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Focal therapy is increasingly being used for the treatment of localized or recurrent pros-
tate cancer (PCa) with the intention to treat all significant (i.e., high-volume Gleason 
6 or any Gleason 7) PCa lesions while minimizing collateral damage to adjacent vi-

tal structures (e.g., neurovascular bundle, urethra, urinary sphincter, and rectal wall). Of all 
available focal therapy modalities, irreversible electroporation (IRE) is a novel ablative mo-
dality based on electroporation (1). Cell death is induced by delivering high-voltage electri-
cal pulses between two or more electrodes (2, 3).

The first phase I-II trials for localized PCa have shown the feasibility and safety of IRE (4–8). 
Good short-term functional preservation and oncologic control of the ablation zone has 
been reported (4–6), histopathologic confirmation of the ablation zone showed no residual 
tumor within the ablation zone in these patients. However, in the pilot study of Murray et 
al. (7), 4 out of 25 patients had residual tumor on biopsy 6 months following IRE, possibly 
within the ablation zone. It is challenging to determine whether the biopsy needle is within 
or adjacent to the ablation zone since grey-scale transrectal ultrasonography (TRUS) is not 
able to visualize the ablation zone (9) and multiparametric magnetic resonance imaging 
(mpMRI) at 6 months shows prostate deformations and no clear distinction between treat-
ed and untreated tissue (see below). Using the Likert scale (3–5), Valerio et al. (8) reported a 
suspicion for residual PCa on mpMRI in 6 patients (6/34), but only obtained histopathologic 
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I N T E R V E N T I O N A L  R A D I O LO G Y
O R I G I N A L  A R T I C L E 

PURPOSE  
Imaging plays a crucial role in ablative therapies for prostate cancer (PCa). Irreversible electro-
poration (IRE) is a new treatment modality used for focal treatment of PCa. We aimed to demon-
strate what imaging modalities can be used by descriptively reporting contrast-enhanced ul-
trasonography (CEUS), multiparametric magnetic resonance imaging (mpMRI), and grey-scale 
transrectal ultrasound (TRUS) results. Furthermore, we aimed to correlate quantitatively the 
ablation zone seen on mpMRI and CEUS with treatment planning to provide therapy feedback. 

METHODS
Imaging data was obtained from two prospective multicenter trials on IRE for localized low- to 
intermediate-risk PCa. The ablation zone volume (AZV) seen on mpMRI and CEUS was 3D recon-
structed to correlate with the planned AZV.

RESULTS
Descriptive examples are provided using mpMRI, TRUS, and CEUS for treatment planning and 
follow-up after IRE. The mean AZV on T2-weighted imaging 4 weeks following IRE was 12.9 cm3 

(standard deviation [SD]=7.0), 5.3 times larger than the planned AZV. Linear regression showed 
a positive correlation (r=0.76, P = 0.002). For CEUS the mean AZV was 20.7 cm3 (SD=8.7), 8.5 
times larger than the planned AZV with a strong positive correlation (r=0.93, P = 0.001). Prostate 
volume is reduced over time (mean= -27.5%, SD=11.9%) due to ablation zone fibrosis and defor-
mation, illustrated by 3D reconstruction. 

CONCLUSION
The role of imaging in conjunction with IRE is of crucial importance to guide clinicians through-
out the treatment protocol. CEUS and mpMRI may provide essential treatment feedback by visu-
alizing the ablation zone dimensions and volume.

You may cite this article as:  Scheltema  MJ, Postema AW, de Bruin DM, et al. Irreversible electroporation for the treatment of localized prostate cancer: 
a summary of imaging findings and treatment feedback. Diagn Interv Radiol 2017; 23:365–370.
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confirmation in 1 out of 6 patients (Gleason 
score 3+4). 

Consensus statements provide guid-
ance on trial design and the use of imaging 
for focal therapy. The most recent reports 
recommend to perform mpMRI both in the 
planning and follow-up of focal therapy  
(10, 11). Focal high-intensity focused ul-
trasound or cryotherapy treatment pro-
tocols often include imaging-based fol-
low-up with 6 monthly or annual mpMRI 
(12). The study endpoints of these proto-
cols are imaging based, without any stan-
dardized biopsy endpoint, highlighting 
the necessity of a profound understand-
ing of mpMRI. 

The goal of focal therapy, to treat all signif-
icant PCa lesions while minimizing collateral 
damage to adjacent vital structures, can only 
be obtained by knowledge of lesion location 
using image-guidance and imaging feed-
back on the ablated zone. Besides one phase 
1 trial evaluating the ablation zone 4 weeks 
following IRE treatment with contrast-en-
hanced ultrasonography (CEUS) and mpMRI 
(9), no studies have been published on the 
use of prostate imaging with IRE. No imaging 
modality has been quantitatively validated 
in the follow-up following IRE and particu-
larly little is published about the IRE-specific 
changes seen on imaging during and in the 
follow-up of IRE. In order to perform focal 
therapy using IRE, clinicians should have an 
understanding on which imaging modalities 
can be used and which imaging results can 
be expected during different stages of the 
treatment protocol using IRE. Therefore, we 
aim to provide an overview on several im-
aging modalities used in conjunction with 
IRE by descriptively reporting the utility of 
CEUS, mpMRI and grey-scale TRUS for treat-
ment planning, procedure guidance and 
follow-up of IRE. Moreover, at present no 
imaging modality is able to visualize the ex-
tent of the ablation zone during an IRE pro-
cedure. In order to provide therapy feedback 
through imaging, the ablation zone volume 
(AZV) seen on mpMRI and CEUS was quan-

titatively 3D reconstructed to correlate with 
the planned AZV. 

Methods
The data used for this report were ob-

tained from two prospective multicenter 
studies and the international IRE registry 
(clinicaltrials.gov NCT02255890). In the 
currently ongoing first cohort, 16 patients 
have received primary IRE because of or-
gan-confined (D’Amico) low- to intermedi-
ate-risk PCa. Both CEUS and mpMRI were 
performed at baseline and used for imag-
ing-based treatment planning for needle 
placement. Three-dimensional histology 
lesion localization and grading was ob-
tained with transperineal template-map-
ping biopsies (TTMB). Grey-scale TRUS was 
used for procedure guidance, whereas 
CEUS, mpMRI, and TTMB were performed 
at 6 months to follow the evolution of the 
ablation zone and to assess oncologic con-
trol. At 1 year, CEUS and mpMRI were per-
formed. The institutional review board (IRB) 
approved the study protocol (clinicaltrials.
gov NTC01835977). 

In the second trial (completed) 16 pa-
tients were treated with IRE for organ-con-
fined PCa. As part of the ablate and resect 
design, all patients underwent a radical 
prostatectomy 4 weeks following IRE. From 
these patients mpMRI and CEUS data are 
available at baseline and 1 month follow-up 
after IRE. This trial was approved by the IRB 
(clinicaltrials.gov NCT01790451). Inclusion 
and exclusion criteria and study procedures 
of both trials have been published else-
where (13, 14). Written informed consent 
was obtained from all participants and both 
clinical trials are conducted in accordance 
with the Declaration of Helsinki.

Multiparametric MRI
MpMRI was performed using the PI-RADS 

v2 (15) guidelines on two different MRI scan-
ners (1.5T AVANTO, Siemens and 3.0T Inge-
nia, Philips). The detailed mpMRI procedures 
in both trials have been described extensive-
ly (9, 14). All mpMRI results were interpreted 
by a single specialized uroradiologist. If mp-
MRI and/or CEUS showed a suspicious lesion 
for PCa in biopsy-naive patients or patients 
receiving repeat biopsies for active surveil-
lance, fusion targeted biopsies were per-
formed in the work up for the second trial. 
Lesions were delineated for mpMRI-TRUS fu-
sion with ProFuse (Eigen) software and sub-
sequently targeted using the fusion system 
(Artemis, Eigen). AZVs were 3D reconstruct-
ed with 3D reconstruction software (Amira, 
FEI) as described previously (9).

Grey-scale transrectal ultrasonography
TRUS was performed in all patients for IRE 

procedure guidance and during TTMB. An 
ultrasound system (Preirus Hi Vision, Hitachi) 
with a biplanar probe (EUP-U533) was used. 
Prostate dimensions were calculated and 
both the entire longitudinal and transverse 
axes were visualized to assure a complete 
range of motion for needle placement. 

Contrast-enhanced ultrasonography 
For CEUS imaging an intravascular micro-

bubble ultrasound contrast agent (SonoVue, 
Bracco) is combined with TRUS using an endo-
cavity probe (Phillips IU22, Philips Healthcare, 
Bothell, USA). The detailed CEUS procedures 
are described previously (14). The prostate is 
visualized in 4 planes from base, mid-base, 
mid-apex to apex. Before each 2-minute re-
cording a bolus of 2.4 mL ultrasound contrast 
agent is administered intravenously, followed 
by a 3-minute pause to allow contrast agent 
breakdown. These planes are recorded using 
the fusion device (Artemis, Eigen) and with 
prostate landmarks for future targeting or fol-
low-up. Additional base-to-apex transversal 
sweeps and left-to-right lateral sweeps were 
recorded using CEUS to evaluate the ablation 
zone post-IRE. AZVs were 3D reconstructed 
with software (Amira, FEI) as described else-
where (9). Contrast ultrasound dispersion 
imaging methods (CUDI) (16) were used for 
computer-aided quantified analysis and to 
provide maps of contrast CUDI parameters to 
identify regions of interest. 

Transperineal template-mapping biopsies 
TTMB were performed using biplanar 

TRUS-guidance in combination with tem-
plate mapping using the same transperineal 
grid that is used for prostate brachytherapy 
(Bard). This technique is recommended for 
patient selection and follow-up after focal 
therapy (17). If mpMRI and/or CEUS showed 
lesions suspicious for PCa and fusion target-
ed biopsies were not obtained previously, 
additional targeted biopsies were taken us-
ing cognitive targeting during TTMB. 

IRE procedure 
All patients received antibiotic prophylax-

is (Ciprofloxacin 500 mg, Bayer) and a trans-
urethral catheter before the IRE procedure. 
Patients were under general anesthesia and 
positioned in the lithotomy position, the bi-
planar TRUS-probe and brachytherapy grid 
were used for electrode placement. The IRE 
procedure was performed using the NanoK-
nife™ IRE System (AngioDynamics). Three to 
six needle electrodes were used for each ab-
lation, delineating the tumor. The electrode 

Main points

• Irreversible electroporation (IRE)-
specific changes on imaging after IRE are 
demonstrated.

• Multiparametric MRI and contrast-enhanced 
US are strongly correlated with treatment 
planning and provide treatment-outcome 
feedback.

• Prostate volume reduction and deformations 
are observed on imaging after IRE.



position, active tip length (1.5–2 cm) and 
prostate dimensions were entered into the 
Nanoknife™ console which then calculated 
and displayed the 2D ablation zone. In total 
90 electrical pulses were delivered between 
each electrode pair with a range of 1.500–
3.000 V/cm, to obtain a direct current of 
20–40 amp. A deep muscle relaxation agent 
(Rocuronium, Pfizer) was administered to 
prevent severe muscle contractions. 

In a previous ablate and resect study it 
has been shown that all tissue within the 
electrode configuration was ablated (5). 
Therefore, we consider the area within the 
electrode configuration as the AZV. Treat-
ment planning AZVs were measured as de-
scribed previously (5), using image analysis 
software (ImageJ, FIJI), multiplied by the ac-
tive tip length to calculate the AZV. 

Statistical analysis
The correlation between the 3D reconstruct-

ed volumes of CEUS, mpMRI and treatment 
planning were visualized using a scatterplot 
(x/y). A linear regression analysis was per-
formed including a Pearson correlation coeffi-
cient (r) as measures of correlation. Dependent 
variables were the volume on MRI/CEUS and 
the independent variable was the treatment 
planning volume. The error related to 3D re-
construction was calculated by dividing the 
AZV by the number of planes for both mpMRI 
and CEUS. However, for CEUS the errors were 
too small to display (high number of planes).

Results
As with other focal ablative therapies for 

PCa, mpMRI is used for patient selection and 
preoperative treatment planning. The exact 
demonstration of the location of the PCa le-
sion(s) is essential for the IRE electrode place-
ment, in particular the relation to the neuro-
vascular bundle, urethra, and bowel (Fig. 1a), 
as IRE ablation may affect these structures. 
Needle electrodes need to be placed around 
the lesion to guarantee effective ablation 
which has been shown to occur within the 
zone between electrodes (5, 18). To illustrate, 
in Fig. 1a the electrodes are placed around 
the PCa lesion seen on mpMRI (histopatho-
logically confirmed with mpMRI-TRUS fusion 
targeted biopsies; PCa Gleason 4+3, >50%). In 
this patient CEUS identified the same lesion 
(Fig. 1b). TTMB can be used for patient selec-
tion and tumor localization in conjunction 
with mpMRI, if mpMRI is not available or to 
extensively sample the prostate to diagnose 
undetected PCa by mpMRI (19, 20). During 
the TTMB procedure suspicious lesions on 
mpMRI or CEUS can be targeted using either 
cognitive or system fusion.

Biplanar TRUS allows exact IRE needle 
placement using both transverse and longi-
tudinal view with mpMRI-TRUS cognitive fu-
sion (Fig. 2a, 2b) or TTMB-based targeting. The 
brachygrid is used for needle placement and 
to achieve parallel electrode orientation by 

horizontal fixation (Fig. 2c). Consecutive elec-
trical pulses were delivered with IRE and these 
shocks are visible with TRUS (Video 1. See cor-
responding video/movie images at https://
doi.org/10.5152/dir.2017.16608). By gener-
ating a high-voltage direct current between 
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Figure 1. a,b. An anatomical overview (a) of the prostate (delineated in green) can be seen with the 
rectum (delineated in yellow), the neurovascular bundles (blue) and the prostate cancer (PCa) lesion 
(red). The yellow circles denote the irreversible electroporation (IRE) electrode locations in relation 
to the tumor. Contrast-enhanced ultrasonography (CEUS) image (b) of the same PCa lesion shows 
increased rapid focal contrast-uptake marked with a red square.

a b

Figure 2. a–d. Needle electrode placement (yellow circles) with transrectal ultrasound (TRUS)-guidance 
in sagittal (a) and longitudinal (b) view, the active tip length is marked between bars. The brachygrid 
(c) used for electrode placement and horizontal fixation. Electrolysis of water (d) can be seen as a 
hyperechogenic region (delineated in blue) within the electrode configuration (yellow circles).

c

a

d

b
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each electrode pair, the potential difference 
required to split water molecules is reached 
(electrolysis). Electrolysis of water can be seen 
on TRUS as hyperechogenic regions within 
the electrical field (Fig. 2d). The concurrent ox-
idation of chloride is believed to contribute to 
the ablative effect with IRE (21).

The ablation zone 4 weeks following IRE 
is shown on T2-weighted imaging in Fig. 
3a, characterized by an absence of contrast 
enhancement on T1-weighted dynamic se-
quence with a symmetric wall of reactive 
enhancement surrounding the ablation zone 
(Fig. 3b). Edema may be seen on T2-weighted 

imaging as areas with moderately increased 
T2-signal (Fig. 3a). At 6 months and 1 year, 
prostate deformations are observed, with low 
T2-signaling representing fibrosis (Fig. 3c, 3d).

CEUS visualized the ablation zone at 4 
weeks following IRE as sharply demarcated 
nonperfused tissue compared with perfused 
tissue outside the ablation zone (Fig. 4a). At 6 
months and 1 year, deformation of the abla-
tion zone within the prostate was observed; 
however, treated areas could still be visual-
ized as nonperfused areas (Fig. 4b, 4c). 

Of the 16 patients that had mpMRI data 

available 4 weeks following IRE, 3 patients 
were excluded from analysis. In 1 patient the 
planned ablation zone was not correctly cal-
culated due to a system error. The other 2 pa-
tients received an incomplete IRE treatment, 
one using 2 needle electrodes only with in-
sufficient current output, whereas in the other 
case the inter-electrode distances were too far 
apart. The AZVs on T2-weighted MRI 4 weeks 
following IRE (n=13) had a mean (± standard 
deviation) volume of 12.9±7.0 cm3 and were 
5.3 times larger than the planned AZV (2.4±1.7 
cm3). The volumes on T2-weighted imaging 
and planning were positively correlated (P = 
0.002) with a Pearson correlation coefficient 
of r=0.76 (Fig. 5a). The mean AZV for CEUS 4 
weeks following IRE (n=8) was 20.7±8.7 cm3 
and was 8.5 times larger than the planned 
AZV. When compared, the volumes on CEUS 
and the planning showed a good positive cor-
relation with a Pearson correlation coefficient 
of r=0.93 (P = 0.001) (Fig. 5b). Due to the pros-
tate deformations and fibrosis, the AZV on im-
aging at 4 weeks, 6 months and 1 year differ. 
To illustrate this, the AZV on T2-weighted MRI 
is 3D reconstructed in Fig. 6 at 4 weeks (9.75 
cm3), 6 months (6.73 cm3) and 1 year (6.46 
cm3) following IRE (n=1). At 4 weeks follow-
ing IRE the prostate volume on MRI (n=15) is 
comparable with baseline MRI (mean increase, 
4.4%±14.1%); however, due to the involution 
of the ablation zone the prostate volume on 
MRI at 6 months following IRE (n=6) is reduced 
with a mean reduction of 27.5%±11.9% com-
pared with baseline prostate volume on MRI.

Residual or recurrent disease may be seen 
as a low T2-signal (Fig. 7a), asymmetrical en-
hancement on dynamic contrast-enhanced 
MRI (Fig. 7b), area with restricted diffusion 
on apparent diffusion coefficient maps and 
high signaling on diffusion-weighted im-
aging (b value >1000). Regions with focal 
early enhancement on CEUS within or out-
side the ablation zone may be indicative for 
residual/recurrent PCa (Fig. 7c). The suspi-
cious area on Fig. 7 was histologically con-
firmed to be PCa Gleason 3+4=7, 10%–50% 
(adjacent to the ablation zone). 

Figure 3. a–d. The ablation zone on follow-up. T2-weighted imaging (a) 4 weeks following IRE shows 
edema as moderately increased signal (delineated in blue). T1-weighted dynamic imaging (b) shows 
absence of contrast enhancement within the ablation zone. T2-weighted images of the same ablation 
zone (c, d) show prostate deformations and a less clearly defined ablation zone at 6 months (c) and 12 
months (d) following IRE. 

c

a

d

b

Figure 4. a–c. CEUS image 4 weeks following IRE (a) shows a sharply demarcated, nonperfused ablation zone. CEUS images at 6 months (b) and 12 
months (c) following IRE show a less defined, nonperfused ablation zone with deformation. 

a b c



Discussion
This report is the first to provide a descrip-

tive overview on the use of mpMRI, CEUS, 
and TRUS for treatment planning, procedure 
guidance and follow-up following IRE for 
treatment of localized PCa. Unfortunately, 
no imaging modality is able to visualize the 
extent of the electrical field. Therefore, the 
extent of the ablation zone cannot be mon-
itored in real-time. In a previous ablate and 
resect study it was shown that all tissue with-
in the electrode configuration was ablated 
(5). Therefore, we considered the area within 
the electrode configuration as the planned 

AZV. We correlated the planned AZV with 
post-IRE AZVs on MRI and CEUS and found 
a strong positive correlation. However, the 
AZVs were larger than the treatment plan-
ning. This may be in line with findings af-
ter whole mount histopathologic analysis, 
which showed an extended ablation zone 
in relation to the electrode configuration, 
2.5 to 2.9 times the surface area within the 
electrode configuration (5). CEUS may show 
a stronger correlation with the planned AZV 
than T2-weighted MRI since the 3 mm slice 
thickness with mpMRI inherently causes less 
accurate volume measurements. In order to 

improve treatment monitoring, and thereby 
reduce damage to vital adjacent structures, 
a correct mathematical model for the extent 
of ablation zone or a real-time monitoring 
imaging modality is required. Until such an 
option becomes available, postoperative 
imaging is the only possibility to provide 
feedback on the planned AZV. As the AZV 
seen on T2-weighted MRI and CEUS 4 weeks 
following IRE correlated well with AZV on 
whole mount pathology (r=0.88 and r=0.80, 
respectively) (9), this could also serve as 
feedback on treatment effectiveness.

In a consensus meeting on the follow-up 
of focal therapy it was stated that mpMRI 
should be performed at 6 months and then 
annually up to 5 years following focal ther-
apy (10). Currently, no long-term follow-up 
data is available on IRE for localized PCa, in 
particular no data correlating imaging and 
treatment outcomes following IRE are avail-
able (4–8). There is a critical need for the 
quantitative validation of mpMRI following 
IRE, evaluating the ability to detect residu-
al or recurrent PCa by use of standardized 
follow-up biopsies. Until this data becomes 
available, descriptive reports must provide 
clinicians with an overview on what imaging 
modalities can be used and what informa-
tion from imaging results can be expected.

Imaging is an important aspect for ev-
ery step in an IRE treatment protocol, from 
patient selection, treatment planning, and 
treatment guidance to follow-up. Currently, 
none of the existing imaging modality is 
able to visualize the electric field, nor the 
precise real-time formation of the ablation 
zone. CEUS and mpMRI may provide essen-
tial treatment-feedback by visualizing the 
ablation zone dimensions and volume 4 
weeks following IRE. Long-term reproduced 
data on the utility of CEUS and mpMRI fol-
lowing IRE are required to construct opti-
mal imaging-based follow-up protocols.   
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ery of electrical pulses with IRE. 
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Figure 5. a, b. Graph (a) shows the correlation between the ablation zone volume on T2-weighted 
imaging and treatment planning with a Pearson correlation coefficient of r=0.76. Graph (b) shows 
the  correlation between the ablation zone volume on CEUS and treatment planning with a Pearson 
correlation coefficient of r=0.93.

a

b
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Figure 6. a–c. Three-dimensional reconstruction of the ablation zone at 4 weeks (a), 6 months (b) and 12 months (c) following IRE.

a b c

Figure 7. a–c. Six months following IRE, T2-weighted image (a) shows residual disease adjacent to the ablation zone (delineated in red), DCE (b) shows 
asymmetrical enhancement, and CEUS contrast ultrasound dispersion imaging map (c) shows rapid focal enhancement.
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