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Abstract: The efficacy and safety of combining open-configuration magnetic resonance imaging (MRI) and an optical
surgical navigation system (OSNS) for guidance of percutaneous liver cryoablation were evaluated in a pig model.
This approach was successfully executed in eight test pigs under general anesthesia. Another two pigs spared from
ablation served as controls. MRI studies, blood testing, and pathologic examinations were performed at various
time points. MRI-determined minimal and maximal cryolesion diameters were 19.4 + 1.5 mm and 44.3 + 1.8 mm,
respectively (mean volume, 8.32 + 2.41 ¢cm?). The lesions were readily visible by MRI on postablation Days 2 and
7, all presenting as teardrop-shaped regions of low signal intensity in T1-weighted images and high signal intensity
in T2-weighted images. Mean serum alanine aminotransferase concentration transiently increased postablation,
and mean blood platelet count transiently declined (both, P < 0.05). The mean necrotic tissue volume generated
by pathologic assessment was less than that determined by MRI (4.24 + 2.3 cm3 vs. 8.32 + 2.41 cm?, P < 0.05).
Cell necrosis isotherms in MRI views were within 6.0 £ 0.8 mm of cryolesion edges. Inflammatory cell infiltrates and
exuberant granulation tissue surrounded necrotic areas on postablation Day 7. Combined open-configuration MRI
and OSNS guidance of percutaneous liver cryoablation proved effective and safe in our animal model. This concept
seems ideal for precision image-guided hepatic ablation in a clinical setting.

Keywords: Cryoablation, pig model, liver model, magnetic resonance imaging, optical surgical navigation system,
image-guided

Introduction sure, microwave coagulation, or cryoablative
techniques. These are effective low-risk treat-
ment modalities for targeted local control of

liver tumors [6-10]. Although RF ablation has

Hepatocellular carcinoma (HCC) is the third
most common cause of cancer-related deaths

[4, 2], and tumor metastasis to liver is more
common still than primary liver cancer [3].
Although surgical resection or transplantation
offers a potential for cure, only 10-15% of
patients qualify for such procedures [2-5].

If surgical intervention is prohibitive, image-
guided tumor ablation is the preferred thera-
peutic option [6]. This approach includes two
broad strategies: 1) chemical ablation, such as
percutaneous ethanol instillation, and 2) ther-
mal ablation through radiofrequency (RF) expo-

been more widely used, the advantages of cryo-
ablation include excellent visibility of ablation
zones by computed tomography (CT) or mag-
netic resonance imaging (MRI) [11]; adjustabili-
ty of cryogen gas rate to control size and shape
of ablation effect; and far less procedure-relat-
ed pain compared with other ablative tech-
niques, allowing delivery of local anesthesia
only for most cryoablation procedures [12-14].

Early cryoablation systems encumbered by
large probes (diameters beyond 11-G) carried
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risks of hepatic fissures and severe hemor-
rhage [15]. Ultrasonography (US) is typically
engaged to monitor ice ball formation during
cryoablation. However, signal reflection from
the interface of frozen and non-frozen tissue
impedes single-view whole-lesion assessment
[16]. MRI overcomes this drawback, ensuring
visualization of the entire ice ball [17, 18]. The
smaller MR-compatible cryoprobes (diameters
under 13-G) permit percutaneous entry, and
the open-configuration MRI systems now avail-
able facilitate needle-probe placement and
intraprocedural treatment monitoring. A novel
optical surgical navigation system (OSNS) re-
cently introduced is equipped with near-infra-
red cameras for tracking probe position in real-
time. This system creates an adjustable linear
graphic line that is merged with MRI views
for preoperative lesion localization, entry-point
skin marking, procedural planning, and intraop-
erative guidance [19, 20].

In this study, we successfully performed percu-
taneous MRI and OSNS-guided hepatic cryoab-
lation in pigs under general anesthesia. Follow-
up MRI studies, blood testing, and pathologic
examinations were also undertaken at various
time points. Our aim was to evaluate the feasi-
bility and benefits of this approach in a porcine
model. Present findings suggest that combined
open-configuration MRI and OSNS guidance of
percutaneous liver cryoablation is effective and
safe in this animal model and may be ideal for
precision image-guided hepatic ablation in a
clinical setting.

Materials and methods
Animals, anesthesia, and procedures

All studies were approved by our institutional
Animal Care and Use Committee and were per-
formed in accordance with National Institute of
Health (NIH) guidelines. Ten healthy male mini-
pigs (mean weight, 21.2 kg + 3.4 kg; Animal
Experimental Center of Peking Union Medical
College, Beijing, China) were selected for study,
using ketamine (intramuscular, 20 mg/kg) and
sodium thiopental (intravenous, 5-8 mg/kg,
Sodium Pentothol; Abbott Laboratories, Chica-
go, IL, USA) to induce anesthesia. Isoflurane
(1.5%) and oxygen (3 L/min) were administered
by mask for maintenance. Eight test pigs (group
1) were subjected to single-probe cryoablation,
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sparing the remaining two (group 2) to serve as
controls.

Cryoablation with MRI and OSNS guidance

Cryoablation procedures were monitored by
open-configuration MRI system (Centauri 0.3T;
XinAoMDT Technology, Langfang, Hebei, China)
as an integral OSNS (XinAoMDT) component.
The OSNS included an outer-room console, an
in-room monitor, two infrared cameras, a static
magnetic body tracker with reflective spheres,
and a probe holder with reflective spheres.
Using the reflective spheres, optical tracking
was achieved through infrared cameras, map-
ping the probe-holder position in real-time by
charting its position in space relative to the
fixed magnetic body tracker.

Each pig was placed in left lateral decubitus
position after anesthesia. At baseline (pre-cryo-
ablation), three perpendicular images were
generated via Tl-weighted scan (FOV, 300 x
300; TR/TE, 200-500/20; slice thickness/slice
interval, 6.0 mm/2.0 mm; matrix, 192 x 192).
An adjustable real-time linear graphic of OSNS
creation was then superimposed upon these
three images, all shown on an in-room monitor.
Preliminary localization, entry-point skin mark-
ing, procedural planning, and intraoperative
guidance were thereby achieved. A 2D fast spin
echo sequence (FOV, 250 x 250; TR/TE, 200-
500/20; slice thickness/slice interval, 8.0
mm/2.0 mm; matrix, 192 x 192) was used to
scan animals during freezing procedures.

Percutaneous cryotherapy was undertaken
using a MRI-compatible cryotherapy delivery
system (Cryo-Hit; Galil Medical Ltd, Yokneam,
Israel). This argon-helium cryoablation system
is based on Joule-Thomson effect [6]. Rapid
expansion of pressured argon gas within the
probe lowers the temperature at its tip to an
extremely low level (-185°C), thus producing an
ice ball. High-pressure helium is similarly insuf-
flated (same system), warming the cryoprobe
upon atmospheric pressure release to thaw the
ice ball.

Through combined MRI/OSNS guidance as
described, a 17-G MRI-compatible cryoprobe
was inserted into targeted sites of right hepatic
lobe. The argon gas (for freezing) was pressur-
ized to 3500 psi, and helium (for thawing) was
pressurized to 2200 psi. Two freeze (15
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Figure 1. MRl and OSNS-guided needle insertion: A: Fixed magnetic body trackers with reflective spheres; B: Use
of needle holder with four reflective spheres during MRI-guided procedure; C-F: Navigation line overlay (green line)
in multi-planar MR images, indicating planned trajectory for needle guidance. MRI, magnetic resonance imaging;
OSNS, optical surgical navigation system.

min)-thaw (10 min) cycles were completed.
Intramuscular buprenorphine (0.9 mg; Reckitt
Benckiser Pharmaceuticals, Richmond, VA,
USA) injection served to control postprocedural
pain.

Follow-up MRI evaluation

In animals of group 1, follow-up MRI studies
entailed use of the same scanner at different
time points (postablation Days 2, 7, 15, and
30). Conventional 2D fast spin-echo T1-wei-
ghted (T1W) images (FOV, 300 x 300; TR/TE,
200-500/20; slice thickness/slice interval, 6.0
mm/1.0 mm; matrix, 256 x 256) and 2D fast
spin-echo T2-weighted (T2W) images (FOV, 300
x 300; TR/TE, 4000/90; slice thickness/slice
interval, 6.0 mm/1.0 mm; matrix, 256 x 256)
were obtained in transverse plane for separate
review by two radiologists (5 and 10 years of
experience). Advantage Windows v2.0 basic
display software (General Electric Company,
Milwaukee, WI, USA) enabled MRI analysis.
Minimal and maximal ice ball diameters were
calculated. Volumes were also estimated as
sums of cryolesion areas from each slice multi-
plied by slice thickness (incorporating gap to
adjacent slice).

1533

Blood testing

Blood samples were routinely collected from
ear veins of pigs (both groups) under anesthe-
sia, obtaining samples at baseline and sequen-
tially after cryoablation (Days 2, 4, 7, 10, 15,
20, and 30). The specimens were processed at
the central laboratory of our hospital. Serum
alanine aminotransferase (ALT), bilirubin, alka-
line phosphatase (ALKP), myoglobin, and cre-
atinine levels, as well as platelet (PLT) count,
white blood cell (WBC) count, and hematocrit
values, were recorded.

Pathologic assessment

Animals of group 1 were euthanized in pairs at
intervals (immediately after cryoablation and
on postablation Days 7, 15, and 30) by sodium
pentobarbital overdose. The two control pigs of
group 2 were euthanized after blood samples
were collected on Day 30. Each liver was
removed, fixed in formalin, and later grossly
inspected, measuring diameters of cryolesions
by ruler. Sections of cryolesions and surround-
ing tissues were routinely processed for paraf-
fin embedding. The site of cryoprobe insertion
served as central axis of dissection. Paraffiniz-
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Figure 2. Intraoperative and follow-up MRI views: A, B: Intraoperative scan-
ning images showing needle (arrow) inserted in right hepatic lobe and ice
ball under formation (arrow); C, D: T1-weighted images acquired 2 days and
7 days postablation. Cryolesion (arrows) presents as teardrop-shaped region
of low signal intensity; E, F: Cryoablated area (arrows) presents as high signal

ject to comparison using pair-
ed Student’s t-test. Statistical
significance was set at P <
0.05.

Results
Postprocedural animal status

All animals survived and fully
completed the cryoablation
protocol without apparent
complications. In fact, all re-
sumed normal eating, defeca-
tion, and urination upon re-
covery from anesthesia. No
intraperitoneal hemorrhage,
sepsis, or fissuring of liver
surface was detected during
postmortem abdominal explo-
ration.

MRI and OSNS guidance

Under the guidance of MRI
imaging and OSNS, all cryo-
probes were successfully in-
serted into targeted sites wi-
thin right hepatic lobe (Figure

intensity on T2-weighted images acquired 2 days and 7 days after procedure. 1). Ice balls were seen as

Lines drawn on images indicate minimal and maximal diameters of cryole-

sions. MRI, magnetic resonance imaging.

ed samples were serially sectioned (4 um)
for slide preparation, subsequent hematoxylin
and eosin (H&E) staining, and examination by
pathologists. Histologic zones of coagulative
necrosis were mapped using a calibrated
microscope. Sizes of lesions were analyzed
using Java-based image-handling software
developed by the NIH (Imagel freeware; avail-
able at: https://imagej.nih.gov/ij/download.
html). The area of each lesion was multiplied by
slice thickness, summing volumes of all slices
to obtain total volume.

Statistical analysis

SPSS (SPSS v18; IBM, Armonk, NY, USA) was
engaged for all statistical computations. Quan-
titative data were expressed as mean + stan-
dard deviation. Univariate ANOVA was applied
to assess between-group differences in blood
test data. Cryolesion volumes, as determined
by MRI and pathologic examination, were sub-
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sharp-edged, teardrop-shap-
ed regions of signal loss on
fast spin-echo MRI imaging.
Ice balls demonstrated via intraprocedural MRI
scans were clearly distinguishable from normal
hepatic tissue (Figure 2). Each cryoprobe inser-
tion site served as central axis of measure-
ment, recording minimal and maximal ice ball
diameters of 19.4 + 1.5 mm and 44.3 + 1.8
mm, respectively. Mean ice ball volume was
8.32 +2.41 cm3,

Follow-up MRI observations

Cryolesions were readily detectable on postab-
lation Days 2 and 7, but none were apparent in
MRI studies of Days 15 and 30. All cryolesions
were teardrop-shaped regions of low signal
intensity on TAW images and high signal inten-
sity on T2W images. The borders were smooth
and well-defined. After cryoablation, mean
cryolesion volumes on TIW and T2W images
totaled 4.48 + 1.9 cm® and 14.16 + 4.1 cm?,
respectively on Day 2, compared with 3.89 +
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Figure 3. Mean platelet (PLT) count and alanine aminotransferase (ALT) values plotted at various test intervals in
cryoablated and control animals.
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Figure 4. Pathologic features of hepatic cryolesions at various time points: A: (H&E x 30) Normal liver of control
group; B: Gross specimen immediately postablation, with cryolesion presenting as dark red, elliptical zone; C: (H&E
x 30) Center of cryolesion immediately postablation. Note cellular homogeneity, necrotic cells in trabecular pattern,
and lobular arrangement; D: (H&E x 30) Substantial sinusoidal hemorrhage at cryolesion edge immediately pos-
tablation; E: Deep-red oval lesion (star) rimmed by thinly layered white tissue (arrow) 7 days postablation; F: (H&E
x 30) Extensive central coagulative necrosis (star) 7 days postablation. Intense inflammation identified at white
rim (arrow); G: (H&E x 150) Inflammation and granulation tissue at rim 7 days postablation; H: (H&E x 30) Lesion
appears small and scar-like 15 days postablation, with many fibroblasts and inflammatory cells and heavy hemosid-
erin deposition. H&E, hematoxylin and eosin.

2.1 cm® and 6.45 + 2.3 cm3, respectively on variate analysis. A significant association be-
Day 7 (Figure 2). tween cryoablation and days after cryoabl-

ation was also identified (P < 0.05). There was
Blood test results a significant decline in PLT count 2 days after

cryoablation (Figure 3). Neither cryoablation
Mean serum ALT values of test (group 1) and nor days after cryoablation significantly impa-
control (groups 2) animals differed significantly, cted PLT count (both, P > 0.05); but cryoabla-
increasing significantly 2 days after cryoabla- tion displayed a significant association with
tion but returning to normal range 20 days after days after cryoablation (P < 0.05). Bilirubin,
the procedure (Figure 3). Cryoablation (P < ALKP, myoglobin, creatinine, WBC count, and
0.05) and days after cryoablation (P < 0.05) hematocrit values did not differ significantly by
were significant indicators of ALT level on uni- group.
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Pathologic findings

In liver sampled immediately after cryoablation,
cryolesions appeared as dark red, elliptical
zones, corresponding well with ice ball size/
shape depicted by MRI. Internally, each har-
bored a homogeneous mass of necrotic cells,
their ghost-like remnants retaining trabecular
pattern and lobular arrangement. Distinct cel-
lular details were lost, the few nuclei present
showing pyknosis and karyorrhexis. At peripher-
ies of lesions, substantial sinusoidal hemor-
rhage was evident (Figure 4).

Minimal and maximal diameters of necrotic
areas were 9.4 £+ 0.8 mm and 31.2 + 1.2 mm,
respectively. The mean volume of necrotic
areas (4.24 + 2.3 cm?) was significantly less
than that of ice balls observed in MRI studies
(8.32 + 2.41 cm?3, P < 0.05), although MRI-
determined cell necrosis isotherms were within
6.0 + 0.8 mm of ice ball confines.

Seven days after cryoablation, lesions were
deep-red oval zones (mean volume, 3.12 + 1.8
cm?) rimmed by thinly layered white tissue and
characterized by extensive coagulative necro-
sis. Likewise, there was structural disintegra-
tion, leaving dilated sinusoids and shrinking
hepatocytes. The white pseudocapsular rim
was marked by intense inflammatory cell
infiltrates and exuberant granulation tissue
formation.

Fifteen days after cryoablation, the retracted
lesions had developed scar-like qualities. Many
fibroblasts and inflammatory cells were pres-
ent, and hemosiderin was abundant. By Day
30, however, ablated areas had completely
resolved.

Discussion

This study has shown that combined MRI and
OSNS guidance of percutaneous liver cryoabla-
tion is effective and safe in a pig model. Through
this approach, MRI monitoring ensured accu-
rate insertion of cryoprobes into right hepatic
lobes of test animals. Transition zones between
frozen and non-frozen tissue were clearly visu-
alized, confirming tissue necrosis in cryoablat-
ed areas by histologic means. Although the vol-
ume of necrotic tissue determined through
pathologic assessment was less than that of
ice balls gauged by MRI (4.24 + 2.3 cm?3 vs.
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8.32 *+ 2.41 cm?3), cell necrosis isotherms were
within 6.0 + 0.8 mm of ice ball confines in MRI
views. Follow-up MRI studies, blood tests, and
pathologic examinations further underscored
the efficacy and safety of this particular
technique.

The merit of combining MRI and navigation
technology for interventional purposes has
been demonstrated by others [19-22]. The
OSNS proved quite helpful in needle guidance,
allowing accurate cryoprobe placement. The
needle holder could be moved freely about in
the open-configuration MRI system, permitting
the operator to safely perform probe puncture
at various sites and angles. The linear graphic
overlay was exact and beneficial throughout
monitoring and guidance. Hepatic respiratory
movement caused no major problem during
positioning of the probes. Of note, experience
in percutaneous interventions is essential for
time-efficient utilization.

Given the markedly reduced T2 relaxation time
of ice, cryotherapy is an ideal modality for MRI
monitoring [23, 24], whether TIW or T2W
sequences are applied. The cryoablated areas
are regularly represented as signal-void zones
[18].

Early MRI visualization of ice ball formation is a
clinical asset, because the cytotoxic isotherm
(ie, -20 to -40°C, depending on cell sensitivity)
is generally 5-10 mm behind is leading edge, so
imaging allows intraoperative monitoring of the
frozen zone [25-27]. Characteristic pathologic
changes at 7 days postablation include the
encircling of necrotic tissue by numerous fibro-
blasts and inflammatory cells. Prior investiga-
tions have shown that cryoablation incites a
much broader inflammatory band than do
hyperthermal ablation techniques. This phe-
nomenon may result from intracellular antigen
release in the aftermath of freezing [28].

In terms of safety, all animals survived and
completed the entire cryoablation protocol with
little consequence. Serum ALT concentrations
and blood platelet counts showed transient
postablative adverse changes, as seen in pre-
vious studies [29-31]. Thrombocytopenia is
characteristic of cryoablation, local trapping of
platelets in cryolesions being the primary cause
[29].
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This study has two major limitations. First, the
use of a normal porcine liver model is open to
criticism, owing to somewhat limited clinical
applicability. However, there is currently no
large-animal model of liver tumors that is per-
fectly suited for use with human cryoablation
probes. As another issue, relatively few animals
were studied.

In conclusion, open-configuration MRI and an
OSNS used together in guidance of percutane-
ous liver cryoablation proved effective and safe
in this animal model, perhaps providing an
ideal means of precision hepatic ablation in
clinical practice.
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