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Imaging and Pathologic Evaluation of
Cryoablation of Woodchuck (Marmota monax)
Hepatocellular Carcinoma

Juan A Esparza-Trujillo,! William F Pritchard,! Michal Mauda-Havakuk,! Matthew F Starost,?> Paul Wakim,*
Johnathan Zeng,! Andrew S Mikhail,! Ivane Bakhutashvili,! Bradford ] Wood,' and John W Karanian'*

We characterized cryoablation as a mode of clinical intervention in adult woodchucks with hepatocellular carcinoma (HCC).
Woodchucks (n = 4) were infected with woodchuck hepatitis virus at birth and developed LI-RADS-5 hypervascular HCC. At
21mo of age, they underwent ultrasound (US), contrast-enhanced CT (CECT) imaging, and US-guided subtotal cryoablation
(IcePearl 2.1 CX, Galil, BTG) of their largest tumor (Mean HCC volume of 499 cm?). Cryoablation was performed using
two 10-min freeze cycles, each followed by an 8-min thaw cycle. The first woodchuck developed significant hemorrhage after
the procedure and was euthanized. In the other 3 woodchucks, the probe track was cauterized and all 3 completed the study.
Fourteen days after ablation, CECT was performed, and woodchucks were euthanized. Explanted tumors were sectioned
using subject-specific, 3D-printed cutting molds. Initial tumor volume, the size of the cryoablation ice ball, gross pathology
and hematoxylin and eosin-stained tissue sections were evaluated. On US, the edges of the solid ice balls were echogenic
with dense acoustic shadowing and average dimensions of 3.1+0.5x2.1+0.4cm and cross-sectional area of 4.7+1.0 cm?. On
day 14 after cryoablation, CECT of the 3 woodchucks showed devascularized hypo-attenuating cryolesions with dimensions
of 2.8+0.3x2.6+0.4x2.93+0.7cm and a cross-sectional area of 5.8 +1.2 cm?. Histopathologic evaluation showed hemorrhagic
necrosis with a central amorphous region of coagulative necrosis surrounded by a rim of karyorrhectic debris. A rim of
approximately 2.5 mm of coagulative necrosis and fibrous connective tissue clearly demarcated the cryolesion from adjacent
HCC. Partial cryoablation of tumors produced coagulative necrosis with well-defined ablation margins at 14 d. Cauterization
appeared to prevent hemorrhage after cryoablation of hypervascular tumors. Our findings indicate that woodchucks with HCC
may provide a predictive preclinical model for investigating ablative modalities and developing new combination therapies.

Abbreviations and acronyms: CECT, contrast-enhanced CT; HCC, hepatocellular carcinoma; US, ultrasound
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Evaluation of HCC therapies may benefit from a preclinical
model that recapitulates the natural course of the disease in
humans. Eastern woodchucks (Marmota monax) infected chroni-
cally with woodchuck hepatitis virus spontaneously develop
HCC that is similar in size, vascularity, and heterogeneity to
human HCC,71920242 making this a useful model for evalu-
ation of therapies intended for treatment of hepatitis-induced
tumors in humans.'#!4 However, few studies have evaluated
the use of woodchuck HCC as a model for image-guided device-
based interventional procedures such as heat and cold-based
ablative therapies.23?22>30 The current study determined the
feasibility of performing cryoablation in woodchucks with
HCC and evaluated imaging and correlative pathology after
subtotal cryoablation.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent
neoplasm and the fourth most frequent cause of cancer-related
mortality globally.l® For many patients, heat-based therapies
such as radiofrequency and microwave ablation are viable
treatment options.!? Cryoablation also appears to be safe
and as effective as heat-based methods of ablation in certain
situations.>12%728 Cryoablation kills tumor tissue by freezing,
forming an ice ball, by using the expansion of compressed
argon in the cryoprobe to generate probe temperatures as low
as —140°C (-220°F), resulting in formation of an ice ball and
subsequent tumor necrosis.®”/3 Intraprocedural imaging of the
ice ball and postprocedural imaging of the ablation zone may
confirm technical success including the adequacy of ablated
zone of the targeted tumor.2

Materials and Methods

Animals. Four woodchucks with HCC (3 female, mean weight
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3.1kg; 1 male, weight 3.0kg; mean age, 21 mo) were acquired
from Northeastern Wildlife (Harrison, ID). The vendor had
inoculated the woodchucks with woodchuck hepatitis virus
within their first week of life and confirmed them as tumor
positive based on serum y-glutamyl transpeptidase levels
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greater than 50IU/L and ultrasound (US) prior to our
procurement.'® Woodchucks were housed individually with ad
libitum access to food (NIH 23GD Rabbit Diet, 5L.7Z, Test Diet,
Richmond, IN) and water and provided with fresh produce
twice daily. Animals were housed in modified stainless steel
cages (28x28 x 34.5in. [71.1x71.1x87.6cm]) with shredded
aspen bedding (Nepco, Warrensburg, NY) provisioned with
a wooden gnawing block (BioServ, Flemington, NJ) and a
stovepipe nest box. Room conditions were maintained with
temperature between 72 +2 °F (22.2 + 1 °C), relative humidity of
less than 70%, and a 12:12-h light:dark cycle (lights on, 0600).
All animals were observed and monitored at least once daily
by trained facility staff. The study was conducted under an
animal use protocol (DRD16-03) approved by the IACUC at the
National Institutes of Health in an AALAC-accredited animal
facility in compliance with U.S. Animal Welfare Regulations.

Animal procedures. All woodchucks underwent US and
contrast-enhanced CT (CECT) to identify HCC tumors and plan
treatment. The woodchucks were sedated with 5% isoflurane
delivered via an induction chamber, followed by a mixture of
preanesthetic agents (28.6 mg/kg ketamine HCI and 5mg/kg
xylazine, IM), and were then maintained on 1% to 5% isoflu-
rane and 100% oxygen (2L/min) delivered via a rabbit mask
for the duration of the procedure. Woodchucks were shaved
and prepared for surgery using aseptic technique while under
anesthesia.

An abdominal US examination was performed (Philips iU22,
Philips, Bothell, WA), followed by venipuncture of the cephalic
vein with a 21- or 23-gauge angiocatheter for multidetector
CT imaging (Brilliance MX8000 IDT 16-section detector CT;
Philips, Andover, MA). After noncontrast CT of the chest and
liver, multiphase imaging of the liver was performed with bolus
tracking and power injection (MEDRAD Stellant CT Injection
System; Bayer Healthcare, Leverkusen, Germany) of 3.0mL of
iopamidol (Isovue-370; Bracco Diagnostics, Monroe Township,
NJ) followed by 3.0mL of 0.9% saline solution, all at 0.2mL/s.
Multiphasic imaging was acquired in the early arterial (4-s
delay), late arterial (23-s delay), portal venous (43-s delay), and
late parenchymal (63-s) phases. Scans were obtained at 120 kVp
and a tube current of 225mA with a 180-cm field of view and
image reconstruction of 0.8-mm sections at 0.4-mm intervals.
The target tumor was the largest tumor identified in each subject
and was categorized by a clinical radiologist under the Liver
Imaging-Reporting and Data System (LI-RADS)?’ and tumor
volume was determined.

Cryoablation. Subtotal cryoablation of HCC tumors (1 = 4)
was performed using a 14-gauge cryoprobe (IcePearl 2.1 CX
90°, Boston Scientific, Marlborough, MA) under US guidance.
The treatment algorithm was two, 10-min freeze cycles, each
followed by an 8-min passive thaw cycle. US imaging was
performed during ablation, including imaging at the conclusion
of the final freeze cycle. The edge of the ice ball was identified
by the echogenic rim, which was created by the acoustic im-
pedance mismatch between the solid ice ball and the adjacent
tissue; acoustic shadowing beyond the rim was due to the loss
of US signal.

The first woodchuck was euthanized after probe removal
due to hemorrhage. The probe track of the other 3 animals was
cauterized during probe withdrawal. After probe removal,
external pressure was applied over the liver puncture site
for 2 to 3min and noncontrast CT of the liver was acquired.
The 3 woodchucks then recovered from anesthesia and were
maintained for 14 days. Postprocedural recovery was unevent-
ful; daily health checks and observations including biweekly

physical exams by veterinary staff showed normal behavior
and food consumption.

Imaging and tissue collection after cryoablation. Tissue cutting
molds were designed and 3D printed based on each subject’s
CT scan from the time of cryoablation. The mold was oriented
so that the cutting planes were parallel to the axis of the probe
track at 5mm intervals. This placement allowed direct compari-
son of multiplanar reformatted radiologic images to gross and
histologic evaluation of the liver.?! On day 14 after cryoablation,
the woodchucks were placed under general anesthesia and both
noncontrast and multiphasic contrast enhanced CT of the liver
were performed as before. The woodchucks were euthanized
by exsanguination under deep anesthesia and confirmatory
administration of a combination of pentobarbital sodium,
390mg/mL, and phenytoin sodium, 50 mg/mL (Euthasol
1mL/101b.; Virbac Animal Health, Fort Worth, TX). Hepatic and
tumor tissue were excised, placed in the subject-specific molds,
and 5-mm-thick slices were cut. Tissue slices were grossly exam-
ined and fixed in 10% formalin. Histologic sections were stained
with hematoxylin and eosin (H and E). Histopathologic analysis
was performed by a board-certified veterinary pathologist.

Imaging and tissue analysis. The long axis and the half-width
of the orthogonal short axis of the ice ball were measured
on an US that was acquired at the conclusion of the second
freeze cycle in an imaging plane that included the cryoprobe.
The short axis length of the ice ball was reported as twice the
measured half-width. Cross-sectional area was calculated as
an ellipsoid. The ablation zone at 14 d was measured using
multiplanar reformatted CT images to generate a plane that
included the long axis trajectory of the probe for measurement
of the ellipsoidal cross-sectional area as with the US image. An
orthogonal plane was defined, the short axes of the ablation
zone were measured in 2 dimensions (OsiriX 10.0.5 Pixmeo,
Geneva, Switzerland), and tumor volume was calculated as an
ellipsoid, (4/3)nexeyez, where x, y, and z are the dimensions
of the tumor. Reconstruction of the target tumor and 14-d abla-
tion zone CTs were performed using Mimics Research (version
20.0; Materialise, Leuven, Belgium) to generate a 3D volumetric
rendering. Dimensions of the ablation zone were measured on
the histologic section that included the probe track, and cross-
sectional area was calculated.

Statistical analysis. A paired ¢ test was performed to compare
cross sectional area measurements between the intraprocedural
ice ball on US and the 14-d ablation zone on CT and histopa-
thology (n = 3). A Pearson correlation and linear regression
analysis of cross-sectional area was also performed. All data
are expressed as mean + SE.

Results

Preprocedural imaging. US and CT imaging revealed large
tumors in all 4 woodchucks. The tumors were hypervascular
with hyperenhancement in the early or late arterial phases
as compared with the appearance of liver without tumor. A
board-certified pathologist categorized the target tumors as
LIRADS-5.22 HCC tumors had a mean volume of 49 +9 cm® and
an ellipsoidal shape (Figure 1).

Cryoablation. Cryoablation of the target tumor was success-
fully performed under US guidance in all woodchucks (Figure 2)
with recovery of 3 of 4 subjects. The first subject developed
significant intra-abdominal hemorrhage when the probe was
withdrawn after cryoablation, and this woodchuck was there-
fore euthanized. To prevent hemorrhage in the remaining 3
woodchucks, the probe track was cauterized using the cautery
function during slow withdrawal of the cryoprobe at a rate of
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Figure 1. Preprocedural imaging of LI-RADS 5 hepatic tumors. A) Ultrasound image showing hepatocellular carcinoma (within arrows). The
tumor demonstrated heterogenous echogenicity with predominant hyper-echogenicity and was multinodular with lobulated margins and
pedunculated. Color Doppler ultrasound demonstrated large veins draining the tumor (asterisk). B) Coronal CT angiogram showing hypervas-
cularity of the tumor (arrows) and large arteries supplying the tumor (asterisks) in an oblique multiplanar reconstruction displayed as maxi-
mum intensity projection of a 30-mm slab. The tumor arose from the left lateral lobe but was displaced to the right due to its size. (HA-hepatic
artery; IVC-inferior vena cava; Ao-aorta). C) Coronal 0.4-mm-thick maximum intensity projection image acquired during the early arterial phase
showing characteristic increased enhancement of the hepatocellular carcinoma (arrows) compared with liver without tumor (crosshatch). The
artery supplying the tumor is shown (asterisk).

Figure 2. Cryoablation procedure. A) Cryoablation of LI-RADS 5 tumor with Ice Pearl 2.1 Cx 90° probe under ultrasound guidance.
B) Placement of the probe (arrows) under ultrasound including the probe tip (left arrow). C) Ice ball formation during cryoablation with acoustic
shadowing. Measurement of the long axis and the orthogonal short axis of the ice ball after the final freeze cycle are shown (OsiriX).

Table 1. Ice ball and cryolesion morphometrics

Imaging modality Axial length (cm) Short axis width (cm) Cross section area (cm?) Volume (cm?)

Ultrasound (n = 3), Day 0 31 +06 21 + 0.1 4.7 + 0.6°P
CT (n = 3), day 14 2.8 = 0.3 2.6 £ 04,29 =07 5.8 = 1.32¢ 11.0 = 3.8
Histology (n = 3) 2.7 = 0.1 22 + 04 4.7 + 0.8b¢

Ice ball and cryolesion morphometrics. There was no statistically detectable difference (paired ¢ test) between cross sectional area
measurements on ultrasound compared with CT,? ultrasound compared with histology," and CT compared with histology.© Data from
the first treated woodchuck (nonsurvival) are not included.

aP > 0.59

PP > 0.96

P > 0.17

approximately 1cm/10s. The ice ball was visible during the
initial freeze cycle and appeared elliptical. After the second
freeze cycle, the ice ball had a clear echogenic rim with dense
acoustic shadowing and appeared elliptical on US. The average
ice ball dimensions were 3.1 +0.6 x 2.1 +0.1 cm with a calculated
cross-sectional area of 4.7+0.6 cm? (Table 1; Figures 2 and 3).
Immediately after thawing and removal of the probe, the treated
tissue was hypoechoic compared with untreated tumor tissue.

Cryolesion characterization on CT. CT acquired 14 d after abla-
tion showed a devascularized hypo-attenuating cryolesion with
an average volume of 11.0£3.8 cm?®, maximum dimensions of
2.8+0.3x2.6+0.4%x2.9+0.7cm and cross-sectional area of
5.8+1.3 cm? (Table 1, Figure 3). The internal radiographic
density of the ablation zone varied in degree of heterogeneity.

A 3D volumetric rendering of a target tumor and 14-d ablation
zone CT showed an ellipsoidal shape cryoablation zone within
the treated tumor, including the probe track cauterized during
slow withdrawal of the cryoprobe (Figure 4).

Histopathology. The treated tumors were all confirmed as
HCC by a board-certified veterinary pathologist. Hemorrhagic
necrosis defined the treatment site of explanted tumors on
gross inspection (Figure 3). The H and E stained cryolesion
confirmed a region of coagulative necrosis bordered by a rim
of karyorrhectic debris and a narrow rim of coagulative necro-
sis with an average width of 2.5mm and fibrous connective
tissue, clearly demarcating cryolesion from viable HCC. The
internal appearance of the cyrolesions varied, each with unique
areas of hemorrhage. The average cryolesion dimensions were
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Figure 3. CT imaging and histopathology of cryoablation for each case. Column A) Multiphasic CT of the liver acquired during the portal phase
14 d after cryoablation. Multiplanar reconstruction was used to generate a plane that includes the probe track (orange line) and the orthogonal
plane (inset 1). Devascularized hypo-attenuating cryolesions (asterisk) were present. Excised tumor tissue in the subject-specific mold (inset 2).
Column B) Gross tumor pathology at explant showing cross-section (5-mm-thick slice) of the cryolesion zone (asterisk) and margins with hemor-
rhagic necrosis. Column C) Hematoxylin and eosin—stained cross-section of cryolesions showing probe tracks within a central amorphous region
of coagulative necrosis (asterisks) bordered by a rim of karyorrhectic (leukocyte) debris (arrows). This was further surrounded by a narrow rim
of coagulative necrosis with a mean width of 2.5 mm (WC-2 inset: dagger) encapsulated by a fibroblastic-rich collagenous connective tissue rim
(arrowhead). The area outside the rim was defined as HCC with no cryo-related thermal injury.

2.7+0.1x2.2+0.4cm with a cross-sectional area of 4.7 £0.8 cm?
(Table 1, Figure 3). In addition to the cryo-treated tumors, ad-
ditional hepatic tumors of variable size and morphology were
observed at gross pathology and confirmed to be HCC with oc-
casional fibrosis and compression of surrounding parenchyma.

No statistically detectable difference (¢ test) was detected
between cross sectional area measurements on US compared
with CT (P > 0.59), US compared with histology (P > 0.96), and
CT compared with histology (P > 0.17). A Pearson correlation
analysis of cross-sectional area did not reveal correlation of
US with CT (P > 0.18), US with histology (P > 0.3), or CT with
histology (P > 0.12).

Discussion

This study demonstrated successful subtotal cryoablation of
LI-RADS-5 tumors in woodchucks with hepatocellular carci-
noma. The cross-sectional area of the ice ball and the ablation
zone on CT and gross and histopathologic evaluation at 14 d
were not statistically different from each other. The procedure
was consistent and well-tolerated across all 3 animals. Although
the cryoablation treatment algorithm was the same for all wood-
chucks, observed differences in cryolesion appearance may be
due to tumor heterogeneity, including variable necrotic areas,
vascularity, and areas of hemorrhage. We used subject-specific,
3D-printed cutting molds that were created based on segmented
CT scans of the tumor at the time of ablation; these molds pro-
vided matching tissue sections for correlative imaging and gross

and histopathologic evaluation as depicted in Figure 3A (inset 2)
WC-2. At 14days, the cryolesions had substantial coagulative
necrosis based on CT and histology. However, we did not find
a correlation between the cross-sectional area of the ice ball at
US and the maximum dimension of the 14-d cryolesion on CT
and histology evaluation, perhaps due to low statistical power.

We successfully performed subtotal cryoablation in 4 wood-
chucks, 3 of which recovered from anesthesia. The tumors in
these woodchucks were similar to those of humans in absolute
measured dimensions, permitting future hypothesis-driven
inquiry regarding subtotal ablation without risk to adjacent
structures that may be present in smaller animals. Furthermore,
the multiplicity of tumors in a single woodchuck liver may
permit study of abscopal effects.? Given the hypervascularity
of the tumors, the cryoprobe track must be cauterized to pre-
vent postablation hemorrhage. In the initial subject, the probe
track was not cauterized upon probe withdrawal, resulting in
hemodynamically significant hemorrhage that warranted eutha-
nasia. In the remaining 3 woodchucks, the track was cauterized
during probe withdrawal after the ablation, which prevented
perceptible bleeding.

Percutaneous cryoablation is as effective as other ablation
techniques (for example, radiofrequency and microwave
ablation) for treating small HCC.!?> The growing use of im-
munotherapy combined with ablation to potentially augment
the immunotherapy response has been implemented clinically,
but has not yet been well characterized or widely adopted. #1117
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Figure 4. Multiplanar reconstruction of abdominal CT with 3D segmentation of the tumor and ablation zone. The elliptical cryoablation zone
(blue) including the cryoprobe entry point (arrow) and cauterized cryoprobe track (asterisk) is shown within the pedunculated tumor (brown).
This is the same ablation as shown in Figure 3, WC-2. The orthogonal axial (red), coronal (orange), and sagittal (green) imaging planes are shown.

The combination of cryoablation and immunostimulation
has been shown to improve survival and suppress distant
untreated tumor growth in a rabbit VX2 tumor model'® and
to promote a favorable antitumor response in mice as com-
pared with radiofrequency or microwave alone.3! However, a
greater understanding of immune effects related to the use of
ablation technology is needed to inform and optimize immu-
notherapy.'#?* Given the biologic and imaging similarities of
HCC in woodchucks to those of humans,'*?® and with further
immune characterization in the future, the study of woodchucks
with HCC may facilitate the combination of ablative modalities
with therapies designed to augment immunologic and abscopal
responses associated with the treatment of HCC in humans.
The main limitation of this study was the small number of
woodchucks used. Due to low sample size, our data were in-
adequate for addressing the correlational or predictive value
of US or CT for final ablation size. Moreover, intraprocedural
US images are subject to acoustic shadowing by the dense ice
ball. The use of CT or MRI to monitor the tumor during abla-
tion was not feasible in this study. CECTs were not conducted
at completion of the cryoablation procedure, which precluded
direct comparison of cryolesion size on CT at Day 0 and Day
14. Colocalization of CT with pathology was based on best
cross-sectional matches of CT slices and pathology sections of
spatially aligned tumor specimens using subject-specific 3D-
printed cutting molds. However, tissue processing limitations
and artifact may have been introduced during tissue sectioning.
Future work may consider the value of intention-to-treat with
complete ablation in woodchucks with less advanced disease,
including development of a comprehensive assessment of the
tumor response to treatment in woodchucks for comparison

to humans. This line of study would include investigating
the tumor and the cryolesion microenvironment, border char-
acteristics, immune compartment analyses, flow cytometry,
cross-species immune-correlation, immunohistochemistry, and
treatment effect on non-HCC tissue.

In conclusion, image-guided cryoablation can be performed
on woodchuck HCC with real-time visualization of the ice ball
on US and delineation of the ablation zone on CECT. The cross
sectional area of the ablation lesion and tissue necrosis on CT
and histopathology at 14 d were comparable to the intraopera-
tive ice ball on US. While additional characterization is needed,
woodchuck HCC may provide a predictive preclinical model
for investigation of ablative modalities and the development
of new combination therapies including immunotherapeutics.
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