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technologies, irreversible electroporation has suboptimal 
short-term local disease control results in this series of 
small, low complexity tumors. Larger series and longer fol-
low-up will determine the durability of this modality.
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Introduction

Long-term data now supports the oncologic efficacy of 
thermal ablative therapies such as radiofrequency ablation 
(RFA) and cryoablation (CA) in treating small (<4  cm) 
renal cell carcinoma (RCC) [1–5]. However, these tech-
niques have limitations for larger tumors, those adjacent to 
the collecting system, or if the tumor is in close proxim-
ity to other structures [6–8]. In addition, efficacy of thermal 
ablative techniques can be limited by the vascular “heat 
sink,” phenomena [9]. An alternative ablative approach to 
classic thermal techniques may overcome some of these 
limitations.

Irreversible electroporation (IRE) is an ablative tech-
nology that employs short pulses of high voltage electri-
cal current across the target tissue. This creates irreversible 
nanopores in the phospholipid bilayer of the cell mem-
brane causing membrane destabilization and thereby lethal 
changes in cell permeability [10, 11].

IRE does not rely on extreme temperatures to ablate the 
target tissue and theoretically is not affected by the “heat 
sink,” of intratumoral or adjacent vasculature. Pre-clinical 
data has demonstrated homogenous areas of non-viability 
within the ablation zone with preservation of the extracel-
lular matrix [12]. The majority of the published literature 
regarding IRE has been performed on other organs such as 
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treatment success rate was 93%; our three failures (7%) 
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the liver, pancreas, and prostate [13–15]. Most renal evalu-
ations of IRE have been in porcine models [16–18], with 
few human feasibility trials [19–21].

We recently published our clinical experience in which 
we describe our technique, radiographic appearance, and 
very early results of percutaneous IRE ablation [22]. This 
report details the first clinical and oncologic outcomes of 
percutaneous IRE ablation of small renal masses (SRM).

Materials and methods

Patients

All patients with cT1a renal masses, and cN0M0, treated 
with IRE from April 2013 through December 2016 were 
reviewed under Institutional Review Board approval. 
Patients were counseled by the treating urologist regard-
ing all therapeutic options for RCC including active sur-
veillance, ablation and surgical extirpation. Management 
was determined based on tumor size and location, patient 
comorbidities, and the patient’s preference after lengthy 
discussion of the risks and benefits. Small, peripheral, 
posterior or laterally located tumors with low R.E.N.A.L. 
nephrometry scores [23] were generally selected for IRE to 
minimize complexity of treatment in this initial experience. 
Informed consent was obtained from all individual partici-
pants included in this study.

Technique

Our IRE technique has been previously published [22]. 
Briefly, all IRE procedures are performed with the 
NanoKnife® System (Angiodynamics, Latham, NY, USA). 
IRE probes are placed percutaneously under computed 
tomography (CT) guidance by an experience interventional 
radiologist, with the patient under general anesthesia and 
neuromuscular blockade. The goal is to bracket the tumor 
with the number and configuration of probes determined 
by tumor size and location. For masses less than 1.5  cm 
in diameter and for those 1.5–2.5 cm, three and four elec-
trodes are typically placed, respectively. Masses 2.5–4 cm 
are treated with multiple probes, including probes within 
the center of the tumor, thus requiring probe repositioning 
during the procedure to ensure adequate treatment cover-
age. As discussed by Trimmer et  al., IRE probe exposure 
length of 2.0  cm was elected for the first three patients. 
After consultation with the manufacturer and others famil-
iar with IRE, the exposure length was decreased to 1.5 cm 
for all subsequent patients to maximize current density 
[22].

Renal mass biopsy was performed at a separate earlier 
clinical setting or after IRE probe placement at the time 

of ablation. Performance of biopsy in patients with a prior 
RCC diagnosis was up to clinician discretion. In some 
patients, clinician concern for disrupting or displacing the 
IRE probes at the time of ablation precluded biopsy.

Following verification of electrode placement with CT 
reformatted images, a 10-pulse “trial poration,” series for 
each probe pairing was performed. Voltage adjustments 
were made as needed to set the initial current delivered 
between 30 and 40 A. All renal tumors were then treated 
with the determined voltage pulsed for 100 ms at 1 Hz with 
cardiac synchronization, delivered for 70 pulses between 
each electrode pair. The polarity on the electrodes was 
subsequently reversed and 70 pulses between each elec-
trode pair were again discharged to complete the treat-
ment. Finally, a repeat CT with intravenous contrast was 
performed to assess adequate treatment by loss of tumor 
enhancement.

Imaging and follow‑up

Post-IRE efficacy was initially assessed by radiologists 
experienced in ablation imaging at 6-weeks, by verify-
ing no contrast enhancement on cross-sectional imaging. 
Patients without enhancement continued imaging evalua-
tion at 3 and/or 6 months, 12 months and annually there-
after. Patients underwent standard chest X-ray surveillance 
based on AUA guidelines post-ablation [24]. Serum creati-
nine levels were monitored preoperatively and 3–6 months 
post-operatively to trend glomerular filtration rate (GFR) 
changes.

Outcome variables

Patient demographics and tumor characteristics were col-
lected. We monitored procedural time, defined from skin 
incision to dressing complete, and recorded the number of 
IRE probes used per case. Procedural and post-operative 
complications were reviewed and adjudicated using the 
Clavien–Dindo classification [25]. Length of hospitaliza-
tion was also recorded.

Survival analysis

Residual enhancement at initial 6-week imaging was clas-
sified as treatment failure, and these patients were censored 
from further survival analysis after salvage treatment. Sub-
sequent contrast enhancement or lesion growth in the zone 
of ablation was considered evidence of local recurrence. 
Cancer-specific (CSS) and overall survival (OS) was deter-
mined based on death from RCC or other causes, respec-
tively. Survival Analysis was performed on three levels: 
patients with biopsy confirmed RCC, patients with either 
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biopsy confirmed or a history of RCC, and an intent-to-
treat (ITT) group.

Statistics

Statistical analysis was performed with SPSS version 22 
(Armonk, NY, USA). Means or medians were calculated 
for each variable determined by the normality of the data. 
Survival analysis was performed using the Kaplan–Meier 
method.

Results

Clinical outcomes

A total of 42 tumors in 41 patients were treated with cura-
tive intent using IRE. Patient demographics, tumor char-
acteristics, intraoperative outcomes, and final pathology 
are listed in Table 1. Mean tumor size was 2.0 cm (range 
1.0–3.6 cm) with a median R.E.N.A.L. nephrometry score 
of 5.

Median operative time was 94 min. Twenty-five (60%) 
tumors were biopsied either pre-procedure or intraop-
eratively. Of the tumors (40%) that were not biopsied, six 
patients (14%) had prior RCC diagnoses. The reason for 
not performing a biopsy was often due to patient preference 
pre-procedure or difficulty positioning the biopsy needle 

Table 1   Patient demographics, 
tumor characteristics, and 
operative outcomes

SD standard deviation, IQR interquartile range

Patient and tumor characteristics n = 41 patients (n = 42 tumors)

Age (years), mean (SD) 63.7 (10.8)
No. male/female (%) 23 (55%)/19 (45%)
Race
 Caucasian (%) 39 (93%)
 African-American (%) 2 (5%)
 Asian (%) 1 (2%)

Body mass index (kg/m2) (SD) 31.2 (5.4)
American Society of Anesthesiology classification
 1 1 (2)
 2 20 (48)
 3 21 (50)

Tumor size (cm), mean (SD) 2.0 (0.6)
R.E.N.A.L. score, median (IQR) 5 (4–6)
No. left/right (%) 26 (62)/16 (38)
Tumor polarity
 Upper pole (%) 8 (19)
 Interpolar (%) 24 (57)
 Lower pole (%) 10 (24)

Operation time (min), median (IQR) 94 (72–131)
No. of probes, mean (SD) 3.5 (0.7)
Pathology
 Clear cell RCC (%) 13 (31)
 Papillary RCC (%) 4 (10)
 Chromophobe RCC (%) 2 (5)
 Unclassified RCC (%) 1 (2)
 Oncocytic neoplasm favor oncocytoma (%) 2 (5)
 Non-diagnostic (%) 3 (7)
 Biopsy not performed (%) 17 (40)

Glomerular filtration rate (mL/min)
 Pre-operative, mean (SD) 77 (19)
 Post-operative (3–6 months), mean (SD) 72 (16)
 Change, mean (SD) −6 (9)
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with IRE probes in place intraoperatively. Pathology con-
firmed RCC in 80% (20/25) of biopsies, with 8% (2/25) 
oncocytic neoplasms favoring oncocytoma, and 12% (3/25) 
non-diagnostic.

Post-operatively, 71% (29/41) of patients were dis-
charged home while the remaining 29% (12/41) were 
admitted for one night. All complications were Clavien 
grade I with an overall rate of 22% (9/41). Four patients had 
small asymptomatic perinephric hematomas on immediate 
post-IRE CT scan (10%). Two of these patients were dis-
charged from recovery, while the other two were admitted 
for overnight observation. They both had stable vital signs 
and complete blood counts, and were discharged the fol-
lowing morning. Two patients had post-operative urinary 
retention (5%) and were observed overnight. One patient 
(2%) had significant pain that led to overnight observation. 
Lastly, two patients (5%) developed respiratory difficulty in 
the recovery unit and required non-invasive positive pres-
sure ventilation. Both subsequently had uneventful hospi-
talizations and were discharged the following day. Mean 
post-operative change in GFR was −6 ml/min for the entire 
cohort (Table 1).

Oncologic outcomes

Initial treatment success rate was 93% (39/42) on 6-week 
follow up CT scan. The three failures were patients #3, #11, 
and #22 in our experience. Mean tumor size of the failures 
was 2.3 cm (range 1.5–3.6 cm). Each failure underwent sal-
vage RFA, without confirmatory biopsy, and has remained 
without evidence of disease recurrence for a mean of 
21 months (range 3–35 months).

Tumors with less than 3  months of follow-up (n = 4) 
were excluded from further survival analysis. Mean follow-
up for the remaining ITT cohort (n = 35) was 22  months 
(SD 12.4) with 21 (60%) having at least 18  months of 
surveillance. Two patients developed local recurrences 
at 11 and 23  months, respectively. The 2-year actuarial 
local recurrence-free survival (LRFS) rate in patients with 
biopsy confirmed RCC was 83% (Fig. 1). In patients with 
biopsy confirmed or a history of RCC, and in our ITT 
cohort, 2-year LRFS was 87 and 92%, respectively.

The patient who developed a local recurrence at 
11 months (initial biopsy 3.0 cm clear cell RCC) underwent 
salvage treatment with a robot-assisted partial nephrectomy. 

Fig. 1   Kaplan–Meier LRFS 
curves for patients with biopsy 
confirmed RCC (red), biopsy 
confirmed or a history of RCC 
(green), and ITT cohort (blue)
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Pathology demonstrated 3.5  cm clear cell RCC, Fuhrman 
grade 3, with invasion into perinephric fat (pT3a) and nega-
tive margins. He remained free of disease until 32 months 
when he developed a 1.7 cm adrenal metastasis and under-
went robotic adrenalectomy with confirmed pathology. At 
35  months surveillance from his initial IRE treatment he 
is currently without evidence of disease. The other patient 
developed a 1.2 cm mass in the ablation track at 23 months 
(initial biopsy 1.4  cm clear cell RCC). Unfortunately, she 
had colonic adenocarcinoma at the time of initial IRE and 
subsequently developed peritoneal carcinomatosis prior to 
her local recurrence. Although the mass has not been biop-
sied, based on the location it is highly suspicious for RCC 
recurrence. She is currently receiving chemotherapy, and 
will not be pursuing additional treatment for RCC.

One patient with a 2.2 cm right renal mass, who did not 
undergo biopsy prior to or during his ablation procedure, 
passed away from an unrelated cause 16 months after IRE. 
The 2-year actuarial OS rates for the biopsy confirmed, 
biopsy confirmed or history of RCC, and for the ITT 
cohorts was 100, 100, and 95%, respectively. No patient has 
passed away from RCC.

Discussion

Both of the current American Urological Association’s [26] 
and European Association of Urology’s [27] guidelines 
recognize tumor extirpation as standard management for a 
clinical T1 renal mass, with thermal ablation as an option. 
IRE, on the other hand, is an athermal minimally invasive 
technology that has FDA 510k clearance for ablation of 
soft tissue. In this first reported series of 42 cT1a masses 
undergoing IRE, we demonstrate an initial treatment suc-
cess rate of 93% (39/42) with a 2-year LRFS rate of 83% 
in patients with at least 3 months of follow-up and biopsy 
confirmed RCC. Although our clinical outcomes have been 
appropriate with no major complications and the majority 
of our patients (71%) discharged the day of surgery, the 
short-term LRFS is suboptimal compared to thermal abla-
tion or partial nephrectomy outcomes.

The emergence of IRE as a treatment modality for 
malignancies has grown over the past decade. It has long 
been recognized that applying electrical impulses across 
cellular membranes induces poration, and the reversible 
nature of this has been utilized for drug delivery and 
gene therapy for decades [11]. More recently, Rubinsky 
and colleagues modulated these impulses with increased 
voltage and number of pulses, and noted the irreversible 
results with subsequent cell death [10]. This novel abla-
tive technique offers potential advantages over traditional 
ablation in the treatment of SRM due to its predominant 
manner of non-thermal cell death. It has been reported 

to be safe with good clinical success in the treatment of 
hepatic, pancreatic, and prostate lesions [13–15].

Experience with renal tumor IRE is limited. Pech et al. 
demonstrated feasibility and safety of IRE in the clini-
cal phase I study of patients undergoing curative resec-
tion of RCC [19]. Of six patients with 2.0–3.5 cm renal 
masses who underwent IRE immediately prior to surgi-
cal resection, all tolerated the IRE procedure well with no 
complications. Wendler and colleagues performed partial 
nephrectomy 4 weeks after IRE in three patients to assess 
histologic changes [20]. Although histology demon-
strated high degrees of damage to the renal tumors, they 
noted small tumor residues without proliferative activity 
within each ablation zone. More recently, in a series of 
five patients Diehl et  al. demonstrated the safety of IRE 
in treating SRM in solitary kidneys [21]. However, no 
reports regarding early oncologic outcomes have been 
published to date.

Our initial treatment success rate of 93% is consistent 
with prior reports of both CA (97%) [5] and RFA (87%) 
[2], although it should be emphasized that two of the 
three failures in our series occurred relatively early in our 
experience. Additionally, while treatment failure was not 
confirmed with a biopsy, based on our experience with 
other ablation techniques these were in fact failures as 
opposed to reactive hyperemia that could be monitored. 
We suspect the learning curve with IRE application was 
a factor. It is our opinion that IRE is technically more 
challenging than RFA or CA due to the need for precise 
placement of multiple probes. Probes must bracket the 
tumor, and be positioned parallel and to the same depth 
to ensure uniform voltage fields. After review of our three 
failures, we hypothesize that non-parallel probes and 
exposure of the active probe zone to peri-tumoral adipose 
tissue may have resulted in non-uniform current flow and 
incomplete poration/ablation [22]. Further monitoring of 
treatment failures going forward will help elucidate our 
hypothesis.

Long-term favorable oncologic outcomes for ablative 
treatment of SRM have been established. Contemporary 
5-year LRFS for T1a lesions is 93–96% [1–3] and 86–87% 
[4, 5] for RFA and CA, respectively. In addition, prior par-
tial nephrectomy literature has demonstrate LRFS rates of 
greater than 97% for tumors <3.0  cm [28]. We recognize 
our 2-year LRFS rate of 83% in this small series with short 
follow-up does not compare favorably to this mature litera-
ture, especially in the context of small and minimally com-
plex tumors. We also acknowledge that our low biopsy rate 
(60%) hinders interpretation of potentially more favorable 
early outcomes of the entire series (92% ITT LRFS). A 
concerted effort to improve our biopsy rate is underway to 
better define the potential role of athermal ablation in treat-
ing SRM.
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One of our recurrences appeared in the ablation track, 
potentially from seeding. A rare (0.3%) occurrence in the 
contemporary literature [6], this needs further monitor-
ing in larger studies to determine the true risk from IRE. 
Our CSS and OS are not surprising given the short follow 
up. We anticipate a greater understanding of this tech-
nology’s long-term oncologic applications with further 
surveillance.

As for complications, the four (10%) small perinephric 
hematomas identified were similar to prior experience 
with RFA and CA [29, 30] and were not clinically sig-
nificant. The two patients who had respiratory difficulty 
in recovery (5%) were morbidly obese (BMI 37 and 38.5, 
respectively), but with no respiratory comorbidities (e.g. 
sleep apnea, chronic obstructive pulmonary disease). Due 
to the need for complete paralysis during the IRE pro-
cedure, it is possible this was due to residual paralytic 
medications, as these patients gradually recovered after 
receiving non-invasive positive pressure ventilation for a 
few hours. Within the context of the small tumor size and 
low complexity, we did not experience a major (Clavien 
grade II or higher) complication.

There exist several limitations to our study in addi-
tion to aforementioned concerns about our biopsy rate. 
First, though this is the only and largest series to date, 
our patient population is small. Second, there is selec-
tion bias in our study. Our mean tumor size of 2.0  cm 
and median R.E.N.A.L. nephrometry score of 5 demon-
strate the small size and low complexity in our series, 
a notable intention in our early investigations with this 
new technology. We believe that treatment of larger cT1a 
tumors should be avoided unless appropriate oncologic 
efficacy is first demonstrated in low complexity tumors. 
In addition, there are presently potential limitations with 
IRE tumor size as probes must be placed a maximum of 
2.0  cm apart. Therefore, complex and expensive probe 
formations may limit the ability to treat larger tumors. 
Lastly, our mean follow-up of 22  months is expectedly 
short compared to that in the mature thermal ablation lit-
erature. Larger prospective studies with longer follow-up 
are needed to demonstrate our ultimate ability with IRE.

Conclusions

The short-term experience with IRE demonstrates subop-
timal oncologic, although appropriate clinical, outcomes 
in this small series. However, salvage treatment for local 
recurrences is feasible. Increasing our biopsy rate and 
longer follow-up will determine the durability of this 
modality to warrant further use in treating RCC.
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