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Abstract

Introduction 1t is postulated that focal IRE affords com-
plete ablation of soft-tissue tumours while protecting the
healthy peritumoral tissue. Therefore, IRE may be an
interesting option for minimally invasive, kidney-tissue-
sparing, non-thermal ablation of renal tumours.

Aim With this current pilot study (“IRENE trial”), we
present the first detailed histopathological data of IRE of
human RCC followed by delayed tumour resection. The
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aim of this interim analysis of the first three patients was to
investigate the ablation efficiency of percutaneous image-
guided focal IRE in RCC, to assess whether a complete
ablation of Tla RCC and tissue preservation with the
NanoKnife system is possible and to decide whether the
ablation parameters need to be altered.

Methods Following resection 4 weeks after percutaneous
IRE, the success of ablation and detailed histopathological
description were used to check the ablation parameters.
Results The IRE led to a high degree of damage to the
renal tumours (1 central, 2 peripheral; size range
15-17 mm). The postulated homogeneous, isomorphic
damage was only partly confirmed. We found a zonal
structuring of the ablation zone, negative margins and,
enclosed within the ablation zone, very small tumour
residues of unclear malignancy.
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Conclusion According to these initial, preliminary study
results of the first three renal cases, a new zonal distribu-
tion of IRE damage was described and the curative inten-
ded, renal saving focal ablation of localised RCC below
<3 cm by percutaneous IRE by the NanoKnife system
appears to be possible, but needs further, systematic eval-
uation for this treatment method and treatment protocol.

Keywords Irreversible electroporation (IRE) -
Renal cell carcinoma (RCC) - Small renal mass
(SRM) - Kidney - Focal therapy (FT) - Ablation

Introduction

In the treatment of RCC, focal therapy (FT) with the goal of
minimising damage to the surroundings while still achieving
total destruction of the tumour tissue is receiving increasing
attention [1-4]. For focal IRE, it has been postulated that
complete ablation of soft-tissue tumours with protection of
the healthy peritumoral tissue is possible [2, 5—-12]. There-
fore, IRE represents an interesting potential option for
nephron-sparing treatment of renal tumours. However, there
is still a lack of clinical data for its application in RCC [13—
16], and most studies have been based on radiological or
post-biopsy assessment only. With this pilot study [17], we
present the first detailed histopathological data of IRE treated
RCC followed by delayed resection. The aims of the present
interim analysis of the first three patients were to evaluate the
ablation efficacy and accuracy of percutaneous focal IRE in
RCC and to obtain a preliminary assessment of whether a
histologically complete ablation of localised RCC with
preservation of kidney tissue, using the NanoKnife™ sys-
tem, is possible and to decide whether the ablation parame-
ters need to be altered.

Methods
Study Approval

The detailed study protocol was published separately
[17]. Approval for this GCP-compliant study [Clini-
calTrials.gov: NCTO01967407 (10/2013), ICTRP/WHO:
DRKS00004266] was granted by German Federal Insti-
tute for Drugs and Medical Devices (BfArM) and Ethics
Committee of University Magdeburg [73/2012].

Procedures
Metastatic disease was excluded by contrast-enhanced,

thoracic CT and abdominopelvic CT or MRI. Renal MRI
was performed one day before IRE for current tumour
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measurement and pretreatment planning (see Pretreatment
planning) [17]. Due to the protocol, required tumour biopsy
prior to ablation could precede IRE as initial diagnosis for
histological proof of RCC in uncertain imaging or in the
same session using the general anaesthesia required for
IRE in obvious malignant imaging [1, 17].

Before IRE treatment, CT-guided coaxial core biopsies
were taken from all tumours for initial histological
assessment (case 1-3 with delay between). For IRE treat-
ment, we used the NanoKnife™ IRE electroporator (An-
gioDynamics Inc.,® USA; firmware V3.29, software
V2.2.0.23) and NanoKnife™ monopolar probes (15 cm,
19G). The electrodes were positioned under CT guidance
(Aquillion prime CT scanner, Toshiba Inc.,® USA) and on
the basis of individual treatment-planning data (Proce-
dureManager-2_2_0_23 for Windows, AngioDynamics®).
IRE was performed with ECG triggering, under general
anaesthesia and deep muscle paralysis. After 28 days, open
partial kidney resection or radical nephrectomy with
complete resection of the ablation region was performed
[1]. To identify the spatial position of the resectate or
tumour for the resection, the resectate will be anatomically
land-marked intraoperatively with threads, as is usual.
Renal MRI was performed one day before IRE.

The patient and treatment parameters are shown in
Table 1. Intraprocedural modification was performed after
immediately evaluation of post-IRE ablation graphs by
interelectrode voltage modulation and separate electrode pair
ablation. A complete ablation was defined as end-point with
following characteristics: at least a complete ablation per
electrode pair; simulated complete coverage of the tumour
(target zone) by the treatment-planning zone; ideal (typically
configurated) IRE ablation pulse graphs according to the
manual [18]. The evaluation of the graphs was performed
immediately after each pulse train application by at least two
IRE experienced urologists and two IRE experienced inter-
ventional radiologists on the NanoKnife generator display.

Histopathological Analysis

Pre-IRE tumour biopsy specimens were fixed in 4 % buf-
fered formalin, paraffin embedded, cut at 3 pm and stained
with haematoxylin and eosin (HE). The resection speci-
mens were fixed in buffered 4 % formaldehyde solution for
at least 24 h followed by complete sectioning of the abla-
tion area including a border of macroscopically incon-
spicuous kidney tissue in 0.4-cm-thick slices [19]. The
ablation area was measured two dimensionally. In the case
of nephrectomy, coarse sectioning of the remaining
preparation was performed to exclude other pathologies.
Thereafter, the ablation area, including the border, was
completely embedded in paraffin in standard tissue cas-
settes  after  topographic  assignment based on
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Table 1 Patient and treatment parameters according to the Standardization of Terminology and Reporting Criteria for Image-Guided Tumor

Ablation [21, 31]

Patient 1 (44 years)

Patient 2 (78 years)

Patient 3 (74 years)

Tumour data
No. targets 1 1

Tumour location Upper pole, right, cortical,

exophytic, ventrolateral
1.7 x 1.7 x 1.6

Tumour volume (ccm) 2.4 1.6

Tumour size (cm)
Tumour shape and class ~ Spherical, small
Pap RCC Typ 1, Fuhrman G2

Inhomogeneous, solid, no
cysts/calcification

pTla G2 (C3)
cNO cMO (C2) stage 1

Biopsy

Tumour texture

TNM

IRE parameter

Upper to mid-pole region, right,
cortical, exophytic, dorsomedial
15 x15x14

Spherical, small
Eosinophils cc RCC, Fuhrman G1

Inhomogeneous, solid, no
cysts/calcification

pTla G1 (C3)
c¢NO cMO (C2) stage 1

1

Upper to mid-pole region, right, cortical,
exophytic, dorsomedial, close to hilus

1.6 x 1.5 x 1.5

1.9

Spherical, small

cc RCC, Fuhrman G1

Inhomogeneous, solid, no
cysts/calcification

pTla G1 (C3)
cNO cMO (C2) stage 1

Procedures/sessions 1 1 1

Electrode type Monopolar Monopolar Monopolar

No. of electrodes 4 3 4

No. of ablation pairs 6 3 6

Tip exposure” (cm) 2.5 1.5 2.0

Electrode configuration Square Triangular Square
Interelectrode spaces (cm) edge: 0.9-1.1, diagonal: 1.3-1.5  edge: 1.0-1.3; diagonal: n.a. edge: 1.4-2.3, diagonal: 1.4-1.7
Ablation margin (cm) 0.2-0.6 0.3-0.5 0.5-14
Treatment zone (cm) 2.4 x 29 x 3.5° 2.5 x 2.5 x 2.5¢ 3.5 x 4.0 x 3.0
Treatment zone (ccm) 12.7 8.2 22.0

No. of ablations 4 (plus 1 test run) 2 (plus 1 test run) 3 (plus 1 test run)
Pulse length 90 ps 90 ps 90 ps

Total no. of pulses 1300 450 1320

Current (max.) 49 A 42 A 49 A

Voltage (min./max.)

1800/2800 V

2200/2640 V

1960/3000 V

Surgery
Partial kidney resection
ypTla VO LO PnO RO (C4)

Resection type
ypTNM

Partial kidney resection
ypTO VO LO PnO RO (C4)

Radical nephrectomy
ypTO VO LO PnO RO (C4)

Tumour and ablation volume (V = nd®, respectively, § nabc)

* Active tip (exposure) plus postulated ablation field in depth 2 x 0.5 cm [18]

macrophotography. Each tissue block was used to prepare
3-um-thick sections, and these were stained with HE for
morphological assessment in 500 pm steps with one
unstained section each for transmission microscopy.
Additional immunohistological staining of the tumour
region with proliferation marker Mibl (Dako; dilution
1:100) at least still rudimentary basic structure was per-
formed to determine viability or irreversible cell death.

In each specimen, the complete ablation area, the
tumour area and non-affected renal tissue on each slide was
precisely outlined in multicoloured ink. The maps from
each subject were computer scanned, inspected serially and

determined by a digitising pad (Bamboo One™) and
image-manipulation software (GIMP 2.8.14%). Volume
was calculated as the sum of tumour areas multiplied by the
section thickness (0.4 cm) and by a formalin-induced tis-
sue-shrinkage factor of 1.5.

The extent of histologically demonstrable damage was
determined by examining the histostructural changes
(disorganisation of the original tumour structure) and
also the cellular changes (ballooning, vacuolisation and
nuclear pyknosis), and a regression grade (RG) was
assigned according to the scale shown in Table 2 [19,
20].
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Table 2 Histological-cellular grading of the regressive alterations of the RCC after IRE, adapted from Ref. [20]

RG Histological and cellular morphology

0 No regression: Neither necrosis nor cellular or structural alterations

Slight regression: necrosis or disappearance of the tumour and/or cellular or structural alterations in less than 1/3 of the tumour

2 Moderate regression: necrosis or disappearance of the tumour and/or cellular or structural alterations in more than 1/3, but not more than

2/3, of the tumour

3 Strong regression: necrosis or disappearance of the tumour and/or cellular of structural alterations in more than 2/3 of the tumour, but still
histomorphologically intact or only slightly altered tumour cells distinguishable

4 Complete regression: tumour completely necrotic and/or replaced by fibrosis. No histomorphologically intact tumour cells distinguishable

DR degree of regression

Results
Case 1 (Fig. 1)

Initial biopsy Initial biopsy revealed papillary RCC of type
1 (Fig. 1D). Treatment partial kidney resection. Macro-
scopic analysis Sharply demarcated, approximately ellip-
soidal, haemorrhagically altered ablation zone. In the
centre of the ablation zone, a round to oval tumour focus
was clearly delineated. The greatest width of the peritu-
moural damage zone was 8§ mm, spreading to peritumoural
renal tissue and to perirenal fatty tissue (Fig. 1E, F-K).
Microscopic analysis The tumour focus within the ablation
zone showed strong treatment effects (RG III) with almost
complete tumour destruction by extended, homogeneously
eosinophilic coagulation necrosis (Fig. 1L). Within the
necrotic tumour only, a small focus of preserved residual
papillary tumour, comprising 18.7 % of the posttreatment
tumour zone (12 % of the pretreatment tumour zone), was
detected. The residue showed only minor regressive
changes without demonstrable proliferative activity
(Fig. 1L, O; Tables 2, 3; regression grade 3).

Case 2 (Fig. 2)

Initial biopsy Equivocal oncocytic renal tumour. On account
of its staining profile (CD 104, Vimentin—, cytokeratin
20—, Hale-) classified as clear-cell RCC of the eosinophilic
subtype (Fig. 2D). Treatment partial kidney resec-
tion. Macroscopic analysis sharply demarcated, semi-ellip-
soidal ablation zone with a broad base at the kidney surface
and ellipsoidal intrarenal extension. At the ellipsoidal end
clearly demarcated tumour focus. Extensive signs of local
haemorrhage. Peritumourally a narrow (1 mm) margin of
haemorrhagic surrounding tissue. A 9 mm margin to the
kidney surface was present (Fig. 2E, F-I). Microscopic
analysis The tumour focus within the ablation zone showed
extensive coagulation necrosis with intratumoural haemor-
rhage, partly fresh and partly older as well as focal granu-
lation tissue formation. Within the necrotic tumour, a small
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tumour focus comprising 2.8 % of the pre- and posttreatment
tumour zone with rudimentary preserved histoarchitecture
was seen (Fig. 2F-I). This focus showed severe cytological
damage (homogeneous cytoplasm eosinophilia, cell
hydropsy, cell-wall destruction with only schematically
distinguishable cell nuclei and loss of nucleoli) without signs
of proliferative activity in Mib-1 staining. The regressive
changes were graded as RG 4 (Fig. 2J-L; Tables 2, 3).

Case 3 (Fig. 3)

Initial biopsy Clear-cell RCC (Fig. 3C). Treatment radical
nephrectomy due to intraoperative findings (severe inflam-
matoric and fibrotic perifocal reaction with involvement of
the hilus) (Fig. 4). Macroscopic analysis Extended geo-
graphic ablation zone with a central capsule-like, delimited
tumour focus (Fig. 3E-L). Far-reaching peritumoural
extension of the ablation region (width up to 11 mm) to the
renal cortex and medulla, associated vessel structures, renal
pelvis and perirenal fat (Fig. 5). Microscopic analysis The
tumour focus within the ablation zone showed strong treat-
ment effects (RG 4) with formation of extended homoge-
neous, acellular, eosinophilic coagulation necrosis and
inclusion of an area with rudimentary preserved histoarchi-
tecture (62.4 % of the preatreatment tumour zone resp.
91.2 % of the posttreatment tumour zone) which showed
massive cytological damage (RG 4) without sign of a
residual proliferative activity (Fig. 3M-O; Tables 2, 3).

Volumetry, Histological Planimetry and Volumetry
See Table 3 and Fig. 4

Zonal Histological Structuring of the Ablation Zone
Alongside the case-specific tumour-related histological
changes described above, all cases showed a zonal struc-
turing of the ablation region. In the centre, an amorphous

necrosis zone of the coagulation-necrosis type (zone Z1 in
Fig. 5A, B) was seen [21]. Next to this, there was a



J. J. Wendler et al.: First Delayed Resection Findings After Irreversible Electroporation... 243

ifig
d

i

Fig. 1 Case 1: A, B Pre-interventional MRI coronal/transverse.
C Check of IRE electrode placing in CT. D Histology of initial biopsy
showing type 1 papillary RCC. E Macroscopic view of renal
specimen with sharply demarcated ablation zone. F-K Macro- and
microscopic fusion sketch of the serially sectioned renal specimen
(F sketch corresponding to E): violet line ablation zone (including
zone 2 and 3 as shown in Fig. 5), blue-hatched area tumour zone,
solid blue area part of tumour zone with preserved histo- and
cytoarchitecture; black dashed line border to perirenal fat. L Papillary
NCC after IRE: ablated tumour area with complete necrosis of
coagulation type on the right of the black line (corresponding to the

necrosis zone of variable width, also of the coagulation-
necrosis type, in which ghost structures of the tissue
affected could still be discerned (e.g., tubuli, glomeruli, fat;
zone Z2 in Fig. 5A, C). Some dystrophic areas of calcifi-
cation and resorptive chronic-inflammatory changes could
also be seen, sometimes with the formation of foreign-body
giant cells. In sections where the ablation zone included the
renal pelvis and papillae, both structures showed necrosis

blue-hatched area in the fusion sketches). Sharply adjacent tumour
area with partially preserved histo- and cytomorphology on the left of
the black line (corresponding to the solid blue area in the fusion
sketch, haematoxylin—eosin (HE) staining) M Histologic detail view
of the preserved tumour region from L showing papillary architecture
and minor signs of cytologic damage (cell hydrops, cytoplasmic
vacuolization, isolated pycnotic nuclei) (HE). N Same tumour area as
in 1 m with negative staining for the proliferation marker Mib-1.
O Low proliferative activity (individual nuclear-stained cells, arrows)
of normal renal cortex tissue distant from the lesion (Mib-1
immunohistochemistry)

with urothelial sloughing. Adjacent to this zone, there was
a gradual transition to a zone of granulation tissue (zone
Z3) with a width between 1 to 5 mm (mean 2.45 mm, data
not shown). Zone 3 was associated with frequent, in part
luminal occlusive intimal hyperplasia of small- and med-
ium-sized arterial renal vessels. Adjacent to this, unaf-
fected renal parenchyma (urp) was found (unaffected renal
parenchyma = URP, Fig. 5A, D-F).
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Table 3 Volumetry, histological planimetry, degree of regression, residual vitality

Case 1 Case 2 Case 3
Pretreatment (planning, MRI)
Tumour size (target size) (cm) 1.7 x 1.7 x 1.6 1.5x15x%x 14 1.6 x 1.5 x 1.5
Volume tumour (ccm) 2.4 1.6 1.9

Treatment zone (cm)
Volume treatment (planning) zone (ccm)
Posttreatment (histological)
Tumour size (cm)
Volume treated tumour (contour) (ccm)
Volume residual tumour (ccm)
Ablation zone® size (cm)
Ablation zone® volume (ccm)
Tumour characteristics
RCC type
Regression grade (Table 2)
Residual tumour of pretreatment tumour size (%)
Residual tumour of posttreatment tumour size (%)
Mib-1 labelling index (%)b
Assessment of viability
Post—Pre-IRE proportions
A Tumour volume (involution/shrinkage) (ccm)
A Tumour volume (involution/shrinkage) (%)
A Volume Ablation zone®—treatment (plan.) zone (ccm)

Q Volume ablation zone*/treatment (plan.) zone (%)

24 %29 x 3.5"
12.7

2.5 x 2.5 x 2.5
8.2

3.5 x 4.0 x 3.0
22.0

1.6 x 1.5 x 1.2 1.6 x 1.7 x 1.1 1.5x 14 x 12
1.5 1.6 1.3

0.28 0.045 1.185

25 x20x 13 30 x25x%x20 42 x 3.0 x 2.6
34 7.9 17.2

Papillary Clear cell Clear cell

3 4 4

12 2.8 62.4

18.7 2.8 91.2

0 0 0

Uncertain Non-viable Non-viable
-0.9 0 —-0.6

-37.5 0 -31.6

-93 -0.3 —4.8

+26.8 +96.3 +79.2

Treated tumour is residual visible tumour shape (volume) with histological signs of posttreatment alteration of the complete tumour area.
Residual tumour is histologically residual tumour structure without signs of complete destruction

Volume (V = L nd?, respectively, § nabc)
* Ablation zone includes zone Z2 and Z3 as defined in Fig. 5
" Percentage of Mib-1-nuclear-labelled tumour cells

Discussion

This pilot study is intended to assess the results obtained
from resection after curative IRE of localised RCC in
humans. This allows a first-ever clinical check of the
hitherto mostly pre-clinical considerations of the general
mechanism, the non-thermal ablation characteristics and
the organ-independent effectiveness of IRE. In this pre-
liminary interim analysis, the following hypotheses were
considered: Early experiments had shown a shrunk scarring
2-4 weeks after apoptosis induction by IRE, assuming
macrophagocytic degeneration of the ablation zone. A
concentric-zonal character of the ablation zone has been
described [7]. In contrast to this, monitoring of IRE-in-
duced ablation exclusively by imaging and biopsy (for
various types of tumour) revealed persistent tumour
structures [15]. Assuming that the effect of IRE is non-
thermal, this leads to the hypothesis that one must reckon

@ Springer

with the continued presence of regressively altered tumour
cells, dependent upon the time that has elapsed since IRE.
The assessment of viability of these cells is particularly
important. The required regression grading of RCC after
non-operative treatment does not yet exist and would have
to be established for progress-monitoring by biopsy (see
e.g. Table 2) [1, 19]. The best time for this assessment
must also be established. On the basis of the resection
results (ablation and tumour geometry), the study param-
eters would also require adjustment.

Zonal Structuring of the Ablation Zone

The histological analysis of the tumour specimens con-
firmed a zonal structuring of the ablation zone as already
described in previous animal studies [7, 10, 11]. A con-
spicuous feature was the detection of a central necrotic
region in all of our cases. This largely unreactive
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Fig. 2 Case 2: A, B Pre-interventional MRI coronal/transverse.
C Check of IRE electrode placing in CT after administration of
contrast enhancer. D Histology of initial biopsy showing ccRCC of
eosinophilic subtype. E Macroscopic view of renal specimen with
ablation zone. F-I Macro- and microscopic fusion sketch of the
sectioned tumour resectate (sketch F corresponding to Fig. 2E): violet
line ablation zone (including zone 2 and 3 as shown in Fig. 5), blue-
hatched area tumour zone, solid blue area part of tumour zone with
rudimentary preserved histo- and cytoarchitecture, black dashed line
border to perirenal fat. J ccRCC after IRE: ablated tumour area with

coagulation/infarction necrosis made up the greatest part of
the damage zone (zone 1). To date, only one previous study
[7] reported on a damage pattern of this kind of limited
extend 28 days after IRE, which corresponds to the age of
zone 1 in the current study (Figs. 1, 2, 3, 5).

Considering further its size, homogeneity, damage pat-
tern as well as its sharp delineation suggests that zone 1
corresponds to the initial damage zone of IRE (Fig. 5A). In
contrast to the finding of initial pre-clinical studies [7], this
zone 1 did not pass directly over into normal surrounding

complete necrosis of coagulation type on the left of the black line
(corresponding to the blue-hatched area in the fusion sketches).
Sharply adjacent tumour area with hardly recognizable residual
histoarchitecture on the right of the black line (corresponding to the
solid blue area in the fusion sketch, haematoxylin-eosin (HE)
staining*). K Detail view of tumour necrosis with rudimantory
tumour architecture and severe signs of cytological damage (de-
stroyed cell walls, cell hydrops, shadow nuclei, (HE)). L Same
tumour area as shown in K with negative staining for the proliferation
marker Mib-1

tissue. Rather, it was surrounded by two further zones of
damage (zones 2 and 3, Fig. 5). The histological picture of
zone 2 suggests more recent damage, about 7 days old.
One must therefore proceed on the assumption of a two-
phase process. In subsequent studies with a defined interval
between IRE and resection, it will be necessary to take into
account whether, and if so when, this secondary tissue
damage increases the initial ablation volume.

Zones 2 and 3 might have their origin in one or both of
the following mechanisms:
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Fig. 3 Case 3: A, B Pre-interventional MRI coronal/transverse.
C Check of IRE electrode placing in CT. D Histology of initial biopsy
showing ccRCC. E Macroscopic section of the nephrectomy prepa-
ration with ablation region, which covers ca. 2/3 of the cranial kidney
region; renal pelvis (¥). F Macro- and microscopic fusion sketch of
the nephrectomy specimen (corresponding to E), G-L: sketches of
serially sectioned tumour bearing ablation zone. For all sketches:
violet line ablation zone (including zone 2 and 3 as shown in Fig. 5),
blue-hatched area tamour zone, solid blue area part of tumour zone
with still distinguishable histo- and cytoarchitecture; black dashed

— The energy of the electric field decays “centrifugally”.
A lower voltage gradient—below the postulated lower
efficacy limit for IRE—explains the sharp primary
demarcation of the ablation region. Histological trans-
formation processes in the ablation region (cell clusters,
interstitial processes, capillaries) could lead to sec-
ondary, nutritive damage (diffusional changes) by
perturbation of cellular homeostasis in the immediately
adjacent tissue.
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line border to perirenal fat. M Ablated tumour area with complete
coagulation necrosis on the left of the black line and a sharp transition
to the bordering non-tumour parenchyma with less homogeneous
coagulation necrosis showing contours of necrotic tubuli on the right
of the dashed line (HE). N Necrotic tumour portion with still
recognisable basis structure and signs of severe cytological damage
(destroyed cell walls, cytoplasm vacuolisation and nuclear destruc-
tion; HE). O The absence of detection of proliferative activity
(nuclear negativity) of the tumour section from 3n (Mib-1
immunohistochemistry)

— Zones 2 and 3 show conspicuous vascular alterations.
The intralobar arteries show prominent mural thicken-
ing, in part with complete luminal obliteration (Fig. SE,
F). This phenomenon is of interest as it was seen
clearly, in all cases, in the region of zones 2 and 3. This
kind of vessel damage has been described in animal
experiments [7]. Hypoxic effects caused by the initial
tissue damage is known to induce vascular intima
hyperplasia—up to complete obliteration of
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Fig. 5 A Macroscopic/microscopic structural sketch of the ablation
region with trizonal structuring of tissue damage. B Damage zone Z1
of the type amorphous-coagulation necrosis, passing over into
damage zone Z2, also of the type amorphous-coagulation necrosis
but with discernable basic tissue structure. C Zone Z2, at the
periphery, with sprouting by connective tissue (arrows) and, adjacent
to this, transition to damage zone Z3, which consists of a fibrosis
seam with formation of granulations tissue. D Transition from zone
Z3 to unaffected renal parenchyma (urp). E Zone 3 arterial vessel

with vaso-occlusive intima hyperplasia. F Detail of a zone 3 small
arterial vessel with vaso-occlusive intima hyperplasia. (B-F: HE
staining). G Treatment effect on renal pyelon showing necrotic renal
papilla* covered by partially necrotic urothelium with urothelial
sloughing. * non-affected intact urothelium. Yet no signs of stricture
formation or luminal obliteration. H Histologic details from G. I low
power microphotograph showing the zonal distribution of the ablation
zone (Z1-Z3) as described above. * zone 3 vessels with prominent
intima proliferation
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surrounding vessels which could lead to ischaemia-
based secondary necrosis. The origin of this might lie in
the vascular-lock phenomenon described above [3, 9,
22, 23].

Volumetry

The ablation volumes found by histology corresponded to the
planned ablation volumes in that in each case the actual
ablation volume (zone 1-3) completely included the tumour
volume. In the histological volumetry the reduction in tumour
volume (delta post-minus pretreatment tumour volume) was
—37.5 %,0 % and —31.6 % for cases 1,2 and 3, respectively.
The proportion of in ablation versus treatment (planning)
zone/volume (quotient) was 26.8,96.3 and 79.2 % for cases 1,
2 and 3, respectively. The differences (pre—post) in both
ablation and tumour volumes are best explained by a com-
bination of shrinkage induced by IRE (tissue remodelling), by
resection (lack of perfusion) and by formalin fixation.

On the basis of the very small number of patients
investigated so far, no meaningful statistical assessment is
possible. However, it already appears that a parallel
shrinkage of both volumes takes place. The secondary
necrosis could also possibly have a quantitative influence
on this tissue shrinkage (Fig. 5). To what extent the region
of secondary necrosis in zones 2 and 3 (Fig. 5) exceeds the
area of the primary ablation field cannot at present be
decided, on account of the shrinkage of the ablation region
and the difficulty in calculating it. However, this is prob-
ably not relevant in clinical application, because of the
inherent inaccuracy of 1-2 mm in the CT-guided placing
of the IRE electrodes, even with layer thicknesses of 1 mm
(Fig. 4). Because of the tissue remodelling after 28 days
(involution), and shrinkage due to formalin fixation, an
exact correlation of the observed ablation volumes to the
planned treatment volumes is not possible. However, the
goal of completely coveraging the tumour area by the
ablation zone was achieved while at the same time the
kidney was preserved.

Summary of Tumour Histopathology

In this study, histologically altered tumour structures were
observed after an interval of 4 weeks between IRE and
resection; these showed various degrees of change. To
assess these findings systematically, we used an adapted
regression grading (Table 2). These histologies represented
“snapshots” 4 weeks after IRE, with specific findings.
Although the choice of a different interval between IRE
and histological analysis could of course influence this
result, the optimum interval between IRE and histological
assessment is at present still unclear.

@ Springer

In each of the three cases investigated, IRE-induced
massive damage to the tumour tissue. In no case did a
tumour residue appear at the edge of the ablation zones.
The minimum safety margin was ca. 1 mm (medullary),
and the greatest margin was 8-11 mm (cortical), on
account of the tumour’s position.

The tumour damage comprised complete tumour
necrosis in cases 2 and 3, while in case 1 almost complete
tumour necrosis was observed, with a residual tumour that
measured 8 mm and made up 12 % of the original tumour
volume; according to Mib-1 staining, it had no proliferative
activity (Case 1). However, Mib-1 immunohistochemistry
is only of limited in assessing the viability of slowly pro-
liferating tumours such as RCC, especially of small resi-
dues comprising only few cells. Therefore, a residual
viability cannot be excluded with certainty on a histolog-
ical basis, in spite of the negative immunohistochemical
reaction to the proliferation marker Mib-1. The assessment
of apoptosis or programmed cell death by the terminal
transferase-mediated nick end labelling technique repre-
sents an additional technique of tissue viability testing. Due
to well-known technical pitfalls [24], we initially decided
to abstain from TUNEL staining. However, due to the
remaining uncertainty concerning residual tumour viabil-
ity, we will apply TUNEL staining in future investigations.

It is also unclear whether, the massive perifocal struc-
ture and vessel damage would here also have led to com-
plete necrosis of this tumour region. It remains uncertain as
to whether the basic histological structure of this tumour
residue (papillary RCC) and/or a non-optimised IRE field
was the cause of this [25, 26].

At least the meta-analyses of patients with positive
surgical margin after nephron-sparing surgery of RCC
suggests a lack of prognostic relevance of small tumour
residues. Therefore, a surveillance strategy seems prefer-
able to surgical reintervention [27, 28]. Small, dubious
tumour residues remaining in the non-viable ablation
region 4 weeks after IRE must be assessed in the light of
this. Similarly, residual tumour areas are seen following
RFA that possess a residual viability immediately and one
week after ablation [29, 30]. Following IRE of liver
tumours, for comparison, 29 % showed recurrent tumour
after 6 months [25].

Conclusion

IRE (with used recommended clinical parameters in this
treatment protocol) could be an effective treatment and led
to near-total or total destruction of various histological
RCC subtypes. 4 weeks after IRE, novel histological
findings were made. The postulated homogeneous, iso-
morphic tissue damage by IRE could not be confirmed.
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Instead of this, a new zonal distribution of IRE damage was
described. The assessment of the viability and clinical
relevance of very small amounts of residual tumour is
difficult. Viable tumour cells may be possible within an
IRE ablation zone. Up to that preliminary point an alter-
ation of the ablation parameters cannot be recommended.
Because of the tissue remodelling after 28 days (involu-
tion), and shrinkage due to formalin fixation, an exact
correlation of the observed ablation volumes to the planned
treatment volumes is not possible. However, at least, the
goal of complete coverage of the tumour by ablation zone
while focal ablation with preserving of the kidney was
achieved. On the basis of various observables (depth of
target, breathing movement, puncture window, manual CT-
guided electrode placement), an ablation volume reduced
to that of the renal tumour appears feasible (Fig. 4).
According to these initial, preliminary study results of the
first three renal cases, the curative intended, renal saving
focal ablation of localised RCC below <3 cm by percuta-
neous IRE by the NanoKnife system appears to be possible
but needs further, systematic evaluation for optimation of
this treatment method and treatment protocol.
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