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Abstract

Purpose The nonthermal irreversible electroporation

(NTIRE) is a novel nonthermal tissue ablation technique by

local application of high-voltage current within microsec-

onds leading to a delayed apoptosis. The purpose of this

experimental study was the first angiographic evaluation of

the acute damage of renal vascular structure in NTIRE.

Methods Results of conventional dynamic digital sub-

straction angiography (DSA) and visualization of the ter-

minal vascular bed of renal parenchyma by high-resolution

X-ray in mammography technique were evaluated before,

during, and after NTIRE of three isolated perfused porcine

ex vivo kidneys.

Results In the dedicated investigation, no acute vascular

destruction of the renal parenchyma and no dysfunction of

the kidney perfusion model were observed during or after

NTIRE. Conspicuous were concentric wave-like fluctua-

tions of the DSA contrast agent simultaneous to the NTIRE

pulses resulting from NTIRE pulse shock wave.

Conclusion The NTIRE offers an ablation method with

no acute collateral vascular damage in angiographic

evaluation.
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Introduction

Nonthermal irreversible electroporation (NTIRE) is a novel

nonthermal tissue ablation technique that applies high-

voltage and high-current electrical pulses on the micro-

second timescale with inserted needle-like electrodes to

induce irreversible permeabilization of the cell membrane

(nanopores) with consequent cell death by loss of homeo-

stasis within approximately 4 (±3) days. Although the

exact mechanism of electroporation, reversible as well as

irreversible, is not completely understood, it is known that

NTIRE alters in vivo cells on molecular level via induced

high-electric field transmembrane voltage that causes an

electrical breakdown of the dielectric lipid bilayer. NTIRE

does not alter the extracellular matrix and does not cause

protein denaturation or other side effects that are associated

with thermal ablation modalities. Hence, anatomical bor-

ders and structures-like vessels and nerves as well as the

integrity of an organ are safe [1]. Recent studies have

shown a multidisciplinary potential in surgical oncology

and ablation of benign lesions. It has been used in different

preclinical models of tissue ablation of organs, such as

kidney, prostate, liver, heart, pancreas, brain, lung, dermis,

and vessels [2–12]. In contrast to current thermal ablative

techniques, there is no reduction of effectiveness by vas-

cularization (‘‘cold- or heat-sink effect’’) [13] and no col-

lateral damage to anatomical borders. Several

investigations have demonstrated the persisting intactness

of major vessels adjoining to or lying in the ablation zone

as well as the necrosis and thrombosis of small vessels in
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the ablation zone [1, 11]. So, the possible protection of the

urine collecting system, such as the renal pelvis and ureter,

as well as a nephron-sparing effect by sharply bounded

ablation zone is postulated by using NTIRE in kidney

[2, 6].

To date, there is no sufficient real-time imaging method

that is able to correlate the ablation area during or imme-

diately after NTIRE to the tumor extension [13–15].

Experimental studies have demonstrated the confirmation

of a hyperechoic areal in real-time ultrasound respectively

a hypodense areal in real-time computer tomography (CT)

immediately after the NTIRE around the probe as well as a

T2-hyperintense areal in MRT 1 day after NTIRE [11, 16].

These areals were correlated with the histopathological

ablation zones in delayed exploration of in vivo target

tissues and are explained as acute edema of the ablated area

as a sign of local inflammatory tissue reaction on energy

application [13, 16]. For follow-up after NTIRE, conven-

tional imaging methods, such as CT or MRT, are reliable

methods to investigate tumor ablation by showing necrosis,

scar formation, tumor size reduction, and absence of

enhancement [17]. Despite of all that, only postresection

histological analysis in a closed interval of 2–4 weeks after

NTIRE is able to prove complete tumor ablation.

With our investigations, we focused on NTIRE as a

novel potential ablation modality for renal cell carcinoma

(RCC). First results of clinical intraoperative trials have

shown the possibility of safe application of NTIRE to the

kidney using ECG-synchronization and general anesthesia

with muscle relaxation [18, 19]. Pech et al. [18] performed

an intraoperative ultrasound-guided NTIRE of localized

RCC (tumor size 20–39 mm) in six patients scheduled for

curative open lumbar resection (four partial and two total

nephrectomies). For all patients a NanoKnifeTM system

with bipolar single probe and 90 pulses up to 50 A and

3000 V by a NanoKnifeTM generator (AngioDynamics�

Inc., NY, USA) was used. They observed no acute side

effects during the peri- and postoperative (12 weeks)

periods by measuring ECG, blood pressure, central

hemodynamic values, standard blood values, acid-base

values, and respiratory values. Thomson et al. [17] inves-

tigated ECG synchronized IRE in 38 humans with

advanced malignancy of the liver (n = 25), kidney

(n = 7), and lung (n = 3) and a total of 69 separate tumors

(average 46 cm3) that where unresponsive for alternative

treatment. They observed a complete target tumor ablation

verified by CT in 66% (46/69) without NTIRE-related

adverse events.

The kidney offers a favorable target for tumor ablation

because of its location for percutaneous access and its

condition of severe vascularized parenchyma, which is

easy to monitor by routine imaging procedures as well as

blood and urine values. The therapy ‘‘gold standard’’ of

small localized RCC (T1-2 TNM 2010 UICC) is the

nephron-sparing surgery by partial tumor nephrectomy

[20]. One basis of the nephron-sparing therapy to reduce

the risk of renal failure is the maximum protection of the

local vascular system and prevention of ischemia. For

inoperable cases and patients with small, multilocular, or

bilateral renal tumors as well as solitary kidney, the 2010

EAU guidelines recommended cryoablation and radiofre-

quency ablation (RFA) as therapeutic alternatives [20].

These thermal ablation techniques cause acute destruction

of the vascular system and tissue, in both of the target

tissue as well as the adjacent tissue in terms of collateral

damage.

This experimental study was the first radiological eval-

uation of the acute vascular damage of renal parenchyma

by NTIRE in relation to thermal ablation techniques.

Material and Methods

Selection and Preparation of the Kidneys

Three kidneys were obtained from three freshly slaugh-

tered pigs (7 min) in warm ischemia. Only kidneys from

pigs for slaughter of an accredited abattoire (estate Gut

Glüsig GmbH, Germany) were taken after termination. The

healthiness of the pigs (7 ± 1-month-old and weighed

120 ± 10 kg) was examined by veterinary. The prepara-

tions of the isolated kidneys were performed by two

experienced urologists according to the technique of kid-

ney transplantation.

The renal hilum was prepared immediately after organ

explantation. The kidneys were directly intra-arterially

perfused with 12.500 IE of heparin (0.5 ml of Heparin-

Natrium-12.500-ratiopharm�, Ratiopharm, Germany) by a

cannula to avoid vascular clotting (after 3 min).

The renal artery and renal vein were intubated with

flexible tube sections of infusion elongation (Heidelberg

Extension Tubing�, Braun, Germany) and fixed by ligature

(Marlin� 1, Catgut, Germany). To avoid air embolization,

these preparations were performed in a water bath of 4�C

NaCl 0.9%. While unhinging the kidneys from adipose

capsule, we researched pathological alterations to exclude

any impact.

After 10 min, we intra-arterially perfused the kidneys

with 500 ml of cold (4�C) NaCl 0.9% (Intrafix� Primeline

Braun, Germany) with a pressure of 100 ± 5 cm H2O by

pressure infusion cuff (SafePress 1000 CC�, Dahlhausen,

Germany), until nonbloody solution drain off the renal

vein. The proximal ureter was intubated with a percuta-

neous nephrostomy balloon-catheter 10 Charr. (Uromed�,

Germany) blocked with 2 ml in the renal pelvis.
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Consequently, we stored the kidneys in NaCl 0.9% at 4�C

until performing NTIRE.

Perfusion Model of the Isolated Kidney

To simulate a physiological temperature, the kidneys were

completely lying in NaCl 0.9% (35�C) during NTIRE and

digital substraction angiography (DSA) (50 min after iso-

lation) and perfused continuously with NaCl 0.9% (35�C)

through the renal arteries at 100 ml/min and a pressure

between 100 ± 10 cm H2O (measured by water column)

using a commercial perfusion pump for percutaneous

nephrolitholapaxy (Uropump�, Storz, Germany) and an air

chamber. To exclude any extravasation and control com-

plete perfusion of the organ, we applied indigo blue col-

orant (MonicoSpa, Spain). Venous and ureteral outflow

were collected and measured separately (Fig. 1). A con-

tinuous, nearly physiological perfusion of the kidneys was

feasible. We observed no relevant extravasation due to any

leakage and the perfusion of the kidneys seemed to be

complete by changing color while flushing with NaCl 0.9%

and indigo blue colorant. Venous and ureteral outflow was

constant at approximately 9:1 while constant pressure 100 ±

10 cm H2O and constant perfusion 100 ± 10 ml/min.

Nonthermal Irreversible Electroporation

During the continuous perfusion of the isolated porcine

kidneys, we performed NTIRE. Therefore, each of the

three kidneys was punctured manually in the lower, mid-

dle, and upper part (total amount: nine ablation zones) per

one NTIRE electrode (5 Charr. Resp. 1.6 mm). For all

NTIRE applications, a NanoKnifeTM Electroporator

(AngioDyanmics� Inc.) with a bipolar single-needle electrode

(NanoKnifeTM bipolar probe 15 cm, AngioDyanmics�

Inc.) was used. In each part, 90 pulses per minute were

given with 2700 V approximately 22 A and 70 ms. As

specified by the manufacturer, the calculated ablation zone

is a prolate spheroid of 30 9 15 mm2. The total energy

averaged 375 kJ per ablation zone resp. approximately

1 mJ per kidney. Each kidney was examined by two

independent and experienced urologists in consensus. Each

NTIRE procedure was executed sufficiently, and no

undelivered pulses were documented. During NTIRE, we

observed no change of the perfusion performance.

Digital Substraction Angiography

To visualize the dynamic perfusion, we performed DSA

(AXIOM Artis FA�, Siemens, Germany) of the perfused

kidneys with three pictures per second. For each DSA

series, 20 ml of iodine contrast agent (Imeron� 300,

Bracco Imaging, Italy) was injected to the perfusion sys-

tem. Each DSA series (Figs. 2, 3) was reviewed by two

independent and experienced interventional radiologists

and two independent and experienced urologists in

consensus.

Marker and Digital Angiography in Mammography

Technique (Static Angiography)

Marking the exact NTIRE probe position in the static

angiography X-ray images in mammography technique

(low-kV exposure technique, high resolution), we used

self-made marker (5 Charr.) consisting of a 16 G venous

in-dwelling catheter (BD VenflonTM Pro Safety, Becton

Dickenson, USA). We used the tube fragment of approxi-

mately 30 mm and fixed a 10-mm piece of copper wire in

the middle of the lumen. The ends of the tube were closed

roller pump

NaCl 0.9%
35°C

kidney
air chamber

ureteral
outflow

perfusate

pressure
90-110
cmH2O

arterial injection
of contrast agents

H2O
35°C

IRE

DSA (x-ray)

Fig. 1 Experimental setup for

NTIRE and DSA in the isolated

perfused kidney
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with the correspondent mandarin (10 mm). Each one

marker was placed in Seldinger technique into one of the

three puncture channels of each kidney after each NTIRE

application by using a slim synthetic trocar of a 5 Charr.

suprapubic catheter for children (EasyCyst�, Rüsch,

Germany).

Directly afterwards each kidney was perfused with NaCl

0.9% (4�C) again until the iodine contrast agent for DSA

was cleared out. Accordingly the kidneys were perfused

with barium sulphate contrast agent (Barilux� HD,

Sanochemia, Switzerland) into the renal artery until

draining it off the renal vein. Then, the arterial, venous, and

ureteral tubes were closed to keep the intravascular and

nondiffusible contrast agent inside. Subsequently digital

static angiography was performed by mammography

technique with 50 cm, 24 kV (low-kV exposure technique,

high resolution) and 80 mAs (Mammomat 3000�, Sie-

mens, Germany). Each X-ray image (whole kidney and its

5-mm coronary transactions; Figs. 4, 5) was observed by

two independent and experienced interventional radiolo-

gists and two independent and experienced urologists in

consensus.

Results

Digital Substraction Angiography

Before NTIRE, we observed regular and physiological per-

fusion with flooding and complete draining off the vascular

Fig. 2 Digital substraction angiography (DSA) while performing NTIRE with a single-needle bipolar probe to the lower part of the isolated

perfused porcine kidney. The apex and the basis of the nonisolated lower pole of the NTIRE single-needle electrode are labeled

Fig. 3 Display detail of the surrounding area of the single-needle

bipolar probe during digital substraction angiography (DSA) while

performing NTIRE to the lower part of the isolated perfused porcine

kidney. The open black arrows show the fluctuation of the X-ray

contrast agent based on the apex and the basis of the nonisolated

lower pole of the NTIRE single-needle electrode (see Fig. 2)
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system of the renal parenchyma without any perfusion gaps.

During (Figs. 2, 3) and after (Figs. 4, 5) NTIRE, we

observed no relevant changes, such as extravasations, per-

fusion gaps, open areas, accumulations, or stases in the renal

parenchyma. Conspicuous was a concentric wavelike fluc-

tuation of the contrast agent, each based on the apex and basis

of the nonisolated lower pole of the NTIRE single-needle

bipolar probe, which appeared simultaneous to the NTIRE

pulses (90/min), expanded around 1 cm and cleared away

completely during perfusion (Fig. 3).

Overall it has to be noted that just major renal vessels,

especially of the renal medulla, are detailed visible in DSA,

whereas the vascular system of the renal cortex between the

renal medulla and the renal capsule seems to be spared (Fig. 2).

Because of that, in the following, these visible major vessels in

DSA are defined as macrovascular system of the kidney.

Digital Angiography in Mammography Technique

(Static Angiography)

The correlation of the NTIRE ablation zone to the angi-

ography images was feasible by marking the NTIRE

puncture channels per metal marker (Figs. 4, 5, closed

arrows). The contrast agent stayed characteristically intra-

luminal of the complete organ. In correlation to the marked

ablation zones, we observed no extravasation and no dis-

ruption of the terminal vascular bed of renal cortical

parenchyma, such as gaps, open areas, or accumulations—

neither around the seeds nor in the distant parenchyma

(Figs. 4, 5). Additional to the DSA, also small vessels of

the renal cortex are displayed straight to the renal capsule

and can be well distinguished from each other (Fig. 5). In

the following these small vessels, which are not detailed

visible in DSA, are defined as microvascular system of the

kidney.

Discussion

The principle of NTIRE is the local application of high-

voltage current within microseconds with a delayed

parenchyma ablation after 4 ± 1 days without destruction

of the tissue scaffolding and the major vascular system

[1, 21], preserving organ structure and the demonstrated

Fig. 4 Images of the half-split kidney (left) and correspondent digital

static angiography per high-resolution X-ray imaging in low-kV

exposure mammography technique (right). Open arrows show a small

pre-existing cortical cyst. Closed arrows show the metal markers set

to the NTIRE electrode channels (3 per kidney)

Fig. 5 Digital static angiography per high-resolution X-ray imaging

in low-kV exposure mammography technique of the coronary kidney

transactions display detailed the renal vascular system around the

metal markers (upper pole to the left, central zone in the middle,

lower pole to the right). Each metal marker shows one of the NTIRE

puncturing channels
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recovery of normal tissue with regenerative capacities [5].

Because of supposing no adverse effects, such as collateral

damage of the surrounded tissue and vascular system as

well as no fragmentary tumor destruction, NTIRE could be

superior to current thermal ablation techniques, such as

RFA and cryotherapy in kidney tumors [2, 6]. So far, there

has been no radiological examination of the vascular sys-

tem closed to the NTIRE ablation zone in the acute phase

but only histological investigations [1, 21].

This experimental study is the first radiological

approach to examine the renal vascular system in the acute

phase of NTIRE. Conventional DSA before, during, and

after NTIRE as well as digital static angiography per high

resolution X-ray imaging in low-kV exposure mammog-

raphy technique after NTIRE were used in isolated, per-

fused, porcine, ex vivo kidneys. This enables a qualitative

radiological examination of the NTIRE ablation zone

closed and surrounded terminal macro- and microvascular

bed of renal parenchyma in the acute phase. Referred to its

typical anatomy of the renal vascular system, the DSA

shows the renal macrovascular system with vasa renales,

segmentales, interlobares, and arcuatae of the renal

medulla and columns (Fig. 2), whereas the angiography in

mammography technique additionally shows the renal

microvascular system with vasa corticales, rectae spu-

riae, and rectae verae of the renal cortex and pyramids

(Figs. 4, 5).

By using this ex vivo model of the isolated porcine

kidney, it is possible to simulate mechanically a current

physiological perfusion of a human in vivo kidney to

examine acute mechanical vascular reactions and tissue

damage by NTIRE without interfering by kidney move-

ment. Because of the restriction status, using NTIRE to

humans just in clinical studies, it was not possible to

observe percutaneous NTIRE to human unaffected in vivo

kidneys by using DSA and static angiography in mam-

mography technique.

We observed at first a remained vascular perfusion and

integrity of the terminal vascular bed of renal parenchyma

without any lesions in the ablation zone or the surrounded

parenchyma by using contrast agent-based X-ray imaging

during and after NTIRE. In contrast to that, previous

reports on several energy-based kidney treatment methods

in the isolated perfused kidney observed lesions of the

terminal vascular bed of renal cortical parenchyma with

petechial extravasations and open areas, such as in ESWL,

respectively cavern-like thermolesions, such as in HIFU

using angiography in mammography technique [22–24].

Similar characteristics were observed for other technolo-

gies for minimally invasive ablation of renal masses, such

as cryoablation, RFA, and microwave [25].

Previous publications reported a remarkable phenome-

non of blood perfusion disruption with consecutive

ischemia during in vivo electroporation, referred to as the

vascular lock and explained as electrical vasoconstriction

reflex or collapse by decreased intravascular pressure of

afferent arterioles [26]. Other experimental studies of his-

tological analysis after NTIRE of in vivo porcine liver

demonstrated intact major vascular structures and necrotic

small vessels with organized intraluminal fibrin thrombi in

the ablated area 24 hours after NTIRE [1, 11]. Histopath-

ologic analyses of renal tumor resections immediately after

NTIRE showed the preservation of the vasculature in

the electroporated tissue and the urine collecting system

[2, 6, 18].

Incidentally we discovered a conspicuous phenomenon

of concentric wavelike fluctuation of the contrast agent

simultaneous to the NTIRE pulses (90/min). Each was

based on the apex and basis of the NTIRE single-needle

bipolar probe with an extension of 1 cm and cleared away

completely during perfusion. These contrast agent waves

followed no macroscopic visible vascular pattern, if pro-

curable to judge, what may be based on the limited reso-

lution of the DSA. Given that the microvascular structure

after NTIRE is maintained in high-resolution angiography

imaging by mammography technique, we exclude any

destructions, such as extravasation. In fact compared with

barium X-ray contrast agent (mammography technique),

iodine X-ray contrast agent (DSA) is diffusible, but the

pulsatile contrast agent waves occur and clear away too fast

and straightened for any physiological or electrical trig-

gered diffusion into the extravascular space. Thus, we

conclude that the phenomenon is based on a pulsatile

propagation along the capillaries with a fast draining off,

what is not detailed presentable in the DSA and may

extends three-dimensional starting from the bipolar probe

poles.

We hypothesize that the contrast agent waves result

from the electrical pulse shock waves caused by the NTIRE

strokes and based on the temporary increased intravascular

concentration of the contrast agent. This observation is

limited by the difficult demonstration of a rapid recurrent

dynamic phenomenon in DSA sequence by means of fre-

ezed images. This first described radiological phenomenon

in NTIRE could be a part for an approach to develop a

perfusion-based and reliable modified real-time monitoring

method of the NTIRE ablation zone with additional

imaging of the tumor extension by its specific vasculari-

zation pattern.

This study is limited by the design of an ex vivo model

and the small number of studied kidneys (n = 3) and

ablation zones (n = 9). The DSA is a dynamic real-time

imaging method but is limited by its low resolution and

frame frequency. The static angiography per mammogra-

phy technique is limited by its nonexisting real-time and

dynamic imaging but features a high resolution. Moreover,
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the study is limited to a conventional visualized qualitative

evaluation of the renal vascular system without any quan-

titative analysis. No correlation to thermal ablation meth-

ods has been made by the same investigation method.

Furthermore, no histological examination in view of vas-

cular system was performed. The ex vivo model cannot

reproduce the dynamic behavior of in vivo capillaries due

to high-voltage current, the filtration or absorption of in

vivo kidney, and the delayed histological or immunological

behaviour to NTIRE. A histological analysis could be

limited by artefacts of the nondiffusible barium sulphate

contrast agent because of vessel obliteration.

In summary, this study is an additional module to

demonstrate the preservation of the vascular system closed

to the NTIRE ablation zone. This reveals the possible

superiority of the NTIRE versus thermal ablation methods

for nephron-sparing therapy to reduce the risk of renal

failure. Further experimental and clinical in vivo studies

are needed for complete understanding the NTIRE mech-

anism and developing it to a widely useable treatment

modality especially of kidney tumors.

Conclusions

This experimental study is the first radiological approach to

examine the acute dynamic vascular perfusion of the iso-

lated perfused porcine kidney by conventional digital

substraction angiography (DSA) during NTIRE and the

morphology of the terminal vascular bed of the renal

parenchyma by digital static angiography per high resolu-

tion X-ray imaging in low-kV exposure mammography

technique after NTIRE. This study is an additional, radio-

logical module to demonstrate the preservation of the

macro- and microvascular system of the whole kidney after

NTIRE. In contrast to thermal ablation methods, there

seems to be no acute vascular damage by NTIRE. This

reveals the possible superiority of the NTIRE versus ther-

mal ablation methods for nephron-sparing therapy to

reduce the risk of renal failure. Further experimental and in

vivo studies are needed for complete understanding the

NTIRE mechanism and using NTIRE for ablation of kid-

ney tumors.
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