateral damage to vital structures in the vicinity of the tumour [45]. ‘Thermal sink’, 
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the phenomenon of temperature fluctuations caused by large blood vessels or the 
renal collecting system leading to inconsistent ablation results, is a further drawback of 
conventional thermal ablation techniques [40]. 

Irreversible electroporation (IRE) is a novel ablation modality based on the principle 
of electroporation. It has the theoretical potential to overcome the aforementioned 
hurdles of conventional thermal ablation. Electroporation or electropermeabilisation 
is a technique in which electric pulses, travelling between electrodes, are used to 
create nanoscale defects in the cell membrane. These defects, termed ‘nanopores’ 
or ‘conductive pores’, permeate the cell membrane allowing molecules to pass 
into the targeted cells [46-48]. Nanopore formation can be temporary (reversible 
electroporation, RE), to be used for the delivery of large molecules into cells, as done in 
the fields of gene transfection or electrochemotherapy [49,50]. In electrochemotherapy 
RE allows for higher doses of chemotherapeutic agent to enter the cells. Above a certain 
electrical threshold the ‘nanopores’ become permanent causing cell death due to the 
inability to maintain homeostasis (irreversible electroporation, IRE). The occurrence of 
IRE during RE procedures was considered an unwanted treatment side effect. The idea 
of harnessing this treatment side effect for instance in the food industry for sterilization 
and more recently in medicine for tumour ablation stimulated research leading to the 
development of commercially available medical equipment [48,51-54]. 

Although the presence of nanopores following the delivery of electrical pulses has 
been visualised using electron microscopy [46,47], it remains unclear if these pores 
are the true mechanism of IRE- induced cell death [55,56]. Furthermore, increasing 
the IRE pulse intensity (V/cm, pulse length and pulse number) with the aim of creating 
larger ablation volumes results in concomitant temperature development. This makes 
it unclear if the resulting IRE ablation zone is caused by increased membrane poration 
or due to the secondary thermal effects. 

Assuming 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 
confined to damage of the cell membrane, sparing tissue architecture and minimizing 
damage to blood vessels, nerves and the renal collecting system [57]. IRE lesions 
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show a sharp demarcation between ablated and non-ablated tissue, compared to 
thermal ablation techniques that show a transitional zone of partially damaged tissue 
where insufficient temperatures were reached for definitive ablation. Presumably 
this difference in demarcation is because IRE lesions are formed by the electric field 
between the electrodes which shows a sharp well definable boundary, were a thermal 
ablation zone on the other hand is the result of the diffusion of the thermal effect which 
dissipates gradually as the distance from the source increases. 

As the field of tumor ablation using IRE progresses at a rapid pace the underlying 
mechanism remains a subject of debate [55,56]. Therefore, although early clinical 
research is already underway and yielding promising results, it is essential to keep 
working on innovative research aimed at a better understanding of the mechanism of 
IRE. For IRE to evolve into an accepted segment of standard therapy 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.

Goal of thesis

The title of this thesis captures both ‘diagnosis’ and ‘treatment’ of renal mass 
medicine, two aspects named separately but in practice united in their development. 
The development of real-time optical diagnostic techniques will fuel advances in focal 
therapy techniques, by enabling accurate selection of treatment candidates and the 
possibility of point-of-care diagnosis and treatment. Conversely, developments in focal 
therapy emphasize the need for fast and accurate diagnostic techniques. 
The aim of the research presented in this thesis is advancing Optical Coherence 
Tomography (OCT) and Irreversible Electroporation (IRE) for use in renal mass therapy. In 
pursuit of that purpose, early clinical research is presented focusing on the exploration 
and validation of percutaneous image-guided needle-based OCT, and basic and animal 
research into temperature development and distribution during renal IRE.
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Outline of thesis

Chapter 2 of this thesis provides an introduction into the principle of OCT together with 
a detailed description on how the percutaneous needle-based OCT procedure and the 
subsequent data analysis are performed. Furthermore, this chapter represents an early 
evaluation of the feasibility and safety of percutaneous OCT of renal masses as assessed 
after the first 20 inclusions. Chapter 3 describes the capability of OCT to distinguish 
between benign- and malignant renal masses, using the attenuation coefficient (µOCT) 
as a quantitative measure for tumor differentiation. In chapter 4 an overview is given 
of recent developments in the field of renal tumor ablation, discussing oncological 
outcomes, technical hurdles and emerging technologies. In chapter 5 mathematical 
simulations are used to assess temperature development during IRE using clinically 
practiced settings as derived from published research. Following the simulation of 
temperature development, in chapter 6 temperature development and distribution 
is accurately measured in-vivo during IRE in porcine kidneys. In the light of clinical 
development chapter 7 describes a proposed human in-vivo research protocol aimed 
at the efficacy and safety IRE in renal masses, assessing IRE results both by imaging 
and by histopathological examination of the resected specimen. Chapter 8 finalizes this 
thesis providing a summary, conclusion and future perspectives.
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Abstract

Optical Coherence Tomography (OCT) is the optical equivalent of ultrasound imaging, 
based on the backscattering of near infrared light. OCT provides real time images with 
a 15 µm axial resolution at an effective tissue penetration of 2-3 mm. Within the OCT 
images the loss of signal intensity per millimeter of tissue penetration, the attenuation 
coefficient, is calculated. The attenuation coefficient is a tissue specific property, 
providing a quantitative parameter for tissue differentiation. 

Until now, renal mass treatment decisions have been made primarily on the basis of 
MRI and CT imaging characteristics, age and comorbidity. However these parameters 
and diagnostic methods lack the finesse to truly detect the malignant potential of a 
renal mass. A successful core biopsy or fine needle aspiration provides objective tumor 
differentiation with both sensitivity and specificity in the range of 95-100%. However, a 
non-diagnostic rate of 10-20% overall, and even up to 30% in SRMs is to be expected, 
delaying the diagnostic process due to the frequent necessity for additional biopsy 
procedures. 

We aim to develop OCT into an optical biopsy, providing real-time imaging combined 
with on-the-spot tumor differentiation. This publication provides a detailed step-by-
step approach for percutaneous, needle based, OCT of renal masses.
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Introduction 

The past decades have shown a steady increase in the incidence of renal masses [1,2]. 
Until now, renal mass treatment decisions have been made primarily on the basis of MRI 
and CT imaging characteristics, age and comorbidity. However these diagnostic methods 
and clinical parameters lack the finesse to truly detect the malignant potential of a 
renal mass. A core biopsy or fine needle aspiration with sufficient tissue for pathological 
evaluation (diagnostic) provides objective tumor differentiation with both sensitivity 
and specificity in the range of 95-100% [3]. Therefore biopsy is gaining acceptance in 
the evaluation of suspicious renal masses [4,5]. However, biopsies without sufficient 
tissue to establish a diagnosis or with normal renal parenchyma (non-diagnostic) occur 
at a rate of 10-20% overall, and even up to 30% in small renal masses (<4cm, SRMs), 
delaying the diagnostic process due to the frequent necessity for additional biopsy 
procedures [3,5]. 

Optical coherence tomography (OCT) is a novel imaging modality that has the potential 
to overcome the aforementioned hurdles in renal mass differentiation. Based on the 
backscattering of near infrared light, OCT provides images with a 15um axial resolution 
at an effective tissue penetration of 2-3 mm (Figure 1, 2). The loss of signal intensity 
per millimeter of tissue penetration, a resultant of tissue-specific light scattering, is 
expressed as the attenuation coefficient (µOCT: mm-1) as described by Faber et al. [6]. 
Histological characteristics can be correlated to µOCT values providing a quantitative 
parameter for tissue differentiation (Figure 3).

During carcinogenesis, malignant cells display an increased number, larger and more 
irregularly shaped nuclei with a higher refractive index and more active mitochondria. 
Due to this overexpression of cell components, a change in μOCT is to be expected when 
comparing malignant tumors to benign tumors or unaffected tissue [7].

Recently we studied the ability of superficial OCT to differentiate between benign and 
malignant renal masses [8,9]. In 16 patients, intra-operative OCT measurements of tumor 
tissue were obtained using an externally placed OCT probe. The control arm comprised 
of OCT measurements of unaffected tissue in the same patients. Normal tissue showed 
a significantly lower median attenuation coefficient compared to malignant tissue, 
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confirming the potential of OCT for tumor differentiation. This quantitative analysis 
has been applied in a similar fashion to grade other types of malignant tissue, such as 
urothelial carcinoma [10,11] and vulvar epithelial neoplasia differentiation [12]. 

We aim to develop OCT into an optical biopsy, providing real-time imaging combined 
with on-the-spot tumor differentiation. The goal of the current study is to describe 
a percutaneous, needle based, OCT approach in patients diagnosed with a solid 
enhancing renal mass. This method description is, to our knowledge, the first to assess 
the possibility of needle based OCT of renal tumors. 

Protocol

The presented procedure takes place under a research protocol approved by the 
Institutional Review Board of the Academic Medical Center Amsterdam, registration 
number NL41985.018. Written informed consent is required from all participants.

1. System

1.1. For this experiment, use a Fourier domain OCT system, operating at a 1280 
– 1350 nm wavelength band. Fourier domain low-coherence interferometry allows for 
continuous scanning which increases the data acquisition speed when compared to the 
first generation time-domain OCT systems [13]. 
The OCT system is interfaced with a fiber optic probe, scanning helically at ~90° angle. It 
has an outer diameter of 2.7F (0.9 mm) and an insertable length of 135 cm. The probe 
connects to the OCT console through a drive motor and optical controller (mounting 
dock) with a pullback range of 54 mm. The acquired OCT datasets consist of 541 cross-
sectional images (B-scans) with an axial resolution of 15 µm (Figure 1, 2). 
To guarantee accurate and reproducible attenuation measurements, calibrate by 
measuring μoct for increasing concentrations based on weight percentage of Intralipid 
as described previously by Kodach et al. [14,15]. 
In short: 

1.2.1. Dilute a standard batch of 20 % Intralipid with demineralized H2O to achieve 
concentrations of 0.125, 0.250, 0.5, 1.0, 2.0, 4.0, 10, 15 and 20 (stock) percent. 
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1.2.1.1. Place the OCT probe in 200 ml Intralipid mixture and acquire an 
OCT measurement is acquired. 

1.2.1.2. Extracted μOCT values are cross referenced with known values  
  in literature. 

2. Time out and patient positioning

2.1. Prior to starting the procedure, perform a “time out” checking name, date of 
birth, procedure, procedural side, anticoagulant use, and allergies. 

2.2. Depending on the tumor location, place the patient in either prone or lateral 
decubitus position. Provide the patient with adequate support and verify if he/she 
expects to be comfortable in this position over a 20 to 40 minute period.

2.3. Using ultrasound (US) [16], localize the tumor and mark the needle entry 
point on the skin with permanent ink.
NOTE: When using computed tomography (CT), use a flexible needle guidance template 
to localize the preferred position of the access needle.

3. Disinfection and sterile draping

3.1. Put on a surgical cap and mouth cover.

3.2. Clean the skin around the puncture site using a Chlorhexidine/alcohol solution, 
taking care not to remove the previously placed needle entry mark (2.3). Disinfecting 
a wide area will prevent the necessity for additional cleaning in case of unexpected 
access needle repositioning.

3.3. With regard of the sterile content, open the percutaneous puncture set 
containing: a 10 ml syringe, a blunt aspiration needle, a 21G injection needle, a scalpel, 
a 15G co-axial introducer needle, a 18G trocar needle, and a 16G core biopsy gun.

3.4. Wash hands thoroughly, applying hand disinfectant afterwards. Put on a 
surgical gown and sterile gloves. 
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3.5. Cover the patient in sterile drapes.

3.6. Apply a sterile cover around the ultrasound probe and fix the needle guide in 
place.

4. OCT preparation

4.1. Start the OCT console and enter the patient details in the fields labeled patient 
ID, last name, first name and DOB (date of birth) using the console interface.

4.2. With regard of the sterile content, unpack the OCT package containing an OCT 
probe, a sterile mounting dock cover, and a 5 ml luer-lock syringe.

4.3. Apply the sterile cover to the OCT console mounting dock. Guiding the non-
sterile mounting dock requires the help of an assistant.

4.4. Fill the 5 ml syringe with 0.9% NaCl and attach it to the flushing port. Flush the 
OCT probe until water appears in the distal part of the probe cover.

4.5. Load the OCT probe into the mounting dock. After loading the probe will rotate 
and emit red light confirming proper functioning. Leave the probe in its protective cover 
during flushing and loading to minimize the risk of damage. 

4.6. Remove the OCT probe from its cover. Place the probe on a hard surface and 
use a scalpel to shorten the tip. Fix the distal part of the probe during cutting in order 
to minimize pressure on the optical fiber and prism. Cut 5 mm distal from prism, using 
the emitted (red) light for orientation. 
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5. Puncture

5.1. Anesthetize the skin and deep layers using 2% lidocaine (20 mg/ml). Wait 
several minutes allowing for the lidocaine to take effect. Ask the patient if there is any 
pain.

5.2. Using the needle guide, place the 15G co-axial introducer needle verifying 
the position through imaging. If placement is satisfactory, remove the obturator (sharp 
needle core).

5.3. Place the 18G trocar needle through the introducer needle, piercing the 
tumor. Again verify the position of the needle with imaging. If placement is satisfactory 
remove the obturator. 

5.4. Feed the OCT probe up the trocar needle until feeling resistance. 

5.5. While fixing the OCT probe, retract the trocar needle, exposing the OCT probe 
to the tumor tissue. Keeping the tip of the trocar needle within the tumor minimizes 
kinking of the OCT probe during breathing cycles. This lowers the risk of probe damage. 

5.6. OCT scan

5.6.1. Perform an OCT scan, with the console set at 541 B-scans per dataset. The OCT 
system used here will perform an automated pullback over a length of 5.4 cm 
requiring no specific parameter adjustments. 

5.6.2. Check the scan for quality, artefacts and the appearance of solid tissue (Figure 
1A). Artefacts most commonly appear as circular bands standing out from the 
normal OCT pattern (Figure 1B). 

5.6.3. Replace the probe if artefacts persists after rescanning.
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Figure 1: A) OCT B-scan of solid tissue. B) OCT B-scan with circular artefact.

5.7. Repeat step 5.6 until a minimum of 3 OCT datasets are acquired. 

5.8. Remove the OCT probe and trocar needle, leaving the introducer needle  
 in-place.

5.9. Arm the core biopsy gun and place it through the introducer needle,  
 verifying the position on imaging.

5.10. If the positioning is satisfactory, fire the biopsy gun. 

5.11. Place biopsy material in container according to pathology department  
 protocol. Here, place biopsies on a petri dish with a paper inlay, sufficiently  
 saturated with 0.9% NaCl.

5.12. Check the core biopsy quality and repeat step 5.9 and 5.10 until sufficient  
 material is obtained.
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Representative results

Among the first 25 tumors (23 patients), a total of 24 successful OCT procedures were 
performed. In one case a probe malfunction led to the inability to acquire an OCT 
scan. Two adverse events (AE) occurred, which are described in detail in the discussion 
section. General patient characteristics are found in table 1. 

Table 1: Patient characteristics.

Patient No. 23
Tumor No. 25
Age (yrs): AVG (range) 63.7 (32-83)
Seks

- Male (%)
- Female (%)

17 (68)
8 (32)

Max tumor diameter (cm): AVG (range) 3.5 (1.4-7.5)
Tumor side

- Left (%)
- Right (%)

15 (60) 
10 (40)

Tumor location
- Entirely above upper polar line or below lower polar line (%)
- Crosses polar line (%)
- >50% across polar line or crosses axial midline or between polar lines (%)

8 (32)
9 (36)
8 (32)

Exophytic / endophytic properties
- ≥ 50% exophytic (%)
- < 50% exophytic (%)
- Entirely endophytic (%)

10 (40) 
14 (56)
1 (4) 

The OCT console has pre-installed software providing real-time OCT images for 
immediate qualitative analysis of acquired datasets. For further analysis and attenuation 
measurements, the OCT data can be exported as raw data, TIFF, DICOM or AVI format. 
Quantitative analysis of µOCT of the OCT data is done using in-house developed software. 

Using planimetric software, a 3D volume is rendered from the RAW data (Figure 
2A). This provides a 3D overview of the scanned trajectory with the possibility of 
orthoslicing along 3 axes. The displayed dataset in Figure 2 shows good quality over the 
full pullback length. A clear visual distinction can be made between solid tissue (Figure 
2B-C), perirenal fat tissue (Figure 2D) and the inside of the trocar needle. Exported TIFF 



30  |  Chapter 2

files are loaded into an ImageJ based software package to be viewed in 2D by scrolling 
through the stacked B-scans. Combining the 2D and 3D visualization of the OCT dataset 
a region of interest (ROI) is selected. 

Within the ROI equally spaced B-scans are selected (Figure 2, 3). Within the respective 
B-scans the attenuation coefficient is determined along a straight line radiating outward 
from the heart of the probe (Figure 3A,D). The ImageJ based software package has the 
option of plotting the data points along the attenuation line in a graph. The slope of 
the displayed graph represents the attenuation coefficient (Figure 3B,E). By correlating 
attenuation measurements to histopathology results (Figure 3C,F), tissue specific cut-
off values can be derived providing the means for tumor differentiation.

Figure 2: A) 3D volume rendered from 541 stacked B-scans. B-C) Selected B-scans showing solid 
tissue, indicating successful OCT probe placement. D) Selected B-scan showing perirenal fat tissue.
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Figure 3: OCT analysis and correlation of a clear cell renal cell carcinoma (A-C) and an oncocytoma 
(D-E). Plotting the points along the highlighted line (A,D) provides the depicted graphs (B,E). 
The slope of the graphs represents the attenuation coefficient. Subsequently, the attenuation 
coefficient is correlated to the pathology specimen from the same location (C,F) in order to derive 
tissue specific cut-off values. 

Discussion

In this publication we report on the feasibility of percutaneous, needle based, OCT of the 
kidney. This is an essential first step in the development of OCT into a clinically applicable 
technique for tumor differentiation, termed as an “Optical Biopsy”. Our first 25 patients 
have shown percutaneous OCT to be an easy and safe procedure. An optical biopsy has 
two advantages over conventional core biopsies. First, the real time acquisition and 
analysis of OCT data will provide instant diagnostic results, compared to the 5-10 days of 
processing time of conventional pathology. Second, OCT has the potential to reduce the 
amount of non-diagnostic procedures, which is 20% for conventional biopsies. When 
an OCT scan reveals perirenal fat or unaffected renal tissue (non-diagnostic results) the 
OCT operator can reposition the OCT probe to successfully target the tumor. 
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Two adverse events (AE) occurred among the first 25 patients. The first AE was post 
procedural hypotension, in a patient with known episodes of hypotension, which 
resolved after rest and 0.9% NaCL infusion. 

In the second AE a fragment of the OCT probe tip sheared of. Requesting the patient 
to hold his breath during measurements prompted deep inspiration. Excessive kidney 
movement caused the OCT probe to kink and subsequently shear of on the edge of the 
trocar needle. A probe fragment of 1-2 mm remained in situ, yet caused no problems or 
discomfort. This AE took place during the OCT procedure of patient number 10. In the 
following patients the tip of the trocar needle was kept within the tumor (protocol 5.5) 
minimizing kinking of the OCT probe, on the edge of the trocar needle, during breathing 
cycles. This modification of the OCT procedure has shown substantially less stress on 
the OCT probe. However, further prospective evaluation is necessary.

The OCT probe used in this study is designed for intravascular imaging of the coronary 
arteries. The possibility of automated pullback scanning combined with the 2.7F 
(0.9 mm) diameter makes this probe suitable for needle based OCT of renal tumors. 
However, the delicate nature of the optical fiber and the prism fused to the distal tip 
make the probe susceptible to damage. In 3 cases, probe manipulation during the 
procedure caused probe failure, in 1 case before an OCT dataset could be acquired. 
Microscopic inspection of the prism showed no abnormalities, making a break in the 
optical fiber the most probable cause of failure. 

Quantitative data analysis requires derivation of tissue specific attenuation cut-off values. 
This provides the means for objective tissue differentiation. We hypothesize that OCT is 
able to differentiate between benign and malignant lesions and subsequently between 
the 3 main malignant subgroups of renal cell carcinoma. Currently, attenuation values 
are calculated manually from selected areas of interest, which is a time consuming 
process. We have developed software for automated attenuation calculation. This 
reduces the inter- and intra-observer variability on ROI selection, speeds up the analysis 
process and increases the number of measurements per dataset. The integration of 
this software for instant attenuation coefficient calculation into the OCT console is a 
necessary future step in the development of a fully functional and clinically applicable 
optical biopsy technique. 
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In addition, a qualitative analysis protocol is necessary. Intra-procedural recognition 
of features of unaffected tissue (i.e. recognition of perirenal fat) could prompt OCT 
probe repositioning, reducing the number of non-diagnostic procedures. Furthermore, 
qualitative analysis is needed to select a ROI for attenuation coefficient calculation. 
Currently, we are developing a protocol consisting of predefined visual aspects to be 
scored. When sufficient datasets are acquired, blinded observers will validate this 
protocol.

The success of renal mass treatment strategies relies on accurate demarcation 
and profile determination, using smart treatment planning protocols and real time 
identification (subtyping and grading) and follow-up of the lesion. Both follow-up 
strategies and real-time identification of a lesion are unmet challenges using the 
current diagnostic techniques. OCT in the form of an optical biopsy has the potential to 
fulfil these requirements, providing minimal invasive analysis of carcinogenesis related 
change of optical properties and changes of layered tissue architecture i.e. visual 
detection of the structures in the OCT image.
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Abstract 

Purpose
The aim of this study is to determine the ability of percutaneous needle based Optical 
Coherence Tomography (OCT) to differentiate renal masses, by using the attenuation 
coefficient (µOCT, mm-1) as a quantitative measure.

Methods
Percutaneous needle based OCT of the kidney was performed in patients presenting 
with a solid renal mass. A pathology specimen was acquired in the form of biopsies 
and/or a resection specimen. OCT results of 40 patients were correlated to pathology 
results of the resected specimens in order to derive µOCT values corresponding with 
oncocytoma and renal cell carcinoma (RCC), and with the three main subgroups of RCC. 
The sensitivity and specificity of OCT in differentiating between oncocytoma and RCC 
was assessed through receiver operating characteristic (ROC) analysis.

Results
The median µOCT of oncocytoma (3.38 mm-1) was significantly lower (P=0.043) than 
the median µOCT of RCC (4.37 mm-1). ROC analysis showed a µOCT

 cut-off value of >3.8 
mm-1 to yield a sensitivity, specificity, PPV and NPV of 86%, 75%, 97% and 37%, for 
differentiating between oncocytoma and RCC. The area under the ROC curve was 0.81. 
The median µOCT was significantly lower for: oncocytoma vs. ccRCC (3.38 mm-1 vs. 4.36 
mm-1), P=0.049; and for oncocytoma vs. pRCC (3.38 mm-1 vs. 4.79 mm-1), P=0.027.

Conclusions
We demonstrated that the µOCT is significantly higher in RCC versus oncocytoma, with 
ROC analysis showing promising results for their differentiation. This demonstrates 
the potential of percutaneous needle based OCT in aiding the differentiation of renal 
masses, warranting ongoing research.
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Introduction

Renal mass incidence has shown a steady increase during the past decades, accompanied 
by a subsequent increase in treatment [1-3]. Due to a broader use of abdominal imaging 
up to 68% of renal cell carcinomas (RCC) are detected as small renal masses (≤4cm, 
SRM), before the presence of clinical symptoms [4,5]. CT and MRI are highly sensitive in 
detecting SRMs but lack specificity in the differentiation between benign and malignant 
masses, and the subsequent differentiation of tumor subtypes [6-8]. A diagnostic 
biopsy, defined by sufficient and representative material for histopathological diagnosis, 
provides objective tumor differentiation with a sensitivity and specificity in the range 
of 90-100% [9]. A non-diagnostic biopsy, defined by insufficient- or not representative 
material for histopathological diagnosis, is reported in 10-20% of the renal mass 
biopsies, and even up to 30% in SRMs [8,9]. Biopsy processing time combined with the 
frequent need for repeat biopsies severely delay the diagnostic process [9]. 

Optical coherence tomography (OCT) is a high resolution imaging technique that allows 
analysis of tissue specific optical properties. OCT uses backscattered, near infrared 
light to construct real-time images with a 15µm axial resolution at an effective tissue 
penetration of 2-3 mm [10]. The development of small diameter fiber-optic OCT probes 
has enabled needle based probe delivery. This has led to novel approaches such as 
transbronchial OCT, percutaneous OCT of the coronary arteries and percutaneous 
OCT of renal masses [10-12]. Within the high resolution OCT images the loss of signal 
intensity per millimetre of tissue penetration can be calculated, expressed as the 
attenuation coefficient (µOCT). Cellular changes during carcinogenesis alter the scattering 
characteristics of the affected tissue [13]. Malignant cells display an increased number, 
larger and more irregularly shaped nuclei and more active mitochondria resulting in a 
difference in light scattering [10,14,15]. Using µOCT measurements to analyse scattering 
properties provides a quantitative means for tumor differentiation [14,16-20]. We 
hypothesize that the µOCT values will be significantly higher in malignant- versus benign 
tumors. The primary goal of this pilot cohort is to define µOCT values corresponding with 
oncocytoma and RCC tumors. The secondary goal is to derive µOCT values corresponding 
with the three main subtypes of renal cell carcinoma (RCC), namely clear cell renal cell 
carcinoma (ccRCC), papillary renal cell carcinoma (pRCC) and chromophobe renal cell 
carcinoma (chRCC). 
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Materials and methods

Ethical considerations and population
The Institutional Review Board (IRB) of the Academic Medical Center, Amsterdam 
(2012-269), has approved the presented study. The protocol has been registered with 
the Dutch Central Committee on Research Involving Human Subjects (NL41985.018.12), 
and in the clinicaltrials.gov database (NCT02073110). Written informed consent was 
acquired from all participants. The presented pilot cohort consists of 40 patients of a 
prospective, observational, in vivo study powered at 194 patients. The study adheres to 
the recommendations of the STARD initiative [21]. Inclusions consists of patients, ≥18 
years, presenting with a solid enhancing renal mass on cross-sectional imaging, who are 
candidates for active treatment. 

Procedure
The study utilizes the commercially available Ilumien Optis OCT system, interfaced 
with a Dragonfly Duo Imaging Probe (both St. Jude Medical, St. Paul, Minnesota, USA). 
The Ilumien Optis is a Fourier domain OCT system, operating at a 1280 – 1350 nm 
wavelength band. The Dragonfly Duo is a single use fiber optic pullback probe with 
a diameter of 0.9 mm, scanning helically at ~90° angle over a length of 54 mm. The 
acquired OCT datasets consist of 541 cross-sectional images (B-scans) with an axial 
resolution of 15µm and a lateral resolution of 20 µm [10]. 

The OCT procedures were performed in an outpatient setting by an interventional 
radiologist in collaboration with a urologist. The renal mass and needle trajectory were 
visualized using ultrasound or computed tomography, to be chosen by the interventional 
radiologist on the basis of patient and tumor characteristics. After local anesthesia of 
the skin and deep layers a 15G introducer needle (Angiotech, Gainesville, USA) was 
placed through the abdominal wall up to the surface of the tumor (Fig.1-4). Through this 
needle an 18G trocar needle (Cook medical, Bloomington, USA) was placed puncturing 
the tumor (Fig.1A-3). Puncture depth within the tumor was dependent on tumor 
diameter, ranging 1-5 cm. If placement was satisfactory, the OCT probe was introduced 
into the trocar needle (Fig.1A-2). Subsequently, the trocar needle was retracted while 
fixing the OCT probe in place, exposing the OCT probe to the tumor tissue. A minimum 
of 3 OCT pullback scans were acquired. After removal of the OCT probe and trocar 
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needle, a 16G core biopsy gun (Cook Medical, Bloomington, USA) was placed through 
the introducer needle to harvest conventional biopsies (Fig.1B-5). A minimum of 2 core 
biopsies was acquired for histopathological analysis. Additional pathology specimens 
were acquired upon final treatment, a resection specimen in case of partial or radical 
nephrectomy, and a second set of biopsies in case of cryoablation. 

Figure 1: Schematic representation of the OCT- (A) and biopsy (B) procedure. The following items 
are numbered: (1) abdominal wall, (2) OCT probe, (3) 18G tocar needle, (4) 15G coaxial introducer 
needle, (5) 16G core biopsy gun.

OCT Analysis
The OCT console has pre-installed software providing real-time OCT images, allowing 
for interprocedural qualitative analysis of the acquired OCT datasets. For quantitative 
analysis of the attenuation coefficient (µOCT) the OCT data was exported in TIFF format 
to a desktop computer. Exported TIFF files were loaded into the Fiji (Image J) software 
package to be viewed in 2D by scrolling through the stacked B-scans (Fig. 2A). By visual 
analysis of the OCT images along the pullback and the available conventional imaging 
(ultrasound, CT, MRI) a region of interest (ROI) was selected within the OCT dataset. By 
distinguishing landmarks such as the perirenal fat and the renal capsule the proximal 
boundary of the tumor tissue within the OCT scan was determined. Knowing the 
size of the tumor the length of the ROI was determined. Within the ROI the µOCT was 
assessed in five different B-scans along a straight line, consisting of 30 parallel A-scans, 
radiating outward from the heart of the probe (Fig. 2A/B). The average of the 5 µOCT 
measurements was used for final correlation with the pathology results. An in house 
developed Fiji plugin was used to plot the data points along the attenuation line and 
subsequently fit the µOCT to the acquired graph (Fig. 2B). In order to measure precise 
µOCT values the extracted attenuation was corrected for the refractive index of tissue, 
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the point spread function and the system roll-off as described by Muller et al. [20]. OCT 
attenuation analysis was performed by one dedicated researcher. In order to prevent 
experimenter’s bias this researcher was blinded to the pathology results. 

Figure 2: The OCT datasets are loaded into Fiji to be viewed in 2D (A/D). The data points along 
a straight line radiating outward from the heart of the probe (A/D) are plotted as a graph (B/E). 
Using a custom plot profile tool the slope of the graph, is fitted representing the µOCT. Subsequently 
the µOCT values, 5.3 mm-1 (B) and 3.2 mm-1 (E), are correlated to the pathology results, ccRCC (C) 
and oncocytoma (F).

Pathology Analysis
An experienced genitourinary pathologist analyzed the pathology specimens according 
to the standard protocol of the pathology department. In brief this consisted of 
fixing, embedding, 3 µm sectioning and mounting, followed by hematoxylin and eosin 
(H&E) staining. Additional immunohistochemistry stains were employed if deemed 
necessary by the pathologist. Pathology results based on biopsies are more susceptible 
to inaccuracy compared to pathology results of a resected specimen. Especially the 
differentiation between oncocytoma and chRCC is challenging on the basis of biopsies 
[22]. Therefore, this pilot cohort uses pathology results from resection specimens as 
the reference standard, for correlation with OCT results. 
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Statistics
To assess the difference in µOCT between benign tumors (oncocytoma) vs. malignant 
tumors (RCC) a Mann-Whitney U statistical test was used, testing two unpaired groups 
of non-normally distributed numerical data. The differences in µOCT for the three main 
subgroups of renal cell carcinoma, ccRCC vs. pRCC vs. chRCC, were assessed using a 
Kruskal-Wallis test, evaluating three unpaired groups of non-normally distributed 
numerical data. Differences were considered to be significant at a two-tailed P value 
of <0.05. The sensitivity (true positive rate), specificity (false positive rate), negative 
predictive value (NPV) and positive predictive value (PPV) of the µOCT values in predicting 
renal mass pathology were assessed using a receiver operating characteristic (ROC) 
curve [23]. 

Results

Between August 2013 and April 2015, 139 patients with a solid enhancing renal mass 
presented at our department. Out of these patients a total of 72 patients accepted a 
biopsy and were included in the study. An inclusion flowchart is depicted in figure 3. 
Out of the 72 patients included, core biopsies and OCT data were acquired in 66 cases. 
In 3 cases the OCT equipment malfunctioned, in 2 cases re-evaluation showed the 
lesion not to be a solid mass, in the remaining case no safe puncture trajectory could 
be determined. Out of the puncture group, to date, a total of 43 patients received final 
treatment in the form of a resection (Fig. 3). In 3 cases the pathology results did not fall 
within the predefined tumor subgroups, rendering the data unsuitable for the current 
analysis (Fig. 3). This resulted in a group of 40 patients included for final correlation 
between µOCT and resection specimen pathology results.

The 40 tumors included in the final analysis consisted of: 4 oncocytomas, 25 ccRCCs, 
8 pRCCs and 3 chRCCs. Further patient characteristics are listed in table 1. The median 
µOCT of oncocytoma (3.38 mm-1, IQR 2.77-4.20) was significantly lower than the median 
µOCT of RCC (4.37 mm-1, IQR 4.17-4.96), P=0.043 (Fig. 4A). ROC analysis showed a µOCT

 

cut-off value of >3.85 mm-1 to yield a sensitivity, specificity, PPV and NPV of 86%, 75%, 
97% and 37%, for the differentiation between oncocytoma and RCC (Fig. 4B). The area 
under the ROC curve (AUC) was 0.81 (95% CI 0.66-0.92).
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Figure 3: Patient selection flow-chart. 
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Table 1: Patient characteristics. 

Characteristics Values

Mean age (yrs) 59 (32-83)
Male : Female 28 : 12
Mean tumor size (cm) 3.98 (IQR 2.55-4.78)
Tumor side, left : right 21 : 19
Type of surgery
- Open partial nephrectomy
- Open radical nephrectomy
- Laparoscopic partial nephrectomy
- Laparoscopic radical nephrectomy

7
2
24
7

Pathology
- ccRCC
- pRCC
- chRCC
- Oncocytoma   

                                               
25                                     
8
3
4

Figure 4: A) Boxplot of oncocytoma (n=4) vs. RCC (n=36). The median µOCT of oncocytoma 3.38 
mm-1 (IQR 2.77-4.20) is significantly lower than the median µOCT of RCC 4.37 mm-1 (IQR 4.17-4.96), 
two-tailed P=0.043. The two outliers in the RCC group are the result of grouping the different RCC 
subtypes, resulting in a wide µOCT range.
B) ROC curve of oncocytoma (n=4) vs. RCC (n=36). A µOCT cut-off value of >3.85 mm-1 yields a 
sensitivity, specificity, PPV and NPV of 86%, 75%, 97% and 37%, for the differentiation between 
oncocytoma and RCC. The AUC is 0.81 (95% CI 0.66-0.92). 
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Analysis of the different RCC subtypes showed the following median µOCT values: 

ccRCC: 4.36 mm-1 (IQR 4.17-5.14), pRCC: 4.79 mm-1 (IQR 4.22-4.96) and chRCC: 3.58 
mm-1 (range 2.82-4.52). The median µOCT was significantly lower for: oncocytoma vs. 
ccRCC (3.38 mm-1 vs. 4.36 mm-1), P=0.049; and for oncocytoma vs. pRCC (3.38 mm-1 vs. 
4.79 mm-1), P=0.027. No significant difference was found between the median µOCT of: 
oncocytoma vs. chRCC (3.38 mm-1 vs. 3.58 mm-1), P=0.857 (Fig. 5). 

In two cases a fragment of the OCT probe tip sheared of during puncture. Requesting 
the patient to hold his breath during measurements prompted deep inspiration. 
Excessive kidney movement caused the OCT probe to kink and subsequently shear of 
on the edge of the trocar needle. In both cases a probe fragment of 1-2 mm remained 
in situ, yet caused no problems or discomfort. One patient suffered transient hematuria 
resolving within 4 hours after puncture. 

Figure 5: A boxplot of oncocytoma (n=4) vs. ccRCC (n=25) vs. pRCC (n=8) vs. chRCC (n=3). Median 
µOCT values: oncocytoma: 3.38 mm-1 (IQR 2.77-4.20), ccRCC: 4.36 mm-1 (IQR 4.17-5.14), pRCC: 4.79 
mm-1 (IQR 4.22-4.96) and chRCC: 3.58 mm-1 (range 2.82-4.52). The median µOCT was significantly 
lower for: oncocytoma vs. ccRCC (3.38 mm-1 vs. 4.36 mm-1), P=0.049; and for oncocytoma vs. 
pRCC (3.38 mm-1 vs. 4.79 mm-1), P=0.027. There was no significant difference between the median 
µOCT of: oncocytoma vs. chRCC (3.38 mm-1 vs. 3.58 mm-1), P=0.857 
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Discussion 

With this pilot cohort we are the first to demonstrate that percutaneous needle based 
OCT of renal masses is feasible. The extracted quantitative attenuation coefficient 
measurements show that OCT provides the means to accurately differentiate between 
oncocytoma and RCC confirmed by histopathology from resection specimens. 

Up to 20% of small renal masses turn out to be benign upon resection. Although biopsies 
are not standard practice among urologist popularity is increasing in order combat 
overtreatment of renal masses. Furthermore biopsies are advised when choosing focal 
ablative therapies (RFA or cryoablation) and in active surveillance candidates. For the 
current analysis we have correlated OCT results with pathology results of resected 
tumors. However, in future analyses patients undergoing biopsy followed by an ablative 
treatment will also be included. 

When interpreting the results of the study it is important to note the low number of 
oncocytoma, which influences the reliability of the data presented, a limiting factor 
of this publication. In addition, the differentiation between oncocytoma and RCC 
shows a sensitivity and specificity of 86% and 75% respectively with a PPV of 97%. A 
concern is the NPV of 37%, rendering negative test results unreliable for the excluding 
RCC. Furthermore, within in de analysis of the tumor subtypes an overlap between 
oncocytoma and chRCC was observed (µOCT: 3.38 mm-1 vs. 3.58 mm-1, P=0.857). 

Prior in vivo research at our institute using non-needle based OCT during surgery 
showed an identical spread in µOCT between benign and malignant tumors, albeit not 
significant due to a low number of inclusions (n=16). However, the mean µOCT values 
for benign and malignant tumors were both higher than found in this publication [17]. 
These higher mean µOCT values could be due to the difference in approaches, namely 
non-needle based/external OCT (where the renal mass is scanned through the renal 
capsule) vs. needle based/internal OCT. 

Following the two cases in which a probe fragment sheared of the puncture protocol 
was modified. Patients were no longer instructed to hold their breath during OCT 
scanning in order to minimize kidney movement. Furthermore the trocar needle was 
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retracted over a shorter length. Keeping the tip of the trocar needle within the kidney/
tumor safeguards the OCT probe from shearing on the edge of the needle. Following 
these modifications no further incidents or near-incidents occurred. 

In this study the OCT puncture was performed prior to harvesting the core biopsies 
in order to minimize tissue manipulation before OCT scanning. However, in this 
sequence the OCT puncture could influence the core biopsy quality. In literature the 
non-diagnostic rate of core biopsies reported at 10-20% overall, and up to 30% in SRM 
[9]. In this study the non-diagnostic rate was 27% at a mean tumor size of 3.98 cm (IQR 
2.55-4.78). Although these results do not exceed the literature, some influence of a 
prior puncture on the core biopsy results cannot be ruled out definitively. Although 
puncture location was verified on imaging it cannot be completely ruled out that in 
certain OCT measurements adjacent unaffected renal parenchyma was scanned due 
to poor targeting. The resulting mismatch will lower the average µOCT of the respective 
tumor subgroup. This will in turn lead to an underestimation of the differentiation 
capabilities of OCT due to overlap between tissue/tumor groups. Furthermore, similar 
to conventional core biopsies, OCT probe delivery is challenging and sometimes 
impossible in anterior tumors as well as tumor upper pole tumors in proximity of the 
diaphragm. 

The promising results from our study warrant several potential future applications. 
First, current PPV values allow for a faster, quantitative and more accurate detection 
of ccRCC improving patient selection by the urologist, an improvement over the use 
of CT and MRI imaging. Second, due to the real-time nature of OCT, the interventional 
radiologist can replace the optical needle when he is in doubt of accurate targeting. This 
allows for a reduction in non-diagnostic procedures which are hampering the use of 
conventional core biopsies. Third, real-time acquisition and analysis of OCT scans could 
reduce the time from tumor discovery to final diagnosis, enabling earlier treatment. To 
fully achieve these goals, further steps in the development of needle based OCT are 
needed. Accurate µOCT cut-off values need to be defined providing a quantitative means 
for tumor differentiation. Furthermore, integration of the µOCT analysis software in the 
OCT console in order to evaluate the OCT data directly after its acquisition. 

The results found in this study demonstrate the potential of percutaneous needle based 
OCT in aiding the differentiation of renal masses, warranting future research.
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Conclusion

We demonstrated that percutaneous needle based OCT of renal masses is a feasible 
technique. The µOCT is significantly higher in RCC versus oncocytoma, with ROC analysis 
showing promising results for their differentiation. This demonstrates the potential of 
percutaneous needle based OCT in aiding the differentiation of renal masses. Ongoing 
patient recruitment will lead to tumor specific attenuation cut-off values allowing for 
instant and accurate tumor differentiation. 
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Abstract

Purpose of review
Providing an overview of recent developments in the field of thermal ablation for renal 
cell carcinoma. Focusing on: current standard techniques, new technologies, imaging 
for ablation guidance and evaluation, and future perspectives.

Recent findings
Emerging long-term data on cryoablation and RFA show marginally lower oncologic 
outcomes compared to surgical treatment, balanced by better functional and peri-
operative outcomes. Reports on residual disease vary widely, influenced by different 
definitions and strategies in determining ablation failure. Stratifying disease free survival 
after RFA according to tumor size suggests 3 cm to be a reasonable cut off for RFA tumor 
selection. MWA and HIFU are modalities with the potential of creating localized high 
temperatures. However, difficulties in renal implementation are impairing sufficient 
ablation results. IRE, although not strictly thermal, is a new technology showing 
promising results in animal and early human research. 

Summary
Although high level randomized controlled trials comparing thermal ablation techniques 
are lacking, evidence shows that thermal ablation for small renal masses is a safe 
procedure for both long-term oncologic and functional outcomes. Thermal ablation 
continues to be associated with a low risk of residual disease, for which candidates 
should be properly informed. RFA and cryoablation remain the standard whereas 
alternatives techniques require further studies.
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Introduction

Treatment of Renal Cell Carcinoma (RCC) has tremendously changed during the past 
decades. Increasing incidence of small renal masses, incidentally diagnosed from 
routinely performed imaging, has led to question the sense of systematically removing 
the entire kidney in this setting. Sparing nephrons through partial instead of radical 
nephrectomy has demonstrated to prevent long-term renal failure, cardio-vascular 
disease and overall mortality [1]. It eventually has become the reference standard of 
care [2]. For the last decade, focal therapy has been positioned as an alternative to 
partial nephrectomy in selected cases. This strategy is mostly based on thermal ablation 
by freezing (cryoablation) or heating (radiofrequency) the tumor. Although those recent 
technologies present obvious advantages for patients and healthcare system in terms 
of surgery-related morbidity, length of procedure time and hospital stay, their relevant 
application in practice is still debated. Recent European Association of Urology (EAU) 
and American Urological Association (AUA) guidelines on RCC remain cautious with 
their indication [2,3]. Due to a lack of long-term evaluation of oncologic outcomes and 
prospective randomized trials, it is still reserved for poor surgical candidates when a 
compromise has to be found between tumor management and procedure morbidity. 
We present here the current knowledge on thermal ablation and have reviewed the 
recent literature including the evaluation of standard techniques, development of new 
technologies and the future perspectives envisioned through basic science reports.
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Key Points 

• RFA and cryoablation are the standard techniques for thermal ablation of renal cell carcinoma.  

• Long-term data comparing cryoablation and RFA to surgical treatment show marginally lower 

   oncologic outcomes, balanced by better functional and peri-operative outcomes. 

• Candidates for thermal ablation should be informed on the risk of residual disease requiring a 

    second treatment. 

• MWA and HIFU have the potential of creating localized high temperatures but require 

additional technological development to ensure sufficient ablation results. 

Figure 1: Key points 

Update on Standard Techniques

Cryoablation and RFA are the standard techniques in thermal ablation practice. Early 
5- and 10-year oncological results showed cryoablation and RFA to be slightly inferior to 
partial nephrectomy, balanced by a lower complication rate. 

Oncologic evaluation
A global update with longer evaluation of oncologic outcomes for thermal ablation 
techniques is summarized in table 1. In their study, Psutka et al. [4] reported a series of 
185 patients treated with percutaneous RFA for sporadic T1 RCC. Median follow-up was 
6.43yrs and minimum follow-up 5yrs. Disease-free survival, overall survival and cancer-
specific survival at 5 years were 87.6%, 73.3% and 99.4% respectively. Among all the 
studies reporting these data, disease-free survival, overall survival and cancer-specific 
survival at 5 years were ranging from 83.1-97% [4–7,10,11,14,15,17]; 63-97.8% [4–
7,12,14–16] and 96.4-100% [4–7,9,10,14,15] respectively. This long-term oncological 
evidence proves that thermal ablation is a safe strategy for RCC management, 
comparable to partial nephrectomy in terms of oncologic outcomes. It has been 
reported that thermal ablation presents a high rate of residual disease. When it was 
reported, the range was of 1.3-8.2% for cryoablation [5,8,12] versus 0-19% for RFA [5–
7,10,11,15–18,20,21]. This wide range can be explained by discrepancies in tumor size, 
non-systematic pathological confirmation of RCC before ablation (a significant amount 
of treated tumors might not be malignant) and the lack of standardized definition of 
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residual disease: some technical failures are defined by biopsy-proven residual cancer 
while others solely on signal enhancement around the ablation zone on contrast-
enhanced computed tomography (CT). As it will be discussed further, those two 
definitions present limitations and the different strategies to diagnose ablation failure 
make series hardly comparable. 

Another major input from recent literature on thermal ablation is the role of tumor size 
for oncologic outcomes. Best et al. [11] reported their experience on RFA (laparoscopic 
and percutaneous) on 159 tumors (142 patients) by stratifying their analysis by tumor 
size. With a median follow-up of 4.5 years, the 3 yrs. disease-free survival was of 96% for 
tumors less than 3 cm versus 79% for tumors 3cm or larger (p=0.001). However, there 
was no significant difference when comparing tumors with ranges smaller than 3cm. 
This study suggests that 3 cm would be a reasonable threshold to set the indication of 
thermal ablation in RCC management. Other studies confirmed the significant role of 
tumor size to predict recurrence [4,7,9]. 
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Table 1: Oncologic outcomes
Study Design Technique N° Pts. Age Follow-up (years)

Psutka, 2013 [4] retrospective single-arm P RFA 185 73 (median) 6.43 (median)
Georgiades, 2014 
[5]

prospective single-arm P CA 134 68 (mean) 5

Ma, 2014 [6] retrospective single-arm Mix RFA 52 57 (median, 
healthy cohort)

5 (median)

Wah, 2013 [7] retrospective (ad hoc) 
single-arm

P RFA 165 67.7 (mean) 3.8 (mean)

Breen, 2013 [8] retrospective (ad hoc) 
single-arm

P CA 104 67.6 (mean) 1.7 (mean)

Kim, 2013 [9] retrospective single-arm P CA 124 72.6 (mean) 2.5 (mean)
Ramirez, 2013 [10] retrospective single-arm lap. RFA 79 63.8 (mean) 4.9 (median)
Best, 2012 [11] retrospective single-arm 

(stratified tumor size)
Mix RFA 142 63 (median) 4.5 (median)

Schmit, 2013 [12] retrospective single-arm 
(stratified BMI)

P CA 367 nc 1.5 (median)

Panumatrassamee, 
2013 [13]

retrospective 2 arms 
(stratified renal score)

Mix CA 29 64 (median) 3.4 (median)

PN 33 60 (median) 1.4 (median)
Tanagho, 2013 [14] retrospective 2 arms Mix CA 267 69.3 (mean) 3.3 (mean)

PN 233 57.4 (mean) 1.8 (mean)
Olweny, 2012 [15] retrospective 2 arms Mix RFA 37 63.8 (median) 6.5 (median)

PN 37 54.8 (median) 6.1 (median)

Takaki, 2014 [16] retrospective 2 arms 
(pT1b)

P RFA 21 71.6 (mean) 3.4 (mean)
RN 39 61.8 (mean) 4.1 (mean)

Atwell, 2013 [17] retrospective 2 arms P RFA 222 68.8 (mean) 3.2 (mean)
P CA 163 68.2 (mean) 1.8 (mean)

Takaki, 2013 [18] prospective single arm 
phase II

P RFA (multiple 
electrode 
switching 
system)

33 70.7 (mean) 1.7 (mean)

Karam, 2013 [19] retrospective single arm Mix RFA 150 68.5 2.1 (median)
Chen, 2013 [20] prospective 2 arms lap. RFA (CEUS 

guided vs 
conventional)

96 62.0 (mean) 1.3 (median)

Schmit, 2013 [21] retrospective single-arm P RFA and CA 627 68.7 (mean) 2.3 (mean)

P: Percutaneous
RFA: Radiofrequence Ablation
CA: Cryoablation
PN: Partial Nephrectomy
RN: Radical Nephrectomy
lap: laparoscopic
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Tumor size (cm) Residual 
disease (%)

Local recurrence 
(%)

Metastasis (%) DFS (%) OS (%) CSS (%)

3 (median) 13 6.5 2.2 87.6 (5y) 73.3 (5y) 99.4 (5y)
2.8 (median) 1.5 3 0 97 (5y) 97.8 (5y) 100 (5y)

2.2 (mean) 0 5.8 0 94.2 (5y) 95.7 (5y) 100 (5y)

2.9 (mean) 4.5 2.5 2 95.8 (5y) 75.8 (5y) 97.9 (5y)

3.3 (mean) 8.2 1 Nc nc nc nc

2.7 (mean) nc nc Nc 85 (3y) 85 (3y) 100 (5y)
2.2 (median) 2.5 3.8 0 93.3 (5y) 72 (5y) 100 (5y)
2.4 (median) 5 3.7 1 91 (5y) nc nc

2.9 1.3 2.1 Nc nc 67.7 (5y) nc

2.2 28 21 nc 95 97

2.9 0 6 nc 91 100
2.5 (mean) nc nc Nc 83.1 (5y) 77.1 (5y) 96.4 (5y)
2.9 (mean) nc nc Nc 100 (5y) 91.7 (5y) 100 (5y)
2.1 (median) 5.4 8.1 2.7 89.2 (5y) 97.2 (5y) 97.2 (5y)
2.5 (median) 0 8.1 8.1 89.2 (5y) 100 (5y) 100 (5y)

4.6 (median) 19 0 9.5 nc 63 (5y) 94 (5y)
5.2 (median) 0 2.6 7.7 nc 97 (5y) 100 (5y)
1.8 (median) 0.4 3.2 1.9 93.2 (5y) nc nc
2.4 (median) 2.1 2.8 0 95.6 (5y) nc nc
2.9 (mean) 6 0 0 nc 97 (1y) 100 (1y)

2.6 (median) 3.3 Nc nc nc nc
2.6 (median) 3.1 2.1 1.0 nc nc nc

2.7 (mean) 1.5 2.2 Nc nc nc nc
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Who is the good candidate?
Although EAU and AUA guidelines reserve focal therapy for poor surgical candidates 
[2,3], Ma et al. [6] analyzed long-term outcomes of 52 healthy adults after radiofrequency 
ablation of T1a renal tumors. With a mean tumor size of 2.2 cm and a median follow-up 
of 60 months, 5 and 10 yrs. disease-free survival were of 94.2%. It is hazardous to draw 
conclusions from a non-comparative retrospective study. However, these results are 
comparable with partial nephrectomies and should encourage controlled trials to open 
indications for well-selected healthy patients harboring small renal tumors. 

Schmit et al. compared morbidity and technical failures between non-obese, obese and 
morbidly obese patients from their 367 patients series on percutaneous cryoablation 
[12]. There was no significant difference between the three populations in terms of 
complication rates or residual disease. Percutaneous thermal ablation is certainly a 
relevant strategy to treat small renal masses for overweight population where surgical 
extirpation through open or laparoscopic approach remains challenging.

Peri-operative and functional outcomes
Many articles reported on functional outcomes of thermal ablations (table 2). In order 
to compare the studies and to get clear information from this review, we focused this 
analysis on length of hospital stay, complications from thermal ablations and impact 
of the procedure on renal function. When reported, hospital stay ranged 1-2.8 days 
[7–10,12,13,21,22]. In their retrospective study, Panumatrassamee et al. compared 
outcomes from 29 cryoablations (laparoscopic and percutaneous) versus 33 partial 
nephrectomies [13]. Median hospital stay was significantly longer in the partial 
nephrectomy arm (4 days vs 1 day). For procedure-related morbidity, the rates were 
ranging 5-16% for minors and 2-9.5% for major complications [5,7–10,12,13,16,23–25]. 
However, we should interpret these data cautiously since studies are hardly comparable 
to each other. Indeed, severe complications could be Clavien-Dindo greater than 2 or 
greater than 3 depending on series. Moreover, some studies based their analyses on 
Clavien-Dindo while others on the society of interventional radiology [7,16] classification. 
Regarding kidney function damage, the decrease from pre-operative to post-operative 
glomerular filtration rate was ranging from 1-13.6% [6,7,9,10,13,14,16,18,19,21]. Again, 
the wide range can be explained by discrepancies between baseline renal function 
before treatment: from 54.7 [7] to 106.3 [6] mL/min/1.73m2 and by different endpoints 
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between studies. When RFA was performed for patients harboring tumor on a solitary 
kidney, the mean function decrease was of 18.8% (19).
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Table 2: Functional outcomes of thermal ablation 
Study Design Technique N° Pts Age

(yrs)
Hospital stay
(days)

Georgiades, 2014 [5] Prospective single-arm P CA 134 68 (mean) np
Ma, 2014 [6] Retrospective single-arm mix RFA 52 57 (median) np
Wah, 2013 [7] retrospective (ad hoc 

analysis) single-arm
P RFA 165 67.7 (mean) 2.8 (mean)

Breen, 2013 [8] retrospective (ad hoc 
analysis) single-arm

P CA 104 67.6 (mean) 1 (median)

Kim, 2013 [9] retrospective single-arm P CA 124 72.6 (mean) 1.3 (mean)
Ramirez, 2013 [10] retrospective single-arm lap. RFA 79 63.8 (mean) 1.8 (mean)
Schmit, 2013 [12] retrospective single-arm 

(stratified BMI)
P CA 367 71.6 (mean) 1 (median)

Panumatrassame, 
2013 [13]

retrospective 2 arms
stratified RENAL score

Mix CA 29 64 (median) 1 (median)
PN 33 60 (median) 4 (median)

Tanagho, 2013 [14] retrospective 2 arms Mix CA 267 69.3 (mean) nc
PN 233 57.4 (mean) nc

Takaki, 2014 [16] retrospective 2 arms
tumor (pT1b)

P RFA 21 71.6 (mean) nc
RN 39 61.8 (mean) nc

Atwell, 2013 [17] retrospective 2 arms P RFA 222 68.8 (mean) nc
P CA 163 68.2 (mean) nc

Kowalczyk, 2013 [22] epidemiological analysis surgery, ablative 
techniques and 
active surveillance

211 nc 2.3 (mean)

Takaki, 2013 [18] prospective single arm 
phase II

P RFA (multiple 
electrode switching 
system)

33 70.7 (mean) nc

Karam,, 2013 [19] retrospective single arm Mix RFA 150 68.5 (mean) nc

Seideman, 2013 [23] retrospective single arm Mix RFA 199 67 (mean) nc
Schmit, 2013 [21] retrospective single-arm P RFA and CA 627 68.7 (mean) 1.3 (mean)
Okhunov, 2012 [24] retrospective single-arm lap. CA 77 64.5 (mean) nc
Blute, 2013 [25] retrospective single-arm P CA 139 70 (mean) nc

P: Percutaneous
RFA: Radiofrequence Ablation
CA: Cryoablation
PN: Partial Nephrectomy
RN: Radical Nephrectomy
lap: laparoscopic
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Morbidity
(minor)

Morbidity
(major)

Mortality Renal function
(baseline: eGR mL/min/m2)

Renal function
(decrease %)

7% 6% 0% np np
np np np 106.3 (mean) 6.7% (p=0.058)
7.3% 6.7% 0% 54.7 (mean) 3.7% (p<0.001)

5.9% 4.6% 0% np np

6% 2% 0% 70.3 (mean) 7.4% (p=0.03)
5% 3.8% 0% 65.9 (mean) 5.8% (p>0.05 (np))
7.1% 7.9% non calculable non calculable

4 2 57 (median) 1%
21 18 non calculable non calculable
18% 66.3 6%
18.4% 84.5 13%*(p<0.01 between 2 groups
16% 8.0% 63.2 (mean) 12.5%
2.6% 5.1% 88.4 (mean) 32.3%
nc 4.3 nc nc nc
nc 4.5 nc nc nc
39.7 nc nc nc

9.1 0 62.0
bilateral kidneys

3.5% (p=0.14) 

49.0
single kidney

18.8% (p=0.03)

nc nc nc 67.8
bilateral kidneys

13.6% (p=0.001)

52.8
single kidney

18.8% (p=0.008)

5.4 2.1 nc nc nc
nc 5.6 0.1 59.8 5.2% (p=0.197)
10 9.5 nc nc nc
10.7 2.2 nc nc nc
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Comparing techniques

Although prospective trials to compare techniques are still awaited to define rigorously 
the right place of each thermal ablation technique in regard of partial nephrectomy or 
active surveillance, some retrospective studies compared 

	Cryotherapy to nephrectomy: Panumatrassamee et al. [13] stated cryoablation 
was safer in terms of peri-operative outcomes, per se median operative time, 
estimated blood loss, transfusion, hospital stay and complications. Tanagho et 
al. retrospectively reviewed their single-center experience on laparoscopic or 
percutaneous cryoablation (n=267) versus robot-assisted partial nephrectomy 
(RAPN) (n=233) [14]. They concluded that cryoablation was safer to preserve 
kidney function with a 6% decrease in estimated glomerular filtration rate 
at last follow-up in the cryoablation group versus 13% in the RAPN group 
(p<0.01). However, cryoablation was associated with an increased risk 
of recurrence (hazard ratio=11.4, p=0.01). Emara et al. compared their 
institutional results of 56 laparoscopic cryotherapy cases with 47 RAPN cases. 
No significant difference was found in procedural time, blood loss or hospital 
stay. Two patients in the RAPN group were converted to a laparoscopic radical 
nephrectomy. Two patients in the cryoablation group had a recurrence which 
was treated with a re-cryoablation [26]. Klatte et al. performed a meta-
analysis on perioperative and oncologic outcomes of LPN versus laparoscopic 
cryoablation, combining 13 studies. They found laparoscopic cryoablation 
to be associated with shorter procedural times, shorter length of stay, lower 
blood loss and a lower risk of complications (RR 1.82). This was countered by 
an increased risk of local recurrence (RR 9.39) and metastatic progression (RR 
4.68) for laparoscopic cryoablation [27].  

	RFA to nephrectomy: Takaki et al. retrospectively compared populations 
treated with percutaneous RFA (n=21) or radical nephrectomy (n=39) for 
pT1b tumors (>4cm), renal function decrease were respectively of 12.5% 
and 32.5% [16]. Olweny et al. retrospectively reviewed their series of 
laparoscopic or percutaneous RFA (n=37) versus partial nephrectomy (n=37) 
for histologically proven RCC. Median follow-up was of 6.5 yrs. and 6.1 yrs. 
respectively. There was no significant difference between the two groups in 
terms of overall survival (97.2% vs. 100%, p=0.31), cancer-specific survival 
(97.2% vs. 100%, p=0.31), disease-free survival (89.2 vs. 89.2, p=0.78), local 
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recurrence free survival (91.7% vs. 94.6%, p=0.96) or metastases free survival 
(97.2% vs. 91.8%, p= 0.35) [15]. However, these cohorts are pretty limited and 
no difference might reflect an underpowered analysis.

	Cryoablation to RFA: a metanalysis reviewed 31 cases series on cryoablation 
[13] and RFA [15,28]. Despite inconsistency in clinical and methodological 
aspects, the authors concluded in no significant difference between the two 
techniques in terms of complications rate and clinical efficacy. 

	RFA to RFA: Moddaber et al. conducted a meta-analysis across 27 studies 
comparing thermal versus impedance-based RFA ablation [29]. No difference 
could be drawn from the current literature neither for peri-operative nor 
follow-up outcomes.

Epidemiological trends 

Three epidemiological studies have been recently published on thermal ablation for 
RCC. The first one is based on the Surveillance, Epidemiology and End Results-Medicare 
database (SEER) [22]. Authors analyzed 1682 patients diagnosed with small renal masses 
between 2005 and 2007 including 211 treated with ablative techniques. Although 
ablative techniques increased during this period, radical nephrectomy remained the 
predominant approach for this technique in 2007. The benefits of ablation were shorter 
lengths of stay and a low cost strategy. Overall mortality was significantly higher but 
not cancer-specific mortality. This is probably due to older selected patients with worst 
performance status who are generally poor surgical candidates. The second study is 
based on the Nationwide Inpatient Sample and is evaluating the trends in small renal 
masses management between 1998 and 2008 [30]. They also conclude that radical 
nephrectomy remain the predominant strategy over nephron sparing modalities in 
USA. Finally, the Clinical Research Office of the Endourological Society have recently 
reported a prospective survey on renal masses management in 98 centers worldwide 
over a 1-year period (2010) [31]. Results confirmed the young age (mean 61.5yrs.) 
of patients harboring renal tumors and a large part of nephron-sparing techniques 
(52%) that seems to increase from previous epidemiological reports. Unfortunately, 
database resolution did not allow analyses of thermal ablation vs. nephron-sparing 
surgery. Overall, these reports emphasize a growing interest of urological community 
for ablative techniques of small renal masses. 
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Update on New Technologies

New techniques, or variations on existing techniques, are continuously under 
investigation, attempting to increase thermal energy delivery while minimizing damage 
to surrounding healthy tissue. 

Radiofrequency Ablation
Attempts are being made to increase RFA ablation volume and avoid ‘heat sink’ related 
asymmetric ablation borders. Okhunov et al. evaluated the use of a novel bipolar RFA 
probe, consisting of a straight inner electrode surrounded by a corkscrew shaped outer 
electrode. RFA effect is confined to area between the electrodes, providing a constant 
heating while protecting adjacent tissues from radiofrequency. RFA was successfully 
performed on 10 tumors (2-7cm), during laparoscopic partial or radical nephrectomy. 
Final pathology confirmed complete ablation in all cases [32]. 

Takaki et al. evaluated a multiple-electrode switching RFA system, enabling the use of 
up to 3 RFA electrodes. Sequentially switching power between electrodes creates a 
confluent ablation zone with a larger volume than conventional RFA systems. Direct 
success was achieved in 31 cases over 33; the remaining 2 cases required a second 
RFA session. Three patients experienced grade 2 complications and no serious adverse 
event occurred [18].

Microwave Ablation
Microwave ablation (MWA) utilizes electromagnetic energy to rapidly rotate adjacent 
water molecules creating high temperatures in the targeted tissue [33]. MWA has 
theoretical advantages over RFA, namely larger ablation volumes, shorter ablation time 
and higher target temperatures [34]. However, clinical series have so far shown mixed 
results. An initial series of 10 renal tumors (2-5.5cm) published by Castle et al. [35], 
resulted in a recurrence rate of 38% and intraoperative and postoperative complication 
rates of 20% and 40% respectively. Yu et al. retrospectively evaluated ultrasound guided 
MWA of 49 tumors (0.6-7.7cm) [33]. Technical effectiveness at 1 month was achieved 
in 48 cases (98%). The 1-, 2- and 3-years disease free survival rates were of 95.4%, 
92.3% and 92.3%, respectively. No severe complications occurred. Lin et al. investigated 
the effect of MWA on renal function in 16 solitary kidney tumors (1-8.4cm) [34]. Renal 
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function seems to be preserved and complete ablation, confirmed through contrast 
enhanced imaging at 1 month, was achieved in 15 cases (93.8%). Guan et al. conducted 
a prospective randomized trial among 102 patients, comparing open or laparoscopic 
partial nephrectomy to open or laparoscopic MWA [36]. Complication rates were 
significantly lower in the MWA group (12.5%) compared to PN group (33.3%). The 
postoperative decline in renal function, determined by eGFR, was 5.5% for MWA and 
19.4% for PN. However at 3 months follow-up, a similar decline in renal function was 
found for both groups. Recurrence free survival at 3 years for MWA versus PN was 
91.3% and 96.0% for all tumors, and 90.4% and 96.6% for RCC, respectively. Bartoletti et 
al. reported a phase 1 clinical trial where they assessed efficiency of a new MWA device 
with Amica-probe [37]. Fourteen patients were included and receive MWA followed by 
radical nephrectomy in the same procedure. Authors concluded in total ablation of the 
tumor and no complications. These results are certainly limited by the protocol time 
line. Indeed, removing the kidney immediately after treating can not bring interpretable 
results on MWA specific complications and on clinical recurrence.

Perspectives

As was mentioned previously, new focal therapies technologies have been neglected 
in clinical trials lately. High-Intensity Focal Ultrasound (HIFU) is a promising modality, 
gaining interest for prostate cancer treatment. However, despite an original enthusiasm 
[38], no new reports have recently appeared in the treatment of renal tumors. Two 
challenges make it less applicable for small renal masses management. Unlike 
prostate, renal targeting implies ultrasound going through many different media (skin, 
fat, muscle). Through an in-vitro experiment, Ritchie et al. [39] demonstrated that 
energy deposition and random beam shifting (1mm for a 2-3mm beam size) through 
sub-cutaneous and peri-nephric fat layers crossed by HIFU beam might significantly 
attenuate ablative energy delivered on target. Another limitation is the important and 
complex three-dimensional kidney movement during HIFU procedure. For this issue, 
Abhilash and Chauhan offer an interesting solution through a computerized model 
of real-time kidney positions based on skin markers movements recorded through a 
stereo camera and coupled with US device [40,41]. Histotripsy is another form of focal 
US ablative technique with different features relying more on mechanical cavitation 
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leading to tissue homogenization than thermal effect. Styn et al. report a series of 
histoptripsy on rabbit model for RCC [42]. The aim was to explore the controversy of 
metastatic spread being launched by mechanical energy delivered on targeted tumor. 
Although there was no statistical difference on their analysis, the number of animals 
tested is limited and the method to assess metastatic burden is discussable.

Irreversible electroporation (IRE) is a recently developed technology for focal therapy. 
It is not a thermal ablative technique per se since tissue ablation is based on cell 
death through membrane nanopores achieved with high voltage pulse. Two studies 
[43,44] based on pig experiments reported on the safety of IRE on kidney’s hilum 
and the preservation of collecting system structures. Wendler et al. [43] reported 
on the accuracy of MRI to follow IRE lesions on short and middle term. In a rodent 
experiment comparing effect of incomplete IRE on RCC in immunocompetent versus 
immunodeficient mice, Neal et al [45] stated that IRE, by preserving proteins from 
denaturation thanks to non-thermal effect, could trigger a systemic immune response 
potentially protective for subsequent recurrence. Interestingly, a similar experiment 
using the same immunocompetent rodent strain and RCC cell lines showed at the 
opposite that incomplete thermal ablation using RFA or cryoablation was enhancing a 
peak proliferation into the ablation area [46]. This fact might be explained by regional 
hypoxia, theoretically absent with IRE thanks to vasculature sparing.

Conclusion

Despite a lack of high level evidence appealing for randomized control trials comparing 
the different current strategies for small renal masses management, thermal ablation 
is a safe procedure for long-term oncologic as well as functional outcomes. However, a 
patient opting for this option should be informed of the possible risk of residual disease 
imposing a second treatment within the first months after the first procedure. Less 
than 3 cm. tumors seem to be the best target. Healthy patient could be included in 
the frame of clinical studies. Alternatives to RFA and cryoablation remain controversial 
and need technological improvements. Finally, new technologies such as IRE showed 
promising perspectives on pre-clinical trials and might call interest for clinical studies 
in close future.
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Abstract

Background 
Irreversible electroporation (IRE) is (virtually) always called non-thermal despite many 
reports showing that significant Joule heating occurs. Our first aim is to validate with 
mathematical simulations that IRE as currently practiced has a non-negligible thermal 
response. Our second aim is to present a method that allows simple temperature 
estimation to aid IRE treatment planning.

Methods 
We derived an approximate analytical solution of the bio-heat equation for multiple 
2-needle IRE pulses in an electrically conducting medium, with and without a blood 
vessel, and incorporated published observations that an electric pulse increases the 
medium’s electric conductance.

Results 
IRE simulation in prostate-resembling tissue shows thermal lesions with 67–92°C 
temperatures, which match the positions of the coagulative necrotic lesions seen in an 
experimental study. Simulation of IRE around a blood vessel when blood flow removes 
the heated blood between pulses confirms clinical observations that the perivascular 
tissue is thermally injured without affecting vascular patency.

Conclusions 
The demonstration that significant Joule heating surrounds current multiple-pulsed IRE 
practice may contribute to future in-depth discussions on this thermal issue. This is an 
important subject because it has long been under-exposed in literature. Its awareness 
pleads for preventing IRE from calling “non-thermal” in future publications, in order 
to provide IRE-users with the most accurate information possible. The prospect of 
thermal treatment planning as outlined in this paper likely aids to the important further 
successful dissemination of IRE in interventional medicine. 
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Introduction

Irreversible electroporation (IRE) is (virtually) always called non-thermal [1,2], despite 
many reports showing that significant Joule heating occurs, that is, by mathematical 
modeling (e.g., [3]), from measured temperatures that irreversibly injure tissues [4] and 
by histology showing coagulative necrosis in IRE-affected regions (e.g., [1,2,4–6]). The 
classification “non-thermal” suggests that IRE at any setting induces cell death without 
the danger of Joule heating which make IRE procedures prone to serious thermal-related 
complications. Our first aim is therefore to validate with mathematical simulations that 
currently practiced IRE, in this paper comprising 1.5 or 2 kV over a needle-pair of 1 cm 
distance, 100 pulses of 0.1ms duration per pulse and 1Hz repetition frequency, has a 
non-negligible thermal response. Our second aim is to present a method that allows 
simple thermal treatment planning of IRE procedures. To achieve these goals, we will 
mathematically simulate the temperature response of multiple pulsed 2-needle IRE by 
(1) deriving an approximate analytical solution of the bio-heat equation for this IRE 
configuration in an electrically conducting medium, with and without a blood vessel, and 
(2) incorporating published observations that an electric pulse increases the medium’s 
electric conductance. Finally, we compare the simulations with literature results.

Methods

IRE Case 1: Tissue 
In this letter we adopt the electric field distribution, E (kV/cm), as calculated by Davalos 
and Rubinsky [3] for 2 kV over 1 cm needle distance. Their Fig. 3B gives resulting 
(maximum) temperatures at the end of an electric pulse of ∆t = 0.51 ms in tissue with 
an electric conductance of σ0= 0.2 S/m from , with radial coordinate r, mass density ρ 
≈ 103 (kg/m3) and heat capacity c ≈ 3.5 · 103 (J/kg/°C). We will approximate ∆Tmax by a 
Gaussian radial function and determine r = r0  that defines its 1/e-value, which allows 
analytically solving the bioheat Eq. (1) below for t >> ∆t. The ∆Tmax (r, ∆t) curve of Fig. 3B 
of [3] fits well as ∆Tmax (r, 0.51) ≈ ∆T0 exp (-1.4 · r2), with ∆T ≈ 21 °C and r0 = 0.85 mm. In 
our simulations we use 0.1 ms and 0.3 S/m (for prostate [1]), so ∆T0  = 6.28 °C and 3.53 
°C for 1.5 (instead of 2) kV. Further, σ0 increases during each pulse [7] and the top of the 
peaks of Fig. 4 of [7] fitted well to . At longer times, ∆T(r,t) follows from the solution of 
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the bioheat equation which conserves the volumetric rates of heat produced by E and 
removed by thermal conduction. Ignoring heat loss by tissue perfusion [3], it is

                                                (1)

with thermal diffusivity α ≈ 0.13 mm2/s and 2nd order differential (Laplace) operator   
(m-2). Equation (1) has no simple general analytical solution. However, the Gaussian 
profile can be considered to originate from radial cooling of an “instantaneous line 
source of heat” ([8], Eq. (1) of page 258). Then, Eq. (1) has the solution

                          (2)

Equation (1) is linear in ∆T so ∆T -responses to multiple pulses can be added as follows. 
We use that the 1st pulse, at t = 0, yields ∆T1 (r, 0) = ∆T0 F

1(r, 0) σ1/ σ0. Just after the 2nd 
pulse, say 1 s later, the 1st pulse reduces to ∆T1 (r, 1) = ∆T0 F

1(r, 1) σ1/ σ0. The 2nd pulse 
gives ∆T1 (r, 0) ≡ ∆T0 F

1(r, 0) σ1/ σ0, thus proportional to the response of the 1st pulse 
at t = 0. Two pulses, at t = 1 s, thus cause ∆T (r, 1) = ∆T0 [F

1(r, 0) σ2/ σ0 + F1(r, 1) σ1/ σ0] 
i.e., the sum of the two responses to the first pulse at the two pulse times. Similarly, 
three pulses, at t = 2 s, give ∆T (r, 2) = ∆T0 [F

1(r, 0) σ3/ σ0 + F1(r, 1) σ2/ σ0 + F1(r, 2) σ1/ σ0]. 
Writing this as , using Eq. (2) and including pulse rate f (Hz), approximately solves Eq. (1) 
analytically for N consecutive pulses, at t = (N – 1) f -1 sec, as

  

(3)
IRE Case 2: Tissue with (large) blood vessel
Two-needle IRE around a blood vessel can be simulated if blood flow removes the 
heated blood between the pulses, keeping the intima at 37 °C. Radial cooling of the 
vessel wall following IRE pulses is approximated by 1-D diffusion in the x-direction 
(intima at x = 0, Fig. 1), implying that the wall plus adjacent tissue becomes a 1-D semi-
infinite medium. Using [8], Eq. (1) of page 8, and that each pulse increases the whole 
wall-tissue by ∆T0, solves Eq. (1) as . Thus, as Eq. (3), an approximate solution of Eq. (1) 
to N consecutive pulses, at t = (N – 1) f -1 s, is

      
 (4)
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Figure 1. IRE around a blood vessel and 1-D heat conduction in the x-direction. The needles are 
assumed to be placed at 5mm from the ‘‘center of the bloodvessel’’.

Results

Figure 2 shows simulations for f=1 Hz. 

IRE Case 1
For prostate tissue, 1.5 kV over 1 cm, Δt=0.1 ms, N=100 [1], a temperature of 92°C 
occurs at the needle-tissue boundary (curve 1), which falls to 80°C at r=1mm (curve 
2) and 56°C at r=3mm (curve 3a). However, at r=3 mm, the Gaussian fit used gives 
ΔTmax≈0 rather than ≈0.55°C which results in an 11°C underestimated temperature 
at N=100, thus a better value than 56°C is 67°C (curve 3b), based on including two 
Gaussian functions for ΔTmax (defined in the caption of Fig. 2). Coordinate r=3mm 
matches the position of the lesion margin shown in Figure 4 of [1], implying that these 
pathology-assessed coagulative necrotic lesions are thermal injuries that correspond 
with our computed temperatures of 67–92°C.
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Figure 2. Simulated temperatures, Equation (3), of 100 pulses of 2-needle IRE, for 1.5kV over 1cm 
distance, Δt=0.1 ms, at 1Hz, for prostate-resembling tissue [1] without (curves 1, 2, 3a, 3b, 4) and 
with a blood vessel, Equation(4), for 2 kV(red symbols). Curves 1, 2, 3a, 4 have been computed by 
fitting Figure 3B of [3] at radii 0.5 and 0.828mm, and curve 3b by fitting two Gaussian functions at 
radii 0.5 and 0.828mm (1st Gaussian) and 2 and 5mm (2nd Gaussian), converted as before to 1.5 
kV, Δt=0.1ms, and σ0= 0.3 S/m, as: ΔTmax=3.86 · exp [-(r/0.603)2]+0.215 · exp [-(r/3.892)2]. Curves 
1, 2, and 4 do not change much when using two Gaussians compared to one. The red triangles 
between curves 3a and 4 represent the curve ‘‘Vessel: 2mm from intima.’’ 

IRE Case 2
For a (large) blood vessel at r=5 mm, 2 kV over the needles, ΔT0≈0.15°C (from ΔT0≈0.5°C 
in Figure 3B of [3]), we simulate a temperature of 41°C close to the intima but 53°C 
at 2mm from the intima (thus at r=3 mm). We neglected the extra ≈0.5°C shown in 
Figure 3B of [3] at r=3mm which would have added another ≈10°C. In our opinion, this 
explains for the first time why IRE of blood vessels is effective and safe [6]. It suggests a 
clinical role for matching the measured blood flow with the IRE pulse frequency.

Discussion

The message of this paper is that although one single IRE pulse may raise the 
temperature a few degrees only, 100 consecutive pulses can produce temperatures 
that easily injure tissues irreversibly.
From that standpoint, IRE is not different from other Joule heating-based therapies. 
Particularly, tissues of large electric conductance warrant caution during IRE, for 
example, urine (1.9 S/m [9]) within the renal collecting system and bile ducts when 
filled with bile (1.27 S/m [9]). 
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To the best of our knowledge, we are the first to analytically solve, albeit approximately, 
the temperature response to multiple-pulsed IRE by fitting the electric field distribution 
to a Gaussian function. The linearity of Equation (1) in ΔT obviously allows this 
approach to be extended to the use of more than just one Gaussian (see curve 3b of 
Fig. 2 for two Gaussians). Thermal treatment planning becomes simple now, based on 
Equation (3), and can conceptually be extended to multiple-needle IRE geometries with 
programmed activation of the various needle-pairs. Treatment planning before—as 
well as temperature measurements during—IRE oncologic procedures are particularly 
important because insufficient thermal effects at the boundaries of treated lesions are 
notorious for causing tumor recurrence. 
Compared to the numerical analysis in [10], we achieved very similar results, for 
example, the first two T-peaks of their Figure 5, that is, T≈33.8 and ≈34°C in response to 
40 pulses of 0.5 kV over 0.5 cm and 0.05 ms, in sets of 20 separated by 3.5 sec, versus 
our estimates of ≈33.7 and 34.2°C. Further, the literature gives thermal evaluations 
of 2-plate and multiple-needle IRE. The former has negligible heat conduction during 
multiple pulses, the latter likely gives slightly higher temperatures compared to 2-needle 
IRE. As an example, Faroja et al. [4] measured temperatures as high as 84°C of 2-plate 
IRE (their Table 1) in in vivo porcine liver, using 2.5 kV over a 1 cm plate distance and 
360 pulses of 0.1 ms at 1 Hz. For 40 and 90 pulses at 2.5 kV they found ΔT≈11 and 18°C. 
Using  and σ0≈0.09 S/m for liver [9], gave ΔT≈15 and 39°C. 
Also, non-thermal IRE effects have been documented, for example, by Gehl et al. (Fig. 
3 of [11]), using 2-plate IRE around the tibia of mice, eight pulses at 0.2–1.4 kV/cm 
and Dt of 10–2,000 µs. These authors described perfusion delays of 200–1,800 sec, 
which they attributed to sympathetic nerve-mediated reflexory vasoconstriction of 
afferent arterioles, characterized as a Raynaud-like phenomenon and comparable to ST 
depression observed in the ECG of patients following atrial defibrillation. The reported 
perfusion delays correspond to simulated temperature increases of 2–33°C.
The thermal nature of IRE may actually have several important therapeutic consequences 
in terms of cancer treatment. As described in [12], exposure of cancer cells to IRE 
induces necrotic [1,2,4–6] and possibly apoptotic and/or autophagic cell death. Any 
of these forms of cell death activates the immune system through sterile inflammation 
[13], leading to debridement of necrotic tissue followed by tissue remodeling. It is also 
likely that the adaptive immune system elicits an anti-tumor immune response against 
residual, viable cancer cells in the treated volume as well as distal, non-treated cancer 
cells [14].
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Conclusion

The demonstration that significant thermal effects at current IRE settings cannot be 
ignored hopefully contributes to future in-depth discussions on thermal issues that 
surround IRE. This is an important subject because it has long been under-exposed in 
literature. Such a discussion adds to safer and more precisely planned IRE procedures. 
The thermal nature of current IRE practice pleads for preventing IRE from calling “non-
thermal” in future publications, in order to provide IRE-users with the most accurate 
information possible. The prospect of treatment planning as outlined above may aid to 
the important further successful dissemination of IRE in interventional medicine.
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Abstract

Objective
Although tissue ablation by irreversible electroporation (IRE) has been characterized 
as non-thermal, the application of frequent repetitive high intensity electric pulses has 
the potential of substantially heating the targeted tissue and causing thermal damage. 
This study evaluates the risk of possible thermal damage by measuring temperature 
development and distribution during IRE of porcine kidney tissue.  

Methods
The animal procedures were conducted following an approved Institutional Animal 
Ethics Committee protocol. IRE ablation was performed in 8 porcine kidneys. Four 
kidneys were treated with a 3-needle configuration and the remaining 4 with a 4-needle 
configuration. All IRE ablations consisted of 70 pulses with a length 90µs. The pulse 
frequency was set at 90 pulses/min, the pulse intensity at 1500V/cm with a spacing 
of 15 mm between the needles. The temperature was measured internally using 4 
fiberoptic temperature probes and at the surface using a thermal camera.

Results
For the 3-needle configuration a peak temperature of 57⁰C (mean = 49 ± 10⁰C, n=3) 
was measured in the core of the ablation zone and 40⁰C (mean = 36 ± 3⁰C, n=3) at 1 cm 
outside of the ablation zone, from a baseline temperature of 33 ± 1⁰C. For the 4-needle 
configuration a peak temperature of 79⁰C (mean = 62 ± 16⁰C, n=3) was measured in 
the core of the ablation zone and 42⁰C (mean = 39 ± 3⁰C, n=3) at 1 cm outside of the 
ablation zone, from a baseline of 35 ± 1⁰C. The thermal camera recorded the peak 
surface temperatures in the center of the ablation zone, reaching 31⁰C and 35⁰C for the 
3 and 4 IRE needle configuration (baseline 22⁰C). 

Conclusions
The application of repetitive high intensity electric pulses during IRE ablation in porcine 
kidney causes a lethal rise in temperature within the ablation zone. Temperature 
monitoring should be considered when performing IRE ablation in the vicinity of vital 
structures. 
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Highlights

-  Temperature development and distribution was assessed during IRE of porcine 
kidney.

-  The repetitive high intensity IRE pulses cause a lethal rise in temperature within the 
ablation zone.

-  Temperature monitoring should be considered during IRE ablation in the vicinity of 
vital structures.

-  Fiberoptic temperature probes provide accurate monitoring of local temperatures.

Introduction

Electroporation or electropermeabilisation is a technique in which electric pulses, 
between two electrodes are used to create ‘nanopores’ in the cell membrane [1, 
2]. These pores allow for molecules to enter the cell. The process can be temporary 
(reversible electroporation, RE) or permanent (irreversible electroporation) based 
on a certain threshold above which the ‘nanopores’ become permanent causing cell 
death due to the inability to maintain homeostasis [3-5]. Reversible electroporation 
was initially developed for intracellular gene and drug delivery [6, 7]. In recent years 
interest turned to IRE as a tumor ablation modality resulting in the development of 
commercially available medical equipment [8]. Conceptually, IRE is not dependent on 
thermal effects for tissue destruction 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 confined to damage of the cell membrane, sparing tissue 
architecture and minimizing damage to blood vessels, nerves and other vital structures 
[9]. 

It is known that the application of repetitive high intensity electric pulses has the 
potential of substantially heating the targeted tissue and in effect causing thermal 
damage. Lethal cellular damage will occur within 4 to 6 minutes at temperatures above 
50⁰C and almost instantaneously when temperatures exceed 60⁰C [10]. It is important 
for clinicians to be aware of temperature development during IRE so that the possible 
risk of severe thermal damage to vital structures can be minimized. 
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Data from in vivo experimental studies on thermal effects is limited. Faroja et al. assessed 
temperature development during IRE of porcine liver, using 1.3cm diameter flat plate 
electrodes. Testing varying settings, the temperature reached up to 84⁰C for 360 pulses 
of 2900 Volt (baseline 34⁰C)[11]. In order to aid treatment planning Van Gemert et al. 
performed a mathematical temperature simulation, based on the electrical and thermal 
properties of prostate tissue in combination with clinically practiced IRE settings. Using 
an electrode spacing of 1 cm the estimated temperatures reached between 92⁰C and 
67⁰C at a distance 0.5 to 5 mm from the probes [12]. We hypothesize that IRE of porcine 
kidney using clinically practiced IRE settings will cause heating of the targeted tissue 
up to lethal levels. Upon histopathological evaluation of IRE lesions, it is impossible to 
accurately differentiate between IRE effect and thermal damage. Therefore, knowing at 
what temperature thermal damage will arise, we have chosen to accurately measure 
actual temperatures during IRE ablation. The objective of this in vivo animal study is 
thermal mapping during IRE of porcine kidney, and in doing so assessing the risk of 
thermal damage.

Materials and methods

Animal procedure
The animal procedures were conducted following an approved Institutional Animal 
Ethics Committee protocol. In four domestic farm pigs, weighing approximately 60 kg, IRE 
ablation was performed on both kidneys. The animals were sedated with intramuscular 
injections of ketamine (10-15 mg/kg), midazolam (1-1.5 mg/kg) and atropine (1.5 
ml/50kg). After intubation anesthesia was maintained through inhaled isoflurane 
(0-4%) and IV ketamine (2 mg/kg/h), sufentanil (5-10 µg/kg/h), midazolam (1-2 mg/
kg/h) and rocuronium (2-2.5 mg/kg/h). Before to IRE, intravenous bolus injections of 
rocuronium (1-1.5 mg/kg) were administered to achieve sufficient muscular relaxation.
Animals were placed in a supine position. The abdomen was opened through a medial 
laparotomy incision after which both kidneys were localized and exposed. After the IRE 
procedure the pigs were sacrificed and the kidneys harvested for gross examination. 
Gross examination consisted of a midline coronal incision, dividing the kidneys into 
symmetrical halves. The diameter and aspect of the IRE ablation zone were assessed 
macroscopically.
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IRE procedure
The procedure utilized the NanoKnife IRE console in combination with 19G monopolar 
needle electrodes (Angiodynamics Inc., Queensbury, New York). Four kidneys were 
treated with 3 electrodes placed in an equilateral triangular formation, spaced 15mm 
apart (fig. 1A). The electrodes were inserted interpolar at a depth of 20 mm with a tip 
exposure of 15 mm (fig. 1A). The IRE console was set at 3 x 70 pulses with a length of 
90 µs per pulse with a frequency of 90 pulses/min and the pulse intensity set at 1500V/
cm. Typically, a current of 20-40 Ampere runs between the electrodes during the pulse. 
The IRE console delivers the pulses in trains of 10 pulses, separated by 3.5 seconds of 
recharging. For experimental purposes the 3-needle IRE ablations were repeated with 
the electrodes in the same position. This doubled the IRE exposure, rendering the gross 
examination to be an overestimation of the ablation effects.
The remaining four kidneys were treated with 4 electrodes in a square formation, spaced 
15 mm apart (fig. 1B) and fixed using external spacers (fig. 2). Again the electrodes were 
inserted interpolar at a depth of 20 mm with a tip exposure of 15 mm (fig. 1B). The IRE 
ablation consisted of 6 x 70 pulses of 90 µs per pulse at a timing of 90 pulses/min. The 
pulse intensity was set at 1500 V/cm. 

Figure 1: A) IRE 3-needle configuration. Distances: (1) 15 mm, (2) 4.3 mm, (3) 5 mm, (4) 5 mm. 
B) IRE 4-needle configuration. Distances: (1) 15 mm, (2) 15 mm, (3) 7.5 mm, (4) 10 mm, (5) 10 
mm.
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Temperature measurements
The temperature was measured within the tissue using fiberoptic temperature probes, 
and at the tissue surface using a thermal camera. The fiberoptic temperature setup 
consisted of a rack mounted Lumiterm X5 OEM temperature board, connected to 4 
Lumiterm X5-True fiberoptic temperature probes with a diameter of 1 mm (Ipitek, 
Carlsbad, California). The system is capable of registering 0.05⁰C temperature 
differences with an accuracy of 0.25⁰C. The temperature-recording interval was set at 
1-4 seconds.
The temperature probes were inserted in the tissue with the use of 16G IV cannulas at 
a depth of 20 mm (fig. 2B). The probe tips were at an equal depth to the IRE electrode 
tips, based on ex-vivo experiments in our institution, which showed temperatures to be 
highest in between the IRE electrode tips. In the 3-needle configuration the temperature 
probes were placed in the center of the triangle, in between two electrodes, 5 mm 
outside the electrode triangle and 10 mm outside the electrode triangle (fig. 1A). In the 
4-needle configuration the temperature probes were placed in the heart of the square, 
in between two electrodes, 10 mm outside the electrode square and 20 mm outside 
the electrode square (fig. 1B). 
The kidney surface temperature was registered during all IRE ablations using a Xenics 
Gobi-384 thermal camera (Xenics, Leuven, Belgium) mounted to the operating table 
(fig. 2A). This long wavelength infrared camera is calibrated at a range of -20⁰C to 120⁰C 
and capable of recording 0.05⁰C thermal changes at a resolution of 384 x 288 pixels (25 
µm pitch). The temperature data was extracted from the recordings using the Xeneth 
software package (Xenics, Leuven, Belgium), which allows for temperature tracking 
within selected areas of interest (fig. 2B). 
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Figure 2: A) External view of the experimental setup, showing the exposed right kidney with IRE 
electrodes ($) and fiberoptic temperature probes (¥) in place. The thermal camera (₤) is mounted 
to the operating table. B) Thermal camera view, temperatures are recorded within selected ROIs 
(1-4), numbers corresponding with the bar chart in the results section. C) Close up of the IRE 
electrode and fiberoptic temperature probe placement. Temperature probe numbering (1-4) 
corresponds with the bar charts in results section. The blue spacers (€) were set at a distance of 
1.5 cm.

Results

A complete ablation procedure was achieved in three 3-needle IRE ablations and 
three 4-needle IRE ablations. Due to a high current, exceeding the safety threshold of 
50 Ampere, the IRE console automatically aborted the remaining two ablations, one 
3-needle and one 4-needle ablation. 
For the 3-needle configuration a peak temperature of 57⁰C (mean = 49 ± 10⁰C, n=3) 
was measured in the core of the ablation zone (Fig. 1A, T1), 54⁰C (mean = 50 ± 4⁰C, n=3) 
between the IRE needles (Fig. 1A, T2), 54⁰C (mean = 45 ± 8⁰C, n=3) at 0.5 cm (Fig 1A, 
T3) and 40⁰C (mean = 36 ± 3⁰C, n=3) at 1 cm outside of the ablation zone (Fig. 1A, T4), 
from a baseline temperature of 32-34⁰C (Fig. 3A, 5A). For the 4-needle configuration 
the peak temperature reached 79⁰C (mean = 62 ± 16⁰C, n=3) in the core of the ablation 
zone (Fig. 1B, T1), 76⁰C (mean = 67 ± 15⁰C, n=3) between the IRE needles (Fig. 1B, T2), 
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42⁰C (mean = 39 ± 3⁰C, n=3) at 1 cm (Fig. 1B, T3) and 40⁰C (mean = 36 ± 1⁰C, n=3) at 2 
cm outside of the ablation zone (Fig. 1B, T4), from a baseline of 32⁰C (Fig. 3B, 5B). 

Figure 3: Schematic representation of the peak temperature distribution measured with fiber 
optic temperature probes during 3-needle (A) and 4-needle IRE ablation (B). The blue circles 
represent the IRE electrodes.

The temperature progression through time shows a 0-5°C increase in the first 30-50 
seconds of both 3-needle and 4-needle IRE ablation, corresponding with the first 30-
49 IRE pulses. Subsequently, the temperature rises continuously in the 3-needle IRE 
ablations, showing 3 distinct temperature increments for temperature probes 1 and 
2, corresponding with the alternating IRE electrode pairs (Fig. 4A). In the 4-needle 
IRE ablations temperature probe 1 rises continuously. Temperature probe 2 shows a 
temperature decline between 200-250 seconds followed by a second temperature 
increase, corresponding with the activation of the IRE electrode pair on the far side of 
the electrode configuration (Fig. 4B).

The thermal camera recorded the peak surface temperatures at the core of the ablation 
zone and between the IRE needles. For the 3-needle configuration a peak surface 
temperature of 35.4⁰C was measured at the core of the ablation zone, 35.5⁰C between 
the IRE needles and 28.8⁰C at 1 cm outside the ablation zone, from a baseline of 23-
24⁰C (Fig. 5C). For the 4-needle a peak surface temperature of 39.5⁰C was recorded 
at the core of the ablation zone, 34.8⁰C between the IRE needles, 28.0⁰C at 1 cm and 
26.0⁰C at 2 cm outside the ablation zone, from a baseline of 21-26⁰C (Fig. 5D). 
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Figure 4: Exemplary temperature progression through time during 3-needle (A) and 4-needle IRE 
ablations (B). The dotted lines demarcate the sequencing of the different IRE electrode pairs. The 
diagrams in the upper right corners depict the positioning of the IRE electrodes and temperature 
probes. 

Figure 5: A/B) Average peak temperature and standard deviation measured with fiber optic 
temperature probes during 3-needle (A) and 4-needle IRE ablation (B), both n=3. C/D) Average 
peak surface temperature and standard deviation measured during 3-needle (C) and 4-needle (D) 
IRE ablation. Probe and ROI numbering corresponds with figure 2.
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Gross examination showed the IRE electrode and temperature probe tracts. The 
macroscopically assessed maximum diameters were 23-27 mm for the 3-electrode 
ablations (double ablations) and 32-35 mm for the 4-electrode ablations. For both the 
3-electrode (fig. 6A) and 4-electrode (fig. 6B) configuration a sharply demarcated pale 
discoloration was observed within the IRE ablation zone extending 3-4 mm beyond 
the IRE electrodes. Surrounding the zone of pale discoloration, a 3-4 mm zone of 
haemorrhagic discoloration was visible. No macroscopic damage was observed to the 
ureter, renal pelvis or large blood vessels (fig. 6). 

Figure 6: Gross sections after double 3-needle (A) and single 4-needle (B) IRE ablation. The red 
lines demarcate the macroscopic diameter of the ablation zones, showing sharply demarcated 
pale discoloration (€) extending 3-4 mm beyond the IRE electrodes, surrounded by 3-4 mm of 
haemorrhagic discoloration (£). No macroscopic damage was seen to the renal pelvis ($), ureter 
or large blood vessels.

Discussion

This study demonstrates that IRE ablation in porcine kidney, using clinically practiced 
settings, causes a lethal rise in temperature, confirming our hypothesis that the 
contribution of thermal damage in IRE is substantial. We therefore strongly urge 
temperature monitoring when performing IRE ablation in the vicinity of vital structures. 
Although the experimental setups differ, our results are in line with the reports of Faroja 
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et al. in porcine liver [11] and the temperature simulations performed by Van Gemert 
et al. [12]. 
The difference between thermal IRE (T-IRE) and nonthermal IRE (NT-IRE) of porcine 
kidney was investigated by Olweny et al. [4]. The IRE console was programmed at 3 
kV with 10 us pulses at 200 Hz. NT-IRE consisted of 20 bursts of 10 pulses (3 seconds 
between bursts) at a needle distance of 1.5 cm. T-IRE consisted 180 burst of 10 pulses 
(0.5 seconds between bursts) at a needle distance of 2 cm. The temperatures were 
maintained at > 50⁰C for NT-IRE and at >90⁰C for T-IRE by a cooling algorithm programmed 
in the console software, not further specified by the authors. The resolved (21 days) 
NT-IRE lesions were substantially smaller compared to the T-IRE lesions (median long 
axis: 1.2 vs. 2.8 cm). However, significant collecting system damage occurred in the 
T-IRE group. Due to the difference in needle configuration and IRE console algorithms 
we cannot directly compare these IRE outcomes to our own. Even so, Olweny et al. 
provide a valuable conclusion that is in line with this publication. When pushing IRE 
settings thermal effects will increase. The use of T-IRE in the kidey should be restricted 
to peripheral lesions. 
The accuracy and detail of thermal mapping is strongly influenced by the number of 
temperature probes placed. A setup of four temperature probes was chosen to provide 
an insight in the temperature distribution outward from the core of the ablation 
zone, while minimizing the amount of probes and thus manipulation of the specimen. 
Temperatures observed clearly exceeded the 50-60⁰C thresholds for lethal cellular 
damage. Highest temperatures were observed at the core of the ablation zone. At 
this point the ablations of the alternating needle pairs overlap. Outside of the needle 
configuration the temperature decreases rapidly with distance. This means that the 
greatest care needs to be taken of vital structures within, or in close proximity (< 1 
cm) to, the ablation zone. Temperature development is dependent on the electric 
properties of the tissue between the IRE needles. IRE ablations within tissue of 
a different composition, such as the upper or lower pole, might thus yield different 
thermal results. With urine being a very strong electrical conductor [13] it could be 
reasoned that interpolar ablations, in close proximity to the renal collecting system, 
will develop higher temperatures than upper/lower pole ablations. Therefore, the 
temperatures presented in this publication might be an overestimation when applied 
to IRE of peripheral tumors of the upper and lower pole. 
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The thermal camera proved to be of no value with the rises in surface temperature 
being insufficient for use in safety monitoring. The temperature progression over time, 
measured internally using temperature probes, shows little to no (0-5°C) temperature 
increase during the first 30-50 seconds of IRE ablation, corresponding with the firing 
of the first electrode pair. This matches unpublished results of 2-needle IRE ablation 
at our institution, which equally showed little temperature increase using the same 
IRE settings. Analysis of this delay in temperature rise is limited by an inaccurate 
registration of the start time of the IRE ablations due to improper synchronization of 
our temperature monitoring system. This impairs exact quantification of the amount of 
IRE pulses that can be delivered without a severe rise in temperature, which could aid 
the development of a truly non-thermal IRE protocol. 
The recorded temperatures take away part of the theoretical advantage of IRE, namely 
the ability to ablate tumors while preserving vital structures. However, in the majority 
of ablations destruction of tissue and vital structures within the planned ablation zone 
is acceptable, or actually aimed at. Furthermore, if lethal temperatures are expected, 
simple precautions can be taken, such as fiberoptic temperature measurements. 

Conclusion

A lethal rise in temperature is the consequence of repetitive high intensity electric pulses 
during IRE ablation in porcine kidney, using clinically practiced settings. Temperature 
monitoring should be considered when performing IRE ablation in the vicinity of vital 
structures. Monitoring can be performed accurately using fiberoptic temperature 
probes. 
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Abstract

Background
Electroporation is a novel treatment technique utilizing electric pulses, traveling 
between two or more electrodes, to ablate targeted tissue. The first in human studies 
have proven the safety of IRE for the ablation of renal masses. However the efficacy 
of IRE through histopathological examination of an ablated renal tumour has not yet 
been studied. Before progressing to a long-term IRE follow-up study it is vital to have 
pathological confirmation of the efficacy of the technique. Furthermore, follow-up after 
IRE ablation requires a validated imaging modality. The primary objectives of this study 
are the safety and the efficacy of IRE ablation of renal masses. The secondary objectives 
are the efficacy of MRI and CEUS in the imaging of ablation result.

Methods/design 
10 patients, age ≥ 18 years, presenting with a solid enhancing mass, who are candidates 
for radical nephrectomy will undergo IRE ablation 4 weeks prior to radical nephrectomy. 
MRI and CEUS imaging will be performed at baseline, one week and four weeks post 
IRE. After radical nephrectomy, pathological examination will be performed to evaluate 
IRE ablation success. 

Discussion 
The only way to truly assess short-term (4 weeks) ablation success is by histopathology 
of a resection specimen. In our opinion this trial will provide essential knowledge on 
the safety and efficacy of IRE of renal masses, guiding future research of this promising 
ablative technique. 

Trial registration 
- Clinicaltrials.gov registration number NCT02298608
- Dutch Central Committee on Research Involving Human Subjects registration number 
NL44785.018.13
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Background

The past two decades have shown a steady increase in the incidence of small renal 
masses (SRM) up to 4 cm [1, 2]. Nephron sparing surgery, in the form of partial 
nephrectomy, is considered to be the gold standard for treatment of SRMs [3]. Currently 
thermal focal therapies such as cryoablation and radiofrequency ablation (RFA) are 
primarily recommended in patients who are poor surgical candidates or have a genetic 
predisposition for developing multiple tumours [4-6]. However, promising long-term 
results combined with little or no loss in renal function have created interest in thermal 
focal therapies as a future treatment option for a broader range of patients [7-10]. 
Focal treatment of kidney tumour requires precisely dosed and accurate targeting of 
the tissue to be ablated while preserving surrounding healthy tissue and vital structures 
such as blood vessels, nerves, the renal collecting system and neighbouring organs [11]. 
The unselective destruction of currently practiced thermal ablation techniques can 
result in damage to vital structures in the vicinity of the tumour and undesired excessive 
ablation of normal parenchyma [12]. Thermal ablation intensity can be impaired due to 
‘heat sink’ in the vicinity of large vessels and the renal collecting system [4]. 
Electroporation or electropermeabilisation is a technique in which electric pulses, 
traveling between two or more electrodes, are used to create ‘nanopores’ in the cell 
membrane. These pores allow for molecules to pass into the cell. The process can 
be temporary (reversible electroporation), however above a certain threshold the 
‘nanopores’ become permanent causing cell death due to the inability to maintain 
homeostasis (irreversible electroporation) [13-15]. It has been hypothesized that 
IRE is not dependent on temperature and is therefore not influenced by ‘heat sink’ 
promising consistent ablation results [11]. In theory IRE is defined to damage of the cell 
membrane, sparing tissue architecture and minimizing damage to blood vessels, nerves 
and the renal collecting system [16]. Recent literature however, has predicted [17] and 
measured [18, 19] a large increase of temperature in healthy porcine kidney using 
currently practiced equipment and settings. As a result, it remains unclear to which 
extent the thermal or electroporation contributes to the ablation effect. Histopathology 
using viability staining of renal IRE lesions shows a sharp demarcation between ablated 
and non-ablated tissue allowing for precise targeting while sparing the surrounding 
healthy tissue [20, 21].
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Animal trials have assessed the use of MRI and CT imaging for the intermediate 
follow-up of IRE lesion. Contrast enhanced CT imaging directly after IRE ablation of 
porcine kidney showed a hypodense non-enhancing lesion, persisting at 1 week post 
IRE. At 3 weeks, 4 out of 6 IRE lesions had disappeared completely [22]. Thomson 
et al. performed in human IRE in 10 renal tumours with subsequent follow-up by CT 
imaging. At 3 months post IRE incomplete ablation was diagnosed in 2 patients on the 
basis of CT-imaging. However, the authors provide little information on the imaging 
characteristics of the residual lesion. MRI directly after IRE of porcine kidney showed 
a localized oedema at the region of IRE ablation. At 7 days after IRE a hypo-intense 
necrosis-like lesion in the renal parenchyma at the region of IRE was visualised. Finally, 
at 28 days a sharply delineated, non-intense, scar-like lesion with cortical shrinkage and 
without contrast enhancement was visualised [20]. These results provide an insight in 
the use of imaging for the follow-up of renal IRE. However, a study where follow-up 
imaging, specifically assessment of ablation volume and residual enhancing tumour, 
is correlated to histopathology of the resected specimen has not yet been performed. 
Procedural safety of renal IRE in humans has been tested and confirmed [15]. The electric 
pulses administered during IRE have the potential of causing cardiac arrhythmias; by 
synchronising the IRE pulses with the ECG this complication can be avoided [23]. In a 
study by Pech et al, ablated tumours were resected directly after IRE and they observed 
swelling of cells but no actual cell death. However, histological staining to assess cell 
viability was not performed [15]. 
Before progressing to a long-term IRE follow-up study it is vital to have pathological 
confirmation of the efficacy of the technique. Furthermore, follow-up of IRE ablation 
requires an accurate imaging modality. This trial will investigate IRE ablation efficacy by 
correlating 3D histopathology of a resected IRE lesion with: 1) 3D reconstructed imaging 
using MRI and contrast enhance ultrasound (CEUS), and 2) the 3D predicted ablation 
volume as provided by the manufacturer. The objectives of the study are assessing 
the safety and efficacy of IRE of renal masses (primary objectives), and assessing the 
efficacy of MRI and CEUS for the initial evaluation and short-term (4 weeks) follow-up 
of IRE lesions (secondary objectives). This study conforms to the recommendations of 
the IDEAL Collaboration and can be categorised as a phase 2A development trial [24].  
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Methods/Design

Ethical consideration
The Institutional Review Board (IRB) of the Academic Medical Center, Amsterdam, 
approved this study protocol (2013_219). The protocol has been registered with The 
Dutch Central Committee on Research Involving Human Subjects (NL44785.018.13) and 
is entered in the clinicaltrials.gov database (NCT02298608). Potential candidates will 
receive the study information both verbally and in writing. They will be granted at least 
one week to decide on participation. Written informed consent is acquired from all 
participants.

Study design
This is a prospective, human, in-vivo study among 10 patients presenting with a solid 
renal mass, and candidates for radical nephrectomy (RN). A study flowchart is provided 
in figure 1. Prior to the IRE procedure baseline MRI and CEUS imaging will be acquired. 
Subsequently the patients will undergo IRE ablation of their renal mass. Follow-up at 
one and four weeks post IRE will be performed using MRI and CEUS imaging. At these 
time points procedure and device related adverse events (AE) will be registered using 
the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0 guideline. 
Four weeks after IRE the patients will undergo radical nephrectomy after which 
pathological examination will be performed to evaluate IRE ablation success. Core 
biopsies are harvested before IRE ablation in order to assure tumour differentiation in 
case of complete ablation. Correlation between pathology and imaging will reveal the 
efficacy of MRI and CEUS for the assessment of IRE lesions.

Study objectives
Primary objectives:
-  To determine the efficacy of IRE ablation of renal masses, measured by pathological 

examination of the targeted tumour.
-  To determine the safety of IRE ablation of renal masses, by evaluating device and 

procedural adverse events using CTCAE v4.0.
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Figure 1: Study design flowchart

Secondary objectives: 
-  To evaluate the efficacy of MRI in the imaging of ablation success, the extent of the 

ablation zone, one and four weeks post IRE ablation.
-  To evaluate the efficacy of CEUS in the imaging of ablation success, the extent of the 

ablation zone, one and four weeks post IRE ablation.

Population
Ten patients with a solid enhancing renal mass and scheduled for a radical nephrectomy 
will be enrolled in this study. Eligible patients are over 18 years of age, and candidate 
for radical nephrectomy due to tumour size/stage, or ESRD (stage 4 or 5), or the need 
for a pre-emptive transplant kidney. The development of IRE is aimed at the ablation 
of small renal masses (SRM). According to EAU and Dutch Association of Urology (NVU) 
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protocol the preferred treatment of a SRM in an otherwise functioning kidney is partial 
nephrectomy (PN). Performing IRE ablation in these cases might, however complicate a 
subsequent partial nephrectomy leading to impaired surgical outcomes. Therefore we 
will strictly include patients with a renal mass who are planned for radical nephrectomy. 
All inclusions will be 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. 

Table 1: Inclusion and exclusion criteria 

Inclusion Criteria Exclusion Criteria
○ Age ≥ 18 years ○ Irreversible bleeding disorders
○ Solid enhancing mass on cross sectional 
imaging

○ Inability to stop anticoagulation therapy

○ Scheduled for open or laparoscopic RN ○ Prev. cryoablation, RFA or PN affected kidney
○ Signed informed consent ○ Anaesthesia Surgical Assignment (ASA) cat. ≤ IV

○ ICD or pacemaker
○ Severe cardiovascular disease *

* Severe cardiovascular disease is defined as the diagnosis of myocardial infarction, uncontrolled 
angina, significant ventricular arrhythmias, stroke or severe cardiac failure (NYHA class ≥ III) within 
6 months prior to inclusion.

Study procedures
Core biopsy (standard treatment):
Percutaneous renal core biopsy will be performed directly before the IRE procedure, 
utilizing the procedural anaesthesia. A minimum of two percutaneous core biopsies will 
be harvested for pathological examination. In the Academic Medical Center Amsterdam 
all patients presented with a renal mass on cross-sectional imaging, suspicious for 
malignancy, are advised to undergo renal core biopsies. 

IRE ablation (study intervention):
This study utilizes the Angiodynamics (Queensbury, New York) NanoKnife™ IRE 
device (figure 2A), also registered as the HVP-01 Electroporation System. This IRE 
system consists of a Low Energy Direct Current (LEDC) generator, footswitch and 19G 
monopolar needle electrodes (15 or 25 cm length). The device and electrodes have 
been developed for soft tissue ablation. Both the device and the electrodes carry a 
CE certificate for cell membrane electroporation. The system has been approved by 
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the FDA via 510(k) Premarket Notifications (K060054, K080202, K080376, K080287). All 
510(k) cleared components are indicated for surgical ablation of soft tissue.
The IRE procedure will take place at the Radiology department CT-room under general 
anaesthesia with muscle relaxation, as described by Nielsen et al. [25]. An interventional 
radiologist accompanied by a urological surgeon will perform the procedure. ECG 
monitoring and synchronization of IRE pulses will be performed under anaesthetic 
supervision. Needle electrodes (figure 2B) will be placed under ultrasound and CT 
guidance using external spacers (figure 2C) for fixation during pulse administration. 
Probe number and placement will be adjusted for specific tumour size or targeted 
tissue ablation in case of clinical tumor stage ≥ cT1b. Currently practiced IRE settings 
for tumour ablation are electrode spacing of 15 mm, electrode tip exposure of 15 mm, 
90 pulses of 90µs (synchronised with ECG) and a pulse intensity of 1500 V/cm. The IRE 
treatment cycle will take 5-10 minutes; total operating time is estimated at 90 minutes. 
If deemed clinically fit, patients will be discharged 24 hours after the IRE procedure. 
Post procedural pain will be quantified at 4 hours, 24 hours and 1 week by means of VAS 
score, cumulative opiate use and patient satisfaction. 

Figure 2: The NanoKnife IRE console (A). The console utilizes 19G monopolar needle electrodes 
(B) which can be locked together use external spacers (C). 
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CEUS and MRI imaging (study intervention):
CEUS and MRI imaging will take place at baseline, one week and four weeks after 
IRE ablation in order to assess lesion size and enhancement. Furthermore, this will 
reveal possible complications and any unexpected abnormalities as a result of the IRE 
procedure that may affect the final surgery (radical nephrectomy). 
Contrast enhanced ultrasound (CEUS) utilizes a contrast agent to increase echogenicity 
of blood for better visualisation tissue vascularisation. Ultrasound contrast contains 
3-5 µm microbubbles surrounded by a phospholipid shell. Early studies have shown 
promising results for the use of CEUS in the follow-up after cryoablation[26]. This 
study uses a Philips iU22 (Philips Healthcare, Bothell, USA) ultrasound device which 
is optimised for contrast studies, in combination with SonoVue (Bracco, Milan, Italy) a 
third generation ultrasound contrast agent with a elimination half-life of 6 minutes [27]. 
MRI will be performed using a Siemens Avanto 1.5 Tesla MRI scanner (Siemens 
Healthcare, Erlangen, Germany) with a 16-channel body array coil. The MRI protocol 
will include at least the following sequences: T2-trufi with fat suppression, T1-fl2d 
contrast enhanced in and out of phase, T2-haste, T1 vibe unenhanced and dynamic 
series at 30 seconds, 60 seconds, and 15 minutes. As MRI contrast agent Gadovist 1.0 
(Bayer Pharma, Leverkusen, Germany) will be used.

Radical nephrectomy (standard treatment):
Radical nephrectomy will be performed four weeks after renal IRE ablation, either 
open or laparoscopic depending on patient specific factors such as co-morbidities and 
tumour characteristics. It will be performed according to department protocol by two 
experienced urologic surgeons. 

Sample size
This is a phase 2A (IDEAL), pilot study. In ablation of renal masses, location and size of 
the renal mass influence treatment variables: number of probes and device settings. 
The sample size of 10 patients was chosen in order to explore 2-3 probe configurations. 
In this phase of research, this requires at least 3 repetitions of a specific probe 
configuration in order to assess consistency and the potential influence of other factors 
(tumor location, tissue composition) on ablation volume. Furthermore, a recently 
published animal study by Sommer et al. demonstrated a successful evaluation of CT 
imaging versus histological evaluation with a 3 probe configurations using a sample 
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size of 10 cases [28]. A sample size of 10 patients, testing 2-3 IRE probe configurations, 
does not allow for reliable statistical analysis. We will therefore confine our results to 
averages and standard deviations of the assessed volumetric data. 

Potential benefits and risks
There are no benefits for patients that participate in this study. Study participants will 
be exposed to additional risk when compared to standard treatment. They will have to 
undergo an additional procedure under general anaesthesia with muscle relaxation. 
An independent expert, assigned by the IRB, has estimated the exposure to ionizing 
radiation during the IRE procedure at 32 mSv. 
IRE is a new tissue ablation technology and IRE of renal tumours has only been 
tested in a limited number of patients. It might be that certain risks and side effects 
are unforeseen at this point in time. Potential risks associated with IRE for renal 
tumours, using the NanoKnife™ system, are listed in table 2. In addition, it is not 
expected that renal IRE in patients with ERDS will result in an acute dependence on 
dialysis. Both animal and human studies did not show a substantial decrease in GFR 
following renal IRE ablation. Research among patients suffering from renal insufficiency 
has however not yet been conducted. Therefore the possibility of a decrease in 
renal function leading to the need for dialysis cannot be completely excluded. 

Table 2: Potential risks associated with IRE of renal tumours.

Potential Hazards of renal IRE ablation Potential Effects
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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Data safety monitoring board 
The study will be monitored by a data safety monitoring board (DSMB) consisting of 
an independent urologist and a statistician. 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 IRB of the Academic Medical 
Center, Amsterdam. Additional DSMB meetings can be called at any time if deemed 
necessary by the DSMB or the Principal Investigator. 

Analysis
The NanoKnife console provides 2D images displaying a cross section of the predicted 
ablation zone perpendicular to the needle tract. Using the AMIRA software package (FEI 
Visualisation Sciences Group, Burlington, USA) the 2D ablation zone cross sections will 
be stacked along the length of the exposed electrode tip providing predicted:

•	 3D reconstruction
•	 ablation zone shape/symmetry 
•	 ablation zone volume (cm3)

Pathological examination of the resected specimen will be performed by an experienced 
genitourinary pathologist. Prior to the study specific pathology protocol, sufficient 
material is acquired for routine renal tumour examination. The kidneys will be cut in 
a coronal plane creating 3-4 mm slices. After macroscopic inspection, the whole IRE 
lesion will be excised and embedded for sectioning and staining. Stains to be used 
will include hematoxylin and eosin (H&E), nicotinamide adenine dinucleotide (NADH) 
diaphorase and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL). 
NADH staining confirms cell viability and TUNEL staining conversely indicates cell non-
viability. Combining the results of these stains will provide a detailed analysis of cell 
viability within the IRE ablation zone. 
Microscopic examination will assess: 

•	 IRE ablation volume (cm3)
•	 ablation zone shape/symmetry
•	 transition zone
•	 viable cells within ablation zone
•	 skip lesions
•	 damage to blood vessels
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•	 damage to the collecting system 
•	 damage to the renal pelvis

The pathology slides will be digitized using a Ventana iScan HT pathology slide scanner 
(Roche, Tuscon, USA). A 2D reconstruction of the segmented tumour will be constructed 
using Fiji (ImageJ). Within the 2D reconstruction the ablation zone will be outlined. 
Using the AMIRA software package the 2D tumour sections will be stacked to render a 
3D reconstruction of the histopathology. This reconstruction is used to assess the exact 
lesion volume and shape. 

3T MRI and CEUS imaging will be analysed by a specialised urologic radiologist focussing 
on: 

•	 ablation volume (cm3)
•	 ablation zone shape/symmetry
•	 residual tumour on ablation zone border
•	 skip lesions within ablation zone
•	 transition zone between ablated and normal renal tissue
•	 damage to vital structures 

Within the CEUS images basic measurements will be performed. Within in the MRI 
images the ablation zone and the kidney as a whole will be outlined. Using the AMIRA 
software package the outlined MRI images will be stacked to render a 3D reconstruction 
of the kidney and the IRE ablation zone within. 

Discussion

Before progressing to follow-up studies of IRE in renal masses it is vital to perform tissue 
specific testing of IRE ablation efficacy and safety. This trial will investigate IRE ablation 
efficacy by comparing 3D histopathological examination of a (partially) resolved IRE 
lesion, through radical nephrectomy with 1) examination of 3D imaging using MRI and 
CEUS and 2) 3D prediction of ablation volume as given by the manufacturer. IRE ablation 
volume and shape is influenced by many variables such as needle number, needle 
configuration, and devices/pulse settings. With only 10 IRE ablations it is not within 
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in the scope of this study to experiment with a wide variety of IRE settings. We aim to 
test 2 needle electrode configurations, while keeping the device settings constant. In 
clinical practice contrast enhanced CT scanning is most widely used modality for follow-
up after renal mass treatment. In this study however it was decided not to investigate 
CT imaging in order to limit the cumulative radiation exposure. Study participants are 
already receiving an estimated 32 mSv of ionizing radiation due to the CT guided IRE 
procedure. Adding CT follow-up to the research protocol would result in 2-3 additional 
4 phase CT scans, besides any CT scans that are necessary after the final treatment. 
Another limitation of this study is the follow-up period, which is limited at 4 weeks. 
Animal trials have shown renal IRE lesions to be partially resolved at 3-4 weeks [20-22]. 
Preferably radical nephrectomy would be postponed longer than 4 weeks, giving the 
IRE lesion more time to mature, allowing for better analysis of intermediate ablation 
results. However, further prolonging the final treatment is unethical at this early phase 
of the research. A final limitation is the tumour size. Patients who are candidate for 
radical nephrectomy, except for patients with ERDS, will have tumours larger than 4 cm. 
Ablative therapies are indicated for tumours ≤ 4 cm, which means that we not testing 
renal IRE in the intended population. The choice for radical nephrectomy was made out 
of the concern that IRE ablation might complicate a subsequent partial nephrectomy 
leading to impaired surgical outcome. In our opinion this trial will provide essential 
knowledge on IRE of renal masses, guiding future research of this promising ablative 
technique.
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Summary: New Techniques in the Diagnosis and Treatment of Renal 
Masses

Chapter 1 sets the background for this thesis by describing the developments in renal 
mass incidence, and naming the challenges in conventional renal mass diagnosis and 
treatment. The increasing incidence of small renal masses, in an aging population 
often suffering from multiple comorbidities, creates the need for accurate diagnostic 
techniques complemented by innovative minimally invasive treatment modalities. 
The aim of this thesis is advancing percutaneous needle based Optical Coherence 
Tomography (OCT) a high resolution optical imaging technique, and Irreversible 
Electroporation (IRE) a novel focal ablative technique, for use in renal mass therapy. 

In chapter 2 we report on the feasibility of percutaneous, needle based, OCT of the 
kidney. A detailed description is given on how the percutaneous needle based OCT 
procedure and the subsequent data analysis are performed. Developing a minimally 
invasive approach for OCT probe delivery is an essential first step in the development 
of OCT into a clinically applicable technique for tumor differentiation. The first 25 
patients prove percutaneous OCT to be an easy and safe procedure. OCT in the form 
of an “optical biopsy” has two advantages over conventional core biopsies. First, the 
real time acquisition and analysis of OCT data will provide instant diagnostic results, 
compared to the 5-10 day processing time of conventional pathology. Second, OCT 
has the potential to reduce the amount of non-diagnostic procedures, being 20% for 
conventional biopsies. When an OCT scan reveals perirenal fat or unaffected renal 
tissue, both non-diagnostic results, the OCT operator can reposition the OCT probe to 
successfully target the tumor.  

Chapter 3 studies the ability of percutaneous needle based Optical Coherence 
Tomography (OCT) to differentiate renal masses, using the attenuation coefficient 
(µOCT, mm-1) as a quantitative measure. The 40 tumors included in this first analysis 
consisted of: 4 oncocytomas, 25 clear cell renal cell carcinomas (ccRCC), 8 papillary 
renal cell carcinomas (pRCC) and 3 chromophobe renal cell carcinomas (chRCC). The 
median µOCT was found to be significantly higher in RCC versus oncocytoma, with ROC 
analysis showing promising results for their differentiation. The findings of this pilot 
cohort demonstrate the potential of percutaneous needle based OCT in aiding the 
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differentiation of renal masses, warranting further patient inclusion in order to derive 
tumor specific µOCT cut off values. 

In chapter 4 an overview is given of recent developments in the field of focal ablation 
for renal cell carcinoma, focussing on current standard techniques, new technologies, 
and on imaging for ablation guidance and evaluation. Although high level randomized 
controlled trials comparing thermal ablation techniques are lacking, the available 
evidence indicates that thermal ablation for small renal masses is a safe procedure 
for both long-term oncologic and functional outcomes. Thermal ablation continues 
to be associated with a low risk of residual disease, for which candidates should be 
properly informed. Radiofrequency ablation (RFA) and cryoablation remain the 
standard whereas alternative techniques require further studies. Microwave ablation 
(MWA) and high intensity focussed ultrasound (HIFU) are modalities with the potential 
of creating localized high temperatures. However, difficulties in renal implementation 
are impairing sufficient ablation results. Irreversible electroporation (IRE), although 
not strictly thermal, is a new technology showing promising results in animal and early 
human research. 

In chapter 5 mathematical simulations were performed assessing temperature 
development during IRE using clinically practiced settings. The first aim of this 
mathematical exercise was to demonstrate a non-negligible thermal response during 
in vivo IRE. Secondly, we aimed to present a method for estimating temperature 
development in order to aid future IRE treatment planning. IRE simulation in prostate-
resembling tissue shows thermal lesions with 67-92°C temperatures, which match the 
positions of the coagulative necrotic lesions seen in experimental studies. Simulation 
of IRE around a blood vessel when blood flow removes the heated blood between 
pulses confirms clinical observations that the perivascular tissue is thermally injured 
without affecting vascular patency. Awareness of temperature development, and the 
use of temperature simulations, will safeguard future IRE candidates from unintended 
thermal damage. 

Chapter 6 evaluates the risk of IRE induced thermal damage, by mapping temperature 
development and distribution during IRE of porcine kidney tissue. Four kidneys 
were treated in vivo with a 3-needle configuration and the remaining 4 with a 
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4-needle configuration. The temperature was measured internally using 4 fiber-optic 
temperature probes and at the surface using a thermal camera. Peak temperatures 
within the tissue during the 3-needle IRE ablations reached 57⁰C at the core of the 
ablation zone, decreasing to 40⁰C at 1 cm outside the ablation zone (baseline 32-34⁰C). 
Peak temperatures within the tissue during the 4-needle IRE ablations reached 79⁰C 
at the core of the ablation zone, decreasing to 42⁰C at 1 cm outside the ablation zone 
(baseline 32⁰C). Surface temperatures at the heart of the ablation zone reached a 
peak temperature of 31⁰C and 35⁰C for the 3 and 4 IRE needle configuration (baseline 
22⁰C). Applying repetitive electric pulses, as is done during IRE ablation of the kidney, 
causes a lethal temperature rise within the ablation zone. When performing IRE in close 
proximity to vital structures temperature monitoring should be considered. 

Aimed at evaluating the efficacy and safety of IRE of renal masses, chapter 7 presents 
a human in-vivo research protocol. This proposed study protocol assesses IRE efficacy 
through follow-up imaging and subsequently histopathological examination of the 
resected specimen. Furthermore, it assesses the accuracy of MRI and CEUS imaging 
in the evaluation and follow-up of the IRE ablation zone. The only way to truly assess 
short-term ablation success is by histopathology of the IRE ablation zone. Follow-up 
trials into IRE of renal masses, without subsequent resection, require a reliable imaging 
modality in order to safeguard patients from undetected recurrences. In our opinion 
this trial could provide important knowledge on the safety and efficacy of IRE of renal 
masses, guiding future research of this promising ablative technique. 
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Conclusions 

Optical Coherence Tomography
We developed and tested percutaneous needle based optical coherence tomography 
of renal masses using small diameter fiber optical pullback probes. Evaluation and 
modification of the percutaneous procedure after 25 cases proved to be easy, fast and 
safe. The fiber-optic OCT probes are designed for intravascular imaging in cardiology and 
are long and flexible probes are needed for reaching the coronary arteries. However, 
these properties make the OCT probes delicate in nature. Difficulties in handling the 
probes during the percutaneous OCT procedure cause imaging artefacts or even a loss 
in signal due to damage. Therefore, further evolution of OCT in renal masses has to be 
accompanied by the development of fiber-optic needles designed specifically for this 
purpose. 
At 40 inclusions, µOCT values were extracted from the acquired OCT datasets using 
dedicated software based on the Fiji (ImageJ) platform. This method of data analysis 
has proven to be easy, with a quick learning curve, yielding consistent results. However, 
in its current form the processing of OCT datasets remains time consuming and only 
samples a small amount of the acquired data. In addition, data analysis is at this point 
restricted to several dedicated researchers. Further, automation of quantitative data 
analysis and the integration of analysis software in the OCT console is a necessary step. 
If pursued these developments will reduce the learning curve, speed up the analysis 
process, allow for an increased number of µOCT measurements per dataset and will 
reduce the inter- and intra-observer variability on ROI selection.
We set out with the hypothesis that µOCT values would be significantly higher for 
malignant- versus benign tumors. This was clearly demonstrated in the results of 
chapter 3, albeit with a low number of benign tumors (oncocytoma). A concern is the 
NPV of 37% in the differentiation between oncocytoma and RCC, rendering negative 
test results unreliable for excluding malignancy. Moreover, within the µOCT analysis 
of the tumor subtypes an overlap between oncocytoma and chRCC was observed. 
Both of these results are influenced by the low number of benign tumors included. 
The magnitude of these issues cannot be determined at this time and will become 
apparent in future analyses. Scheduled future analyses in the development of the µOCT 
as a parameter for tumor differentiation will derive cut-off values corresponding with 
the different tumor subtypes at 95-100 inclusions, and subsequently validating these 
cut-off values in an equally sized group of new inclusions. 
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Irreversible Electroporation
As research into IRE has progressed to the clinic, questions remain on the mechanism 
of action and optimal ablation parameters. For this reason basic research is being 
performed simultaneously with early in human research. Using mathematical 
simulations we demonstrated that, although described as non-thermal, the IRE settings 
presented in published in vivo research will lead to substantial Joule heating. The same 
simulations however provide the means to safeguard future patients from unintended 
thermal damage to vital structures. When performing renal mass IRE using clinically 
practiced settings lethal temperatures are reached within IRE needle configuration, as 
demonstrated in our porcine experiment. However, the temperature dissipates rapidly 
as the distance from the needle configuration increases, allowing for uncomplicated 
ablation if a safe margin of 1 cm is kept from vital structures.
At the time of conception, the research protocol described in chapter 7 was a logical 
step in the structured and safe introduction of IRE in renal masses. However, the 
protocol was hampered by problems in finding patients and was therefore closed 
after one year with no inclusions. The combination of a renal mass requiring radical 
nephrectomy, without the presence of contraindications for IRE or severe comorbidities 
and the willingness to undergo two procedures proved to be too complex to acquire 
inclusions. Other groups have in the meantime published early in vivo results with up 
to one year of follow up, demonstrating the safety of renal IRE together with promising 
oncological outcomes. At this point research into renal mass IRE should consist of basic 
research into optimization of tissue specific IRE settings, besides in vivo trials focused 
on intermediate to long term follow up. 
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Future Perspectives

Optical Coherence Tomography
The research presented in this thesis raises the question if needle based OCT could 
be the single technique to solve the current difficulties in the differentiation of renal 
masses. Early results suggest that OCT in isolation might not be the perfect solution 
in distinguishing all possible tissue subtypes. However, the solution in the diagnosis of 
renal masses will most probably lie in a combination of techniques, in order to overcome 
individual shortcomings. The ability to deliver the signal through an optical fiber make 
OCT ideal to combine with other optical techniques by sending multiple signals through 
a single probe. Suitable for combination is diffuse reflectance spectroscopy (DRS), a 
technique that provides quantitative data on oxygen saturation and the biochemical 
composition of the scanned tissue. This will result in an “optical biopsy” providing real 
time evaluation of morphological (OCT) and biochemical (DRS) changes that occur 
during carcinogenesis. Innovative probes designed specifically for renal mass sampling 
will improve OCT resolution and reduce artefacts. Furthermore, these optical probes 
can be integrated in a variety of medical devices for intraprocedural tissue sampling, 
aiding targeting and point of care decision making. The main problem in renal mass 
biopsy, insufficient sampling causing non diagnostic pathology results, can possibly 
be overcome by incorporating OCT/DRS technology into biopsy equipment enabling 
optical analysis of the tissue prior to harvesting the sample. 

Irreversible Electroporation
Future evaluation of temperature development during IRE can take two directions. One, 
the temperature development can be accepted without further research. This however 
renders IRE to be in part a thermal ablation technique bringing with it the unselective 
destruction that characterizes conventional techniques, and taking away the unique 
aspect that vital structures within the ablation zone are spared. The second direction 
is to develop an IRE protocol that is not accompanied by lethal temperature rises. 
This can be achieved by altering ablations parameters, namely voltage, pulse length, 
pulse number and pulse timing. Starting with mathematical simulations of different IRE 
ablation settings a number of protocols can be constructed, followed by in vivo testing 
of the most promising protocols. Additionally the pursuit of a non-thermal IRE protocol 
will address the question to what extent the ablation effect is caused by electroporation 
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of the cell membrane versus thermal destruction by secondary heat development. 
By performing IRE ablations with minimal thermal effect it can be assumed that the 
majority of the remaining cell death is caused by electroporation. 
In renal mass treatment IRE competes with conventional thermal ablation techniques, 
RFA and cryoablation. IRE can excel in cases were these conventional techniques are 
contraindicated, namely tumors in close proximity to the renal collecting system, the 
large blood vessels or the neighboring abdominal organs. However, currently practiced 
IRE settings are crude and poorly adapted to the individual tumors. Putting more effort 
into deriving tumor specific electrical properties, translated to tumor specific IRE 
settings, is essential. Minimal modifications to the IRE console will allow more variety 
in pulse settings, enabling pulse sequencing with minimal thermal effect. Fusing cross-
sectional imaging to IRE planning software enables tumor specific 3D ablation planning. 
Finally, a use for IRE in renal masses yet to be explored is that of tumor debulking, or 
cytoreduction. Currently cytoreduction is performed through a radical nephrectomy 
accompanied by a severe burden of treatment. IRE has the potential of reducing the 
tumor load with significantly less unwanted treatment side effects.  

One Stop Diagnosis and Treatment 
A possible, long term, perspective is the full integration of minimally invasive diagnosis 
and treatment techniques into a so-called one stop shop for small renal masses. Patients 
presenting with a renal mass on cross-sectional imaging are planned for an optical 
biopsy, providing real-time information on tumor subtype and grade. Furthermore, 
optical analysis can provide tissue specific properties to be used for patient-specific 
ablation planning. In case of IRE this would be a quantitative assessment of parameters 
that influence the electrical properties of the targeted tissue. If the tumor is found to 
be malignant and suitable for minimally invasive treatment, ablation can take place 
immediately. If feasible, merging minimally invasive techniques into a one stop clinic for 
small renal masses will increase healthcare efficiency and save the patients the burden 
of waiting for final treatment.





CHAPTER 9

Nederlandse samenvatting
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Samenvatting: Nieuwe technieken voor de diagnostiek en behandeling 
van niertumoren

Hoofdstuk 1 schetst de achtergrond van dit proefschrift door de ontwikkelingen ten 
aanzien van de incidentie van niertumoren te beschrijven, en de uitdagingen in de 
hedendaagse diagnostiek en behandeling te benoemen. De toegenomen incidentie 
van kleine niertumoren, bij steeds oudere patiënten die lijden aan meerdere 
comorbiditeiten, creëert de noodzaak voor nauwkeurige diagnostische technieken in 
combinatie met minimaal invasieve behandeltechnieken. Het doel van dit proefschrift 
is de ontwikkeling van percutane naald geplaatste optische coherentie tomografie 
(OCT), een hoge resolutie optische beeldvormingstechniek, en de ontwikkeling van 
irreversibele elektroporatie (IRE), een nieuwe focale ablatie techniek, voor gebruik in 
de behandeling van niertumoren. 

In hoofdstuk 2 rapporteren we over de uitvoerbaarheid van percutane naaldgeplaatste 
OCT in de nieren. Er wordt een gedetailleerde beschrijving gegeven van de percutane 
OCT procedure en de analyse van de verkregen OCT datasets. Het ontwikkelen van een 
minimaal invasieve methode om de OCT probe te plaatsen is een essentiële stap in 
de ontwikkeling van OCT tot een klinisch toepasbare techniek voor de differentiatie 
van niertumoren. De eerste 25 patiënten toonden dat percutane OCT een eenvoudige 
en veilige procedure is. OCT in de vorm van een “optisch biopt” heeft twee beoogde 
voordelen ten opzichte van conventionele biopten. Allereest, kan het verzamelen en de 
analyse van de data ter plekken plaatsvinden waardoor de uitslag van het onderzoek 
direct beschikbaar is. Dit ten opzichte van conventionele pathologie waar 5 tot 10 dagen 
voor de analyse nodig is. Ten tweede, zou OCT het aantal biopten waar onvoldoende 
materiaal is voor analyse (niet diagnostische biopten) kunnen reduceren. Conventionele 
biopten zijn in 20% van de gevallen niet diagnostisch. Wanneer een OCT scan normaal 
nierweefsel of perirenaalvet toont, beiden niet diagnostische resultaten, dan kan de 
OCT probe opnieuw worden geplaatst om in dezelfde procedure alsnog succesvol de 
tumor te scannen.

Hoofdstuk 3 bestudeert het vermogen van optische coherentie tomografie (OCT) om 
niertumoren te differentiëren, gebruik makend van de attenuatie coëfficiënt (µOCT, mm-1) 
als kwantitatieve parameter. De 40 tumoren die in deze eerste analyse opgenomen zijn 
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bestaan uit: 4 oncocytomen, 25 heldercellige niercelcarcinomen (ccRCC), 8 papillaire 
niercelcarcinomen (pRCC), en 3 chromofobe niercelcarcinomen (chRCC). De mediane 
µOCT bleek significant hoger voor niercelcarcinomen (RCC) versus oncocytomen, waarbij 
ROC analyse veelbelovende resultaten toonde voor de differentiatie tussen deze twee 
groepen. De resultaten van dit pilot onderzoek tonen de potentie van percutane OCT 
voor de differentiatie van niertumoren en rechtvaardigen hiermee verdere inclusie van 
patiënten om tumor specifieke µOCT afkapwaarden te bepalen. 

Hoofdstuk 4 biedt een overzicht van de recente ontwikkelingen binnen het veld van 
focale ablatie van niertumoren met de focus op conventionele technieken, nieuwe 
technologieën, en op het gebruik van beeldvorming bij de uitvoering en het vervolg van 
ablaties. Ondanks dat er geen gerandomiseerde onderzoeken zijn uitgevoerd, tonen 
de beschikbare resultaten dat thermische ablatie van niertumoren veilig is wat betreft 
zowel de oncologische als functionele uitkomsten. Thermische ablatie heeft nog steeds 
een zeker risico op recidief tumor, waarover de patiënt goed geïnformeerd dient te 
worden. Radiofrequentie ablatie (RFA) en cryoablatie blijven de standaard, de overige 
technieken vereisen verder onderzoek. Microgolf ablatie (MWA) en hoge intensiteit 
ultrageluid (HIFU) hebben beiden de potentie om lokaal hoge temperaturen op te 
wekken. Door moeilijkheden bij het toepassen van deze technieken in de nieren zijn 
de ablatie resultaten voorlopig suboptimaal. Hoewel irreversibele elektroporatie (IRE) 
strikt genomen geen thermische ablatie techniek is, toont de techniek veelbelovende 
vroege resultaten in zowel proefdier als humaan onderzoek. 

In hoofdstuk 5 zijn wiskundige simulaties uitgevoerd om de temperatuur ontwikkeling 
te analyseren tijdens IRE gebruikmakend van klinisch gebruikte instellingen. Het 
eerste doel van deze wiskundige onderneming was demonstreren dat er een niet 
verwaarloosbare temperatuur verhoging optreedt tijdens in vivo IRE. Het tweede doel 
was het demonstreren van een methode om temperatuur ontwikkeling te voorspellen, 
te gebruiken bij de planning van toekomstige IRE ablaties. IRE simulaties op basis van 
de elektrische eigenschappen van prostaatweefsel toonden thermische laesies met 
temperaturen van 67-92⁰C, waarvan de posities overeenkomen met de coagulatieve 
necrose die wordt gezien in experimentele studies. Simulatie van IRE rond een bloedvat, 
waarbij het stromende bloed de warmte tussen de elektrische pulsen afvoert, bevestigt 
de klinische observatie dat het perivasculaire weefsel wordt aangedaan terwijl het 
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bloedvat intact blijft. Kennis van de temperatuur ontwikkeling en het gebruik van 
temperatuur simulaties zal toekomstige IRE patiënten beschermen tegen ongewilde 
thermische schade.

Hoofstuk 6 bestudeert het risico op IRE geïnduceerde thermische schade door 
de temperatuur ontwikkeling en -distributie in kaart te brengen gedurende IRE in 
varkensnier. Vier nieren werden in vivo behandeld met een IRE ablatie met 3 naalden, 
en de overige 4 nieren met 4 IRE naalden. De temperatuur werd binnen het weefsel 
gemeten met 4 fiberoptische temperatuursondes en aan het oppervlak van de nier 
met behulp van een temperatuurcamera. De piek temperatuur binnen het weefsel 
gedurende IRE met 3 naalden bereikte 57⁰C in het hart van de ablatiezone, dalend naar 
40⁰C op 1 cm buiten de ablatiezone (baseline 32-34⁰C). De piek temperatuur binnen 
het weefsel gedurende IRE met 4 naalden bereikte 79⁰C in het hart van de ablatiezone, 
dalend naar 42⁰C op 1 cm buiten de ablatiezone (baseline 32⁰C). De oppervlakte 
temperatuur bereikte een piek van 31⁰C en 35⁰C voor de 3 en 4 naalden IRE ablaties 
(baseline 22⁰C). Het toedienen van repeterende elektrische pulsen, zoals gedaan bij 
IRE ablatie in de nieren, resulteert in een lethale temperatuurverhoging binnen de 
ablatie zone. Wanneer IRE in de nabijheid van vitale structuren wordt uitgevoerd dient 
temperatuur monitoring te worden overwogen. 

Hoofdstuk 7 presenteert een human in vivo onderzoeksprotocol gericht op de veiligheid 
en effectiviteit van IRE in niertumoren. Dit voorgestelde onderzoeksprotocol evalueert 
de effectiviteit van IRE met behulp van follow-up beeldvorming en pathologische 
analyse van de gereseceerde nier. Bovendien wordt de nauwkeurigheid van MRI en 
contrast echografie (CEUS) voor de follow-up van de IRE ablatiezone beoordeeld. De 
enige manier om onomstotelijk korte termijn ablatie succes vast te stellen is door 
histopathologische analyse van de IRE ablatiezone. Voor vervolg onderzoek, zonder 
resectie van de nier, is het van belang dat er een betrouwbare beeldvormende techniek 
gebruikt kan worden om recidieven vast te stellen. In onze optiek kan deze studie 
belangrijke kennis over de veiligheid en de effectiviteit van IRE in niertumoren bijdragen 
en een essentiële basis bieden voor toekomstig onderzoek naar deze veelbelovende 
ablatie techniek.
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