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Abstract

In veterinary medicine, irreversible electroporation (IRE) applications have been
evaluated in several early phase clinical trials evaluating the safety and feasibility
of treatment of solid tumors located within different organ systems. These clinical
trials support the use of IRE as a safe and effective alternative treatment option for
tumors that are otherwise not amenable to current standard of care therapy. The
recent development of high-frequency irreversible electroporation (H-FIRE) has
made treatment delivery even more feasible for veterinary clinical patients. Here,
we provide an overview of treatment planning and techniques while
acknowledging current limitations associated with treatment delivery, followed
by a review of IRE applications in veterinary clinical trials of spontaneous
cancers. Lastly, we review the application of IRE in preclinical normal animal
models or experimentally induced tumors as results of these studies may help
facilitate translation of IRE into standard clinical practice.
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1 Irreversible Electroporation Theory and Techniques

Irreversible electroporation (IRE) is an attractive nonthermal ablation method that
uses high voltage (500–3000 V) pulsed electric fields (PEFs) of short duration
(100 μs) to increase the transmembrane potential of cells and cause cell membrane
disruption (Fig. 1a and Table 1). In response to a high-voltage PEF, the cell
membrane forms electrically conducting nanopores to stabilize the transmembrane
potential (Weaver and Chizmadzhev 1996). As the transmembrane potential is
proportional to the locally applied electric field, the PEF protocol dictates whether
the electroporation effects are transient or will lead to irrevocable damage. Under
certain pulsing protocols, this process is reversible and has historically been applied
in this manner to introduce genes and drugs into cells that would normally be
impermeant to the cell membrane. However, once the applied electric field
exceeds the threshold required to induce irreversible electroporation, the exposed
cells will undergo cell death (Rubinsky 2007; Arena et al. 2011a; DeBruin and
Krassowska 1999). As the electric fields which induce electroporation follow a sharp
sigmoidal response, tissue ablation with IRE resolves within a submillimeter
demarcation between treated and nontreated tissues (Potocnik et al. 2019). A
major advantage of IRE compared to other ablation methods is that treatment results
in minimal thermal damage due to negligible Joule heating of treated tissue, except
for that lying immediately adjacent (<~1 mm) to the electrode edges where the
electric field is greatest (Arena et al. 2011a). Contrary to thermal ablation methods,
IRE is not prone to the phenomenon known as the “heat sink effect,” in which larger
blood vessels act to dissipate heat from surrounding tissue by means of conduction
and convection heat transfer (Ahmed et al. 2011). Rather, cell death occurs at nearly
discrete electric field thresholds and thus, treatment volumes are predictable and
represented by a well-defined ablation zone following IRE delivery (Edd and
Davalos 2007). Thus, its nonthermal cell death mechanism allows for treatment in
otherwise inoperable locations, such as near major blood vessels and nerves. Taken
together, the clinical advantages afforded from IRE therapy have resulted in
improved overall survival in patients with pancreatic cancer (Kwon et al. 2014;
Martin et al. 2013; Narayanan et al. 2012; Scheffer et al. 2014a, b). The promising
early responses have led to the Food and Drug Administration granting an Expedited
Access Pathway (EAP) designation to the IRE-based NanoKnife System to com-
mercialize this therapy for widespread use.

IRE has demonstrated high efficacy for treatment of unresectable tumors, though
improvements have recently been identified and engineered. Traditional IRE uses
monophasic/unipolar pulses characterized by low frequency components; it is
known that low frequency electric currents preliminarily traverse the extracellular
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domain prior to cell electroporation. Thus, IRE pulses may be more susceptible to
large impedance changes due to electroporation and may become disrupted by the
impedance barrier of poorly conductive epithelial layers, including the skin (Bhonsle
et al. 2015). High-frequency irreversible electroporation (H-FIRE) is a next genera-
tion IRE method that uses bursts of ultrashort (<10 μs) bipolar (Fig. 1a) PEFs to
selectively ablate cells within a target volume (Arena et al. 2011b). As the charac-
teristic frequencies associated with ultrashort PEFs (biphasic 1 μs pulses¼ 500 kHz)
are higher than that of IRE (pulsed DC), H-FIRE is less susceptible to field
distortions caused by heterogenous tissues and can overcome the impedance barrier

Fig. 1 (a) Comparison between IRE (left) and H-FIRE (right) pulses. IRE employs monopolar
pulses of <100μs duration. H-FIRE pulse cycles consist of a series of ultrashort 0.5–2μs pulses of
alternating polarity separated by 0.5–5μs of no energy delivery. Cycles are repeatedly delivered
(10–100 cycles) to form bursts which are delivered at a ~1 Hz frequency. Amplitude of voltage
delivery ranges from 0.25 to 5.0 kV. (b) NanoKnife IRE and INSPIRE H-FIRE pulse generators. (c)
Blunt-tipped monopolar H-FIRE electrodes for use in the brain. (d) Schematic representation of
electroporation treatment paradigm. Electrodes are inserted into the target tissue and used to deliver
pulses that expose target tissue to the critical electrical field threshold that results in irreversible
electroporation and tumor ablation (red). Cells further away from the electrodes and exposed to a
smaller electrical field will undergo reversible electroporation
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posed by epithelial layers, thereby increasing treatment precision and minimizing the
risk of skip lesions (Arena et al. 2011a). Additionally, the use of charge-balanced
bipolar pulses minimizes nerve and muscle stimulation, thereby negating the need
for paralytics and cardiac synchronization required during IRE delivery (Mercadal
et al. 2017; Arena et al. 2011a, b).

Currently, an IRE platform is commercially available as the NanoKnife (Fig. 1b;
AngioDynamics. Latham, NY, USA). The device is composed of a high-voltage

Table 1 Summary of treatment-related characteristics unique to ECT, IRE, and H-FIRE

Method
Pulse
parameters

Treatment planning/
delivery Limitations

ECT Electric field
threshold:
<1000 V/cm
Pulse duration:
50–100μs
Pulse polarity:
unipolar/
monophasic
Pulse delivery
rate: 1 Hz or
5 kHz

Flat plate electrodesa,b

Linear array of needle
electrodes
Hexagonal array of
needle electrodes
Finger electrodes: axial
or perpendicular needle
electrodes
At least 2 monopolar
probes placed parallel to
each other
Neuroparalytic/muscle
relaxant: local anesthetic
administered

Requires multiple probes to be
precisely placed for treatment of
deep-seated tumors
Tetany requires paralytics for
treatment of deep-seated tumors
Cardiac asynchrony requires cardiac
synchronization for treatment of
deep-seated tumors
Difficulty overcoming impedance of
epithelial tissues
Limited by tumor size
Potentially contra-indicated near
metal implants for treatment of deep-
seated tumors

IRE Electric field
threshold:
>1000 V/cm
Pulse duration:
50–100μs
Pulse polarity:
unipolar/
monophasic
Pulse delivery
rate: ~1 Hz or
ECG synced

At least 2 monopolar
probes placed parallel to
each other
Single needle-dual
electrode
Neuroparalytic/muscle
relaxant: required

Requires multiple probes to be
precisely placed for treatment of
deep-seated tumors
Tetany requires paralytics for
treatment of deep-seated tumors
Cardiac asynchrony requires cardiac
synchronization for treatment of
deep-seated tumors
Difficulty overcoming impedance of
epithelial tissues
Limited by tumor size
Contra-indicated near metal
implants

H-FIRE Electric field
threshold:
• Ablation:
>1000 V/cm
• BBBD:
113.5 V/cm
Pulse width:
1–10μs
Pulse polarity:
bipolar/biphasic
Burst delivery
rate: ~1 Hz

At least 2 monopolar
probes placed parallel to
each other
Single needle-dual
electrode
Single needle and
surface electrode
Neuroparalytic/muscle
relaxant: clinicians’
discretion

Requires multiple probes to be
precisely placed for treatment of
deep-seated tumors
Limited by tumor size
Contra-indicated near metal
implants

aMiklavcic et al. (2005)
bMiklavcic et al. (2014)
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pulse generator with capabilities of pulsing across up to 6 electrode probes (not
simultaneously) and can be used with a cardiac synchronization device. The genera-
tor delivers high voltage, pulsed direct current (DC) monophasic waveforms
between the tips of two monopolar probes (Fig. 1c), or between the poles of a single
insertion bipolar probe. Depending on the size of the lesion, insertion of multiple
probes (>2) may be required to achieve complete ablation of the target tissue. IRE
pulse delivery is synchronized with the patient’s ECG, specifically to the absolute
refractory period of the cardiac cycle, so that each pulse delivery occurs 50 ms after
each R wave, to reduce the risk of inducing ventricular arrhythmias observed in
earlier studies involving IRE (Thomson et al. 2011; Deodhar et al. 2011). For
H-FIRE delivery, the authors use a generator commercially available through
VoltMed, LLC (INSPIRE; Blacksburg, VA, USA), though many iterations of
biphasic pulse generators have been proposed (Rebersek and Miklavcic 2011;
Redondo et al. 2019; Elgenedy et al. 2017). Since the risk of tetany and cardiac
arrhythmia induction may be reduced with H-FIRE compared to traditional IRE,
cardiac synchronization is not required though remains a capability of commercial
biphasic pulse generators.

In clinical settings, IRE and H-FIRE may be delivered through electrodes inserted
percutaneously, endoscopically, trans-rectally, or directly into target tissues follow-
ing exposure through an open surgical approach (Fig. 1d). Electrode placement is
often performed under ultrasound, CT, or more recently, MRI guidance to ensure
accurate placement (Collettini et al. 2019). The pulsing protocol (i.e., the number of
pulses, energized time per pulse, and the locally applied electric field) dictates the
electroporation effects incurred (Bhonsle et al. 2016; Pucihar et al. 2011), with
reversible and irreversible electroporation treatment regimens having been described
(Fig. 1d). Additionally, zones of tissue ablation can be visualized by posttreatment
imaging using magnetic resonance imaging (MRI), computed tomography (CT), or
ultrasonography. Due to the inherent nonthermal nature of IRE, tumor antigens and
tissue components released from dying cells remain in their native form and are
therefore capable of inducing a unique and robust systemic immune response. This
hypothesis has been supported by evidence of DAMP signaling detected in rodent
and canine models following IRE for treatment of various tumors (Ringel-Scaia et al.
2019; Brock et al. 2019).

Development of novel equipment and delivery techniques to improve treatment
feasibility, efficacy, and safety have been evolving in parallel with the use of IRE for
an increasing number of clinical indications. IRE delivery to cutaneous tumors
historically involved the use of plate electrodes placed on either side of the tumor.
Subsequent development of clinically relevant single-needle electrodes, including
those with customized features such as blunted tips for use in the brain, has
minimized invasiveness and improved feasibility of IRE delivery, such that these
electrodes have become a standard part of the equipment used during treatment (Neal
et al. 2010a). An endoscopic needle-electrode has been more recently evaluated in
the porcine pancreas and determined to be feasible and effective when utilized in an
endoscopic ultrasound-guided procedure. Although additional studies evaluating the
safety and efficacy of this procedure are warranted, it would make endoscopic
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treatment of pancreatic cancer under real-time monitoring possible and negate the
need for more invasive surgical procedures. A newer technique using two spoon-
shaped parallel plate electrodes (paddles) in lieu of IRE needles successfully ablated
porcine pancreatic tissue when the paddles were placed around the target tissue. This
technique was capable of creating a homogenous electrical field without the need for
needle insertion, reducing the risk of pancreatic fistula, which has been reported in
up to 18% of human patients secondary to needle tracks (Rombouts et al. 2017).

2 Treatment Planning

Treatment outcome with IRE therapies is directly influenced by exposure of target
tissue to threshold electric fields. The applied electric field distribution (EFD) can be
fine-tuned by altering either the PEF amplitude (500–3000 V) or the electrode
configuration in which the PEFs are administered. Electrode positioning and number
of electrodes, as well as length of active tip exposure, affect the EFD and therefore
the ablation zone and overall treatment outcome (Wendler et al. 2016). Furthermore,
though not directly affecting the EFD, parameters such as number of pulses,
energized time per pulse, and pulse delivery rate can be tuned to increase the tissue’s
exposure to these therapeutic electric fields. An increased exposure to high electric
fields is linked to a decrease in the IRE electric field threshold (Latouche et al. 2017;
Siddiqui et al. 2016), therefore larger volumes of IRE can be produced. Other factors
affecting treatment outcome, not under the control of the operator, include the cell
type, morphology, age, and size (Gehl and Mir 1999; Miller et al. 2005). In addition,
the distribution of tissue impedance can promote distortions in the applied electric
fields and therefore affect ablation outcomes (Edd and Davalos 2007). Thus,
pre-treatment planning using numerical methods can be used to predict the EFD
throughout the target lesion prior to IRE delivery, and greatly enhance the efficacy
and precision of IRE tissue ablation (Kos et al. 2015; Zupanic et al. 2012).

The EFD during electroporation can be estimated by solving a modified Laplace
equation:

∇ � σ∇φð Þ ¼ 0:

Here, σ is the tissue electrical conductivity and φ is the electric potential. During
electroporation, creation of electrically conducting defects on the cell membrane
alter the bulk tissue conductivity. The change in conductivity caused by electropo-
ration is therefore proportional to the applied PEF amplitude, which follows a
sigmoidal behavior. This relationship has been characterized in skeletal muscle
(Corovic et al. 2012), liver (Miklavcic et al. 2000; Zhao et al. 2018a; Bhonsle
et al. 2018; Ivorra et al. 2009), prostate (Neal et al. 2014; Campelo et al. 2017),
pancreas (O’Brien et al. 2019; Beitel-White et al. 2018), brain (Lorenzo et al. 2019;
Garcia et al. 2010), kidney tissue (Neal et al. 2012), and other tissues (Ivorra et al.
2009; Cindric et al. 2018). Incorporation of this sigmoid–conductivity relationship
captures electric field redistribution effects due to electroporation, thus informing an
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accurate numerical model. Thereafter, Joule heating effects from PEF treatment are
captured using a modified Pennes Bioheat transfer equation:

∇ k∇Tð Þ � ωbCbρb T � Tað Þ þ q000 þ σ � Ej j2 � p
τ

¼ ρCp
∂T
∂t

:

Here, k is the thermal conductivity, ωb is the blood perfusion rate, Cb is the blood-
specific heat capacity, ρb is the density of blood, Ta is the arterial blood temperature,
q0 0 0 is the metabolic heat generation, ρ is the density of the tissue, and Cp is the
specific heat capacity of the tissue. Joule heating, resistive heating incurred from
high-voltage pulsing, is dependent on the EFD as well as the on-time per pulse, p,
and the pulsing period τ. Altogether, an approximation for the EFD with Joule
heating effects can be accomplished using numerical methods, for example, using
a finite element package like COMSOL Multiphysics (COMSOL Inc., Stockholm,
Sweden). This platform can be used to develop IRE treatment plans to ensure the
treatment protocol will not yield any adverse thermal effects (Edd and Davalos
2007). It should be noted, this methodology does not account for microscopic
heterogeneities found in biological tissue. Tumor calcifications, tumor necrosis,
large vasculature, and other critical structures embedded within the target tissue
must be incorporated into the model to account for potential field distortions
(Golberg et al. 2015; Ben-David et al. 2013). Lastly, once the EFD is approximated,
the anticipated IRE ablation regions are determined as discrete electric field
thresholds within the EFD. These thresholds can be approximated a priori using
in vitro cell suspensions (Vizintin et al. 2020; Pavlin et al. 2005), in vitro tumor
constructs (Dettin et al. 2019; Ivey et al. 2019; Arena et al. 2012), or determined
using in vivo and ex vivo results (Corovic et al. 2012; Neal et al. 2015; Miklavcic
et al. 2004). Following pulse delivery, increased cell membrane permeabilization
equivalently results in increased bulk tissue conductivity; as the difference in
conductivity is detectable using electrical impedance spectroscopy (EIS) methods,
this change in conductivity has been the target for real-time peri-operative monitor-
ing of treatment progression. Proposed methods for monitoring impedance changes
include: (1) electrical impedance tomography, which utilizes an array of electrodes
placed in/around the target tissue to reconstruct an impedance map following pulse
delivery (Davalos et al. 2004); (2) electrical impedance spectroscopy to measure
bulk impedance changes (Bonakdar et al. 2015; Ivorra et al. 2009); (3) using the
absolute change in tissue resistance to indicate treatment cessation (Dunki-Jacobs
et al. 2014); and (4) approximating the electric field distribution during pulse
delivery using magnetic resonance electrical impedance tomography (MREIT)
(Kranjc et al. 2017); and (5) more recently, the use of rapid EIS for continually
measuring changes in tissue impedance to monitor an ablation endpoint and delin-
eate change due to thermal and electroporation effects (Lorenzo et al. 2020).
IRE-mediated cell membrane disruption results in shunting of the applied electric
current throughout the target lesion, therefore successful IRE ablation will decrease
tissue impedance as a result of an impaired membrane (Zhao et al. 2018b).
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Altogether, the electric field distribution and the temperature distribution for a
representative monopolar electrode configuration and single-insertion bipolar con-
figuration is seen in Fig. 2 as performed in COMSOL Multiphysics v5.5. This
numerical simulation was solved using electrical conductivity values of human
pancreatic cancer tissue (Beitel-White et al. 2018), IRE threshold (500 V/cm) for
pancreatic ductal adenocarcinoma (Arena et al. 2012) and thermal properties of
healthy pancreatic tissue (O’Brien et al. 2019). The monopolar configuration was
simulated as 1.5 cm spacing and 1.5 cm electrode exposure with pulsing parameters
of 100 IRE pulses, applied voltage of 2500 V, 70 μs energized-time per pulse,
delivered at 1 pulse per second (Fig. 2a). The bipolar configuration was simulated as
0.8 cm spacing and 0.7 cm electrode exposure, with pulsing parameters similar to
the monopolar-electrode model (Fig. 2b). In this numerical model, the IRE ablation
far exceeds the volume of tissue exposed to >50 �C. This numerical simulation
serves to show how the electrode configuration can be modified to ablate large
volumes of tissue, with minimal heating, to treat desired patient-specific tumor
geometries.

Patient-specific IRE/H-FIRE treatment planning requires cross-sectional imaging
of the target tissue acquired via computed tomography (CT) or magnetic resonance
imaging (MRI) to generate a three-dimensional (3D) model of the target lesion (i.e.,
tumor) (Zupanic et al. 2012). The 3D model is then used to estimate the electric field
distribution and generate a patient-specific treatment plan. Although numerical
modeling computations can be completed manually, it is time consuming, so
commercially available treatment planning software interfaces are often used to
facilitate this process. The NanoKnife System incorporates its own touch screen
software interface for basic treatment planning (not including patient imaging),
procedure set-up, and real-time visualization of changes in voltage and electric
current during treatment delivery. ApiVizTEP is a downloadable software applica-
tion capable of generating rough estimates of the electric field distribution in real
time. Web-based treatment planning software using algorithms for tissue segmenta-
tion and 3D modeling is also available that generates a downloadable treatment plan
for the user (Pavliha et al. 2013). Recently, an online platform was developed to
further streamline treatment planning for use with IRE treatments (Perera-Bel et al.
2020). Treatment plans provide users with information regarding probe location and
spacing, electrode exposure, and delivered voltage required to achieve optimal tumor
ablation while sparing adjacent normal tissue (Byron et al. 2019).

3 Limitations of IRE and H-FIRE

One of the clinical limitations of IRE is the high level of technical skill required for
accurate electrode placement. Additionally, electrode positioning must be
maintained during pulse delivery to ensure precise and complete treatment (Linecker
et al. 2016). Risks associated with treatment are location-dependent and include
hemorrhage, acute fulminant necrosis of the target tissue/organ, infection, muscle
excitation, and cardiac arrhythmias. Compared to other surgical techniques,
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complications are drastically lowered due to the nonthermal nature of the ablation
modality with preservation of nerve function and major vasculature (Onik and
Rubinsky 2010). However, the serious potential for muscle excitation and cardiac
asynchrony necessitates the need for paralytics and cardiac synchronization during
IRE delivery and restricts treatment eligibility to patients without underlying heart
disease. In the absence of adequate neuromuscular blockade, muscle contractions
associated with IRE delivery may displace implanted electrodes, thereby increasing
the risk of delivering unintended electric fields to tissues and collateral damage to
adjacent critical structures. These have potential for deleterious consequences, such
as inadvertent damage to surrounding normal tissues (Kingham et al. 2012;
Thomson et al. 2011). Furthermore, cardiac synchrony is required to avoid
arrythmias. Lastly, the presence of metal, such as a stent or implant, within the
ablation zone results in higher temperatures around the electrodes due to changes in
electric field distribution, and is therefore contraindicated at this time (Scheffer et al.
2016).

In order to overcome some of these limitations, high-frequency irreversible
electroporation (H-FIRE) was developed. H-FIRE uses ultrashort (<10 μs) bipolar
PEFs that minimize nerve and muscle stimulation (Table 1). This negates the need
for paralytics and cardiac synchronization, and shortens the duration of anesthetic
events required for treatment procedures (Arena et al. 2011a; Ball et al. 2010).
Development of a dual electrode-single needle probe compatible with currently
available generators for H-FIRE delivery helped mitigate some of the technical
challenges associated with multiple electrode insertions required by traditional IRE
(O’Brien et al. 2019). Despite improvements in feasibility, efficacy in treating very
large tumors remains limited, and research is ongoing to determine a size threshold
for effective treatment.

4 Clinical Applications of IRE and H-FIRE in Companion
Animals with Naturally Occurring Cancers

Veterinary patients with a variety of spontaneous cancers have served as large
animal models for investigation into the feasibility and safety of IRE and H-FIRE
for tumor ablation. In aggregate, these studies have indicated that IRE and H-FIRE
are viable options for treatment of tumors in veterinary patients with superficial
tumors (Neal et al. 2010b; Byron et al. 2019), primary liver tumors (Partridge et al.
2020), prostate cancer (Neal et al. 2014; Onik et al. 2007), and brain tumors (Garcia
et al. 2010, 2012; Latouche et al. 2018; Rossmeisl et al. 2015), although clinical

Fig. 2 (continued) (resistive heating) is proportional to the applied field and is also highest near the
electrode surface. At an IRE threshold of 500 V/cm, the ablation volume far exceeds a volume of
tissue encompassing 50 �C. The configuration and pulsing parameters are tunable to maximize
tumor cell death while sparing healthy tissue and critical structures
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evidence supporting the efficacy of IRE and H-FIRE in veterinary oncology is
currently limited. However, what has been demonstrated to date has been promising,
and several clinical trials are ongoing. Porcine and rodent models have also been
used to evaluate these technologies for treatment of pancreatic cancer (Clark 2017;
Fritz et al. 2015; Charpentier et al. 2010) and mammary cancer (Ringel-Scaia et al.
2019), respectively (Table 2). Collectively, these studies support the use of IRE and
H-FIRE for safe treatment of tumors located near critical structures, and particularly
those that are not amenable to surgery or have failed conventional therapies.

4.1 Superficial Soft Tissue Tumors

Soft tissue sarcomas are a group of tumors arising from mesenchymal tissue that
share many biological and clinical characteristics. These tumors are relatively
common among veterinary patients but rarely encountered in human medicine,
however, their behavior is similar across species. Important prognostic factors
include tumor location, histologic subtype, tumor grade, and size (Pasquali et al.
2018). In general, these tumors tend to be very locally aggressive, forming finger-
like projections, called tendrils that infiltrate surrounding tissue. The metastatic
potential of these tumors greatly depends on tumor grade, with grade 1 and
2 (low-grade) tumors metastasizing in less than 15% of cases, and grade 3 (high-
grade) tumors metastasizing in up to 50% of cases. Regardless of grade, most
patients succumb to complications from local disease if the tumor cannot be ade-
quately controlled via some combination of complete surgical removal and radiation
therapy. Unfortunately, these tumors often form in locations not amendable to wide
surgical excision, such as on the distal extremity, or in close proximity to vital
structures, making wide surgical excision difficult with a high risk of morbidity
and/or mortality. Thus, a nonthermal ablation method, like IRE, provides an attrac-
tive treatment option for these tumors given its ability to precisely ablate tumor tissue
while sparing adjacent critical structures (Vailas et al. 2019). Current evidence
supporting its application for treatment of soft tissue sarcomas in both veterinary
and human patients is limited to a few case reports, making it difficult to draw
significant conclusions about safety and efficacy of IRE for this purpose (Qin et al.
2017; Neal et al. 2010b; Usman et al. 2012).

IRE was successful at alleviating clinical signs associated with histiocytic sar-
coma, a round cell tumor with behavior that resembles that of sarcomas, located
within the left coxofemoral region in a canine patient (Neal et al. 2010b). The
primary tumor was intimately associated with the sciatic nerve and femoral artery,
resulting in compartment syndrome of the left thigh. Due to severe osteoarthritis,
aggressive surgery involving hemipelvectomy and limb amputation was
contraindicated. In this case, CT imaging was used to generate a geometric model
of the target region, and a numerical model was used to determine predicted ablation
zones, which were used to develop a treatment plan and pulsing protocol. IRE
electrodes were placed under CT guidance, and all neurophysiologic and vascular
function remained intact following treatment. Presenting clinical signs of sciatic
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neuropathy and pain improved within 24 h of treatment. The ability to predict
electric field distribution produced by IRE pulses through numerical modeling
prior to treatment enables treatment planning for precise ablation of large, bulky
tumors while sparing adjacent healthy tissue. Thus, additional research into safety
and efficacy for treatment of non-resectable soft tissue tumors is warranted.

IRE and H-FIRE have been used to safely and effectively treat infiltrative
superficial tumors in awake, standing horses (Byron et al. 2019). Cutaneous tumors
are extremely common in horses, with sarcoids, squamous cell carcinoma (Fig. 3),
and melanoma representing the predominant histologic subtypes. As with soft tissue
sarcomas, tumors may become locally aggressive and infiltrate around critical
structures, making complete surgical removal difficult (Byron et al. 2019). The
current standard of care involves a combination of surgery, cryoablation, and/or
intralesional chemotherapy with 5-fluoruracil or cisplatin. Despite aggressive multi-
modal therapy, many patients with advanced disease succumb to complications
associated with their local tumor. In the aforementioned phase I clinical trial, five
horses with spontaneously occurring multifocal cutaneous tumors were treated with
H-FIRE every 2 weeks for 2–4 outpatient visits. H-FIRE was delivered as a 2-5-2 μs
burst scheme (positive phase-, intraphase delay-, negative phase) with each burst
energized for 100 μs and an applied voltage between 1500 and 3100 V. Treatment
was successfully delivered to all horses on an outpatient basis, without the need for
general anesthesia or neuromuscular blockade. All patients tolerated treatment well
with no reported complications. A significant decrease in tumor volume was noted in
all horses, and tumor ablation was confirmed on ultrasound and histologic examina-
tion. Additionally, depigmentation of skin occurred within treatment zones of
melanomas, suggesting effective ablation of melanocytes. Thus, H-FIRE appears
to be a clinically feasible, safe, and potentially effective outpatient treatment option
for management of superficial tumors, however, multiple treatments may be neces-
sary to adequately treat large tumors.

4.2 Liver Cancer

Primary liver tumors are the third most common cause of cancer related death in
people. Surgical resection is the most effective treatment for the predominant

Fig. 3 Regression of equine oral squamous cell carcinoma following IRE treatment. (a) Prior to
treatment, the tumor appears as a multilobular ulcerated and necrotic lesion involving an extensive
section of the buccal mucosa. There is sloughing of the necrotic ablated tumor with subsequent
contraction and healing of the wound bed on days 14 (b), 32 (c), and 50 (d) after treatment
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histologic subtype, hepatocellular carcinoma (HCC), however, this is only feasible
for about 40% of patients due to the presence of advanced disease at the time of
diagnosis in the majority of cases (Balogh et al. 2016). Aside from liver transplanta-
tion, effective alternative treatment options are limited, thus non-resectable tumors
have historically carried a grave prognosis.

HCC is also fairly common in dogs and represents the predominant histologic
subtype of primary liver tumors. Compared to HCC in people, tumors are resectable
in about 60% of canine patients; however, non-resectable tumors mirror their human
counterparts (Kinsey et al. 2015; Liptak et al. 2004). The majority of canine HCCs
arise from a single liver lobe (massive form), however, large tumors arising from the
right side of the liver and/or those in close proximity to the hilus can rarely be
removed completely without compromising vital structures. Thus, limited alterna-
tive treatment options exist for these patients despite the absence of disseminated
disease. Canine HCC has served as a model for investigation into novel therapies,
such as IRE, specifically H-FIRE, for treatment of non-resectable liver tumors.
Given the potential for IRE to induce a unique, yet robust, antitumor immune
response, the liver became of particular interest because of its immunologically
rich but tolerogenic environment (Robinson et al. 2016).

Percutaneous irreversible electroporation (IRE) has been evaluated in people
bearing primary and secondary liver tumors and appears to be well tolerated
(Scheffer et al. 2014b; Narayanan 2015). IRE has been successfully used to ablate
tumors intimately associated with the biliary tract without damaging bile ducts (Silk
et al. 2014). This makes it an attractive treatment option for centrally located liver
tumors, which typically lie next to major bile ducts. Likewise, safety of IRE for
treatment of tumors near or encasing major vessels has been demonstrated
(Narayanan et al. 2014). Adverse effects reported in the literature include liver
abscess formation (4–5%), hemorrhage (typically self-limiting), subcapsular hema-
toma formation, kidney failure, pneumothorax, mild pleural effusion, hepatic arte-
riovenous shunt formation (3.5%), partial portal vein thrombosis, atrial fibrillation,
and transient neurologic signs affecting the right thoracic limb (2.3%) (Kalra et al.
2019; Mafeld et al. 2019; Dollinger et al. 2015; Bhutiani et al. 2016). Significant, yet
transient, elevations in alanine transaminase (ALT) and aspartate transaminase
(AST) have been reported 1–2 days following treatment, returning to baseline within
approximately 2 weeks. Similarly, significant elevations in total and direct bilirubin
levels have been detected 8–10 days following treatment, returning to baseline
within 2 weeks (Alnaggar et al. 2018).

Based on completed studies, treatment efficacy and clinical outcome are depen-
dent on completeness of tumor ablation, tumor recurrence, local recurrence-free
survival (LRFS), and progression-free survival (Tameez Ud Din et al. 2019).
Complete ablation rates vary by study, but are generally higher in medium-sized
tumors (66%) compared to large tumors (25%) (Kalra et al. 2019; Zeng et al. 2017).
Local recurrence has been observed in 21% of patients at 3 months and 31–34% of
patients at 6 months and beyond (Niessen et al. 2017; Fruhling et al. 2017; Saini et al.
2018). The overall median survival time of patients experiencing local recurrence is
26.3 months. Based on currently available data, 87–97% of patients remain disease
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free at 3 months, 78–94% remain disease free at 6 months, and 59–75% of patients
remain disease free at 12 months following treatment. LRFS improved significantly
for tumors measuring less than 3 cm as 100% of patients were free of disease at 3 and
6 months, and 98% of patients free of disease at 12 months (Cannon et al. 2013;
Niessen et al. 2016). The median overall progression-free survival following IRE
alone is 7–9 months, longer for smaller tumors (Kalra et al. 2019; Sutter et al. 2017).
The reported median survival time following IRE is approximately 26.8 months for
primary liver tumors and 19.9 months for secondary liver tumors, with overweight
patients and those with tumors>3 cm or>3 lesions having a worse prognosis (Saini
et al. 2018). Tumors larger than 5 cm often fail to respond favorably to IRE
(Thomson et al. 2011). Thus, the utility of IRE may involve treating smaller
(<3 cm), residual lesions within the liver following resection of the primary
tumor. Additionally, IRE has been successful at down-staging patients after initial
surgery to facilitate the second portion of a two-staged hepatectomy (Langan et al.
2017).

Preliminary studies evaluating the effects of IRE on liver tissue were performed
using various animal models, including pigs, rats, goats, and rabbits. All animals in
all studies survived the immediate treatment and posttreatment period (Vogel et al.
2019). Applied pulse parameters varied from 1 to 360 pulses of 20–100 μs duration
delivered at 360–3000 V/cm. Similar to people, acute transient increases in ALT and
AST were observed starting as early as 1 h after treatment and resolving within
2 weeks after treatment (Charpentier et al. 2011; Au et al. 2011). IRE produced well-
demarcated ablation zones of variable diameter as early as 90 min after treatment
(Appelbaum et al. 2012, 2014; Ben-David et al. 2012). Ablation zone size appears to
be significantly associated with electrode size, inter-electrode distance, and electric
field strength (Miklavcic et al. 2000). Vasculitis and endothelial necrosis with
preservation of nearby bile ducts and vessels were observed in gross and histologic
liver samples following treatment, which is consistent with IRE-induced changes
described in other organs (Liu et al. 2012; Schmidt et al. 2012). Progression of
histologic events resembles that observed in other organs, with necrosis, hemor-
rhage, vascular congestion, and mononuclear inflammation predominating over the
first 24–48 h after treatment, which resolve by two weeks post-treatment and become
completely replaced by fibrous scar tissue (Guo et al. 2011; Lee et al. 2012).

High-frequency irreversible electroporation (H-FIRE) has been evaluated in a
porcine liver model in which it induced rapid, predictable ablations without the need
for intraoperative paralytics or cardiac synchronization. H-FIRE electrodes were
inserted 1.5 cm apart with ultrasound guidance, and ablations were performed using
100, 200, or 300 bursts with a 2-5-2 μs burst scheme and an applied voltage 2250 V.
Hepatic ablations were intentionally planned across, or adjacent to, critical vascular
and biliary structures. Minor muscle twitching was observed but no other clinically
significant adverse effects. Porcine livers were resected 6 h after treatment for
histologic evaluation. Reproducible ablation volumes were observed at necropsy,
with apoptosis predominating within the lesions treated with <200 pulses. Necrosis
predominated in lesions treated with >200 pulses (Siddiqui et al. 2016). In all
lesions, minor endothelial damage was observed, while vascular and biliary
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structures remained structurally intact. Given the improved clinical feasibility of
H-FIRE delivery compared to IRE it may be the preferred ablation method for
various tumor types that are not amenable to surgical removal (Siddiqui et al. 2016).

The safety and feasibility of percutaneous H-FIRE were evaluated in a pilot study
involving three canine HCC patients. H-FIRE was delivered through a bipolar probe
that was percutaneously placed into the center of tumor under ultrasound guidance.
Treatment delivery involved a 2-5-2 μs H-FIRE burst scheme, 300 bursts delivered
at 1 burst per second, 100 μs energized time per burst, and an applied voltage of
2250 V. Treatment delivery was completed under general anesthesia without the use
of paralytics or cardiac synchronization. No treatment-related adverse effects were
observed during treatment delivery or the immediate posttreatment period. CT
imaging performed 4 days post-treatment revealed a well-defined ablation zone
within the tumor that corresponded with gross findings following tumor resection
(Fig. 4). Histologically, H-FIRE produced a well-defined ablation/tumor interface
characterized by CD3+ lymphocyte infiltration. Interestingly, infiltrating
lymphocytes were negative for CD4 and CD8, and CD79a+ lymphocytes were not
observed. CD3+/CD4-/CD8- lymphocytes have previously been associated with
immune regulation and tolerance (Martina et al. 2015; Ford et al. 2002). Given
that the liver is an immunologically rich microenvironment, these lymphocytes may
serve to recognize tumor antigens released in their native form following H-FIRE-
induced cell death (Partridge et al. 2020).

Overall, no clinically significant adverse effects were observed throughout the
study period, supporting the safety and feasibility of H-FIRE for treatment of
non-resectable liver tumors. Elevations in liver enzymes (ALT and ALP) above
baseline occurred following H-FIRE delivery but resolved over time following
tumor removal. Additional investigation into the efficacy of H-FIRE as a treatment
for non-resectable liver tumors is currently ongoing. In general, canine HCC patients
present with relatively large primary tumors unless identified incidentally while
small. Given the risk of tumor rupture and subsequent life-threatening hemorrhage
if left in place, a more practical approach may involve H-FIRE delivery to residual
gross and/or microscopic disease following incomplete resection of bulky disease.

Fig. 4 H-FIRE ablation of canine hepatocellular carcinoma (HCC). Post-contrast CT scans of the
HCC prior to (a) and following H-FIRE treatment (b), with a well-demarcated ablative lesion
appearing as a hypoattenuating region in b (red dashes). Photomicrograph (c) illustrating the well-
demarcated ablation zone (*) separated from untreated tumor (T) by a transition zone (TZ); H&E,
bar ¼ 500μm
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Investigation into the efficacy of H-FIRE for residual and/or non-resectable liver
tumors is currently ongoing. Additionally, further characterization of the systemic
immune response to H-FIRE delivery within the liver is warranted (Partridge et al.
2020).

4.3 Brain Cancer

Glioblastoma (GBM) is the most common and deadliest of the malignant primary
brain tumors affecting humans. These tumors are incredibly aggressive and
neuroinvasive, making complete surgical removal nearly impossible. Additionally,
its location behind the blood–brain barrier prevents effective delivery of most
therapeutics. Thus, GBM carries a grave prognosis with median survival times
following a combination of aggressive surgery, radiation, and chemotherapy of
only 14–16 months, and a 5-year survival rate of about 5% (Stupp et al. 2005;
Tamimi and Juweid 2017). Canine and humans are the only species that commonly
develop malignant gliomas, and a number of clinicopathological and genomic
characteristics of these tumors are shared across species, thus dogs are an excellent
large animal model for investigation into novel therapies for malignant glioma.

Glioblastomas are capable of creating a highly immunosuppressive microenvi-
ronment, allowing them to evade the immune system, further promoting tumor
progression. Decreased MHC expression by tumor cells limits self-presentation of
antigens, and PDL1 expression binds to PD1 on effector cells and silences immune
system activation. Tumor cells also produce chemokines that recruit regulatory
T-cells, tumor-associated macrophages and myeloid-derived suppressor cells,
which further suppress the immune system and promote tumor growth. Lastly,
resident microglial cells within the microenvironment express immunosuppressive
factors, such as TGFβ and IL-10, that suppress local and systemic immune
responses, ultimately disrupting systemic tumor antigen detection and immune
system activation (Chen and Hambardzumyan 2018; Lim et al. 2018). IRE seems
capable of transforming the immunosuppressive, tumor-promoting microenviron-
ment associated with these tumors to an antitumor pro-inflammatory microenviron-
ment by inducing damage-associated molecular pattern (DAMP) signaling in ablated
cells. In contrast to thermal ablation methods, the nonthermal nature of IRE allows
for release of tumor antigens in their native form, unaltered by heat or cold, and is,
therefore, more likely to induce a robust systemic immune response. Such local and
systemic immune system activation may be capable of inducing tumor cell death
within distant lesions (Ringel-Scaia et al. 2019).

Following a single treatment, IRE induces a central zone of irreversible electro-
poration surrounded by a zone of reversible electroporation, providing an opportu-
nity to therapeutically target the penumbra of microscopic disease, which is a major
source of disease recurrence (Arena et al. 2011a). More specifically, in the needle
electrode configuration, the reversible regime occurs at lower electric field
thresholds and thus will always encase the IRE tissue ablation volume. This penum-
bra extends centimeters beyond the zone of IRE and coincides with the outer zone of
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reversible electroporation, thus following a single IRE delivery, microscopic cells
within this zone undergo transient membrane permeabilization, whereas cells com-
prising the gross tumor are ablated. Thus, this technology may be exploited further
with adjuvant electrochemotherapy to target microscopic cells within the penumbra
(outside the ablation zone) and potentially improve long-term outcomes. Further-
more, additional improvements in clinical outcomes may be achieved by delivering
adjuvant electrochemotherapy to microscopic tumor cells residing within adjacent
grossly normal brain tissue following tumor resection. Lastly, this technology could
be used to intentionally and reversibly disrupt the blood–brain barrier to deliver
therapeutic agents that would otherwise be impermeant to the CNS (Sharabi et al.
2020). As the thresholds for BBB permeabilization have been shown to be signifi-
cantly lower than that of irreversible electroporation, the opportunity to disrupt the
BBB while fine-tuning the desired extent of tissue ablation is feasible with IRE and
H-FIRE therapies. In addition, a delineation between reversible electroporation and
BBB disruption has been demonstrated in vitro, thereby presenting the opportunity
for BBB disruption at very low electric fields with minimal to no reversible electro-
poration effects (Sharabi et al. 2019).

To date, research investigating IRE and H-FIRE for treatment of brain tumors has
been limited to rodent and canine models as further characterization of its local and
systemic effects is required prior to translating it for treatment of primary brain
tumors in people (Garcia et al. 2012). The safety and feasibility of intracranial IRE
were first evaluated in five normal research bred dogs (Ellis et al. 2011). IRE was
delivered to the cerebrum at various pulse parameters followed by intra-operative
ultrasound and postoperative MRI to visualize the ablation zones and treatment
associated blood–brain barrier disruption (BBBD; Fig. 5a). In order to study the
upper safety limit of the procedure, one dog received a higher total voltage, and
subsequently experienced coagulative necrosis of all tissues within the treatment
field and clinical signs of brain herniation within 14 h of treatment. This dog was
humanely euthanized, but no other dogs experienced significant deterioration in
neurologic function from baseline or seizure activity. All dogs were humanely
euthanized 3 days after treatment to evaluate IRE-induced histologic changes.
Gross pathologic findings included a well-demarcated region of malacia and
intraparenchymal hemorrhage, which corresponded to changes present on posttreat-
ment MRI. Histologically, a sharp demarcation between the ablation zone and
transition zone, the submillimeter region located between the ablation zone and
normal brain, was evident, with preservation of major blood vessels located within
the ablation zone itself (Rossmeisl et al. 2015). Additionally, parenchymal
vacuolization and astrogliosis was noted following delivery of higher voltage. The
DAMP protein, high mobility group box 1 (HMGB1) was detectable in all dogs with
increased amounts present within the IRE lesion itself compared to the adjacent
transition zone, increasing directly with electric field strength (Fig. 5b). Immunohis-
tochemistry with IBA-1 for resident microglia revealed an increase in microglial size
within the zone of transition compared to normal brain, which has previously been
associated with microglial activation. Evidence of a cell-mediated immune response
was limited as minimal T-cell infiltration occurred within the transition zone, but this
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is likely due to the temporal confines of the study preventing detection of a robust
cell-mediated immune response (unpublished data). Results of this study suggest
that when used at appropriate pulse parameters, IRE is a safe and feasible ablation
method for use within the brain and capable of inducing DAMP signaling.

A subsequent clinical trial was completed to evaluate the safety and feasibility of
IRE for the treatment of canine intracranial gliomas (Rossmeisl et al. 2015). Seven
client-owned dogs with spontaneous gliomas were treated with IRE delivered under
CT-guidance. A posttreatment CT was performed immediately after treatment to
visualize tumor ablation. Significant adverse events occurred in two dogs, one of
which had aspiration pneumonia that was unlikely directly related to IRE and more
likely related to the craniectomy, as it is a known risk of this procedure. The
remaining dog received an unexpectedly high dose of energy due to pulse delivery
to the ventricular system and increased conductivity of the cerebrospinal fluid
compared to tumor tissue. The median duration of hospitalization was 4 days, and
Karnofsky Performance Scores, which assesses functional impairment, improved in
all dogs that survived to discharge by two weeks following treatment. Likewise,

Fig. 5 Effects of IRE and H-FIRE treatments in the canine brain. (a) IRE treatment of normal brain
results in blood–brain barrier disruption as indicated by the presence of contrast-enhancement of the
brain parenchyma (arrow) in the treated region on MRI. (b) Western blot demonstrating increased
expression of the DAMP protein, high mobility group box 1 (HMGB1), in the brains of all dogs
treated with IRE compared to sham operated control. (c) MRI demonstrating ring-enhancing
astrocytoma in the brain (left) with complete response after IRE treatment, as evidenced by
complete disappearance of the tumor (right). (d) Pretreatment biopsy (top) of a canine glioblastoma
revealing SOX2 positive glioma stem-like cells (GSC); following IRE treatment (bottom) the GSC
are ablated. (e) IRE (left; GBM) and H-FIRE (right; meningioma) produce ablations that are sharply
demarcated from untreated tumor (T); H&E, bar ¼ 500μm
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improvement in seizure control was noted in five dogs. Based on RANO criteria,
80% of dogs with a quantifiable target lesion responded to IRE treatment, defined as
stable disease (1), partial response (2), and complete remission (1, Fig. 5c) (Garcia
et al. 2017). The overall median survival time of these patients was 119 days with
two patients completing the 12-month follow-up. Histologic evaluation of the treated
lesion from the dog that unexpectedly died of aspiration pneumonia revealed a sharp
delineation between ablated tumor and surrounding brain (Fig. 5e) with a visible
transition zone between the lesion and normal brain characterized by vacuolated
neuropil and perivascular inflammatory cuffing. Additionally, immunofluorescent
staining with the neural stem cell marker, SOX2, revealed selective ablation of
glioma stem-like cells following IRE treatment compared to pre-treatment biopsy
samples, suggesting that IRE may be capable of eliminating glioma-like stem cells
which are often implicated in treatment failure and subsequent tumor recurrence
(Fig. 5d). These findings provide evidence that the treatment plan designed to ablate
the entire tumor was effective at treating the tumor without causing significant
collateral brain damage. Given the results of this study, IRE seems to be a safe
and feasibly treatment option for canine gliomas.

We have shifted our research focus toward H-FIRE technology since its develop-
ment. H-FIRE was able to successfully ablate brain tissue and transiently disrupt the
blood–brain barrier within the penumbra of tissue surrounding the ablation zone in
rodent models without causing muscular contractions (Arena et al. 2011a, b). This
novel technique was introduced as a potential treatment for spontaneous brain
tumors in a feasibility study evaluating H-FIRE in dogs with intracranial meningi-
oma (Latouche et al. 2018). Three dogs with intracranial meningioma were treated
using patient-specific treatment plans generated based onMRI imaging. H-FIRE was
stereotactically delivered to all patients followed by a posttreatment MRI and tumor
resection to characterize histologic changes. H-FIRE delivery was successful in all
patients without any adverse events directly related to H-FIRE treatment. One dog
experienced intraoperative hemorrhage and subsequent hypotension during tumor
resection and developed worsening of neurologic signs postoperatively, but recov-
ered and was discharged with improvement in neurologic signs by 2 weeks post-
treatment. No intra- or postoperative adverse effects were observed in either of the
remaining dogs. Posttreatment MRI revealed a well-demarcated homogenous region
of ablation characterized by complete disruption of tumor architecture with tumor
necrosis volumes measuring 0.25–1.29 cm3. In one dog, posttreatment histopathol-
ogy revealed nonuniform ablations with viable tumor cells persisting around foci of
intra-tumoral mineralization. This suggests that intra-tumoral mineralization may
limit the ability of H-FIRE to produce complete, homogenous tumor ablation.
Results of this study support the use of H-FIRE for the treatment of brain tumors
based on its ability to safely produce clinically relevant volumes of tumor ablation
without muscular contraction or cardiac arrhythmias.

Current research into the mechanism of H-FIRE mediated blood–brain barrier
disruption (BBBD) as well as the local and systemic immune response to H-FIRE in
normal brain and those affected by glioma are ongoing. A study evaluating H-FIRE
in normal rat brains provided evidence of H-FIRE induced transient blood–brain
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barrier disruption at electrical field strengths significantly less than those required to
ablate tumor tissue (Lorenzo et al. 2019). MRI performed at various time points
following H-FIRE delivery revealed an increase in contrast enhancement at the site
of H-FIRE delivery 1-hour post-treatment compared to the sham control, followed
by a gradual decrease in contrast enhancement over time consistent with blood–brain
barrier repair. This correlated with gross pathologic findings, where an increase in
Evan’s Blue Dye was noted within the brain parenchyma 1 hour following treatment
compared to the sham control, followed by a gradual decrease over time. Histologi-
cally, H-FIRE lesions were limited to mechanical damage associated with the
electrode insertion tract, where lesions did not differ between treatment and control
groups. An influx of inflammatory cells was noted at 48 and 96 h but there was no
visible damage to the surrounding brain parenchyma. In contrast, large, necrotic
lesions were present within the brain parenchyma surrounding lesions created by
higher, more ablative doses. Results of these preliminary studies indicate that
H-FIRE transiently permeates the blood–brain barrier without disrupting adjacent
normal brain tissue. A more realistic application of this technology is for the
treatment of residual microscopic disease following surgical removal of gross
tumor tissue. The ability of H-FIRE to induce transient BBB disruption and create
a surrounding zone of reversible electroporation that coincides with the penumbra of
microscopic disease may be exploited to treat residual microscopic disease and delay
tumor recurrence. Additionally, H-FIRE induced BBBD could aid in the delivery of
chemotherapeutics that would otherwise be excluded from the CNS by an
intact BBB.

Intracranial H-FIRE has been successfully delivered under MRI guidance in
canine patients with gliomas without any treatment-associated complications. An
increase in gadolinium contrast enhancement following H-FIRE treatment was
observed, which corresponded to the amount of BBBD in these patients. Thus,
H-FIRE induced BBBD has been successfully achieved in tumor-bearing dogs,
but further investigations into its safety and efficacy are ongoing. Additionally,
ongoing experiments aim to better characterize the local and systemic immune
responses to intracranial H-FIRE and assess its efficacy when used alone or with a
molecular adjuvant as a combinatorial approach for treatment of gliomas.

5 Clinical Applications of IRE and H-FIRE in Preclinical
Normal Animal Models or Experimentally Induced Tumors

5.1 Pancreatic Cancer

Pancreatic adenocarcinoma is the deadliest of cancers affecting the gastrointestinal
tract with less than 5% of people surviving 5 years despite aggressive therapy (Siegel
et al. 2017). Many people are asymptomatic during early stages of the disease,
making early detection difficult. At the time of diagnosis, 50% of patients have
metastatic disease and only 20% of patients are candidates for surgery (Callery et al.
2009). Given its location within the pancreas, locally advanced disease often
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involves nearby structures, such as major vessels. Surgical resection in these cases is
associated with high perioperative morbidity and mortality, while only minimally
impacting survival (Kato et al. 2013; Chua and Saxena 2010). The prognosis for
people with non-resectable tumors is grave, with an overall median survival time of
9–13 months despite treatment with chemotherapy and/or radiation therapy (Kane
and Knox 2018).

Pancreatic carcinomas are uncommonly diagnosed in veterinary medicine, but
their clinical presentation and response to treatment parallels that described in people
(Priester 1974). Clinical signs are non-specific and may include some combination
of lethargy, anorexia, vomiting, diarrhea, polyuria, polydipsia, and/or a palpable
mid-abdominal mass. By the time veterinary patients become clinical for their
disease, it is often advanced with local invasion into adjacent structures and metas-
tasis to the regional lymph nodes, liver, intestine, and/or lungs. Surgical resection is
rarely possible at the time of diagnosis due to advanced stage of disease; so many
patients are humanely euthanized without further treatment. Reported survival times
vary, with most patients succumbing to disease within days to months following
diagnosis despite treatment with chemotherapy and/or radiation therapy (Aupperle-
Lellbach et al. 2019; Pinard et al. 2020). No currently available treatments have been
shown to significantly prolong survival of veterinary patients with pancreatic carci-
noma, thus the need for novel treatment options is undeniable.

IRE has emerged as an attractive ablation method for treatment of non-resectable
pancreatic tumors. Since IRE does not rely on heat for effective tumor ablation,
adjacent critical structural components are spared and it can be used in proximity to
large vessels without compromising efficacy due to the “heat sink effect” (Davalos
et al. 2015). Given the proximity of the pancreas to critical vascular structures,
including but not limited to arterial and venous vessels, bile and pancreatic ducts,
nerves, and adjacent organs, IRE may be used to effectively ablate locally advanced
tumors without the unintentional collateral damage that typically occurs during
attempts at surgical resection. Unlike IRE ablations in other organs, real-time
ultrasound imaging during IRE delivery to the pancreas is limited due to formation
of edema, which obscures the field (Rubinsky et al. 2007). Recent development of
pre-treatment planning models helps predict ablation volumes and ensures precise
IRE delivery and subsequent tumor ablation (Latouche et al. 2017).

Clinical trials evaluating the use of IRE in patients with late-stage, locally
advanced pancreatic adenocarcinoma have shown promising results. The reported
median overall survival time is 7–23 months post-treatment with longest survival
times reported in patients undergoing a combination of IRE and surgical resection
(Ansari et al. 2017). These survival times surpass those reported for patients
receiving traditional therapies and treatment-associated complication rates are sig-
nificantly lower than those associated with other ablation methods (Scheffer et al.
2014a). IRE is not only capable of safely ablating locally invasive tumors, but
appears to induce a pro-inflammatory microenvironment that promotes immune
cell infiltration into the tumor, further halting tumor progression. Additionally,
since IRE ablates cancer cells without heat, tumor antigens released from the
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dying cells are preserved and may induce an antitumor immune response against
residual and metastatic cells (Brock et al. 2019).

Veterinary patients have historically been utilized as models to investigate the
feasibility and safety of IRE in pancreatic tissue. Porcine models predominate as
their pancreatic anatomy and physiology parallels that of humans and small animal
veterinary patients. Studies evaluating IRE in pancreatic porcine models have shown
this technique to be feasible and safe (Fritz et al. 2015; Bower et al. 2011;
Charpentier et al. 2010; Wimmer et al. 2013). A study evaluating the safety and
ablation volume of IRE in a porcine pancreas model showed that IRE is well
tolerated when performed at an optimal voltage of 3 kV. Ultrasound was utilized
to guide electrodes within 1 mm of the portal vein or mesenteric artery. All animals
recovered with only mild adhesions but no pancreatic necrosis, ascites, or hemor-
rhage, which have been reported in other studies (Bower et al. 2011; Fritz et al. 2015;
Wimmer et al. 2013). Elevations in ALT levels and transient hypoglycemia were
also noted in these patients immediately after treatment but resolved over 24 h. IRE
resulted in a 3 cm � 2.8 cm ablation zone characterized by significant destruction of
pancreatic tissue with the exception of spared, intact vasculature (Bower et al. 2011).
These histologic findings parallel those described in other studies, particularly with
regards to preservation of blood vessels and pancreatic ducts among hemorrhagic
necrosis of the pancreatic interstitium (Charpentier et al. 2010; Fritz et al. 2015). In
another study, IRE was delivered to the pancreatic tail in pigs that were terminated
after 60 min, whereas it was delivered to the head of the pancreas in a separate cohort
of pigs that were observed for 7 days. In this study, no cardiac abnormalities, signs of
acute pancreatitis nor other clinically significant adverse effects were observed. CT
performed 60 min after treatment revealed the presence of a hypodense lesion
corresponding with the ablation zone (Fritz et al. 2015). Transient increases in
amylase and lipase is frequently reported as a side effect of IRE treatment within
the pancreas, typically peaking after 24 h and resolving within 2–3 days (Fritz et al.
2015; Bower et al. 2011; Vogel et al. 2019). Histologically, acute lesions observed
within 1 hour of treatment appear sharply demarcated with interstitial edema and
mild hemorrhage. Over time, inflammatory infiltrates contribute to fibrosis and
glandular atrophy and signs of apoptosis and necrosis become evident. Autolytic
changes become apparent approximately two weeks after treatment with progression
to extensive fibrosis and acinar atrophy within the ablation zone after 1 month.

H-FIRE was evaluated for pancreatic tissue ablation using 100 μs energized
bursts delivered at 1 burst/second for 80–200 bursts to successfully ablate porcine
pancreatic tissue without inducing muscle tetany or cardiac arrhythmias (Clark
2017). As with IRE, treatment zones were visible on intraoperative ultrasound and
posttreatment CT. Another study successfully delivered H-FIRE through a single-
needle delivery approach in swine pancreas without concurrent use of intraoperative
paralytics or cardiac synchronization (O’Brien et al. 2019). Three different
waveforms (1-5-1, 2-5-2, and 5-5-5 μs burst schemes) were used with a total
energized time of 100 μs per burst resulting in a significant increase in mean ablation
area with increasing pulse width. No clinically significant adverse effects were noted
and the lethal threshold for pancreatic tissue varied between voltage waveforms, but
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ranged from 693 to 1114 V/cm. Immunohistochemical staining for cleaved caspase-
3 was absent from the ablation zone; however, the extent of positive staining was
significantly different between voltage waveforms. These findings suggest H-FIRE-
induced cell death likely occurs through mechanisms other than apoptosis, which
have been highlighted through various studies evaluating IRE in other organs.

Immunotherapy has shown significant promise in cancer treatment for many
tumor types, but its efficacy in pancreatic cancer is limited by the presence of a
highly fibrotic stroma, which creates an immunosuppressive tumor microenviron-
ment by physically preventing cytotoxic T-cell infiltration (Thind et al. 2017). IRE
appears capable of transforming this immunosuppressive tumor microenvironment
to a pro-inflammatory antitumor microenvironment by inducing immunogenic cell
death and dendritic cell activation (Zhao et al. 2019). When combined with anti-
programmed cell death protein 1 (anti-PD1) immune checkpoint blockade, tumor
infiltration by CD8+ T-cells occurs and a long-term memory immune response has
been documented in a murine orthotopic pancreatic cancer model (Zhao et al. 2019).
Thus, IRE may be exploited to improve response to checkpoint inhibitors and overall
outcome in people with pancreatic cancer. Currently, checkpoint inhibitors are not
available for use in small animal veterinary patients, but development is ongoing and
response to combination therapy is expected to yield similar results.

5.2 Prostate Cancer

The incidence of prostate cancer in people is on the rise with more than a million
new cases diagnosed each year. Men aged 65 years and older have the highest risk,
thus annual screening is recommended at ages 45 years and above (Rawla 2019;
Guenther et al. 2019). Currently, the available treatment options include radical
prostatectomy, radiation therapy of the entire prostate, and chemotherapy. Treatment
frequently results in physically and emotionally debilitating side effects, such as
impotence and incontinence, with damage to the rectum and bladder also possible
(Guenther et al. 2019). The survival benefit of aggressive multimodal therapy is
modest compared to active surveillance alone, thus a need for effective, well-
tolerated treatment options currently exists for management of this disease (Bill-
Axelson et al. 2018). The incidence of prostate cancer in veterinary patients is much
lower but these patients often present with advanced disease, including osteoblastic
bone metastases, which are common in people. Similar challenges are faced when
treating prostate cancer in veterinary patients, with most patients succumbing to
local disease progression within a year despite aggressive therapy (Leroy and
Northrup 2009). Noninvasive thermal ablation methods, such as radiofrequency
ablation and high intensity focused ultrasound (HIFU) are increasing in popularity,
but the efficacy and adverse effects are influenced by the “heat sink” effect. In
contrast, the nonthermal mechanism by which IRE induces cell death allows
improved treatment precision and spares adjacent critical structures. Given the
prostate is closely associated with many critical structures, including the components
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of the urinary tract, rectum, and neurovascular bundles, treatment precision is
imperative to eliminate adverse effects.

In people, the clinical feasibility and safety of IRE for treatment of prostatic
carcinoma have been established (van den Bos et al. 2016). Outcomes following
treatment with IRE for prostatic carcinoma parallel those following radical prosta-
tectomy but are associated with less urogenital dysfunction. A study evaluating
transrectal IRE in 34 human patients with prostatic carcinoma reported only mild
(grades 1 and 2) complications within a 6-month follow-up period. All patients
remained continent and only 5% of patients experienced impotence (Valerio et al.
2014). The utility of IRE ranges from focal tumor to whole-gland ablation, and may
provide a safe, alternative treatment option for large tumors that are no longer
amenable to surgery and radiation therapy (Guenther et al. 2019).

IRE treatment of prostatic tissue was first evaluated in 6 normal dogs. IRE probes
were placed percutaneously or transrectally under ultrasound guidance for delivery
and patients were followed for up to 2 weeks. The rectum, urethra and neurovascular
bundle were intentionally targeted in a single dog to assess the impact of treatment
on these structures. Patients experienced variable degrees of muscle contraction,
with the severity of contractions increasing with applied voltage, however, voltages
less than 1.5 kV produced minimal contraction. This likely reflects the voltage that
would be applied in a clinical setting, as it appears to successfully ablate prostatic
tissue without adverse effects. IRE resulted in a distinct, well-demarcated lesion
characterized by complete necrosis and a narrow zone of transition from the ablation
zone to normal tissue. Adjacent critical structures appeared unaffected by treatment,
and near resolution of the lesions occurred within two weeks. Similar histologic
lesions with preservation of adjacent neurovasculature have been reported in human
patients following IRE for treatment of prostatic carcinoma, thus IRE appears to be a
safe and potentially effective treatment option for prostate cancer (Onik et al. 2007;
van den Bos et al. 2016).

Traditionally, IRE has been delivered through the commercially available
NanoKnife system. Recently, a novel high-voltage steep-pulse therapy device was
developed for ablation of prostatic tissue and evaluated in normal dogs. Two
electrode probes were used to deliver IRE under real-time ultrasound guidance.
Seventy pulses of 2250 V were delivered to each dog with no serious complications.
Treatment resulted in a sharply demarcated ablation zone with preservation of the
urethra and adjacent blood vessels, consistent with previous studies (Han 2019).
Research into the efficacy of IRE for treatment of canine prostatic carcinoma is
currently lacking, but based on its safety and efficacy in human patients, promising
results are to be expected.

5.3 Mammary Cancer

Breast cancer is the second most common cancer in women, following closely
behind skin cancer. Treatment and prognosis are frequently influenced by the
presence of estrogen receptor alpha (ERa), progesterone receptor (PR), and human
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epidermal growth factor receptor 2 (HER2) expressions (Rakha et al. 2010). Triple-
negative breast cancers (TNBCs), which fail to express ERa, PR, and HER2 have
been associated with a poor prognosis due to the current lack of effective targeted
therapy (Bianchini et al. 2016). Mammary carcinomas in veterinary medicine share a
number of clinical, epidemiologic, and pathologic features with their human coun-
terpart. In dogs, triple-negative mammary carcinomas predominate (76%) and the
aggressive biological behavior of these tumors parallels those TNBCs in people
(Nguyen et al. 2018).

The current standard of care for treatment of mammary carcinoma in people
involves some combination of surgery, radiation therapy, chemotherapy, hormone
therapy, and targeted therapy (Dhankhar et al. 2010). Surgery typically involves a
unilateral or bilateral mastectomy, which is invasive and frequently associated with
cosmetic deformities. Radiation therapy may cause decreased sensation to the areas
as well as moderate to severe skin irritation characterized by erythema, moist
desquamation, and subsequent pruritus (Akram and Siddiqui 2012; Nounou et al.
2015). Hormone therapies, such as GnRH agonists, ER antagonists (tamoxifen), and
aromatase inhibitors, are typically reserved for patients with tumors that express ER
and/or PR, and significantly prolongs survival in these patients. Although the
severity of side effects associated with these therapies is less than those caused by
chemotherapy, common side effects include hot flashes, fatigue, gastrointestinal
upset, weight gain, and severe mood swings characterized by depression and
anxiety, which can be debilitating. Additionally, long-term treatment has been
associated with osteoporosis, putting patients at risk for bone fracture and/or chronic
pain (Burstein and Griggs 2010).

Chemotherapy remains the treatment of choice for TNBC. Chemotherapy
protocols using some combination of anthracyclines and taxanes decrease the risk
of cancer-related death by about 33% (Early Breast Cancer Trialists’ Collaborative
Group et al. 2012). Most chemotherapy protocols are administered over multiple
weeks and are frequently associated with debilitating side effects, such as
cardiotoxicity (anthracyclines), hair loss, nausea, and severe bone marrow suppres-
sion with subsequent sepsis, among others (Valero 1997). HER2-directed therapy
(Trastuzumab, Herceptin) has recently become the standard of care for patients with
HER2+ breast cancer as it decreases the risk of disease reoccurrence by about 50%
compared to chemotherapy alone (Callahan and Hurvitz 2011; Swain et al. 2014).
Although direct therapies appear to be less debilitating, flu-like symptoms and
cardiotoxicity occur with relative frequency (Ewer and Ewer 2008).

Regardless of treatment, early detection is the key to achieving remission and
long-term survival. Approximately 20–30% of women diagnosed during the early
stages of disease will develop distant metastasis. Despite aggressive treatment with
current standard of care therapy, historically the median survival time for patients
with stage 4 breast cancer was 3 years, with only 22% of patients living 5 years
(Selzner et al. 2000). Development of novel targeted therapies is ongoing and results
are promising with significant improvements in survival times, however, the prog-
nosis remains grim for those patients who are not good candidates for such therapies,
such as TNBC patients. Thus, ablative techniques, like IRE, have become an
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attractive treatment option for these patients, as efficacy is not dependent on hor-
mone receptor expression. Additionally, electric fields>600 V/cm applied to TNBC
cells appear capable of downregulating thymic stromal lymphopoietin (TSLP)
signaling, a promoter of the pro-cancer phenotype. This results in an antitumor
immune response capable of transforming a “pro-cancer” microenvironment into
one that is “anti-cancer.” Given the predominance of TNBC in veterinary patients
and the limited availability (due to accessibility and cost) of recently developed
directed therapies, IRE offers a new and alternative treatment option that may be
capable of improving long-term outcomes in these patients as well (Goswami et al.
2017).

Traditional breast cancer ablative techniques, such as radiofrequency ablation and
high-intensity focused ultrasound (HIFU) have been associated with damage to the
skin overlying breast tissue, particularly in patients with large and/or superficial
tumors (Li et al. 2016; Palussiere et al. 2012). The feasibility and safety of IRE
treatment of breast tissue have been demonstrated using animal models (Zhang et al.
2017; Li et al. 2016). Cutaneous effects, and gross and histopathologic changes
associated with IRE delivery to breast tissue have been evaluated in a porcine model
where the untreated contralateral breast tissue served as controls (Li et al. 2016).
Transient changes in skin color were observed, corresponding with the skin-
electrode distance and absent at distances greater than 5 mm. A rabbit orthotopic
breast cancer model was also used to characterize IRE-induced skin damage and
subsequent repair. IRE was able to successfully ablate all targeted breast tissue or
tumor followed by complete regeneration of mammary tissue and overlying skin in
the absence of fibrosis or mass formation (Li et al. 2016). Pectoralis muscle injury,
despite skin preservation following IRE delivery to breast tissue, was reported in a
safety and feasibility study utilizing normal rabbit models. Histologic lesions were
similar to those described previously with regards to the presence of necrosis and
apoptosis and preservation of critical interstitial components, but contained marked
fibrous and granulation tissue following repair (Zhang et al. 2017). Results of these
preliminary studies suggest IRE provides a treatment option for breast cancer that
maintains esthetics.

IRE has been shown to effectively ablate local tumors regardless of hormone
receptor expression, resulting in an immunologic cell death that provides the unique
benefit of promoting systemic antitumor immunity capable of targeting distant
lesions. This response was demonstrated in a study evaluating high-frequency
irreversible electroporation (H-FIRE) in an orthotopic mouse 4T1 mammary
model (Ringel-Scaia et al. 2019). H-FIRE delivery consisted of 200 bursts of bipolar
PEFs at a frequency of 1 burst per second for an energized time of 100 μs per burst
using a (2-5-2 μs) burst scheme. H-FIRE delivery resulted in local tumor ablation
and shifted the tumor microenvironment to a pro-inflammatory state. Additionally, a
significant decrease in the number of circulating metastatic cells was observed in
mice that had their mammary tumors treated with H-FIRE compared to untreated
mice. 4T1 cells were treated in vitro with H-FIRE or cryoablation and the resulting
cell-free supernatant was injected IV into mice 10 days prior to injecting cancer cells
into a mammary fat pad. Mice that received lysates from cells treated with H-FIRE
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demonstrated a significant decrease in tumor size compared to both the cryoablation
lysate and the control groups. Mice treated with either cryoablation lysate or H-FIRE
lysate also demonstrated a significant decrease in circulating metastatic cancer cells
compared to control groups. Results of this study suggest that H-FIRE activates the
local innate immune system and generates neoantigens from cancer cells in their
native form capable of stimulating the adaptive immune system and attenuating
mammary tumor progression (Ringel-Scaia et al. 2019).

6 Summary

Irreversible electroporation applications in veterinary medicine have been limited to
clinical trials evaluating the safety and feasibility of this technology for the treatment
of solid tumors that are not otherwise amenable to standard of care therapy. The
nonthermal ablation induced by IRE results in a more predictable ablation volume
compared to thermal ablation techniques, further reducing damage to adjacent
critical structures. Additionally, tumor neoantigens released following IRE remain
in their native form, unaltered by temperature, and appear capable of inducing a
robust systemic antitumor immune response, essentially serving as an “in-situ”
vaccine. The recent development of next-generation IRE, H-FIRE, has further
improved treatment precision and feasibility by overcoming some important
limitations of IRE, such as treatment-induced muscle tetany and cardiac asynchrony.
Patient-specific pre-treatment planning using numerical models based on CT images
to predict electric field distribution throughout the target lesion has greatly enhanced
the precision and efficacy of IRE ablation. Furthermore, the development of mini-
mally invasive delivery techniques makes IRE even more attractive for treatment of
solid tumors that would otherwise require highly invasive therapies. Companion
animals with naturally occurring cancers continue to serve as large animal models
for further investigation into the safety and efficacy of various IRE applications,
including ablation of superficial and deep-seated tumors as well as blood–brain
barrier disruption to enhance drug delivery to brain tumors. Clinical trials
investigating the application of H-FIRE for treatment of canine pancreatic and
lung tumors are currently ongoing. Results of these clinical trials will be imperative
prior to translating this technology into human clinical trials. Future veterinary
studies should aim to define the size threshold for effective treatment, as large
tumors remain a significant challenge despite advancements in IRE delivery.
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