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Given the ageing population and increased incidental detection of small renal 
masses (≤4 cm, SRMs), focal therapies such as cryoablation and radiofrequency 
ablation gained interest due to their nephron-sparing properties and minimal in-

vasiveness. A potential drawback of cryoablation and radiofrequency ablation is a low-
er efficacy in the proximity of vessels or the renal collecting system (heat sink effect) (1, 
2). This may lead to an inadequate ablation and consequently residual- or recurrent dis-
ease (3). Additionally, vital structures (vessels, collecting system) can be damaged by the 
thermal process, causing necrosis and leading to perioperative or even long-term com-
plications (4, 5). Irreversible electroporation (IRE), an electricity-based ablation modal-
ity, has the potential to circumvent these limitations as collagen structures, extracellular 
matrix and vital structures appear to be less affected compared with tumor tissue (6, 7).  

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

METHODS
This was a prospective phase 2 study of IRE in 9 patients with 10 SRMs. MRI was performed 
pre-IRE, 1 week, 3 months, 6 months, and 12 months after IRE. CT was performed pre-IRE, 
perioperatively (direct after ablation), 3 months, 6 months, and 12 months after IRE. AZVs 
were assessed by two independent observers. Observer variation was analyzed. Evolution of 
AZVs, and their relation with the needle configuration volume (NCV; indicating planned AZV) 
were evaluated based on CT and MRI measurements.

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

CONCLUSION
Both CT and MRI findings indicate increase of AZV until 3 months post-IRE, followed by grad-
ual decrease in AZV from 6 to 12 months post-IRE. Enhancement is absent in cases with com-
plete ablation. Gas bubbles, perinephric stranding, and edema are normal findings directly 
post-IRE.
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Multiple studies have shown that renal IRE 
is safe and feasible (8–12). Except for one 
retrospective study with limited follow-up 
data (8), no previous study focused on the 
imaging characteristics and volume of the 
ablation zone (AZ) after renal IRE. 

In pancreas, liver, and prostate, volume 
and ablation zone characteristics are investi-
gated and described to guide the follow-up 
(13–15). Renal cell carcinoma (RCC) is very 
different from those tumors and comprises 
a wide variation of subtypes and inherently 
clinical behavior. Real-time image assess-
ment using contrast-enhanced computed 
tomography (CT) is incorporated in renal 
ablation procedures to evaluate immediate 
technical success and to detect acute com-
plications. It is yet unknown if the planned 
ablation size correlates with the definite ab-
lation size in renal IRE, since it is an experi-
mental ablation modality. Beside the two-di-
mensional, schematic needle-position that 
is created on the IRE generator at time of 
the ablation, no pre-treatment model exists 
that can predict the size and volume of the 
AZ. Currently, imaging in the follow-up is the 
only feedback on effectiveness of the abla-
tion. In order to detect residual disease, early 
recurrence, and for planning and predicting 
the AZ, detailed knowledge on the imaging 
characteristics of post-treatment AZ and 
their evolution over time is vital. Therefore, 
the objective of this manuscript is to pro-
spectively determine the IRE induced ab-
lation zone volume (AZV) and its evolution 
over time using CT and magnetic resonance 
imaging (MRI). Second objective is to pro-
spectively report on the imaging character-
istics and enhancement of the IRE- induced 
AZ using CT and MRI.

Methods
Study design

This prospective, human, in vivo, IDEAL 
(idea, development, exploration, assess-
ment, long-term study) phase 2 study is 
approved by the local Institutional Re-
view Board (protocol decision number 
2016_055). The study was executed ac-
cording to the study protocol as previously 
reported (16). All patients gave written in-
formed consent. Trial registration has been 
completed at the National Central Com-
mittee on Research Involving Human Sub-
jects and in the clinicaltrials.gov database 
(NCT02828709).

Patients 
Patients were consecutively included in 

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

IRE procedure
As described in the study protocol (16), 

IRE ablation was performed using the IRE 
generator and associated needles (Na-
noknife®, AngioDynamics) under general 
anesthesia with deep muscle relaxation 
(17). The procedure was performed at the 
interventional radiology department. Pri-
or to the ablation, a renal mass biopsy was 
performed according to guidelines (18). 
IRE electrodes were placed percutaneously 
under CT guidance by an interventional ra-
diologist experienced in IRE together with 
an urologist and a urology resident. The 
electrodes were positioned at the edge of 
the tumor. Maximum space between the 
needles was 2–2.4 cm. Three to six elec-

trodes with an active tip exposure length 
of 15 mm to 20 mm, depending on the size 
of the tumor, were used to deliver the puls-
es. Immediately after the ablation a con-
trast-enhanced CT was performed to assess 
enhancement, volume and characteristics 
of the perioperative AZ. 

Imaging follow-up schedule
Baseline CT and MRI were obtained from 

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

Magnetic resonance imaging
A 1.5 Tesla AVANTO MRI scanner (Siemens 

Healthcare) with a surface phased, 16-chan-
nel body array matrix coil was utilized. A 
coronal T2-weighted localizing sequence 
was performed using fast imaging with bal-
anced steady-state free precession (bSSFP) 
to confirm kidney location. Transverse dif-
fusion-weighted images (b0, b500 s/mm2; 
matrix 134×134; field of view (FOV) 380 
mm; slice thickness 6 mm) were acquired. 
Breath-hold T2 weighted bSSFP transverse 
sequences with and without fat-suppres-
sion (matrix 384×230; FOV 350 mm; slice 
thickness 5 mm) were acquired, followed 
by single-shot breath-hold half-Fourier ac-
quisition (HASTE) in coronal and transverse 
planes (matrix 320×256; FOV 400 mm; slice 
thickness 6 mm). Finally, breath-hold trans-
verse unenhanced and contrast-enhanced 
T1-weighted three-dimensional transverse 
fat-suppressed spoiled gradient-echo im-
ages (matrix 320×240; FOV 400 mm; slice 
thickness 3 mm) were acquired before and 
at 0, 30, 60 and 90 s post arrival of contrast 
in the thoracic aorta. A coronal post-con-
trast plane was acquired at 90 s. For con-
trast enhancement, gadopentetate dime-
glumine 0.2 mL/kg (Gd-DTPA) (Gadovist 1.0, 
Bayer Pharma; 0.1 mmol/kg of body weight) 
was administered at a rate of 2 mL/s using 
a power injector (Medrad) followed by a 20 
mL saline flush.

Computed tomography
Scans were made on 384-slice CT scanner 

in supine position (SOMATOM Force, Sie-
mens Healthcare). The renal tumor protocol 

vMain points

• This study describes volume, enhancement 
and imaging characteristics over time after 
irreversible electroporation (IRE) of small re-
nal masses in humans using CT and MRI.

• The ablation volume increases immediately 
after IRE, until 3 months after IRE. Subse-
quently a decrease of the volume occurs 
from 6 months until 12 months post-IRE.

• Enhancement on CT and MRI was absent 
post-IRE except for one residual tumor. Sub-
traction images may be useful to distinguish 
enhancement and predict residual disease or 
early recurrences.

• Directly after IRE, gas bubbles, perinephric 
stranding, and edema were observed on CT 
imaging.



consisted of a three-phase contrast-en-
hanced CT, with a slice thickness of 3 mm, 
after injection of 100 mL of contrast agent 
(Ultravist-300) with 4 mL/s to achieve en-
hancement. First, a pre-contrast scan was 
obtained. The arterial phase and cortico-
medullary phase were acquired after 45 s 
and 90 s respectively. Patients with an eGFR 
of 45–60 mL/min/1.73 m2 were prehydrated 
according to our institutional protocol at 
the time. 

Tumor and ablation zone volume 
Volumes were measured using volume 

software (AGFA IMPAX Client 6.6.1.4024). 
The volumes were separately measured by 
two independent observers. The tumor vol-
ume (TV) and ablation zone volume (AZV) 
were measured by manual delineation of 

the lesion in the subsequent scan slices 
(19). The TV and the AZV were measured 
using the corticomedullary phase and in 
the dynamic series of CT and MRI respec-
tively. The needle configuration volume 
(NCV) was defined as the volume between 
the active needle ends prior to the ablation. 
The cross-sectional surface between the 
IRE electrodes given by the software on the 
IRE console was multiplied by the active tip 
length (Supplementary Fig. 1). The periop-
erative AZV was defined as the AZV on con-
trast-enhanced CT performed at the end of 
the IRE procedure. The post-IRE AZV was de-
fined as the AZV on cross-sectional imaging 
performed at 1 week (MRI only), 3 months 
(MRI and CT), 6 months (MRI and CT) and 12 
months (MRI and CT) after IRE. 

Imaging analysis
Characteristics were evaluated by an ab-

dominal radiologist, an interventional radiolo-
gist and a resident urologist in consensus. On 
CT, characteristics of the AZ were evaluated. 
CT enhancement was measured by delineat-
ing a region of interest (ROI) within the tumor/
post-IRE AZ. Density measurements were 
evaluated in Hounsfield units (HU). Lesion en-
hancement was calculated as follows: Three 
equally spaced CT slices were selected. In 
each slice a circular ROI was delineated within 
the AZ, excluding necrotic or cystic areas. The 
average HU value of all pixels within the three 
ROIs was calculated and used for analysis. On 
MRI, signal intensity and diffusion restriction 
(DR) were evaluated in post-contrast dynam-
ic images, diffusion-weighted images (DWI), 
T2-weighted imaging, and non-contrast-en-
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Figure 1. a, b. Panel (a) shows CT volumes in cm3 over time (median, 25th–75th percentile). On x-axis from left to right: tumor volume (TV) pre-IRE (9.5 cm3, 
7.1–14.4 cm3); needle configuration volume (NCV) (4.8 cm3, 3.6–9.4 cm3); perioperative ablation zone volume immediately after ablation (perioperative 
AZV) (16.8 cm3, 14.3–19.6 cm3); 3 months post-IRE AZV (6.2 cm3, 4.4–9.4 cm3); 6 months post-IRE AZV (4.8 cm3, 3.9–7.4 cm3); 12 months post-IRE AZV (4.2 
cm3, 2.5–5.5 cm3). One outlier resembles SRM 7 with an initial tumor size of 3.9×3.9×3.7 cm. Panel (b) shows evolution of ablation zone through time as 
seen on CT. From left to right: tumor pre-IRE (4.5 cm3); perioperative AZV (14.8 cm3); 3 months post-IRE AZV (4.4 cm3); 6 months post-IRE AZV (3.9 cm3); 12 
months post-IRE AZV (2.5 cm3). Notice the proximity of the tumor pre-IRE (green arrow) and the ablation zone post-IRE (orange arrow) to the ureter (yellow 
arrow) and the renal vasculature in the hilum (blue arrow). 
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hanced sequences. To confirm enhancement 
subtraction images were made.

Statistical analysis
For both CT and MRI volumes, inter-ob-

server reliability was assessed using the in-
tra-class coefficient (ICC). ICC estimates and 
their 95% confidence intervals (CIs) were 
calculated based on mean-rating (k=2), 
consistency, and two-way random-effects 
model, according to McGraw and Wong (20). 
The 95% CI of the ICC estimate guided the 
interpretation (21): values below 0.5 were 
interpreted as poor reliability, between 0.5 
and 0.75 as moderate reliability, between 
0.75 and 0.9 as good reliability, and values 
greater than 0.90 as excellent reliability. 

Both raters were blinded to each other’s 
results. The volume and enhancement 
measurements were expressed as medi-
ans and interquartile range (IQR) since the 
data were not normally distributed. Com-
parison of the volume on CT with the vol-
ume on MRI per time point was illustrated 
using Bland-Altman plots. The relation be-
tween the planned volumes (NCV), and the 
CT-AZVs and MRI-AZVs was analyzed using 
scatterplots. Statistical analyses were per-
formed using MedCalc Statistical Software 
for mac, version 15.8 (MedCalc Software). 

This imaging study is part of a safety and 
feasibility pilot study (16). For the aim of this 
study, evaluation of ten IRE-treated SRMs 
were required.

Results
Nine patients with ten SRMs with a me-

dian age of 68 years (IQR 60–77 years) were 
treated and included. Patient and tumor 
characteristics are summarized in Tables 
1 and 2. Two patients had chronically im-
paired renal function preoperatively (stage 
3B). Three patients had a solitary kidney. 
The follow-up was 12 months in all patients, 
except for one patient in whom residu-
al tumor was diagnosed at 3 months. This 
patient (SRM 7) underwent salvage cryoab-
lation and was therefore excluded from fol-
low-up after 6 months. One patient had a 
nondiagnostic biopsy during ablation (SRM 
6). One patient was diagnosed with bilater-
al tumors and underwent bilateral IRE ab-

Table 1. Patient characteristics

 SRM 1 SRM 2 SRM 3 SRM 4 SRM 5 SRM 6 SRM 7 SRM 8 SRM 9 SRM 10

Patient characteristics           

Age (years) 72 60 68 66 60 60 77 77 70 73

Male Y Y N Y Y Y N N Y Y

Solitary kidney N Y Y Y N N N N N N

Serum creatinine (mg/dL) 88 194 85 144 77 82 70 82 122 112

Anticoagulant meds Y* Y* N Y Y* Y* N N Y N

Age-adjusted CCI 6 7 10 12 5 5 5 10 7 5

SRM 5 and 6 are respectively the right and left kidney of the same patient.
SRM, small renal mass; Y, yes; N, no; CCI, Charlson comorbidity index.
*Anticoagulant medication stopped before ablation and restarted after ablation.

Table 2. Tumor characteristics

SRM  
characteristics SRM 1 SRM 2 SRM 3 SRM 4 SRM 5 SRM 6 SRM 7 SRM 8 SRM 9 SRM 10

Diameter (cm) 1.8 1.5 1.8 1.7 2.7 2.8 3.9 2.3 2 1.1

Dimensions 
(cm)

1.8x1.8x2.0 1.5x2.0x1.0 1.8x1.7x2.1 1.7x1.7x1.8 2.7x2.4x2.4 2.8x2.8x2.6 3.9x3.9x3.7 2.3x2.3x2.3 2x2.1x2.5 1.1x1.4x1.4

Side; Location 
pole

L; interpolar R; lower L; upper R; interpolar R; upper L; lower L; central R; upper L; lower L; upper

A/P/X A P P A P P P P A X

PADUA 9 8 9 8 9 8 10 7 6 6

RENAL 7 6 6 5 8 6 8 5 5 4

Biopsy ccRCC F2 ccRCC F2 ccRCC F3 ccRCC F2 pRCC T1 F1 ND ccRCC F2 ccRCC F2 ccRCC F2 ccRCC F1

In proximity to 
vital structure 

1 mm from 
calyx 

12 mm from 
colon

5 mm from 
calyx

NA NA NA 5 mm from 
calyx

1 mm from 
spleen 

1 mm from 
calyx

2 mm from 
liver 

2 mm from 
calyx

5 mm 
from calyx

5 mm from 
colon

TNM cT1aG2 
cN0cM0

cT1aG2 
cN0cM0

cT1aG3 
pN1pM1

cT1aG2 
cN0pM1

cT1aG1 
cN0cM0

cT1aGx 
cN0cM0

cT1aGx 
cN0cM0

cT1aG2 
cN0cM0

cT1aG2 
cN0cM0

cT1aG1 
cN0cM0

SRM 5 and 6 are respectively the right and left kidney of the same patient.
SRM, small renal mass; L, left; R, right; A, anterior; P, posterior; PADUA, Preoperative Aspects and Dimensions Used for an Anatomical classification; RENAL score, Radius (tumor 
size as maximal diameter), Exophytic/endophytic properties of the tumor, Nearness of tumor deepest portion to the collecting system or sinus, Anterior (a)/posterior (p) 
descriptor and the Location relative to the polar line; ccRCC, clear cell renal cell carcinoma; pRCC, papillary renal cell carcinoma; ND, nondiagnostic biopsy; TNM, tumor node 
metastasis score; NA, not applicable. 



lation in two separate sessions (SRM 5 and 
SRM 6). One patient was unable to undergo 
MRI due to claustrophobia. One pre-IRE MRI 
was missing since the patient was referred 
from another hospital.

For CT evaluation of IRE, ICC was 0.91 
(95% CI 0.82–0.95). The median tumor vol-
ume (TV) on CT was 9.5 cm3 (7.1–14.4 cm3). 
The median NCV was 4.8 cm3 (3.6–9.4 cm3). 
The median perioperative AZV (immediate-

ly after ablation) was 16.8 cm3 (14.3–19.6 
cm3) and 3.5 times larger compared to the 
NCV. At 3 months post-IRE the median AZV 
was 6.2 cm3 (4.4–9.4 cm3). At 6 months and 
12 months the median AZV was 4.8 cm3 
(3.9–7.4 cm3), and 4.2 cm3 (2.5–5.5 cm3), re-
spectively. Volume outcomes are described 
in Fig. 1 and Table 3, respectively. 

Pre-IRE, median tumor enhancement was 
92 HU (62–193 HU). The perioperative AZ 

showed a median decrease in enhancement 
to 44 HU (37–54 HU). At 3 months post-IRE, 
the median AZ enhancement was 37 HU 
(35–52 HU), at 6 months post-IRE the medi-
an AZ enhancement was 42 HU (39–67 HU) 
and at 12 months was 44 HU (37–45 HU). En-
hancement data are depicted in Fig. 2. 

In the perioperative AZ we observed “gas 
bubbles” in proximity of, and within, the 
ablation zone in all cases (10/10) (Fig. 3). 
On the contrast-enhanced, perioperative 
CT scan performed directly after ablation, 
there was clearly an ablated tumor visible, 
which could be distinguished from the ede-
ma/inflammation surrounding the ablated 
tumor in majority of cases (6/10) (Fig. 4). 
Perinephric stranding developed imme-
diately after ablation which persisted and 
gradually reduced during the 12-month fol-
low-up (10/10) (Figs. 3 and 4).

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

On pre-IRE imaging, 7 SRMs showed 
enhancement in the arterial phase on 
T1volumetric interpolated breath-hold ex-
amination (VIBE), which was confirmed 
by subtraction images (7/8). Three SRMs 
showed presence of focal DR (3/8). For the 
non-contrast-enhanced phase, 4 SRMs were 
isointense, 2 SRMs were hypointense, and 2 
SRMs were hyperintense. At T2-weighted im-
aging, 2 SRMs were isointense, 3 SRMs were 
hypointense, 3 SRMs were hyperintense. 

After ablation, most AZs developed hy-
perintensity on non-contrast-enhanced 
phase through the follow-up of 12 months 
(6/9). Other AZs developed hyperintensity 
but resolved after 1 week to 3 months and 
became isointense (3/9). 

On T1 VIBE sequence, all AZs were 
non-enhanced post-IRE, with the exception 
of the residual tumor. Eight SRMs showed 
non-enhancement 1 week after ablation 
in the arterial phase and remained like this 
until the end of the study (8/9). Subtraction 
images confirmed the non-enhancement in 
all 9 SRMs. One SRM contained residual tu-
mor (SRM 7) (1/9) showing heterogeneous 
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Table 3. Comparison of volumes between timepoints

Timepoint  Median (IQR) in cm3

CT tumor volume (TV)  9.5 (7.1–14.4)

Needle configuration volume (NCV)  4.8 (3.6–9.4)

CT perioperative ablation zone volume (peri-AZV)  16.8 (14.3–19.6)

CT 3 months post-IRE ablation zone volume (3-AZV) 6.2 (4.4–9.4)

CT 6 months post-IRE ablation zone volume (6-AZV)  4.8 (3.9–7.4)

CT 12 months post-IRE ablation zone volume (12-AZV)  4.2 (2.2–5.5)

MRI tumor volume (TV) 7.1 (2.6–11.4)

Needle configuration volume (NCV) 4.8 (3.6–9.4)

MRI 1 week post-IRE ablation zone volume (1w-AZV) 14.5 (12.0–30.4) 

MRI 3 months post-IRE ablation zone volume (3-AZV) 4.6 (2.6–12.8)

MRI 6 months post-IRE ablation zone volume (6-AZV) 3.0 (1.5–6.8)

MRI 12 months post-IRE ablation zone volume (12-AZV) 1.1 (0.9–4.5)

Figure 2. CT enhancement  in Hounsfield Units (HU) over time (median, 25th–75th percentile). On 
x-axis from left to right: tumor enhancement pre-IRE (92 HU, 62–193 HU); perioperative enhancement 
of ablation zone immediately after ablation (perioperative enhancement) (44 HU, 37–54 HU); 3 
months post-IRE enhancement (37 HU, 35–52 HU); 6 months post-IRE enhancement (42 HU, 39–67 
HU); 12 months post-IRE enhancement (44 HU, 37–45 HU). The outlier at 3 months post-IRE and 6 
months post-IRE is the residual tumor of SRM 7.
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signal at 1 week and persisting enhance-
ment from 3 months on. 

On diffusion-weighted images, majority 
of the SRMs showed no presence of focal 
DR post-IRE. In the minority of cases pres-
ence of focal DR was seen at one time point 
but was transient. In 7 of 9 SRMs there was 
no DR during the entire follow-up of 1 year 
post-IRE. In 3 SRMs, there was presence of 
focal DR at 1 week and at 3 months but re-
solved after this follow-up visit. 

On T2-weighted imaging, the majority 
of masses were hypointense after ablation 
(7/9). In the minority there was heteroge-
neous signal, which evolved to hypointen-
sity in time (2/9). 

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

Discussion
This prospective study assessed MRI and 

CT findings pre- and post-IRE treatment 
for SRMs. There was no loss to follow-up 
and the follow-up visits were planned 

Figure 4. a–d. CT effects of IRE perioperatively. Panels (a, b) show CT scan performed perioperatively in 
SRM 10 and 6, respectively. Red lining indicates the hypodense ablated tumor. Blue lining indicates the 
edematous and inflammation tissue surrounding it, also hypodense but less grey. Panel (c) shows  CT 
scan performed 3 months post-IRE in SRM 8. Green arrows indicate the perinephric stranding. Panel (d) 
shows  CT scan performed perioperatively in SRM 5. Green arrows outlining the perinephric stranding. 
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Figure 3. a–e. CT effects of IRE perioperatively 
(immediately after ablation): Notice the gas 
bubbles (orange arrows) in and around the 
hypodense ablation zone. Blue arrows point out 
the IRE electrodes punctured in the border of 
the tumor.
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according to regularly scheduled time-
points, as in clinical practice. Expertise on 
pre- and post-IRE MRI and CT images is 
an unmet need for planning renal IRE ab-
lation, and for determination of the abla-
tion response and treatment effect (20).  
We reported an increase of the AZV on re-
spectively CT and MRI immediately after ab-
lation until 1 week post-IRE and 3 months 
post-IRE. At 6 months, the AZV started to 
decrease in comparison to the perioper-
ative AZV, 1 week and 3 months post-IRE. 

This decrease continued until the end of 
the study at 12 months. The increase of the 
ablation zone can be clarified by possible 
edema, reactive inflammation tissue and 
transient hyperemia. The increase is consis-
tent with previous articles: Trimmer et al. (8) 
reported this increase in a retrospective pa-
tient series. Other research demonstrated 
an increase and subsequently a decrease 
of lesion size after renal ablation, although 
these observations were in pigs (21, 22). In 
other organs, such as pancreas and pros-

tate, ablation zone was investigated and 
similarly reported the increase (13, 14). 

All SRMs appeared non-enhanced 1 week 
after ablation until the end of the study on 
MRI and CT, except for one patient with a 
residual tumor. In case of unclear tumor en-
hancement (3/9), subtraction images were 
especially helpful confirming non-enhance-
ment (Fig. 5b). One patient (SRM 7) had 
a residual tumor, diagnosed at 3 months 
post-IRE and biopsy confirmed (clear cell 
renal cell carcinoma Fuhrman grade 3). This 
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Figure 5. a, b. Panel (a) shows MRI volumes in cm3 over time (median, 25th–75th percentile). On x-axis from left to right: tumor volume (TV) pre-IRE (7.1 
cm3, 2.6–11.4 cm3); needle configuration volume (NCV) (4.8 cm3, 3.6–9.4 cm3); 1 week post-IRE volume (14.5 cm3, 12.0–30.4 cm3; 3 months post-IRE (4.6 cm3, 
2.6–12.8 cm3); 6 months post-IRE (3.0 cm3, 1.5–6.8 cm3); 12 months post-IRE (1.1 cm3, 0.9–4.5 cm3). One outlier resembles SRM 7 with an initial tumor size of 
3.9×3.9×3.7 cm and was the residual tumor diagnosed at 3 months. Panel (b) shows evolution of ablation zone through time on MRI. From left to right: tumor 
pre-IRE (PA: clear cell RCC, 3.4 cm3); 1 week post-IRE (11.3 cm3); 3 months post-IRE (4.3 cm3); 6 months post-IRE (3.6 cm3); 12 months post-IRE (1.3 cm3). Notice 
the proximity of the tumor pre-IRE (green arrow) and the ablation zone post-IRE (orange arrow) to the ureter (yellow arrow) and the renal vasculature in the 
hilum (blue arrow). See subtraction images below to clarify possible enhancement of ablation zone seen on post-contrast dynamic images (upper row).
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patient resembles an outlier for the vol-
umes and for the enhancement post-IRE. 
The tumor size was 3.9×3.9×3.7 cm, hence 
this was the largest in our cohort. Literature 
has shown that tumors of 4 cm or larger 

decreases the effectiveness of IRE (23), em-
phasizing that we should be cautious in 
future with ablating large tumors. Several 
other MRI sequences, such as the non-con-
trast-enhanced, diffusion weighted images, 

and T2-weighted images, were analyzed but 
did not appear to have an additional clinical 
use. Obviously, the sample size of our pilot 
study is small, therefore these conclusions 
should be interpreted with caution. 

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

On both MRI and CT, the TV appears 
larger than the NCV. Based on previous ex-
periments in porcine kidney, we assumed 
that the eventual ablation zone exceeds 
the NCV with approximately 5 mm in every 
direction (24). This has never been properly 

Figure 6. a–f. Scatterplots of CT volumes correlated with the needle configuration volume (NCV) at 3 months (a), 6 months (b), and 12 months (c) post-
IRE; scatterplots of MRI volumes correlated with the NCV at 3 months (d), 6 months (e), and 12 months (f) post-IRE.
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Figure 7. Bland-Altman plot per time point of CT vs. MRI. From left to right: A mean difference 
(estimated bias) of -0.7 cm3 of the tumor volume prior to ablation, -0.7 cm3 at 3 months post-IRE, -0.18 
cm3 at 6 months post-IRE, and 0.52 cm3 at 12 months post-IRE.



investigated for renal IRE in humans, hence 
those calculations were not considered for 
our NCV. However, in prostatic IRE studies in 
humans this has been confirmed with histo-
pathology correlation (13). 

Although we had a vulnerable study 
population including 3 solitary kidneys, IRE 
was well-tolerated. Two patients had grade 
3 adverse event according to the Common 
Terminology Criteria for Adverse Events 
(CTCAE). One patient with a solitary kidney 
experienced pain and had impaired renal 
function due to a blood clot which partially 
obstructed the ureter postoperative. After a 
double J ureteral stent was inserted his re-
nal function returned to preoperative levels 
(CTCAE grade 3). One patient had pyelone-
phritis 17 days after the ablation requiring 
admission for two days and IV antibiotics 
(CTCAE grade 3). Three patients had CTCAE 
grade 1 adverse event (macroscopic hema-
turia, painful micturition, perinephric he-
matoma). The renal functions of all patients 
returned to pre-operative levels. All patients 
recovered from their minor or major compli-
cation without any lasting symptoms.

Our study is limited by a small sample size 
as the primary objective of the study was to 
assess technical feasibility and safety. The 
second objective was to evaluate the use 
of several imaging modalities, including CT 
and MRI, on the visualization of the ablation 
zone in the follow-up after renal IRE. For de-
termining AZVs in imaging after IRE, several 
studies have demonstrated that correlation 
is excellent in a small number of cases (13, 
25). Another limitation is the comparison 
of multiple types of NCVs (2–6 needle con-
figurations). For uniformity of the ablation 
zones, ideally the same number of needles 
should be used in every patient. As IRE was 
used as a curative treatment in our trial and 
differently sized tumors were included, it 
was considered unethical to use the same 
NCV for every tumor. At last, our study is 
limited by a lack of histopathologic confir-
mation during follow-up. Generally, guide-
lines recommend renal mass biopsies only 
in case of suspicion on cross-sectional im-
aging (18). Ideally, optimal correlation of CT 
and MRI with histopathology would have 
required a nephrectomy. Considering that 
this population was extremely vulnerable, 
we decided not to obtain histopathology.  
In this study, we have quantified the abla-
tion zone post-IRE in SRMs. With this, we are 
providing a foundation for larger trials to 
further investigate follow-up imaging after 

renal IRE, and providing guidance to clini-
cians for planning IRE ablation and moni-
toring response.

In conclusion, the AZV increases after re-
nal IRE ablation. At 6 months the decrease 
of the AZV starts gradually until 12 months. 
Enhancement was absent post-IRE, except 
for one patient showing residual tumor. 
On MRI, subtraction images can be used to 
confirm non-enhancement accurately and 
hence may be applied as a predictor for 
residual disease or early recurrences. Gas 
bubbles, perinephric stranding and edema 
are normal findings on CT and MRI directly 
after renal IRE.
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Supplementary Figure 1. The needle configuration volume is assessed prior to IRE ablation according to positioned needles. The cross-sectional surface 
between the IRE electrodes given by the software on the IRE console was multiplied by the active tip length to determine the volume. 


