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A B S T R A C T

Objective: To demonstrate the feasibility of CT-CT fusion imaging for assessment of the cryoablation margins in
visible hepatocellular carcinoma (HCC) on unenhanced CT images.
Methods: This retrospective study analyzed 14 patients with 14 HCC lesions treated with CT-guided cryoablation.
Nine lesions in nine patients who developed local tumor progression (LTP) during the follow-up period of at least
8 months were reviewed. The unenhanced CT data were used to retrospectively create fusion images of the
intraoperative CT images on a workstation. The minimal ablative margin (MAM) was assessed on the fusion
images. The concordance between the site of LTP and the MAM area was also assessed.
Results: Eight of the nine lesions with LTP were in the subcapsular region of the liver. Seven of the nine cases were
treated by cryoablation combined with transcatheter arterial chemoembolization. The median time required to
fuse the images for the nine lesions was 5:17min (range, 5:04–7:37min). The site of LTP relative to the HCC
lesion was craniocaudal in nine, dorsoventral in six, and lateral in seven lesions. In all lesions, the site of LTP was
congruent with the MAM area.
Conclusions: CT-CT fusion imaging enables a real-time intraoperative treatment evaluation for HCC lesions visible
on unenhanced CT images. Fused imaging evaluation has proved to be an accurate and useful tool for assessment
of the cryoablation margins.
Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver
cancer and the second leading cause of cancer-related deaths, world-
wide.1 Nearly half of the newly diagnosed HCC cases occur in China.2

Local tumor ablative techniques, such as cryoablation and radio-
frequency ablation (RFA), may offer alternative treatment options for
those with an unresectable HCC. Although RFA is the most commonly
used ablation modality, the use of cryoablation has been increasing.3

Because of a different tumor ablation mechanism, cryoablation has po-
tential advantages over RFA, including the ability to visualize the ice
ball,4,5 activation of a cryo-immunologic response in cancer,6 lack of
severe damage to the large blood vessels,7 and less severe pain.8,9

Imaging is commonly used to monitor and assess the results of ther-
mal ablation procedures. The minimal ablative margin (MAM) in RFA is
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assessed by comparing the axial images of CT, MRI, or contrast-enhanced
ultrasound obtained before and after RFA using a side-by-side
approach.10–12 However, it is quite difficult to visually grasp the posi-
tional relation of the tumor and the ablation zone, and accurately mea-
sure the MAM. Recently, the development of new image fusion
techniques has made it possible to accurately assess the MAM and the
therapeutic responses to RFA for HCC.13–15 To the best of our knowledge,
no prior study has evaluated the treatment effect of cryoablation using
fusion imaging, particularly in the liver.

For pre- and post-treatment fusion imaging, there are some chal-
lenges, such as the deformation of the liver because of the difference in
the patient's position16 and the variations in the slice thickness of the pre-
and post-treatment CT images.14 To overcome these limitations and take
advantage of the clear ablation zone of cryoablation, we used the intra-
operative CT images to create the fusion images. Therefore, the purpose
.
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of our study was to demonstrate the effectiveness of CT-CT fusion im-
aging for the evaluation of the treatment effect of cryoablation in patients
with HCC.

Materials and methods

Patients

Our Institutional Review Board approved this retrospective study and
the need for informed consent was waived. From August 2014 to
September 2015, 14 patients with a total of 14 HCC lesions underwent
cryoablation. Six of the 14 HCC lesions were confirmed by histopatho-
logic analysis, and the remaining tumors were confirmed as HCC based
on the clinical criteria outlined by the American Association for the Study
of Liver Diseases.17 Five tumors were excluded from the analysis for the
following reasons: lack of pre- or post-cryoablation contrast-enhanced CT
or MRI taken within 1 month (n¼ 2), non-apparent tumors on the
unenhanced CT images (n¼ 1), a follow-up period of less than 8 months
after cryoablation (n¼ 1), and obvious residual lesions on the
contrast-enhanced CT or MRI images at 1 month after cryoablation
(n¼ 1). The remaining nine tumors in nine patients (seven men and two
women; age range, 53–70 years; mean age, 62.3 years) were finally
chosen for this study based on the following inclusion criteria: avail-
ability of contrast-enhanced CT or MRI images performed 1month before
the procedure and availability of follow-up CT or MRI images presenting
local tumor progression (LTP). In the present study, HCC with LTP was
defined as regrowth of the tumor inside or adjacent to the successfully
treated HCC nodules after cryoablation that appeared as a hyper-
enhancing area in the arterial phase followed by wash-out in the por-
tal/delayed phase on either dynamic CT or MRI.18,19
Study protocol

The protocol comprised the contrast-enhanced CT or MRI scans taken
within 1 month before cryoablation, the cryoablation procedure itself,
fusion imaging using the initial intraoperative CT image and the intra-
operative CT image at the end of cryoablation, assessment of the MAM,
follow-up period of more than 8 months, and assessment of the LTP.
Finally, the concordance between the site of LTP and the MAM area was
assessed.
Percutaneous cryoablation procedure

Cryoablation was performed under local anesthesia on an inpatient
basis by physicians with more than 5 years of experience. Before the
procedure, 10mg diazepamwas administered by intramuscular injection
as basal sedation, supplemented with 5mg analgesic morphine as
required. The patients underwent continuous pulse oximetry and elec-
trocardiography. A 64-slice spiral CT (120 kV, 250mA, and 3-mm
thickness; Philips Healthcare, Andover, MA, USA) was used for imag-
ing guidance, localization, and intraoperative real-timemonitoring of the
ablation procedures to avoid injury to the surrounding critical structures.

A tabletop argon gas-based cryoablation apparatus (Precise Cryoa-
blation System; Galil Medical, Yokneam, Israel) with 17-gauge cryo-
probes was used to perform the procedure. The cryoprobes were placed
into the lesion within 1.5 cm of the tumor edge, but with less than 2 cm
intervals between the probes.20 The number and type of probes used
depended on the preoperative tumor volume in order to ensure pro-
ducing precise ice balls that encompassed the target tumor. After the
cryoprobes had been placed, the cryosurgery system was initiated to
begin rapid freezing. A double freeze-thaw cycle (15min/time: freeze for
10min and thaw for 5min) was performed according to the standard
protocol. An additional cycle was necessary if the ablation zone was not
satisfactory.
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Image fusion procedure

If the contrast-enhanced CT or MR images at 1month after cryoa-
blation showed that the lesion had been completely ablated, image fusion
was further performed. An abdominal radiologist with 8 years of expe-
rience, who was blinded to the clinical history of the patients prior to the
ablation and the information of LTP, performed the fusion imaging. The
intraoperative CT images were sent to a workstation (Advantage Work-
station Volume share 5; GE Healthcare Japan) equipped with the
necessary software (Integrated Registration; GE Healthcare Japan), and
fused images of the initial intraoperative CT images (CT images before
cryoneedle insertion) and the intraoperative CT images at the end of
cryoablation (cryoneedle still in tumor) were created (Figs. 1 and 2).
Automatic image registration was performed by aligning two overlaid CT
images with six parameters, namely, translation and rotation in three
reformed planes (axial, coronal, and sagittal), in order to maximize the
alignment of the tumor and the ablation zone in the images. Blood ves-
sels, cysts, scars, or the hepatic contour near the tumor were used as
landmarks for fine adjustments. Landmarks closer to the tumor were
preferred as they allowed for a more accurate image fusion.14 The time
required to fuse the images was recorded.

Assessment of the MAM

The fused images were simultaneously interpreted by two abdominal
imaging radiologists with 8 and 10 years of experience, respectively, and
consensus was obtained by discussion. When they adjudged that the
fused images were appropriate for measurement of the MAM, which is
the shortest distance between the tumor boundaries and the ablation
zone on axial images, they measured the MAM. The relationships of the
MAM to the ablative margins were divided into six directions (cranial,
caudal, ventral, dorsal, right, and left) by three reformed planes (axial,
coronal, and axial).

Follow-up procedure

For evaluation of the therapeutic response, a follow-up contrast-
enhanced CT or MRI scan was performed for all patients 1 month after
the cryoablation procedure. If the cryoablation was considered to be
technically effective, a follow-up contrast-enhanced CT or MRI scan was
repeated every 2 months thereafter in the first year. The follow-up in-
terval was then extended to every 3 months after the first year. The site of
LTP on the contrast-enhanced CT or MR images was recorded. The
concordance between the site of LTP and the MAM area was assessed.

Results

There were no treatment-related deaths or severe complications in
any of the patients. The patients’ clinical characteristics are presented in
Table 1. Eight of the nine LTPs occurred in the subcapsular region of the
liver. Seven of the nine cases were treated by cryoablation combined with
transcatheter arterial chemoembolization (TACE) (see Table 2).

The median time required to fuse the images was 5:17min (range,
5:04–7:37min). The site of LTP relative to the HCC lesion was cranio-
caudal in nine, dorsoventral in six, and lateral in seven lesions. In all
lesions, the site of LTP was congruent with the MAM area. The mean time
to LTP for all nine lesions was 5 months (range, 2–35 months), whereas
the median time to LTP for the seven lesions treated with cryoablation
combined with TACE was 7 months (range, 2–35 months).

Discussion

In all cases of LTP, the contrast-enhanced CT or MR images at 1 month
after cryoablation showed that the lesion had been completely ablated.
However, in all cases, the fused images revealed the cryoablation to be
insufficient. The site of LTP was congruent with the MAM area.



Fig. 1. A 69-year-old woman with visible HCC who
was treated with percutaneous cryoablation.
A. A tumor measuring 3.2 cm is noted in Segment 6
on the unenhanced CT image with a low-density
area before cryoneedle insertion.
B. An intraoperative CT image at the end of cry-
oablation (cryoneedle still in tumor) shows a clear
ablation zone. The cysts present on both the pre-
and post-cryoablation images were manually cho-
sen asland marks for creating the fused images.
C. A fused image was created after an automatic
rigid registration combined with manual correction.
The minimal ablative margin (MAM) is to the left
(C1), cranial(C2), and dorsal (C3) of the ablation.
D. A contrast-enhanced MR image obtained before
cryoablation shows a hypervascular tumor in
Segment 6.
E. A contrast-enhanced MR image obtained 18
months after cryoablation shows LTP appearing to
the left, cranial, and dorsal of the ablation.

Fig. 2. A 64-year-old man with hepatocellular
carcinoma (HCC) who was treated with percuta-
neous cryoablation.
A. A tumor measuring 2.6 cm is noted in Segment 5
on the unenhanced CT image with lipiodol deposi-
tion before cryoneedle insertion.
B. An intraoperative CT image at the end of cryoa-
blation (cryoneedle still in tumor) shows a clear
ablation zone and deformation of the lipiodol
deposition. Blood vessels present on both the pre-
and post-cryoablation images were manually cho-
sen as landmarks for creating the fused images.
C. A fusedimage was created after an automatic
rigid registration combined with manual correction.
The minimal ablative margin (MAM) is to the right
(C1) andcaudal (C2,3) of the ablation.
D. A contrast-enhanced MR image obtained before
cryoablation shows a hypervascular tumor in
Segment 5.
E. A contrast-enhanced MR image obtained 3
months after cryoablation shows local tumor pro-
gression (LTP) appearing to the right and caudal of
the ablation.
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Because the native tumor has an ill-definedmargin on unenhanced CT
images, it is not easy to determine the tumor location.21 To resolve this
problem, we used nodules that were treated with TACE prior to cryoa-
blation. TACE with lipiodol enables visualization of the HCC nodules as
areas in which the lipiodol is deposited. The clear ablation zone of cry-
oablation can be used to measure the acquired ablative margin4,5.
However, cryoablation may lead to deformation of the lipiodol deposi-
tion, which influences the assessment of the MAM. In our study, seven of
the nine lesions were treated by cryoablation combined with TACE. The
MAM was assessed on the fused images of intraoperative CT images,
thereby resolving the disadvantage of deformation of the lipiodol depo-
sition during the procedure.

When the tumor is located in the subcapsular region, the potential
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advantages of cryoablation relative to RFA include an adequate tumor
coverage while avoiding excessively large ablation volumes, or limiting
the ablation spread to the adjacent critical structures, and less dia-
phragmatic injury and post-procedural pain3,22,23. Several factors influ-
ence the effect of freezing, including the freezing temperature, freezing
time, thawing, and the number of freeze-thaw cycles. The freezing time
controls the size of the iceball, which increases with an increase in the
freezing time, until a dynamic balance of cold/heat exchange is achieved.
As the iceball formation can be visualized with unenhanced CT,24 it can
be monitored accurately to ensure complete ablation.9 In our study, eight
of the nine LTPs occurred in the subcapsular region. For these tumors in
our study, the freezing time was tightly controlled in order to avoid
complications. The results of the study, therefore, suggest that LTP



Table 1
Patients’ characteristics (n¼ 9).

Patient
No.

Age/
Sex

Tumor
size, mm

Tumor characteristics on
unenhanced CT

Segment Performance
status

Subcapsular
location

Liver Child-Pugh
Classification

Etiology of liver
disease

Previous
treatment

1 64/M 25.7 Lipiodol deposition þ
low density

S4 1 Yes A Hepatitis B virus Resection,
TACE

2 69/F 32.2 Low density S7 1 Yes A Hepatitis B virus TACE
3 66/M 31.2 Lipiodol deposition S2 1 Yes A Hepatitis B virus,

schistosomiasis
TACE

4 59/M 15.8 Lipiodol deposition þ
low density

S4 1 Yes A Hepatitis B virus TACE

5 59/F 7.6 Low density S6 1 No A No Resection
6 53/M 15.8 Low density S7 1 Yes A No Resection
7 70/M 22.3 Lipiodol deposition þ

low density
S8 1 Yes A Hepatitis B virus TACE

8 58/M 23.4 Lipiodol deposition þ
low density

S6 1 Yes A Hepatitis B virus Resection,
TACE

9 63/F 30.7 Lipiodol deposition þ
low density

S6 1 Yes A Hepatitis B virus RFA, TACE

TACE, transcatheter arterial chemoembolization; RFA, radiofrequency ablation.

Table 2
Location of the minimal ablative margin and relationship to the location of local
tumor progression.

Lesion Location of minimal ablative margina Location of
LTP

Cranial Caudal Ventral Dorsal Right Left

1 þ þ Congruent
2 þ þ þ Congruent
3 þ þ Congruent
4 þ þ Congruent
5 þ þ Congruent
6 þ þ þ Congruent
7 þ þ Congruent
8 þ þ þ Congruent
9 þ þ þ Congruent

a The location is relative to the original HCC lesion.
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occurrence in the subcapsular region of the liver may be a result of an
incomplete cryoablation. There is an increasing clinical and experimental
evidence that RFA may, in fact, promote off-target tumorigenic effects in
incompletely treated tumors at the ablative margin.25 Therefore, it is
conceivable that an incomplete cryoablation may induce such off-target
tumorigenic effects, resulting in more LTPs. This hypothesis, however,
needs further validation.

Although RFA combined with TACE is both safe and feasible for small
HCC lesions in special locations, the rate of LTP in these locations is
significantly higher than that in non-special locations. The mean time to
LTP in the special location group was 14.4 months.26 RFA combined with
TACE may maximize the anti-tumor effect. This is important for HCC
lesions with a subcapsular location because the peripheral tumor is
difficult to completely ablate using RFA; however, RFA after TACE im-
proves the transduction of heat to the peripheral tissues, which reduces
the risk for recurrence and metastasis.27–29 In our study, the median time
to LTP for the seven lesions treated with cryoablation combined with
TACE was 7 months (range, 2–35 months). In a previous study, the
meantime to LTP after RFA in non-subcapsular HCC was 13.3� 9.7
months.14 However, it remains unknown whether cryoablation com-
bined with TACE may reduce LTP in subcapsular HCCs.

For the fusion image creation, we adopted the automatic rigid
registration and manual correction, as previously reported.14,15,30–32

After image registration and correction, the post-RFA images were fused
to the pre-RFA images. However, the fusion images based on pre- and
post-RFA images have some limitations, such as deformation of the liver
because of differences in the patient's pose16 and the variations in slice
thickness of the images.14 These points may influence the precision of the
registration and the MAM assessment. Our study used intraoperative
unenhanced CT images to create the fused images, which has not been
explored in previous studies. Our results showed that the median time
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required to fuse the images was 5:17min (range, 5:04–7:37min). This is
not consistent with the reported results of other studies: the total time
required for the creation of fused images was 15.5� 5.5min (range:
8–22min) in all cases in the study reported by Wang et al.15 and less than
15min in all cases in the study reported by Makino et al.14 These dif-
ferences in the previous reports might be attributed to the same patient's
pose and slice thickness of the intraoperative images of cryoablation seen
in our study. The total time required for fusing the images was shorter
than that in the aforementioned studies, suggesting feasibility for routine
clinical practice.

A previous study showed that the site of LTP was congruent with the
area of the MAM in all HCC lesions (31). Concordance between the LTP
and the MAM was observed in 83.3% (25/30) of the cases, which was
considered as consistent with the findings of a previous study.32 This is
also consistent with our results. This is a first report in which this
particular technique of fusing images was used for the evaluation of LTP
after cryoablation. The advantages of this technique include the simul-
taneous assessment of the MAM, which reduces the time interval be-
tween the treatment and retreatment and thus circumvents the need to
perform immediate contrast-enhanced CT or MRI scans.

There were limitations to our study. First, this was a retrospective
study with a small number of subjects, thereby resulting in a limited
statistical power. Additionally, the correlation between the MAM and the
LTP was not assessed because of the limited sample. Second, the spatial
resolutions of the reconstructed sagittal and coronal images were too low
to accurately evaluate the MAM because the slice thickness of the CT
images used to create the fusion images was 3.0mm. Hence, the evalu-
ation of the tumors’ cranial and caudal side may be somewhat inaccurate.
Third, lipiodol does not always deposit throughout the nodule. There-
fore, it was difficult to determine the exact location of the tumor during
the cryoablation procedure.

In conclusion, CT-CT image fusion enables areal-time intraoperative
treatment evaluation for visible HCC on unenhanced CT images. Fused
imaging evaluation has proved to be an accurate and useful tool for the
assessment of cryoablation margins.
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