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Abstract

Purpose Image-guided ablation (IGA) of central, endophytic and hilar tumours close to vital structures remains
a major clinical challenge. This study evaluates real-world outcomes of irreversible electroporation (IRE) for small renal
mass (RCCs) deemed unsuitable for surgery or conventional thermal ablation.

Material and methods This retrospective analysis utilised a prospectively maintained database from three spe-
cialist centres (USA, UK, Spain) for patients undergoing percutaneous IRE (NanoKnife® 3.0 System, Angiodynamics)
for biopsy-proven RCC between May 2015 and October 2024. Patients were selected via multidisciplinary team
discussion, typically due to tumour proximity to vital structures, solitary kidneys, significant comorbidities, or prior
interventions.

Results 68 patients (mean age 66.9 years; SD 12.3) with 71 tumours were included. Mean tumour size was 2.83 cm
(SD 1.39) and median RENAL Nephrometry score was 9 (IQR 6-9). Primary technique efficacy was 77.5% (55/71),
with a local control rate of 95.8% (68/71). Technical success rate was 100%. Two major adverse events (2.8%; ureteric
injury and haematuria) were observed. Mean eGFR change was -7.5 ml/min/1.73m?, with 10.0% of cases seeing
a>25% reduction. At 59-month mean follow-up (SD 35), 5-year Local Tumour Progression-Free Survival was 84.4%
(95% Cl 71.8-91.7%). The trifecta outcome (primary efficacy, no major adverse events, and < 25% eGFR decline)

was achieved in 68.6% of cases.

Conclusion According to the results of the current study, IRE is safe and effective in managing tumours near vital
structures that are unsuitable for surgery or other ablation modalities. Further studies comparing IRE to other modali-
ties are warranted.

Level of Evidence Level 4, Case Series
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Background

Small renal masses (SRMs) have traditionally been
managed through partial nephrectomy (PN) or radical
nephrectomy (RN). However, in the past decade, image-
guided ablation (IGA) has emerged as a promising alter-
native for managing SRMs. While level 1 evidence is not
available, a systematic review and meta-analysis of cohort
studies comparing PN and IGA revealed comparable
long-term recurrence-free survival (RFS), cancer-spe-
cific survival (CSS), and metastasis-free survival (MFS).
Additionally, IGA was associated with significantly fewer
complications and a smaller decline in renal function
post-operatively [1]. IGA is therefore commonly utilised
in patients at high risk of complications (i.e. significant
comorbidities or frailty), solitary kidneys, and recurrent
hereditary renal cell carcinomas (RCCs) [2]. Both Ameri-
can Urological Association (AUA) and European Soci-
ety for Medical Oncology (ESMO) have advocated IGA
as an alternative to PN in managing SRMs<3 cm [3, 4].
Similarly, the National Comprehensive Cancer Network
(NCCN) guidelines recommend the Ablative Technique
as the primary treatment for T1la renal cancer, in con-
junction with partial nephrectomy, active surveillance,
and radical nephrectomy for selected patients [5].

IGA is traditionally performed using thermal energy
such as radiofrequency, cryoablation (CRYO) or micro-
wave (MWA). However, thermal ablative therapies are
associated with high risk of collateral damages and
adverse events [6, 7], notably ureteric stricture, haemor-
rhage or damage to the collection system, especially in
endophytic tumours. Despite introduction of counter
strategies such as pre-ablation ureteric stent insertion
[7], cold pyeloperfusion [8], or hydrodissection [9], the
adverse events rate of cryoablation in completely endo-
phytic or hilar tumours are up to 10%, with sub-optimal
long-term RFS of only 74.2% at 5 years [10, 11]. Fur-
thermore, the percentage of patients achieving “trifecta”
(defined as having negative surgical margin or primary
technical success, post-operatively<10% decrease in
estimated glomerular filtration rate (eGFR) and absence
of urological complications) were only 58.8% in percu-
taneous thermal ablation group, compared to 65.3% in
PN group for completely endophytic tumours [12]. This
emphasises the limitation of both IGA and PN in manag-
ing completely endophytic tumours with critical distance
to vital structures and the need of a strategy to mitigate
risk of injuries and complications.

Irreversible electroporation (IRE) is a non-thermal
ablative technology novel to treating RCCs. It utilises
high voltage electrical impulses which lead to irrevers-
ible nanopores in cellular membranes. The formation of
these irreversible nanopores disrupts cellular homeosta-
sis, leading to increased membrane permeability, loss of
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intracellular contents, and ultimately, activation of apop-
totic signalling cascades [13]. This technology has been
shown to preserve structures rich in collagen, such as
ureters, vessels, and bile ducts, adjacent to the ablation
zone [14]. This non-thermal technology is also thought to
minimise the “heat sink” effect and possibly increases the
effectiveness of ablation [14]. The first IRE treatment of
RCC was published by Pech et al. in 2011 [15] and has
been adopted mostly as a problem-solving technique,
where other IGA or surgical techniques were deemed
unsuitable due to high risk of collateral damage. An
analysis of 30 patients with a median of 37-months fol-
low-up had revealed a primary efficacy rate of 73.3%, and
a secondary efficacy rate of 97%, with local RFS of 91%
at 3-years follow-up [16]. The same study also observed
good preservation of renal function with only one major
adverse event of a proximal ureteric injury.

To date, the evidence of IRE in renal tumours are lim-
ited in single centre series with small number of patients
with relatively short follow-up duration [17]. This study
aims to be the first to report over 9 years’ experience
in a multicentre setting to evaluate the safety and effi-
cacy of IRE in managing complex renal masses which
were deemed unsuitable for other IGA or surgical
management.

Methods

This study is performed according to the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) Statement [18] where applicable. All proce-
dures performed in studies involved human participants
and are in accordance with the ethical standards of the
institutional and national research committee and with
the 1964 Helsinki Declaration and its later amend-
ments or comparable ethical standards. Twenty-six of
the included patients in this study had previously been
reported in 2021 [16]. This study represents a further fol-
low-up of this group of patients.

Study design

This is a retrospective review of all patients undergoing
image-guided IRE for SRMs at three international expert
tertiary centres in the UK, the US, and Spain (Supple-
mentary Appendix 1) from May 2015 to October 2024.

Patient selection

All consecutive patients undergoing image-guided IRE
for localised RCC (T1NOMO) at each individual cen-
tre during the study period were included in the study.
There were no other inclusion or exclusion criteria to the
study population, hence no patients were excluded from
the analysis (Supplementary Fig. S2). All patients had
received confirmatory percutaneous biopsies for RCC
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prior to treatment, apart from patients with presumed
histology due to pattern of disease or hereditary RCCs.
As IRE is a problem-solving technique, there were no
set criteria for when IRE is offered to a patient. All cases
were discussed thoroughly at local tumour boards and
multidisciplinary team as per local standard of care. If the
tumour were deemed unsuitable for PN or RN by urolo-
gists (for example due to anatomy, or renal function), or
unsuitable for conventional IGA by interventional radi-
ologists (for example due to distance to vital structure),
suitability of IRE will be discussed and offered to the
patient if appropriate.

Treatment

The full description of the IRE procedure at the institu-
tion was previously described [16]. As experience with
this novel technology increased, in selected patients
deemed high-risk for intra-operative ureteric injury,
a retrograde ureteric stent was placed pre-operatively
to prevent ureteric injury. IRE was performed with the
NanoKnife® 3.0 System (Angiodynamics, Latham, NY,
USA) and NanoKnife® monopolar probes (15 cm, 19G)
under ultrasound or computed tomography (CT) guid-
ance with or without navigation assistance by four inter-
ventional radiologists across the three sites, all with over
10 years of experience in IGA. General anaesthesia with
deep neuromuscular blockade was used for all patients
to ensure total muscle paralysis. The number of elec-
trodes were determined by the size and location of the
tumour to ensure full coverage of the ablative margins
as per manufacturer guidance. A test run of 20 pulses
per electrode pair was performed prior to treatment to
determine the electrical conductivity across electrodes
and to allow for adjustments of the interelectrode volt-
age to ensure current delivered was between 20 and 40
A. All SRMs were treated with designated voltage which
was delivered at 90 pulse per electrode pair with cardiac
gating during the pulsation (100 ms at 1 Hz). All patients
were monitored overnight post-IRE treatment. Examples
of the IRE treatments are shown in Figs. 1 and 2.

Follow up

All patients received a contrast-enhanced CT imme-
diately after the procedure to ensure the ablation zone
encompasses the entire tumour. All patients are followed
up as per local standard of care [16, 19] using CT or
MRI at the discretion of the treating clinician and local
protocols. Follow-up consisted of a minimum of CT or
MR imaging of the kidneys at 1 month, 3 months and 6
months post-procedure for local tumour progressions,
then with annual full body CT Thorax, abdomen and pel-
vis to assess for distant metastases.
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Clinical features, variables, covariates and data acquisition
All sites collected patients’ clinical features include age,
sex, treatment date, follow-up details, histopathological
outcomes, tumour complexity as measured by R.E.N.A.L.
Nephrometry score [20], comorbidities, adverse events
and pre-/post-operative renal function.

Outcomes

The outcomes of this study are defined according to the
2014 standardisation of image-guided tumour ablation
terminology and reporting criteria [21], as well as the
2021 SIO and DATECAN consensus guidelines [22].The
primary outcome of the study is primary technique effi-
cacy, defined by complete treatment response at the first
follow-up imaging study (1 month post-procedure), with
the zone of ablation encompassing the entire tumour and
no evidence of residual enhancing tumour at the treated
area on CT or MRI following the initial IRE [21, 22]. Sec-
ondary outcomes include technical success, defined by
complete treatment of tumour according to protocol and
was completely covered by the ablation zone immediately
following the procedure [21, 22], secondary technique
efficacy rate for IRE (complete treatment response after
undergoing successful repeat IRE following identification
of residual unablated tumour), local control (complete
treatment response after undergoing successful repeat
treatment using other IGA modalities) [22], adverse
event rate (as defined by the Clavien-Dindo Grade [23]),
change in renal function as measured by eGFR (CKD-
EPI [24]) and serum creatinine, local tumour progression
free survival (LTPFS), overall survival (OS), cancer spe-
cific survival (CSS) and metastasis free survival (MES).
Local tumour progression was defined as (1) presence of
focal diffuse restriction on diffusion-weighted imaging in
the case of MRI, (2) gradual increase in ablation zone on
follow-up image in cases of both MR or CT imaging, or
(3) new area(s) of enhancement in the zone of ablation
after at least one imaging study had shown complete lack
of enhancement in the treated area on both MR or CT
imaging. Metastatic disease was defined as extra-renal
disease on imaging confirmed or have suspected kidney
origin. Cancer-specific death was defined as any death
from renal cancer. Additionally, a composite outcome of
achievement of “trifecta” for IGA was used, as described
previously in literature as (1) composing of<25% drop
in eGFR reduction from baseline post-operatively, (2) no
major perioperative adverse events and (3) achieving pri-
mary technique efficacy [25].

Data analysis
Statistical analyses were performed using STATA/
MP 18.0 (STATA Corp.). Baseline characteristics of
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Fig. 1 a Axial and coronal view contrast enhanced T1 weighted MRI showing a part cystic and peripherally enhancing lesion in the anterior right
kidney (Arrows). b Intra-operative contrast enhanced CT for IRE planning showing the right anterior partly cystic renal mass (Arrow). The patient
is in a lateral position supported by a conformable mattress with the right side up. ¢ Intra-operative CT (Sagittal view) showing 6 IRE needles
(arrows) bracketing the tumour. d Post-treatment axial MRI at T month showing the low signal ablation zone (arrow) encompassing the tumour
and then involution of this area at 6 months with no residual enhancement to suggest residual disease

included patients were summarised using descriptive
statistics. Primary efficacy rate, secondary efficacy
rate, local control, adverse event rates, and achieve-
ment of “trifecta” were reported proportionally with
percentages and associated 95% confidence inter-
vals (95% CI). Pre- and post-operative renal function
is summarised using mean and standard deviations,
alongside mean change in renal function pre- and
post-operatively. Unpaired t-tests were used to assess
mean differences between renal function pre- and
post-operatively. Patients with >25% or<25% drop in
renal function are described proportionally. Explora-
tory logistic regression models were used to explore

the relationship between pre-operative factors and
outcomes. Survival outcomes are measured from the
time of treatment to time of event and reported by
percentages at 1, 3, 5 and 7-years accordingly with
respective 95% Cls, alongside Kaplan—Meier Graphs.
Patient with missing data were excluded from the spe-
cific analysis(s) where required. A sensitivity analysis
was conducted to ascertain that only the effects of IRE
are included in the survival analysis. For the sensitivity
analysis, patients with residual disease requiring fur-
ther thermal ablation (CRYO, MWA), excluding IRE,
were right-censored at the time of further treatment to
ensure that the effects of IRE are accurately captured.
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Fig. 2 a Axial view contrast enhanced T1 weighted MRI showing

a right anterior cortical renal mass (arrow) with close proximity

to small bowel interiorly and difficult access for conventional
cryoablation. b Coronal intra-operative CT shows the position of the 5
IRE needles (red arrows) within the right anterior renal mass close

to the renal collecting system, renal pelvis and proximal ureter (blue
arrow heads)

Results

A total of 68 patients with 71 renal tumours undergo-
ing 71 ablation sessions were included in the analysis;
a breakdown of the number of patients for each site is
included in Supplementary Appendix 1. A flow dia-
gram of the study process is included in Supplementary
Appendix 2.

Baseline characteristics of included patients

Baseline characteristics of all included patients are out-
lined in Table 1. Mean (SD) age at treatment was 66.9
(+12.3). Tumour characteristics of all treated tumours
are outlined in Table 1. Median R.E.N.A.L nephrom-
etry of included tumours were 9 (IQR 6-9). Forty-one
(57.7%) of all tumours were entirely endophytic. Thirty-
five (49.3%) of all tumours were hilar tumours, touch-
ing the renal artery or vein. Fifteen (21.1%), 16 (22.5%),
37 (52.1%), 19 (26.8%) tumours are of <1 mm distance
from the colon, ureter, renal artery or vein and collecting
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Table 1 Baseline characteristics of included patients

Characteristic

(N=68)

Age at treatment

<49 6 (8.8%)

50-69 13(19.1%)

70-79 21 (30.9%)

>80 28 (41.2%)
Sex

Female 15 (22.1%)

Male 53 (77.9%)
Von Hippel Lindau Syndrome

No 60 (88.2%)

Yes 8(11.8%)
Birt-Hogg-Dube Syndrome

No 67 (98.5%)

Yes 1(1.5%)
Pre-existing renal Impairment

No 56 (82.4%)

Yes 12 (17.6%)
Diabetes Mellitus

No 44 (64.7%)

Yes 24 (35.3%)
Solitary Kidney

No 49 (72.1%)

Yes 19 (27.9%)

Mean Creatinine (umol/L; SD) 98.3(33.0)

Mean eGFR (ML/min/1.73m? sp) 811 (24.1)
Chronic Kidney Disease”

No 52 (77.6%)

Yes 15 (22.4%)
Modality§

Ultrasound guidance only 2 (2.8%)

CT Guidance only 48 (67.6%)

Ultrasound and CT Guidance 19 (26.8%)

Ultrasound guidance and CT guidance with navigation system 2(2.8%)
Size of lesion§

1-19cm 12 (16.9%)

2-29¢cm 29 (40.8%)

3-39cm 24 (33.8%)

4-49cm 2 (2.8%)

>50cm 4 (5.6%)

Mean size of lesion in cm (SD) 2.83(1.39)
Laterality§

Right 36 (50.7%)

Left 35 (49.3%)
REN.A.L nephrometry score§

4 8(11.3%)

5 5(7.0%)

6 7 (9.9%)

7 6 (8.5%)

8 9(12.7%)

9 24 (33.8%)

10 12 (16.9%)

SD Standard Deviation, eGFR estimated glomerular filtration rate, CT Computed
tomography, cm centimeter

“n=67 due to missing data; §n = 71 due to tumour level characteristic
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system, respectively. Other vital structures<1 mm from
the tumours include the IVC (1 [1.40%] tumour), liver
(1 [1.40%] tumour), small bowel (2 [2.80%] tumour),
spleen (1 [1.40%] tumour), and splenic artery (2 [2.80%]
tumours). Overall, 66 (93.0%) of all tumours were<1 mm
distance from vital structures. Pre-operative biopsy his-
tologies are outlined in Table 2.

Operative characteristics

Image-guided approaches of included cases are outlined
in Table 1. The mean number of electrodes inserted was
4.56 (+1.31). Mean anaesthesia time was 107.4 (+50.3)
minutes. Mean hospital stay duration is 1.60 (+1.40)
days.

Technical success and technique efficacy

Technical success was achieved in 71/71 (100%; 95% CI
94.9%—-100%) of treated tumours and ablation sessions.
Primary technique efficacy was achieved in 55/71 (77.5%;
95% CI 66.0% — 86.5%) tumours (Table 3). Primary tech-
nique efficacy rates were found to decrease significantly
as tumour sizes increase (OR: 0.94, 95% CI 0.89-0.99,
p=0.034). Especially, tumours more than 3.5 cm are sig-
nificantly less likely to achieve primary technique effi-
cacy (OR 0.29, 95% CI 0.09-0.95 p=0.041). R.EN.A.L
nephrometry score, completely endophytic tumours and
distance to vital structure such as ureter, colon, and the
collecting system were not found to be associated with
worsening primary technique efficacy. Of the 16 patients
with residual disease at first follow-up, 13 (18.3% of the
total cohort) patients received further IGA. Two (2/13;
15.4%) underwent further IRE, nine (9/13; 69.2%) under-
went further CRYO, and one (1/13; 7.7%) underwent
further MWA. One patient (1/13; 7.7%) underwent both
IRE and CRYO salvage therapy for residual disease. The
mean duration from initial treatment to repeat treatment
was 3.1 months (SD: 3.31). Secondary technique effi-
cacy rate of IRE was achieved in 57/71 patients (80.3%;
95% CI 69.1-88.8%). When combined with other IGA

Table 2 Grade and histology of all included patients

Grade”
1 23 (41.1%)
2 24 (42.9%)
3 9(16.1%)
4 0 (0%)
Histology”
Clear Cell 47 (75.8%)
Papillary 10 (16.1%)
Eosinophil 2(3.2%)
Chromophobe 3 (4.8%)

“ n=56 due to missing histology data
" n=62 due to missing histology data
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Table 3 Procedural outcome of all treated patients
Technical Success

Not Achieved 0 (0%)

Achieved 71 (100%)
Primary Technique Efficacy

Not Achieved 16 (22.5%)

Achieved 55 (77.5%)
Repeat treatment with IGA

No 58 (81.7%)

Yes 13 (18.3%)
Modality used in repeat treatment

IRE 2 (15.4%)

CRYO 9 (69.2%)

MWA 1(7.7%)

IRE+CRYO 1(7.7%)
Duration to from first treatment to repeat treatment
(months)

Mean 3.1

SD 3.31
Secondary Technique Efficacy (IRE)

Not Achieved 14 (19.7%)

Achieved 57 (80.3%)
Local Control (All IGA Modalities)

No 3(4.2%)

Yes 68 (95.8%)

IGA Image-guided ablation, CRYO Cryoablation, MWA Microwave ablation, IRE
Irreversible electroporation, SD Standard Deviation

modalities, 68/71 patients achieved local control (95.8%;
95% CI 88.1-99.1%) after only one extra session of IGA
in addition to IRE session. One patient was found to have
residual disease on first follow-up imaging but unfortu-
nately succumbed to a haemorrhagic stroke prior to fur-
ther treatment. Similarly, another patient was found to
have residual disease on first follow-up imaging but had
unfortunately succumbed to presumably old age prior to
further treatment.

Adverse events

A breakdown of adverse events according to the Cla-
vien-Dindo Grade are outlined in Table 4. A total of 11
(15.5%; 11/71; 95% CI 8.0%—26.0%) adverse events were
observed. Two Grade 3 major adverse events (2/71; 2.8%;
95% CI 0.3%—9.9%) were due to one permanent ureteric
injury requiring long-term ureteric stenting [26] and one
incidence of haematuria which completely resolved after
stent removal. The size of the treated tumours, R.E.N.A.L
Nephrometry score, endophytic tumours and distance
to vital structure such as ureter, bowel, and the collect-
ing system were not found associated with worsening
adverse events rates (p > 0.05).
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Table 4 Peri-operative outcomes of all treated patients

Pre/post-operative outcomes

Mean pre-operative creatinine 98.3(33.0)
in umol/L (SD)
Mean post-operative creatinine 1094 (37.7)

in umol/L (SD)

Mean percentage creatinine
change pre- and post-operatively
(SD)

12.3% (19.3%)

Mean pre-operative eGFR in ml/ 81.1(24.1)
min/1.73 m? (SD)
Mean post-operative eGFRinml/  73.6 (24.1)

min/1.73 m? (SD)

Mean percentage eGFR change
pre- and post-operatively (SD)

>25% drop in eGFR (clinically
significant ®)

—8.6% (13.3%)

0 63 (90.0%)
1 7 (10.0%)
Clavien-Dindo classification
adverse events
0 60 (84.5%)
| 9(12.7%)
Il 0(0%)
llla 2(2.8%)
>1llb 0 (0%)

SD standard deviation, eGFR estimated glomerular filtration rate

" Patients with > 25% drop in eGFR, but which remains > 90 are not considered
clinically significant

$ n=70 due to missing data

Renal function outcomes

Mean difference in eGFR pre- and post-operatively was
—7.5 ml/min/1.73m? (95% CI 4.8-10.3 ml/min/1.73
m?, p<0.001; Table 4). Mean difference in creatinine
pre- and post-operatively was 11.1 pmol/L (95% CI
6.6—15.6), p<0.001: Table 4). Mean percentage drop of
eGFR post-operatively was 8.6% (+13.3%). The mean
percentage increase in creatinine post-operatively was
12.3% (+19.3%). Seven (10%) patients developed a larger
than 25% drop in eGFR, which was deemed clinically
significant. The size of the treated tumours, R.ENN.A.L
Nephrometry score, and endophytic tumours were not
found associated with increasing clinically significant
decrease in renal function (p > 0.05).

Survival outcomes

Mean follow-up duration of the cohort is 59 (+35.0)
months. No patients were lost to follow-up. Local
tumour progression was observed in 10/71 (14.1%; 95%
CI 7.0%—24.4%) tumours. Local tumour progression free
survival (LTPES) was 95.6% (95% CI 86.9%—98.6%) at 1
year, 88.5% (95% CI 77.2%—-94.4%) at 3 years, and 84.4%
(95% CI 71.8%—91.7%) at 5 years and 81.1% (95% CI
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66.7%—89.7%) at 7 years (Fig. 3). Patients were managed
with repeat IRE, CRYO or nephrectomy.

Five of the 68 (7.35%; 95% CI 2.43% — 16.3%) patients
developed metastatic disease. MFS was 96.9% (95% CI
88.1-99.2%) at 1 year, 93.3% (95% CI 83.0-97.4%) at 3
years, and 91.0% (95% CI 79.3-96.2%) at 5 and 7 years
(Fig. 4). Three of the 68 patients succumbed to RCC at
24, 72 and 83 months post-treatment, respectively. This
suggests a CSS of 100% (95% CI 94.7%—100%) at 1 year,
98.0% (95% CI 86.9—99.7%) at 3 years and 5 years, and
93.6% (95% 74.4—98.5%) at 7 years (Fig. 5).

A total of 13/68 (19.1%; 95% CI 10.6—-30.5%) patients
died during the study period, suggesting an OS of 93.9%
(95% CI 84.6-97.7%) at 1 year, 90.4% (95% CI 79.8-
95.6%) at 3 years, 88.0% (95% CI 76.2-94.2%) at 5 years
and 75.2% (95% CI 58.2—86.1%) at 7 years (Fig. 6).

Sensitivity analyses were performed by right-censoring
patients who had residual disease requiring further ther-
mal ablation, thereby isolating the specific therapeutic
effects of IRE. At 1-year post-treatment, the LTPFS, MFS,
and CSS, rates were 93.3% (95% CI: 83.1-97.4%), 96.3%
(95% CI: 86.0-99.1%), and 100% (95% CI: 94.7-100%),
respectively. At the 3-year interval, the LTPFS rate was
86.8% (95% CI: 73.9-93.6%), the MFS rate was 92.0%
(95% CI: 80.0-97.0%), and the CSS rate decreased to
97.7% (95% CI: 84.6-99.7%). At 5 years, the LTPFS rate
was 81.8% (95% CI: 67.4—90.2%), the MFS rate reached
89.2% (95% CI: 75.5-95.4%), and the CSS rate remained
constant at 97.7% (95% CI: 84.6-99.7%). At 7-years, the
estimated rates for LTPFS, MFS, and CSS were 77.4%
(95% CI: 60.6—87.8%), 89.2% (95% CI: 75.5-95.4%), and
91.9% (95% CI: 68.2-98.2%), respectively. The full results
and associated Kaplan—Meier graphs of this sensitivity
analysis are reported in Supplementary Appendix 3.

Achievement of “Trifecta”

Forty-eight cases (68.6%; 95% CI 56.4—79.1%) achieved
“trifecta” for ablation status. The size of the treated
tumours, R.E.N.A.LL Nephrometry score, and endophytic
tumours were not found associated with worsening
achievement of “trifecta” status.

Discussion

IRE was first performed for RCC by Pech et al. [15]. Since
then, IRE has been employed as a problem-solving tech-
nique in mostly complex tumours which are otherwise
not suitable for thermal ablation or partial nephrectomy.
This study aimed to report mid-term outcomes of IRE in
this population.

IRE is a technically challenging procedure even in
experienced interventional radiologist’s hands, the paral-
lel placement of IRE electrodes poses a significant tech-
nical challenge. Despite that, our study observed a 100%
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Local Tumour Progression Free Survival
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Fig. 3 Kaplan-Meier Graph outlining Local Tumour Progression Free Survival (Per Tumour analysis)

Per patient analysis

Metastasis Free Survival
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Fig. 4 Kaplan-Meier Graph outlining Metastasis Free Survival (Per Patient Analysis)

technical success, similar to 90% in prospective series
reported by Buijs et al. [27]. Our study observed a pri-
mary technique efficacy of 77.5%, while slightly lower
than other series, such as 93% in series by Canvasser et al.
[28] and 91.7% in series by Dai et al. [29], it is notewor-
thy that our study addressed larger and more complex
tumours. In particular, mean tumour size in both Can-
vasser et al. [28] and Dai et al. [29] was 2 cm, compared
to almost 3 cm in our study. Similarly, median R.ENN.A.L.
nephrometry score was 5 in both Canvasser et al. [28]
and Dai et al. [29] compared to 9 in our study. As shown
in our study, increasing tumour size is directly correlated
with reduced primary technique efficacy, specifically in
tumours larger than 3.5 cm. Furthermore, the slightly
lower primary technique efficacy is not translated to
worsened long-term oncological outcomes. IRE remain
to demonstrate promising mid- to long-term oncological

durability in our series, with LTPFS of 84.4% observed at
5-years, which is similar to 81% at 5-years observed in
series by Dai et al. [29] and 83% at 2-years in Canvasser
et al. [28].

Although our cohort included patients deemed less
suitable for thermal ablation modalities due to tumour
locations, several studies have reported outcomes of
CRYO in completely endophytic renal masses. Jensen
et al. [10] reported a 93% primary technique efficacy,
while Murray et al. [11] reported an 87% primary tech-
nique efficacy rate, which is comparable to our study’s
77.5% primary technique efficacy rate, especially con-
sidering the larger tumour sizes (mean 3 vs 2.5 cm)
and proximity to complex tumours (94% vs 21%) in our
cohort compared to Murray et al. [11]. Similar local RFS
rates were observed across the two studies (Jensen et al.
[10] of 74.2% at 5-years and Murray et al. [11] of 75% at
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Per patient analysis
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Fig. 6 Kaplan-Meier Graph outlining Overall Survival (Per Patient Analysis)

5 years) and our study showed a slightly higher LTPFS of
84.4% at 5 years and 81.1% at 7-years. Similarly, although
not directly comparable to our cohort, a systematic
review and meta-analysis of PN in completely endo-
phytic and hilar tumours demonstrated a recurrence rate
of 1.9%, which is significantly lower than CRYO and IRE
studies [30].

To ensure the results of the survival analysis are solely
attributed to IRE, a sensitivity analysis was performed by
censoring patients who had further sessions of thermal
ablation at the time of treatment in the case of residual
unablated tumour. This revealed a similar LTPES of 81.8%
(95% CI 67.4-90.2%) at 5-, and 77.4% (95% CI 60.6—
87.8%) at 7 years.

Our study observed two grade 3 adverse events, which
were related to haematuria and ureteric injury, both
managed by ureteric stenting. However, both Canvasser
et al. [28] and Dai et al. [29] reported no grade 3 or above

adverse events. This could once again be a result of the
larger and more complex nature of the tumours treated in
this cohort. From our experience, the ureteric injury may
have been caused by the electrical current surge from the
generator, leading to thermal injury [7, 31]. It is crucial to
ensure that the IRE electrode closest to the vital structure
is set as the anode so that electrical pulses are fired away
from the anode and the vital structure, avoiding thermal
injury which could be due to electrical current surge from
the generator [7]. In selected cases, the authors now opt
for a pre-operative retrograde ureteric stent placement to
reduce the risk of ureteric injuries. Furthermore, given
the need for precise and parallel placement of electrodes,
it is important to evaluate the potential benefit of navi-
gation systems in facilitating accurate needle placement.
However, this remains inconclusive due to the limited
number of cases (n=2) using navigation in this study.
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Compared to studies investigating the use of CRYO
in completely endophytic masses, our study reported a
slightly lower rate (2.8%) of major complications, with
Jensen et al. [10] and Murray et al. [11] observing a 9.8%
and 10% major complication rate, respectively. When
comparing to robotic PN, a large multicentre series
has suggested a 17.5% Clavien-Dindo grade 3 or above
complication rate, significantly higher than IGA series
reported [32]. This suggests a possible improved adverse
events profile of IRE compared to CRYO or PN in com-
plex tumours. However, further prospective studies are
required to confirm this speculation.

While our study revealed a significant drop in eGFR
post-operatively, mean difference was clinically insig-
nificant (— 7.5 ml/min/1.73m?, 8.6%), this is similar to
findings from the series by Canvasser et al. [28] (mean
difference —6 ml/min/1.73m?) and Diehl et al. [33] (mean
difference —2.75 ml/min/1.73m?). These results are also
similar to other thermal ablation modalities, includ-
ing CRYO (mean difference —6.2 ml/min/1.73 m?) [34]
and RFA (mean difference — 7 ml/min/1.73 m?) [35].
These contrast the results of robotic PN cohorts, which
reported a mean difference of —15.5 ml/min/1.73 m? in
eGFR post-operatively [12]. This contributes to the ongo-
ing safety profile in renal function for IGA.

Our study utilised a modified “trifecta” composite out-
come, defined by (1) composing of<25% drop in eGFR
reduction from baseline post-operatively, (2) no major
perioperative adverse events and (3) achieving primary
technique efficacy [25]. This is in order to allow similar
comparison to the “trifecta” known in partial nephrec-
tomy [36], which is typically defined as (1) no significant
drop in renal function or warm ischaemia time of < 25, (2)
no major complications, and (3) negative surgical mar-
gin. Our study identified a “trifecta” achievement rate of
68.6%, which is significantly higher than a large multi-
centre series reporting achievement of “trifecta” in 45.4%
of patients with completely endophytic tumours under-
going robotic-assisted PN [32].

Furthermore, a notable study by Pandolfo et al. [12]
compared robotic PN with thermal ablation (RFA, CRYO
or MWA) and found that thermal ablation achieved com-
parable oncological and safety outcomes to PN in cases
of completely endophytic tumours. Our study included
slightly larger tumours, with a mean diameter of 3 cm
versus 2.6 cm in Pandolfo et al., and similar tumour com-
plexity, with both studies reporting a median R.E.N.A.L.
nephrometry score of 9. Notably, our study demonstrated
a higher achievement rate of the “trifecta” compared to
the study by Pandolfo et al. (68.6% vs 58.8%) for thermal
ablation. This finding may reflect the superior efficacy
of IRE in achieving optimal outcomes compared to con-
ventional thermal ablation techniques. It is necessary

Page 10 of 12

to provide further prospective evidence to definitively
establish the superiority of IRE over conventional ther-
mal ablation techniques.

This study represents the largest series to date evaluat-
ing the long-term efficacy and safety of IRE for complex
RCC unsuitable for other treatment modalities. Our
findings provide further evidence supporting the use of
IRE as a valuable treatment option in this challenging
patient population. The study is not without its limita-
tions, including the retrospective nature of the study, as
well as the absence of strict selection criteria for the use
of IRE, given the study’s pragmatic nature. The result of
this study is also only generalisable to the particular pop-
ulation included in our cohort. Furthermore, the study is
limited by the lack of a centralised imaging review, vari-
ations in follow-up imaging modalities (CT and MRI),
and potential inter-operator variability among the four
operators across three centres. Finally, given the lack of
a contemporaneous comparator, dedicated studies with
propensity-matched tumour characteristics are needed
to directly compare the performance of IRE with CRYO
and establish the definitive role of IRE in managing com-
plex tumours.

Conclusion

In the management of renal masses located in close
proximity to vital structures, IRE emerges as a safe and
effective problem-solving technique. It presents a viable
alternative to thermal ablation and surgical management,
which may not be ideal in such cases. However, more
prospective data are necessary to establish the compara-
tive efficacy of IRE with surgery or thermal ablation and
to further validate its long-term outcomes. Additionally,
head-to-head comparisons of IRE with other techniques
are required to definitively establish its role in managing
renal masses.
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