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Background: To investigate the feasibility and accuracy of using preoperative and postoperative three-
dimensional contrast-enhanced ultrasound (3D CEUS) fusion imaging in the evaluation of safety margins
after thermal ablation of hepatocellular carcinoma (HCC).

Methods: A total of the 24 patients with HCC who underwent microwave ablation (MWA) between June
2020 and December 2020 were enrolled in this study. All patients received preoperative and postoperative
3D CEUS. The preoperative and postoperative 3D CEUS images were then fused. The success rate and
evaluation time were recorded. The ablation margin and whether or not the safety margin was reached
were calculated and recorded. If the ablation safety margin was not reached, the residual ablation volume
needed to cover the safety margin was calculated automatically. The agreement between contrast-enhanced
computed tomography(CECT) and 3D CEUS fusion imaging in the evaluation of ablation margins was
explored using the kappa coefficient.

Results: The 3D CEUS fusion success rate was 95.8% (23/24), with a mean fusion time of
(4.1=1.8) minutes. Twenty-three tumors were completely ablated, and the safety margin was achieved for
9 tumors. The ablation margin of 14 tumors was <5 mm. The mean uncovered safety margin volume was
(2.27+2.11) mL, and the mean proportion of the uncovered safety margin to the whole safety margin was
16.8%. According to the results of preoperative and postoperative CECT fusion imaging, the ablation
margin of 13 tumors was <5 mm, and the ablation margin of 10 tumors was >5 mm. The 2 methods showed
excellent consistency, with a Kappa value of 0.911 (P=0.000012).

Conclusions: This study has presented a novel mono-modality fusion imaging method based on CEUS.
We demonstrated that 3D CEUS fusion has a short fusion time and a high success rate, as well as good
consistency with enhanced CT fusion. Therefore, 3D CEUS fusion is a feasible and accurate tool for

evaluating the immediate efficacy of thermal ablation of HCC.
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Introduction

Image-guided local thermal ablation, including radiofrequency
ablation and microwave ablation (MWA), represents the
third radical treatment for hepatocellular carcinoma (HCC)
besides liver transplantation and surgical resection (1,2).
For patients with early HCC, thermal ablation therapy and
surgical resection can achieve similar overall survival, but local
progression-free survival is better with surgical resection than
with thermal ablation therapy (3,4). Several previous studies
have demonstrated that an insufficient ablation margin is an
important risk factor for local tumor progression after thermal
ablation treatment (5-7). Therefore, accurate assessment of
the ablation margin following thermal ablation is crucial.
Consequently, the safety margin for thermal ablation has
always been a hot topic in the field of HCC research.

In previous studies, contrast-enhanced ultrasound
(CEUS) and contrast enhanced computed tomography
(CECT) or contrast enhanced magnetic resonance imaging
(CEMRI) were used for side-by-side evaluation of ablation
margins (8,9); however, these methods are subjective
and cannot be used for accurate assessment. Thermal
ablation margins have been evaluated using fusion imaging
navigation systems, which fuse the pre-ablation image with
the post-ablation image (10).

Some for the previous studies used pre- and post-
ablation CT/MRI-CT/MRI and CT/MRI-2DCEUS as the
reference standard evolution methods for ablation margin
and obtained satisfactory results (11,12). However, several
limitations hinder the application of the aforementioned
methods in clinical practice. First, a repeated CT or
MRI scan, which is not recommended by the guidelines,
is required for evaluation of the ablation margin within
24 hours or 1 week after thermal ablation; however, this
increases the patient’s medical costs and radiation exposure.
Second, it is difficult to obtain CT and MRI data in most
centers. Third, CT and MRI data are not convenient for
immediate evaluation as in most cases thermal ablations are
guided by ultrasound rather than CT or MRI. Therefore,
a mono-modality fusion imaging method that can be used
for more convenient and timely evaluation of the ablation
margin is needed.

As a real-time, repeatable, and non-radioactive imaging
method, ultrasound is used for thermal ablation therapy. A
mono-modality fusion imaging method for ablation margin
evaluation was developed by Minami ez 4/. based on US and
CEUS (13). In most studies 3D US/CEUS is fused with
2D real-time US/CEUS to evaluate the ablation margin.
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However, 2D real-time US/CEUS is dependent on the
experience of the operators and might lead to the inevitable
omission of information on the other 2 planes (14,15).
Due to its higher spatial resolution, 3D CEUS can obtain
more information than 2D CEUS and has been used in the
immediate evaluation of thermal ablation margins in the
treatment of HCC (16). Therefore, 3D CEUS-3D CEUS
fusion imaging may be the optimal method for evaluating
ablation margins, with the advantages of being convenient
and timely. Ye et al. (17) also attempted to evaluate ablation
margins using 3D CEUS- 3D CEUS fusion imaging and
presented some primary results demonstrating that this
method is available. However, further improvements are
still needed, including in the aspects of the evaluation
algorithm and image visualization.

Here, we present a novel method for evaluation of the
margin of ablation based on the 3D CEUS fusion imaging
of pre- and post-thermal ablation. In the present study, we
explored the feasibility and accuracy of 3D CEUS fusion
imaging and compared its results with those of enhanced
CT fusion imaging for the evaluation of the ablation margin
after thermal ablation treatment. We present the following
article in accordance with the MDAR checklist (available at
http://dx.doi.org/10.21037/jgo-21-46).

Methods

Approval for this prospective study was granted by the
institutional review board of Tianjin Third Central
Hospital, and informed consent was obtained from all
patients. All procedures performed in this study involving
human participants were in accordance with the Declaration
of Helsinki (as revised in 2013). Twenty-four patients with
HCC who received MWA in our center between June 2020
and December 2020 met the study inclusion criteria. The
patients in this study were diagnosed with HCC according
to the American Association for the Study of Liver Diseases
guidelines for the treatment of HCC (18).

The inclusion criteria were as follows: (I) patient with
age >18 and <75 years met the HCC diagnostic criteria;
(I) patient met the Milan criteria, which are a single HCC
measuring <5 cm or <3 nodules measuring <3 cm each;
(III) liver dysfunction corresponding to Child-Pugh class
A or B, with no ascites or only a small amount of ascites;
(IV) tumor clearly visible on ultrasound, with safe puncture
pathways; and (V) enhanced CT within the 2 weeks before
the operation and within the 1 week after the operation

The exclusion criteria were as follows: (I) severe
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Figure 1 Flowchart for the evaluation of ablation results using 3D CEUS. 3D CEUS, three-dimensional contrast-enhanced ultrasound.

contraindications to thermal ablation therapy (such as
cardiopulmonary, liver, kidney dysfunction, or coagulation
disorders); (II) the tumor was adjacent to a previously
ablated area; and (III) invasion of vessels or distant
metastases.

3D CEUS examination

US images were obtained with the Philips EPIQ 7
ultrasound system (Philips Medical System) equipped with
a C5-1 (1.0-5.0 MHz) convex array probe, pulse inversion
imaging (PI) software, and a mechanical index of 0.04-0.08.
The PercuNav feature of the Philips system was used to
acquire and reconstruct the 3D ultrasound volumes. Sulfur
hexafluoride microbubble (SF6) contrast agent (SonoVue,
Bracco, Milan, Italy) was mixed with 5 ml saline before bolus
injection into the antecubital vein. Then, 1.2 to 2.0 mL
of contrast agent was intravenously injected via the
antecubital vein, followed by flushing with 5 mL 0.9%
sodium chloride solution. When the tumor was clearly
visible in arterial phase, the clinician performed a freehand
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sweep to acquire a set of images depicting the tumor. These
images were reconstructed into a pre-operative B-mode
ultrasound volume, V5, 3, and the corresponding 3D CEUS
volume, Vp, ¢. These 2 volumes were used as a reference
before ablation.

Approximately 10 to 15 minutes after the ablation, the
clinician examined the tumor again using CEUS. When the
ablated area was clearly visible in portal phase, the clinician
performed a freehand sweep using the same acoustic
window as in the previous sweep. The images collected in
this sweep were reconstructed into a post-operative B-mode
ultrasound volume, V,, 5 and the corresponding 3D CEUS
volume, V},, ¢

To avoid distortion of the reconstructed 3D volumes
caused by respiratory motion of the liver during acquisition,
all the sweeps were performed at the end of the expiratory
phase. All 3D CEUS examinations were performed by the
same investigator with 15 years of ultrasound experience.
If a patient had multiple lesions, only the largest lesion was
included in the study.

Figure 1 shows the flowchart for the evaluation of
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Figure 2 Illustration of 3D view of tumor with a semi-automatic 3D contouring method. (A) A plane slice of the preoperative 3D CEUS

volume with the tumor clearly shown. The red line is the margin of tumor, and the purple line is the 5-mm safety margin. (B) A plane

slice of the preoperative 3D US volume in the same position as (A). (C) A 3D view of the tumor with the safety margin. 3D CEUS, three-

dimensional contrast-enhanced ultrasound.

ablation results using 3D CEUS fusion imaging. The
3D US volumes were acquired using the research mode
in PerculNav, which allowed the use of some unreleased
function. The first step was to align the preoperative 3D
CEUS volume with the postoperative 3D CEUS volume.
Manual registration was performed based on common
landmarks that were visible in both volumes. If landmarks
could not be identified reliably, then the corresponding 3D
B-mode US volumes would be used to aid the registration.
The fusion was considered successful if the difference in
the positions of an anatomical structure before and after
therapy was <3 mm after superimposition. The time taken
for registration and the success rate of registration were
recorded. Two operators (Jinmin Ding and Xiang Jing)
performed and interpreted the 3D CEUS fusion imaging
process together and consensus was reached through
discussion.

After a successful registration, the operator then
segmented the margins of the tumor and ablation area from
the preoperative and postoperative 3D CEUS volumes,
respectively, using a semi-automatic 3D contouring
method with edge detection capability. The semi-automatic
contouring algorithm could also automatically compute
the safety margin to the 3D tumor contour specified by the
operator. As shown in Figure 2, after complete segmentation
of the tumor and ablation area, the 3D view of the tumor
and safety margins could be observed.

The final step was to evaluate the ablation performance.
In this study, the main evaluation criterion was the coverage
of the safety margin by the ablation area. Using a research
feature of PerculNav, the coverage of the tumor and its
safety margin were computed from the 3D contour of the
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tumor and the ablation area. Then, the assessment results
were divided into three categories: complete ablation of
the tumor and its safety margin; complete ablation of the
tumor but incomplete ablation of the safety margin; and
incomplete ablation of the tumor (Figure 3). If the ablation
area did not completely cover the safety margin, the volume
of the uncovered safety margin and the proportion of the
uncovered safety margin to the total safety margin were
calculated and recorded.

It is worth noting that when the distance of lesion to a
vessel or liver surface is <5 mm, the 5-mm safety margin must
be carefully defined to ensure that the safety margin will not
cover the vessel or extend beyond the liver (Figure 4).

Enbanced CT examination

Dynamic CECT scanning was performed using the
Somatom Definition Flash dual energy CT scanner as
previous study mentioned (19). Iohexol (Beijing Beilu
Pharmaceutical Co., Ltd., China), the contrast agent, at a
dosage of 1.2 mL/kg body weight and a flow rate of 3.5 mL/s,
was injected via the median cubical vein. The acquisition
of images in the hepatic arterial phase started with a delay
of 25 seconds to 35 seconds after the threshold had been
reached. The acquisition of portal venous phase images
and late phase images started at about 50 to 70 seconds
and 180 seconds after the initiation of contrast injection,
respectively.

Enbanced CT fusion and evaluation of the ablation margin

For CT evaluation, the operator opened the PercuNav
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V1B:0.0m
+5mm Margin: 0.0 mL

V1B:0.0mL
+5 mm Margin: 3.6 mJ]

V1B:0.8 mL
+5 mm Margin: 5.6 mL|

Figure 3 Illustration the assessment results of 3D CEUS fusion imaging. (A) Image of a case with complete ablation. The red line is the
tumor margin, the purple line is the safety margin, and the green line is the ablation margin. V1B and +5 mm margin represent the residual
volume of the tumor and the safety margin, respectively. (C) Image of a case with complete ablation of the tumor but not the safety margin. (E)
Image of a case with incomplete ablation of both the tumor and the safety margin. (B,D,F) Show the 3D views of (A,C,E), respectively. 3D,

three-dimensional.

Lesion Lesion
Safety margin Safety margin

Ablation margin Ablation margin

Figure 4 A schematic diagram of a case of a lesion close to the liver surface. The red region is the lesion, the blue region is the safety
margin, and the purple line represents the ablation margin. (A) With the safety margin set as 5 mm, the liver area will be extended, and the
residual ablation volume will never be 0 mL. (B) If the safety margin to extend the liver area is not considered, the residual ablation volume
will be 0 mL.
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Table 1 Clinical characteristics of 24 patients who received
microwave ablation treatment for hepatocellular carcinoma

Characteristic Value
Patient (n) 24
Mean age (y)* 61.5+8.0
Sex

Male 18

Female 6
Known cirrhosis 23
Etiology of liver disease

Hepatitis B virus 20

Hepatitis C virus 2

Alcohol 1

Autoimmune hepatitis 1

Other cause 0
No. of tumors (n)

1 17

2 6

3 1
Tumor size (cm)* 2.3+0.6
Tumor location

Adjacent blood vessel 9

Adjacent liver capsule 9

Adjacent is defined as <5 mm; blood vessel diameter >3 mm. *,
data are mean + standard deviation.

software and chose CT/MR/PET model, which has a fusion
function for importing preoperative and postoperative
CT images. The CT evaluation process was the same
as the CEUS evaluation process and comprised 3 parts:
registration, segmentation, and evaluation. Patients” CT
data were imported into the PercuNav system in the
DICOM format via a USB flash drive. Registration with
internal landmarks was used for image fusion. Three
anatomical landmarks on the CT images before therapy
and 3 at the corresponding positions on CT images
after therapy were selected for registration. Fusion was
considered successful if the difference between the positions
of an anatomical structure before and after therapy was
<3 mm after superimposition. The CT fusion process was
performed and interpreted by 2 operators mentioned above
who were blinded to the 3D CEUS fusion results, and
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consensus was reached by discussion.

Thermal ablation procedures

MWA procedures were carried out using a MTC-3
microwave (MW) therapy instrument (Forsea Microwave
& Electronic Research Institute, Nanjing, China) with a
frequency of 2,450 MHz and an output power of 50-100 W.
The MW antenna was a 14 G unipolar cooled-shaft needle
measuring 15 cm in length with a 1.5-cm active tip.

MWA was carried out under ultrasound guidance by an
operator with 10 years of experience in ablation (D. J. M.).
The MW radiator was inserted. The MWA output power
was 60-80 W, 10 minutes per point. If the tumor size was
<1.5 cm, single-needle ablation was performed. For tumors
of >1.5 cm, a multi-needle overlapping ablation plan was
made according to the shape, size, and location of the
tumor. The ablation range exceeded the tumor margin by
0.5 cm. All of the patients received CECT examination one
month after thermal ablation to confirm the local treatment

efficacy.

Statistical analysis

Data were expressed as the median = standard deviation (SD)
(range). The agreement between CT and 3D CEUS fusion
in the evaluation of the ablation margin was expressed by
the kappa coefficient. All data were analyzed using SPSS
version 22.0 software (SPSS, Chicago, IL, USA), and a P

value of <0.05 was considered to be statistically significant.

Results
Patient characteristics

Thirty-two lesions of 24 patients received MWA treatment,
of which 24 lesions received 3D CEUS fusion and enhanced
CT fusion before and after treatment. Among the patients
were 18 males and 6 females, ranging in age from 46.0 to
77.0 (61.5£8.0) years old. The maximum lesion diameter
was (2.320.6) (range, 1.5-3.4) cm. The basic clinical
characteristics of the patients are detailed in 7able 1.

3D CEUS fusion and evaluation of the ablation margin

The success rate of 3D CEUS fusion of images before and
after MWA treatment was 95.8% (23/24), and the fusion
time was 2-9 (4.1x1.8) minutes. Twenty-three tumors were
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Figure 5 Images of a case with complete ablation of the tumor but not the safety margin. (A) Shows the 3D CEUS fusion result and (B)

shows the CT fusion result. (I) shows the lesion before treatment; (II) shows the fusion of the pre- and post-treatment images; (IIT) shows

the ablation area after treatment; and (IV) shows the 3D view of the lesion with the safety margin and the ablation area. 3D CEUS, three-

dimensional contrast-enhanced ultrasound.

completely ablated. Among them, the ablation margin of 14
tumors was <5 mm (Figure 5), and the ablation margin of
the other 9 tumors was >5 mm (Figure 6).

For the 9 tumors with a safety margin >5 mm, the
uncovered safety margin volume was OmL, and the mean
proportion of the uncovered safety margin to the total safety
margin was 0. For the 14 tumors with a safety margin <5 mm,

© Journal of Gastrointestinal Oncology. All rights reserved.

the mean uncovered safety margin volume was 0.3-7.6
(2.27£2.11) mL, and the mean proportion of the uncovered
safety margin to the total safety margin was 16.8%.

Enbanced CT fusion and evaluation of the ablation margin

The success rate of enhanced CT fusion of images before
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A

Figure 6 Images showing a case of complete ablation with safety margin. (A) Shows the 3D CEUS fusion result and (B) shows the CT
fusion result. (I) shows the lesion before treatment; (IT) shows the fusion of the pre- and post-treatment images; (III) shows the ablation area
after treatment; and (IV) shows the 3D view of the lesion with the safety margin and ablation area. 3D CEUS, three-dimensional contrast-

enhanced ultrasound.

and after MWA treatment was 100% (24/24), and the fusion Comparison of ablation boundaries of 3D CEUS fusion
time was 3-8 (4.6+1.5) minutes. The 23 tumors evaluated and enbanced CT (Table 2)

by 3D CECT fusion were completely ablated (one lesion
excluded due to the failure of 3D CEUS fusion imaging). The 3D CEUS and enhanced CT fusion methods showed

The ablation margin of 13 tumors was <5 mm, and the excellent consistency, and the Kappa value was 0.911
ablation margin of 10 tumors was >5 mm. (P=0.000012).
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Table 2 Comparison of ablation boundaries of 3D CEUS fusion and enhanced CT

3D CEUS ablation margin

CECT ablation margin

<5 mm >5 mm
<5 mm 13 1
>5 mm 0 9

3D CEUS, three-dimensional contrast-enhanced ultrasound.

Discussion

This study has presented a novel preoperative and
postoperative 3D CEUS fusion imaging technique for the
evaluation of safety margins of HCC immediately after
thermal ablation. This fusion imaging technique based on
the mono-modality imaging of CEUS is convenient and
feasible for application in clinical practice using a semi-
automatic 3D contouring method. The ablation result can
be evaluated during the ablation process, and the ablation
can be performed in time when the tumor is not completely
ablated, to reduce the recurrence rate. Our results show
that the performance of pre- and post-treatment 3D
CEUS fusion imaging for evaluating the ablation margin
is comparable with that of pre- and post-treatment CECT
fusion imaging. Furthermore, the evaluation algorithm
and image visualization are significantly improved with 3D
CEUS fusion. Thus, the residual ablation volume to cover
the safety margin and the proportion of the residual ablation
volume to the total ablation volume can be calculated, which
can assist physicians in making an appropriate therapeutic
decision for the next step.

Thermal ablation, the third radical treatment method
for early HCC, is widely used in clinical practice due to its
minimally invasive nature. This treatment has similar long-
term survival to liver resection; however, it has a higher
tumor recurrence rate, especially local tumor recurrence,
which may hinder the prognosis of patients (20). In the early
period of thermal ablation, incomplete ablation was found
to be the most common reason for local tumor recurrence.
Consequently, some assisted methods were adopted to
achieve complete ablation (21,22). In recent years, many
studies have confirmed that the ablation margin is closely
related to local recurrence (23,24). Thus, evaluation of the
ablation margin becomes more and more important in the
clinical treatment of HCC.

Fusion imaging has been confirmed to be a good
method for evaluating safety margins. Preoperative

and postoperative CT/MRI-CT/MRI and CT/MRI-

© Journal of Gastrointestinal Oncology. All rights reserved.

CEUS are the most widely used fusion imaging methods
(25,26). Multimodal fusion imaging has disadvantages of
being inconvenient, expensive, and untimely. So mono-
modality fusion imaging methods, such as preoperative and
postoperative 3D US-2D CEUS fusion imaging, have been
presented to evaluate ablation margins (13,26). The use of
mono-modality fusion can also reduce problems caused by
posture and breathing movement that lead to the failure of
multi-modality fusion. Besides, mono-modality imaging
is also convenient and efficient because it can display real-
time images. Compared to 2D CEUS imaging, 3D CEUS
provides more spatial structural information; therefore, we
proposed its use to evaluate the results of thermal ablation
in patients with HCC.

In this study, we verified the availability of using
3D CEUS fusion for the evaluation of ablation margin
through clinical data. By using the simultaneously-
acquired 3D B-mode volume along with the 3D CEUS
volume for registration, we were able to achieve a high
fusion success rate, which illustrates the feasibility of this
method. In our study, registration failed in only 1 case,
due to poor respiratory coordination caused by severe
pain from thermal ablation. When clinicians acquired
the images from this patient, the image quality was poor,
which resulted in the failure of fusion. In this study, we
performed CT/MRI fusion within 1 week after ablation,
which served as a reference standard. This was confirmed
to be an effective method to reflect the real margin after
ablation. Comparison of the 3D CEUS fusion results with
those of CT fusion showed the 2 methods to have a high
level of consistency. The kappa coefficient was statistically
significant, suggesting 3D CEUS fusion is clinically feasible
for ablation assessment.

Some previous studies also used preoperative and
postoperative 3D CEUS to evaluate the ablation margin of
HCC after thermal ablation (17,27). Similar to our study,
Ye et al. found that 3D CEUS fusion imaging enabled
evaluation of the ablation margin of HCC immediately after
radiofrequency ablation with an accuracy comparable to that

7 Gastrointest Oncol 2021;12(1):184-195 | http://dx.doi.org/10.21037/jgo-21-46



Journal of Gastrointestinal Oncology, Vol 12, No 1 February 2021

of CT fusion imaging (17). Compared with previous study,
the technique presented in our study has several advantages.
Firstly, in our study, the real visual 3D technology was
used to view 3D CEUS fusion images, whereas previous
studies displayed 3D CEUS slice-by-slice (27). In our
study, we significantly improved the visualization of fusion
images by using a 3D view of the tumor volume, safety
margin volume, and ablation margin volume with different
translucent colors, which can display the tumor, safety
margin, and ablation margins in a relatively straightforward
way. Through this function, we were able to determine
whether the lesion had been completely ablated, and
whether the ablation area had reached the safety margin.
Secondly, in previous studies (17,27), the ablation margin
was measured on the 3D CEUS fusion images based on
the shortest distance between the tumor margin and the
ablation area. In our study, once the ablation area had been
segmented, the residual ablation volume needed to achieve
safety margin and the proportion of the residual ablation
volume to the whole ablation volume could be calculated
automatically. Besides, the 3D CEUS fusion image and
the corresponding 2D plane can also show the location of
the residual ablation region, which can help the operator
to find the appropriate needle path if necessary. Thirdly,
to improve the accuracy of registration between the 3D
US volumes, we used 3D US volume under B-Mode as a
reference. With a higher mechanical index, the increased
visibility could help the operator to find landmarks more
easily. Furthermore, compared to previous studies using a
matrix probe (17,27), we obtained the 3D images using the
free-arm method, which can reduce the influence of the ribs
and is suitable for larger tumors.

The limitations of this study are as follows. First, it
was single-center study with a small sample size and short
follow-up time; thus, we could only determine the feasibility
and accuracy of ablation using 3D CEUS fusion, but not the
long term results. Also, for large tumors (diameter >5 cm),
it was difficult to obtain a 3D US volume with full coverage
of the tumor and especially the ablation areas.

In conclusion, 3D CEUS fusion has a high success
rate and can be performed quickly. It also shows good
consistency with enhanced CT/MRI fusion. Therefore, it is
a feasible method for evaluating the immediate efficacy of
thermal ablation in patients with HCC.
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