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CT-monitored Percutaneous
Cryoablation in a Pig Liver
Model: Pilot Study*

PURPOSE: To determine the safety and feasibility of percutaneous cryoablation with
computed tomographic (CT) guidance in a pig liver model.

MATERIALS AND METHODS: Nine angiographic balloons (mean diameter, 9 mm)
were placed in the livers of seven domestic pigs (mean weight, 30.0 kg = 14.0 [SD])
as tumor-mimicking lesions. By using ultrasonographic and CT guidance, two 2.4- or
3.0-mm cryoprobes were placed flanking the balloon, and a 15-20-minute freezing
process was performed. Hemostasis was achieved by placing absorbable cellulose fabric
down the probe tract. After 24-96 hours, animals were sacrificed, and their livers were
removed and were sectioned axially at 5-mm intervals for comparison with CT images.

RESULTS: All animals survived the procedure without complication. No serious
hemorrhage was found in any case. Ice balls were readily visualized at CT because
they appeared as areas of decreased attenuation (1.0 HU = 20.7) when compared
with areas of normal liver (48.2 HU = 6.3, P < .05). The mean ablative margin was
1.7 cm, and only one of nine cases, the one with probe failure, had a positive margin.
Beam-hardening artifact from the metal probes was present but did not interfere
with the procedure. Ice-ball size and shape corresponded closely to the area of
necrosis determined at histopathologic analysis.

CONCLUSION: CT-monitored percutaneous cryoablation is feasible and safe in this
pig liver model.

Over 56,000 deaths from colorectal carcinoma are anticipated in the United States in 1999
(1). Almost all of these patients die of isolated hepatic disease or of a combination of
hepatic and other distant metastases (2,3). Although hepatic metastases are a sign of
systemic disease for most tumor types, approximately 10%-20% of patients with colorectal
carcinoma metastases limited to the liver have carcinomas that are still potentially curable
by hepatic resection (4). Removal of all macroscopic tumor in these patients results in
long-term survival rates of 30%-40% for patients undergoing resection. This is substantial
when compared with the very limited benefits of chemotherapy (2,4,5). Liver resection for
curative intent has been limited by the number and size of metastases, by the presence of
tumor in unresectable locations, by the presence of tumor in multiple segments, and by
underlying conditions or illnesses that render carcinoma inoperable (6,7).

Various targeted ablation techniques have been introduced in attempts to overcome the
limitations of hepatic resection and to increase the number of patients eligible for tumor
removal or tumor ablation. Technologies that have been investigated include ethanol
injection, radio-frequency ablation, laser photocoagulation, high-intensity focused ultra-
sound, and cryoablation (8-17).

Although some of these techniques have shown promise, each has considerable
limitations. Ethanol injection does not adequately ablate metastases because of the
uncontrolled diffusion of ethanol away from the injection site (8). Radio-frequency
ablation involves a rapidly alternating current to cause tissue heating and, ultimately, cell
death. Although bleeding is not common in patients who undergo this procedure,
questions remain about the reliability of radio-frequency ablation to cause cell death
within a targeted zone (9-11). This same limitation applies to laser photocoagulation and
to high-intensity focused ultrasound (12-14).
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In addition, the use of real-time imag-
ing guidance for radio-frequency abla-
tion, laser photocoagulation, and high-
intensity focused ultrasound to accurately
predict the degree of tissue necrosis has
been a problem (10-15). Despite these
limitations, considerable interest in radio-
frequency ablation continues because of
its potential percutaneous application.

Of all the targeted ablation techniques,
cryoablation is the most widely used and
accepted because it produces ice balls of
consistent size and shape, and it reliably
causes cell death within the cryolesion
(16-20). However, the technology has
been traditionally limited to intraopera-
tive use because of the large probes that
can cause serious bleeding when removed
(18,21).

The purpose of this study was to evalu-
ate the safety and feasibility of percutane-
ous cryoablation with computed tomo-
graphic (CT) guidance. We investigated
whether serious bleeding could be avoided
by using the Seldinger technique and by
embolizing the probe tract, whether CT
adequately permits estimation of the
amount and the location of tissue necro-
sis caused by the freezing process, and
whether adequate ablation margins can
be obtained by using this technique in a
pig model.

MATERIALS AND METHODS

Animals and Balloon Placement

Preapproval by the Institutional Ani-
mal Care and Use Committee, University
of Wisconsin, Madison, was obtained for
all experiments described in this article.
All procedures and imaging were per-
formed with the animals under general
anesthesia. Induction was achieved by
using an intramuscular injection of tilet-
amine hydrochloride and zolazepam hy-
drochloride (Telazol; Fort Dodge Animal
Health, lowa) and xylazine hydrochlo-
ride (Xyla-Ject; Phoenix Pharmaceuticals,
St Joseph, Mo). The animals were then
intubated and were administered inhaled
halothane (Fluothane; Halocarbon Labo-
ratories, River Edge, NJ).

Once adequate anesthesia was achieved,
nine angiographic balloons (Goldvalve;
Laboratoires Nycomed, Paris, France) were
placed percutaneously to mimic tumors
in the livers of seven domestic pigs (mean
weight, 30.0 kg = 14.0 [SD]) with ultra-
sonographic (US) guidance (model SSD-
2000; Aloka Ultrasound, Wallingford,
Conn). This was accomplished by punc-
turing the liver with a 14-gauge needle
and by placing a 3.0-F catheter (Tracker-
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18; Boston Scientific Target, Natick, Mass),
with the balloon seated at the tip, into
the hepatic parenchyma. Balloons were
inflated with approximately 1.0 mL of
liquid agar with a gelling point of 42°C
(Type V high-gelling agarose; Sigma
Chemical, St Louis, Mo). The catheter
and needle were then withdrawn to leave
the balloon in place to mimic a hepatic
lesion.

Cryoablation with CT Guidance

Animals were transported to the CT
scanner (HiQ; GE Medical Systems, Mil-
waukee, Wis), and two 18-gauge needles
were placed with US guidance to flank
each balloon. By using the Seldinger
technique, the tracts were dilated, and
the guide wires were exchanged for
sheath-dilator combinations (Onik-Co-
hen percutaneous access kits; Cook, Bloom-
ington, Ind) through which 2.4-mm (n = 3)
or 3.0-mm (n = 6) cryoprobes were placed
(Fig 1). Limited CT scanning was performed
(5-mm sections, 1:1 pitch) through the
lesion and the cryoprobes to confirm
proper positioning. If necessary, adjust-
ments in the position of the cryoprobes
were made by using a combination of CT
and US guidance. In one animal, 1.0 L
of normal saline was instilled into the
abdomen as a buffer between the ice
ball and the anterior abdominal wall
(Fig 1).

The cryoablation unit used for this
study was an argon gas-based system
(Cryocare; Endocare, Irvine, Calif). Argon
was cycled through the cryoprobes for
15 minutes (20 minutes in one case)
until adequate coverage of the balloon
was confirmed at CT on limited scans
obtained every 2-3 minutes as needed.
Results of previous animal studies from
our laboratory have demonstrated the
adequacy of this amount of time to
ablate normal porcine hepatic paren-
chyma (16).

Following completion of the freezing
process, active thawing was performed,
and the probes were withdrawn. A final
contrast-enhanced scan of the liver was
obtained by intravenously administering
iohexol 2 mL/kg (Omnipaque; Nycomed,
Princeton, NJ). To maintain hemostasis,
absorbable collagen fabric (Surgicel;
Johnson and Johnson, Arlington, Tex)
was formed into rolls and was placed
down the cryoprobe sheaths, and the
animals were allowed to recover. No post-
recovery scans were obtained. Hounsfield
unit data were gathered for the ice ball
and for areas of normal liver, and the size
of the ice ball and the CT-determined

margins were measured for radiologic-
histopathologic correlation.

Histopathologic Examination

Animals were euthanized 24-96 hours
after cryoablation, and their livers were
preserved by using a direct-infusion tech-
nique. Animals were first reanesthetized
and were given an intravenous bolus of
2,000 U of heparin. They were then sacri-
ficed with an intravenous overdose of
pentobarbital sodium and phenytoin so-
dium (Beuthanasia-D; Schering-Plough
Animal Health, Kenilworth, NJ).

The abdomen was immediately ex-
plored for signs of hemorrhage or other
pathologic condition. The distal portal
vein, the hepatic artery, and the infra-
hepatic inferior vena cava were ligated,
and the suprahepatic inferior vena cava
was exposed and was lacerated. The intra-
hepatic portal vein was cannulated and
was infused with 1,000 mL of 10% neu-
tral buffered formalin. The liver was then
removed en bloc, was immersed for at
least 24 hours in formalin, and was sliced
in approximately 5-mm sections in the
transverse plane. The overall size and
shape of the cryolesion were recorded in
three dimensions, and six margins were
obtained between the balloon and the
rim of necrosis. Representative areas were
harvested for microscopic analysis, were
fixed in paraffin, and were stained with
hematoxylin-eosin.

Statistics

Hounsfield unit means were calculated
for targeted and untargeted areas of liver
and were compared by using a paired
Student t test. The diameters of the cryo-
lesions as measured at CT and at histo-
pathologic examination were also com-
pared with a paired Student t test.

RESULTS

Animals

All animals survived to complete the
entire protocol without apparent com-
plication. In fact, on awakening from
anesthesia, all animals resumed normal
eating, defecation, and urination. Post-
mortem abdominal exploration did not
reveal evidence of intraperitoneal hemor-
rhage in any case. However, all livers
showed evidence of small subcapsular
hematomas at the puncture site. In two
cases, a small hematoma had formed
between the thin porcine liver lobes where
the probe had passed completely through
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the most anterior lobe and into the poste-
rior lobe, which resulted in incomplete
tamponade of the probe tract.

CT Scans

During probe placement, the cryo-
probes caused moderate beam-hardening
artifact that would have posed limita-
tions on a diagnostic scan, but the artifact
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did not interfere with monitoring of the
cryoablation. In one case, a probe failed
(this single-use probe had been used on
multiple occasions), which resulted in an
apparent positive margin at CT (Fig 2).
Due to scanner time limitations, the probe
was not replaced.

The ice balls were markedly hypoat-
tenuating (1.0 HU =+ 20.7) when com-
pared with normal unenhanced liver (48.2

Figure 1.

(a—e) CT images demonstrate percu-
taneous cryoablation procedure. (a) Guide wires
(arrows) are placed on either side of an agar-
filled balloon that functions as a target. The
small metal balloon valve is a bright spot
(arrowhead) surrounded by the lower-attenua-
tion agar. (b) Cryoablation at 2 minutes into
the freezing process. The guide wires have been
replaced by cryoprobes (straight solid arrows)
by using the Seldinger technique. Note the
markedly hypoattenuating appearance of the
ice balls (curved arrows) with smooth, clearly
demarcated borders. Cryoprobes exhibit some
beam-hardening artifact, but not enough to inter-
fere with the monitoring of tissue destruction.
The target balloon is not yet covered by ice
because of the cleft between the two ice balls
(open arrow). Ascitic fluid (x) surrounding the
liver is saline solution from intraabdominal
irrigation intended to insulate the diaphragm
and the thoracic structures from potential freez-
ing damage. (c) Image obtained at 5 minutes
depicts the cleft (arrow) in the progressing
cryolesion. (d) Image obtained at 20 minutes
shows that ice has filled the cleft (arrow) and
has covered the lesion and an ablative margin.
(e) Postprocedure contrast material-enhanced
image demonstrates the ablated zone of the
liver. Note the high-attenuation cellulose pack-
ing material in the probe tracts (arrowheads).
The portion of the liver peripheral to the
cryolesion has been temporarily devascular-
ized (curved arrows) by the ice ball and does
not enhance with contrast material. The agar
lesion (straight arrow) is still evident within
the cryolesion. (f) Gross axial section corre-
sponding to the CT images. The cryolesion
(straight arrows) is ovoid with a smooth, clearly
demarcated border and appears deep red. The
targeted agar lesion (arrowhead) and an abla-
tive margin have been completely encom-
passed. The cryolesion is bordered by a thin
white rim of tissue (curved arrows) correspond-
ing to infiltration by leukocytes and is sur-
rounded by normal-appearing parenchyma.

HU = 6.3, P < .05), and the progression of
the ice-ball margin could be readily visu-
alized during the course of the freezing
process. The ice ball was elliptic with a
smooth, well-defined border. Where the
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a.
Figure 2.

b.

(a) Positive margin identified at CT. CT image shows the target balloon (arrowhead) clearly is not covered by

the small hypoattenuating cryolesion (arrows). In this case, failure of the anterior probe because of overuse of single-use
probes in our animal laboratory resulted in an ice ball of insufficient size. Because of time constraints, a new probe was
not placed. (b) Pathologic examination of the corresponding section confirms the positive margin. Area of frozen liver
(straight arrows) is not large enough to encompass the anterior margin of the balloon (arrowhead). Note the
invagination of the ice ball by a patent vessel (curved arrow). (Scale is in centimeters. Image is oriented to allow
correlation to a, irrespective of ruler orientation.)

ice balls merged, no zone of transi-
tion between ice balls was identified
at CT. The mean diameter of the cryo-
lesion was 3.4 cm * 1.2 (range, 1.5-5.4
cm).

Pathologic Findings

In liver sections, the cryolesion was
seen as a dark red, elliptic zone that
corresponded well to the CT depiction of
ice-ball size and shape. The mean diam-
eter was 3.2 cm = 0.9 (range, 1.3-4.5 cm;
P > .50 [for the mean diameter at gross
examination vs the mean diameter at
CT]). The rim of the cryolesion was
smooth and regular in every case. The rim
of the cryolesion was surrounded by a
thin white zone of tissue measuring less
than 1.0 mm. Beyond this zone, the
lesion was surrounded by normal-appear-
ing liver.

Histologic Findings

The interior of the cryolesion was a
homogeneous distribution of necrotic
cells. Discrete cellular architecture was
not discernible; ghostlike cells appeared
in a trabecular pattern and in lobules.
Nuclei, when present, demonstrated pyk-
nosis and karyorrhexis. The border of the
cryolesion, which appeared white at gross
inspection, microscopically contained de-
generating polymorphonuclear leukocytes.
Beyond this border, a zone of calcified ne-
crotic hepatocytes was present. Outside the
cryolesion, cells appeared undamaged with

690 + Radiology * June 1999

i £y -

A T
S | s

Figure 3. Histologic view of cryolesion border, from left to right:
normal liver (L), transition zone between normal liver and cryo-
ablated liver (T), and cryolesion (C). The normal liver (L) contains
cells with healthy nuclei and readily identifiable lobules. At the outer
edge of the cryolesion transition zone (T) are calcified, necrotic
hepatocytes (arrows). Inner border of the transition zone (T) contains
degenerating polymorphonuclear leukocytes (arrowheads). The tran-
sition zone defined by these two lines corresponds to the thin white
rim at gross inspection. Within the cryolesion (C), tissue demon-
strates complete homogeneous necrosis corresponding to the area of
deep red hemorrhage seen at gross inspection. Individual cellular
details are ablated, and no nuclei are present. (Hematoxylin-eosin
stain; original magnification, x20.)

normal cellular borders and nuclei, lobular
patterns, and blood vessels (Fig 3).

Margins

Because of the abrupt transition be-
tween necrotic and normal liver, it was
possible to precisely measure the margins
between the balloon and the necrotic

area. This could be considered analogous
to the surgical margins described in liver
resection specimens. Only one of nine
(11%) balloons had a positive margin.
This was the case with probe failure, and
the positive margin had been predicted at
CT. The overall mean margin was 1.7 cm
(range, 0-4.1 cm). Margins are presented
in the Table.
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Cryosurgical Margins

No. of

Measurements
Margin (n =54)
=0 mm 1(2)*
1-9 mm 15 (28)
=10 mm 38 (70)

Note.—The number in parentheses is the
percentage. Measurements were recorded in
six locations per lesion.

* In the case with probe failure.

DISCUSSION

Traditionally, cryoablation has been lim-
ited by a danger of bleeding when access-
ing the liver during laparotomy or laparos-
copy (22,23). Unlike radio-frequency
ablation or laser photocoagulation, cryo-
ablation does not cauterize tissue, which
can cause bleeding from the probe tract
or from cracking of the liver surface dur-
ing thawing (24,25). This complication is
usually seen immediately after the ice ball
has thawed. In this study, we have demon-
strated the feasibility of performing percu-
taneous cryoablation without causing
serious bleeding.

Bleeding from the probe tract was lim-
ited by using small probes (2.4 and 3.0
mm), which are available with this argon
gas-based system, as well as by using
clotting material that was inserted into
the cryoprobe tract. Although this strat-
egy works well in the pig liver, insertion
of clotting material down a longer tract in
humans may be more technically diffi-
cult. A dedicated device to plug the probe
tract would make this procedure techni-
cally easier, faster, and safer. Performing
percutaneous cryoablation with larger-
diameter cryoprobes may be technically
feasible, but this would likely increase the
chance of bleeding from the probe tract.
We anticipate the development of smaller
probes (2.0 mm or smaller), which should
further decrease the bleeding risk.

Cracking of the liver surface has been
described with open cryoablation (17,
21,24,25), but it was not encountered in
this study. The absence of cracking in our
subjects may be related to the percutane-
ous approach, which did not expose the
cryolesion at the liver surface to air. Previ-
ous experimental data have demonstrated
an increased risk of cracking at large ice
ball-air interfaces, such as those seen with
open cryoablation, whereas deep lesions
and those covered with a fabric mesh
were unlikely to crack and to cause seri-
ous bleeding (26).
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Even if cracking were to take place, data
from the trauma literature, which de-
scribes situations in which many hepatic
lacerations are treated conservatively, sug-
gest that a small crack would not necessar-
ily require laparotomy, as long as the
subject remained hemodynamically stable
(27). However, the potential dangers of
percutaneous cryoablation in humans will
not be completely known until clinical
trials are undertaken, and the risk of
bleeding should be carefully considered
prior to application of this procedure in
patients. We are aware of a single case in
which percutaneous cryoablation was per-
formed in a patient who was not a surgi-
cal candidate (Onik GM, oral communica-
tion, 1998). The procedure was guided
with US without bleeding or other compli-
cations, and the patient was rapidly dis-
charged from the hospital in excellent
condition.

Percutaneous cryoablation is limited
by the potential for collateral damage to
organs proximal to the liver. During open
cryoablation, the intestine and diaphragm
are protected with insulating material.
The inability to protect these organs will
limit the use of percutaneous cryoabla-
tion to lesions that are deep in the liver
parenchyma or remote from vital extra-
hepatic structures.

However, the most important consider-
ation in the percutaneous application of
any ablative technology is whether the
advantages of a percutaneous approach
outweigh the possible disadvantages of
missing more lesions because intraopera-
tive inspection and US would not be
performed. Intraoperative US reveals 7%-—
35% more lesions than any preoperative
imaging modality, and its increased speci-
ficity for characterizing small lesions, such
as cysts, helps in the appropriate triage of
patients for treatment (28-30).

Until preoperative imaging techniques
become more accurate, performing percu-
taneous tumor ablation without intraop-
erative US will virtually guarantee that a
sizable subset of patients with metastases
will be under- or overtreated. Although
this may be acceptable for certain pa-
tients who are not surgical candidates
because of coexistent morbid conditions,
it raises questions about the broad appli-
cation of this and other percutaneous
ablative technologies.

The ablative margins and ice-ball size
encountered in this study appear ad-
equate for the ablation of small tumors.
Larger tumors in human livers will re-
quire more extensive tissue destruction
and will require the use of additional
probes. The thin, multilobar configura-

tion of pig livers prevented the creation
of larger ice balls and larger margins
because of the increased risk of collateral
damage. However, even with these limita-
tions, we believe that the margins re-
ported in this study are reasonable when
compared to margins reported in the
surgical data. The stated goal of hepatic
resection is to attain a 1.0-cm surgical
margin. However, only approximately
20% of resection specimens meet this
standard (31-33). The positive margin in
our series was due to a probe failure
brought on by repeated use of a single-use
probe in our laboratory. The probe was
not replaced because of restrictions in the
hours that CT scanners are available for
use with animals. In humans, most cryo-
probes are single use only, and probe
failure israre.

Performing cryoablation with CT guid-
ance has advantages over performing
cryoablation with guidance from mag-
netic resonance (MR) imaging. Experi-
ence with CT-guided procedures is wide-
spread, and virtually any modern CT
scanner should suffice for guiding cryoab-
lation. The cryoablation equipment cur-
rently available for clinical use would not
have to be modified extensively for use
with CT, although less attenuating probe
material could decrease the beam-harden-
ing artifact. Major modifications in probe
and tubing materials are necessary for use
proximal to magnets (34). Most of the
lesions treated with cryoablation will have
been diagnosed at CT, so there should be
no difficulty in locating and in punctur-
ing the same lesions. The ice ball is well
depicted at CT, which adds to the confi-
dence that the lesion has been adequately
treated.

Newer helical units with rapid recon-
struction times are particularly suited for
guiding cryoablation because of their real-
time or CT fluoroscopic capability that
can be used during needle and probe
placement. In addition, rapid two-dimen-
sional multiplanar reconstructions are
now possible, and, as they are with MR
imaging, these can be used to help avoid
damaging structures, such as the dia-
phragm, that are oriented in the trans-
verse plane. Disadvantages in the use of
CT include the use of ionizing radiation;
the use of small gantry sizes, which could
limit the use of this procedure in large
patients; slow reconstruction times in
some scanners; and difficulty in depict-
ing the tumor on noncontrast scans in
some cases. The main disadvantage of CT,
compared with MR imaging, is its inabil-
ity to measure temperature gradients
within the ice ball (35).
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CT appears to have several advantages
over US in the guidance of percutaneous
cryoablation. As stated previously, radiolo-
gists are comfortable with performing
interventional procedures with CT guid-
ance, there is a widespread availability of
CT scanners, and advances in CT technol-
ogy are moving it closer to being a real-
time guidance modality. Most important,
the entire ice ball, including the deep
margin, is well depicted at CT. In con-
trast, US depicts only the anterior edge of
the ice ball because of the inability of
sound waves to penetrate ice (20,36,37).
This is not a serious limitation during
intraoperative use because the US probe
can be moved to almost any location on
the liver, including the inferior and poste-
rior surfaces, while an adequate sonic
window is still maintained (29,36).

In addition, the inability to visualize a
tumor while performing cryoablation in-
creases the confidence that the tumor is
completely engulfed by the ice ball. How-
ever, during percutaneous cryoablation, it
may not be possible to find an adequate
sonic window in which to visualize all of the
margins of the ice ball because of interven-
ing ribs, bowel gas, and subcutaneous tis-
sues. The end result is suboptimal visualiza-
tion of the entire ice ball, the margin of
ablation, and the surrounding structures.

These limitations may contribute to
the large number of local recurrences
seen with some ablation techniques that
are guided solely by percutaneous US
rather than by intraoperative US (9-11).
The major disadvantage of CT, as com-
pared with US, is its relatively increased
expense in terms of equipment and time
and the lack of true real-time guidance for
needle and probe placement. These limi-
tations can be partially overcome with
the combined use of CT and US, as dem-
onstrated in this study, as well as by
advances in CT technology.

Practical application: Percutaneous
cryoablation of the liver is technically
feasible and did not cause serious bleed-
ing in this animal model. CT monitoring
of the ice ball provides images that accu-
rately map tissue necrosis, allows ad-
equate visualization of surrounding in-
tra- and extrahepatic structures, and is
widely available. We predict that with
minimal probe reconfiguration and with
a better hemostatic device, this technol-
ogy should be applicable to humans. How-
ever, the lack of surgical exploration and
intraoperative US inherent in any percu-
taneous ablation procedure will lead to
decreased sensitivity for lesion detection
and decreased specificity in lesion charac-
terization. This could increase the num-
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ber of patients who are either under- or
overtreated until preoperative imaging
modalities approach the sensitivity and
specificity of intraoperative US.
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