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Abstract: A significant obstacle to the development of new brain tumor therapeu-
tics remains the lack of rodent models that faithfully reproduce the in vivo com-
plexities of human glioblastoma. Dogs and humans are the only species that
frequently develop spontaneous brain tumors. Remarkable clinical, phenotypic,
and molecular similarities exist between human and canine malignant glioma.
Our research has focused on the development of pharmacologically tractable
molecular targets common to human and canine gliomas, as well as the discovery
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m Canine Brain Tumor Models

and refinement of novel methods of drug delivery to the brain, such as
convection-enhanced delivery (CED), irreversible electroporation (IRE), and
focused ultrasound, that can overcome the limitations imposed by the blood—
brain and blood—tumor barriers. Through the conduct of early phase clinical trials
in dogs, we demonstrate the safety, feasibility, and preliminary efficacies of
IL-13RA2- and EphA2-targeted bacterial cytotoxins and IRE for the treatment of
spontaneous malignant glioma, illustrate the clinical utility of real-time imaging
monitored CED as a robust drug delivery platform, and describe the use of the
tumor-bearing dog in transcranial-focused ultrasound applications related to
neuro-oncology. The dog brain cancer model offers unique opportunities to expe-
dite the clinical translation of cancer therapeutics through the design of preclini-
cal investigations that ask and answer drug and medical device development
questions that cannot be sufficiently addressed in rodent models.

Key words: Convection-enhanced delivery; Dog; Electroporation; Focused ultra-
sound; Glioma

| Introduction

Although significant advancements in the understanding of the biology of human
cancers have been made in the past two decades, clinical translation of new drugs
that improve the survival and quality of life of patients with many aggressive
malignancies continues to be challenging. The unmet clinical need for beneficial
cancer therapeutics is highlighted by the fact that in the United States, approxi-
mately one in four deaths is attributed to cancer annually (1). Malignant primary
brain tumors, and in particular malignant gliomas (MGs), represent some of the
most treatment-refractory human cancers, and are leading causes of cancer-
related death in adults and children (1). The median survival of adults with glio-
blastoma (GBM), the most aggressive and common MG variant, treated with the
current standards of care is ~16 months, and the 2-year survival rate is approxi-
mately 25% (2, 3). The MG landscape also poignantly illustrates the current
obstacles to the development of novel therapeutics, as only two new drugs and
two medical devices have been approved for the treatment of these tumors in the
last 20 years (2, 4).

The majority of preclinical studies aimed at the development of new therapies
for gliomas have been conducted in small animal rodent models. While chemi-
cally induced, xenograft and genetically engineered murine glioma models have
contributed significantly to the current body of knowledge regarding the pathobi-
ology and treatment of MG, none of these modeling systems is capable of reca-
pitulating the complex in vivo environment that characterizes human MG (5). As
far back as 2002, a report from the National Institute of Neurological Disorders
and Stroke (NINDS) and National Cancer Institute (NCI) stated, “...currently
available cellular, tissue, and animal models do not accurately represent the biol-
ogy of human brain tumors...” (6). Recognizing the benefits and limitations of
rodent models of human brain tumors, it would be desirable to have animal mod-
els that could fill the gaps presented by current model systems, and thus better
predict the therapeutic outcome in humans.
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In this context, the identification and use of novel preclinical models that
allow for the study of fundamental cancer drug and device development questions
would meet a critical and shared need among stakeholders in the cancer research
and global health care communities. The potential of companion animals, and
particularly dogs, with naturally occurring cancers to provide answers to these
questions is being increasingly recognized and realized (7-10). A growing body of
evidence indicates that several spontaneous canine cancers are clinically, pheno-
typically, and molecularly similar to their human analogs, thus providing unique
avenues for preclinical discovery and testing (7, 8, 10). Translational studies of
investigational agents in, for example, tumor-bearing dogs can provide a variety of
pharmacokinetic, mechanistic, toxicity, and anti-tumor activity data in an immu-
nocompetent host, and thus offer numerous opportunities to more accurately
guide the drug development process (8—10). It has been suggested that inclusion
of preclinical canine studies in the drug development pathway could result in bil-
lions of dollars of research savings, principally by improving the design of Phase 11
human clinical trials and thus potential avoidance of the historically high late-
stage failure and attrition rates of new cancer agents (9, 11). Dogs with spontane-
ous brain tumors have been assimilated into several comparative neuro-oncology
research programs in an effort to accelerate the development and translation of
cancer drugs to the clinic, and to mutually improve the lives of dogs and humans
with brain tumors (5, 10, 12-15).

Clinically Relevant Model for Testing New Therapeutic
Approaches in Gliomas

SPONTANEOUS CANINE GLIOMAS AS A FAITHFUL MODEL OF
HUMAN DISEASE

Canines and humans are the only mammalian species in which spontaneous pri-
mary central nervous system (CNS) tumors are common. Estimated incidences of
canine nervous system tumors range from 14.5 to 20/100,000 dogs (16, 17),
which closely approximates epidemiological data indicating a primary CNS tumor
incidence of 20.5/10,000 people (18). Postmortem surveys indicate that intracra-
nial tumors are found in 2-4.5% of all dogs in which necropsy is performed
(19-21), a frequency comparable to a study reporting brain tumors in 2% of
humans undergoing autopsy (22). Gliomas account for 35% of all primary brain
tumors in dogs, and collectively represent the second most frequently diagnosed
primary tumor type after meningiomas (19, 20, 23). The median age of dogs diag-
nosed with glioma is 8.5 years, corresponding to the fifth and sixth decades of life
in humans (21, 23). In both people and dogs, the risk for developing glioma
increases with age (16, 18, 21, 24). Gliomas are significantly overrepresented in
certain brachycephalic breeds of dogs, namely, Boston terriers, Boxers, and
Bulldogs, which strongly suggests a genetic contribution to tumor development,
and a glioma susceptibility locus has been identified on canine chromosome 26
(19, 21, 23, 25). The existence of a predisposition to gliomas in these select and
highly related dog breeds with relatively limited genetic variation provides unique
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opportunities to probe the canine genome for glioma-associated genetic aberra-
tions that may not be as easily discernible amidst the much more diverse genetic
background that exists in humans (25).

Considerable similarities exist between human and canine anatomy and physi-
ology, and the physical size of the canine brain is amenable to the testing and
optimization of diagnostics and therapeutics developed for human patients, with-
out a need to rescale instrumentation. Dogs with brain tumors present with sig-
nificant clinical signs, including seizures, alterations in consciousness, and motor
and sensory dysfunction that can be objectively characterized and annotated
using instruments comparable to those used in humans including the neurologi-
cal examination, modified Glasgow Coma Scale, canine Karnofsky performance
score, Engel seizure classification, and Modified Rankin Scale (26-28). As two-
thirds of canine gliomas occur in the forebrain, seizures and behavior changes are
the most commonly reported clinical signs (23, 28, 29). In addition, health-
related quality of life surveys for use in the assessment of clinical disability in dogs
with cancer do exist, although the current iterations have not been specifically
developed for or validated in dogs with brain tumors (30). The prognosis for dogs
with gliomas is also poor, with death occurring weeks to months following diag-
nosis in the absence of treatment.

The histopathological and diagnostic imaging features of canine gliomas
(Figure 1) are also remarkable similar to their human counterparts (31-35). These
shared morphologic features facilitate comparative classification and grading of
tumors using World Health Organization criteria (36) and performing objective
imaging—based therapeutic response assessments using the Response Assessment
in Neuro-Oncology (RANO) system criteria (28, 37). However, the frequency of
glioma subtypes encountered in dogs differs from that seen in humans (Table 1),
with oligodendrogliomas accounting for a significantly higher proportion of all
canine gliomas compared to humans (19-21, 23, 37).

Molecular and genetic profiling of brain tumors is becoming a routine proce-
dure in human neuro-oncology (38, 39). These analyses have led to evolutions in
the classification and prognostic stratification of human brain tumors, and are
fundamental to the rational translational application of molecularly targeted ther-
apies (38-40). The characterization of the molecular and genomic landscapes
of canine brain tumors has been facilitated by the increasing availability of
canine-specific reagents and advancements in high-throughput sequencing
platforms (25). To date, studies in dogs have demonstrated that hallmark altera-
tions in proteins involved in cellular proliferation, apoptosis, and cell-cycle
regulation, such as the RTK, p53, and RB1 pathways that participate in tumori-
genesis, parallel those seen in human gliomas (31, 38, 40—42). Also similar to
humans, overexpression of alpha3-betalintegrin, c-Met, EGFR, EphA2, IGFBP2,
IL-13RA2, MMP-2, and-9, PDGFRa, uPAR, and VEGF/VEGFR1/2 have been
observed in canine gliomas (43-51). Homologous overexpression of cell surface
receptors in canine and human gliomas, such as EGFR, EphA2, and IL-13RA2,
have driven the preclinical investigation of molecularly targeted therapeutics in
glioma-bearing dogs (48, 52).

Continuing the global genetic characterization of canine gliomas, as well as
the confirmation of the molecular signatures of individual canine patient tumors
are paramount to the rational design of preclinical investigations, especially in
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Figure 1 Comparative morphological and immunophenotypical features of human and canine
glioblastoma (GBM). Post-contrast T1-weighted magnetic resonance images from a human
(A) and dog (B) demonstrating ring-enhancing cerebral GBM. Classic microscopic features
of hypercellularity and pseudopalisading necrosis in a human (C) and canine (E) GBM (H&E
stain, bar = 150 ym). GBM from both species demonstrate intense immunoreactvity to
IL-13RA2 (D, F).
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TABLE 1 Comparative Frequencies of Glioma Subtypes
and Grades in Dogs and Humans

Grade distribution within

tumor type
Tumor type Grade Canine (%)* Human (%)
Astrocytoma (1, 18, 19, 21, 23) I (Pilocytic) <1 5
* 30-60% of all canine neuroepithelial 11 (Diffuse) 40 10-15
tumors .
e 60-70% of all human neuroepithelial 1T (Anaplastic) ~20 10-20
tumors 1V (Glioblastoma) ~30 60-75
Oligodendroglioma (1, 18, 19, 21, 23) 11 (Oligodendroglioma) 70 70
* 30-50% of all canine neuroepithelial 111 (Anaplastic) 30 30
tumors
* 10-15% of all human neuroepithelial
tumors

“Grade distribution data obtained from archived specimens in Veterinary and Comparative Neuro-oncology
Laboratory tissue biorepository.

the context of the rapidly growing library of targeted agents available for cancer
diagnostics and treatment (53). Although the discovery of additional common
denominators shared among canine and human tumors is likely with the use of
more robust whole genomic sequencing and single-nucleotide polymor-
phism platforms, it is also probable that aberrations in key gliomagenesis path-
ways that are unique to the dog will also be revealed, as some fundamental
species-specific differences have already been documented. For example, the
favorable prognostic hallmark in human oligodendroglioma of co-deletion of
chromosome 1p/19q has not been identified in canine gliomas, nor have the
classical genetic mutations in TP53 or IDHI1 that define human astrocytomas
(41, 54, 55).

The value of dogs with spontaneous brain tumors as faithful preclinical
models of human disease has been demonstrated in several additional areas of
neuro-oncology. A study investigating dendritic cell vaccination of glioma-
bearing dogs with tumor cell lysates containing a toll-like receptor ligand adju-
vant in combination with in situ adenoviral interferon-gamma gene transfer
demonstrated sufficient safety and promise to result in rapid translation of
this immunogenetic therapy to a human clinical trial (56, 57), and promising
active immunotherapeutic approaches using dogs with intracranial meningio-
mas have recently been published (58). Pioneering work in dogs with glio-
mas illustrated the feasibility and importance of real-time MR imaging
monitoring of convection-enhanced delivery (CED) for confirmation of target
coverage, as well as providing an opportunity to detect and remedy any local
adverse effects of CED treatment, including reflux of the infusate along the
catheter (59-61).
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PRECLINICAL TESTING OF VARIOUS THERAPEUTIC METHODS
(CONVECTION-ENHANCED DELIVERY, IRREVERSIBLE
ELECTROPORATION, TRANSCRANIAL-FOCUSED ULTRASOUND)
IN DOGS WITH SPONTANEOUS TUMORS OF THE BRAIN

Recognizing the translational relevance of and collaborative opportunities offered
by the spontaneous canine brain tumor model, our laboratory’s research focuses
on the multi-scale, comparative targeting of brain tumors. Our efforts include the
identification of pharmacologically tractable molecular targets common to human
and canine brain tumors, as well as the development of novel macroscopic meth-
ods of CNS drug delivery that overcome the limitations imposed by the blood—
brain barrier (BBB) and blood brain tumor barrier (BBTB) (13, 14). The design
and conduct of clinical trials in dogs with naturally occurring brain tumors is a
major mechanism by which we assess our drug and device discoveries (10, 13).

CONVECTION-ENHANCED DELIVERY

The CED technique involves the pressurized infusion of therapeutic agents
directly into tumor other target tissues using specialized catheters (13, 62—-64).
By bypassing the BBB, CED allows for delivery of high concentrations of mac-
romolecular drugs directly to the tumor with negligible or no systemic drug
exposure, and CED is capable of achieving clinically relevant drug distribution
volumes by bulk fluid flow without significantly increasing intracranial pres-
sure when infusions are administered at low pressures over several hours or
days (60, 62—-64). CED can increase drug distribution volumes in the brain by
at least an order of magnitude relative to simple diffusion, and it can be per-
formed safely throughout the CNS in humans and animals (65). It has been
demonstrated that liposomal CPT-11 and EGFRvlII-antibody conjugated to
iron oxide nanoparticles can be safely delivered via CED to canine gliomas, and
these studies have provided evidence of the efficacies of these approaches in
this model (52, 60).

Historically, major technical impediments to the widespread adoption of CED
for the treatment of human glioma has been an inability of the technique to dis-
tribute drugs to the entire heterogeneous tumor volume and margin (60, 61, 66),
as well as inherent limitations of catheters adopted for use in CED. To overcome
these obstacles, advancements in CED have included the incorporation of predic-
tive computational imaging analyses into therapeutic planning, real-time MR
imaging of infusions to facilitate and confirm target coverage, and the design and
utilization of novel catheters appropriate for CED (59-61, 64).

Building upon these advancements and cognizant of the lessons learned from
prior CED clinical trials, we are investigating the use of CED to deliver high-
molecular weight-targeted therapeutics to canine gliomas. Given the potential
efficacy of first generation of IL-13RA2 conjugated pseudomonal exotoxins in
human GBM (67), and common overexpression of IL-13RA2 and EphA2 in canine
and human gliomas (Figure 1), potent IL-13 and ephrin-Al-based cytotoxins
containing modified Pseudomonas exotoxin A or Diphtheria toxin targeted to
IL-13RA2 and EphA2 receptors were generated, respectively (47, 48, 68, 69).
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We are actively conducting a clinical trial in dogs with gliomas to evaluate the
tolerability and preliminary efficacy of this targeted bacterial cytotoxic cocktail
administered by delivered using MRI-monitored CED.

Canine subjects enrolled in the trial have mild-to-moderate clinical signs of
brain dysfunction and histopathologically confirmed gliomas demonstrating
immunoreactivity to IL-13RA2 and/or EphA2. The trial is designed using a 3+3
dose-escalation scheme, with cohorts administered 0.05, 0.1, 0.2, or 0.4 pg of
each cytotoxin/ml of infusate. To optimize the CED procedure, an inverse thera-
peutic planning method, using a spherical shape-fitting algorithm generated from
patient-specific, segmented MRI/CT images, is used to simulate ideal cannula
placement and target coverage prior to treatment (69, 70). CED is performed in
the anesthetized dog using reflux-preventing cannulae to co-administer the cyto-
toxins with a gadolinium tracer (Figure 2) to allow for intraoperative MRI visual-
ization of infusate distribution. Tolerability is defined as the absence of
dose-limiting toxicities (DLT) within 28 days of infusion. DLT are considered the
development of Grades 3, 4, or 5 adverse events, as defined by the Cancer Therapy
Evaluation Program CTCAE standards (71). Serial clinical, laboratory, and brain
MRI examinations are performed for 6 months following CED treatment, and the

M HES DeVOnR 011{ Produc!

Figure 2 Intratumoral convection-enhanced delivery (CED) of molecularly targeted therapeutics
into a canine astrocytoma. Pre-treatment transverse T2-weighted (A) and post-contrast
T1-weighted (B) images demonstrating the tumor in the temporal-piriform lobes of the brain.
(C) Fused silica and ceramic reflux-preventing cannula (RPC) with multistep tip design used
for CED. (D) Intraoperative, transverse T1-weighted images obtained immediate prior to
infusion, showing probe guide pedestal (PGP) implanted in the skull, through which

RPC (F, white arrow) will be stereotactically placed into the tumor. (E-]) Time-lapsed
3DT1-weighted images taken over approximately 2 h of MR-monitored infusion showing
progressively increasing volume of distribution of the infusate co-delivered with gadolinium
(white) within the tumor. An additional RPC has been inserted (G, red arrow) to facilitate
tumor coverage. (K) Immediate post-infusion T1-weighted image demonstrating tumor
coverage and infusate containment achieved at completion of CED.
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CED infusions can be repeated in the event of tumor progression or suboptimal
target coverage is achieved during the initial infusion. Efficacy is determined by
characterizing objective tumor responses using RANO and volumetric criteria
modified for use in canine patients (72).

Using this approach, we have achieved robust and clinically relevant volumes
of infusate distribution in unresected canine MGs (Figure 2). In addition, inclu-
sion of real-time MR-monitoring-facilitated intraoperative cannulae revisions that
allowed continued target coverage after observation of ventricular leakage or
infusate reflux in some procedures. Clinical and partial tumor volumetric
responses (=50% volumetric tumor reductions) have been observed in 55% (5/9)
of the dogs treated to date. Necropsy examinations performed in four dogs with
progressive disease have revealed tumor necrosis in infused regions. In the first
three dosing cohorts, significant DLT have not been observed. Results from this
trial indicate that improvements in CED cannula design, therapeutic planning,
and MRI monitoring allow for safe and effective intratumoral delivery of IL-13RA2-
and EphA2-targeted cytotoxins. This ongoing study also provides preliminary evi-
dence of the efficacy of these cytotoxins when used as a monotherapy in a
spontaneous animal glioma model.

In our continuing effort to more precisely and specifically target gliomas with
locally delivered therapies, we have clinical trials planned that will incorporate
infusion our next generation multivalent cytotoxin, QUAD-CTX, that simultane-
ously targets the IL-13RA2, EphA2, EphA3, and EphB2 receptors into canine glio-
mas (see Part I, page xxx). Similar to humans, we have also demonstrated that
canine gliomas overexpress EphA3. To further increase the efficiency and utility of
CED, we will administer the QUAD-CTX using our innovative convection-
enhanced arborizing catheter (see Part III, page xxx).

IRREVERSIBLE ELECTROPORATION

Electroporation is a technique in which electrical pulses are used to permeabilize
tissue through formation of nanoscale pores in cellular membranes (73). When
the applied electric field strength exceeds a critical value, irreversible electropora-
tion (IRE) is achieved, which creates permanent defects in cellular membranes
resulting in cell death (73, 74). IRE is a novel, minimally invasive, rapid, and non-
thermal method of tissue ablation that has been demonstrated to be safe and effec-
tive for the treatment of solid tumors in animals and humans (75-78). It has been
shown that IRE therapy has also been shown to have sparing effects on the vascu-
lature, ductal networks, and extracellular matrix, which facilitates posttreatment
healing (73, 74, 79).

We have developed a novel technology, coined high-frequency irreversible
electroporation (H-FIRE) that represents a significant advancement in IRE ther-
apy, the specifics of which have been covered in Part IIT of this chapter (80).
Briefly, the treatment of patients with high-amplitude IRE pulses (1-3 kv, ~100 ps)
requires administration of neuroparalytic agents in order to abolish muscle
contractions associated with pulse delivery (79). The requirements for general
anesthesia and neuroparalytics may complicate or exclude IRE treatment of some
tumors in some debilitated patients. The H-FIRE generator is capable of deliver-
ing bipolar bursts of pulses with individual pulse durations two orders of
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magnitude shorter than in IRE (~1 ps). This allows H-FIRE to non-thermally
ablate tissue without causing muscle contractions, which negates the need for
neuroparalytic use during treatment, achieves more predictable zone of treatment
by mitigating tissue heterogeneities (80, 81), and may allow for selective tumor
cell ablation based on altered cellular morphology (82).

In addition, we and others have demonstrated that IRE and H-FIRE pulses are
capable of transiently disrupting the BBB outside the region of irreversible tissue
ablation in a voltage-dependent manner (83-85). This provides an opportunity
for the delivery of otherwise impermeable macromolecules to a penumbra of
tissue surrounding the macroscopic tumor volume exposed to the electrical field,
which could be exploited for delivery of therapeutics to microscopic tumor infil-
trates extending beyond the gross tumor margins, which account for the majority
of local treatment failures in MG (83, 85). We believe that these unique features
of IRE and H-FIRE make them particularly attractive for use in intracranial surgery,
and have been developing these platforms for the treatment of brain cancer.

We have evaluated the safety and preliminary efficacy both IRE (Figure 3)
and H-FIRE (Figure 4) in dogs with spontaneous brain tumors (77, 79, 86).

Figure 3 Stereotactic glioblastoma ablation with irreversible electroporation (IRE). Pre-
treatment transverse (A) and dorsal planar (B) post-contrast T1-weighted MR demonstrating
ring-enhancing glioblastoma in the frontoparietal lobe of the cerebrum. Co-registered
intraoperative CT and pre-treatment MR images (C) and three-dimensional reconstructed CT
(F) with IRE electrodes in situ within the tumor in preparation for ablation. Three-month
post-IRE treatment transverse (D) and dorsal planar (E) post-contrast T1-weighted MR
illustrating 95% reduction in tumor burden.
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Figure 4 High-frequency irreversible electroporation (H-FIRE) treatment of a canine Type |
parasagittal meningioma. Treatment planning (A, B) involves segmentation of the tumor
(green) and brain (purple) from the patient’s MR images (C, D), and determination of the
electrode placement trajectory (A). The resulting electric field distributions are then
simulated (B) using finite element analysis software (B). The H-FIRE electrodes are placed
using intraoperative stereotaxy (E) according to the treatment plan, and the pulses delivered.
After-HFIRE treatment, the tumor was resected and serially sectioned to correlate the
predicted with actual ablation volume. Photomicrograph of the treatment margin

(F), illustrating a sharp line of demarcation between H-FIRE ablated (lower left) and

viable tumor (upper right); H&E stain.

An integral component of the preclinical evaluation of IRE and H-FIRE was the
development of anatomically accurate numerical treatment planning models
that maximize tumor coverage while minimizing damage to surrounding
healthy tissue and also account for the increase in tissue conductivity that
occurs during pulse delivery (86-88). Incorporating therapeutic plans devel-
oped from patient-specific, segmented medical images imported into finite ele-
ment analysis modeling software, we have confirmed the ability of IRE and
H-FIRE to safely and precisely ablate normal and neoplastic canine brain tissues
with a submillimeter line of demarcation between ablated and non-treated
tissues (79, 86, 89). IRE treatment of canine gliomas resulted in significant
objective tumor responses in 4/5 dogs with quantifiable target lesions (Figure 3),
and these radiographic responses were accompanied by improvements in Karnofsky
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performance scores and posttreatment seizure control (72, 86). Similarly,
using a treat and resect treatment paradigm, we have confirmed the ability of
H-FIRE to safely and precisely ablate clinically relevant volumes of canine brain
tumors without the induction of muscular contractions during pulse delivery
(Figure 4).

To overcome previously recognized barriers to the translation IRE and
H-FIRE therapies to the clinic, such as the inability to incorporate MR image-
guidance into treatments and need to use multiple software programs for thera-
peutic planning, we have been developing a comprehensive solution that
combines all of the necessary components of the workflow in a user-friendly
platform that can be incorporated into contemporary neurosurgical theaters
(86,90, 91). The foundation for this platform is an open-source, online interface
that uses a treatment planning approach similar to that employed in radiothera-
peutic applications. The software allows for tissue-specific segmentation, deter-
mination of the tumor dimensions, and formulation of virtual electrode
insertion approaches that can be used in surgery (91). These volumetric repre-
sentations are then used to perform computational simulations of the electric
field distribution surrounding the active electrodes during pulse delivery to
determine tumor coverage (Figure 4) and cell kill probabilities (90, 92).
Validation of the predicted therapeutic outcomes generated with this platform is
currently underway using clinical data from IRE-treated dogs with intracranial
gliomas (90).

Another fundamental step which we have undertaken to clinically implement
this technology is the development MR compatible electrodes for use in IRE and
H-FIRE procedures. This provides for coupling of the imaging-based computa-
tional predictive models to near real-time imaging-derived feedback with regard
to the electrode location and electrical properties of the tumor through the use of
magnetic resonance electrical impedance tomography, which allows for intraop-
erative monitoring of the electrical field distribution during electroporation-based
treatments (93). Using this anatomical and biophysical imaging-guided approach,
the expected outcome of the treatment can be confirmed after pulse delivery is
completed, and the treatment can be revised, if necessary, to accommodate any
suboptimally treated areas that are identified.

TRANSCRANIAL MR-GUIDED-FOCUSED ULTRASOUND SURGERY

The use of acoustic energy for therapeutic applications in the CNS was first
described more than a half century ago in seminal studies performed in a feline
model by Fry and colleagues (94-96). Ultrasound transducers are capable of
focusing acoustic waves on targets located deep within tissues. By manipulating
the sonication parameters, focused ultrasound is capable of thermal tissue abla-
tion, mechanical tissue ablation (histotripsy), neuromodulation, and BBB disrup-
tion, and thus has many potential applications in the treatment of brain disease
(97-105). Although early studies showed the promise of focused ultrasound for
the treatment of intracranial disorders, obstacles associated with the control and
monitoring of the procedure coupled with the limitations associated with applica-
tion of acoustic waves through the skull have, until recently, impeded the wide-
spread application of this technology in neuro-oncology.
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The skull has been a major challenge to the clinical adoption of focused ultra-
sound in the brain. The attenuation of acoustic waves that occurs in bone is
approximately 50 times higher than that of soft tissue, and this causes rapid heat-
ing of the skull which limits the safe energy exposures that can be delivered (101).
The skull also has a significant effect on the propagation of acoustic waves, as
variations in skull shape and thickness make it difficult to reliably focus the ultra-
sound beam. In early focused ultrasound trials, the barriers posed by the calvar-
ium required delivery of ultrasound through a craniectomy defect, which negated
the benefits of a noninvasive transcranial procedure (98, 99, 106).

Vast improvements in technology have resulted in the development of several
focused ultrasound systems which incorporate MR imaging and allow for the pre-
cision targeting and control of the procedure with real-time feedback obtained
from quantitative MR thermometric imaging (103, 107, 108). The precision
offered by MR-guidance, coupled with the incorporation of active tissue cooling
measures, the design of large geometric phased transducer arrays, application-
specific tuning of the ultrasound frequency, and computational phase offset beam
correction, have allowed the successful mitigation of the heating and beam focus-
ing problems traditionally posed by the skull, and ushered in the era of noninva-
sive transcranial MR-guided-focused ultrasound (TcFUS).

In parallel with advancements made in humans, non-human primates, and
other animal models, we have been working toward the use of TcFUS for thermal
ablation of canine tumors and focused disruption of the blood—brain barrier to
facilitate drug delivery to the canine brain (109). The preclinical evaluation of
TcFUS in dogs has posed additional and unique challenges. The tremendous
inherent variations in skull size, conformation, and thickness within and among
dog breeds has required expanding and refining engineering solutions developed
to reliably achieve transcranial beam focusing. Although beam focusing aberra-
tions associated with skull variability can be corrected using large arrays of indi-
vidually controllable transducing elements, the geometry of existing FUS
hemispheric arrays and the size and conformation variability, as well as position-
ing constraints of the canine cranium within these arrays complicates treatment
delivery in the dog (Figure 5). Using computed tomographic scans of the head
obtained prior to treatment co-registered with diagnostic MR data sets and a cus-
tomized multi-element elliptical array, we are in the process of optimizing patient
and canine species-specific phase offset simulations to correct for differences in
acoustic wave propagation associated with skull heterogeneity, and to allow for
electronic steering of the focal position.

We have also attempted transcranial BBB opening in the normal canine brain
using existing FUS systems (Figure 5). In our preliminary studies in dogs, we
observed that the assessment of BBB opening using passive cavitation detection
(PCD) resulted in considerable variability that was poorly associated with other
measures of BBB opening, such as the opening volume (110). This is in contrast
to findings indicating that PCD is an acceptable surrogate of BBB permeability in
rodent models. We believe that these differences may be attributable to the gyren-
cephalic structure and increased white/gray matter, vascular, and ventricular het-
erogeneity of the canine brain compared with rodents, as other investigators
have demonstrated similar PCD variability when using a non-human primate
model (100). Optimization of PCD monitoring remains a focus of our current
canine TcFUS work, and will be paramount to answering questions associated
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Figure 5 Evaluation of TcFUS instrumentation in the canine model. Canine skull (A) positioned
in the Exablate platform (InSightec Ltd., Dallas, TX, USA) hemispheric transducer array. In the
background, an additional Exablate hemispheric transducer and couch are visible illustrating
the equipment configuration that would be used to treat a human brain. Canine positioned
on the RK-100 couch (FUS Instruments, Toronto, Ontario, Canada) system in preparation for
transport into the MR suite for TcFUS BBB opening. Note the size difference in the
transducers between the two systems (B, inset).

with quantifying drug delivery and efficiency that are fundamental to assessment
of TcFUS in the canine brain tumor model, and translation of these drugs and
technologies to humans.

| Conclusion

Dogs with spontaneous brain tumors represent an immunocompetent model that
recapitulates many key clinical and pathobiological features of human tumors,
and thus provide a unique avenue for the assessment of novel therapeutics.
Integration of the canine brain tumor model into neuro-oncology research pro-
grams offers an opportunity to accelerate the development of effective treatments
that will mutually benefit humans and dogs. The potential translational impacts
of clinical trials in dogs with spontaneous brain tumors on neuro-oncologic tech-
nologies and techniques have been demonstrated in investigations focused on
CED and immunotherapy. Continued critical analyses of the natural biology and
molecular genetics of canine brain tumors will be paramount to defining stan-
dards of care for specific canine tumor types, the expansion and validation of
canine-specific reagents and techniques necessary for quantitative and reproduc-
ible end-point evaluations, and ultimately, the optimal design of investigational
clinical trials that incorporate brain tumor—bearing dogs that attempt to evaluate
therapeutic outcomes.
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