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ARTICLE INFO ABSTRACT

Article history:

We compared imaging and pathological changes between argon-helium cryosurgical (AH) and micro-
wave (MW) ablation in a porcine liver model. Immediately after ablation, computed tomography (CT)
imaging showed that the area affected by MW ablation was considerably greater than that affected by
AH ablation; moreover, the surface area of necrotic tissue was considerably greater in the AH group,
whereas the depth of the necrotic area was similar. Seven days after ablation, the affected area had
not changed much in the AH group, but it had significantly increased in the MW group; similarly, the
surface and depth of the necrotic areas had not changed much in the AH group, but they had increased
significantly in the MW group. The pathological findings showed similar definitive areas for both groups
at both time points. The findings indicated that long time after both therapies, complete tissue necrosis
can be achieved, but the extent and depth of necrosis differ: necrosis foci after AH ablation could be
predicted by ice ball under CT image, and necrosis foci after MW ablation will increase obviously. MW
ablation might therefore be suitable for tumors with a larger volume and simple anatomical structures,
and AH ablation might be suitable for tumors with complex anatomical structures or those located near
important organs. These two methods could therefore be used in combination in clinical settings, but
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details of the procedure need to be studied.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide [23]. Unfortunately, a large proportion of HCC
patients do not meet the criteria for tumor resection because of
factors such as poor hepatic reserve (cirrhosis), multicentric
tumors and extrahepatic disease [5,10]. An alternative to resection
is direct ablative treatment, which includes radiofrequency
ablation and cryotherapy. With advances in imaging technology
and improvements in ablation instruments, the clinical application
of in situ cancer ablation methods has gradually expanded, with ar-
gon-helium cryosurgical (AH) and microwave (MW) ablation now
providing all the benefits of radiofrequency and the liquid nitrogen
cryosurgical system, and also demonstrating substantial advanta-
ges [8,20,26]. Both the AH and MW ablation techniques are
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associated with higher intratumoral temperatures, larger tumor
ablation volumes, faster ablation times, simultaneous use of multi-
ple probes [14,33], optimal heating of cystic masses and tumors
close to the vessels, and less procedural pain [14,25,26,33]. Over
the years, trials on cancers of the liver [26,34], lung [31,38], kidney
[13,32], bone [26,29] and pancreas [15,36] have demonstrated
good treatment outcomes with these two ablation methods.

In the past, on the characteristics of two ablation methods had
been set forth by a lot of researches, respectively. Ablation with
MW treatment is mainly performed using a thermal field greater
than 60 °C that covers the tumor, and contrast-enhanced sonogra-
phy or computed tomography (CT) is usually required to observe
the ablation foci [3,4,21]. On the other hand, AH treatment is
mainly conducted using a thermal field less than —20°C that
covers the tumor, and conventional sonography or CT can easily
depict the ablation foci [2]. So maybe there are a litter difference
for protocols between centers, the freeze-thaw cycle of AH
ablation is mostly two, the time for MW ablation is mostly one,
power is mostly 100%, time length are all stricted by iceball size
and thermal field. But in clinical treatment, indications of the
two methods are still confused. The aim of this study was to
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compare these two minimally invasive ablation methods, in terms
of thermal field, imaging, and pathological changes over time, as
well as the characteristics of tissues in which necrosis was induced.
This work will provide the basis for selecting ablative methods
according to the characteristics of tumor.

Materials and methods
Animals

Twelve certified healthy miniature Tibetan pigs that weighed
between 27 and 32 kg were provided by the Animal Experimental
Center of South Medical University (Guangzhou, China). Approval
for the study was obtained from the Research Animal Care and
Use Committee of our hospital, and all husbandry and experimen-
tal studies complied with the National Research Council’s Guide for
the Care and Use of Laboratory Animals.

Ablation procedures

All procedures were performed under general anesthesia. Each
pig was placed in the left decubitus position. Then, an intramuscu-
lar injection of ketamine hydrochloride, promethazine hydrochlo-
ride and atropine was given to induce general anesthesia, and
the anesthesia was maintained using isoflurane (1.5%) and oxygen
(3 L/min) administered through a mask. Using a sterile technique,
the AH or MW probes were inserted percutaneously under the
guidance of double-row CT (Somatom Emotion, Siemens; pitch,
1; slice thickness and distance, 2 mm; current, 174.0 mA; voltage,
130.0 kV). The probes were both inserted approximately 4.5 cm
into the same right middle lobe from the left lying position,
between the 11th and 12th ribs. Vital organs, such as the lung,
the gall bladder and the stomach, need to be avoided during
ablation, so the ablation points were approximately 5 cm apart.
Four 14.5-gauge thermal probes (iron-copper thermocouple wire,
Omega Engineering Inc., Stamford, CT) were also positioned in
the liver lobe, 5, 10, 15 and 20 mm from the ablation probe, in
accordance with the commonly used temperature measurement
method for MW [6] and AH [9]. Instruments, protocols, visualized
monitoring, temperature test and analysis were listed as Table 1.

Six pigs were returned to their cages and given regular food for
7 days. The other six pigs were sacrificed immediately after the
operation, and liver samples were stained with hematoxylin and
eosin and subjected to pathological analysis. 5-pum thick slices
were made, and pathological analysis was performed for overall
and local characteristics. The typical sampling sites of the two
groups were the widest section of the lesion and the section at a
right angle to the angle of needle insertion.

Statistical analysis

All analyses were performed using the Graphpad Prism
(GraphPad Inc., CA) software. All data are expressed as the

Table 1
Instruments, protocols, visulized monitoring, temperature test and analysis.

mean * standard deviation. Low-density shadow after CT test and
complete necrotic region after pathologic test were compared
using the t-test. P < 0.05 was considered to indicate statistical sig-
nificance, with P<0.01 and P < 0.001 indicating highly significant
differences.

Results
CT findings

In the pigs that were sacrificed and examined on the same day
of the operation, areas showing freezing injury and/or iceballs
were seen to form rapidly under CT guidance. Immediately after
the second AH freezing processes (Fig. 1A1), the low-density shad-
ows on conventional CT scans were (2.8 £ 0.1 cm) x (3.9 £ 0.4 cm)
(middle two shadows in the image) in size. The results from the
second freezing fitted perfectly with the results of the enhanced
CT images, that is, (2.6 £0.1 cm) x (3.3 £ 0.4 cm) (right).

Immediately after MW ablation (Fig. 1A2), the diameter of the ther-
molesion on a conventional CT scan was measured, but the imaging
observations were unclear (middle). Contrast-enhanced CT showed
that the area of the thermolesion was (3.3 +0.2 cm) x (3.4 £ 0.3 cm)
(right). 7 days later, the corresponding low-density shadows with AH
ablation were (2.7 £0.2 cm) x (3.4 £ 0.8 cm), which were similar to
those observed on the operation day (P > 0.05, figures not shown); with
MW ablation, the low-density shadows were (4.2+0.3 cm) x
(3.4 £ 0.4 cm), which showed a clear increase from the operation day
(P < 0.05, figures not shown).

Changes in thermal field and characteristics of ablated tissue and
lesions

Data on temperature changes after AH and MW ablation were
analyzed using a multi-function data collector (Fig. 1(B1 and
B2)), which showed the typical temperature changes following
AH and MW ablation, respectively. Observation of the vertical sec-
tion along the route of the needle showed that necrotic regions of
both groups were in a gyro shape. In the case of AH ablation
(Fig. 1C1), the surface and inner lesions were purple in color, and
the surface and depth of the necrotic region were 2.85 + 0.4 and
2.89 £ 0.5 cm, respectively. In the case of MW ablation (Fig. 1C2),
the surface and inner lesions were white and brown in color,
respectively, and the surface and depth of the necrotic region were
2.83+£0.5 and 3.75 + 0.4 cm, respectively. 7 days later, the surface
and inner lesions of AH ablation were both purple in color, and
the surface and depth of the necrotic region were 2.3 +0.5 and
2.9+ 0.3 cm, respectively, similar to the values observed on the
operation day. With MW ablation, the surface and inner lesions
were both brown in color, and the surface and depth of the necrotic
region were 2.83 + 0.5 and 4.4 + 0.4 cm, respectively; the necrotic
region was therefore much larger than that observed on the oper-
ation day.

Instrument Protocol

Visualized monitoring

Temperature test Temperature analysis

AH Ablation Cryo-Hit™ Cryosurgical Output power 100%, freeze
System (Galil, Israel), (10 min)-thaw (3 min),
cryoprobes (diameter, 2 cycles
1.47 mm)

MW Ablation  UMC-I type (Aerospace Output power 60 W, a

Industry Ministry, China),
radiating segment 11 mm in
length

single “10 min” cycle

Iceballs and cryolesions
were measured by
conventional CT

Thermolesions were
measured by conventional
and enhanced CT

16-channel multi-
function data collector
(34970A, Agilent Co,
Palo Alto, CA.; scan
rate, 250 channels/s)

Agilent BenehLink Data
Logger software
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Fig. 1. Comparison of biological outcomes during and after AH and MW ablation on the same day of the procedure. Six pigs underwent AH and MW ablation successively.
(A1/2) typical imaging findings for AH and MW ablation, respectively; (B1/2) typical temperature changes following AH and MW ablation, respectively; (C1/2) typical lesion
presentation after AH and MW ablation, respectively: upper image, external surface; lower image, section along the route of the needle.
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Fig. 2. Pathological examination of hepatic damage immediately after ablation. Four to six sections were examined for each sample, and six samples for each group. (A)
Typical findings for AH ablation, including three definitive areas; (B) typical findings for MW ablation, including four definitive areas.

Pathological changes in ablated tissue area, significant hemorrhage in the liver sinusoidal areas. The sur-
face and depth of the necrotic areas were 1.6 + 0.2 and 2.8 £ 0.3 cm,

The typical changes immediately after AH ablation covered respectively. In the case of MW ablation (Fig. 2B), we found an
three definitive areas (Fig. 2A). In coagulative necrosis area, the additional “degeneration area” which was characterized by an in-
liver cable and liver plate had a net-like structure; widespread creased volume of hepatocytes with unclear boundaries, marked
nuclear pyknosis and a small amount of fragmentation. In bleeding edema, and thick red-staining particles in the cytoplasm. The
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Fig. 3. Pathological examination of hepatic damage 7 days after ablation. Four to six sections were examined for each sample and six samples for each group. (A) and (B)
represent typical findings for the AH and MW groups, respectively, both panels including four similarly definitive areas.

Fig. 4. Schematic representation of the pathological regions in the cryolesions and thermolesions. The blue background represents hepatic parenchyma, and the black arrows
in the necrotic area represent the ablation probes. A1 and A2 depict typical cryolesions and thermolesions, respectively, immediately after ablation. B1 and B2 represent
typical cryolesions and thermolesions, respectively, 7 days after ablation. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

surface and depth of the necrotic areas (complete necrosis regions)
were 0.4 0.4 and 2.9 + 0.6 cm, respectively. In different sections,
each area was at a different distance from the route of the needle.

7 days after ablation, the “necrosis area,” the “inflammatory
infiltrate area,” the “hyperplasia area” and the “edge area”
(Fig. 3) were found in cryozone. In necrosis area, extensive
coagulative necrosis was found with incomplete tissue structure;
liver cable had disintegrated to a structure similar to a net; liver
sinusoidal dilatation was present with shrinking hepatocytes, a
cytoplasmic pool, and homogenization. Then extensive infiltration
of inflammatory cells and significant hyperplasia of granulation
tissue were found, gradually transfer to normal tissue. The surface

and depth of the necrotic area (only inclusive of complete necrotic
regions) were 1.8 + 0.3 and 2.83 * 0.6 cm, respectively for AH abla-
tion, and 3.18 + 0.7 and 3.0 + 0.4 cm, respectively for MW ablation;
with both treatments, the values were obviously greater than those
observed immediately following ablation (P < 0.05 for all).

Discussion

We have satisfactorily compared the biological outcomes of
AH and MW ablation in a porcine liver model, including changes
in the thermal field, and in imaging and pathological features over
time.
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In accordance with the findings of commonly used ablation pro-
tocols, flake necrosis and hemorrhage appeared immediately after
two cycles of AH ablation [7,19,30]. However, a larger degeneration
area and a small amount of necrosis and hemorrhage were
observed immediately after MW ablation. With time, the degener-
ation and bleeding areas gradually evolved into the necrotic area,
which implies that degeneration and bleeding areas observed
immediately after ablation can be viewed as the incipient complete
necrotic area (Fig. 4).

One of the main differences in pathological change 7 days after
AH ablation and MW ablation is the inflammation area. That is, AH
ablation can induce a much greater inflammation area than MW
ablation. These results are similar to those of Ng et al. [17]. They
proved that hepatic cryoablation in porcine liver can cause more
severe systemic inflammation than hepatic radiofrequency abla-
tion or resection. Two phenomena are associated with systemic
inflammation in hepatic cryoablation, one of which is the cryo-
shock after hepatic cryoablation. It is a rare fatal complication
[35] caused by the release of intracellular cytotoxic substances
during the freeze/thaw process of hepatic cryotherapy [17]. The
second is cryoimmune response, which may be induced by the re-
lease of intracellular antigens against cryoablation and be accom-
panied by inflammatory cell infiltration [18]. Compared with AH
ablation, MW ablation has been associated with a significant
decrease in cytokine response [1]. Since inflammation response
in tumor ablation sites is a key factor that influences cancer
development [16], further investigation should be conducted to
compare the inflammation response between AH ablation and
MW ablation.

In order to increase the safety of ablation, accurate tumor
ablation under CT guidance is crucial. The main purpose of tumor
ablation is complete tumor tissue necrosis, and pathological
changes are the most accurate indicator of the extent of tissue
damage. Moreover, imaging cannot adequately depict treatment-
related swelling [24], and the subsequent damages of ablation
are observed 4-7 days after the procedure [8,17]. This paper there-
fore also investigated the relationship between imaging findings
and pathological necrosis on the day of ablation and 7 days after
ablation. The complete area of necrosis induced by AH ablation
did not show a remarkable change after 7 days, and the range of
the final necrotic foci could be predicted by the size of the ice ball
on CT images. On the other hand, with MW ablation, the area of
complete necrosis had clearly enlarged by the 7th day, with an
obvious increase in necrotic foci on contrast-enhanced CT images.
This may increase the risk of complications, especially for tumors
near large vessels, the bowel, diaphragm and bile ducts.

In terms of safety, although AH ablation had a longer operation
time, ice ball formation could be observed at any point of time and
CT imaging reflected well the ice ball formation and tissue necrosis.
This precise ablation can be beneficial for preservation of liver
function in patients with relatively poor liver function [11]. At
the same time, compared with MW ablation, the necrosis area in
the case of AH ablation is quite small. In the case of large or irreg-
ularly shaped tumors, AH ablation may increase the chance of
tumor recurrence, so two or three probes can be combined to make
a larger ice ball or combined with iodine-125 seeds [36,37]. In the
case of MW ablation, the necrosis range is relative large and the
real necrosis range may exceed the boundary of CT imaging 7 days
after ablation. Therefore, this method might be particularly suit-
able for the ablation of tumors with a larger volume and simple
anatomical structures, such as the central portion of the liver.

In summary, our preliminary results show that MW ablation
can result in a larger necrosis than AH ablation. Moreover, with
AH ablation, the inflammation is pathologically detectable and CT
imaging can reflect ice ball formation and tissue necrosis better
than with MW ablation. These findings suggest that both

treatments may complement each other clinically. MW ablation
might be particularly suitable for the ablation of tumors with a lar-
ger volume and simple anatomical structures and AH ablation may
be suitable for tumors located near large vessels, the bowel,
diaphragm and bile ducts. In fact, it is difficult to choose a suitable
technique for liver ablation because many more factors need to be
considered, such as the minimal heat sink protective effect of large
vessels (diameter >3 mm) [27,28], prevention and treatment of
possible deadly complications such as intestinal and biliary duct
injury by warm water perfusion [12], economic well-being of the
patient, and the induction of cryoimmunity in some patients
[22]. Therefore, much more work needs to be done to compare
these two techniques in the clinical setting and establish an
efficient ablation protocol.
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