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Background: Therapeutic success of thermal ablation for liver tumors depends on

precise placement of ablation probes and complete tumor destruction with a safety

margin. We investigated factors influencing targeting accuracy and treatment efficacy

of percutaneous stereotactic image-guided microwave ablation (SMWA) for malignant

liver neoplasms.

Materials andmethods : All consecutive patients treated with SMWA for malignant liver

tumors over a 3-year period were analyzed. A computed tomography-based navigation

system was used for ablation probe trajectory planning, stereotactic probe positioning,

and validation of probe positions and ablation zones. Factors potentially influencing

targeting accuracy [target positioning error (TPE)] and treatment efficacy within 6 months

[ablation site recurrence (ASR)] were analyzed in a multivariable regression model,

including challenging lesion locations (liver segments I, VII, and VIII; subphrenic location).

Results: Three hundred one lesions (174 hepatocellular carcinomas, 87 colorectal

liver metastases, 17 neuroendocrine tumors, and 23 others) were targeted in 191

interventions in 153 patients. The median TPE per ablation probe was 2.9 ± 2.3mm

(n = 384). Correction of ablation probe positions by repositioning was necessary in 4 out

of 301 lesions (1%). Factors significantly influencing targeting accuracy were cirrhosis

(R 0.67, CI 0.22–1.12) and targeting trajectory length (R 0.21, CI 0.12–0.29). Factors

significantly influencing early ASR were lesion size >30mm (OR 5.22, CI 2.44–11.19)

and TPE >5mm (OR 2.48, CI 1.06–5.78). Challenging lesion locations had no significant

influence on targeting accuracy or early ASR.

Conclusions: SMWA allows precise and effective treatment of malignant liver tumors

even for lesions in challenging locations, with treatment efficacy depending on targeting

accuracy in our model. Allowing for many tumors to be safely reached, SMWA has

the potential to broaden treatment eligibility for patients with otherwise difficult to

target tumors.

Keywords: liver neoplasms, interventional radiology, ablation techniques, stereotaxic techniques,

computer-assisted therapies
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INTRODUCTION

For patients with malignant liver tumors, thermal ablation
is a locally destructive, low-morbidity, and potentially
curative treatment option, particularly for hepatocellular
carcinoma (HCC) and colorectal liver metastases (CRLM) (1, 2).
Radiofrequency ablation (RFA) or microwave ablation (MWA)
are increasingly used for non-resectable disease (3), in combined
treatment approaches (4), or even as an alternative to surgery
(5–7), with repeat therapy sessions well-tolerated in the case of
hepatic recurrence (8).

The crucial factor for successful ablative treatment is complete
tumor ablation with an adequate safety margin (9), while
avoiding injury to critical intrahepatic and perihepatic structures.
This is highly dependent on the precision with which the
ablation probes are guided toward and positioned within the
target lesions to subsequently generate adequate ablation zones.
Safe percutaneous targeting is often precluded when using
conventional ultrasonography (US) or computed tomography
(CT) guidance (10), especially for tumors located in challenging
intrahepatic positions such as in the liver dome (11), in a
subcapsular location, or in proximity to the liver hilum or heart
(12). Ablation of such difficult to target tumors results in an
increased risk of complications and associated higher recurrence
rates (13, 14), especially if multiple re-positionings of ablation
probes are necessary to achieve adequate probe positions.
Several techniques have been proposed to target tumors located
in the liver dome, such as artificially induced pneumothorax
(15), pleural effusion (16), or ascites (17), an epicardial fat
pad approach (18), combined imaging techniques (19), or
mathematic models (20), with varying degrees of reliability.

Advanced image-guided navigation technologies aiming to
enhance precision and safety in the targeting of liver tumors
have been introduced (21). First clinical reports on stereotactic
percutaneous ablation of liver tumors are available (22–25), as
well as several comparative studies highlighting the accuracy and
efficiency of using navigation technology vs. conventional image
guidance for tumor targeting (26, 27). While little is known
about factors influencing targeting accuracy and therapeutic
efficacy when using such navigation systems for stereotactic
tumor targeting, they likely facilitate accessibility and treatment
of traditionally difficult to target liver tumors (28). Our group
has previously reported the benefits of using stereotactic image-
guided microwave ablation (SMWA) in the treatment of HCC
(29). The aim of the current study was to investigate factors
influencing targeting accuracy and treatment efficacy when using
SMWA for malignant liver tumors in a multivariable model that
includes challenging lesion locations.

MATERIALS AND METHODS

Patient Population
Data from all consecutive patients treated with SMWA for
malignant liver tumors at our institution between January 2015
and December 2017 were prospectively collected and analyzed
retrospectively. The study protocol was approved by the Regional
Ethical Review Board (KEK-Nr 2017-01038). All patients were

discussed at the weekly multidisciplinary tumor board meeting.
SMWA and the use of stereotactic navigation technology
represent the standard approach at our institution for all patients
in whom percutaneous thermal ablation for malignant liver
tumors is indicated. Thermal ablation therapy was indicated
for patients with (i) unresectable disease due to comorbidities
or lesion location, but in whom local ablation was considered
a potentially curative treatment due to adequate response
to chemotherapy or stable disease, (ii) HCC awaiting liver
transplantation as part of a bridge to transplant or down-staging
approach, (iii) resectable CRLM as part of a prospective multi-
center trial investigating ablation as an alternative to resection
(30), or (iv) multiple liver lesions as part of a multimodal
treatment approach of combined ablation and resection. A
maximum of five lesions were treated in one intervention to
limit overall intervention time and generally lesions up to 5 cm
in diameter were included for SMWA.

Material and Procedural Technique
All interventions were performed in the interventional
radiology CT suite (SOMATOM Definition Flash, Siemens
Healthineers, Erlangen, Germany), by a joint interdisciplinary
team consisting of one of four radiologists and one of four
surgeons. A commercially available navigation system (CAS-
ONE, CAScination AG, Bern, Switzerland) was used to plan
ablation probe trajectories, position ablation probes, and validate
ablation probe positions and ablation zones. The system utilizes
optical tracking of the patient’s abdominal surface via six skin
fiducials that are rigidly co-registered to available image data
(24, 26). Procedures were performed under general anesthesia
with patients positioned on a vacuum mattress, using high-
frequency jet ventilation for respiratory motion control (31).
This quasi-static scenario ensures patient immobility and
minimal displacement of the diaphragm and provides the basis
for accurate and automatic rigid fusion of all performed CT scans
(32). If insufficient fusion quality between scans was suspected
upon visual inspection, a manual point-based registration was
additionally performed. The four main procedural steps are
described and illustrated in Figure 1.

A planning CT scan using a predefined multi-phase imaging
protocol (2 × 64 × 0.6mm; 280-ms gantry rotation time;
pitch factor, 0.6; tube voltage, 100 kV) was performed after
delivery of intravenous contrast medium (Ultravist R© Bayer
Healthcare, Berlin, Germany). The scan window of this first
planning scan included all previously placed skin fiducials. The
planning imaging where the target lesions were best detectable
was transferred to the navigation system. After navigated
ablation probe positioning, a second non-enhanced CT scan
was performed for validation of the correct ablation probe
position. Native scans were repeated for each targeted lesion to
evaluate the respective probe positions before ablation. MWA
(Acculis MTA System, AngioDynamics, Latham, NY, USA) was
performed with energy and time settings adapted to the lesion
diameter. A final contrast-enhanced CT scan with three phases
and intravenous contrast medium was performed for immediate
confirmation of adequate treatment of all target lesions. A
minimal ablation margin of 5–10mm was considered sufficient
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FIGURE 1 | Procedural technique including the four phases of SMWA. (A) Planning phase: Planning of the optimal ablation probe trajectory by selecting the skin entry

point and the intrahepatic target point using the navigation system’s planning module. The target tumor is depicted in red, the planned ablation margin is in orange,

and the simulated ablation zone according to the manufacturer’s prediction is in green. (B) Navigation phase: Navigated alignment of the aiming device along the

planned trajectory, with the cross-hair viewer indicating the trajectory direction. The trajectory depth for consecutive ablation probe positioning is indicated in

millimeters. (C) Ablation probe validation and ablation phase: After insertion of the ablation probe, its positional accuracy relative to the planned trajectory is verified in

the validation scan and calculated in millimeters. If satisfactory, microwave ablation is performed. (D) Ablation zone validation phase: A sufficient ablation zone is

verified by direct overlay of pre- and post-ablation images using the validation module, allowing immediate estimation of the completeness of ablation.

(33, 34). Prophylactic antibiotics were administered routinely. If
safe, all medical staff including anesthesia left the IR suite during
CT scanning.

Assessment of Accuracy and
Procedural Efficiency
The navigation system software allows recording and calculation
of the exact targeting accuracies, trajectory-specific parameters,
and duration of individual procedural steps, data that were
extracted from the navigation system’s log file data. Angles of
the ablation probe trajectories were calculated as indicated in
Figure 2A. Targeting accuracy was assessed as the targeting errors
resulting after ablation probe positioning, defined as the deviance
between the planned trajectory and the achieved ablation probe
position, and was calculated as shown in Figure 2B. Targeting
accuracies were reported as sub-millimetric values resulting from
statistical computation, as visual assessment was limited by
the image resolution of the CT imaging. A large lateral error
implied the repositioning of the ablation probe, defined as the full

retraction of the ablation probe, repeat navigated alignment of the
aiming device and probe re-insertion. Contrarily, longitudinal
errors were easily corrected by advancement or retraction of the
probe along the same trajectory line. For this reason, the lateral
targeting error was defined as the primary target positioning
error (TPE) (27). The navigation system software allows for
the precise planning of multiple ablation probes in excentric
positions as opposed to a single probe in the tumor center,
enabling the generation of larger ablation zones. This positioning
of multiple parallel ablation probes was defined as planned
overlapping ablation and was mostly applied for lesions >3 cm.

Durations of the overall procedure and of individual
procedural steps were recorded. When multiple ablation probes
were positioned per intervention, the durations were calculated
for each probe and added to obtain the total time per
phase per intervention. Clinical complications within 90 days
were assessed and graded according to the Clavien-Dindo
classification (35). Radiological complications without clinical
symptoms as diagnosed on the first post-ablation scan or on

Frontiers in Oncology | www.frontiersin.org 3 June 2020 | Volume 10 | Article 8427

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Tinguely et al. Stereotactic Ablation of Liver Tumors

FIGURE 2 | Schematic illustration of the assessment of ablation probe trajectory angles (A) and of targeting errors of the positioned ablation probes (B). (A) Alpha

angle α: angulation along transverse plane. Beta angle β: angulation along sagittal plane. (B) Theta θ: Angular error. dLat: Lateral error = target positioning error (TPE).

dLong: Longitudinal error.

imaging within the same hospitalization were recorded. Length
of hospital stay was calculated from the day of SMWA to the day
of discharge.

Assessment of Treatment Efficacy
All imaging results were reviewed and interpreted by an
independent radiologist specialized in liver imaging. Immediate
re-ablation was defined as the repeat ablation of one lesion, due
to incomplete tumor coverage after ablation zone validation, at
the end of the same treatment session. Technical success was
reported according to the standardized criteria suggested by
Ahmed et al. (36) and defined as complete tumor coverage by the
ablation zone as assessed on the final CT scan with intravenous
contrast on the day of intervention, including immediate re-
ablations. The first follow-up imaging (MRI or CT) was carried
out at 1–3 months, with re-imaging every 2–4 months thereafter
in patients with stable disease. Early ablation site recurrence
(ASR) was defined as the presence of morphologically detectable
tumor tissue within 10mm from the edge of the ablation zone,
on any of the follow-up imaging performed within 6 months
(including the first follow-up imaging), in lesions with initial
complete tumor coverage. Subgroup analyses were performed for
lesions located in challenging locations, defined as the superior
dorsal liver segments VII/VIII, segment I and a subphrenic
location (<10mm from the diaphragm). The appearance of new
intrahepatic lesions on follow-up imaging was documented.

Statistical Analysis
Continuous data were reported as median, interquartile range
(IQR), and standard deviation (SD), and categorical data were
reported as number and percentage. Regression analysis was
performed to identify factors potentially influencing targeting
accuracy and early ASR per targeted lesion. As multiple lesions
were ablated in the same individual patients and we focused
on per-lesion outcomes, we included repeated measure analyses
in our model. Generalized estimating equations (GEE) using
an exchangeable correlation structure and a robust estimator

of covariance were applied. The resulting regression coefficients
and odds ratios (OR) are comparable to coefficients and OR
resulting from classic regression models, with the benefit of
accounting for intra-class correlations. All factors thought to
potentially influence the precision with which ablation probes
were positioned along the planned trajectory were analyzed
using univariable and multivariable linear GEE, with all co-
variates included in the multivariable model. For lesions with
multiple ablation probe insertions (immediate re-ablations or
planned parallel insertions) per ablated lesion, average values
were used for continuous variables (targeting errors, trajectory
lengths and angles). Results of all tested variables were reported
as regression coefficients with 95% Wald confidence intervals
(CIs). All available factors thought to potentially influence early
ASR were analyzed using univariable and multivariable binary
logistic GEE, with results reported as OR and 95% Wald CI.
The threshold for statistical significance was set to the level α =

0.05. SPSS Statistics (Version 24.0.0, SPSS Inc.) was used for all
statistical analyses.

RESULTS

In 3 years, a total of 301 lesions were treated with SMWA
in 191 interventions in 153 patients. Lesion characteristics and
ablation parameters per lesion are described in Table 1. The
number of ablated tumors per intervention ranged from 1 to
5 and maximum lesion size ranged from 4 to 60mm. Of the
301 treated lesions, 54 (18%) were local recurrences after prior
treatment of the same lesion, including previous thermal ablation
(n = 33), trans-arterial (chemo-)embolization (n = 10), or
resection (n = 11). For 25 lesions (8%), multiple parallel needles
were placed to create larger ablation zones. Correction of probe
positions with probe repositioning was necessary in 4 out of
301 lesions (1%). Two example cases of SMWA for lesions
in challenging intrahepatic locations in liver segment VII and
segment I are illustrated in Figures 3, 4, respectively.
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TABLE 1 | Lesion and ablation characteristics per ablated lesion (n = 301).

Lesion entity

Hepatocellular carcinoma 174 (58)

Colorectal liver metastases 87 (29)

Neuroendocrine metastases 17 (6)

Others 23 (8)

Lesion size

Diameter [mm]a 15 (11–21)

Tumor size >30mm 29 (10)

Lesion location

Segments II–IV 100 (33)

Segments V/VI 59 (20)

Segments VII/VIII 136 (45)

Segment I 6 (2)

Subcapsular locationb 175 (59)

Subphrenic locationb 71 (24)

Vessel proximityc 103 (34)

IVC 7 (2)

Organ proximityb 23 (8)

Gallbladder 5 (2)

Other (colon/stomach/kidney/heart) 18 (6)

Ablation parameters per lesion

Cumulative ablation timed [min] 4 (3–6)

Ablation energy

60/80W 6 (2)

100W 271 (94)

120W 12 (4)

Number of ablation probes per lesion

1 233 (77)

2 56 (19)

3–5 12 (4)

Planned overlapping ablations 25 (8)

Number of parallel ablation probes 2 (2–3)

Immediate re-ablations 48 (16)

Ablation probe repositionings 4 (1)

Categorical data are shown as number and percentage, and numerical data are shown as

median and interquartile range. aMaximal diameter measured in a transverse plane. bEdge

of the tumor located within 10mm of the respective structure. cEdge of the tumor located

within 5mm to an intrahepatic artery, vein, or portal vein of a minimum diameter of 3mm.
dAddition of all ablation times per lesions treated in one session (including re-ablations

and planned overlapping ablations).

Targeting Accuracy
Median TPE per positioned ablation probe (n= 384) was 2.9mm
(IQR 1.7–4.5mm, SD 2.3mm). When the ablation probes were
positioned in lesions located in segments VII or VIII (n =

178), segment I (n = 6), or in a subphrenic location (n = 71),
median TPE was 3.5mm (SD 2.3mm), 3.1mm (SD 1.8mm),
and 4.0mm (SD 2.4mm), respectively. All targeting errors and
trajectory-specific parameters per positioned ablation probe are
summarized in Table 2.

Univariable and multivariable analyses of factors influencing
TPE are shown inTable 3. In themultivariable model, underlying
liver cirrhosis (linear regression coefficient R 0.668, CI 0.218–
1.119) and targeting trajectory length (R 0.205, CI 0.118–0.291)
had a statistically significant influence on TPE. This implies

a mean increase in TPE of 0.7mm for lesions targeted in
a cirrhotic vs. a non-cirrhotic liver, and of 0.2mm for each
additional centimeter of targeting trajectory length. Contrarily,
challenging intrahepatic lesion locations such as a subphrenic,
superior dorsal, or segment I lesion location, an intercostal
targeting trajectory or varying targeting trajectory angles did not
significantly influence TPE (Table 3).

Procedural Efficiency and Safety
Procedural efficiency and safety are summarized in Table 4.
Median overall duration of SMWA from first to last CT scan was
64min (IQR 46–82min, SD 33 min).

In the 191 SMWA interventions, a total of 10 (5%)
clinical complications occurred. These included six grade I–
II complications, of which were one fever of unknown origin,
one skin infection at the ablation probe entry site, one case
of ascites, one case of transient brachial plexus paralysis due
to arm positioning in a cachectic patient, and two cases of
severe lower thoracic/upper abdominal pain due to pleuritis
and a small perihepatic hematoma, respectively. Three grade
IIIa complications included one pneumothorax and one pleural
effusion, both requiring chest drainage, and one case of
intrahepatic abscess, which was drained percutaneously. A
second case of a suspected intrahepatic abscess with fever
underwent surgical resection of segments VI and VII (grade IIIb
complication); however, histologic analyses did not confirm the
presence of intrahepatic infection. Median length of hospital stay
was 1 day (range, 0–13).

Treatment Efficacy
Immediate re-ablations due to insufficient tumor coverage after
ablation zone validation were performed in 48 (16%) lesions.
The rate of complete tumor coverage on the day of intervention
(technical success) was 96% (290/301 lesions). In the remaining
11 lesions, immediate re-ablation was judged to be unsafe, due to
an increased risk of injury to critical structures or an already large
ablation zone with risk of secondary infection. In the subgroup
of lesions located in challenging locations, technical success was
achieved in 97% (155 of 160) of the lesions. In the subgroup of 25
lesions targeted with multiple parallel ablation probes, technical
success was 96% (23 of 24 lesions), with the one remaining
large (41mm) lesion located in proximity to a main portal vein
bifurcation. This lesion was planned for future resection and was
thus knowingly insufficiently ablated.

Overall ASR within 6 months, including the first follow-
up imaging, was 22% (49 out of 227 previously completely
ablated lesions with available 6 months follow-up), of which
17 (35%) lesions were successfully re-ablated. Twenty-one of
the 49 lesions with ASR (43%) occurred in the setting of
simultaneous appearance of new intrahepatic lesions. In the
subgroups of lesions located in segment VII or VIII, segment
I, or in a subphrenic location, ASR was 16, 23, and 20%,
respectively. In the subgroup of lesions that had undergone
immediate re-ablation, ASR was 18%. Results from the regression
analyses of factors influencing early ASR are summarized in
Table 5. In the univariable analysis of factors influencing early
ASR, colorectal liver metastases and a tumor size >30mm
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FIGURE 3 | Example case of a patient with hepatocellular carcinoma, treated for two adjacent tumors located in segment VII. (A) Planning of targeting trajectories for

three parallel ablation probes to create overlapping ablation zones (green) around the target tumors (red). (B) Top: positioned ablation probe in an immediate

subphrenic position. Bottom: Validation of ablation probe position. (C) Complete ablation of both tumors (red) with a sufficient surrounding ablation margin.

FIGURE 4 | Example case of a patient with a colorectal cancer metastasis (red) located in segment I. (A) Planning of targeting trajectory. (B) Top: targeting trajectory

and tumor in a three-dimensional view. Bottom: Validation of ablation probe position. (C) Complete tumor (red) coverage by the ablation zone with a sufficient ablation

margin; the adjacent main portal vein branches remain patent.

were statistically significant. In the multivariable model, factors
with a significant influence on early ASR were lesion size
(>30mm) and targeting accuracy (TPE >5mm). Challenging
intrahepatic lesion locations or the proximity to intrahepatic
vascular structures or adjacent organs were not predictive factors
of early ASR (Table 5).

DISCUSSION

This study shows that using SMWA for targeting of malignant
liver tumors allows precise, efficient, and effective local tumor
treatment, without compromise in accuracy or efficacy when
targeting lesions located in challenging locations. To our
knowledge, this is the first series analyzing factors influencing
targeting accuracy and treatment efficacy of stereotactic MWA
of malignant liver tumors using a multivariable model to date.

The present work confirms a high overall precision in the
positioning of ablation probes when using SMWA, comparable
to previously reported TPE values after navigated ablation
probe positioning, ranging between 2.9 and 4.0mm (24, 26).
Targeting errors might have been minimally influenced by

TABLE 2 | Targeting accuracy and trajectory-specific parameters, per ablation

probe (n = 384).

Targeting trajectory characteristics

Trajectory length [cm] 11.1 (8.3–13.2)

Intercostal trajectory (n, %) 253 (85)

Trajectory angle α [◦] −15 (−46–6)

Trajectory angle β [◦] 19 (4–32)

Targeting errors

Lateral targeting error, TPE [mm] 2.9 (1.7–4.5)

Longitudinal targeting error [mm]a 1.3 (0.4–2.7)

Angular targeting error [◦] 1.8 (1.1–2.7)

Categorical data are shown as number and percentage, and numerical data are shown

as median and interquartile range. TPE, target positioning error. aTargeting errors prior to

correction of ablation probe position (advancement/retraction) before thermal ablation.

otherwise non-quantifiable fusion errors between scans, despite
optimizing conditions for minimal patient and organ movement
during the procedure. Importantly, a superior dorsal (segment
VII or VIII), segment I or a subphrenic location did not
significantly influence targeting accuracy, confirming the safe
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TABLE 3 | Linear Generalized Estimating Equations (GEE) analysis of factors influencing target positioning errors, per ablated lesion.

Univariable analysis Multivariable analysis

B (95% CI) p-value B (95% CI) p-value

Clinical parameters

Cirrhosis [y/n] 0.791 (0.274, 1.308) 0.003 0.668 (0.218, 1.119) 0.004

Location-specific parameters

Segments I/VII/VIII [y/n] 0.870 (0.363, 1.377) <0.001 0.128 (−0.413, 0.670) 0.642

Subphrenic locationa [y/n] 0.935 (0.293, 1.578) 0.004 0.238 (−0.382, 0.859) 0.415

Subcapsular locationa [y/n] 0.425 (−0.052, 0.902) 0.081 0.371 (−0.080, 0.821) 0.107

Trajectory-specific parameters

Trajectory length [per cm] 0.244 (0.166, 0.323) <0.001 0.205 (0.118, 0.291) <0.001

Intercostal trajectory [y/n] 1.005 (0.549, 1.461) <0.001 0.497 (−0.002, 0.997) 0.051

Trajectory angle αb [per 10◦] −0.025 (−0.126, 0.077) 0.634 −0.088 (−0.184, 0.009) 0.076

Trajectory angle βb [per 10◦] 0.286 (0.073, 0.499) 0.008 0.092 (−0.096, 0.280) 0.336

aEdge of the tumor located within 10mmof the respective structure. bCalculated per 10◦ positive deviation from transverse/sagittal plane. B, regression coefficient; CI, confidence interval.

TABLE 4 | Procedural efficiency and safety, per intervention (n = 191).

Intervention times

Overall procedure time [min]a 64 (46–82)

Trajectory planning [min](A) 11 (7–19)

Navigated probe positioning [min](B) 7 (4–13)

Validation ablation probe [min](C) 8 (4–17)

Validation ablation zone [min](D) 4 (2–6)

Radiological parameters

Radiation dose DLP [mGycm] 1,732 (1,202–2,464)

Complications, n (%)

Radiological 2 (1)

Clinical 10 (5)

Grade I–II 6 (3)

Grade IIIa/b 4 (2)

Categorical data are shown as number and percentage, and numerical data are shown

as median and interquartile range. aTime from the first to the last CT scan. (A)Loading of

the first CT scan onto the navigation system until the first switch to the navigation module.
(B)First switch to the navigation module until the last screen shot taken of the positioned

ablation probe. (C)First switch to the validation module until the last log file activity before

loading the next CT scan. (D)First log file activity after the last validation scan until detection

of the last log file activity before the end of the procedure. DLP, dose length product.

accessibility of lesions in challenging intrahepatic locations
when using SMWA. Also, more complex targeting trajectories
such as intercostal trajectories and steep trajectory angles had
no significant influence on targeting accuracy in multivariable
analysis. Since the proposed navigation technique requires
optimal fusion between planning and validation scans to ensure
precise navigational information, factors leading to intracorporal
displacement of the tumor target compromise accuracy of
ablation probe positioning. This explains the significantly higher
TPE when targeting lesions in cirrhotic livers, as the associated
liver stiffness leads to organ distortion when ablation probes are
introduced. The influence of targeting trajectory length on TPE
can be explained by the bending of ablation probe shafts when
applying longer probes, which represents a known challenge

when tracking instruments at their extracorporal end rather than
the tip (37). Hence, when targeting tumors in cirrhotic livers or
when using long targeting trajectories, giving particular attention
to control of the ablation probe position is advocated. An equally
important factor for a safe and efficient treatment is accurate
positioning of the ablation probes at the first targeting attempt
without the need for multiple probe repositioning, which greatly
reduces tissue trauma and complications as well as high radiation
doses (38, 39). The ablation probe repositioning rate in this study
was 1%. Accordingly, patient safety and length of hospital stay
were favorable in this work compared to previous studies on
MWA of liver tumors (6, 22, 40), with low radiation exposure
for patients and no exposure for medical staff.

A further potential benefit of SMWA is the augmented
visualization of the completeness of ablation using the ablation
zone validation module. The precise overlay of pre- and post-
ablation images allows an enhanced visual and 3D interpretation
of the tumor coverage by the ablation zone, with the possibility of
re-ablation in the same treatment session if necessary. Immediate
re-ablation was performed in 48 lesions leading to an overall
technical success rate of 96%, which was knowingly not 100%
due to safety concerns in the remaining 11 lesions. Comparable
technical success rates were shown for lesions in challenging
intrahepatic locations, corresponding to previously reported
success rates after MWA of tumors in the hepatic dome of
between 73 and 94% (20, 41). Due to the possibility of navigated
positioning ofmultiple parallel probes, the same technical success
rate was also shown when targeting larger lesions. The ASR
rate of 22% in this series lies within the wide range of ASRs
of 2–34% reported after MWA of liver tumors (42–44), but
was higher than rates reported in other studies (22). This
is probably influenced by the definition of ASR (detectable
tumor seen on any follow-up imaging after the day of ablation)
likely resulting in more lesions being assessed as ASR in our
study, which in others might be defined as residual unablated
tumor and therefore included in the terms of “primary or
secondary technique efficacy”(36). The latter definitions allow
a wide range of variability in reported efficacy rates and thus
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TABLE 5 | Binary logistic Generalized Estimating Equations (GEE) analysis of factors influencing ablation site recurrence per ablated lesion.

Univariable analysis Multivariable analysis

OR (95% CI) p-value OR (95% CI) p-value

Lesion-specific parameters

HCC [y/n] 0.622 (0.320, 1.208) 0.161 1.038 (0.322, 3.341) 0.950

CRLM [y/n] 2.224 (1.084, 4.564) 0.029 2.280 (0.650, 7.995) 0.198

Tumor size > 30mm [y/n] 3.970 (1.962, 8.033) <0.001 5.221 (2.435, 11.192) <0.001

Location-specific parameters

Segments I/VII/VIII [y/n] 1.226 (0.606, 2.481) 0.571 1.339 (0.578, 3.104) 0.496

Subphrenic locationa [y/n] 0.996 (0.453, 2.190) 0.991 0.564 (0.189, 1.679) 0.303

Subcapsular locationa [y/n] 1.436 (0.700, 2.944) 0.324 1.532 (0.638, 3.680) 0.340

Vessel proximityb [y/n] 1.250 (0.588, 2.656) 0.562 1.053 (0.484, 2.291) 0.896

Organ proximitya [y/n] 0.773 (0.214, 2.790) 0.694 0.607 (0.120, 3.068) 0.545

Procedural parameters

TPE > 5mm [y/n]c 1.874 (0.879, 3.994) 0.104 2.480 (1.064, 5.784) 0.035

aEdge of the tumor located within 10mm of the respective structure. bEdge of the tumor located within 5mm to an intrahepatic artery, vein, or portal vein of a minimum diameter of

3mm. c n = 55 lesions. OR, odds ratio; CI, confidence interval; HCC, hepatocellular carcinoma; CRLM, colorectal liver metastases; TPE, target positioning error.

make comparability of efficacy results difficult. Furthermore, we
included all patients consecutively treated with MWA for any
malignant liver tumors at our tertiary referral center, resulting
in an unfiltered group of lesions of multiple sizes, locations, and
disease stages. While not analyzed in our model, an aggressive
tumor biology and/or advanced disease stage of treated patients
can be assumed, since 43% of all lesions with ASR occurred in
patients with diffuse intrahepatic disease progression within 6
months. The short follow-up period of 6 months was chosen
for a per-lesion analysis of factors influencing early ASR. The
high rates of intrahepatic recurrences after initial treatments for
CRLM and HCC (70–80%) (7, 45) often imply the need for
multiple repeat liver-targeted treatments. Therefore, describing
ASRs per lesion after long follow-up periods is of limited clinical
value and cancer-specific time-to-progression analyses will be
more adequate.

To further improve the assessment of complete ablation and
technical success, safety margins will be integrated into the
immediate ablation zone validation module of the navigation
system. We are currently investigating the quantification of
tumor coverage by the ablation zone by computed volume
segmentation, which will enable refined analyses of liver- and
tumor-related factors associated with the expansion of ablation
zones (46). This will also allow a true distinction between
local recurrence and residual unablated tumor, enabling refined
analyses on factors influencing true local tumor recurrence (47).
Odisio et al. reported local tumor progression rates of 18% after
MWA of CRLM, which were not influenced by a subcapsular
lesion location in regression analysis (48). In the present work,
early ASR was not affected by a challenging lesion location or
subcapsular position; however, a TPE > 5mm was shown to be
an independent predictor of early local tumor control.

A potential limitation of the present study is that the
regression model for treatment efficacy focused on location-
specific parameters and targeting accuracy, excluding other
factors that could also have a potential impact on treatment

efficacy. These would primarily be parameters specific to different
cancer types, which are difficult to include in the current analysis
that involves varying tumor entities. The results presented in this
work allow a first estimation regarding a possible enhancement
of targeting accuracy and tumor accessibility when using SMWA,
especially for lesions in challenging intrahepatic locations. A true
superiority of using navigation technology over conventional
image guidance for tumor targeting must be confirmed in future
well-designed prospective comparative studies. Ultimately, we
believe that SMWA has its greatest merit when aiming to
efficiently target lesions in challenging intrahepatic locations
requiring more complex targeting trajectories. Using SMWA also
for easier-to-reach liver tumors, as reported in this series, allows
for expertise within the team to increase, so thatmore challenging
lesions can be safely treated. The standardization of the treatment
technique also leads to short learning curves and the generation
of reproducible and comparable results when using such novel
navigation technology.

In conclusion, SMWA allows for accurate targeting and
effective treatment of malignant liver tumors, even for
lesions in challenging locations, with targeting accuracy
independently predicting efficacy in our model. Allowing for
many tumors to be safely reached, SMWA might broaden
treatment eligibility for patients with otherwise difficult to
target tumors.
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Purpose: To retrospectively compare the treatment outcome of multiple-electrode

switching-based radiofrequency ablation (switching RFA) and the conventional RFA for

early-stage hepatocellular carcinoma (HCC).

Methods: A total of 122 patients with single early-stage HCC ranging from 2.1 to

5.0 cm received ultrasonography-guided percutaneous RFA as the first-line treatment.

Seventy-one patients underwent switching RFA, and 51 underwent conventional RFA.

Tumor response, major complication, local tumor progression (LTP), and overall survival

(OS) were compared between the two groups. Log-rank tests and Cox regressionmodels

were used for univariate and multivariate analyses to identify predictors of LTP and OS.

Results: The rate of initial local complete response rates were 100% (71/71) in the

switching RFA group and 98.0% (50/51) in the conventional RFA group (P > 0.05). No

major complication occurred in the switching RFA group, whereas two in the conventional

RFA group. After a median follow-up period of 45.9 months (range, 9.8–60.0 months),

the rates of LTP in the switching RFA and conventional RFA groups were 19.7% (14/71)

and 41.2% (21/51), respectively. The cumulative LTP rates at 1, 3, and 5 years were

11.3, 20.5, and 20.5% for switching RFA and 17.6, 38.7, and 46.7% for conventional

RFA, respectively (p < 0.001). Switching RFA was an independent factor associated

with a lower LTP rate (p = 0.022). Five-year OS rates were 75.8% after switching RFA

vs. 66.2% after conventional RFA (p = 0.363). Extrahepatic recurrence was a significant

prognostic factor for OS in multivariable analysis.

Conclusion: Compared with conventional RFA, switching RFA provides a high local

tumor control for single early-stage HCC. An ongoing randomized trial might help to

clarify the role of this approach for the treatment of HCC.

Keywords: radiofrequency ablation, hepatocellular carcinoma, multiple-electrode switching, local tumor

progression, treatment outcome
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INTRODUCTION

Radiofrequency ablation (RFA) has been widely used in the
treatment of early-stage hepatocellular carcinoma (HCC) (1–
4). Compared with surgical resection, the higher local tumor
progression (LTP) rate is regarded as a considerable shortcoming
of RFA in the treatment of HCC (5, 6). Because of the limited
coagulated necrosis induced by RFA, the ability of local control
of HCC with RFA greatly depends on tumor size (7–9). To
achieve complete ablation of HCC and sufficient safety margin,
overlapping ablations are required (10–12). For conventional
RFA with one electrode, the electrode is repositioned and
reactivated in untreated tumor sites adjacent to the prior ablation
zone after each ablation. The hyperechogenicity caused by the
early radiofrequency (RF) electrode frequently obscures the
tumor boundaries, rendering the reposition of the electrode
under ultrasound (US) guidance, which is technically challenging
and time consuming even for a relatively small tumor. A
multiple-electrode switching system was introduced and enabled
to simultaneously use up to three RF electrodes, between which
the power is sequentially switched when an impedance spike
is encountered, instead of temporarily switching the system
off as it occurs in the conventional RF device (13, 14). The
problem mentioned earlier can be potentially remedied with
the introduction of such a multiple-electrode switching system.
Several previous reports have shown the encouraging results
of multiple-electrode switching-based RFA for the treatment of
HCC. However, all these studies were single-arm studies without
direct comparison with conventional RFA (15–17). The aim of
this study was thus to retrospectively compare the treatment
outcome of multiple-electrode switching-based RFA (switching
RFA) and the conventional RFA with a single electrode for
early-stage HCC.

PATIENTS AND METHODS

Patients
From August 2009 to August 2014, a total of 122 patients (105
men, 17 women; mean age 56.3 ± 12.6 years, range: 27.0–
85.0 years) with HCC were enrolled in this retrospective study
(Figure 1). The diagnosis of HCC was based on the noninvasive
diagnostic criteria of the American Association for the Study
of Liver Diseases (AASLD) or biopsy. The inclusion criteria
comprised: (a) adult patients with early-stage HCC and declined
resection recommendation; (b) single HCC with 2.1–5.0 cm in
diameter, treated by conventional cool-tip electrode RFA system
or multiple-electrode switching RFA system; (c) liver function
status at Child–Pugh class A or B; (d) platelet count over 50 ×

109/l; and (e) prothrombin time ratio >50%. Exclusion criteria
include (a) presence of multiple HCCs; (b) presence of vascular
invasion or extrahepatic metastases at pre-procedure imaging
study; (c) previous treatment for HCC; (d) ongoing anticoagulant
treatment that cannot be stopped; and (e) tumor in close
proximity to the hepatic hilum. The study was conducted with
the approval of the institutional ethics board. Written informed
consent was obtained from each patient before treatment.

Radiofrequency Ablation
US-guided percutaneous RFA was performed under local
anesthesia and sedation. Vital signs were continuously monitored
during the procedure. Two of the authors (X.Y. X. and M. K.,
who have 10 and 8 years of experience with RFA, respectively)
performed the ablation. RFA was carried out with the Cool-
tipTM system (Valleylab, Boulder, CO, USA). For conventional
RFA, a 17-gauge internally cooled electrode with a 2- to 3-cm-
long exposed metallic tip was used. Grounding was achieved
by attaching a dispersive pad to each of the patient’s thighs.
Overlapping ablation technique was used, and the generator
was set at the maximum power of 200W in the impedance
automatic mode for 8–12min. For switching RFA, two or three
internally cooled electrodes (Covidien, Boulder, CO) were used,
and two grounding pads were placed on each of the patient’s
thighs. The generator was set at the maximum power of 200W
in the impedance switching mode for 16–24min. The selection
of electrode number and the length of exposed electrode tip
was primarily determined based on tumor size and tumor
location. Generally, two RF electrodes were used for tumors 2.1–
3.0 cm, and three for tumors 3.1–5.0 cm in diameter, with an
interelectrode distance of 1.0–2.0 cm. Regardless of the ablation
with or without a multiple-electrode switching system, the needle
track was carefully treated with the electrode being retracted
by a 1-cm increment to prevent bleeding and tumor seeding.
Contrast-enhanced US was performed immediately after the RFA
procedure in order to obtain complete tumor ablation and a
5-mm safety margin as far as possible.

Evaluation of Treatment Response and
Follow-Up
Local efficacy was assessed by a conventional evaluation modality
of contrast-enhanced CT or MRI performed 1 month after
ablation. According to the CT/MRI results, a response to RFA
was classified as complete or incomplete ablation. Complete
ablation was defined as non-enhancement in the ablated zone
with or without peripheral enhancing rim. Incomplete ablation
was indicated when the tissue was still enhanced at the tumor
site, and additional ablation was given. If the tumor was still
viable after additional ablation, RFA was considered a failure,
and the patient was referred for other therapies. The follow-
up protocol included contrast-enhanced US performed at 3-
month intervals and contrast-enhanced CT performed every
6 months. LTP was defined as the regrowth of the tumor
inside the initially completely ablated nodule. All the ablation-
related complications were classified according to the Society of
Interventional Radiology Reporting Standards for image-guided
tumor ablation (18). The follow-up duration was defined as the
interval between the first RF ablation and either the incidence
of the event or the last visit before December 31, 2018. The
follow-up for survival analysis was terminated at 60 months.
Liver transplantation was censored on the date of surgery.

Statistical Analysis
Statistical analysis was performed using the SPSS 16.0 software
package. A p-value of <0.05 indicated statistical significance.
Continuous data were expressed as the mean ± standard
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FIGURE 1 | Patient flow diagram for analyses.

deviation. The chi-squared test or Fisher exact tests were used
to compare patients’ baseline characteristics. Data on survival
were evaluated by the Kaplan–Meier method. The relationship
between each of the variables and LTP or overall survival (OS)
was estimated by the log-rank test. The variables included age,

sex, presence of hepatitis B or C virus infection, Child–Pugh
class for liver function, alanine aminotransferase, total bilirubin,
albumin, prothrombin time, platelet, serum alpha-fetoprotein,
tumor location (perivascular or subcapsular), tumor size, and
treatment methods. The variables with a p-value of <0.10 in the
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log-rank test were introduced in a multivariate Cox proportional
hazards model. Perivascular HCC was defined as an index tumor
abutting the first- or second-degree branches of a portal or
hepatic vein that are 3mm or greater in diameter. Subcapsular
tumor was defined as an index tumor being <1.0 cm from the
liver capsule.

RESULTS

Patients
Of the 122 eligible patients, 71 (mean age, 55.5 ± 12.2 years;
range, 27–80 years) underwent switching RFA, whereas 51
(mean age, 57.4 ± 13.1 years; range, 27–80 years) underwent
conventional RFA. The tumor sizes were 2.8 ± 0.5 cm (range,
2.1–4.4 cm) in the switching RFA group and 2.8 ± 0.7 cm
(range, 2.1–4.6 cm) in the conventional RFA group. Among 26
perivascular tumors, 18 (69.2%) tumors were abutting portal
vein, 6 (23.1%) abutting hepatic vein, and 2 (7.6%) abutting
inferior vena cava. The baseline clinical characteristics of the two
groups are compared in Table 1. No significant differences were

TABLE 1 | Baseline characteristics of patients with single early-stage HCC.

Characteristics Switching-RFA Conventional RFA P-value

(n = 71) (n = 51)

Gender (male/female) 64/7 41/10 0.125

Age (y)

≤65 58 36 0.150

>65 13 15

Child-Pugh (A/B) 69/2 48/3 0.704

Hepatitis B/C (±) 67/4 48/3 1.000

Serum ALT level

≤40 U/L 46 22 0.018

>40 U/L 25 29

Serum total bilirubin

≤34.2 mg/dl 65 49 0.531

>34.2 mg/dl 6 2

Serum albumin

≤35 g/L 13 16 0.095

>35 g/L 58 35

Prothrombin time

≤14 s 64 37 0.011

>14 s 7 14

Platelet count

≤100 × 109/L 13 20 0.010

>100 × 109/L 58 31

Serum AFP level

≤200 ng/ml 64 36 0.006

>200 ng/ml 7 15

Tumor size

2.1–3.0 cm 50 35 0.832

3.1–5.0 cm 21 16

Perivascular (+/–) 18/53 8/43 0.198

Subcapsular (+/–) 21/50 22/29 0.122

observed between the two groups in sex, age, Child–Pugh class,
presence of hepatitis B/C virus infection, serum total bilirubin,
serum albumin, tumor size, and tumor location (perivascular or
subcapsular tumor), whereas the serum alanine aminotransferase
level, prothrombin time, platelet count, and the serum alpha-
fetoprotein level differed significantly.

Tumor Response
In the switching RFA group, complete ablation was achieved in all
tumors in a single session of RFA (Figure 2). In the conventional
RFA group, complete ablation was achieved in 50 of 51 tumors in
a single session of RFA. One residual tumor reached complete
ablation after additional treatment. The rates of initial local
complete ablation were 100% (71/71) in the switching RFA group
and 98.0% (50/51) in the conventional RFA group (P= 0.418).

Major Complications
No ablation-related death occurred. No major complication was
observed in the switching RFA group, whereas two (2/51, 3.9%)
major complications were observed in the conventional RFA
group. One patient in the conventional RFA group developed
obstructive jaundice as a result of the injury of the bile duct.
The patient received percutaneous transhepatic catheter drainage
and stent placement. Another patient required US-guided
percutaneous gallbladder catheter drainage and antibiotics due
to the acute cholecystitis.

Local Tumor Progression
The overall median follow-up period for all patients was 45.9
months (range, 9.8–60.0months), withmedian follow-up periods
of 43.0 months (range, 9.8–60.0months) and 55.3 months (range,
10.3–60.0 months) for switching RFA group and conventional
RFA group, respectively (p = 0.107). The LTP rate in the
switching RFA group was 19.7% (14/71) vs. 41.2% (21/51) in the
conventional RFA group (p = 0.010). According to the Kaplan–
Meier method, the cumulative LTP rates at 1, 3, and 5 years were
11.3, 20.5, and 20.5% for switching RFA and 17.6, 38.7, and 46.7%
for conventional RFA, respectively (Figure 3). Risk factors for
LTP of HCC were analyzed by the log-rank test, which revealed
that the treatment method was significantly associated with LTP
(p = 0.018). Other factors associated with LTP are described in
Table 2. In a multivariable analysis, the treatment method was
identified as an independent predictor of LTP (HR = 2.209; 95%
CI: 1.123–4.346; p = 0.022) (Table 3). LTP was treated by repeat
RFA (n = 16), ethanol ablation (n = 1), liver transplantation
(n = 1), surgical resection (n = 2), and TACE (n = 1) in the
conventional RFA group, whereas repeat RFA (n = 11), liver
transplantation (n = 1), and surgical resection (n = 2) in the
switching RFA group.

Distant Recurrence
Intrahepatic distant recurrence had occurred in 25 of 71 (35.2%)
patients in the switching RFA group and in 31 of 51 (60.8%)
patients in the conventional RFA group (p= 0.005). Extrahepatic
recurrence was found in 10 of 71 (14.1%) patients in the switching
RFA group and in 11 of 51 (21.6%) patients in the conventional
RFA group (p= 0.280).
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FIGURE 2 | A 39-year-old male patient with HCC who underwent radiofrequency ablation with a multiple-electrode switching system. Pre-ablation CT scans showed

a 2.6-cm tumor (arrowhead) in the segment VIII of the liver in the transverse (A) and coronal (B) view. (C) Ultrasound-guided RFA using the multiple-electrode

switching system was performed with two RF electrodes for 16min. CT scans obtained 1 month after ablation showed that the tumor was completely ablated in the

transverse (D) and coronal (E) view.

Overall Survival Rates
Ten (14.1%) of 71 patients in the switching RFA group and
13 (25.5%) of 51 patients in the conventional group died
during the observation period. The estimated 5-year OS rates
were 75.8% in the switching RFA group and 66.2% in the
conventional RFA group (p = 0.363). Of the factors evaluated
for association with OS in univariate analysis (Table 4), the
following three factors were statistically significant: LTP (p =

0.004), intrahepatic recurrence (p = 0.002), and extrahepatic
recurrence (p = 0.000). Extrahepatic recurrence was found to
be a significant risk factor in the Cox proportional hazards
regression model (hazard ratio = 15.850; 95% CI: 6.169–40.722;
p < 0.001; Table 5).

DISCUSSION

The present study demonstrated that both switching RFA and
conventional RFA achieved satisfactory tumor response for single
HCC, ranging from 2.1 to 5.0 cm. Switching RFA appeared to be
superior in local control of HCC compared with conventional
RFA, whereas similar OS was achieved after both treatments.

Previous studies have reported the LTP rate to be as high
as 40% in patients with early-stage HCC, especially for the
intermediate-sized HCC (19). It has been reported that HCC
micrometastases may still exist as far as 1 cm from the main
tumor, including the small encapsulated tumors (20). Therefore,
at least 0.5 cm of the ablation margin is required for local
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FIGURE 3 | Cumulative LTP survival curves in patients treated with switching RFA or conventional RFA.

TABLE 2 | Univariate analysis of risk factors for local tumor progression of HCC

after ablation.

Variables Local tumor progression P-value

Gender (male) 0.790

Age (>65 years) 0.601

Hepatitis B/C virus infection (+/–) 0.382

Child-Pugh class (A/B) 0.173

Serum ALT level (>40 U/L) 0.438

Serum total bilirubin (>34.2 mg/dl) 0.077

Serum albumin (>35 g/L) 0.089

Platelet count (>100 × 109/L) 0.773

Prothrombin time (>14 s) 0.703

Serum AFP level (>200 ng/ml) 0.962

Tumor size (2.1–3.0/3.1–5.0 cm) 0.598

Perivascular (+/–) 0.129

Subcapsular (+/–) 0.665

Treatment methods (switching/non-switching) 0.018

+, positive; –, negative; ALT, alanine aminotransferase; AFP, alpha-fetoprotein.

ablative therapy (21–23). However, the commonly used RFA
devices show limited ability to create a large ablation zone. To
overcome the limitations of conventional RFA, other techniques,
including microwave ablation (24), expandable RF electrode
(24), and clustered RF electrode (12), have been proposed. In

TABLE 3 | Multivariate analysis of risk factors for local tumor progression of HCC

after ablation.

Variables P-value Risk ratio (95% CI)

Treatment methods 0.022 2.209 (1.123–4.346)

Serum albumin 0.151 NA

Serum total bilirubin 0.096 NA

NA, not applicable.

theory, Microwave ablation is more efficient than RFA and less
influenced by the heat-sink effect. However, the relatively high
complication rate limits its clinical use for the tumor close to
the critical structures. Expandable electrodes can create a large
ablation zone, but it is difficult to see all the time under US-
guided RFA. Multiple-electrode switching RFA system enabled
the creation of significantly larger ablation zones compared
with conventional RFA system with a single-electrode in vivo
experiment study (14). In the present study, the LTP rates
at 1, 3, and 5 years were 11.3, 20.6, and 20.6% in the
switching RFA group, as compared with 17.6, 38.7, and 46.7%
in the conventional RFA group, respectively. Switching RFA
provided a better local tumor control than conventional RFA.
The result was further supported by the multivariate analysis,
which highlighted switching RFA as an independent factor
associated with LTP. Previous studies reported that tumor size
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TABLE 4 | Univariate analysis of risk factors for overall survival of HCC after

ablation.

Variables Overall survival P-value

Gender (male) 0.219

Age (>65 years) 0.334

Hepatitis B/C virus infection(+/–) 0.481

Child-Pugh class (A/B) 0.241

Serum ALT level (>40 U/L) 0.088

Serum total bilirubin (>34.2 umol/L) 0.151

Serum albumin (>35 g/L) 0.451

Platelet count (>100 ×109/L) 0.452

Prothrombin time (>14 s) 0.689

Serum AFP level (>200 ng/ml) 0.197

Tumor size (2.1–3.0/3.1–5.0 cm) 0.798

Perivascular tumor 0.158

Subcapsular 0.114

Treatment methods (switching/non-switching) 0.363

Local tumor progression 0.004

Intrahepatic recurrence (+/–) 0.002

Extrahepatic recurrence (+/–) 0.000

+, positive; –, negative; ALT, alanine aminotransferase; AFP, alpha-fetoprotein.

TABLE 5 | Multivariate analysis of risk factors for overall survival of HCC after

ablation.

Variables P-value Risk ratio (95% CI)

Extrahepatic recurrence 0.000 15.850 (6.169–40.722)

Local tumor progression 0.256 NA

Intrahepatic recurrence 0.337 NA

Serum ALT level 0.532 NA

NA, not applicable.

and tumor location (subcapsular/perivascular location) were two
predisposing factors to LTP of HCC (3, 25, 26). However, no such
correlations were detected in our cohorts.

In the present study, no major complication was observed
in the switching RFA group, whereas two major complications
occurred in the conventional RFA group. As we mentioned
before, the gas induced by the ablation will disturb the reposition
of the electrode. Under such circumstances, we had to count
the scale marks from both electrode and puncture line and tried
to ensure a uniform depth in which a shift of punctate was
inevitable, but it cannot be predicted. The likelihood of injuring
the neighboring vital structure, such as portal branches, biliary
ducts, or gastrointestinal tract, increases. Multiple electrodes
in this new system can be inserted into the predetermined
location, minimizing the possibility of damaging the important
neighboring structure. That could be the reason why no major
complication was observed in the switching RFA group in the
present study. Although the rate of major complications did not
differ between two groups, theoretically, patients may benefit
from the multiple-electrode switching-based RFA, and we believe

that it can be significant between two groups if large cohorts were
analyzed, especially when more large tumors were included.

Interestingly, we found that the LTP rate and the intrahepatic
recurrence rate in the switching RFA group were both lower than
those in the conventional RFA group; however, no significant
differences in OS were observed. Only extrahepatic recurrence
was found to be a significant prognostic factor for OS in
multivariable analysis. The reason could be explained that most
patients with LTP or intrahepatic recurrence were eligible for
rescue treatment. However, the estimated overall 5-year survival
rate in the switching RFA group was higher than that in the
conventional RFA group.

The main limitation of our study is its retrospective nature,
whichmay induce selection bias. Ideally, randomizedmulticenter
controlled clinical trials are needed to provide a complete
evaluation of switching RFA for the treatment of HCC. Second,
it should be made aware that the outcome of the RFA for HCC is
heavily dependent on the expertise of the operators and that we
focused only on patients with a single HCC, which may result in
differences in the prognostic factors for OS.

In conclusion, our findings from this study demonstrate
that the multiple-electrode switching-based RFA is safe and
effective in treating single early-stage hepatocellular carcinoma.
Compared with conventional RFA, switching RFA provides a
high local tumor control for HCC. An ongoing randomized trial
might help to clarify the role of this approach for the treatment
of HCC.
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Objective: To investigate the perfusion features of local recurrence in hepatocellular

carcinoma (HCC) after radiofrequency ablation (RFA) with contrast-enhanced ultrasound

(CEUS) and pathological correlation, as well as to compare with those of initial HCC.

Methods: From 2010 to 2018, 42 patients with recurrent HCC after RFA were enrolled

in this study. The initial HCC patients included 32 males and 10 females with an average

age of 58.2 ± 8.1 years. The CEUS images for initial HCC lesions and local recurrence

after RFA were compared. The perfusion features were analyzed, including enhancement

time, process, boundary, morphology, washout time, washout degree, feeding vessels,

and internal necrosis. H&E staining and CD133/EpCAM staining were performed with

biopsy samples for the stemness study.

Results: According to CEUS, 59.5% of initial HCC lesions had centripetal enhancement,

and 61.9% of recurrent HCC lesions had homogeneous enhancement in the arterial

phase (p < 0.001). A total of 73.8% of initial HCC lesions had well-defined margins

at the peak, and 81.0% of recurrent HCC lesions had poorly defined margins (p <

0.001). A total of 78.6% of initial HCC lesions had regular morphology at the peak,

and 83.3% of recurrent HCC lesions were irregular (p < 0.001). Feeding vessels were

more frequently found in initial HCC lesion (71.4%) than in recurrent HCCs (38.1%, p

= 0.002). In the late phase, 60% of initial HCCs had marked washout while 83.3%

of recurrent HCC lesion had marked washout (p = 0.019). A total of 31.3% of the

initial HCC lesions had internal necrosis areas while only 7.1% of recurrent HCC lesions

had internal necrosis areas (p = 0.035). In tumors 3–5 cm in size, the washout time of

recurrent HCCs was shorter than that of initial HCCs (50.3 ± 13.5 s vs. 75.6 ± 45.8 s,

p = 0.013). Pathological staining showed that the tumor stem cell markers (CD133

and EpCAM) were both highly expressed in recurrent samples compared with initial

tumor samples (CD133+: 19 vs. 5%, p = 0.002; EpCAM+:15 vs. 6%, p = 0.005).
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Conclusions: Recurrent HCC after RFA had more homogeneous enhancement with

a poorly defined border, marked washout, and fewer less feeding vessels and inner

necrosis areas compared to initial HCC. The stemness study also found upregulated

stemness in recurrent HCC. These specific features might be related to the aggressive

biological behavior of recurrent HCC.

Keywords: hepatocellular carcinoma, radiofrequency ablation, recurrence, contrast-enhanced ultrasound, cancer

stem cell

INTRODUCTION

In recent years, radiofrequency ablation (RFA) has been widely
applied to cure cancers, including liver, kidney, and lung
tumors. RFA has been performed as a first-line treatment for
hepatocellular carcinoma (HCC) and patients’ 5-year survival
rates have reached 67.9% (1). Compared to surgical resection,
however, RFA has higher local recurrence rates (2, 3), and the
second RFA treatment becomes more difficult in the case of
large recurrent lesions or recurrent lesions in high-risk locations.
Therefore, the accurate evaluation of local recurrence in HCC is
an important issue for achieving early diagnosis and conducting
timely repeat treatment. Currently, contrast-enhanced computed
tomography (CT) and magnetic resonance imaging (MRI) are
considered the standard modalities for evaluating RFA efficacy
(4, 5). However, CT enhancement involves radioactive radiation,
and it is not feasible to use MRI repeatedly in a short period.
Contrast-enhanced ultrasound (CEUS) imaging is recognized
as the revolution of traditional ultrasound examination and
can overcome several limitations of conventional grayscale and
color ultrasound techniques (6). Unlike enhanced CT and MRI,
CEUS is able to demonstrate dynamic changes in hepatic blood
flow in real time (6–10). Furthermore, CEUS provides visible
information on the vascular density and structures of lesions and
liver tissue (11).

Studies assessing the histopathological features of primary

HCC with the perfusion pattern of CEUS are increasing (12–
14). Fan et al. (12) showed that ∼98% of primary HCC

had enhancement in the arterial phase and portal phase with

CEUS findings. Wilson et al. (15) reported that washout
at parenchymal phase or late phase was another important

diagnostic clue for HCC. Based on clinical diagnostic criteria,

primary HCC can be diagnosed when the lesion has fast in

and fast out features in enhanced images. However, reports
on the perfusion features of CEUS in terms of the local

recurrence of HCC after local ablation are rare. Recent studies
have demonstrated that incomplete RFA of HCC can initiate

malignant transition (16, 17). It is not clear whether local

recurrent HCC after RFA has specific perfusion characteristics
and pathological changes compared to initial tumors. Thus, this
study aimed to investigate the difference in CEUS characteristics
and pathological features between local recurrent HCC after RFA
treatment and initial HCC and to summarize the specific features
of recurrent HCC. The results might provide more information
about biological behavior after local recurrence and advice for
appropriate treatment.

MATERIALS AND METHODS

Patients
From 2010 to 2018, 1,118 consecutive HCC patients received
ultrasound-guided percutaneous RFA treatment in our center.
The inclusion criteria of liver tumors for ultrasound-guided
percutaneous RFA (local curative purpose) were as follows: (1)
a tumor size of no more than 5 cm and a tumor number
of no more than 3; (2) no direct tumor invasion of adjacent
organs or tumor thrombi in the main or lobar portal system;
(3) a tumor not invading a main bile duct or being obviously
exophytic; (4) a tumor accessible via a percutaneous approach;
(5) an international standard ratio < 1.6 and a platelet count
> 50,000/µl; and (6) no extrahepatic metastasis or local
extrahepatic metastasis with good control before RFA.

After RFA treatment, the patients received close follow-
up. During the follow-up period, 66 patients were diagnosed
with local recurrence after RFA. The inclusion criteria for this
study were as follows: (1) the patients had local recurrent
HCC after RFA in our center; (2) the patients received CEUS
examinations for both initial HCC and recurrent HCC tumors;
and (3) the initial tumor or recurrent tumor was not treated
by previous therapies such as TACE, radiotherapy, or PEI in 1
month before CEUS examination. Regularly, the HCC patients
underwent enhanced CT/MRI in the first month after RFA. The
enhanced area around or within the ablation zone was defined
as residual tumor at the initial evaluation. Then, the patients with
residual tumors would receive the second RFA or other therapies.
Furthermore, the patients who had completely sufficient ablation
continued the follow-up protocol. The enhanced area around or
within the ablation zone during follow-up was defined as local
recurrence. Finally, 42 patients who met the inclusion criteria
were enrolled in this study: 32 males and 10 females with an
average age of 58.2 ± 8.1 years old (range: 35–80 years old).
Initial HCC and local recurrent lesions were diagnosed by biopsy
(which included 17 initial HCC cases and 13 recurrent HCC
cases) and clinical diagnosis (nodule size ≥1 cm, two kinds of
imaging modalities with a typical enhanced performance, which
included 25 initial HCC cases and 29 recurrent HCC cases).
Among them, 11 patients underwent biopsy for both initial HCC
and recurrent HCC.

Ultrasound Equipment
Low mechanical index (MI) and real-time contrast-enhanced
harmonic ultrasound examination were performed in this
study. The contrast-enhanced agent was SonoVue (Bracco
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SpA, Italy) suspension, which contained 6.07 mg/ml sulfur
hexafluoride (SF6) stabilized by a phospholipid shell
(microbubble concentration: 5 mg/ml). The mean diameter
of the microbubbles was 2.5µm. The SonoVue suspension
was administered through the cubital vein by bolus injection
(2ml in 1–3 s). The GE LOGIQ E9 ultrasound system (General
Electric, Milwaukee, WI, USA) was used for this study. The
probe frequency ranged from 2.5 to 6.0 MHz. The MI used in
CEUS scanning ranged from 0.11 to 0.14.

CEUS Examination Method
First, the liver was scanned with conventional grayscale
ultrasound to identify the lesions’ number and location. The
size, morphology, border, echogenicity, echotexture, and flow
features of the lesions were observed. Then, the examination was
switched to a low-MI harmonic pulse-inversion CEUS mode.
After injection of the contrast agent, the lesions were scanned
continually for a duration of 5–6min. The enhancement pattern
and washout degree of the lesions were noted and recorded. After
acquiring the vascular perfusion information for the target lesion,
the whole liver was scanned quickly to detect abnormal washout
lesions. The abnormal washout lesions required repeat injection
of contrast agent if necessary. CEUS dynamic clips and single-
frame static images were stored in an ultrasonic instrument hard
disk for further analysis.

Imaging Analysis
All CEUS images and clips were reviewed retrospectively, and
the perfusion patterns of CEUS were analyzed by two radiologists
with more than 10 years of experience in liver CEUS (W. J. Y. and
Y. W.). The blinded radiologists read the CEUS imaging results,
without the information of the pathologic and clinical materials.
The two radiologists would discuss and make an agreement
in each case. The perfusion features between the two groups
were compared.

Based on our definition, the arterial phase of CEUSwas started
with enhancement in the hepatic artery. The peak occurred
when the lesion reached its highest echogenicity. The late phase
referred to the whole liver parenchyma, reached the highest
level of enhancement and was gradually washed out. The CEUS
examination time for one injection was 5–6min. The CEUS
features of the liver lesions included enhancement in the arterial
phase, the presence of a feeding artery, lesion margins and
morphology at the peak of enhancement, the washout degree in
the late phase, and the presence of necrosis areas inside the lesion.

Centripetal enhancement was defined as the first
enhancement of the lesion in the periphery and then a
gradual filling toward the center. Centrifugal enhancement was
defined as the first enhancement of the lesion in the center,
gradually reaching the periphery. Homogeneous enhancement
referred to the rapid enhancement of the entire lesion and
showed a significant increase in echogenicity compared to the
same level of liver tissue. A well-defined margin was defined
as a distinct difference between the lesion and the surrounding
liver. Marked washout was defined as a lesion with almost no
enhancement or mostly washed out contrast agent within 2min
after contrast injection (18). A feeding vessel was identified in

the arterial phase when contrast flowed directly through the
vessel from the hepatic hilum to the lesion. Internal necrosis
was considered if no contrast agent entered the area from the
arterial to the late phase. Regular lesions had a round shape with
well-defined margins.

Phase of Enhancement

The enhancement pattern should be described separately for the
different phases, which for the liver comprise the arterial, portal
venous, and the late phases. “Wash in” used for both qualitative
and quantitative analyses, referred to the period of progressive
enhancement within a region of interest from the arrival of
microbubbles in the field of view to “peak enhancement,” which
referred to the arterial phase in this study. The “washout phase”
referred to the period of reduction in enhancement that followed
peak enhancement, which referred to portal phase to the late
phase (19).

Time–Intensity Curve Analysis
Time–intensity curve (TIC) analysis was performed as a
quantitative tool to analyze the difference between the initial
HCC and recurrent HCC lesions. The stored DICOM data
were evaluated using the built-in TIC analysis software of the
LOGIQ E9 system (GE, USA). A region of interest (ROI), mainly
including the liver lesion, was selected to obtain the TIC. The
ROI sampling frame was chosen in lesions around the central and
liver tissues as same a depth as possible to avoid the great vessels
and tumor necrosis area. The enhanced time was calculated from
the time of contrast agent injection to the contrast agents arrived
lesions. The peak time was considered from the contrast agents
injected to the contrast agent reaching the maximum level. The
washout time referred to lesions with echo intensities lower than
the time needed for the liver parenchyma.

Pathological Evaluation
Eleven patients underwent biopsy for initial HCC before RFA
and for recurrent HCC after RFA. Pathological specimens were
fixed in formalin and were routinely processed and embedded
in paraffin. All tumor slices were subjected to hematoxylin and
eosin (H&E) staining for gross pathologic examination. CD133
and EpCAM are regarded as important surface markers of
cancer stem cells in HCC (20). CD133 (allophycocyanin,Miltenyi
Biotec) and EpCAM (fluorescein isothiocyanate, Stem cell
Technologies) immunofluorescent (IF) staining were performed
for tumor stemness evaluation. The stained slices were reviewed
by an experienced pathologist. Slides were imaged and analyzed
by using a microscope (Olympus BX41, Olympus, Japan) and
imaging software (Micron; Westover Scientific). The temporal
evolution of cellular morphology and the spatial distribution of
protein expression were determined first. Quantitative analysis
was performed by accounting for the percentage of positively
stained cells per high-powered field within the tumor zone. Five
random high-powered fields were analyzed for aminimum of five
specimens for each marker and were scored in a blinded fashion
to remove observer bias. The percentage of CD133/EpCAM-
positive cells was evaluated with pathological initial HCC and
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recurrent HCC samples and was compared to observe the
changes after RFA treatment.

Statistical Analysis
All data are expressed as the mean ± standard deviation.
The significance of differences in the baseline characteristics,
enhancement patterns, ITC parameters, and pathological results
were compared by the chi-squared test or independent-sample t-
test. Statistical significance was defined as a p-value < 0.05. All
data analysis was performed by using SPSS statistical software
24.0 (SPSS, Chicago, IL, USA).

RESULTS

General Features
The enrolled HCC patients included 32 males and 10 females
with an average age of 58.2 ± 8.1 years (35–80 years) and an
average lesion size of 3.1 ± 1.3 cm (1.0–5.0 cm). There were
38 patients with solitary lesions, and four had multiple lesions.
The largest tumor was used to evaluate the CEUS features. The
etiologies of liver disease included hepatitis B in 34 patients,
hepatitis C in 4, alcoholic liver disease in 2, and absence of
liver disease in 2. Of them, 31 (73.8%) patients had abnormal
serum ALT/AST levels, and 15 (35.7%) patients had elevated
AFP levels before RFA treatment. Thirty (71.4%) patients had
Child-Pugh class A and 12 (28.6%) had class B. During the
follow-up, these recurrent tumors occurred 2–65 months after
initial RFA. With the exception of the tumor size, there was no
significant difference in other clinical characteristics between the
initial HCC and recurrent HCC groups (Table 1).

Comparison of CEUS Perfusion Features
Of the 42 initial HCCs, all tumors had arterial phase
enhancement, and 40 tumors had washout in the portal phase
or late phase. On the other hand, all 42 recurrent HCC lesions
showed arterial phase enhancement and washout in the portal
phase or late phase. The comparison of CEUS findings is
summarized in Table 2. In the arterial phase of CEUS, 59.5%
of the initial HCC lesions showed centripetal enhancement,
while 61.9% of the recurrent HCC lesions showed homogeneous
enhancement (p < 0.001). At the peak, 73.8% of the initial
HCC lesions had well-circumscribed margins, while 81.0% of
the recurrent HCC lesions had poorly defined margins (p <

0.001). A total of 78.6% of the initial HCC lesions had regular
morphology at the peak, while 83.3% of the recurrent HCC
lesions were irregular (p < 0.001). Feeding vessels were more
frequently visualized in initial HCC lesions (71.4%) than in
recurrent HCC lesions (38.1%, p = 0.002). In the portal phase or
late phase, 60% of initial HCCs had marked washout while 83.3%
of recurrent HCCs had marked washout (p = 0.019). Thirty-one
percent of the initial HCCs had internal necrosis areas, while only
7.1% of recurrent HCCs had internal necrosis areas (p = 0.035)
(Figures 1, 2).

TABLE 1 | The basic characteristics of initial HCC and recurrent HCC patients.

Varies Initial HCC Recurrent HCC p-value

No. of patients 42 42

Gender 1.0

Male 32 (76.2) 32 (76.2)

Female 10 (23.8) 10 (23.8)

Age

Mean 58.2 ± 8.1 58.7 ± 7.9 0.875

≤60 years 25 (59.5) 23 (54.8) 0.659

>60 years 17 (40.5) 19 (45.2)

Tumor size*

Mean 3.1 ± 1.3 2.5 ± 1.0 0.012

≤3 cm 20 (47.6) 31 (73.8) 0.014

3.1–5 cm 22 (52.4) 11 (26.2)

Etiology of liver disease 0.776

HBV 34 (81.0) 35 (83.3)

HCV 4 (9.5) 4 (9.5)

Alcoholic liver 2 (4.8) 2 (4.8)

Absence of liver disease 2 (4.8) 1 (2.4)

Liver cirrhosis 0.763

None 7 (16.7) 6 (14.3)

Yes 35 (83.3) 36 (85.7)

Serum ALT/AST 0.474

Normal 31 (73.8) 28 (66.7)

Elevated 11 (26.2) 14 (33.3)

Child–Pugh class 0.355

Child-push A 30 (71.4) 26 (61.9)

Child-push B 12 (28.6) 16 (38.1)

Serum AFP level 0.818

≤20 ng/ml 27 (64.3) 28 (66.7)

>20 ng/ml 15 (35.7) 14 (33.3)

HCC, hepatocellular carcinoma; HBV, hepatitis B virus; HCV, hepatitis C virus; ALT,

alanine aminotransferase; AST, aspartate transaminase; AFP, alpha-fetoprotein. Numbers

in parentheses are percentages.

*Statistically significant.

Comparison of CEUS Quantitative
Parameters
Quantitative analysis of the TIC showed that there was no
significant difference between initial HCC and recurrent HCC
lesions in terms of enhancement time (16.5 ± 3.3 s vs. 17.4 ±

3.1 s, p = 0.256), peak time (23.7 ± 4.6 s vs. 24.4 ± 5.0 s, p =

0.384), and washout time (74.7 ± 38.6 s vs. 58.4 ± 18.5 s, p =

0.186). We further divided cases into two subgroups based on
tumor size. In <3 cm tumors, there was no significant difference
in TIC parameters between initial HCC and recurrent HCC
lesions (p = 0.084, p = 0.913, and p = 0.076). In tumors 3–
5 cm in size, the washout time in recurrent HCCs was shorter
than that in initial HCCs (50.3 ± 13.5 s vs. 75.6 ± 45.8 s,
p= 0.013) (Table 3).
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TABLE 2 | The comparison of the perfusion features of CEUS between initial and recurrent HCC tumors.

Perfusion features Initial

HCC

Recurrent

HCC

p-value

Arterial phase

Enhancement 42 (100) 42 (100) 1.0

Enhance process* <0.001

Centrifugal 4 (9.5) 4 (9.5)

Centripetal 25 (59.5) 6 (14.3)

Homogeneous 8 (19.0) 26 (61.9)

Others 5 (11.9) 6 (14.3)

Morphology at peak* <0.001

Regular 33 (78.6) 7 (16.7)

Irregular 9 (21.4) 35 (83.3)

Margin at peak* <0.001

Well defined 31 (73.8) 8 (19.0)

Poor defined 11 (26.2) 34 (81.0)

Feeding vessels* 0.002

Yes 30 (71.4) 16 (38.1)

No 12 (28.6) 26 (61.9)

PV or late phase

Washout 40# (95.2) 42 (100) 0.494

Degree of washout* Marked 24 (60.0) 35 (83.3) 0.019

Mild 16 (40.0) 7 (16.7)

Inner necrosis area* 0.035

Yes 10 (31.3) 3 (7.1)

No 32 (68.7) 39 (92.9)

CEUS, contrast-enhanced ultrasound; HCC, hepatocellular carcinoma; PV, portal vein. Numbers in parentheses are percentages.

* Statistically significant.
# Two initial HCCs showed no marked or mild washout in the PV or late phase.

Pathological Results
The HE staining results of HCC samples demonstrated that a
more intensive cell distribution was detected in the recurrent
HCC than in the initial tumor in the same patient (Figure 3A).
Moreover, IF staining showed that the tumor stem cell
markers CD133 and EpCAM were both highly expressed in
recurrent samples compared with the expression in initial tumors
(CD133+: 19 vs. 5%, p = 0.002; EpCAM+:15 vs. 6%, p = 0.005)
(Figure 3B).

DISCUSSION

RFA, along with surgical resection and liver transplantation,
has been recognized as one of the radical therapies for HCC,
especially for small HCC. However, regardless of technical
success, local tumor recurrence affects long-term survival after
radical treatment (3, 21). In our center, the local recurrence rate
of HCC after RFA in 10 years was 13.8% (21). The mechanisms
of malignant behaviors from recurrent HCC after RFA have
been increasingly reported (22). Early detection and diagnosis
of local recurrence in HCC patients’ follow-up have become
important issues (5, 9, 23–26). A previous study (27) indicated
that isoenhancement in all vascular phase patterns on CEUS was

found in >50% of recurrent lesions, indicating a high risk of
HCC. This suggests that recurrent lesions may be different from
initial HCC lesion in terms of perfusion patterns. However, the
comparison between initial HCC and recurrent HCC of CEUS
performance has not been yet reported.

As previously reported, the performance of HCC is mainly
fast-in and fast-out on CEUS and dynamically enhanced CT
images (28, 29). Microvascular density in recurrent disease is
significantly higher on CEUS evaluation than on CECT/MRI
(p < 0.05) (9). Recurrent tumors have the characteristics of
incipient lesions. Our study showed that all local recurrent lesions
had different levels of enhancement, and all were consistent
with the characteristics of malignant performance. However, the
artery-portal phase enhancement and late washout pattern were
not sufficient to assess the characteristics of recurrence after
RFA treatment.

In our study, we analyzed in more detail the CEUS
performance for recurrent HCC after RFA and compared it
with that for initial HCC before treatment. The results showed
the unique performance of the enhancement process, pattern,
lesion border, internal necrosis, and feeding vessels. Reported
animal studies have showed that thermal ablation promotes a
large degree of blood sinus expansion surrounding the ablation
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FIGURE 1 | A 65-year-old man was diagnosed with HCC. The patient had a 30-year history of hepatitis B. The contrast-enhanced ultrasound (CEUS) showed a

single lesion measuring 4.1 × 3.6 cm in size (+) enhanced at arterial phase (A), and the mild washout in lesion was found at the late phase ( ) (B). The patient received

ultrasound-guided radiofrequency ablation (RFA) treatment (C). Eleven months after RFA, there was an irregular enhancement ( ) around the ablation zone (⋆), and

marked washout at the late phase ( ) (D,E). The local recurrence after RFA was also demonstrated at enhanced MRI ( ) (F).

area and results in microvascular structure disorder hyperplasia.
Kong et al. reported (16) that angiogenesis produced by altered
cells after hyperthermia treatment through the HIF1α/VEGFA
pathway could be one of the vital factors causing the rapid growth
of residual HCC after RFA. With the wide application of CEUS
in the clinic, especially the application of microvascular flow
imaging (30, 31), Kang et al. demonstrated (31) significantly
higher sensitivity and accuracy than color Doppler imaging
and power Doppler imaging for the detection of intratumoral
vascularity in suspected residual or recurrent HCCs. Benefiting
from our center’s regular follow-up after RFA treatment, local
tumor recurrence can be found in the earlier stage. Therefore,
the tumor size in the recurrent HCC group was smaller than that
in the initial HCC group. The difference in tumor size might
partly be attributed to the different patterns of blood perfusion
on CEUS imaging. The tumor was larger, and the frequency
of the feeding artery was increased. The absence of feeding
vessels between initial HCC and recurrent HCC was significantly
different (p = 0.002). Additionally, 31.3% of the initial HCC
lesions had internal necrosis areas, while only 7.1% of recurrent

HCC had internal necrosis areas (p = 0.035). Accordingly,
in the arterial phase, the enhancement process was different
[initial HCC group: centripetal (59.5%), recurrent HCC group:
homogeneous (61.9%), p < 0.001].

In addition to tumor size, incomplete RFA enhanced the
invasiveness and metastasis of residual cancer in HCC cells (17,
32). The aggressive biological behavior of recurrent tumors might
cause poorly defined margins and irregular lesions on CEUS.
In the diagnostic algorithm for focal liver lesions on CEUS,
washout was an important feature and was highly suggestive
of malignancy. Kitao et al. (33) reported that during multistep
hepatocarcinogenesis, the drainage vessels of HCC changed from
hepatic veins to hepatic sinusoids, and then to portal veins in the
course of dedifferentiation. They (33) suggested that the drainage
vessels of HCC changed from hepatic veins to hepatic sinusoids,
which may be correlated with the onset of tumor washout on
CEUS. Accordingly, when the hepatic sinusoids became the main
drainage vessels, late washout occurred. In advanced lesions, the
portal veins became the main drainage vessels, and fast washout
was frequently seen. Our study showed that the washout time
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FIGURE 2 | A 59-year-old man was diagnosed with HCC. The CEUS showed a single lesion (+) enhanced at arterial phase (A), and the mild washout in the lesion

was found at the late phase ( ) (B). The patient received ultrasound-guided RFA treatment (C). One month after treatment, there was no residual tumor on MR

imaging ( ) (D). Thirteen months after RFA, there were irregular nodules enhanced (+) at the upper edge of the ablation zone (⋆) (E). Mild washout was found at the

late phase ( ) (F). The second RFA for this recurrent HCC was performed under ultrasound guidance (G). Immediate CEUS after RFA treatment showed that there was

no enhancement in the ablation zone (⋆) (H).

TABLE 3 | The comparison of the quantitative parameters of TIC between initial HCC and recurrent HCC tumors.

Group Tumor size: 1.0–3.0 cm Tumor size: 3.1–5.0 cm

n ET (s) PT (s) WT (s) n ET (s) PT (s) WT (s)*

Initial HCC 20 15.8 ± 4.1 23.2 ± 5.3 74.1 ± 39.7 22 17.4 ± 3.7 24.6 ± 5.8 75.6 ± 45.8

Recurrent HCC 31 18.1 ± 3.7 24.3 ± 4.2 63.8 ± 29.1 11 17.0 ± 4.0 24.5 ± 5.3 50.3 ± 13.5

p value — 0.084 0.913 0.076 — 0.925 0.874 0.013

TIC, time–intensity curve; HCC, hepatocelluar carcinoma; ET, enhance time; PT, peak time; WT, washout time.

*Statistically significant.

in recurrent HCCs was shorter than that in initial HCCs with
a tumor size of 3–5 cm (50.3 ± 13.5 s vs. 75.6 ± 45.8 s, p =

0.013) and the marked washout rate was higher in recurrent
HCCs (83.3 vs. 60%, p = 0.019), which is consistent with
previous studies. The clinical significance of our CEUS study on
recurrent HCC was as follows: first, a summary of the perfusion
features of recurrent HCC on CEUS would help to differentiate
diagnosis between recurrent HCC and other diseases, such as
inflammatory reactions. Second, investigating the difference in
perfusion features of recurrent HCC compared with initial HCC
would help to understand the biological behavior of recurrent
HCC. Third, identifying the tumor range and feeding vessels also
provided useful information to plan the treatment protocol for
local therapy.

Additionally, we found that the tumor stem cell markers
(CD133 and EpCAM) were both highly expressed in recurrent
HCCs compared with initial HCCs (CD133+: 19 vs. 5%, p
= 0.002; EpCAM+: 15 vs. 6%, p = 0.005). These results
provide a reference for clinical practice. According to a previous
study (26), the expression levels of basic fibroblast growth
factor in recurrent HCC were significantly higher than those
in non-recurrent HCC (p < 0.05) and were associated with
HCC recurrence after RFA. Thus, the biological behavior of
recurrent HCCs is more aggressive than that of primary
HCCs. It would be more difficult to treat recurrent lesions
with local ablation. Additionally, the safety ablation margins
should have been larger when we performed the second
RFA session.
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FIGURE 3 | Pathological results. Tumor samples obtained from initial and

recurrent HCC patients treated with RFA were examined by H&E staining. H&E

staining showed the more intensive cell distribution detected in recurrent HCC

compared with the initial tumor in the same patient (A). Immunofluorescence

staining was used for detecting the expression of CD133 and EpCAM in HCC

tumor samples (B). Positive cells were stained with green signal; nuclei were

stained with DAPI (Blue). Magnification: 400×.

There were some limitations in our study. First, the
study was retrospective with some inevitable bias due to a
single center. Second, recurrent tumors in difficult locations
might have been missed by CEUS because of the inherent
limitation of CEUS examination. In addition, due to the small
sample size, we did not further analyze the degree of HCC
differentiation or the local recurrence time (early recurrence
vs. late recurrence). The local recurrence rate after RFA in
our center was low. More patient data need to be collected in
further studies.

In conclusion, recurrent HCC after RFA had more
homogeneous enhancement, a poorly defined border, marked
washout, and fewer feeding vessels and inner necrosis areas.
These specific perfusion features might reflect the aggressive
biological behavior and higher expression of cancer stem cell
markers in recurrent HCC. Additionally, the analysis of CEUS
findings for local recurrence after RFA would be useful for
the differential diagnosis between inflammatory reaction and
tumor recurrence as well as for identifying recurrence early.
Furthermore, the perfusion feature in local recurrence of HCC
would help to design optimal treatment strategies.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/supplementary material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the institutional review board of Peking University
Cancer Hospital. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

WW and KY performed the patient’s CEUS examinations. J-YW,
X-MB, and WY helped to design the study and reviewed the
images and performed the statistical analysis. HW and SW
organized and analyzed the imaging database. J-YW, X-MB,
and QX wrote the first draft of the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was funded by the National Natural Science
Foundation of China (Nos. 81773286 and 81971718) and Capital
Medical Development Program (No. 2018-2-2154).

ACKNOWLEDGMENTS

We sincerely thank all participants in the study for
their cooperation.

REFERENCES

1. Lee DH, Lee JM, Lee JY, Kim SH, Yoon JH, Kim YJ, et al.

Radiofrequency ablation of hepatocellular carcinoma as first-Line

treatment: long-term results and prognostic factors in 162 patients

with cirrhosis. Radiology. (2014) 270:900–9. doi: 10.1148/radiol.13

130940

2. Ueno M, Hayami S, Shigekawa Y, Kawai M, Hirono S, Okada K,

et al. Prognostic impact of surgery and radiofrequency ablation

on single nodular HCC ≤5 cm: cohort study based on serum

HCC markers. J Hepatol. (2015) 63:1352–9. doi: 10.1016/j.jhep.201

5.07.013

3. Rahbari NN, Mehrabi A, Mollberg NM, Muller SA, Koch M, Buchler MW,

et al. Hepatocellular carcinoma: current management and perspectives for the

future. Ann Surg. (2011) 253:453–69. doi: 10.1097/SLA.0b013e31820d944f

4. Shimizu R, Tamai H, Mori Y, Shingaki N, Maeshima S, Nuta J, et al.

The arterial tumor enhancement pattern on contrast-enhanced computed

tomography is associated with primary cancer death after radiofrequency

ablation for small hepatocellular carcinoma. Hepatol Int. (2016) 10:328–39.

doi: 10.1007/s12072-015-9678-1

5. Zheng SG, Xu HX, Lu MD, Xie XY, Xu ZF, Liu GJ, et al. Role

of contrast-enhanced ultrasound in follow-up assessment after ablation

for hepatocellular carcinoma. World J Gastroenterol. (2013) 19:855–65.

doi: 10.3748/wjg.v19.i6.855

Frontiers in Oncology | www.frontiersin.org 8 August 2020 | Volume 10 | Article 146430

https://doi.org/10.1148/radiol.13130940
https://doi.org/10.1016/j.jhep.2015.07.013
https://doi.org/10.1097/SLA.0b013e31820d944f
https://doi.org/10.1007/s12072-015-9678-1
https://doi.org/10.3748/wjg.v19.i6.855
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Wu et al. Contrast-Enhanced Ultrasound of Recurrent HCC

6. Rennert J, Wiesinger I, Beyer LP, Schicho A, Stroszczynski C, Wiggermann

P, et al. Color coded perfusion analysis and microcirculation imaging

with contrast enhanced ultrasound (CEUS) for post-interventional

success control following thermal ablative techniques of primary and

secondary liver malignancies. Clin Hemorheol Microcirc. (2019) 73:73–83.

doi: 10.3233/CH-199224

7. Feng Y, Qin XC, Luo Y, Li YZ, Zhou X. Efficacy of contrast-

enhanced ultrasound washout rate in predicting hepatocellular

carcinoma differentiation. Ultrasound Med Biol. (2015) 41:1553–60.

doi: 10.1016/j.ultrasmedbio.2015.01.026

8. Wiesinger I, Wiggermann P, Zausig N, Beyer LP, Salzberger B, Stroszczynski

C, et al. Percutaneous treatment of malignant liver lesions: evaluation of

success using contrast- enhanced ultrasound (CEUS) and perfusion software.

Ultraschall Med. (2018) 39:440–7. doi: 10.1055/s-0043-119353

9. Liu LF, Ding ZL, Zhong JH, Li HX, Liu JJ, Li H. Contrast-enhanced

ultrasound to monitor early recurrence of primary hepatocellular

carcinoma after curative treatment. BioMed Res Int. (2018) 2018:1–8.

doi: 10.1155/2018/8910562

10. Liu LN, Xu HX, Zhang YF, Xu JM. Hepatocellular carcinoma after ablation:

the imaging follow-up scheme. World J Gastroenterol. (2013) 19:797–801.

doi: 10.3748/wjg.v19.i6.797

11. Wiesinger I, Beyer LP, Zausig N, Verloh N, Wiggermann P, Stroszczynski C,

et al. Evaluation of integrated color-coded perfusion analysis for contrast-

enhanced ultrasound (CEUS) after percutaneous interventions for malignant

liver lesions: first results. Clin Hemorheol Microcirc. (2018) 69:59–67.

doi: 10.3233/CH-189131

12. Fan ZH, Chen MH, Dai Y, Wang YB, Yan K, Wu W, et al. Evaluation of

primary malignancies of the liver using contrast-enhanced sonography:

correlation with pathology. Am J Roentgenol. (2006) 186:1512–9.

doi: 10.2214/AJR.05.0943

13. Ogawa S, Kumada T, Toyoda H, Ichikawa H, Kawachi T, Otobe K, et al.

Evaluation of pathological features of hepatocellular carcinoma by contrast-

enhanced ultrasonography: comparison with pathology on resected specimen.

Eur J Radiol. (2006) 59:74–81. doi: 10.1016/j.ejrad.2006.02.003

14. Von Herbay A, Vogt C, Westendorff J, Haussinger D, Gregor M. Correlation

between SonoVue enhancement in CEUS, HCC differentiation and HCC

diameter: analysis of 130 patients with hepatocellular carcinoma (HCC).

Ultraschall Med. (2009) 30:544–50. doi: 10.1055/s-0028-1109745

15. Wilson SR, Burns PN. An algorithm for the diagnosis of focal liver masses

using microbubble contrast-enhanced pulse-inversion sonography. Am J

Roentgenol. (2006) 186:1401–12. doi: 10.2214/AJR.04.1920

16. Kong J, Kong J, Pan B, Ke S, Dong S, Li X, et al. Insufficient

radiofrequency ablation promotes angiogenesis of residual hepatocellular

carcinoma via HIF-1alpha/VEGFA. PLoS ONE. (2012) 7:e37266.

doi: 10.1371/journal.pone.0037266

17. Zhang N, Wang L, Chai ZT, Zhu ZM, Zhu XD, Ma DN, et al. Incomplete

radiofrequency ablation enhances invasiveness and metastasis of residual

cancer of hepatocellular carcinoma cell HCCLM3 via activating beta-catenin

signaling. PLoS ONE. (2014) 9:e115949. doi: 10.1371/journal.pone.0115949

18. CEUS LI-RADS R© v2017. Available online at: https://www.acr.org/Clinical-

Resources/Reporting-and-Data-Systems/LI-RADS/CEUS-LI-RADS-v2017

(accessed September 12, 2017).

19. Claudon M, Dietrich CF, Choi BI, Cosgrove DO, Kudo M, Nolsøe CP, et al.

Guidelines and good clinical practice recommendations for contrast enhanced

ultrasound (CEUS) in the liver –update 2012. Ultraschall Med. (2013) 34:11–

29. doi: 10.1016/j.ultrasmedbio.2012.09.002

20. Jang JW, Song Y, Kim SH, Kim JS, Kim KM, Choi EK, et al.

CD133 confers cancer stem-like cell properties by stabilizing EGFR-

AKT signaling in hepatocellular carcinoma, Cancer Lett. (2017) 389:1–10.

doi: 10.1016/j.canlet.2016.12.023

21. Yang W, Yan K, Goldberg SN, Ahmed M, Lee JC, Wu W, et al. Ten-

year survival of hepatocellular carcinoma patients undergoing radiofrequency

ablation as a first-line treatment.World J Gastroenterol. (2016) 22:2993–3005.

doi: 10.3748/wjg.v22.i10.2993

22. Zhang R, Ma M, Lin XH, Liu HH, Chen J, Chen J, et al. Extracellular

matrix collagen I promotes the tumor progression of residual

hepatocellular carcinoma after heat treatment. BMC Cancer. (2018) 18:901.

doi: 10.1186/s12885-018-4820-9

23. Liu M, Lin MX, Lu MD, Xu ZF, Zheng KG, Wang W, et al. Comparison

of contrast-enhanced ultrasound and contrast-enhanced computed

tomography in evaluating the treatment response to transcatheter

arterial chemoembolization of hepatocellular carcinoma using modified

RECIST. Eur Radiol. (2015) 25:2502–11. doi: 10.1007/s00330-015-

3611-9

24. Zhong J, Su Z, Zhang Y, Zhang H. Contrast-enhanced ultrasonography

versus contrast-enhanced computed tomography for assessment of

residual tumor from hepatocellular carcinoma treated with transarterial

chemoembolization: a meta-analysis. J Ultrasound Med. (2018) 37:1881–90.

doi: 10.1002/jum.14534

25. Zhou G, Cai ZQ, Luo J, Hu ZX, Luo H, Wu H, et al. Prognostic value

of enhancement rate by enhanced ultrasound in hepatitis B virus-positive

hepatocellular carcinoma undergoing radiofrequency ablation. Asia Pac J Clin

Oncol. (2019) 15:238–43. doi: 10.1111/ajco.13157

26. Gao Y, Zheng DY, Cui Z, Ma Y, Liu YZ, Zhang W. Predictive value

of quantitative contrast-enhanced ultrasound in hepatocellular carcinoma

recurrence after ablation. World J Gastroenterol. (2015) 21:10418–26.

doi: 10.3748/wjg.v21.i36.10418

27. Leoni S, Piscaglia F, Granito A, Borghi A, Galassi M, Marinelli S, et al.

Characterization of primary and recurrent nodules in liver cirrhosis using

contrast-enhanced ultrasound: which vascular criteria should be adopted?

Ultraschall Med. (2013) 34:280–7. doi: 10.1055/s-0033-1335024

28. Egger C, Goertz RS, Strobel D, Lell M, Neurath MF, Knieling F, et al. Dynamic

contrast-enhanced ultrasound (DCE-US) for easy and rapid evaluation of

hepatocellular carcinoma compared to dynamic contrast-enhanced computed

tomography (DCE-CT)–a pilot study. Ultraschall Med. (2012) 33:587–92.

doi: 10.1055/s-0032-1325545

29. Goetti R, Reiner CS, Knuth A, Klotz E, Stenner F, Samaras P, et al.

Quantitative perfusion analysis of malignant liver tumors: dynamic computed

tomography and contrast-enhanced ultrasound. Invest Radiol. (2012) 47:18–

24. doi: 10.1097/RLI.0b013e318229ff0d

30. Bae JS, Lee JM, Jeon SK, Jang S. Comparison of microflow imaging with

color and power Doppler imaging for detecting and characterizing blood

flow signals in hepatocellular carcinoma. Ultrasonography. (2020) 39:85–93.

doi: 10.14366/usg.19033

31. Kang HJ, Lee JM, Jeon SK, Ryu H, Han JK. Microvascular flow

imaging of residual or recurrent hepatocellular carcinoma after transarterial

chemoembolization: comparison with color/power doppler imaging. Kor J

Radiol. (2019) 20:1114–23. doi: 10.3348/kjr.2018.0932

32. Tan L, Chen S, Wei G, Li Y, Liao J, Jin H, et al. Sublethal heat

treatment of hepatocellular carcinoma promotes intrahepatic metastasis and

stemness in a VEGFR1-dependent manner. Cancer Lett. (2019) 460:29–40.

doi: 10.1016/j.canlet.2019.05.041

33. Kitao A, Zen Y, Matsui O, Gabata T, Nakanuma Y. Hepatocarcinogenesis:

multistep changes of drainage vessels at CT during arterial portography and

hepatic arteriography–radiologic-pathologic correlation. Radiology. (2009)

252:605–14. doi: 10.1148/radiol.2522081414

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Wu, Bai, Wang, Xu, Wang, Wu, Yan and Yang. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 9 August 2020 | Volume 10 | Article 146431

https://doi.org/10.3233/CH-199224
https://doi.org/10.1016/j.ultrasmedbio.2015.01.026
https://doi.org/10.1055/s-0043-119353
https://doi.org/10.1155/2018/8910562
https://doi.org/10.3748/wjg.v19.i6.797
https://doi.org/10.3233/CH-189131
https://doi.org/10.2214/AJR.05.0943
https://doi.org/10.1016/j.ejrad.2006.02.003
https://doi.org/10.1055/s-0028-1109745
https://doi.org/10.2214/AJR.04.1920
https://doi.org/10.1371/journal.pone.0037266
https://doi.org/10.1371/journal.pone.0115949
https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS/CEUS-LI-RADS-v2017
https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS/CEUS-LI-RADS-v2017
https://doi.org/10.1016/j.ultrasmedbio.2012.09.002
https://doi.org/10.1016/j.canlet.2016.12.023
https://doi.org/10.3748/wjg.v22.i10.2993
https://doi.org/10.1186/s12885-018-4820-9
https://doi.org/10.1007/s00330-015-3611-9
https://doi.org/10.1002/jum.14534
https://doi.org/10.1111/ajco.13157
https://doi.org/10.3748/wjg.v21.i36.10418
https://doi.org/10.1055/s-0033-1335024
https://doi.org/10.1055/s-0032-1325545
https://doi.org/10.1097/RLI.0b013e318229ff0d
https://doi.org/10.14366/usg.19033
https://doi.org/10.3348/kjr.2018.0932
https://doi.org/10.1016/j.canlet.2019.05.041
https://doi.org/10.1148/radiol.2522081414
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


ORIGINAL RESEARCH
published: 04 September 2020
doi: 10.3389/fonc.2020.01408

Frontiers in Oncology | www.frontiersin.org 1 September 2020 | Volume 10 | Article 1408

Edited by:

Fu Wang,

Xidian University, China

Reviewed by:

Xiang Jing,

Tianjin Third Central Hospital, China

Chao An,

Sun Yat-sen University Cancer Center

(SYSUCC), China

*Correspondence:

Ping Liang

liangping301@126.com

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Cancer Imaging and Image-directed

Interventions,

a section of the journal

Frontiers in Oncology

Received: 05 March 2020

Accepted: 03 July 2020

Published: 04 September 2020

Citation:

Yang Y, Liu F, Yu J, Cheng Z, Han Z,

Dou J, Hu J, Wang Z, Gao H, Yang Q,

Tian J, Xu Y, Bai X, Lu L and Liang P

(2020) Risk Factor Analysis of Acute

Kidney Injury After Microwave Ablation

of Hepatocellular Carcinoma: A

Retrospective Study.

Front. Oncol. 10:1408.

doi: 10.3389/fonc.2020.01408

Risk Factor Analysis of Acute Kidney
Injury After Microwave Ablation of
Hepatocellular Carcinoma: A
Retrospective Study
Yongfeng Yang 1†, Fangyi Liu 1†, Jie Yu 1, Zhigang Cheng 1, Zhiyu Han 1, Jianping Dou 1,

Jie Hu 1, Ze Wang 2, Haigang Gao 3, Qiao Yang 4, Jing Tian 5, Yongjie Xu 6, Xiaoli Bai 7,

Liping Lu 8 and Ping Liang 1*

1Department of Interventional Ultrasound, Chinese PLA General Hospital, Beijing, China, 2 Special Clinic Department, The

985th Hospital of Chinese People’s Liberation Army Joint Logistic Support Force, Taiyuan, China, 3Ultrasonic Diagnosis

Department, The 991st Hospital of Chinese People’s Liberation Army Joint Logistic Support Force, Xiangyang, China,
4Ultrasound Department, Zunhua People’s Hospital, Zunhua, China, 5 Tianjin Institute of Urology, The Second Hospital of

Tianjin Medical University, Tianjin, China, 6Department of Diagnostic Ultrasound, PLA Strategic Support Force Characteristic

Medical Center, Beijing, China, 7Ultrasound Department, Hohhot Mongolian Hospital of Traditional Chinese Medicine,
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Objectives: Acute kidney injury (AKI) is a recently observed side effect in patients after

microwave ablation (MWA) of hepatocellular carcinoma (HCC) and is associated with

negative outcomes. The aim of this study is to explore the risk factors of affecting the

occurrence of AKI (stages 1b, 2, and 3), because they have a higher mortality rate than

patients with AKI (stage 1a) and without AKI.

Materials and methods: In this retrospective study, a total of 1,214 patients with HCC

who were treated with MWA under ultrasound (US) guidance in our department between

January 2005 and November 2017 were enrolled. We evaluated the influence of 20

risk factors. Univariate and multivariate analysis were used for statistical analysis. The

possible risk factors of AKI after MWA for HCC were summarized.

Results: AKI, AKI (stage 1a), and AKI (stages 1b, 2, and 3) after MWA were found

in 34, 15, and 19 patients (2.80, 1.24, and 1.57%), respectively. Among 34 patients

with AKI, 10 cases with AKI (stage 1a) and 6 cases with AKI (stages 1b, 2, and 3)

recovered before their discharge without any treatment for AKI and 9 cases with AKI

(stages 1b, 2, and 3) with further treatment. Four cases who had chronic renal failure

before MWA of liver accepted renal dialysis. By univariate analysis, the number of antenna

insertions (P = 0.027, OR = 3.3), MWA time ≥20min (P = 0.029, OR = 4.3), creatinine

(Cr)-pre above the upper limit of the reference value (P < 0.001, OR = 35.5), albumin

(Alb)-pre (P = 0.030, OR = 0.9), and red blood cell (RBC)-pre (P < 0.001, OR = 0.3)

were significant risk factors. By multivariate analysis, Cr-pre ≥ 110 µmol/L (P < 0.001,

OR = 31.4) and MWA time ≥20min (P = 0.043 OR = 9.9) were the independent

risk factors.
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Conclusion: AKI (stages 1b, 2, and 3) is a relatively serious complication after MWA for

HCC, which is related to MWA time and Cr-pre. It requires attention by clinicians. So it

is of great necessity to assess the Cr-pre level and reduce the MWA time to <20min to

minimize the risk of AKI after MWA for HCC.

Keywords: acute kidney injury, microwave ablation, hepatocellular carcinoma, complication, risk factor analysis

INTRODUCTION

Microwave ablation (MWA) is an important therapy for the
focal HCC with single or up to three nodules (<3 cm), which
is recommended by the 2018 Barcelona Clinic Liver Cancer
(BCLC) system (1). As aminimally invasive therapy,MWA is safe
with a low incidence of major complications, which was 0–2.7%
(2–4), including 1.7% pleural effusion requiring thoracentesis,
1.4% tumor seeding, 0.4% liver abscess and empyema, 0.1%
hemorrhage requiring arterial embolization, and 0.1% bile duct
injury (5). Acute kidney injury (AKI) after MWA of HCC has
been a recently observed complication, which is diagnosed by
the following criteria—Stage 1: Creatinine≥1.5 times baseline or
increase of ≥0.3 mg/dl within any 48-h period (1a: Creatinine
< 1.5 mg/dl, 1b: Creatinine ≥ 1.5 mg/dl); Stage 2: Creatinine
≥ 2.0 times baseline; Stage 3: Creatinine ≥ 3.0 times baseline
or increase to ≥4.0 mg/dl or acute dialysis (6–9). Ding et al.
reported that the accidence of AKI is 23.6% for the large liver
tumor (>5 cm) after MWA (10). Most importantly, the patients
with AKI and creatinine >1.5 mg/dl (stages 1b, 2, and 3) present
a worse clinical outcome. They had a higher mortality rate
than patients with AKI stage 1a (Cr < 1.5 mg/dl) and without
AKI. This fact reinforces that small elevations in the value of
creatinine, especially when they exceed 1.5 mg/dl, have a great
impact on the morbidity and mortality of patients with cirrhosis
(6, 11). Furthermore, despite most of them having recovered, a
few cases after RFA of metastasis liver cancer developed the renal
failure, requiring intensive care unit admission and a prolonged
hospital stay (12). Ong et al. summarized that the accidence
of renal failure after MWA of liver tumors was 1.7% (13).
Although there are reports in the existing literature regarding
AKI after MWA of liver tumors including HCC, metastasis, and
hemangioma, there are seldom exclusive reports on AKI for
HCC in particular. Therefore, we determined the risk factors
of AKI after MWA of HCC to prevent the occurrence of
severe complications.

Patients
The clinical data of 1,214 adult patients admitted for HCC with
histopathological diagnosis and treated with ultrasound-guided
percutaneous MWA from January 2005 to November 2017 were
reviewed in this study.

Evaluation Methods
Blood tests including routine, biochemistry, and coagulation
function tests were conducted before and after MWA. In 1,214
patients, hepatic and renal functions were tested on the first day
after MWA. Data of the MWA maximum diameter, the MWA
parameter, and all blood test results of patients in this study were

obtained from our departmental database. MWA energy was
calculated by the equation E= P ∗ T, where P and T were ablation
power and time, respectively. The MWA zone was spherical in
shape. The maximum diameter in the three dimensions of the
tumor was measured using ultrasound. The comorbidity score
was the pre-operation assessment of other diseases except for
HCC such as diabetes, cardiovascular diseases, or AIDS using the
Charlson comorbidity index (CCI) that included 19 diseases as
well as the age of the patient (14). According to the anatomical
segment of the liver, the location of the tumor was separated
into four sections including the left lateral lobe, the left inner
lobe (including the caudate lobe), the right anterior segment,
and the right posterior segment. Because there were just nine
patients whose tumor located in the caudate lobe, we attributed
the caudate lobe into the left inner lobe to narrow deviation. The
number of antenna insertions was defined as the total number of
antenna placements in each patient during ablation.

MWA Equipment and Technology
The MWA unit used was a 100W two-cooled-shaft system (KY-
2000, Kangyou Medical, Nanjing, China) with frequencies of
2,450 and 915 MHz. The antennae (KY-2450-T11b, KY-2450B-
T3, 89 KY-2450B-T7 and KY-2450B-QT) were percutaneously
inserted into the tumor and placed at a designated location
under ultrasound guidance. When the distance of tumor to the
important structure such as the main bile, gallbladder, and bowel
was <5mm, the thermocouple needles can be inserted at the
margin of those structure to monitor temperature in real time.
To reduce the risk of the bleeding and the seeding of tumor, the
MW emission was continued until the antennae were withdrawn
to below the skin entrance site after the MWA of the tumor (4).

Statistical Analysis
Data analysis was performed using EmpowerStats (Version
3.4.3) for Windows, and the continuous data were expressed
as β (95%CI) P-value/OR (95%CI) P-value. All of the analyses
were performed with statistical software package R (http://
R-project.org, The R-foundation) and EmpowerStats (http://
empowerstats.com, X&Y Solutions. Inc., Boston, MA). Data
of two groups were analyzed between the group A (no AKI
and AKI 1a) and group B (AKI stage 1b,2,3) by using the
Student t test for unpaired data and Fisher exact test as
appropriate. Twenty related risk factors, including gender, age,
comorbidity scores, biochemical parameters, and blood routine
before treatment like alanine transaminase (ALT)-pre, glutamic
oxaloacetic transaminase (AST)-pre, ALB-pre, STB-pre, Cr-
pre, Hb-pre, platelet (PLT)-pre, white blood cell (WBC)-pre,
lymphocyte (LY)-pre, red blood cell (RBC)-pre, the location of
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TABLE 1 | Baseline characteristic of acute kidney injury (AKI) (stages 1b, 2, and 3).

Variation Total No AKI and AKI 1A AKI 1B,2, and 3 P-value

Patients no. 1,214 1,195 19

Age(year) 58.4 ± 10.8 58.4 ± 10.8 56.8 ± 11.4 0.535

Gender 0.798

Female 228 (18.8%) 224 (18.7%) 4 (21.1%)

Male 986 (81.2%) 971 (81.3%) 15 (78.9%)

ALT-pre(U/L) 32.7 ± 24.5 32.7 ± 24.4 32.8 ± 29.6 0.977

AST-pre(U/L) 33.7 ± 25.6 33.7 ± 25.8 31.1 ± 14.4 0.67

ALB-pre(g/L) 39.5 ± 5.0 39.5 ± 5.0 37.1 ± 5.6 0.036

STB-pre(mol/L) 16.8 ± 9.4 16.8 ± 9.4 13.9 ± 7.3 0.176

Cr-pre(µmol/L) 77.1 ± 58.0 74.1 ± 37.1 261.5 ± 314.2 <0.001

<0.001

<110 1,182 (97.4%) 1,171 (98.0%) 11 (57.9%)

≧110 32 (2.6%) 24 (2.0%) 8 (42.1%)

HB-pre(g/L) 135.1 ± 18.7 135.4 ± 18.4 118.2 ± 23.9 <0.001

PLT-pre(109/L) 119.6 ± 59.3 119.6 ± 59.5 120.1 ± 48.6 0.973

LY-pre(109/L) 0.4 ± 2.2 0.4 ± 2.2 0.3 ± 0.1 0.829

WBC-pre(109/L) 4.7 ± 4.7 4.7 ± 4.8 4.6 ± 2.0 0.925

NE-pre(109/L) 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.096

RBC-pre(1013/L) 4.3 ± 0.6 4.3 ± 0.6 3.8 ± 0.9 <0.001

MWA time(s) 723.2 ± 457.4 721.6 ± 457.9 825.8 ± 423.1 0.325

0.164

<600 568 (46.8%) 563 (47.1%) 5 (26.3%)

≧600, <900 322 (26.5%) 315 (26.4%) 7 (36.8%)

≧900, <1,200 163 (13.4%) 161 (13.5%) 2 (10.5%)

≧1,200 161 (13.3%) 156 (13.1%) 5 (26.3%)

Comorbidity scores 0.597

0 172 (14.2%) 169 (14.2%) 3 (16.7%)

1 245 (20.2%) 243 (20.4%) 2 (11.1%)

2 276 (22.8%) 273 (22.9%) 3 (16.7%)

3 224 (18.5%) 221 (18.5%) 3 (16.7%)

≧4 294 (24.3%) 287 (24.1%) 7 (38.9%)

The location of tumor 0.476

The left lateral lobe 147 (12.1%) 145 (12.1%) 2 (10.5%)

Left inner lobe(including caudate lobe) 158 (13.0%) 157 (13.1%) 1 (5.3%)

Right anterior segment 445 (36.7%) 435 (36.4%) 10 (52.6%)

Right posterior segment 464 (38.2%) 458 (38.3%) 6 (31.6%)

Maximum diameter of tumor (cm) 3.0 ± 1.5 3.0 ± 1.5 3.5 ± 1.9 0.100

0.497

≦3 776 (63.9%) 766 (64.1%) 10 (52.6%)

>3, ≦5 324 (26.7%) 318 (26.6%) 6 (31.6%)

>5 114 (9.4%) 111 (9.3%) 3 (15.8%)

Tumor no. 0.994

Solitary 829 (68.3%) 816 (68.3%) 13 (68.4%)

Multiple 384 (31.7%) 378 (31.7%) 6 (31.6%)

MWA energy(J) 38,473.7 ± 26,042.4 38,373.5 ± 26,052.7 44,763.2 ± 25,258.4 0.289

The number of electrodes 0.354

1 274 (22.6%) 272 (22.8%) 2 (10.5%)

2 840 (69.2%) 824 (69.0%) 16 (84.2%)

≧3 100 (8.2%) 99 (8.3%) 1 (5.3%)

The number of antenna insertions 0.078

1–2 634 (52.2%) 628 (52.6%) 6 (31.6%)

3–4 359 (29.6%) 349 (29.2%) 10 (52.6%)

≧5 221 (18.2%) 218 (18.2%) 3 (15.8%)

Results in table, Mean + SD/N (%). the Cr-pre, 1 mg/dl = 88.4 µmol/L.

Bold values represent P < 0.05.
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TABLE 2 | Baseline and univariate analysis of maximum diameter for patients with solitary tumor.

Variation Total No AKI and AKI 1A AKI(stages 1B, 2, and 3) P-value OR (95%CI) P-value

Tumor No. 829 816 13

Maximum diameter of tumor (cm) 3.0 ± 1.6 3.0 ± 1.5 3. ± 2.1 0.047

0.114

≦3 529 (63.8%) 524 (64.2%) 5 (38.5%) 1

>3, ≦5 217 (26.2%) 212 (26.0%) 5 (38.5%) 2.5 (0.7, 8.6) 0.156

>5 83 (10.0%) 80 (9.8%) 3 (23.1%) 3.9 (0.9, 16.8) 0.064

tumor, the maximum diameter of tumor, MWA energy, MWA
time, and the number of antenna insertions, were analyzed using
the univariate andmultivariate logistic regressionmodel method.

RESULTS

Basic Analysis
Among all 1,214 patients after MWA of HCC, 19 patients had
AKI (stages 1b, 2, and 3), and the accidence was 1.57%. The
biochemical parameters and blood routine before treatment of
all patients, tumor characteristic, and MWA parameters were
described. The mean maximum diameter of tumor for 829
patients with solitary tumor with AKI vs. without AKI was
3.0 vs. 3.8 cm, respectively. The mean ALT, AST, and STB for
the 19 patients were 32.8 U/L, 31.1 U/L, and 13.9 µmol/L,
respectively. The mean ALT, AST, and STB for 1,195 patients
without AKI were 32.7 U/L, 33.7 U/L, and 16.8 µmol/L. Most P-
values were >0.05 except Hb-pre, RBC-pre, and Alb-pre. There
were no significant differences between the groups. The basic
characteristic is shown in Table 1.

Risk Factors of AKI
By univariate analysis, the number of antenna insertions
(P = 0.027, OR = 3.3), MWA time ≥ 20min (P = 0.029,
OR = 4.3), Cr-pre above the upper limit of the reference value
(P <0.001, OR = 35.5), Alb-pre (P = 0.030, OR = 0.9), and
RBC-pre (P < 0.001, OR= 0.3) were significant risk factors. The
maximum diameter of tumor for patients with solitary tumor
was analyzed by univariate analysis separately (Table 2).While by
univariate and multivariate analysis, Cr-pre ≥ 110 µmol/L (P <

0.001, OR= 31.4) andMWA time≥20min (P= 0.043 OR= 9.9)
were the independent risk factors associated with AKI (stages 1b,
2, and 3) (Tables 3, 4).

DISCUSSION

AKI (stage 1a) is a transient and controlled complication for
most patients after MWA of HCC, but AKI (stages 1b, 2, and
3) needs further treatment. According to our research, among
34 patients with AKI after MWA, 10 cases with AKI (stage 1a)
and 6 cases with AKI (stages 1b, 2, and 3) recovered before
their discharge without any treatment for AKI whose mean post-
operation Cr level was 123.2 µmol/L. Five cases with AKI (stage
1a) and nine cases with AKI (stages 1b, 2, and 3) recovered

after further treatment of renal conservation: (1) the diuretic-
furosemide or/and spironolactone and (2) sodium bicarbonate
injection. Their mean post-operation Cr was 169.8 µmol/L.
Then, four cases accepted the renal dialysis who had the chronic
renal failure before MWA of liver whose mean post-operation Cr
level was 947.4 µmol/L. Hence, most cases of AKI after MWA
for HCC had a good recovery unless with chronic kidney disease
(CKD), but the hospital stay was prolonged (10). What is worse,
the patients with AKI (stages 1b, 2, and 3) had a higher mortality
rate than patients with AKI stage 1a (Cr< 1.5mg/dl) and without
AKI. Lins et al. reported that the mortalities of the cirrhotic
patient group with (A) no AKI, (B) AKI (stage 1a), (C) AKI
(stage 1b), and (D) AKI (stages 2 and 3) were 11.8, 12.5, 33.3, and
52.4%, respectively (6). Fagundes et al. presented that the survival
rates of groups B, C, and D were 84, 68, and 36%, respectively
(p < 0.001) (11). Furthermore, Rodriguez et al. reported that
three patients after radiofrequency ablation (RFA) of metastasis
liver cancer developed renal failure, requiring intensive care unit
admission and a prolonged hospital stay (12), even though there
was no report about acute renal failure after MWA of HCC
without preexisting CKD. It is still of great necessity to pay
much attention to the risk factor of AKI (stages 1b, 2, and 3)
after MWA to prevent the severe complication happening and
improve the survival.

This study shows that the statistically significant risk factors
for AKI (stages 1b, 2, and 3) after MWA for HCC were
3 ≤ the number of antenna insertions ≤ 4 (P = 0.027,
OR = 3.3) RBC-pre (P < 0.001, OR = 0.3). For the patients
with multiple tumors, Hb-pre (P < 0.001, OR = 0.9) were
also significant risk factors. MWA time ≥ 20min (P = 0.029,
OR = 4.3) was the independent risk factor by multivariate
analysis. As we know, the thermal effect of ablation can lead to
the destruction of RBC and the release of Hb to the circulation
system. When the quantity of cell-free Hb exceeds the liver
detoxification threshold, some Hb will cross the glomerular
filtration membrane, reach the renal tubules, and cause renal
tubular necrosis that ultimately leads to AKI (15–18). The
ablation of large tumors took longer time and more antenna
insertions, and more Hb was released into the circulation system.
Therefore, patients who had a high HB-pre level and RBC-pre
and took longer time were more prone to having AKI than
those who have a small tumor. Hence, the number of antenna
insertions should be reduced for treating large and multiple
tumors. It is recommended that the MWA time is controlled
within 20min.
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TABLE 3 | Univariate analysis for acute kidney injury (AKI) (stages 1b, 2, and 3) for

risk factors.

Exposure Solitary Total

Gender

Female

1 1

Male 0.9 (0.2, 3.2) 0.817 0.9 (0.3, 2.6) 0.800

Age(year) 1.0 (0.9, 1.0) 0.507 1.0 (0.9, 1.0) 0.531

Comorbidity scores

0 1 1

1 0.5 (0.1, 2.9) 0.418 0.5 (0.1, 2.8) 0.401

2 0.2 (0.0, 2.0) 0.177 0.6 (0.1, 3.1) 0.558

3 0.5 (0.1, 3.2) 0.481 0.8 (0.2, 3.8) 0.742

≧4 0.8 (0.2, 3.5) 0.725 1.4 (0.4, 5.4) 0.647

The location of tumor

The left lateral lobe 1 1

Left inner lobe(including

caudate lobe)

1.0 (0.1, 16.5) 0.989 0.5 (0.0, 5.1) 0.528

Right anterior segment 2.3 (0.3, 18.9) 0.438 1.7 (0.4, 7.7) 0.510

Right posterior

segment

1.4 (0.2, 12.8) 0.757 0.9 (0.2, 4.7) 0.946

Maximum diameter of tumor (cm)

≦3 1 1

>3, ≦5 2.5 (0.7, 8.6) 0.156 1.4 (0.5, 4.0) 0.476

>5 3.9 (0.9, 16.8) 0.064 2.1 (0.6, 7.6) 0.275

ALT-pre(U/L) 1.0 (1.0, 1.0) 0.715 1.0 (1.0, 1.0) 0.982

AST-pre(U/L) 1.0 (1.0, 1.0) 0.873 1.0 (1.0, 1.0) 0.660

ALB-pre(g/L) 0.9 (0.8, 1.0) 0.083 0.9 (0.8, 1.0) 0.030

STB-pre(mol/L) 1.0 (0.9, 1.1) 0.776 1.0 (0.9, 1.0) 0.171

Cr-pre(µmol/L) 1.0 (1.0, 1.0) < 0.001 1.0 (1.0, 1.0) < 0.001

<110 1 1

≧110 19.7 (5.5, 70.0) < 0.001 35.5 (13.1, 96.0) < 0.001

HB-pre(g/L) 1.0 (0.9, 1.0) 0.027 1.0 (0.9, 1.0) < 0.001

PLT-pre(109/L) 1.0 (1.0, 1.0) 0.993 1.0 (1.0, 1.0) 0.965

LY-pre(109/L) 0.1 (0.0, 35.9) 0.428 0.0 (0.0, 0.6) 0.029

WBC-pre(109/L) 0.9 (0.6, 1.3) 0.674 1.0 (0.9, 1.1) 0.929

NE-pre(109/L) 1.4 (0.0, 286.8) 0.912 41.4 (0.5, 3,189.7) 0.093

RBC-pre(1013/L) 0.4 (0.2, 1.1) 0.069 0.3 (0.1, 0.6) < 0.001

The number of

electrodes

1 1 1

2 1.5 (0.3, 7.0) 0.594 2.6 (0.6, 11.6) 0.197

≧3 0.9 (0.1, 9.5) 0.897 1.4 (0.1, 15.6) 0.803

MWA time(s)

<600 1 1

≧600, <900 1.2 (0.2, 6.4) 0.806 2.9 (0.9, 9.6) 0.082

≧900, <1,200 2.4 (0.5, 12.8) 0.290 1.6 (0.3, 8.7) 0.574

≧1,200 5.7 (1.5, 21.8) 0.011 4.3 (1.2, 15.8) 0.029

The number of antenna insertions

1–2 1 1

3–4 4.1 (1.3, 13.0) 0.018 3.3 (1.1, 9.6) 0.027

≧5 1.5 (0.2, 12.9) 0.717 1.7 (0.4, 7.6) 0.478

MWA energy(J) 1.0 (1.0, 1.0) 0.047 1.0 (1.0, 1.0) 0.266

Results in table, β (95%CI) P value/OR (95%CI) P value. Bold values

represent P < 0.05.

TABLE 4 | Multivariate analysis of acute kidney injury (AKI) (stages 1b, 2, and 3)

for risk factors.

Exposure Solitary Total

ALB-pre(g/L) 0.9 (0.8, 1.0) 0.081 0.9 (0.8, 1.0) 0.091

STB-pre(mol/L) 1.0 (0.9, 1.0) 0.436 1.0 (0.9, 1.0) 0.186

Cr-pre(µmol/L)

<110 1 1

≧110 41.0 (6.9, 243.4) < 0.001 31.4 (8.2, 120.2) < 0.001

HB-pre(g/L) 1.0 (0.9, 1.0) 0.245 1.0 (0.9, 1.0) 0.600

NE-pre(109/L) 0.1 (0.0, 40.8) 0.435 10.5 (0.1, 1,712.3) 0.366

RBC-pre(1013/L) 3.5 (0.6, 19.4) 0.150 1.3 (0.3, 5.8) 0.713

MWA time(s)

<600 1 1

≧600, <900 0.6 (0.0, 7.3) 0.656 1.7 (0.3, 10.2) 0.564

≧900, <1,200 1.0 (0.1, 16.4) 0.990 0.9 (0.1, 10.2) 0.924

≧1,200 11.5 (0.7, 180.5) 0.081 9.9 (1.1, 91.3) 0.043

The number of antenna insertions

1–2 1 1

3–4 4.2 (0.4, 45.7) 0.233 3.0 (0.5, 16.9) 0.222

≧5 0.3 (0.0, 8.6) 0.508 0.4 (0.0, 4.2) 0.406

Maximum diameter of tumor (cm)

≦3 1 1

>3, ≤5 1.7 (0.4, 8.4) 0.503 1.4 (0.4, 4.8) 0.636

>5 1.7 (0.2, 14.1) 0.636 0.9 (0.2, 4.8) 0.857

Results in table, β (95%CI) P value/OR (95%CI) P value. Bold values represent P < 0.05.

Additionally, another independent risk factor was Cr-pre
above the upper limit of the reference value (P < 0.001,
OR = 31.4). In our analysis, there were six patients with AKI
after MWA for HCC with CKD, and the preoperative Cr in these
patients were higher than the upper level of the reference range
(110 µmol/l). Multivariate analysis showed that Cr-pre > 110
µmol/L was an independent risk factor. The present literature
showed that the mortality of people who had CKD with AKI was
higher than those without AKI (19, 20), especially for critically
ill patients with CKD (21). Therefore, when Cr-pre is above the
upper limit of the reference value, the clinician should assess
the patient’s magnitude of benefit from MWA and then decide
whether to do it. It was noted that the Alb-pre (P = 0.030,
OR = 0.9) was also a significant risk factor. It was revealed
that the infection before MWA could make it easier to AKI for
patients. Then, the low levels of STB-pre and Alb-pre were also
significant risk factors. The mechanism was still unclear.

Therefore, to avoid complications of AKI (stages 1b, 2, and
3), the independent risk factors reported in this study should
be emphasized in the preoperative evaluation. Clinicians should
pay attention to the Cr-pre and the need for long MWA time.
Appropriate measures should be taken including preoperative
evaluation of renal function, intraoperative and postoperative
administration of fluid, appropriate timing of diuresis, and urine
alkalization (10, 17, 22). Furthermore, patient survival should
actively involve not only the preservation of their kidney health
but also postdischarge follow-up of kidney function because
severe AKI predisposes patients to faster progression of CKD
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later on—especially when they had multiple hits of AKI or
preexisted CKD (23).

The innovation of the study is that the risk factor of the
maximum diameter of tumor in patients with single nodule was
analyzed separately, and the interference of cases with multiple
tumors on this factor was excluded. It is because the maximum
diameter is just referred to the largest one among multiple
tumors for them. That cannot reflect the relation of the size of
tumor to the AKI accurately.

There are three limitations of this research. First, this is
a retrospective study. To provide further evidence for the
conclusion, prospective studies are still needed. Then, the clinical
data were just collected from a single institution. Finally, we
designed this study to assess the Cr only on the first day after
MWA in the hospital; we did not evaluate the occurrence of late
AKI. So the occurrence incidence of the AKI after MWA of HCC
we obtained may be lower than the true value.
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Objectives: Few studies based on pretreatment inflammation-based scores focused
on assessing the prognosis of hepatocellular carcinoma (HCC) patients within the Milan
Criteria after ablation. This study aimed to construct a nomogram based on a novel
inflammation-based score for those patients.

Methods: A total of 635 HCC patients within the Milan Criteria after ablation meeting the
inclusion and exclusion criteria were included in the study. The novel inflammation-based
score—Albumin-Platelet Score (APS)—was constructed by Cox proportional-hazards
modeling. The nomogram based on APS was constructed by multivariate analysis
and the “rms” R package. The performance of the APS and the nomogram were
assessed by time-dependent receiver operating characteristic and the concordance
index (C-index).

Results: The APS was an integrated indicator based on peripheral albumin level and
platelet counts, which was significantly superior to other inflammation-based scores
(neutrophil to lymphocyte ratio, platelet to lymphocyte ratio, Prognostic Nutritional Index,
modified Glasgow Prognostic Score, Glasgow Prognostic Score, Prognostic Index, and
C-reactive protein/albumin ratio) in predicting the long-term prognosis of those patients
undergoing ablation (P < 0.05). An easy-to-use nomogram based on three pretreatment
clinical variables (i.e., the APS, tumor size, and age) was constructed and further
improved significantly the performance in predicting the prognosis in patients within
the Milan Criteria after ablation (P < 0.05). The C-index of nomogram for overall survival
was 0.72 (95% CI 0.66, 0.77). The calibration plots with 1000 cycles of bootstrapping
were well matched with the idealized 45◦ line.

Conclusion: The APS was a better inflammation-based prognostic system than others.
Also, the nomogram based on the APS improved the performance of predicting the
prognosis of HCC patients within the Milan Criteria after ablation.
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KEY POINTS

• The Albumin-Platelet Score (APS) consisted of peripheral platelet counts
and albumin level.
• The APS was superior to other inflammation-based scores in the performance of

predicting the prognosis of hepatocellular carcinoma (HCC) patients within the Milan
Criteria after ablation.
• The nomogram based on the APS improved the performance of predicting the

prognosis of HCC patients within the Milan Criteria after ablation.

Keywords: hepatocellular carcinoma, nomogram, ablation techniques, inflammatory biomarkers, the
Milan Criteria

INTRODUCTION

Hepatocellular carcinoma (HCC) accounts for 70–90% of liver
cancer that was the fourth cancer-related death cause worldwide
in 2018 (1). At present, the mainstream treatment of HCC
within Milan Criteria (one lesion ≤5 cm or three lesions ≤3 cm
without vascular invasion or extrahepatic metastasis) is still
liver transplantation and surgical resection (2). However, with
its advantages of minimal invasiveness and cost-effectiveness,
local ablation treatment is recommended by the National
Comprehensive Cancer Network as an optional first-line curative
therapy for early HCC (3, 4).

Inflammation is considered as a hallmark of cancer, and more
and more evidence has shown that inflammation is closely related
to the progression, recurrence, and survival of patients with HCC
(5, 6). Recently, different inflammation-based scores, such as the
Glasgow Prognostic Score (GPS), modified Glasgow Prognostic
Score (mGPS), Prognostic Index (PI), Prognostic Nutritional
Index (PNI), neutrophil to lymphocyte ratio (NLR), platelet to
lymphocyte ratio (PLR), and C-reactive protein/albumin ratio
(CAR), have been proposed and been also thought to predict
the prognosis of HCC, which mainly calculate quantitative values
of plasma neutrophil count, total lymphocyte count, platelet
count, albumin level and C-reactive protein (CRP) level, or the
ratio or combination between the two indicators; however, those
inflammation-based scores are not adequate to predict the overall
survival (OS) of HCC patients (7–13). Besides, to our knowledge,
the vast majority of studies on these pretreatment inflammation-
based markers have not targeted patients with HCC within the
Milan Criteria for ablation therapy. Therefore, we systematically
analyzed the pre-treatment clinical characteristics and the
inflammatory indicators included in these inflammation-based

Abbreviations: AFP, alpha-fetoprotein; ALB, albumin; ALBI, albumin-bilirubin;
ALT, alanine aminotransferase; APS, Albumin-Platelet Score; AST, aspartate
transaminase; AUC, area under the curve; CAR, C-reactive protein/albumin
ratio; C-index, Harrell’s concordance index; CRP, C-reactive protein; GPS,
Glasgow Prognostic Score; HBV, hepatitis B virus; HCC, hepatocellular carcinoma;
mGPS, modified Glasgow Prognostic Score; MWA, microwave ablation; NLR,
neutrophil to lymphocyte ratio; OS, overall survival; PI, Prognostic Index; PLR,
platelet to lymphocyte ratio; PLT, platelet; PNI, Prognostic Nutritional Index;
PT, prothrombin time; RFA, radiofrequency ablation; ROC, receiver operating
characteristic; TACE, transarterial chemoembolization; TBIL, total bilirubin;
WBC, white blood cell.

scores of patients with HCC within the Milan Criteria of ablation
therapy and integrate a novel combination of inflammatory
indicators—APS. Also, we hypothesized that the nomogram
based on the APS could improve the performance of predicting
the prognosis. To test this hypothesis, we constructed a simple
and clinically applicable nomogram based on the APS to assess
the prognosis of HCC patients within the Milan Criteria after
curative ablation.

MATERIALS AND METHODS

We retrospectively analyzed the data of 694 HCC patients within
the Milan Criteria at the Sun Yat-sen University Cancer Center
(SYSUCC) between June 2004 and October 2019. The inclusion
criteria included (1) patients with HCC diagnosis confirmed
by radiologic imaging studies or histopathological examination,
(2) HCC treated with initial radiofrequency ablation (RFA) or
microwave ablation (MWA), and (3) HCC treated with curative
ablation. The exclusion criteria were (1) severe coagulation
disorders and renal dysfunction, (2) patients who receive
cryoablation or percutaneous ethanol injection (PEI), (3) patients

FIGURE 1 | Flow diagram of the study design. HCC, hepatocellular
carcinoma; PEI, percutaneous ethanol injection; MWA, microwave ablation;
RFA, radiofrequency ablation.
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TABLE 1 | Systemic inflammation-based prognostic scores.

Scoring systems Score

GPS

CRP (≤10 mg/L) and albumin (≥35 g/L) 0

CRP (≤10 mg/L) and albumin (<35 g/L) 1

CRP (>10 mg/L) and albumin (≥35 g/L) 1

CRP (>10 mg/L) and albumin (<35 g/L) 2

mGPS

CRP (≤10 mg/L) 0

CRP (>10 mg/L) and albumin (≥35 g/L) 1

CRP (>10 mg/L) and albumin (<35 g/L) 2

PI

CRP (≤10 mg/L) and WBC (≤10 × 109/L) 0

CRP (≤10 mg/L) and WBC (>10 × 109/L) 1

CRP (>10 mg/L) and WBC (≤10 × 109/L) 1

CRP (>10 mg/L) and WBC (>10 × 109/L) 2

PNI

Albumin (g/L) + 5 × total lymphocyte count (×109/L) ≥ 45 0

Albumin (g/L) + 5 × total lymphocyte count (×109/L) < 45 1

NLR

Neutrophil count (×109/L): lymphocyte count (×109/L) < 3 0

Neutrophil count (×109/L): lymphocyte count (×109/L) ≥ 3 1

PLR

Platelet count (× 109/L): lymphocyte count (×109/L) < 150 0

Platelet count (× 109/L): lymphocyte count (×109/L) ≥ 150 1

CAR

CRP (mg/L): albumin (g/L) < 0.05 0

0.05 ≤ CRP (mg/L): albumin (g/L) < 0.1 1

CRP (mg/L): albumin (g/L) ≥ 0.1 2

APS

Albumin > 37.7 g/L, PLT > 80 × 109/L 1

Albumin > 37.7 g/L, PLT ≤ 80 × 109/L 2

Albumin ≤ 37.7 g/L, PLT > 80 × 109/L 2

Albumin ≤ 37.7 g/L, PLT ≤ 80 × 109/L 3

WBC, white blood cell; PLT, platelet; CRP, C-reactive protein; GPS, Glasgow
Prognostic Score; NLR, neutrophil to lymphocyte ratio; mGPS, modified Glasgow
Prognostic Score; PI, Prognostic Index; PLR, platelet to lymphocyte ratio; PNI,
Prognostic Nutritional Index; CAR, C-reactive protein/albumin ratio; APS, Albumin-
Platelet Score.

who receive other treatments for HCC except ablation before
progression, and (4) patients with preoperative baseline data
loss (Figure 1). After the application of these inclusion and
exclusion criteria, a total of 635 HCC patients within the Milan
Criteria were included in the study. The study was conducted in
accordance with the Declaration of Helsinki and was approved by
the SYSUCC Hospital Ethics Committee.

Baseline Data Collection and
Inflammation-Based Prognostic Scores
We collected the baseline data of those patients before initial
ablation, including patient characteristics, imaging, biochemistry,
tumor markers, coagulation, and blood routine. Important
clinical data included patient characteristics (gender, age, HBV
infection, treatment), imaging (tumor size, tumor numbers,
cirrhosis), biochemistry [albumin (ALB), CRP, total bilirubin

TABLE 2 | Demographic and clinical characteristics of the enrolled patients.

Variables N = 635 or median (n% or
interquartile Q1–Q3)

Gender (male vs. female) 531 vs. 104 (83.6 vs. 16.4)

Age (years) 57.74 ± 12.35

ALB (g/L) 42.10 (39.00, 45.10)

Cirrhosis (absent vs. present) 282 vs. 353 (44.4 vs. 55.6)

HBV infection (absent vs. present) 62 vs. 573 (9.8 vs. 90.2)

TBIL (µmol/L) 14.30 (10.90, 20.20)

WBC (×109/L) 5.26 (4.18, 6.50)

Neutrophil count (×109/L) 2.80 (2.10, 3.75)

Lymphocyte count (×109/L) 1.60 (1.20, 2.06)

Monocyte count (×109/L) 0.40 (0.30, 0.50)

Prothrombin time (s) 12.20 (11.50, 13.10)

PLT (×109/L) 131.00 (87.00, 177.00)

CRP (mg/L) 1.25 (0.66, 2.59)

ALT (U/L) 32.00 (22.10, 47.90)

AST (U/L) 32.40 (25.00, 44.60)

AFP (<37.15 ng/ml vs. ≥ 37.15 ng/ml) 328 vs. 307 (51.7 vs. 48.3)

Tumor size (<3.5 cm vs. ≥3.5 cm) 573 vs. 62 (90.2 vs. 9.8)

Tumor numbers (solitary vs. multiple) 577 vs. 58 (90.9 vs. 9.1)

Treatment (RFA vs. MWA) 477 vs. 158 (75.1 vs. 24.9)

ALBI grade (1 vs. 2 vs. 3) 438 vs. 194 vs. 3 (69.0 vs. 30.5 vs. 0.5)

GPS before treatment (0/1/2) 543 vs. 84 vs. 8 (85.5 vs. 13.2 vs. 1.3)

NLR before treatment (0/1) 530 vs. 105 (83.5 vs. 16.5)

mGPS before treatment (0/1/2) 601 vs. 26 vs. 8 (94.6 vs. 4.1 vs. 1.3)

PI before treatment (0/1/2) 596 vs. 31 vs. 8 (93.9 vs. 4.9 vs. 1.2)

PLR before treatment (0/1) 586 vs. 49 (92.3 vs. 7.7)

PNI before treatment (0/1) 502 vs. 133 (79.1 vs. 20.9)

CAR before treatment (0/1/2) 429 vs. 100 vs. 106 (67.6 vs. 15.7 vs.
16.7)

ALB, albumin; HBV, hepatitis B virus; TBIL, total bilirubin; WBC, white blood
cell; PLT, platelet; CRP, C-reactive protein; ALT, alanine aminotransferase; AST,
aspartate transaminase; ALBI, albumin-bilirubin; GPS, Glasgow Prognostic Score;
NLR, neutrophil to lymphocyte ratio; mGPS, modified Glasgow Prognostic
Score; PI, Prognostic Index; PLR, platelet to lymphocyte ratio; PNI, Prognostic
Nutritional Index.

(TBIL), alanine aminotransferase (ALT), aspartate transaminase
(AST)], tumor markers (alpha-fetoprotein), and coagulation
[prothrombin time (PT)] blood routine [white blood cell (WBC),
neutrophil, lymphocyte, monocyte, platelet]. The albumin-
bilirubin (ALBI) score was defined as −0.085 × (albumin
g/L) + 0.66 × log (TBIL µmol/L) (14). The APS, mGPS,
GPS, PNI, PI, PLR, NLR, and CAR were constructed as
described in Table 1.

Treatment Protocols
Microwave ablation and radiofrequency ablation procedures
were performed under real-time ultrasound (US) or CT
by radiologists who had at least 5 years of experience in
interventional therapy. Both therapies were administered after
analgesia (50–60 mg propofol and 0.05–0.1 mg fentanyl) and
local anesthesia (5–15 mL 1–2% lidocaine) by anesthesiologists.
According to the location, size, and number of the lesions,
radiologists chose the number of ablation antennas, the power
and corresponding time and whether to adjust the needle
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TABLE 3 | Univariate and multivariate of the prognostic factors for overall survival based on time-dependent Cox regression analyses.

Variable Number of cases Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value

Gender (female vs. male) 104 vs. 531 1.44 (0.90–2.31) 0.125 – –

Tumor size (≥3.5 cm vs. <3.5 cm) 62 vs. 573 1.75 (1.10–2.80) 0.019 2.09 (1.29–3.37) 0.003

AFP level (≥37.15 ng/ml vs. <37.15 ng/ml) 307 vs. 328 1.44 (0.98–2.10) 0.060 – 0.162

HBV infection (present vs. absent) 573 vs. 62 1.68 (0.78–3.61) 0.185 – –

Numbers (multiple vs. solitary) 58 vs. 577 1.29 (0.70–2.33) 0.423 – –

Treatment (MWA vs. RFA) 158 vs. 477 1.02 (0.64–1.61) 0.949 – –

Cirrhosis (present vs. absent) 353 vs. 282 1.59 (1.08–2.36) 0.019 – 0.994

PT (s) (≥13.6 vs. <13.6) 104 vs. 531 2.69 (1.80–4.01) <0.001 – 0.100

ALB (≤37.7 g/L vs. >37.7 g/L) 120 vs. 515 3.20 (2.19–4.68) <0.001 2.76 (1.84–4.16) <0.001

TBIL (≥28.3 µmol/L vs. <28.3 µmol/L) 66 vs. 569 2.22 (1.38–3.58) 0.001 – 0.359

WBC (≤4.24 × 109/L vs. >4.24 × 109/L) 175 vs. 460 1.71 (1.16–2.52) 0.007 – 0.955

Neutrophil (≤2.41 × 109/L vs. >2.41 × 109/L) 231 vs. 404 1.65 (1.14–2.40) 0.009 – 0.437

Lymphocyte (≤1.43 × 109/L vs. >1.43 × 109/L) 250 vs. 385 1.54 (1.06–2.23) 0.025 – 0.867

Monocyte (≥0.64 × 109/L vs. <0.64 × 109/L) 57 vs. 578 1.37 (0.80–2.32) 0.250 – –

PLT (≤80 × 109/L vs. >80 × 109/L) 134 vs. 501 2.57 (1.75–3.77) <0.001 2.04 (1.36–3.05) 0.001

CRP (≥1.81 mg/L vs. <1.81 mg/L) 230 vs. 405 1.82 (1.26–2.65) 0.002 – 0.413

ALT (≥52.5 U/L vs. <52.5 U/L) 127 vs. 508 1.00 (0.63–1.59) 0.998 – –

AST (≥41.0 U/L vs. <41.0 U/L) 200 vs. 435 2.15 (1.48–3.12) <0.001 – 0.132

Age (years) 635 1.03 (1.01–1.04) 0.001 1.03 (1.01–1.05) <0.001

ALBI grade before treatment <0.001 0.316

1 438 Reference Reference

2 194 2.91 (1.99–4.25) <0.001 – 0.196

3 3 3.03 (0.42–22.02) 0.273 – 0.623

NLR before treatment (1 vs. 0) 105 vs. 530 1.23 (0.77–1.99) 0.387 – –

PLR before treatment (1 vs. 0) 49 vs. 586 0.95 (0.42–2.17) 0.908 – –

PNI before treatment (1 vs. 0) 133 vs. 502 2.39 (1.63–3.53) <0.001 – 0.535

mGPS before treatment 0.084 0.946

0 601 Reference Reference

1 26 1.31 (0.53–3.21) 0.557 – 0.897

2 8 3.03 (1.12–8.25) 0.030 – 0.753

GPS before treatment <0.001 0.405

0 543 Reference Reference –

1 84 2.95 (1.93–4.53) <0.001 – 0.179

2 8 3.67 (1.34–10.05) 0.011 – 0.753

PI before treatment 0.128 –

0 596 Reference – –

1 31 1.96 (0.99–3.87) 0.054 – –

2 8 0.56 (0.08–4.01) 0.563 – –

CAR before treatment 0.004 0.845

0 429 Reference – Reference –

1 100 1.67 (1.03–2.71) 0.037 – 0.758

2 106 2.03 (1.30–3.18) 0.002 – 0.566

ALB, albumin; HBV, hepatitis B virus; TBIL, total bilirubin; WBC, white blood cell; PLT, platelet; CRP, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate
transaminase; ALBI, albumin-bilirubin; GPS, Glasgow Prognostic Score; NLR, neutrophil to lymphocyte ratio; mGPS, modified Glasgow Prognostic Score; PI, Prognostic
Index; PLR, platelet to lymphocyte ratio; PNI, Prognostic Nutritional Index.

position in order to eliminate tumors. The basic principles
of ablation treatment are as follows. For tumors with a
maximum diameter of ≤3.0 cm, a single antenna was usually
used. For tumors with a maximum diameter of >3.0 cm,
multiple antennas were usually used to acquire adequate ablation
necrosis. The end point of ablation was defined as having a

security boundary that extended at least 5–10 mm beyond
the tumor boundary.

Microwave ablation equipment: a microwave delivery system
(FORSEA; Qinghai Microwave Electronic Institute, Nanjing,
China) was used during MWA therapy. This system consisted of
an MTC-3 microwave generator (FORSEA) with a frequency of
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FIGURE 2 | Kaplan–Meier plots for independent prognostic factors of overall survival (OS) in patients with HCC within the Milan Criteria after RFA. (A,B) Patients with
reduced albumin (ALB) and platelet (PLT) level had lower OS rate than did those with higher ALB and PLT level. (C) Patients with tumor size ≥3.5 cm had lower OS
rate than did those with size <3.5 cm. (D) Different combinations of ALB and PLT showed the different median OS, but the OS of the two combinations of
(ALB > 37.7 g/L, PLT ≤ 80 × 109/L) and (ALB ≤ 37.7 g/L, PLT > 80 × 109/L) did not reach statistical difference (P = 0.397).

2450 MHz, a power output of 10–150 W, a flexible low-loss cable,
and a 15- or 18-cm 14G or 16G cooled-shaft antenna.

Radiofrequency ablation equipment: radiofrequency
system (RF 2000; RadioTherapeutics, Mountain View, CA,
United States) and a needle electrode with a 15G insulated
cannula with 10 hook-shaped expandable electrode tines with a
diameter of 3.5 cm at expansion (LeVeen; RadioTherapeutics).

Following Up
Follow-up included the imaging examination, serum AFP, the
liver function, and the physical examination. Patients underwent
a re-examination approximately 1 month after RFA or MWA
treatment using abdominal contrast material-enhanced CT, US,
or MRI. If there were no obvious signs of recurrence, those
patients were followed up once every 3 months for the first
2 years. If recurrence was still not observed, the follow-up visits
were allowed to extend to once every 6 months from 2 to 5 years
after RFA or MWA and then to once every 12 months after
5 years. If recurrence was detected, the patients were allowed
to treat with RFA or MWA, transarterial chemoembolization
(TACE), systemic chemotherapy, targeted therapy, or supportive
treatment according to the patient’s physical condition, liver
function, and the tumor staging at the time of tumor recurrence.
Technical success was defined as the diameter of the non-
enhanced area being greater than that of the treated nodule. The
end point, OS, was defined as the interval time from the start of
initial RFA or MWA treatment to death by any cause.

Statistical Analysis
Continuous variables that met the normal distribution were
described by mean ± SD, otherwise by median and quartile.
Continuous variables were compared by using the t-test or
Mann–Whitney U test. Binary variables were compared by
using the χ2 test or the Fisher exact test. Also, ordinal
categorical variables were compared by using the Kruskal–
Wallis H test. The optimal cut-off value of baseline variables
was calculated by “survivalROC” R package (15). Those
baseline variables were included in a time-dependent Cox
proportional-hazards modeling for univariate analysis. Variables
satisfying P < 0.1 in univariate analysis were introduced
into the multivariate time-dependent Cox proportional-hazards
modeling. The OS rate between the different groups were
compared by Kaplan–Meier curves and log-rank test. The
abilities to predict prognosis of the variables with respect
to OS were compared by time-dependent receiver operating
characteristic (ROC) curves and the estimated area under the
curve (AUC). The concordance index (C-index) and time-
dependent ROC were analyzed by using the “survival” and
“timeROC” R package (16). A nomogram was constructed based
on the results of multivariate time-dependent Cox proportional-
hazards modeling and by the “rms” R package. The C-index,
the internal validation with 1000 sets of bootstrap samples, and
the calibration curve were used to demonstrate ability to predict
prognosis of the nomogram model. Analyses were two-sided, and
P< 0.05 indicated statistical significance. Statistical analyses were
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TABLE 4 | Multivariate of the prognostic factors for overall survival based on time-dependent Cox regression analyses.

Variable Number of cases Multivariate analysis

HR (95% CI) P-value

Cirrhosis (present vs. absent) 353 vs. 282 – 0.954

PT (s) (≥13.6 vs. <13.6) 104 vs. 531 – 0.088

TBIL (≥28.3 µmol/L vs. <28.3 µmol/L) 66 vs. 569 – 0.335

WBC (≤4.24 × 109/L vs. >4.24 × 109/L) 175 vs. 460 – 0.819

Lymphocyte (≤1.43 × 109/L vs. >1.43 × 109/L) 250 vs. 385 – 0.687

CRP (≥1.81 mg/L vs. <1.81 mg/L) 230 vs. 405 – 0.316

AST (≥41.0 U/L vs. <41.0 U/L) 200 vs. 435 – 0.119

ALB (≤37.7 g/L vs. >37.7 g/L) 120 vs. 515 – 0.357

PLT (≤80 × 109/L vs. >80 × 109/L) 134 vs. 501 – 0.357

Neutrophil (≤2.41 × 109/L vs. >2.41 × 109/L) 231 vs. 404 – 0.514

PNI before treatment (1 vs. 0) 133 vs. 502 – 0.725

AFP level (≥37.15 ng/ml vs. <37.15 ng/ml) 307 vs. 328 – 0.141

Size (≥3.5 cm vs. <3.5 cm) 62 vs. 573 1.99 (1.24–3.22) 0.005

Age (years) 635 1.03 (1.01–1.05) <0.001

mGPS before treatment 0.977

0 601 Reference –

1 26 – 0.863

2 8 – 0.888

GPS before treatment 0.251

0 543 Reference –

1 84 – 0.100

2 8 – 0.888

ALBI grade before treatment 0.230

1 438 Reference

2 194 – 0.129

3 3 – 0.556

CAR before treatment 0.737

0 429 Reference

1 100 – 0.806

2 106 – 0.435

APS before treatment <0.001

1 grade 433 Reference –

2 grade 150 2.52 (1.64–3.87) <0.001

3 grade 52 5.51 (3.35–9.05) <0.001

ALB, albumin; HBV, hepatitis B virus; TBIL, total bilirubin; WBC, white blood cell; PLT, platelet; CRP, C-reactive protein; AST, aspartate transaminase; ALBI, albumin-
bilirubin; GPS, Glasgow Prognostic Score; NLR, neutrophil to lymphocyte ratio; mGPS, modified Glasgow Prognostic Score; PNI, Prognostic Nutritional Index.

conducted using SPSS version 25.0 (IBM, United States) and R
version 3.6.11.

RESULTS

Patient Characteristics
A total of 635 HCC patients within the Milan Criteria meeting the
inclusion and exclusion criteria were included in this study. The
mean age of those patients was 57.74 years (57.74± 12.35 years).
The median size was 2.30 cm (range: 0.70–5.00 cm). A total of
577 (90.9%) and 58 (9.1%) of HCC patients had solitary and
multiple tumors, respectively. There were 573 (90.2%) patients
with hepatitis B virus (HBV) infection and 353 (55.6%) patients

1https://www.r-project.org/

with cirrhosis, respectively. A total of 477 (75.1%) and 158
(24.9%) of HCC patients were treated with RFA and MWA,
respectively. Other clinical characteristics and the inflammation-
based scores are depicted in Table 2.

Optimal Cut-Off Value of Baseline
Variables
The optimal cut-off value of baseline variables was calculated
by survival ROC, which could fit Cox proportional-hazards
modeling to the status and the time of survival. The optimal
cut-off value of tumor size, AFP level, PT, ALB, TBIL,
WBC, neutrophil, lymphocyte, monocyte, platelet, C-reactive
protein (CRP), ALT, and AST were 3.5 cm, 37.15 ng/ml,
13.6 s, 37.7 g/L, 28.3 µmol/L, 4.24 × 109/L, 2.41 × 109/L,
1.43× 109/L, 0.64× 109/L, 80× 109/L, 1.81 mg/L, 52.5 U/L, and
41.0 U/L, respectively.
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FIGURE 3 | Time-dependent receiver operating characteristic (timeROC) curves at 1 (A), 3 (B), 5 (C), and 8 (D) years of OS based on different inflammation-based
scores, variables (i.e., ALB and PLT) that built the APS, and the nomogram based on the three pretreatment clinical variables, including the APS level, tumor size,
and age.

TABLE 5 | Comparison of the performance and discriminative ability between the preoperative blood-related prognostic factors.

Score 1-year AUC (95% CI) 3-year AUC (95% CI) 5-year AUC (95% CI) 8-year AUC (95% CI) C-index (95% CI)

ALB 0.68 (0.57, 0.79) 0.62 (0.55, 0.68) 0.61 (0.55, 0.67) 0.66 (0.59, 0.73) 0.64 (0.59, 0.69)

PLT 0.72 (0.62, 0.83) 0.60 (0.53, 0.66) 0.62 (0.56, 0.68) 0.64 (0.57, 0.71) 0.61 (0.56, 0.67)

PLR 0.53 (0.46, 0.60) 0.49 (0.46, 0.52) 0.51 (0.48, 0.54) 0.52 (0.50, 0.54) 0.50 (0.47, 0.53)

mGPS 0.54 (0.47, 0.62) 0.52 (0.49, 0.56) 0.52 (0.49, 0.56) 0.53 (0.49, 0.58) 0.52 (0.49, 0.55)

PI 0.54 (0.46, 0.61) 0.52 (0.48, 0.56) 0.52 (0.48, 0.55) 0.53 (0.49, 0.58) 0.52 (0.49, 0.55)

NLR 0.56 (0.46, 0.66) 0.51 (0.46, 0.57) 0.51 (0.46, 0.56) 0.52 (0.45, 0.59) 0.52 (0.48, 0.57)

PNI 0.63 (0.52, 0.74) 0.59 (0.52, 0.65) 0.59 (0.53, 0.66) 0.64 (0.56, 0.71) 0.60 (0.55, 0.65)

GPS 0.61 (0.51, 0.72) 0.61 (0.55, 0.67) 0.60 (0.54, 0.66) 0.61 (0.54, 0.67) 0.60 (0.55, 0.65)

CAR 0.68 (0.57, 0.78) 0.60 (0.52, 0.67) 0.57 (0.50, 0.64) 0.57 (0.48, 0.67) 0.60 (0.54, 0.65)

APS 0.77 (0.67, 0.88) 0.65 (0.58, 0.72) 0.66 (0.59, 0.73) 0.73 (0.65, 0.81) 0.67 (0.62, 0.73)

Nomogram 0.80 (0.70, 0.91) 0.67 (0.60, 0.75) 0.68 (0.61, 0.75) 0.82 (0.75, 0.89) 0.71 (0.66, 0.77)
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FIGURE 4 | The comparison of serial trends of their performance and discrimination of different inflammation-based scores, variables that built the APS, and the
nomogram by the estimated area under the curve (AUC) values (A), and the corresponding P-value based on APS (B) and the nomogram (C).

Establishment of the
Inflammation-Based Score—APS
Twenty-seven variables (gender, tumor size, tumor numbers,
AFP level, HBV infection, treatment method, cirrhosis, PT,
ALB, TBIL, WBC, neutrophil, lymphocyte, monocyte, PLT, CRP,
ALT, AST, age, ALBI grade, NLR, PLR, PNI, mGPS, GPS, PI,
CAR) were included in the time-dependent Cox proportional-
hazards modeling one by one for univariate analysis, and we
introduced those variables satisfying P < 0.1 in univariate
analysis into the multivariate time-dependent Cox proportional-
hazards modeling, and found that only four variables (tumor
size, ALB, PLT, age) were independent prognostic factors of OS
(Table 3 and Figure 2A–C). Therefore, we combined ALB with
PLT (i.e., ALB + PLT) to construct a novel inflammation-based
prognostic score. The OS rate between the different groups of
ALB + PLT was compared by Kaplan–Meier curves and log-
rank test (Figure 2D). As shown in Figure 2D, we combined
(ALB > 37.7 g/L, PLT ≤ 80 × 109/L) and (ALB ≤ 37.7 g/L,
PLT > 80 × 109/L) of ALB + PLT and recorded it as APS 2
level. We then included those variables satisfying P < 0.1 in
univariate analysis and APS into proportional-hazards modeling
for multivariate analysis, and found that only three variables
(tumor size, APS, age) were independent prognostic factors
for the OS of HCC patients within the Milan Criteria after
ablation (Table 4).

The Performance and Discrimination of
the APS
Time-dependent ROC curves at 1, 3, 5, and 8 years of OS
were constructed to compare the performance of the other
inflammation-based scores and variables (i.e., ALB and PLT) that
built APS, which suggested that APS was superior to other factors

(Figure 3). The details of the corresponding AUC values and
C-index values of those variables for OS prediction are depicted
in Table 5, which showed that the AUC values and C-index value
(0.67; 95% CI 0.62, 0.73) of APS was higher than that of others.
To further prove the performance and discrimination of APS,
the AUC values (Figure 4A) and corresponding P-value based on
APS (Figure 4B) of those inflammation-based scores, ALB, and
PLT at different times were calculated to compare the sequential
trends of their performance and discrimination, which showed
that APS was significantly superior to other factors in predicting
the long-term prognosis.

Correlations Between Patient
Characteristics and the APS
The relationship between the APS and patient characteristics
is summarized in Table 6. The higher APS was significantly
associated with female (P = 0.006); cirrhosis (P < 0.001);
PT ≥ 13.6 s (P < 0.001); TBIL ≥ 28.3 µmol/L (P < 0.001);
WBC ≤ 4.24 × 109/L (P < 0.001); neutrophil ≤ 2.41 × 109/L
(P < 0.001); lymphocyte ≤ 1.43 × 109/L (P < 0.001); CRP
≥ 1.81 mg/L (P < 0.001); AST ≥ 41.0 U/L (P < 0.001);
older patients (P < 0.001); increased ALBI grade (P <
0.001); and increased PNI, mGPS, GPS, and CAR (P < 0.001).
Besides, patients with cirrhosis have significantly reduced WBC
(P < 0.001), neutrophil (P < 0.001), and lymphocyte (P < 0.001)
counts than patients without cirrhosis (Figure 5).

Construction and Validation of
Nomogram Based on the APS
Three variables (APS, tumor size, age), which were independent
prognostic factors of OS, were integrated to construct a novel
nomogram for predicting prognosis (Figure 6). The C-index
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TABLE 6 | Clinical characteristics of patients in relation to APS.

Variables APS 1 grade APS 2 grade APS 3 grade P-value

N = 433 N = 150 N = 52

Gender (female vs. male) 57 vs. 376 35 vs. 115 12 vs. 40 0.006

Tumor size (≥3.5 cm vs. <3.5 cm) 39 vs. 394 18 vs. 132 5 vs. 47 0.567

AFP level (≥37.15 ng/ml vs. <37.15 ng/ml) 198 vs. 235 79 vs. 71 30 vs. 22 0.127

HBV infection (present vs. absent) 392 vs. 41 134 vs. 16 47 vs. 5 0.913

Numbers (multiple vs. solitary) 33 vs. 400 17 vs. 133 8 vs. 44 0.105

Treatment (MWA vs. RFA) 101 vs. 332 39 vs. 111 18 vs. 34 0.192

Cirrhosis (present vs. absent) 193 vs. 240 118 vs. 32 42 vs. 10 <0.001

PT(s) (≥13.6 vs. <13.6) 21 vs. 412 47 vs. 103 36 vs. 16 <0.001

TBIL (≥28.3 µmol/L vs. <28.3 µmol/L) 21 vs. 412 24 vs. 126 21 vs. 31 <0.001

WBC (≤4.24 × 109/L vs. >4.24 × 109/L) 69 vs. 364 72 vs. 78 34 vs. 18 <0.001

Neutrophil (≤2.41 × 109/L vs. >2.41 × 109/L) 111 vs. 322 83 vs. 67 37 vs. 15 <0.001

Lymphocyte (≤1.43 × 109/L vs. >1.43 × 109/L) 130 vs. 303 80 vs. 70 40 vs. 12 <0.001

Monocyte (≥0.64 × 109/L vs. <0.64 × 109/L) 39 vs. 394 14 vs. 136 4 vs. 48 0.938

CRP (≥1.81 mg/L vs. <1.81 mg/L) 129 vs. 304 68 vs. 82 33 vs. 19 <0.001

ALT (≥52.5 U/L vs. <52.5 U/L) 84 vs. 349 29 vs. 121 14 vs. 38 0.428

AST (≥41.0 U/L vs. <41.0 U/L) 95 vs. 338 69 vs. 81 36 vs. 16 <0.001

Age (years) 57 (48–66)* 60 (52–69)* 59 (51–66)* 0.039

ALBI grade before treatment <0.001

1 385 53 0 –

2 48 95 51 –

3 0 2 1 –

NLR before treatment (1 vs. 0) 65 vs. 368 30 vs. 120 10 vs. 42 0.316

PLR before treatment (1 vs. 0) 40 vs. 393 7 vs. 143 2 vs. 50 0.108

PNI before treatment (1 vs. 0) 17 vs. 416 67 vs. 83 49 vs. 3 <0.001

mGPS before treatment <0.001

0 416 141 44 –

1 17 6 3 –

2 0 3 5 –

GPS before treatment <0.001

0 416 111 16 –

1 17 36 31 –

2 0 3 5 –

PI before treatment 0.064

0 411 141 44 –

1 18 7 6 –

2 4 2 2 –

CAR before treatment <0.001

0 326 85 18 –

1 54 33 13 –

2 53 32 21 –

ALB, albumin; HBV, hepatitis B virus; TBIL, total bilirubin; WBC, white blood cell; PLT, platelet; CRP, C-reactive protein; ALT, alanine aminotransferase; AST, aspartate
transaminase; ALBI, albumin-bilirubin; GPS, Glasgow Prognostic Score; NLR, neutrophil to lymphocyte ratio; mGPS, modified Glasgow Prognostic Score; PI, Prognostic
Index; PLR, platelet to lymphocyte ratio; PNI, Prognostic Nutritional Index. *These data represent the median (interquartile Q1–Q3).

for the nomogram for assessment of OS after ablation was 0.72
(95% CI 0.66, 0.77). The calibration plots for probability of
survival at 1, 3, 5, and 8 years with 1000 cycles of bootstrapping
were well matched with the idealized 45◦ line (Figure 7).
Besides, we calculated individualized scores of each patient,
which was the total score for those three prognostic variables.
Time-dependent ROC curves at different times of OS, the AUC
and C-index values, and the corresponding P-value suggested
that the novel inflammation-based nomogram system improved

the performance and discrimination in predicting the short-
term or long-term prognosis of HCC patients within the
Milan Criteria after curative ablation (Figures 3, 4C). Besides,
the time-dependent ROC curves also showed that compared
with age, tumor size, and the American Joint Committee on
Cancer (AJCC) 8th staging system (3), the novel inflammation-
based nomogram system has obvious advantages in predicting
prognosis of HCC patients within the Milan Criteria after
curative ablation at 1 year [compared with age (P < 0.001), tumor
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FIGURE 5 | Comparison of white blood cell (WBC) (A), neutrophil (B), and lymphocyte (C) counts in patients with cirrhosis and non-cirrhosis by the
independent-samples Mann–Whitney U test.

size (P = 0.004), and AJCC 8th staging system (P = 0.031)], 3 years
[compared with age (P = 0.004), tumor size (P < 0.001), and
AJCC 8th staging system (P = 0.028)], and 5 years [compared with
age (P = 0.010), tumor size (P < 0.001), and AJCC 8th staging
system (P < 0.001)] of OS (Figure 8).

DISCUSSION

In this study, we firstly found a novel inflammation-based score
system—Albumin-Platelet Score (APS)—that has a significant
advantage over others in predicting the long-term prognosis by

systematically analyzing the pre-treatment clinical characteristics
and the inflammatory indicators included in these inflammation-
based scores (i.e., NLR, PLR, PNI, mGPS, GPS, PI, and CAR).
Also, the nomogram based on the APS further improved the
performance of predicting the prognosis of HCC patients within
the Milan Criteria after ablation.

As we all know, inflammation promotes bad prognosis of
HCC through induction of thrombocytopenia, lymphopenia, and
resistance to chemotherapy (17–19). Therefore, inflammation-
based prediction systems have great potential in predicting the
prognosis of HCC patients (7–13). Especially in China, most
cases of HCC are caused by potentially chronic HBV infection.
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FIGURE 6 | Nomogram based on the three pretreatment clinical variables, including APS level, tumor size, age, showed assessment of 1-, 3-, 5-, and 8-year OS of
HCC patients within the Milan Criteria after ablation. APS, Albumin-Platelet Score.

However, few studies based on pretreatment inflammation-based
markers focused on assessing the prognosis of HCC patients
within the Milan Criteria after curative ablation. To bridge
the gap, we systematically analyzed the pre-treatment clinical
characteristics to find a significant pre-treatment inflammation-
based markers to choose a more ideal treatment for HCC patients
within the Milan Criteria.

The APS was an integrated indicator based on peripheral
ALB level and PLT counts. In this study, reduced ALB level
(ALB ≤ 37.7 g/L) and PLT counts (PLT ≤ 80 × 109/L) were
independent predictors of OS in HCC patients within the

Milan Criteria after curative ablation. Platelets were involved
in the pathogenesis of chronic liver disease through hemostasis
and inflammatory processes. Kondo et al. (20) reported an
important outcome of the accumulation of platelets in the
liver with chronic hepatitis causing thrombocytopenia and
liver fibrosis through the activation of hepatic stellate cells
(HSCs). Therefore, thrombocytopenia was considered as an
important feature of chronic liver disease and cirrhosis. In
addition, thrombocytopenia was associated closely with the
development of hepatocarcinogenesis (21). Furthermore, some
studies suggested that thrombocytopenia was regarded as an
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FIGURE 7 | Calibration plot of the nomogram at 1 year (A), 3 years (B), 5 years (C), and 8 years (D). The calibration curves were well matched with the
idealized 45◦ line.

FIGURE 8 | Time-dependent receiver operating characteristic (timeROC) curves at 1 (A), 3 (B), and 5 (C) years of overall survival based on the nomogram, age,
tumor size, and AJCC 8th staging system. AJCC, American Joint Committee on Cancer.
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inexpensive, valuable predictor for the recurrence, and survival
in patients with HCC (22, 23). ALB was an important
component of various liver function evaluation indicators, such
as Child–Turcotte–Pugh classification, ALBI grade, and some
inflammation-based score systems, such as GPS, mGPS, and PNI,
and they were closely related to the prognosis of HCC (9, 10, 12,
14, 24). Therefore, the APS was an important predictive indicator
of the efficacy of HCC undergoing ablation theoretically and
practically. Besides, we conducted a correlation analysis between
patient characteristics and the APS, and found that among HCC
patients within the Milan Criteria after curative ablation with
a higher APS, more patients had reduced WBC, neutrophil,
and lymphocyte counts; increased CRP level; increased PNI,
mGPS, GPS, and CAR; increased ALBI grade; cirrhosis; and
increased AST and TBIL, suggesting a higher APS often with
poorer immune response, an elevated inflammation status, and
worse liver functional reserve. We also found that patients
with cirrhosis have significantly reduced WBC, neutrophil,
and lymphocyte counts than patients without cirrhosis, which
suggested that leukopenia, neutropenia, and lymphopenia were
also considered as important features of chronic liver disease and
cirrhosis in HCC patients within the Milan Criteria, similar to
the thrombocytopenia. In fact, some studies showed the HBV-
encoded regulatory HBX protein was able to transactivate the
IL-8 promoter, which promoted the IL-8 expression and elicited
granulocytes, NK cells, and T-cell chemotaxis at the inflammatory
regions, contributing to the development of liver damage (25–
28). Therefore, we assumed that the accumulation of neutrophil
in the liver with chronic hepatitis was also one of the important
causes of neutropenia in early-stage HCC.

Based on the significance of APS, we established an easy-to-
use nomogram based on three pretreatment clinical variables,
including APS level, tumor size, and age, to assess the
prognosis of HCC patients within the Milan Criteria after
curative ablation. We also found that the novel inflammation-
based nomogram system significantly improved the performance
and discrimination in predicting the short-term or long-term
prognosis of HCC patients within the Milan Criteria after
curative ablation. Also, the nomogram system has more obvious
advantages than AJCC 8th staging system in predicting OS of
HCC patients within the Milan Criteria after curative ablation.

Besides, there are some considerations to consider when
constructing the nomogram. To reduce the expected error in the
predicted probability below 10%, the numbers of survival and
death should be greater than 10 times the numbers of variables
constructing the nomogram (29). The number of deaths was
110, which was more than 36.7 times the number of variables
in our study. Considering the insufficient number of cases in the
external validation group, we applied the internal validation with
1000 sets of bootstrap samples and its calibration curve and well
verified the nomogram. Therefore, the nomogram system can
help clinicians make good decisions, improve patient–physician
communication, and even choose suitable HCC patients for
clinical trials.

Although our findings were significant, there were several
limitations to our study. First, the study was a retrospective study
mainly based on HBV-infected population, so whether the APS

could also predict the prognosis well in non-HBV-predominated
HCC patients within the Milan Criteria after curative ablation
is a question worthy of further verification. Second, the number
of patients with mGPS 3 level, GPS 3 level, and PI 3 level were
quite less, which may weaken the ability of mGPS, GPS, and PI in
predicting the prognosis. Third, although the ideal cut-off values
for these pre-treatment baseline variables were based on survival
ROC, which could fit Cox proportional-hazards modeling to the
status and the time of survival, this was a single-center study.
Therefore, the prospective and multicentric external verification
will be conducted to further verify this novel inflammation-based
score—APS—and the nomogram based on the APS.

CONCLUSION

This study is the first to find the novel inflammation-based
score—APS—that was a better inflammation-based prognostic
system than others (i.e., NLR, PLR, PNI, mGPS, GPS, PI, and
CAR). Also, the nomogram based on the APS improved the
performance of predicting the prognosis of HCC patients within
the Milan Criteria after ablation.
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Assessment of Ablative Margin After
Microwave Ablation for
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Jinhua Huang 1*

1Department of Minimal Invasive Intervention, State Key Laboratory of Oncology in South China, Collaborative Innovation

Center for Cancer Medicine, Sun Yat-sen University Cancer Center, Guangzhou, China, 2College of Software, Nankai

University, Tianjin, China

Aim: To assess the ablative margin (AM) after microwave ablation (MWA) for

hepatocellular carcinoma (HCC) with a deep learning-based deformable image

registration (DIR) technique and analyze the relation between the AM and local tumor

progression (LTP).

Patients and Methods: From November 2012 to April 2019, 141 consecutive patients

with single HCC (diameter ≤ 5 cm) who underwent MWA were reviewed. Baseline

characteristics were collected to identify the risk factors for the determination of LTP after

MWA. Contrast-enhanced magnetic resonance imaging scans were performed within 1

month before and 3 months after treatment. Complete ablation was confirmed for all

lesions. The AM was measured based on the margin size between the tumor region and

the deformed ablative region. To correct the misalignment, DIR between images before

and after ablation was achieved by an unsupervised landmark-constrained convolutional

neural network. The patients were classified into two groups according to their AMs:

group A (AM ≤ 5mm) and group B (AM > 5mm). The cumulative LTP rates were

compared between the two groups using Kaplan–Meier curves and the log-rank test.

Multivariate analyses were performed on clinicopathological variables to identify factors

affecting LTP.

Results: After a median follow-up period of 28.9 months, LTP was found in 19

patients. The mean tumor and ablation zone sizes were 2.3 ± 0.9 cm and 3.8 ± 1.2 cm,

respectively. The mean minimum ablation margin was 3.4 ± 0.7mm (range, 0–16mm).

The DIR technique had higher AUC for 2-year LTP without a significant difference

compared with the registration assessment without DL (P = 0.325). The 6-, 12-, and 24-

month LTP rates were 9.9, 20.6, and 24.8%, respectively, in group A, and 4.0, 8.4, and

8.4%, respectively, in group B. There were significant differences between the two groups

(P= 0.011). Multivariate analysis showed that being >65 years of age (P= 0.032, hazard

ratio (HR): 2.463, 95% confidence interval (CI), 1.028–6.152) and AM≤ 5mm (P= 0.010,

HR: 3.195, 95% CI, 1.324–7.752) were independent risk factors for LTP after MWA.
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Conclusion: The novel technology of unsupervised landmark-constrained convolutional

neural network-based DIR is feasible and useful in evaluating the ablative effect of MWA

for HCC.

Keywords: microwave ablation, deep learning-based deformable image registration, ablative margin,

hepatocellular carcinoma, local tumor progression

INTRODUCTION

Image-guided percutaneous thermal ablation (PTA) is a
widely prevalent minimally invasive therapy for early-stage
hepatocellular carcinoma (HCC) (1–3). Both microwave ablation
(MWA) and radiofrequency ablation (RFA) offer a shorter
operative duration, less bleeding, and fewer complications than
surgery (4–6). Despite many advantages, the therapeutic effect
of PTA is still hampered by local tumor progression (LTP) (7).
Accumulating data shows that untreated micrometastases from
the primary tumor, the ensuing spread along intrasegmental
branches, and vascular invasion can lead to LTP. Previous
studies have reported that the LTP rate ranged from 5.1 to
20.7% in patients with a liver malignancy who underwent
different ablation modalities (8, 9). Numerous clinical studies
have found that a minimum ablation margin (AM) is an
independent predictor of LTP after ablation for HCC (10–12).
Most micrometastases in previous reports were found to be
more than 5mm away from the boundary of target lesions, and a
thermal field range that extends outside the tumor border with a
5–10-mm safe margin should be developed. To improve ablative
efficacy, accurate AM assessment would deliver important
feedback to the operator during the procedure.

For the assessment of the surgical margin, the margin size
refers to the distance from the edge of the neoplasm to the
transected tissue (13). Similarly, the AM was measured by the
distance among the radiographic borders of the tumor and the
ablation zone based on 2D pre- and post-ablative images (14).
Traditionally, radiologists typically assess the AM by comparison
of the pre- and post-ablation images side by side based on
anatomical markers. However, this method fails to measure
the AM conveniently and accurately. Instead, pre- and post-
ablative images can be registered, and the AM can be measured
immediately. However, these registration techniques still have
two major issues: first, due to the breathing motion of the
liver and heating-stimulated tissue deformation (15, 16), the
registration error between the pre- and post-ablation images
is augmented; second, there is no specific cutoff value for the
optimal safety boundary value. Therefore, precise assessment in
the AM and image registration play a vital role in improving the
predictive accuracy of LTP after PTA.

Deep learning (DL) is a subspecialty of machine learning that
has achieved impressive performance in diagnosis, prediction,
and decision-making. In recent years, DL has been applied to
image registration and DL-based registration methods can be
divided into two categories: one method is to utilize a deep
neural network to estimate the similarity between the two images
of pre- and post-ablation and drive iterative optimization, and
the other method utilizes a deep regression network to predict

the transformation parameters. The former methods only use
deep learning for the similarity measurement, but they still need
the traditional registration method for iterative optimization
and cannot perform real-time registration. The latter methods
take advantage of DL and address the challenges of non-rigid
registration. Balakrishnan et al. (17) proposed an unsupervised
learning-based deformable image registration method for MR
brain registration. They used a convolutional neural network-
based framework, VoxelMorph, to map an input image pair to
a deformation field that aligns these images. Zhao et al. (18)
presented recursive cascaded networks for deformable image
registration. They warped the moving image successively by
each cascade recursively in an unsupervised manner and finally
aligned to the fixed image.

The goal of this study was to develop and explore AMs using
registration between pre- and post-ablationMRI images based on
DL, which overcomes the limitations of the current techniques
and increases the AM accuracy assessment post-MWA in early-
stage HCC.

MATERIALS AND METHODS

Patient Selection
The protocol was reviewed and granted approval through
the institutional review board. The necessity to acquire
informed consent was waived. For our cohort study, 289
treatment-naïve patients with HCC (tumor diameter ≤ 5 cm)
who subsequently were administered computed tomography-
guided percutaneous microwave ablation (CT-PMWA) from
November 2012 to April 2019 were reviewed. The patients were
monitored from time of treatment until death or April 2020.
A diagnosis of HCC was established as per recommendations
of the European Association for the Study of the Liver
(EASL) (19). To avoid any confounding factors that might
cause LTP, we designed strict inclusion and exclusion criteria
(Figure 1). The inclusion and exclusion criteria are described
in Supplementary Material A1. The ablation area covering
the tumor focus was examined by comparing the real-time
images that were acquired after the procedure with the
enhanced scan image that were acquired prior to treatment to
confirm complete ablation. The AM is defined as the shortest
distance from the edge of the tumor to the edge of the
ablation zone. These patients had undergone necessary follow-
up examinations.

Pre- and Post-ablative MRI and Follow-Up
All pre-ablation magnetic resonance image (MRI) scans were
performed within 1 month (mean, 12.8 ± 2.2 days; range, 1–
29 days) before the MWA procedure. The post-ablation MRI
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FIGURE 1 | Flow diagram shows the study patient accrual process.

scans were also performed within 3 months (mean, 34.5 ± 10.5
days; range, 25–82 days) following theMWA procedure. Two GE
750w 3.0T MRI scanners were used (GE Healthcare, Waukesha,
WI). MRI image parameters used for registration are shown
in Supplementary Material A2. Contrast-enhanced MR images
were obtained through the use of a T1-weighted 3D gradient-
echo sequence prior to and 30, 60, and 90 s post-intravenous
administration of 0.1 mmol/kg gadopentetate dimeglumine
(Bayer HealthCare Pharmaceuticals, Berlin, Germany). The
patients were monitored using a contrast-enhanced imaging
(i.e., MRI or CT) at 3-month intervals within 1 year and 6-
month intervals beyond 1 year, and the follow-up period was not
<1 year.

MWA Procedures
Ablation was conducted through three interventional
radiologists (JH, ZH, and CA, with 25, 10, and 5 years of
experience with MWA, respectively). All MWA procedures were
carried out under CT guidance, the microwave antenna was
localized into the tumor, and the deployment degree scale was
established based on the tumor size and shape. Patients were
asked to lie in a supine or prone position on the scanning bed
based on the location of their lesions. Every MWA procedure
was carried out using local and intravenous anesthesia. Post-
anesthesia, a 15-gauge, 18-cmMWA antenna (MTC-3C, Nanjing
Qinghai Research Institute of Microwave Electric, China)
was introduced into the tumor at a pre-set angle. In order
to make sure that the position of the ablation electrode was
adequate, CT image scanning was carried out once more before
the ablation surgery. The settings for the power and ablation
times were established as per the standard guidelines that
were recommended by the manufacturer. Each MWA session
utilized an overlapping technique to make sure the entire tumor
was eliminated.

Definition of Local Tumor Progression and
Technique Effectiveness
LTP was characterized based on the imaging results of the
abnormal nodular, disseminated, and/or atypical patterns of
peripheral enhancement around the ablation site in MWA-
treated patients. The efficacy of the technique was described as
comprehensive local necrosis at 1 month post-treatment (20).

Image Registration Procedure
The MRI–MRI image fusion was carried out utilizing a
commercial image fusion system (MyLab Twice, Esoate, Genoa,
Italy) (11). One set of MRI images prior to MWA that
demonstrated hepatic vessels clearly and HCC lesions within
the portal vein or delay phase were chosen. Next, the images
in DICOM format were imported into the image fusion system.
An additional set of MRI images post-MWA with clear hepatic
vessels and ablative zones in DICOM format were also imported
within the image fusion system. HCC lesions in the MRI scans
before MWA were manually outlined, and a 5-mm AM was
automatically established. The system labeled the HCC lesion and
AM through the use of various colors (Figure 2).

Deep Learning-Based Deformable Image
Registration
To reduce the registration errors due to breathing motion
and heating-induced tissue deformation, we present a deep
learning-based deformable image registration (DIR) algorithm
based on an unsupervised end-to-end deep spatial transformed
similarity network (STS-net) for the ablation images. The
architecture of our proposed registration method is given in
Figure 3. The registration network, STS-net, contains a spatial
transformer network (ST-net) and a similarity network (S-net).
The ST-net performs explicit spatial transformations of moving
images according to fixed images, and the S-net calculates the
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FIGURE 2 | An example of margin assessment based on MR-MR fusion. (A) Co-registered pre-ablation MR images show the tumor zone (orange arrow); (B)

Co-registered post-ablation MR images show the ablation zone (orange arrow). (C) Achievement of registration between the tumor and ablation zones (blue arrow).

(D–F). Segmented tumor (red) and theoretical 5mm (blue) margin contours overlaid on the ablation zone on the axial, sagittal, and coronal MR images.

FIGURE 3 | The non-rigid DIR STS-net. Two neural network (left: spatial transformer network and right: similarity network). The orange frame is a non-rigid

transformation parameter generation framework in which there are three parts: The localization network specified by a Siamese network, grid generator, and sampler.

The blue frame is a similarity calculation framework where the deep multiscale features from the transformed pre-operative image and ablation image are extracted by

a convolutional neural network, and their similarity is backpropagated to the orange frame for more accurate registration.

similarity between pairs of transformed moving images and
fixed images. By backpropagating the similarity from the S-Net,
the ST-net can achieve the optimized spatial transformation for
unsupervised registration.

The ST-net forms a spatial transformer. First, a Siamese
network, which includes two identical convolutional neural
networks that share the same set of weights with a final regression
layer, is designed to create the non-rigid transformation
parameters that minimize the difference between the pair of
images. Next, the predicted spatial transformation parameters
are utilized to generate a sampling grid to obtain the rigid
and non-rigid transformations. Finally, the sampler achieves the
warped image sampled from the original moving image at the

grid points. For a better transformation, we use the differentiable
image sampler, which takes the set of sampling points, and an
input image U to produce a transformed moving image V. The
transformed image V can be determined using

Vi =

H
∑

n

W
∑

m

Unmmax (0, 1− |xi −m|)max
(

0, 1−
∣

∣yi − n
∣

∣

)

,(1)

where H and W are the height and width of the image,
respectively; the (xi, yi) coordinates define the spatial location of
pixel i in the input image, and max(a, b) is a function returning
the larger value between value a and value b. The bilinear
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sampling kernel is used to obtain the value at a particular pixel
in image V.

The S-net measures the similarity metric between the paired
images. For a more accurate measurement, the whole images
are divided into regions, and the similarities between the paired
regions are calculated and combined. First, the deep feature
is extracted by a convolutional neural network. The regions
are passed through a stack of convolutional layers to capture
the notion of left, right, up, down, and center, are linearly
transformed, and are passed through five max-pooling layers
to maintain the local translation invariance property, for a set
of feature maps. Then, the multiscale features are fused to
form a fully connected layer. Finally, the similarity of deep
features from the paired images is calculated in the sum of the
similarity between the paired deep features of regions with the
normalized cross-correlation. The similarity as the loss function
is backpropagated to the ST-net for more accurate registration of
ablation images. The loss function can be defined by

LOSS = −

N
∑

i=1

D(Fwi, Fai)
√
D(Fwi, Fwi)× D(Fai, Fai)

, (2)

where Fwi and Fai are the features of the ith block of the warped
image and ablation image, respectively, which are extracted from
the fully connected layer, D (a, b) is a function returning the dot
product of vector a and vector b, and N is the number of blocks
in the warped image.

The proposed network can learn changes in the position
and deformation of the liver according to the pair of the
pre- and post-ablation images and apply the transformation on
the pre-operative image to obtain the warped image with the
deformation. By backpropagating the similarity and correcting
the deformation iteratively until the minimum dissimilarity
is reached, the pre-operative image is finally aligned to the
ablation image.

Statistical Analysis
Continuous variables were evaluated through the Mann–
Whitney U-tests, while categorical variables were assessed
through the Pearson χ2 or Fisher’s exact tests. LTP was then
determined utilizing the Kaplan–Meier method using a log-rank
test. Univariate and multivariate analyses of independent risk
factors for LTP were evaluated using a forward stepwise Cox
regression model. The variation in prediction power among
the metrics was determined by comparing the area under
the receiver operating characteristic curve utilizing DeLong’s
method. SPSS 22.0 (SPSS, Chicago, IL) and RMS package for the
R environment 3.5.1 (http://www.r-project.org/) were utilized for
all statistical analyses. A two-sided P < 0.05 was the threshold for
statistical significance.

RESULTS

Baseline Characteristics
After layer-by-layer screening according to the above exclusion
criteria, 141 patients (17 females and 124 males; mean age, 55.2

TABLE 1 | Baseline characteristics of patients undergoing CT-PMWA.

Characteristics No. of patients (n = 141)

Age (y)a 55.2 ± 10.8 (26–82)

Gender

Female 17 (12.1)

Male 124 (87.9)

Comorbid disease

Absence 41 (29.1)

Presence 100 (70.9)

Maximum tumor diameter (cm)a 2.3 ± 0.9

Maximum ablation zone diameter (cm)a 3.8 ± 1.2

Tumor volume (ml)* 47.8 (16.3–352.8)

Ablation zone volume (ml)* 102.6 (76.5–892.6)

Child–Pugh class

A 140 (99.3)

B 1(0.7)

Location of tumor

Left S1/S2/S3/S4 2/2/3/6

Right S5/S6/S7/S8 35/34/24/35

Abutting major vessels

Presence 25 (17.7)

Absence 116 (82.3)

Biochemical tests

AFP (ng/ml)* 32.7 (6.3–22352.8)

ALP (U/L)* 86.1 (49.0–241.6)

AST (U/L)a 36.1 ± 10.8

ALT(U/L)a 37.7 ± 11.6

TBIL (µmol/l)a 15.6 ± 3.9

Ablation margin

≤5mm 61 (43.3)

>5mm 80 (56.7)

Ablation duration (min)a 8.7 ± 1.6

Ablation power (W) a 58.2 ± 1.2

Unless otherwise indicated, numbers in parentheses are the range.
aValues are mean value ± standard deviation (range).

*Values are median (range); AFP, alpha-fetoprotein; AST, aspartate aminotransferase;

ALT, alanine transaminase; ALB, serum albumin; TBIL, total bilirubin; MWA,

microwave ablation.

± 10.8 years) using single HCC (mean diameter, 2.3 ± 0.9 cm)
were enrolled. All HCC lesions underwent deep learning-based
deformable image registration (DIR), and the success rate of
registration was 100% (141/141). The median image registration
time cost was 183.5 s, and the mean registration error was 1.6 ±
0.8mm, which is significantly lower than that of the registration
method without DL (2.8 ± 1.1mm, P = 0.003). The patient and
tumor characteristics are demonstrated in Table 1. The mean
maximum tumor and ablation zone sizes were 2.3 ± 0.9 cm and
3.8 ± 1.2 cm, respectively. The median maximum tumor and
ablation zone volumes were 47.8 and 102.6ml, respectively. The
mean minimum ablation margin was 3.4 ± 0.7mm (range, 0–
16mm). In total, 80 patients successfully achieved a 5-mm safe
margin, and 61 patients failed to achieve 5-mm safe margins.
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TABLE 2 | Comparison between DIR and conventional registration assessment.

Conventional registration

DIR AM ≤ 5 mm AM > 5 mm Total

LTP Non-LTP LTP Non-LTP

AM ≤ 5mm 8 34 8 11 61

AM > 5mm 3 26 0 51 80

Total 11 60 8 62 141

AM, ablative margin; DIR, deep learning-based deformable image registration; LTP, local

tumor progression.

Comparison Between DIR and
Conventional Registration Assessment
Using the conventional registration technique without DL,
after registration based on the intrahepatic structure landmark,
in three of these cases, significant deviations were visible
due to heating-induced tissue deformation. However, 11 cases
were misaligned due to breathing motion. If these incorrect
registrations were followed, seven patients were considered not
to reach the ablation margin. As there is only a limited amount
of cases in categories “AM > 10 mm” and “AM = 0mm,” we
divided these patients into two groups for statistical analysis and
comparison between DIR and conventional registration without
DL. Table 2 shows the comparative results. Compared with
registration without DL, DIR was classified into a proportion
of ablations as AM ≤ 5mm (61 vs. 70), and others as margin
>5mm (80 vs. 71). The statistical analysis results demonstrated
that the minimum AM calculated utilizing the DIR technique
had increased discrimination power for 2-year LTP without a
significant difference compared with the registration assessment
without DL (AUC, 0.728 vs. 0.705, respectively; P = 0.325).

Ablative Margin and Tumor Size
According to tumor size, we divided these patients into two
groups: the <3-cm and 3–5-cm groups. The mean AM size was
similar to that in the 3–5-cm group, demonstrating no significant
differences (P= 0.403). The correlation between theminimal AM
(average of the measured margins by the observers) and tumor
size is demonstrated in Figure 4.

Midterm Local Tumor Progression After
CT-PMWA
The median follow-up period was 28.9 months (range, 12.3–89.2
months). In total, 13.5% of patients (19/141) had experienced
confirmed LTP. Based on follow-up imaging, the efficacy rate
of this technique was 98.6%. These patients were separated into
two groups including (1) patients with an ablation area that fully
covers the tumor but fails to attain the 5-mm safe margin (group
A) and (2) patients with an ablation area that completely covers
the tumor and effectively achieves the 5-mm safe margin (group
B). With the DIR technique, of the 61 HCC patients in group
A, 16 experienced LTP, whereas three patients experienced LTP
in group B. In the conventional registration technique, of the 70
HCC patients in group A, 11 were found to have LTP, whereas

FIGURE 4 | The correlation between the minimal (ablative margin) AM and

tumor size. The histogram shows that there is no statistical difference in the

AM between the <3-cm group and 3–5-cm group.

eight were found to have LTP in group B. According to DIR,
the cumulative 6-, 12-, and 24-month LTP rates of group A were
9.9, 20.6, and 24.8%, respectively, for group A and 4.0, 8.4, and
8.4%, respectively (Figure 5A), showing a significant difference
(P = 0.011) between the groups. According to conventional
registration without DL, the cumulative 6-, 12-, and 24-month
LTP rates were 7.7, 18.8, and 23.1%, respectively, for group A and
4.0, 8.4, and 8.4%, respectively, for group B (Figure 5B), showing
a significant difference (P = 0.025) among the two groups.

Univariate and Multivariate Analyses for
LTP
Eight potential risk factors (sex, age, comorbidities, cirrhosis,
AFP, tumor size, location abutting major vessels, and AM)
for LTP were examined through univariate and multivariate
analyses (Table 3). Univariate analysis demonstrated statistical
significance between the LTP rates dependent on age [hazard
ratio (HR) = 2.891; 95% confidence interval (CI): 1.298, 6.439;
P = 0.009] and AM (HR = 2.426; 95% CI: 1.081, 5.444; P =

0.027). The multivariate analysis showed that older age (HR =

2.463; 95% CI: 1.028, 6.152; P = 0.032) and an AM ≤ 5mm (HR
= 3.195; 95% CI: 1.324, 7.752; P = 0.010) were significant LTP
risk factors.

DISCUSSION

Registering the pre- and post-ablation images has been a
promising alternative to conventional side-by-side assessment
for AMs, which has many advantages as follows (21–23): (1)
faster and more accurate measurement of safety boundaries
and (2) clearer observation of the spatial relationship between
the tumor and ablation zone. Therefore, an increasing number
of registration methods have emerged for evaluating AMs.
Soichiro Tani et al. (24) reported that a non-rigid intensity-
based registration was used to develop a 3D distance map
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TABLE 3 | Factors associated with LTP according to univariate and multivariate analysis.

Factors No. of patients Univariate analysis multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value*

Age (years) 2.891 (1.298, 6.439) 0.009 2.463 (1.028, 6.152) 0.032

<65 113

≥65 29

Gender 2.839 (0.462, 4.524) 0.513 … …

Male 124

Female 17

Comorbidities 2.129 (0.651, 6.961) 0.211 … …

Absence 41

Presence 100

Cirrhosis 2.129 (0.651, 6.961) 0.211 … …

Absence 51

Presence 90

Tumor size(cm) 1.864 (0.824, 4.219) 0.135 … …

<3 108

3–5 33

Abutting major vessels 1.018 (0.501, 2.068) 0.960 … …

Absence 116

Presence 25

AFP (ng/mL) 1.585 (0.667, 3.830) 0.292 … …

≤200 112

>200 29

Ablative margin (mm) 2.426 (1.081, 5.444) 0.011 3.195 (1.324, 7.752) 0.010

≤5 61

>5 80

Data in parentheses are 95% confidence intervals. *P-values were determined with Cox proportional hazards regression models. P < 0.05 indicated a significant difference.

LTP, local tumor progression; HR, hazard ratio; CI, confidence intervals; AFP, α-fetoprotein.

FIGURE 5 | Kaplan–Meier curves comparing local tumor recurrence between the AM ≤ 5-mm and AM > 5-mm groups. (A) Comparison of LTP based on deep

learning-based deformable image registration (DIR) technique. (B) Comparison of LTP based on registration without deep learning.

encompassing the tumor and computed the ablation volume to
identify the area with insufficient margins. Elena A. Kaye et al.
(25) suggested that the generation of new 3D assessment metrics
can easily measure the volume of tissue at-risk post-ablation

and predicted LTP. However, a crucial issue remains unresolved.
The pre- and post-image misalignment of the liver due to the
breathing motion and heating-stimulated tissue deformation
may result in incorrect AMmeasurements (26, 27). To effectively
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reduce this measurement error, we use DL methods for optimal
registration in this study.

In this study, we introduced the MRI registration method,
which is semi-automated and interactive, utilizing a commercial
image-processing software that is utilized in clinic in radiology
and interventional oncology. An additional 5-mm boundary
beyond the tumor can be automatically calculated and depicted.
Although this method can effectively shorten the AM assessment
time and decrease the evaluation bias of different radiologists,
it is still unable to achieve the most accurate registration
between the tumor and ablation zone. The difficulty of traditional
registration methods is the design of similarity measures and
the selection and matching of features. The unsupervised DL-
based registration method proposed in this paper can use the
derivable spatial transformer to optimize the image similarity
between pre- and post-ablative MRI images. Our method does
not avoid the extraction of handcrafted features, the matching
design, and the similarity measure, and it also uses extensive
clinical data that has not been annotated by medical experts. In
addition, our DIR method uses the Siamese spatial transformer
network to obtain the non-rigid transformation parameters more
accurately than other methods and uses backpropagation to
continuously optimize the similarity of the paired pre- and post-
ablative images to minimize the distance between them (28–
30). The proposed registration method can make full use of the
advantages of deep neural networks to achieve better registration
performance than previous methods.

The obtained AM in patients with solitary HCC from CT-
PMWA were analyzed. Of the 144 patients, 7.8% of patients
(11/141) patients had suboptimal co-registration results from
differences in liver position and/or shape. Interestingly, all
the suboptimal co-registrations were improved by DL and
eventually reached sufficient integration. Because several patients
had inaccurate AMs when using the conventional registration
technique, the predictive power of the AM for LTP may weaken.
However, the DIR technique hasmore powerful prediction ability
than conventional registration techniques based on better AUC
values for the prediction of LTP.

In this study, there were three major findings. First, using
DL-based registration can improve the predictive power. The
higher AUC value compared with the conventional registration
technique and the cumulative LTP rate of patients in the≤5-mm
AM group being significantly increased compared to the >5-mm
AM group can explain the advantage of DL-based registration;
second, the minimal AM size was not affected as the tumor
diameter increased when patients underwent CT-PMWA, and
the reason may be that MWA can generate a larger ablative zone
easily; third, in addition to the AM, older age (>65 years old)
was also a risk factor for LTP and deserved our attention before
ablation treatment.

Our study has several limitations. First, assessment of the
technique utilizing the diagnostic pre- and post-ablation MRI
images with a 5-mm slice thickness limits the accuracy of the
slice direction assessment. Optimally, further studies should try
to acquire thinner slices. Secondly, the DIR of potential value

for intra-ablation use would require a prospective study in an
HCC patient cohort with similar characteristics. In fact, post-
ablation imaging will possibly be obtained using the ablation
applicator that remains in the tissue, which introduces a degree of
beam hardening artifact that impacts segmentation performance.
Third, our study design is a limitation, as the person evaluating
the novel technique was not blinded to the LTP-associated
outcomes and may be subjected to bias. Future studies will be
focused on the assessment and adjustment of this technique for
intraprocedural utilization. Final, no blinded valued method may
cause biases and the larger sample and further perspective studies
can be needed.

In conclusion, non-rigid DIR permits us to quantitatively
assess the adequacy of the AMpost-CT-PMWA. Thismethod can
help predict LTP at an earlier time point, including immediately
after the ablation procedure and lead to an improvement in
patient care.
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Objectives: Compared with nipple sparing mastectomy (NSM), microwave ablation
(MWA) is one relatively new modality indicated for selected breast cancer with nipple
sparing and with little of evidence-based medical research for decision-making. The
objective of this study was to compare the effect of ultrasound-guided percutaneous
MWA and NSM for breast cancer.

Materials and Methods: A retrospective cohort study was conducted in a single
institution from 2014 to 2020. Women with invasive ductal carcinoma of the breast ≤
5cm treated by MWA or NSM were enrolled. The primary end point was tumor
progression and secondary end points included survival, cosmetic results, and
complications.

Results: 21 patients in the MWA group and 43 in the NSM group were evaluated. The
mean tumor size was 2.3 cm (range, 0.3–5.0 cm). Median follow-up was 26.7 months
(range, 14.6–62.5 months). The mean age of MWA was 24 years older than that of the
NSM group. All the patients achieved technique effectiveness. One local tumor
progression and one ipsilateral breast recurrence occurred at 42 and 28 months after
MWA, respectively. One ipsilateral breast recurrence and two bone metastasis occurred
at 31.2, 34, and 30.5 months after NSM. Two groups had no significant difference in
tumor progression (P = 0.16). No participants in both groups developed cancer related
death (P > 0.99) and major complications (P > 0.99). However, MWA needed less
hospitalization time (P < 0.001) and achieved better cosmetic results (P < 0.001).

Conclusions:MWA achieved similar short term effect for breast cancer control and better
cosmetic satisfaction compared with NSM in selected patients. MWA provides
appropriate option for elderly patients who are unfit for surgery.

Keywords: breast cancer, nipple, breast-sparing surgery, microwaves, ablation techniques
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HIGHLIGHTS

• As techniques with nipple sparing, microwave ablation
achieved satisfactory effect in treating breast tumors ≤5 cm
compared with nipple sparing mastectomy during a 26.7-
month follow-up.

• Microwave ablation achieved better cosmetic satisfaction
compared with nipple sparing mastectomy.

• MWA could be considered as an alternative minimally
invasive treatment in early stage tumors and in the elderly
cases considered unfit for surgery.
INTRODUCTION

Among females, breast cancer (BC) is the most commonly
diagnosed cancer (24.2% of the total cancer cases) and the
leading cause of cancer death (15.0% of the total cancer
deaths) worldwide (1). Surgical management of BC has
undergone a dramatic evolution over the past four decades
from radical mastectomy toward breast-conserving techniques
such as oncoplastic lumpectomy, nipple sparing mastectomy
(NSM), and the sentinel lymph node (SLN) evaluations, which
provide great aesthetic satisfaction and less aggression for early-
stage BCs patients (2–4). NSM of BC was firstly applied in the
1990s and by now has become an acceptable method among
several breast-conserving techniques. The clinical requirements
toward an even less invasive approach compared to the standard
breast-conserving surgery have promoted studies investigating
image-guided percutaneous ablation treatment of BC (5). As the
application in other solid tumors, numerous potential ablation
approaches including radiofrequency ablation (RFA),
cryoablation, laser ablation, high-intensity focused ultrasound
(US) and microwave ablation (MWA) have been tried in BC
treatment since 1994 (6–10). There are many reasons for ablation
treatment of BC, including lower cost, less morbidity, less
hospitalization, better cosmetic results, and appropriate option
for elderly patients with comorbidities that led to their unfit
for surgery.

MWA is an exciting advance among thermal ablation
techniques and has been widely used for the treatment of liver
cancer (11, 12). Compared with other thermal ablation
techniques, the potential advantages of MWA include larger
ablation area and higher intratumoral temperatures produced by
active heating (13). However, only two literatures have been
published on MWA of BC patients with the initially satisfactory
results since 2012 (10, 14).

MWA and NSM share the common advantage of nipple and
areola sparing, and they are technically feasible for small to
Abbreviations: MWA, microwave ablation; NSM, nipple sparing mastectomy;
BC, breast cancer; US, ultrasound; SLN, sentinel lymph node; RFA, radiofrequency
ablation; LTP, local tumor progression; TE, technique effectiveness; CEUS,
contrast enhanced US; CEMRI, contrast enhanced magnetic resonance image;
ALN, axillary lymph node; NPV, negative predictive value; CCI, Charlson
comorbidity index.
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moderate size BC if the tumor with no clinical nipple or skin
involvement (15). However, ablation is more controversial for
less of evidence-based medical research for decision-making.
Especially for MWA with the advantage of high thermal efficacy
and potentially strong deactivation for tumor compared with
other thermal ablation methods, its clinical effectiveness is to be
investigated urgently. Therefore, we performed this cohort study
to investigate the efficacy of ultrasound-guided percutaneous
MWA without surgery as a local treatment for BC and to
comparatively assess the preliminary results of MWA and
NSM for treating BC.
MATERIALS AND METHODS

Study Design and Participants
The electronic clinical records system of our hospital was
checked to collect all consecutive patients who underwent
percutaneous MWA or NSM for BC between October, 2014
and May, 2020. This retrospective study was approved by the
institutional review board of our hospital. All the patients
provided written informed consent for treatment and the
informed consent for data for publication was waived by the
review board as no individual information would be explored.
Data were monitored by two clinicians (HW and TL, with three
and five years of experience in ablation, respectively) and a
statistician (Y-CL, with three years of statistical experience).

Inclusion criteria for both two groups were women, with
invasive ductal carcinoma with histologic confirmation, with
tumor size ≤5cm, the distance from the tumor to the nipple
≥2cm, and with no direct tumor involvement of the nipple, areola,
skin, and pectoralis on imaging or physical examination, and no
extensive vascular carcinoma thrombus. In addition, for the NSM
group, with no significant ptosis was required, and for the MWA
group the tumor was clearly visible on US was required.

Exclusion criteria were patients who were pregnant or
breastfeeding, imaging suspicion of multifocality or extensive
intraductal carcinoma, and previous surgery, neoadjuvant or
radiation therapy of the ipsilateral breast. All the patients in
the MWA group were unresectable patients for comorbidities or
patients who refused surgery. Patients who met all inclusion
criteria and none of the exclusion criteria were enrolled in
the study.
Pre-Procedure Evaluation
The pre-procedure evaluation and other research details are
given in Appendix E1. Prior to the procedure the number and
location of BC masses were evaluated by combination of
conventional US, contrast enhanced US (CEUS), and magnetic
resonance image (CEMRI). The data were analyzed by doctors JY
(10-year experience in interventional radiology) and Z-yH (15-
year experience in interventional radiology). Core needle biopsy
was performed prior to the MWA to evaluate the pathological
diagnosis of the BC and all the suspicious SLN and axillary
lymph node (ALN) (based on CEUS and CEMRI) under
US guidance.
October 2020 | Volume 10 | Article 546883
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Treatments
The treatment decision was made in consensus by a team of
experienced radiologists, surgeons, and oncologists in BC. The
patients who were poor surgical candidates or whose preference
was minimal invasion would be arranged for MWA. NSM was
performed under general anesthesia as previously described for
patients who elected to undergo this procedure (4, 16). Following
NSM, six patients chose no reconstruction, and 37 patients were
performed 1-stage tissue expander placement and 2-stage
implant reconstruction.

US-Guided MWA
US guidance was performed with a GE LOGIQ E9 scanner (GE
Medical Systems US & Primary Care Diagnostics, Wauwatosa,
USA) with 9.0 MHz Convex array transducer. The microwave
unit (KY-2000, Kangyou Medical, Nanjing, China) is capable of
producing 100 W of power at 2,450 MHz. The MWA procedure
under local anesthesia and other study details are given in
Appendix E2.

Management of Lymph Nodes
For NSM, SLN biopsy and/or ALN dissection were performed as
well as the NSM incision. ALN dissection was based on the
intraoperative frozen section examination of SLN. For MWA, all
the histological positive SLNs and ALNs by biopsy were ablated
with moving shot technique.

Follow-Up and Imaging Evaluation
For the MWA group, within 1–3 days after the procedure,
conventional US, CEUS, and CEMRI were performed to
evaluate the treatment efficacy. For both groups, conventional
US was repeated for its convenience and cheapness to monitor
breast at 3-month intervals during the first year after MWA or
NSM and then at 6-month intervals thereafter. CEUS/MRI was
performed for breast at 6-month intervals, and when US with
suspicious breast lesions after MWA or NSM during follow-up
(CEMRI was preferred for its accuracy in breast diagnosis, and
CEUS was performed for the patients without MRI indications).
Brain MRI/computed tomography, lung computed tomography,
and emission computed tomography were performed for
patients to evaluate systematic metastasis.

The definition of technical success and effectiveness was in
Appendix E3. The cosmetic result was categorized as bad,
moderate, good, or very good. The prespecified primary outcome
measure was tumor progression (including LTP, ipsilateral breast
recurrence, and systematic metastasis) evaluated according to
biopsy and histological results. Prespecified secondary outcome
measures were cancer specified survival, overall survival, cosmetic
results, ablation volume reduction, and postoperative complications
associated with the procedure and treatment.
STATISTICAL ANALYSIS

The two treatment modalities were compared for patient and
tumor characteristics, treatment parameters, the risk of breast
Frontiers in Oncology | www.frontiersin.org 364
recurrence, distant metastasis, and survival. Differences for
categorical variables between groups were analyzed with the
chi-square test or Fisher test when the assumption of number
of cases per cell in the contingency tables, multiplied by two, is
not fulfilled and the Student t test or non-parametric Wilcoxon
rank sum test for continuous variables. Multiple clinical variables
were evaluated for their potential association with tumor
progression using a Cox proportional hazards regression model
in univariable and multivariable analyses. We excluded each
non-significant parameter with a P-value > 0.05 to finally obtain
significantly independent factors. Survival and tumor
progression were analyzed using the Kaplan–Meier method
and compared using the log-rank test. Statistical analysis was
performed using Empower(R) (www.empowerstats.com, X&Y
Solutions, Inc. Boston MA). All tests were two sided, with P <
0.05 considered statistically significant.
RESULTS

Patients
During the study period, 2,770 patients with BC were assessed
for eligibility for this study (Figure 1). Among them, 64 were
enrolled in the study (21 in the MWA group and 43 in the NSM
group) and no patient was lost to follow-up. The overall mean
age was 47.8 years (range, 22–90 years) for the overall patients,
but the mean age of the MWA group was 24 years older than that
of the NSM group. Baseline characteristics of the patients are
presented in Table 1. There was a good consistence for the tumor
size, number, location, and histological type among the baseline
data, but inconsistence remained for age, menopausal status, and
Charlson comorbidity index (17). The MWA group had
significantly more elderly patients with more comorbidities.
Treatments
In the MWA group, 21 patients with 22 tumors received 25
session treatments. Nineteen nodules were successfully treated in
one MWA session, and three nodules were in two sessions.
Eighteen patients were treated by MWA for advanced age or
poor surgical candidates with comorbidities and three patients
for preference to minimal invasion. All the patients in the NSM
group underwent one operation. Four patients were performed
ablation of 18 SLN/ALNs. 43 patients in the NSM group were
performed SLN biopsy and 10 patients were performed ALN
dissection (total 43 positive ALN) (Table 3). After MWA and
NSM, local radioactive and systemic adjuvant treatments were
performed and described in Table 2. The MWA group had
significantly less patients receiving adjuvant systemic treatment
(P = 0.03) for intolerance.

All the patients achieved technical success, and the efficacy
was evaluated by CEMRI/US (Figure 2). The operative time of
the NSM group was significantly longer than that of the MWA
group (P < 0.001). Estimated blood loss was more in the NSM
group (P < 0.001), but no subjects in both groups needed blood
transfusion treatment (Table 3).
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Recurrence and Survival
The median follow-up was 26.7 months (range, 14.6–62.5
months) for overall patients. Two patients were performed
core needle biopsy for their MRI results showed suspicious
tumor progression around the ablation zone but achieving
negative pathological diagnosis. Totally, tumor progression
occurred in five patients for the two groups, which achieved
consistency between MRI and pathology. Among the 51 patients
with MRI and follow-up assessment, the negative predictive
value (NPV), specificity and sensitivity of MRI was 100% (95%
confidence interval [CI], 88.7–96.1%), 95.8% (95% CI, 86–
98.8%), and 100% (95% CI, 43.9–100%).

One patient was diagnosed as LTP (1/22, 4.5%) at 42 months
after MWA. She refused detection of tumor molecular subtype and
all adjuvant treatments for 94 years old. Then she died from
pulmonary heart disease at 47 months after MWA. Another 78-
year old patient with molecular subtype of triple negative was
diagnosed with ipsilateral breast recurrence at 28 months after
MWA. She didn’t receive any treatment for fracture. No patient
was diagnosedwith contralateral breast or systemic recurrence in the
MWAgroup during the follow-up. Another patient (81Y) died from
cardiac arrest at 9 months after MWA. All the patients were alive in
the NSM group, but one patient had ipsilateral breast recurrence at
31.2 months after NSM and was treated with mastectomy. Two
patients had bone metastasis at 34 and 4 months after NSM and
FIGURE 1 | Flow of study inclusion. A total of 2,770 patients were examined with breast cancer, and 64 patients with ≤5 cm tumors treated with US-guided
percutaneous MWA or NSM were finally included. US, ultrasound; MWA, microwave ablation; NSM, nipple sparing mastectomy.
TABLE 1 | Baseline characteristics for patients in the study group.

Parameter MWA NSM P value

Patients (n) 21 43
Age (yr) 64.8 ± 16.0

(33–90)
39.4 ± 7.5
(22–55)

<0.001

Menopausal status (Y/N) Mar-18 42/1 <0.001
Charlson comorbidity index 3.5(0–11) 0.1 (0–2) <0.001
Mean max size (cm) 2.4 ± 1.3

(0.9–5.0)
2.3 ± 1.2
(0.3–5.0)

0.81

<2.0 cm 7 (33.3%) 18 (41.9%) 0.81
2.1–3.0 cm 9 (42.9%) 13 (30.2%)
3.1–4.0 cm 3 (14.3%) 8 (18.6%)
4.1–5.0 cm 2 (9.5%) 4 (9.3%)
Tumor Number (%) 0.27
1 20 (95.2%) 37 (86.0%)
2 1 (4.8%) 6 (14.0%)
Tumor Location (%) 0.42
Left 9 (42.9%) 23 (53.5%)
Right 12 (57.1%) 20 (46.5%)
TNM Stage 0.32
T1N0M0 4 (19.0%) 12 (27.9%) 0.44
T1N1M0 6 (28.8%) 5 (11.6%) 0.09
T1N2M0 0 (0.0%) 2 (4.7%) 0.32
T2N0M0 9 (42.9%) 16 (37.2%) 0.66
T2N1M0 0 (0.0%) 4 (9.3%) 0.15
T2N2M0 2 (9.5%) 4 (9.3%) 0.98
Subrogate molecular subtype* 0.04
Luminal A 9 (42.9%) 7 (16.3%) 0.02
Luminal B
HER2 negative 4 (19.0%) 24 (55.8%) 0.007
HER2 positive 3 (14.3%) 6 (14.0%) 1
HER2 enriched (nonluminal) 0 (0.0%) 2 (4.7%) 0.31
Triple negative 2 (9.5%) 2 (4.7%) 0.46
Undefined 3 (14.3%) 2 (4.7%) 0.19
Except where indicated, data are numbers of participants, with percentages
in parentheses.
MWA, microwave ablation; NSM, nipple sparing mastectomy.
*Luminal A: estrogen receptor (ER) and progesterone receptor (PR) positive, Ki67 level
<20%, and human epidermal growth factor receptor type 2 (HER2) negative.
Luminal B (HER2 negative): ER positive and HER2 negative (PR < 20% or Ki67 ≥ 20%).
Luminal B (HER2 positive): ER and HER2 positive (PR < 20% or Ki67 ≥ 20%).
HER2 enriched (nonluminal): ER and PR negative and HER2 positive.
Triple negative: ER, PR, and HER2 negative.
TABLE 2 | Adjuvant treatment.

Parameter MWA (n = 21) NSM (n = 43) P value

Adjuvant systemic therapy 7 (33.3%) 31 (72.1%) 0.03
Only endocrine therapy 2 (9.5%) 9 (20.9%) 0.33
Only chemotherapy 3 (14.3%) 9 (20.9%) 0.49
Endocrine therapy +Chemotherapy 2 (9.5%) 13 (30.2%) 0.008
Adjuvant radiation therapy 3 (14.3%) 7 (16.3%) 0.31
Only lymph node irradiation 1 (4.8%) 0 (0.0%) 0.15
Breast+ lymph node irradiation 2 (9.5%) 7 (16.3%) 0.47
O
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were controlled stably by chemotherapy of docetaxel plus
cyclophosphamide. They both had the molecular subtype of
Luminal B. There was no difference in tumor progression and
overall survival between the two groups (Table 3, Figure 3).
There was no ALN and SLN progression in all the patients.

Univariate and Multivariable Analysis for
Tumor Progression and Survival
On univariable analysis, age (hazard ratio (HR): 1.0; 95% CI: 1.0,
1.1; P = 0.05), CCI (HR: 1.7; 95% CI: 1.1, 2.6; P = 0.03), therapy
method (HR: 17.3; 95% CI: 1.5, 204.3; P = 0.02), and menopausal
(HR: 17.3; 95% CI: 1.5, 204.3; P = 0.02) demonstrated an
association with tumor progression (Table 4). CCI (HR: 1.5;
95% CI: 1.0, 2.4; P = 0.04) demonstrated an association with
overall survival (Table S1). However, we couldn’t find an
independent predictor of tumor progression or survival in
multivariable analyses (Table 4, Tables S1, S2).
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Volume Reduction of Ablation Zone
Because some ablated tumor ghosts were not clear in the US and
MRI image after one month of MWA, we calculated the volume
of tumor before MWA and ablation zone by using CEMRI or
CEUS if MRI was not feasible (Appendix E4). Compared with
that of one day after MWA, the 1, 6, and 12-month median
volume reduction rate of ablation zone was 35% (0–56%), 56%
(0–95%), and 67 (0–97%). Volume of ablation zone showed a
rapid reduction during the first 6 months after MWA and then
reached stability (Table 5, Figure 4).

Complications and Cosmetic Satisfaction
The safety of MWA and NSM appeared very good. Treatment
was well tolerated, and there were no major complications and
other adverse effects in all the patients (Appendix E4). For
MWA, 100% of the patients reported excellent cosmetic
satisfaction. For NSM, two (4.7%) patients reported bad
FIGURE 2 | A 68-year old woman with invasive ductal carcinoma of the right breast. (A) Ultrasound (US) scan before microwave ablation (MWA) shows the
hypoechoic mass (arrow) with size of 3.3 cm × 3.2 cm. (B) Contrast-enhanced US before MWA shows the mass is hyper-enhanced (arrow) in arterial phase.
(C) Transverse contrast-enhanced magnetic resonance imaging (MRI) shows hyperintensity masses (arrow) before MWA in arterial phase. (D) US scan shows the
heterogeneously hypoechoic mass (marker) with size of 2.6 cm × 2.3 cm immediately after MWA (ghost size). Hyperechoic needle tracts can be seen in the ablated
mass (arrow). (E) Contrast-enhanced US immediately after MWA shows the mass is non-enhanced (arrow) in arterial phase. (F) Contrast-enhanced MRI image
shows hyperintensity ghost of mass (red arrow) and the peripheral hypointensity treatment zone (white arrow) in arterial phase three days after MWA. The ablation
margin is from 1.2 to 2.2 cm (yellow lines) which can be measured in the hospital information system. (G) US scan shows the heterogeneously ablation zone (marker)
shrinks to the size of 2.5 cm × 1.8 cm at 18 months after MWA. Ghost of mass (arrow) is surrounded by hypoechoic adipose tissue. (H) Contrast-enhanced MRI
image shows treatment zone (white arrow) is non-enhanced with clear capsule and the central hyperintensity ghost of mass (red arrow) in arterial phase at 18
months after MWA. (I) MRI silhouette shows no signal for the ablation zone with clear fibrous capsule and margin (arrow).
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cosmetic satisfaction, and 10 (23.3%) patients with moderate
cosmetic satisfaction (Table 3).
DISCUSSION

Different from previous studies mainly focusing on ablation of
BC ≤2.0 cm, our study enrolled patients with BC ≤5.0 cm because
12 (12/21, 57.1%) patients with the age older than 65 years had
tumors 2.0–5.0 cm, and they lost the chance of surgery for
comorbidities. Although few patients received adjuvant
Frontiers in Oncology | www.frontiersin.org 667
treatments for the old age in the MWA group, tumor
progression including breast recurrences and distant metastatic
recurrences has no significant difference during median 26.7
months follow-up. The only LTP patient was treated as the first
case with small BC (max diameter 1.1 cm) in the MWA group, so
the LTP might be attributed to the problem of limited experience
to enlarge the ablation zone at the beginning of the technique,
and the 94-year old patient without the chance of MRI
evaluation. The favorable efficacy of MWA was better cosmetic
satisfaction and less invasion with local anesthesia, shorter
A B

FIGURE 3 | Kaplan–Meier estimates for tumor progression and survival between BC patients who underwent MWA and NSM. (A) Tumor progression rate. The 1-, 2-,
and 3-year intra- and extra-breast recurrence rate were 0, 0, 50% in the MWA group and 0, 0, 18.3% in the NSM group, respectively (P = 0.08). (B) Cumulative overall
survival rate. The 1-, 2-, and 3-year overall survival rate were 93.3, 93.3, 93.3% in the MWA group and 100, 100, 100% in the NSM group, respectively (P = 0.99).
TABLE 3 | Postoperative outcomes and follow-up.

Parameter MWA (n = 21) NSM (n = 43) P
value

Postoperative
hospitalization time
(days)

2 (1–5) 4 (2–18) <0.001

Operative time (min) 29.9 (23.7–69.2) 130 (53–275) <0.001
Estimated blood loss
(ml)

2.0 ± 0.5 139.0 ± 100.0
(20–600)

<0.001

Fever >38> (%) 0 (0.0%) 1 (2.4%) 0.48
Major complication (%) 0 (0.0%) 0 (0.0%) >0.99
Follow-up (mons) 15.7 (5.0–47.1) 19 (4.6–58.5) 0.51
All cause death (%) 2 (9.6%) 0 (0.0%) 0.197
BC related death (%) 0 (0.0%) 0 (0.0%) >0.99
LTP (%) 1 (4.8%) 0 (0.0%) 0.15
Isiplateral breast
recurrence (%)

1 (4.8%) 1 (2.3%) 0.16

Systemic metastasis (%) 0 (0.0%) 1 (2.4%) 0.48
Costs (RMB) 25,223.5

(17,663.7–41,722.1)
22,586.5

(13,285.7–37,297.3)
0.23

Number of ablated/
resected lymph nodes

0.9 (0–7) 1.3 (0–12) 0.51

Cosmetic satisfaction <0.001
Bad (%) 0 (0.0%) 1 (2.4%)
Moderate (%) 0 (0.0%) 10 (23.8%)
Good (%) 0 (0.0%) 30 (71.4%)
Very good (%) 21 (100.0%) 1 (2.4%)
MWA, microwave ablation; NSM, nipple sparing mastectomy.
TABLE 4 | Univariable and multivariable analyses of predictors of tumor
progression after treatment.

Univariable Multivariable

Parameter HR
(95%CI)

P
Value

HR
(95%CI)

P
Value

Age (yr) 1.0
(1.0, 1.1)

0.05 0.9
(0.6,1.4)

0.69

Tumor size (cm) 0.8
(0.3, 2.1)

0.67 1.0
(0.1, 9.0)

0.99

Comorbidity Index 1.7
(1.1, 2.6)

0.03 1.5
(0.4,5.4)

0.49

Therapy method
NSM 1 1
MWA 17.3

(1.5, 204.3)
0.02 1.0

(1.0, 1.0)
NA

Menopausal
No 1 1
Yes 17.3

(1.5, 204.3)
0.02 81.0

(0.0, inf.)
0.68

Postoperative Chemotherapy
No 1
Yes 1.8

(0.1, 30.8)
0.69

Postoperative Radiotherapy
No 1
Yes 0.0 (0.0, inf) 0.99 .
Postoperative Endocrinotherapy
No 1
Yes 0.0 (0.0, inf) 0.99
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hospitalization time and operative time, and only means 2 ml
blood loss. The clinical advantage was evident when the results of
the two treatment groups were analyzed in ≤5.0 cm BC patients.

The treatment for early BC has evolved significantly since the
past decade. Several randomized clinical trials have clarified a
similar survival outcome between breast-conserving therapy and
mastectomy (18–20). NSM is deemed as an extension of breast-
conserving surgery. It is considered appropriate and oncologically
safe if patients are carefully selected based on the long lasting
literature data (19, 21, 22). A large number of studies have
investigated RFA of BC followed by surgical resection and
confirmed a high occurrence of complete tumor necrosis ranging
from 80 to 100% (23). However, the evaluation of curative efficacy
of ablation without subsequent surgical excision is very limited, and
the comparative data from ablation alone versus surgery are absent.

MWA is a relatively new technique for BC with advantages of
higher thermal efficiency and the potential for more complete
inactivation of the tumor. The preliminary results showed 95% of
patients with BC <3.0 cm could achieve complete tumor
coagulation after MWA confirmed by microscopic examination
(14). However, apart from BC <3.0 cm, unresectable larger
tumors in senile patients were to be treated urgently by less
invasive techniques. Therefore, according to our knowledge, we
performed the first study comparing the ablation of BC ≤5.0 cm
without subsequent excision with NSM. Both techniques are
nipple sparing modalities.

The evaluation for tumor necrosis depended on the CEMRI/
CEUS in all the patients who underwent MWA in our study.
Pathological findings by core needle biopsy were performed only
if there were suspicious lesions on image. MRI is a sensitive
image for diagnosis of the breast lesion (24). It has been used to
predict tissue damage after BC ablation, and previous studies
suggested MRI was suitable for long-term follow-up of ablation
Frontiers in Oncology | www.frontiersin.org 768
of BC with a NPV of 92.2–97.7% (25–27). MRI evaluated the
efficacy of MWA with the NPV of 100% and specificity of 95.8%
in our study. And CEUS provided a good auxiliary check for 13
patients without MRI indications in our study.

According to the latest report from systematic review of
imaging-guided percutaneous ablation of 1,168 BCs with the
mean size from 11 to 31 mm, pooled technical success was 96%
(95% CI 94–97%) and pooled TE was 75% (67–81%). RFA
showed the best TE of 82% (95% CI 74–88%) and followed by
TABLE 5 | Volume change of tumor and ablation zone.

Tumor volume (ml) volume of
ablation zone (ml)

P value (com-
pared with base-
line)

P value (compared
with immediately)

P value (com-
pared with 1
month)

P value (compared
with 6 months)

All tumors
Baseline 2.1 (0.4–13.0)
Immediately after MWA NA 7.8 (0.5–64.7) 0.001
1 month after MWA NA 4.8 (0.5–51.6) 0.01 0.03
6 months after MWA NA 2.3 (0.2–9.1) 0.59 0.005 0.05
12 months after MWA NA 1.7 (0.2–6.1) 0.26 0.001 0.02 0.29

Tumor ≤2cm
Baseline 1.1 (0.4–3.0)
Immediately after MWA NA 6.5 (0.5–14.5) 0.008
1 month after MWA NA 3.9 (0.5–9.8) 0.01 0.07
6 months after MWA NA 1.0 (0.2–9.1) 0.47 0.02 0.06
12 months after MWA NA 0.5 (0.2–5.6) 0.31 0.01 0.04 0.3

Tumor>2cm
Baseline 3.3 (1.6–13.0)
Immediately after MWA NA 9.5 (1.8–64.7) 0.005
1 month after MWA NA 6.1 (0.8–51.6) 0.01 0.04
6 months after MWA NA 5.2 (1.6-–8.8) 0.53 0.03 0.34
12 months after MWA NA 4.5 (4.2–4.8) 0.35 0.02 0.26 0.6
O
ctober 2020 | Volume
NA, not available for some ablated lesions were not clear in image.
FIGURE 4 | Mean volume of mass ≤ 2.0cm and >2.0cm at baseline (time of
MWA) and at follow-up after treatment. One month after MWA the increased
volume shows the enlarged ablation zone compared with index mass. The
ablation area will shrink significantly during the 6 months after MWA and then
reach stability gradually for both groups. After 6 months, the volume of mass
≤ 2.0 cm reached the level of before MWA, the volume of mass >2.0 cm was
larger than the index mass continuously. There is no significant difference
between two groups in volume reduction after MWA (P = 0.08).
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cryoablation, LA, and HIFU only with 49% (95% CI 26–74). And
the study concluded tumor size did not influence the TE.
According to another meta-analysis including 15 clinical trials
to assess the effect of RFA of BC with a total of 404 patients,
pooled results showed that 89% of patients achieved TE, and
several studies reported the LTP ranging from 1.37 to 14.29%.
Compared with other ablation techniques, MWA of BC ≤5.0 cm
achieved 100% TE and 4.5% LTP in our study, which was even
superior to the previous report of ablation of <3.0 cm BC.
Furthermore, the present results were from MWA of BC with
relatively long follow-up information.

Just as NSM, ablation is a modality with nipple and areola
sparing while with less invasion. According to this pilot study,
two relatively new techniques for BC achieved similar effect.
MWA used the technique by combining moving shot with fixed
ablation, which showed the potential to completely eradicate the
tumors with safety margin >1cm. And CEMRI/CEUS was the
key image to improve the effect of MWA. Three nodules
achieved complete ablation in the second session by MRI
evaluation with residual tumor after the first MWA session,
and totally 18 malignant lymph nodes in four patients were
successfully ablated under CEUS and MRI evaluation. Certainly,
this led to the slightly higher cost of MWA than that of NSM.
LIMITATION

Our study has some limitations. First, we used a cohort
approach, and this was a single center retrospective study with
only limited participating patients and follow-up, which might
lead to bias of results. Second, the margin status and tumor cell
viability after MWA were not evaluated by surgery. We
performed CEMRI and CEUS to improve diagnosis accuracy,
which need to accumulate the experience for future ablation
evaluation without surgery. Third, we only performed
percutaneous biopsy for suspicious SLN and ALN on image
because of patients’ refusal for surgery, which might potentially
lead to positive lymph nodes missing. In conclusion, US guided
percutaneous MWA and NSM seem to provide similar results for
Frontiers in Oncology | www.frontiersin.org 869
BC, with a favorable success rate and low risk of major
complications. MWA could be considered as an alternative
minimal-invasive treatment in early stage BC and in the
elderly cases considered unfit for surgery. However, this
warrants further investigation.
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Purpose: To compare long-term outcomes of percutaneous radiofrequency ablation for
colorectal liver metastases in perivascular versus non-perivascular locations.

Methods: This retrospective study included 388 consecutive patients with colorectal liver
metastases (246 men, 142 women; age range 27–86 years) who underwent
percutaneous radiofrequency ablation between January 2006 and December 2018.
Propensity-score matching was performed for groups with perivascular and non-
perivascular colorectal liver metastases. Rates of accumulative local tumor progression,
overall survival, intra/extrahepatic recurrence, and complications were compared
between the two groups.

Results: We successfully matched 104 patients each in the perivascular and non-
perivascular groups (mean age: 60.1 ± 11.5 and 60.1 ± 11.3 years, respectively).
Cumulative local tumor progression rates at 6 months, 1 years, 3 years, and 5 years,
respectively, were 8.8%,14.8%, 18.9%, and 18.9% in the perivascular group and 8.8%,
13.1%, 15.5%, and 15.5% in the non-perivascular group. The 1-, 3-, 5-, and 10-year
overall survival rates, respectively, were 91.3%, 45.6%, 23.9%, and 18.7% in the
perivascular group and 88.0%, 47.2%, 27.2%, and 22.6% in the non-perivascular
group. No significant between-group differences were detected in cumulative local
tumor progression (p=0.567, hazard ratio: 1.224) or overall survival (p = 0.801, hazard
ratio: 1.047). The major complication rate was 1.0% (1/104, p > 0.999) in both groups.
Tumor size was the only independent prognostic factor for local tumor progression
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(hazard ratio: 2.314; p = 0.002). On multivariate analysis for overall colorectal liver
metastases, tumor diameter >3 cm, tumor location in the right colon, multiple tumors,
and extrahepatic metastases before radiofrequency ablation (hazard ratios: 2.046, 1.920,
1.706, and 1.892, respectively; all p < 0.001) and intrahepatic recurrence (hazard ratio:
1.564; p = 0.002) were associated with poor overall survival.

Conclusion: Cumulative local tumor progression, overall survival, and major
complications rates did not differ significantly between perivascular and non-
perivascular colorectal liver metastases after percutaneous radiofrequency ablation. For
perivascular colorectal liver metastases, percutaneous radiofrequency ablation is a safe
and effective treatment option.
Keywords: colorectal cancer, liver metastases, perivascular locations, radiofrequency ablation, treatment outcome
INTRODUCTION

The liver is the most frequent site of metastases from colorectal
cancer (1), and surgical resection is a standard treatment for
colorectal liver metastases (CLM). However, only 10–20% of
patients with CLM are eligible for tumor resection due to high
tumor burden and clinical complications (2). The National
Comprehensive Cancer Network (NCCN)guidelines and
European Society for Medical Oncology (ESMO) consensus
guidelines recommended ablation as a local curative option for
patients with metastatic colorectal cancer to the degree that all
visible tumors can be eradicated (3, 4). Radiofrequency ablation
(RFA) is an effective treatment in patients with CLM and can
achieve high local control rates (5, 6). RFA finds widespread
application for liver cancer due to its safety and low rate of major
complications (1.3–7%) (6–8).

Tumor location close to the subcapsular region, diaphragm,
gastrointestinal tract, and large blood vessels (9, 10) may be a key
factor affecting ablation results because it may not permit a
sufficient ablative margin and potentially influence tumor
necrosis, resulting in high rates of local tumor progression
(LTP). In addition, a randomized phase II trial study
demonstrated that aggressive RFA treatment can prolong
overall survival (OS) in patients with unresectable CLM (11).

The therapeutic outcome of RFA for liver tumors near large
blood vessels remains controversial (12–15). A study reported
(12) that perivascular location was a prognostic factor in patients
with CLM who underwent RFA; perivascular location was
associated with higher LTP rates, possibly attributable to the
heat sink effect wherein blood flow dispels thermal energy away
from the targeted tissue, leading to a reduced coagulation volume
and an inadequate ablation margin (16). However, inconsistent
conclusions have been reported in the literature; one study
reported that RFA for CLM close to large hepatic vessels was
safe and effective, perivascular location was not a risk factor for
LTP (13). Furthermore, no guidelines are available for RFA for
the treatment of perivascular CLM.

This study aimed to use propensity-score matching to
compare the long-term outcomes of percutaneous RFA for
272
perivascular and non-perivascular CLM and to identify the risk
factors of patients with CLM underwent percutaneous RFA.
MATERIALS AND METHODS

Patient Selection
The institutional review board of the hospital approved this study,
and the requirement for informed consent was waived because of
the retrospective study design. Between January 2006 andDecember
2018, 452 patients with CLM were treated with ultrasound-guided
RFA in our hospital. Of these, we identified 388 consecutive patients
(mean age: 59.4 ± 11.0 years, range: 27–86) with CLM who
underwent percutaneous RFA, either determined by a consensus
of a multidisciplinary team or who refused surgery, were enrolled in
the study. The eligibility criteria included: (a) tumor size ≤ 5 cm in
diameter and the number of liver metastases ≤ 9; (b) conventional
ultrasound or contrast-enhanced ultrasonography (CEUS) showing
hepatic metastasis and treatment with percutaneous RFA under US-
guidance; (c) absence of uncontrolled extrahepatic disease; (d)
normal coagulation status and a liver function Child-Pugh A and
B; (e) reported technical effectiveness of RFA; and (f) > 12-month
follow-up. Exclusion criteria: (a) significant direct tumor invasion of
adjacent organs or tumor thrombi in the main or lobar portal
system; (b) the distance between the tumor and the first-level
branch of the bile duct (common liver duct, left and right liver
ducts) is ≤ 0.5cm; and (c) patients with serious diseases, such as
congestive heart failure, myocardial infarction, and stroke in the
past 6 months (Figure 1).

Definition of Perivascular CML
In the absence of a standard definition, we defined a perivascular
hepatic tumor as an index tumor having any contact with the
first- or second-degree branches of a portal or hepatic vein (13,
15), with an axial diameter ≥ 3 mm (based on previous
experimental and clinical studies) (17, 18).

If the index tumor was located near more than one large
vessel, the largest vessel was selected as the reference vessel. Pre-
treatment computed tomography (CT) or magnetic resonance
October 2020 | Volume 10 | Article 553556
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imaging (MRI) results were reviewed by blinded radiologists
with > 5 years of experience. All tumors were retrospectively
categorized into the perivascular or non-perivascular group.

RFA Procedure
Prior to RFA, all patients underwent US or enhanced US to
assess the feasibility of US-guided percutaneous RFA. The
treatment plan was determined by least three experts on RFA,
according to the clinical conditions. All RFA procedures were
conducted under real-time US guidance by four radiologists
(CMH, YK, WW, and YW) who had > 10 years of experience
in US-guided interventional procedures. For tumors abutting
large vessels, treatment protocols were similar to the protocols
that have been previously reported (19). All ablations were
undertaken using the available RFA system: Celon Lab Power
ablation system (Olympus, Germany); the Valleylab system
(Tyco Healthcare, North Haven, CT); or the RITA Model
1500x ablation system (AngioDynamics, Latham, NY),
according to the manufacturer’s instructions. Real-time
ultrasound systems, Aloka ultrasound systems (Alokaa-10,
Tokyo, Japan) or GE systems (E9, GE, United States), were
used for scanning the lesion with 3.5–5.0 MHz convex probes
and needle-guide devices for RFA procedures. As previously
described (20), one physician located and guided the lesions in
real time, while another inserted the electrode needle into the
Frontiers in Oncology | www.frontiersin.org 373
tumor. Most RFA devices can create an ablation sphere with a
maximum diameter of 5 cm in the liver, but when the tumor
diameter exceeds 3 cm, a strategy involving multiple overlapping
ablations is employed (21). The post-RFA follow-up included
routine tracking of the ablated lesions.

Follow-Up and Outcomes
Within a month before performing RFA, enhanced CT or MRI
and US of the abdomen were conducted. At 1month post-RFA,
enhanced CT was performed to determine lesion persistence to
evaluate the effectiveness of RFA. For follow-up, patients were
examined with contrast-enhanced US, enhanced CT, or MRI
every 3 months in the first 2 years after RFA and every 6 months
thereafter. The following definitions used in our study are based
on the standardization recommended by the International
Working Group on Image-Guided Tumor Ablation (22).
Technical effectiveness referred to the ablation area completely
covering the tumor during the first enhanced imaging follow-up
1month post-RFA. LTP was defined as the appearance of new
lesions at the edge of the ablation zones wherein the RFA had
been technically effective. OS was calculated from the start of
ablation treatment to death or the last follow-up. Intrahepatic
recurrence was defined as a lesion with characteristics similar to
those of the primary lesion but without contact with the original
ablation zone in the liver. A major complication was an event
FIGURE 1 | Flow diagram of patient selection for the study. CLM, colorectal liver metastases; US-guided, ultrasound-guided; RFA, radiofrequency ablation.
October 2020 | Volume 10 | Article 553556
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that led to substantial morbidity and disability, increased the
level of care, resulted in hospital admission, or lengthened
hospital stay.

Statistical Analysis
Toreduce theeffect of selectionbias andbaseline imbalancesbetween
the perivascular and non-perivascular groups, we performed
propensity-score matching for the clinical characteristics of each
groupbased on eachpatient’s propensity-score, whichwas estimated
via logistic regression (23). The caliper value was 0.02 to performed
propensity-score matching. Standardized mean differences of <0.10
indicatedminutedifferences.Variables includingage, sex, tumor size,
primary location, T stage, lymph node metastases, time to liver
metastases, number of liver metastases, history of resection for liver
metastases pre-RFA, and extrahepatic metastases achieved the
balance between the perivascular and non-perivascular groups
after propensity-score matching.

The Wilcoxon rank sum test or independent t-test was used
for continuous variables, and the chi-square test or Fisher exact
test was used for categorical variables. The rates of LTP, OS, and
intrahepatic and extrahepatic recurrence were estimated by the
Kaplan–Meier method with the log-rank test. Univariate and
multivariate analyses of all data were carried out using a Cox
proportional hazards regression model for LTP and OS.
Statistical analyses were conducted using SPSS 22.0 (SPSS Inc.,
Chicago, IL) and R version 2.15.x (R Foundation for Statistical
Frontiers in Oncology | www.frontiersin.org 474
Computing, Vienna, Austria). Differences with a p value < 0.05
were considered statistically significant.
RESULTS

Baseline Characteristics
Baseline characteristics of all CLM patients (n = 388; mean age:
59.4 ± 11.0 years, range: 27–86) and lesions (n = 388; mean size: 2.4
± 1.0 cm, range: 0.6–4.9 cm) are presented in Table 1. The median
follow-up period was 45.0 (range: 0–161) months for CLM. At the
first enhanced imaging follow-up that was performed 1-month
post-RFA, the rate of technical effectiveness was 97.6% (404/414)
for CLM treated with RFA. The perivascular group showed higher
proportions of primary left colon lesions (88.5% vs. 78.9%; p =
0.031) and male patients (72.1% vs. 60.2%; p = 0.031) than the non-
perivascular group. The baseline characteristics were well balanced
between the two groups (Table 1).

Comparison of Outcomes Before
Propensity-Score Matching
LTP and OS
During follow-up, LTP occurred in 18 of 104 patients (17.3%) in
the perivascular group and 42 of 284 patients (14.8%) in the non-
perivascular group (p = 0.543). Moreover, 38.9% (7/18) of
patients with LTP were treated with RFA and 44.4% (8/18)
TABLE 1 | Demographic and clinical characteristics of patients with colorectal liver metastases (CLM).

Variable Perivascular Before Matching After Matching

Non-perivascular p St.MD Non-perivascular p St.MD

(n = 104) (n =284) Value (n = 104) Value

Age at enrollment (year)* 60.14 ± 11.51 59.14 ± 10.86 0.427 0.091 60.11 ± 11.25 0.981 0.060

No. of men 75(72.1) 171(60.2) 0.031 0.264 75(72.1) 1.000 0.000

Tumor size (cm)+ 2.3(1.8–3.2) 2.2(1.6-3.0) 0.157 0.111 2.4(1.8–3.2) 0.827 0.043

≤3cm 75(72.1) 219(77.1) 0.309 73(70.2) 0.760
>3cm 29(27.9) 65(22.9) 31(29.8)
Primary location 0.031 0.299 1.000 0.000

Right colon 12(11.5) 60(21.1) 12(11.5)
Left colon 92(88.5) 224(78.9) 92(88.5)
T3-4 stage 99(95.2) 272(95.8) 0.783 0.027 98(94.2) 0.757 0.045

Lymph node metastasis 82(78.8) 204(71.8) 0.164 0.171 84(80.8) 0.730 0.047

Synchronous liver metastasis 57(54.8) 132(46.5) 0.146 0.167 52(50.0) 0.488 0.096

No. of liver metastases 0.437 0.089 0.576 0.077

Single 47(45.2) 141(49.6) 43(41.3)
Multiple 57(54.8) 143(50.4) 61(58.7)
Liver metastases resection pre-RFA 39(37.5) 113(39.8) 0.682 0.047 41(39.4) 0.776 0.040

Extrahepatic metastases pre-RFA 34(32.7) 100(35.2) 0.644 0.053 38(36.5) 0.560 0.082

Type of peritumoral vessel
Portal vein 52(50.0)
Hepatic vein 52(50.0)
October 2020 | Volume 10 | Article 55355
Unless indicated otherwise, data are the number of patients, with percentages in parentheses. Values of standardized mean differences less than 0.10 indicate better balance.
*Data are means ± standard deviations, were analyzed using the two-sample t test.
+Data are medians, with interquartile ranges in parentheses, were analyzed using Wilcoxon rank sum test.
The categorical variables were analyzed using the x2 test or Fisher exact test.
CLM, colorectal liver metastases; RFA, radiofrequency ablation; No. of liver metastases, number of liver metastases; St.MD, Standardized mean difference.
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underwent chemotherapy due to multiple or recurrent lesions.
The cumulative LTP rates at 6 months, 1 years, 3 years, and 5
years were 8.8%, 14.8%, 18.9%, and 18.9% in the perivascular
group and 6.9%, 11.2%, 19.7%, and 21.4% in the non-
perivascular groups, respectively (p = 0.823). As of July 31,
2019, 70 of 104 (67.3%) patients in the perivascular group and
137 of 284 (48.2%) patients in the non-perivascular group had
died. The 1-, 3-, 5-, and 10-year OS rates were 91.3%, 45.6%,
23.9%, and 18.7% in the perivascular group and 85.0%, 51.9%,
25.6% and 21.3% in the non-perivascular group (p = 0.798).

Intrahepatic and Extrahepatic Recurrence
In the perivascular and non-perivascular groups, 57 of 104
(54.8%) patients and 128 of 284 (45.1%) patients, respectively,
had intrahepatic recurrence (p = 0.089); 60–70% of patients with
intrahepatic recurrence received chemotherapy. The 1-, 3-, 5-,
and 10-year intrahepatic recurrence rates were 33.3%, 56.8%,
60.1%, and 76.1% in the perivascular group and 32.8%, 55.6%,
59.0%, and 72.7% in the non-perivascular group (p = 0.705).
Extrahepatic recurrence was identified in 49 patients (47.1%) in
the perivascular group and 117 patients (41.2%) in the non-
perivascular group. The 1-, 3-, 5-, and 10-year cumulative rates
of extrahepatic metastases were 26.8%, 48.8%, 55.6%, and 60.1%
in the perivascular group and 24.5%, 49.2%, 61.6%, and 65.5% in
the non-perivascular group (p = 0.962).
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Complications
Six (1.5%) major complications occurred in 388 patients within
30 days of RFA, as summarized in Table 2. There was one RFA-
related death (0.3%) in an 84-year-old man with a history of
cerebral hemorrhage and diabetes and a 4.6-cm tumor situated
close to the hepatic vein. The patient developed abdominal
hemorrhage and biliary effusion 3 days after RFA. Despite
active treatment, the patient eventually died of septic shock
9 days after RFA. One of the three patients with liver abscess
and one patient with pleural effusion were treated with
percutaneous catheterization drainage; the other patients
showed improvement with symptomatic treatment. The rate of
major complications was 1.0% (1 of 104 patients) in the
perivascular group and 1.8% (5 of 284 patients) in the non-
perivascular group, with no significant intergroup difference (p >
0.999; Table 2).

Comparison of Therapeutic Outcomes After
Propensity-Score Matching
In the matched cohort, 104 perivascular CLM patients were all
enrolled after propensity-score matching. In the non-
perivascular group, LTP occurred in 14 of 104 patients (13.5%,
p = 0.442; Table 3). The subsequent treatment modalities for
patients are shown in Table 3. The cumulative LTP rates at 6
months, 1 year, 3 years, and 5 years were 8.8%, 13.1%, 15.5%, and
TABLE 2 | Incidence of major complications.

Major complications Overall Data* Matched Data+

Perivascular (n=104) Non-perivascular (n=284) Perivascular (n=104) Non-perivascular (n=104)

Major Complications 1(1.0) 5(1.9) 1(1.0) 1(1.0)
Hepatic abscess 0 3(1.1) 0 1(1.0)
Acute cholecystitis 0 1(0.4) 0 0
Pleural effusion requiring drainage 1(1.0) 0 1(1.0) 0
Liver rupture 0 1(0.4) 0 0
Tumor seeding 0 0 0 0
Treatment-related death 1 0 1 0
October 2020 |
data are the number of patients, with percentages in parentheses.
*p > .999; +p > .999.
p obtained by using Fisher exact test.
TABLE 3 | treatment modalities for patients with local tumor progression (LTP) and intrahepatic recurrence in matched groups.

Treatment Modalities Local Tumor Progression* Intrahepatic Recurrence+

Perivascula r (n=18) Non-perivascular (n=14) Perivascular (n=57) Non-perivascular (n=46)

Resection 2(11.1) 4(28.6) 4(7.0) 4(8.7)
RFA 7(38.9) 5(35.7) 3(5.3) 3(6.5)
Radiotherapy 1(5.6) 1(7.1) 2(3.5) 3(6.5)
Resection + radiotherapy 0 0 1(1.8) 0
TACE 0 0 3(5.3) 0
RFA+TACE 0 0 1(1.8) 0
Gamma Knife Treatment 0 0 2(3.5) 0
Chemotherapy 8(44.4) 4(28.6) 39(68.4) 35(76.1)
Best supportive care 0 0 2(3.5) 1(2.2)
V

Data are the number of patients, with percentages in parentheses.
*p value between two groups was.442, +p value between two groups was .127.
p value obtained by using the xc2 test.
RFA, radiofrequency ablation; TACE, transcatheter arterial chemoembolization.
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15.5%, respectively (p = 0.567; Figure 2); 51 of 104 (49.0%)
patients died. The 1-, 3-, 5-, and 10-year OS rates were 88.0%,
47.2%, 27.2%, and 22.6%, respectively (p = 0.801; Figure 2),
without significant differences in LTP and OS rates between the
perivascular and non-perivascular groups.

In the non-perivascular group, 46 of 104 CLM patients (44.2%)
showed intrahepatic recurrence (p = 0.127, Table 3). The
subsequent treatment modalities for patients with intrahepatic
recurrence in both groups are shown inTable 3. The 1-, 3-, 5-, and
10-year intrahepatic recurrence rates were 30.2%, 56.3%, 59.4%,
and 59.4%, respectively (p = 0.589). Moreover, 40.4% (42/104) of
CLM patients showed extrahepatic recurrence during follow-up.
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The 1-, 3-, 5-, and 10-year extrahepatic recurrence rates were
22.8%, 47.4%, 58.9%, and 58.9%, respectively (p = 0.830). The rate
of major complications was 1.0% (1 of 104 patients; p > 0.999;
Table 2) in both groups.

Analysis of Risk Factors Associated With
Outcomes
The 6-month, 1-year, 3-year, and 5-year cumulative LTP rates
were 7.4%, 12.2%, 19.3%, and 20.3%, respectively. The 1-, 3-, 5-,
and 10-year OS rates were 86.7%, 49.5%, 25.2%, and 20.4%,
respectively, for the overall CLM patients in the study.
Multivariate analysis of all patients (n = 388), the results of
A B

FIGURE 2 | Cumulative LTP)rate and OS rate curves for the perivascular CLM and the non-perivascular CLM in matched data. (A) Cumulative local tumor
progression in matched data. (B) Overall survival in matched data. The local tumor progression and overall survival were estimated by the Kaplan-Meier method with
the log-rank test. LTP, local tumor progression; OS, overall survival; Peri CLM, perivascular colorectal liver metastases.
TABLE 4 | Univariable and multivariable analyses of prognostic factors for local tumor progression (LTP) and overall survival (OS) for overall colorectal liver metastases
(CLMs).

Variable Local tumor progression Overall survival

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HR (95%CI) p HR (95%CI) p HR (95%CI) p HR (95%CI) p

Age (yr) 1.527(0.911–2.559) .109 1.447(0.860–2.435) .164 1.241(0.932–1.652) .139 1.131(0.841–1.521) .415
Tumor size (cm) 2.230(1.324–3.756) .003 2.314(1.354–3.955) .002 1.831(1.370–2.446) <.001 2.046(1.511–2.769) <.001
Sex 0.888(0.522–1.509) .660 0.886(0.668–1.175) .402
Primary location 0.908(0.472–1.748) .773 1.647(1.179–2.302) .003 1.920(1.348–2.733) <.001
T stage 0.994(0.311–3.177) .992 1.763(0.829–3.748) .141 1.351(0.614–2.972) .454
Lymph node metastasis 0.649(0.384–1.098) .107 0.627(0.361–1.091) .098 1.887(1.326–2.685) <.001 1.352(0.917–1.991) .127
Synchronous liver metastasis 1.385(0.829–2.314) .214 1.126(0.867–1.479) 0.396
No. of liver metastases 0.600(0.357–1.011) .055 0.692(0.403–1.187) 0.181 1.882(1.419–2.497) <.001 1.706(1.265–2.300) <.001
Liver metastasis resection pre-RFA 1.384(0.803–2.386) .242 0.918(0.691–1.219) .555
Extrahepatic metastases 1.150(0.661–2.001) .620 1.942(1.462–2.579) <.001 1.892(1.413–2.533) <.001
Perivascular location 1.065(0.612–1.851) .825 1.038(0.778–1.386) .800
Intrahepatic recurrence 1.033(0.623–1.714) .900 1.688(1.275–2.236) <.001 1.564(1.171–2.088) 0.002
Extrahepatic recurrence 1.224(0.730–2.052) .444 0.828(0.630–1.088) .175
LTP – – – 1.053(0.746–1.488) .768
October 2020
 | Volume 10 | Article 5
Data in parentheses are 95% confidence intervals. The Cox proportional hazards regression model was used for the univariable and multivariable analysis. Variables with p<0.15 in
univariable analyses were included in the multivariable model.
LTP, local tumor progression; OS, overall survival; RFA, radiofrequency ablation; CLM, colorectal liver metastases; No. of liver metastases, number of liver metastases; HR, hazard ratio; CI,
confidence interval.
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which were expressed as hazard ratios (HRs) and 95% confidence
intervals (CIs), showed that tumor size was an independent
prognostic factor for LTP (HR: 2.314, 95% CI: 1.354–3.955,
p = 0.002) (Table 4). In addition, tumor size (HR: 2.046, 95%
CI: 1.511–2.769, p < 0.001), primary tumor location (HR: 1.920,
95% CI: 1.348–2.733, p < 0.001), number of liver metastases (HR:
1.706, 95% CI: 1.265–2.300, p < 0.001), extrahepatic metastases
pre-RFA (HR: 1.892, 95% CI: 1.413–2.533, p < 0.001), and
intrahepatic recurrence (HR: 1.564, 95% CI: 1.171–2.088, p =
0.002) were independent prognostic factors for OS in patients
with CLM (Table 4).

Subgroup Analysis for the Type of
Peritumoral Vessels
The type of peritumoral vessels was classified as periportal and
perihepatic vessels in 52 (50.0%) and 52 (50.0%) patients,
respectively (Figures 3, 4). Furthermore, 7 of 52 patients (13.5%)
and 11 of 52 patients (21.2%) in the periportal and perihepatic
groups, respectively, showed LTP. The 6-month, 1-year, 3-year, and
5-year cumulative LTP rates were 5.8%, 9.8%, 14.1% and 14.1%,
respectively, in the periportal group and 11.9%, 19.9%,23.4%, and
23.4%, respectively, in the perihepatic group (p = 0.285). In both
Frontiers in Oncology | www.frontiersin.org 777
groups, 35 of 52 patients (67.3%) with CLM died. The OS rates at 1,
3, 5, and 10 years were 92.2%, 43.4%, 22.5%, and 19.3%, respectively,
in the periportal group and 90.3%, 47.6%, 24.8%, and 17.7%,
respectively, in the perihepatic group (p = 0.920). The differences
in LTP and OS between the periportal and perihepatic groups were
not significant.
DISCUSSION

We identified that patients with CLM who underwent
percutaneous RFA had similar rates of cumulative LTP, OS,
and major complications in the perivascular and non-
perivascular groups, both before and after propensity-score
matching. This indicates that percutaneous RFA can be safe
and effective for perivascular CLM.

Surgical resection is a standard treatment for patients with
CLM (4), RFA cannot completely replace surgery, because of the
low progression-free survival for lesions > 3cm (24). However,
ESMO guidelines (3) recommend RFA as a curative option to
eradicate all visible liver tumors, for patients with resectable
lesions located deep in the liver where surgical resection would
A B

DC

FIGURE 3 | Images in a 61-year-old-man who underwent radiofrequency ablation (RFA) for periportal CLM. (A) Axial MRI T2-weighted images shows a 2.2-cm
lesion of high signal intensity (arrow) in segment VII before RFA. (B) Axial enhanced MRI image shows that the lesion (arrow) washes out in equilibrium phase;
(C) contrast-enhanced ultrasonography (CEUS) image before RFA shows that the index tumor (arrow) is in contact with the portal vein. The patient underwent RFA,
and obtained technical effectiveness 1 month after RFA. (D) Axial enhanced CT image shows no local tumor progression around the ablation zone 17 months after
RFA. CLM, colorectal liver metastases; US, ultrasound; RFA, radiofrequency ablation.
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lead to a great loss of liver volume, with recurrence of lesions
after liver surgical resection, for patients who are intolerant to
surgery (advanced age, associated co-morbidity), and for patients
who refused surgery. In this study, RFA demonstrated its safety
in lesions adjacent to blood vessels.

It is generally believed that an inadequate ablation margin is
an independent predictor of LTP after ablation for CLM (25–28).
Investigators in previous studies have suggested (12, 14, 17) that
perivascular location of a liver tumor was a risk factor for LTP
after RFA, because of the inability to achieve an adequate margin
in such cases, as blood flow dispels thermal energy away from the
lesions. However, some studies (13, 15) showed that perivascular
location should not be considered a risk factor for LTP after RFA.
In our study, perivascular location was defined with respect to
two criteria:1) the vessel diameter ≥ 3 mm. The appropriate cut-
off of 3mm was based on the results of previously published
animal experiments and clinical research (16, 17, 29–31), which
showed an inverse correlation between vessel diameter and the
degree of heat sink effect. Sink effect may occur over 3 mm in
vessel diameter and cause incomplete ablation; and 2) any
contact with first- or second-degree branches of a portal or
hepatic vein based on CT/MRI. The latter criterion was accepted
by most clinical studies (15, 29–32). The cumulative LTP rates
after RFA were not significantly different between perivascular
Frontiers in Oncology | www.frontiersin.org 878
CLM and non-perivascular CLM patients in line with the
previous studies (13, 15).

There are some possible reasons for the similar outcomes in the
perivascular and non-perivascular groups: firstly, the equipment
used for multipolar RFA (13, 33) for perivascular liver tumors has
gradually improved, resulting in better local tumor control. Second,
the “supplementary ablation,” “accumulative multiple ablations,”
(34) and “multi-step ablation” (35) techniques are helpful in
achieving local tumor control. Furthermore, physician expertise
and experience facilitate successful ablation.

Previous studies (36) have demonstrated that insufficient RFA
enhanced the metastatic ability of tumor cells, which was
mediated by signaling and dissemination of cancer cells,
leading to recurrence. However, there were no significant
differences in intrahepatic and extrahepatic recurrence rates
after RFA between the perivascular and non-perivascular
groups. Therefore, this indicated that RFA techniques may
offer sufficient ablation for both perivascular and non-
perivascular CLMs. The effect of RFA on perivascular CLM
was similar to that on non-perivascular CLM.

The zone of ablation is larger near the hepatic vein than near
the portal vein because of different flow velocity (37); patients
with tumors located near the main portal vein branch are at risk
for rapid tumor progression after RFA (38). However, we found
A B

DC

FIGURE 4 | Images in a 53-year-old-man who underwent RFA for perihepatic CLM. (A) Axial MRI T2-weighted images shows a 2.6-cm lesion of high signal
intensity (arrow) in segment VIII before RFA. The index tumor abuts the hepatic vein. (B) Axial enhanced MRI image shows that the lesion (arrow) washes out in
equilibrium phase; (C) US image before RFA shows that the index tumor (arrow) is in contact with the hepatic vein. The patient underwent RFA, obtained technical
effectiveness 1 month after RFA. (D) Axial enhanced MRI image showed local tumor progression around the ablation zone 6 month after RFA. CLM, colorectal liver
metastases; US, ultrasound; RFA, radiofrequency ablation.
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no significant differences between the periportal vessel and
perihepatic vessel groups, which suggests that improved
treatment strategies have a greater influence on the planning of
the RFA target volume than the heat sink effect.

Previous studies have reported (6, 39) that 5-year OS rates
ranged from 21% to 31% in patients with CLM treated with RFA;
the LTP rates were in the range of 9–42% (40). We found similar
outcomes in CLM patients treated by RFA. In this study, tumor size
was the only independent prognostic factor for LTP. In addition,
several prognostic factors of poor OS were identified: a tumor
diameter > 3 cm, tumor location in the right colon, multiple tumors,
extrahepatic metastases pre-RFA, and intrahepatic recurrence.
These concur with previously reported prognostic factors (6, 13,
41–43), except for intrahepatic recurrence; this may be the reason
that these investigators did not conduct further analysis into the
relationship between intrahepatic recurrence and OS. However,
intrahepatic recurrence may indicate the presence of more tumor
cells in the blood, resulting in poor OS.

Complication rates between patients with perivascular and
non-perivascular CLM treated with percutaneous RFA did not
differ before or after propensity-score matching, which is
consistent with previous results (15). Percutaneous RFA did
not increase biliary complications, even when periportal
tumors were possibly close to biliary duct structures in our
study. This was because of the strict enrollment criteria and
operating procedures. If the distance between the tumor and the
first-level branch of the bile duct (common hepatic duct, left and
right hepatic ducts) was ≤ 0.5 cm, patients did not meet the
inclusion criteria for treatment with RFA. If a safe margin and a
needle access route could possibly be obtained, patients were
considered for treatment with RFA, and real-time ultrasound
guidance was required during RFA to ensure that there was no
damage to the bile duct. Therefore, perivascular CLM can be
safely treated with RFA. Although there was one treatment-
related death in this study, this patient had multiple RFA-
related risk factors, including older age, multiple comorbidities,
a large tumor, and a problematic tumor location. Hence,
indications should always be evaluated carefully before RFA
and treated prudently.

This study had several limitations. First, it was retrospective
study. Although we conducted a propensity-score matched analysis
to balance the baseline characteristics of patients, we cannot exclude
the possibility of bias in terms of other confounding factors, such as
the experience of the physician. Second, we failed to consider that
other problematic tumor locations, such as locations close to the
liver surface or the diaphragm, may influence the outcome of
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ablation. However, a study (34) reported that individualized
treatment strategies can ensure that patients with problematic
locations achieve outcomes similar to those of patients with non-
problematic tumor locations. Finally, there is no universal
consensus on the definition of perivascular tumors. Our definition
of a perivascular tumor was consistent with that used in previous
reports (13, 15, 17); however, this needs validation in future studies.

In conclusion, there were no significant differences in the
rates of cumulative LTP, OS, and major complications between
patients with perivascular CLM and non-perivascular CLM
treated with percutaneous RFA. Thus, the findings provide
evidence-based medical evidence that percutaneous RFA is a
safe and effective treatment option for perivascular CLM.
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This study aimed to explore the special efforts required to achieve proficiency in
performing thermal ablation of liver cancers, including tumors in difficult locations, and
clarify the effects of handing-down teaching on the corresponding process. Major
complications of patients receiving percutaneous thermal ablation of liver cancer were
analyzed. Polynomial fitting was used to describe the connection between major
complication rates and special experience. Learning curve of major complications was
plotted both for the whole group and for each operator, respectively. Tumors in difficult
locations were further studied. A total of 4,363 thermal ablation sessions were included in
this study. 143 of 4,363 patients had major complications, corresponding to an incidence
rate of 3.27%. 806 thermal ablation sessions were performed for tumors in difficult
locations. The major complication rate of these sessions is 6.33%. According to the trend
of the learning curve of the 4363 patients, the experience of the whole group can be
classified into five stages, that is, the high-risk, relatively stable, unstable, proficient and
stable periods. A learning curve for an individual operator can be classified into the high-
risk, proficient and stable periods. The major complication rates for the chronologically
first, second and third operator of the group are 3.23, 3.35, and 3.31%, respectively. The
special experience needed to bypass the first stage corresponds to 410, 510, and 440
sessions, the second stage, 1850, 850, and 870 sessions, by the three operators,
respectively. The major complication rates for the tumors in difficult locations for the first,
second and third operator were 7.04, 5.53, and 5.98%, respectively. For the tumors in
difficult locations, the special experience needed to bypass the first stage corresponds to
150, 130, and 140 sessions, the second stage, 290, 175, and 185 sessions, by the three
operators, respectively. In conclusion, the learning process of an operator percutaneous
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thermal ablation for liver cancer can be classified into three stages. The major complication
rate for tumors in difficult locations were higher than that for all tumors. Handing-down
teaching can make an operator arrive at the third stage earlier but not the second stage.
Keywords: learning curve, thermal ablation, liver cancer, major complication, handing-down teaching
INTRODUCTION

Local thermal ablation techniques—including radiofrequency
ablation, microwave ablation, laser ablation, and high intensity
focused ultrasound (HIFU)—is widely used for the treatment of
liver tumors in clinical practice (1–3). Among them,
radiofrequency and microwave ablation are the most popular
techniques (4, 5). Patients with liver cancer benefit significantly
from the minimally invasive therapy. Previous studies show that
the long-term outcome of patients treated by thermal ablation is
comparable with that of surgical resection (6, 7). The major
complications and perioperative mortality, however, were
significantly lower in patients undergoing local thermal
ablation (8, 9).

Major complication is a highly concerned evaluating
indicator for thermal ablation. Although major complication
may occur occasionally, an experienced operator, advanced
equipment and use of assisting methods may help to
significantly reduce the risk of major complication. Previous
studies found that the rate of complication for thermal ablation
ranges from 1.3 to 10.0% (10–13). With the increase of special
experience and the development of equipment, the rate of
complication will decrease. However, the major complication
rates in different hospitals, countries, and areas are distinct (12–
15). Therefore, similar to other minimally invasive treatments,
thermal ablation for liver cancers is experience-dependent.

Thermal ablation is often regarded as a simple technique of
inserting a needle to “burn” the tumor, without getting much
attention to the details, assisting methods and skills. Despite
minimal invasion of thermal ablation, its major complication is
non-trivial and sometimes may lead to death (16, 17). Avoiding
major complication by improving the special skill of the
operators, therefore, is crucial. However, to our best knowledge,
there is a lack of extensive study about the special efforts required
to achieve proficiency in performing thermal ablation and reduce
major complication.

A few studies have explored the learning process of the early
period of thermal ablation (18–20). However, the number of
patients enrolled in previous studies is small, which is far from
sufficient to investigate the connection between special
experience and possible major complication, with the rate of
the latter being 2.0–4.0% (11, 13).

To bridge the aforementioned gap, in this paper, we studied
the learning curve for thermal ablation of more than 4,000
sessions of liver cancers in our central. The effect of handing-
down teaching on accelerating the learning process is clarified.
Moreover, the special efforts required for treating tumors in
difficult location are discussed.
283
MATERIALS AND METHODS

Patients
The clinical data of patients undergoing thermal ablation for
liver cancer from December 2001 to December 2019 were
analyzed. The aim of all the thermal ablation is the radical
treatment. The recommended indications for thermal ablation
in our central were (1) patients having a solitary tumor with a
size of ≤5 cm or multiple tumors (no more than 5) with a
maximum size of ≤3 cm; (2) patients without portal vein tumor
thrombus or extrahepatic metastasis; (3) patients with liver
function of a Child-pugh classification A or B; (4) patients
with a platelet count of ≥50×109/L or INR ≤ 1.7. For patients
that do not meet the aforementioned criteria, thermal ablation
was decided on a case-by-case basis by the clinician. For patients
with liver dysfunction or coagulation disorders, radical thermal
ablation was performed after the liver function or coagulation
function was improved. Patients (1) receiving thermal ablation
for benign tumors, (2) receiving laparoscopic-assisted or open
thermal ablation, or (3) undergoing thermal ablation combined
with liver resection were excluded. A total of 4,363 patients with
4,363 percutaneous thermal ablation sessions were included in
this study.

Equipment
RFA procedures were performed using mono-polar RFA with
cooled-shaft needles or umbrella electrodes without cooled-shaft
needles (Mianyang Lide electronics co. LTD, Mianyang, China).
The length of the electrodes ranged from 15 to 20 cm with a 2- or
3-cm active tip. The power was 200 W, and the frequency was
480 kHz. Cool-tip RFA system (Radionics, Burlington, MA, US)
and RITA RFA system (Angio Dynamics. US) were adopted.

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

The ultrasound systems used for guidance were ALOKA5000
(Aloka, Tokyo, Japan), Philips iU22, Philips IU Elit, and Philips
epic7 (Philips, Bothell, WA, USA), having a convex array probe
with a frequency of 1.0–5.0 MHz.

Ablation Procedures
Different ablation strategies were used depending on the size,
morphology, and location of the tumor. Generally, for tumors ≤2
cm, single-point ablation was performed, whereas for tumors
>2 cm, multi-point overlapping ablation was conducted. In
addition, the safe margin for complete ablation of the tumor
October 2020 | Volume 10 | Article 540239
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was 0.5 cm, unless the tumor was in a difficult location. Before
2005, the immediate efficacy was assessed based on the hyper-
echoic region covering the tumor or the clinical experience of the
operator. After 2005, CEUS was performed 15 to 20 min after
thermal ablation to determine the immediate efficacy. For
residual tumors determined by CEUS, supplementary ablation
was performed. All the patients received contrast enhanced CT/
MR to evaluate complete ablation one month after thermal
ablation. All the treatments were performed by X. Jing, J. Ding,
or Y. Wang individually. Among them, X. Jing was the first
operator in our central, and J. Ding and Y. Wang was the second
and third. The last two operators had more than 3-year
experience of interventional ultrasound and more than 1,000
ultrasound guided procedures before doing thermal ablation. All
the treatments were performed by free hand.

Definition of Tumor Located in Difficult
Locations
We defined a tumor in difficult location if the tumor is (1) within
5 mm from important tissues or organs (including diaphragm,
gallbladder, biliary tract, large vessels, right kidney, and
gastrointestinal tract), (2) within 5 mm from the liver capsule,
and (3) an exophytic tumor.

Ancillary Protocols for Tumors in
Difficult Locations

(1) Artificial Ascites and Difficult Locations: For tumors adjacent
to the extrahepatic tissues or organs, percutaneous puncture
catheter drainage was conducted by inserting a 21 G or 18 G
PTC needle into the adjoining site. If the adjoining site can
restore water, then production of artificial ascites was
undertaken. If the adjoining site cannot restore water, then
the tissues or organs were prevented from thermal damage by
dropping the ice saline solution continuously.

(2) Arterial Hydrothorax: For tumors adjacent to diaphragm or
located at liver dome, percutaneous puncture catheter
drainage was conducted by inserting an 18 G PTC needle
into the pleural cavity. Then, 100–500 mL of fluid was
injected into the pleural cavity to obtain the safe and clear
puncture path.

(3) Thermal Ablation Combined With PEIT: For tumors
adjacent to the large vessels or biliary tract, a 21 G PTC
needle was inserted into the side of the tumor close to the
vessel or tract. Then, 1– 3 mL dehydrated alcohol was injected
into the tumor. The injection of dehydrated alcohol and the
thermal ablation were started at the same time.

(4) Tumor Blood Vessel Block: For exophytic tumors, the
antenna or elector was inserted into the tumor blood vessel
under the guidance of ultrasound or contrast enhanced
ultrasound by passing through a portion of normal liver
tissue. (If it cannot be performed, then the antenna was
inserted into tumor directly). Then, the ablation was
performed with a high power until the tumor presents as
hypovascularity on CEUS.
Frontiers in Oncology | www.frontiersin.org 384
(5) Thermal Ablation Combined With TACE: For tumors with a
size of ≥5cm or with arteriovenous fistula, TACE was
performed 1 or 2 weeks before thermal ablation. When the
blood supply of the tumor was reduced and the patient was
with liver function of a Child-pugh classification A or B, the
radical thermal ablation was conducted.

(6) Image-Fusion and Navigation Systems: For lesions invisible
on US and CEUS but detected by CECT or CEMRI, the
antenna or elector was inserted under the guidance of US/
CEUS-CECT/CEMRI fusing imaging.

It should be noted that in the early period of the development
of our group, the same strategy (without assisting method or
combined therapy) was performed for all the tumors, no matter
whether they located in difficult location or not, because the
aforementioned ancillary protocols were not established.

Classification of Complications
Complications after thermal ablation were assessed according to
the clinical symptoms, imaging findings and results of laboratory
examinations. The definition of a major complication was a
complication that requires further treatment, threatens the life
of the patient, leads to substantial morbidity and disability, or
results in a lengthened hospital stay (21). All other complications
were considered to be minor.

Calculation of Learning Curve
The learning curves were calculated for the entire group and each
operator, respectively. All the tumors and tumors in difficult
locations were considered, respectively. The major complication
rates were calculated based on moving averages of 50 samples.
Polynomial fitting was used to describe the relationship between
major complication rates and special experience. The periods of
learning curve were identified based on the trend of the curve
and the major complication rates. Complication rates of 4 and
2% were the cut-off values for identifying periods of the learning
curves of all ablation sessions. Complication rates of 6 and 4%
were the cut-off values for identifying periods of the learning
curves of ablation sessions of tumors in difficult locations.

Statistical Analysis
Continuous variables are expressed as the mean ± standard error
and categorical variables as frequencies and percentages. The x2-
test or Fisher test was used to compare categorical data between
different groups. For all tests, a p value < 0.05 was considered to
indicate statistical significance. Statistical analyses were performed
using the SPSS software (Version 17.0, IBM, Armonk, NY, USA).
RESULTS

A total of 4,363 patients undergoing percutaneous thermal
ablation were included in this study. 143 of 4,363 patients had
major complications with an incidence rate of 3.27% (Table 1).
Six patients had a combined major complication. A total of 149
major complications occurred. Eight patients died during the
October 2020 | Volume 10 | Article 540239
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periprocedural time (within 30 days of the thermal ablation) with
a mortality of 0.18%. Among the eight patients, four of them died
due to multiple organ failure, one died because of infectious
shock, two died due to liver dysfunction, and one death
happened by acute myocardial infarction after thermal ablation.

The learning curve for thermal ablation of all the 4,363
patients in our central is shown in Figure 1. According to the
trend of the learning curve, the experience of thermal ablation
can be classified into five stages. The first stage was from the first
patients to the 350th patient, called high-risk period. The second
stage was from the 351th patient to 1150th patient, called relative
stable period. The third stage, named unstable period, was from
the 1151th patient to 2400th patient. The fourth and fifth stage
Frontiers in Oncology | www.frontiersin.org 485
was coined proficient period and stable period, from the 2401th

patient to 3500th patient and 3501th patient to 4,363th

patient, respectively.
Three operators participated in treating the aforementioned

patients. X. Jing was the first operator in our central. He started
the first thermal ablation since December 2001 with an
experience of the technique for 18 years. J. Ding was the
second operator and started his first thermal ablation from
the 928th patient in our hospital with an experience of 8 years.
The third operator was Y. Wang, who starts his first thermal
ablation from the 1227th patient, with an experience of 7.5 year
for thermal ablation.

A total of 2,170 thermal ablation sessions were performed by
the first operator. Among these sessions, 70 patients (3.23%) had
major complications. 1,104 thermal ablation sessions were
performed by the second operator with a major complication
rate of 3.35% (37/1,104). The third operator achieved 1,089
sessions, with 36 (3.31%) major complications.

The learning curves of each individual operator were depicted
in Figure 2. The learning process can be classified into the high-
risk, proficient and stable periods, according to the cut-off values
of major complication rates of 4 and 2%. The experience needed
to bypass the first stage corresponds to 410, 510, and 440 patients,
and the second stage, 1,850, 850, and 870 patients, respectively.

Among the 4,363 thermal ablation sessions, 806 sessions were
performed for tumors in difficult locations with a proportion of
18.47%. 223 of the 806 sessions were with tumors adjacent to the
large vessels or biliary tract (the first and second branch of biliary
duct). Among the above 223 sessions, 159 ablation sessions were
assisted with PEI. 57 of the 806 sessions were with tumors close
to gallbladder. Hydro-dissection technique was used in 39 of the
57 sessions. 462 of the 806 sessions were with tumors located
under liver capsule, including 351 sessions with tumors adjacent
to diaphragm and 201 sessions with exophytic tumors. Among
the 462 sessions, artificial ascites technique and arterial
hydrothorax technique were used in 221 and 123 sessions,
respectively. 61 of the 806 sessions were with tumors close to
gastrointestinal tract. Artificial ascites technique was used in 45
of the 61 sessions. Artificial ascites technique was used in 3
sessions with tumors close to right kidney. The incidence rate of
major complications in patients with a tumor in a difficult
location was 6.33% (51/806). The rest 3,557 sessions
correspond to 92 major complications with an incidence rate
of 2.59%. The learning curve for thermal ablation of tumors in
difficult locations was shown in Figure 3.

Among the 806 difficult sessions, 355 ones were performed by
the first operator, with a major complication rate of 7.04%. 217
and 234 sessions were achieved by the second and third operator,
respectively. 12 of 217 and 14 of 234 sessions correspond to
major complications, with complication rates of 5.53 and 5.98%,
respectively. The second and third operator started the thermal
ablation for tumors in the difficult location from the 104th and
141th patients, respectively. According to the major complication
rates at the cut-off values of 6 and 4%, a learning curve for
thermal ablation of tumors in difficult locations of an individual
operator was classified into the high-risk, proficient, and stable
TABLE 1 | Major complications after thermal ablation.

Complication No. of complications

Hemorrhage 14
Intra-hepatic haematomas 3
Intra-peritoneal bleeding 6
Haemothorax 4
Subphrenic arterial hemorrhage 1
Bile duct injury 26
Biliary stenosis 8
Biloma combined with infection 11
Bile leak 5
Bronchobiliary fistula 2
Liver abscess 23
Diaphragmatic hernia 5
Liver dysfunction 5
Multiple organ failure 4
Intractable pleural effusion 49
Intractable ascites 10
Tumor implantation 6
Severe sepsis 4
Hepato-gastrointestinal fistula 1
gallbladder perforation 1
Massive arterioportal fistula 1
FIGURE 1 | Learning curve for thermal ablation of all the 4,363 patients in
our central.
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periods (Figure 4). The experience required to bypass the first
stage corresponds to 150, 130, and 140 patients and the second,
290, 175, and 185, for the three operators, respectively.
DISCUSSION

The major complication rate of our central for the 4,363 radical
thermal ablations of liver cancers was 3.27%, similar to those
Frontiers in Oncology | www.frontiersin.org 586
reported in previous studies (9, 22). According to the learning
curve of individual operators in our hospital, the learning process
can be classified into three stages, namely, the high-risk,
proficient, and stable periods. The experience required to
bypass the first period corresponds to similar number of
patients for the three operators, which was not affected by
handing-down teaching. However, handing-down teaching can
significantly reduce experience needed to bypass the second
period, as mirrored by the length of this period of the three
operators. The peak value of the complication rate for thermal
ablation of tumors in difficult locations is also reduced due to the
handing-down teaching.

Recently, thermal ablation is widely used for primary and
metastatic liver tumors and is popular with clinician due to its
minimal invasion and safety (23, 24). Besides, thermal ablation is
easy to learn, so that clinician in different professions started to
use this therapy to treat liver cancer. In China, thermal ablation
can be performed by clinician in the departments of interventional
ultrasound, interventional radiography, and hepatobiliary surgery
etc. However, the learning process of this technique does not
attract the same attention as laparoscopic liver resection, robotic-
assisted laparoscopic colorectal surgery, and laparoscopic
cholecystectomy (25–27). Previous studies mentioned that the
complication rates range from 1.3 to 10% (10–13). Although the
risk of complications can be reduced by improving our ablation
skills, using assisted methods or developing equipment. Assisted
methods and ablation strategy have been reported to achieve
complete ablation and reduce major complications in previous
studies (28–32). The learning process of this technique has not
been well studied. In our study, the learning curve of this
A B C

FIGURE 2 | Learning curves of the operator 1 (A), operator 2 (B) and operator 3 (C).
FIGURE 3 | Learning curve for 806 sessions of tumors in difficult locations.
A B C

FIGURE 4 | Learning curve for thermal ablation of tumors in difficult locations of the operator 1 (A), operator 2 (B) and operator 3 (C).
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technique has been explored, and the influence of handing-down
teaching on the learning process has been analyzed.

The learning curve of 4,363 thermal ablation sessions in our
single central shows five stages, namely, the high-risk, relative
stable, unstable, proficient, and stable periods. A peak value of
major complication rate of 5.5% appeared in the first stage. Then,
the major complication rates decrease. The stable period of our
group, with a major complication rate of 2% similar to a previous
study (11), is after the relative stable, unstable, and proficient
period. 1,150 patients in the first stage were treated by the first
operator only. The major complication rate shows a mild trend
of increase in the third stage, which may be caused by the new
participants of the second and third operators. The second and
third operators started their individual thermal ablation from the
928th and 1227th patients, which corresponds to the third stage
(1151th–2400th). After that, the major complication rate
decreased rapidly for the following 1,000 patients and became
stable at 2%, which indicates that all the operators were skillful
enough to perform thermal ablation.

We further plotted the learning curve for thermal ablation of
each operator. According to the trends of the curves and the
complication rates, we classified the learning process into three
stages, according to the cut-off values of major complication rates
of 4 and 2%. The first stage is the high-risk period with a major
complication rate higher than 4%, the second stage is the proficient
period having a rate higher than 2%, and the third stage with a stable
complication rate of 2% is called the stable period. The results of
our study demonstrate that the experience corresponding to about
400 to 500 patients were needed to bypass the first period. Under
the guidance of handing-down teaching, the experience needed in
the first period did not decrease for the second and third operator.
Different from the first period, the required experience reduced
significantly in the second period by the handing-down teaching.
The first operator arrived at the stable period when treating the
1800th patient, while the experience corresponding to only half
number of patients was needed for the second and third operator.
This result indicates that the handing-down teaching has an
important effect on learning thermal ablation.

We found that the risk of major complication highly depends
on the location of tumors, in agreement with a previous study (28).
Patients with tumors in difficult locations have a high major
complication rate, in accordance with previous results (28, 31).
The major complication was usually caused by (1) puncturing the
non-tumor tissues by electrode or antenna, (2) thermal damage. It
has been reported that patients with tumors close to biliary duct or
with tumors adjacent to diaphragm have a higher major
complication rate (28, 33). In our study, the major complication
rate of patients with tumors in difficult locations is 2.5 times as
large as that of patients without a tumor located in difficult
locations. Therefore, understanding the learning process of
difficult thermal ablation is very important. We calculated the
learning curve of 806 difficult thermal ablation sessions. Our
results demonstrate that the peak value of major complication
rate in the early period of 806 difficult sessions was higher than
that of all the sessions (about 14 vs. 5.5%). Different from the trend
of learning curve for all the sessions, the major complication rate
Frontiers in Oncology | www.frontiersin.org 687
for thermal ablation for tumors in difficult locations decreases
rapidly and becomes stable at 4%. The second and third operators
started their difficult ablation from the 104th and 141th patient with
a tumor located in difficult locations, respectively. Besides, the
trend of the learning curve was not affected by the participant of
the second and third operators. Without any fluctuations, the
complication rate on the learning curve for thermal ablations of
tumors in difficult locations decreases gradually.

The learning curves for thermal ablations of tumors in difficult
locations of each operator were calculated. The learning process
was classified into three stages, namely, the high-risk, proficient
and stable periods, according to the trend of curve and the cut-offs
of complication rates of 6 and 4%. The handing-down teaching
also shows an effect on the second period but a negligible effect on
the first period. The experience of thermal ablation needed to
bypass the second period were significantly reduced under the
guidance of the teacher (the first operator: 290, the second
operator: 175, and the third operator: 185). Furthermore, the
peak values of major complication rates for thermal ablations of
tumors in difficult locations were lower for “students” (the second
and third operators) compared with that for the “teacher” (the first
operator). The peak values of major complication rates for the
second and third operators were about 8 to 9% compared with
16% for the first operator. All the above results indicate that
thermal ablation for liver cancer is experience-dependent. The
handing-down teaching can shorten the learning process and
reduce peak value of the major complication rate.

The learning process of thermal ablation for liver cancer
presents three stages. The first stage, namely, the high-risk period
was the early stage of learning. Both in the learning processes of
the team or individual operators, the highest major complication
rates appear in the first stage. The experience needed to bypass
the first stage of the learning process for all the patients and for
patients with tumors in difficult locations was shown in our
study. The beginner should pay more attention to the treatment
of patients in the first stage. We found that the number of
patients relevant to the first stage was stable, which may be
determined by this technology itself. Thermal ablation for liver
cancer is a minimally invasive treatment and easy-to-learn to
perform, which shows low dependence on experience. Besides,
the dependence on experience was concealed in the early stage
due to the large portion of easy cases enrolled. We thought that
the first learning stage of thermal ablation only means “operator
can do it” not “operator can achieve it”. After the first stage, more
cases of patients with tumors in difficult locations were
performed in the second stage, namely, proficient stage. The
effects of handing-down teaching for thermal ablation are
significant in the second stage. Less experience of thermal
ablation was needed to bypass the second stage under
handing-down teaching and to arrive at the stable period.
Except for reducing the need of experience, handing-down
teaching can also reduce the peak value of the major
complication rate in patients with tumors in difficult locations.
However, it should be pointed out that all the operators in our
central had an experience of more than 1,000 ultrasound-guided
procedures, and all the thermal ablation were performed with the
October 2020 | Volume 10 | Article 540239
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free-hand technique, which may have effects on the learning
process of thermal ablation. To our knowledge, thermal ablation
was performed by two operators with puncture trestle in some
centrals (28, 34). Thus, the learning curve of thermal ablation in
different central may be distinct.

Thermal ablation is not only experience-dependent but also
equipment- and assisting method-dependent. In recent years,
various assisting methods have been developed to reduce the risk
of major complication. For example, PEIT and PTCD with
intraductal chilled saline perfusion were used for tumors adjacent
to large vessels or biliary duct (35, 36). Electrode or antenna
deployed parallel to vessels can be also used to avoid damage of
large vessels (28). For large tumors with rich blood supply, TACE
canbeperformedbefore thermal ablation toweaken the influenceof
“heat sink effect” (37). The invisible lesions on US or CEUS were
regarded as a contraindication for percutaneousUS-guided thermal
ablation.Now such lesions canbe ablatedunder the guidanceofUS/
CEUS-CECT/CEMRI fusing imaging (38–40). The No-Touch
technique is used by inserting multiples electrodes around the
periphery of the tumor and activating them sequentially to
perform ablation with a sufficient peritumoural margin and
decrease the risk of needle-path tumor implantation by avoiding
direct puncture of the tumor (41, 42). The major complications in
our hospital show that some major complications may largely
appear in a specific period of time, such as skin burn or
diaphragm damage. Among the 143 major complications in our
central, only one case of several skin burns happened in the early
stage of thermal ablation. The MTC-3CA microwave therapy
instrument was performed for this patient. Although a cooled-
shaft needle was used, the ablation antenna works in parallel with
water-cooled circle. We turned on the ablation energy but not
water-cooled circle, which caused the skin burn of patients. After
that, the manufacturer changed the ablation antenna working in
series with water-cooled circle and the skin burn never happens in
our hospital. Most of the diaphragm damage also happened in the
early stage of thermal ablation for the lack of effective assisting
method.When the artificial ascites or pleural effusion technique has
been developed, the major complications about diaphragm
significantly decreased during the ablation procedure by using
such assisting methods. Therefore, advanced equipment and
effective assisting methods have the same importance as the
experience of thermal ablation for reducing the risk of
major complications.

Some limitations present in our study. First, although all the
treatments in our central aim to achieve the radical treatment
outcome, we focused on the learning curve about the major
complication of thermal ablation but not the complete ablation
rate or prognosis in this study. Second, considering the
Frontiers in Oncology | www.frontiersin.org 788
similarities of the two types of thermal ablation technologies,
i.e., microwave ablation and radiofrequency ablation, they were
not analyzed respectively.
CONCLUSION

The learning process of thermal ablation is classified into the
high-risk, proficient and stable periods. The major complication
rate of patients with tumors in difficult locations are higher than
that of patients without a tumor in difficult locations. The major
complication rate is stabilized at 2% for thermal ablation of all
the tumors and 4% for thermal ablation of tumors in difficult
locations. Handing-down teaching can reduce the experience
needed to bypass the second period and reduce the peak value of
major complication rate for patients with tumors in difficult
locations. Our results can help the operators, especially
beginners, achieve proficiency in an efficient fashion.
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Due to the increasing rates of physical examination and application of advanced
ultrasound machines, incidences of benign thyroid nodules (BTNs) and papillary thyroid
microcarcinoma (PTMC) were dramatically up-regulated in recent years. Thermal ablation
(TA) has been widely used and regarded as a safe and effective method to eliminate or
reduce BTNs and recurrent low-risk PTMC. However, conclusions using TA to treat
primary PTMC are controversial. Recently, several long-term and prospective studies on
TA treatment of BTNs and primary PTMC have been reported. Here, we review current
literatures and progress on TA treatment of BTNs and PTMC and underline the way to get
the best treatment outcomes, providing a comprehensive insight into the research
progresses in this field.

Keywords: thyroid nodules, benign thyroid nodules, primary papillary thyroid microcarcinoma, recurrent papillary
thyroid microcarcinoma, thermal ablation
INTRODUCTION

Thyroid nodules are frequently detected due to the application of ultrasound examination in recent
years (1–5). Most of the nodules are benign thyroid nodules (BTNs) or papillary thyroid
microcarcinoma (PTMC). Of note, papillary thyroid carcinoma (PTC) is the most common
thyroid cancer but features excellent prognosis and low mortality rate (5, 6). Though active
surveillance was recommended for the low-risk PTMC, patients with low-risk PTMC often received
aggressive over-treatments (7). Thyroidectomy is the first-line treatment method for BTNs and
PTMC according to the 2015 ATA guidelines and 2016 Chinese expert consensus and guidelines (4,
5, 7–9). However, limitations remain unavoidable in reality. On one hand, a few patients may feel
fear about or not be appropriate for surgery. On the other hand, thyroidectomy will leave permanent
scars and require long-time levothyroxine sodium tablets after surgery, which will cause patients,
especially young females, to worry about this treatment. Therefore, alternative minimally surgical
techniques or non-surgical invasive treatment methods for thyroid nodules are needed.

Percutaneous chemical ablation (ethanol ablation [EA] or polidocanol injection) was usually
used to treat cystic or predominantly cystic BTNs (10–15). Thermal ablation (TA), including
radiofrequency ablation (RFA), microwave ablation (MWA), laser ablation (LA), and high intensity
focused ultrasound (HIFU), were generally applied for solid or mixed BTNs (15–17). TA therapy for
October 2020 | Volume 10 | Article 580431191
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BTNs has been widely utilized across many countries with good
efficacy and safety, as revealed by multi-center studies,
longitudinal observational studies, guidelines, as well as meta-
analyses (18–23). Nevertheless, not all BTNs were appropriate
for TA therapy. Long ablation time or multiple ablation
operations are needed for the nodules with large sizes.
Moreover, fine-needle aspirations (FNA) or core needle biopsy
(CNB) was performed to diagnose the thyroid nodules before
ablation. However, false negatives may occur in FNA or CNB as
they were not the gold standard.

TA was also used for the treatment of recurrent PTMC (24–
27). However, the conclusions related to TA of primary PTMC
were controversial. Some prospective or retrospective but long-
term follow-up studies reported that TA was an effective and safe
method for the selected low-risk PTMC (28–30). Before RFA,
patients should have no local invasion, regional lymph node, and
distant metastasis. Ultrasound and computed tomography (CT)
were often used to detect the regional lymph node and distant
metastasis (31). However, some regional lymph node metastasis
is difficult to detect.

In this present study, we will review the latest progress in TA
treatment of BTNs and PTMC to summarize the efficacy and
safety of TA techniques, analyze factors related to the efficacy of
ablation, and explore future research directions of this topic.
PATIENTS INCLUDED

The selection of patients before TA is related to the safety and
efficacy of TA treatment.

Patients With BTNs
Patients included for TA are as follows: patients with symptomatic
or cosmetic problems; patients fearing malignancy; refusal of or
contraindications to surgery or radioiodine therapy. The nodules
included for TA are as follows: cytological confirmation of a benign
thyroid nodule on two separate ultrasound-guided biopsies
(ultrasound-guided FNA or CNB); no malignant US findings;
solid, predominantly solid, or cystic thyroid nodules;
thyrotoxicosis in cases of autonomously functioning thyroid
nodules (1, 16, 17, 21–23).

The exclusion criteria are as follows: pregnant women; history
of radiation to the neck; follicular neoplasm; severe bleeding
tendency because of coagulation disorder; severe heart failure/
liver failure/respiratory failure or renal failure; no puncture route
judged by US; nodules with heavy calcifications (1, 16, 17,
21–23).

Patients With PTMC
The inclusion criteria are as follows: refusal of or contraindications to
surgery (e.g., age > 80 years or a co-morbidity such as cardiovascular
disease, history of stroke, central nervous system vascular
malformation, other malignancy, and immunocompromised state);
confirmation of PTMC on ultrasound-guided biopsy; no evidence of
gross extrathyroidal extension or metastasis (lymphatic or distant
Frontiers in Oncology | www.frontiersin.org 292
metastasis) on both ultrasound and contrast-enhanced computed
tomography (CT); either multiple or solitary PTMCs (1, 25–31).

The exclusion criteria are consistent with those patients with
BTNs. Moreover, multiple nodules or those PTMCs without
ablation safety margin (less than 2 mm away from the thyroid
capsule) were also excluded for TA treatment (1, 25–31).
The Basic Principle of TA
The basic principle of TA is to use the heat energy generated by
RF electrode needle, MW antenna, LA fiber, or HIFU to generate
coagulative necrosis of the nodules. The coagulation necrotic
tissue cells are dissolved and liquefied by hydrolytic enzymes,
and they are finally absorbed by lymphocyte and blood vessels.
Then the ablation zone gradually decreases and finally
disappears completely.
TA TREATMENT OF BTNS

RFA
RFA was first reported for the treatment of BTNs in 2006 (32). In
the past 10 years, the safety and efficacy of RFA therapy has been
validated by some prospective randomized controlled trials
(RCTs) and multicenter researches (18–23, 33). The volume
reduction rates (VRR) of BTNs were 66.8%–68%, 63%–74.3%,
and 70%–82% at 3, 6, and 12 months after RFA, respectively (22,
34–37). Accordingly, therapeutic success (defined as VRR>50%)
can be achieved three months after RFA. Intriguingly, some
long-term follow-up studies were reported on the efficacy of RFA
for BTNs recently (22, 37). For example, a prospective
multicenter study indicated that the mean VRR was 80.3%,
84.3%, 89.2%, 91.9%, and 95.3% at 12, 24, 36, 48, and 60
months after RFA treatment (22). Similarly, another retrospective
longitudinal observational study reported that the mean VRR was
63%, 67.4%, 66.7%, 66.9%, and 66.9% at the 1-, 2-, 3-, 4-, and 5-year
follow-up, respectively (37). Collectively, these long-term follow-up
studies showed that VRR remained stable at least one year
after RFA.

The symptom and cosmetic problems are the main reasons
that patients with BTNs chose to accept treatment. After RFA,
patients’ symptom and cosmetic scores were significantly
decreased during the follow-up period (22, 34–37). No
related deaths were found during and after RFA and the
major complication rate was less than 2% (1). Complications
such as voice change, pain, hematoma, vomiting, nodule
rupture, and Horner syndrome were mostly received after
RFA treatment (1). Nevertheless, RFA therapy had fewer
complications and pains, preservation of thyroid function as
compared with surgery, alongside reduced hospitalization days
and increased patients’ satisfaction after RFA (22, 38, 39).
Moreover, as patients usually get satisfactory results 3 months
after treatment and remain stable at 12 months after RFA, RFA
could be considered as the first-line treatment for BTNs for
selected patients.
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MWA
Ultrasound-guided percutaneous MWA that was first introduced
in 2012 (40) and 2013 in China (41) ranks as the second approach
for BTNs treatment. Similar to RFA, MWA is also effective and
safe in decreasing the symptom and cosmetic scores for BTNs,
even for large (≥3 cm) benign thyroid nodules (18, 42–45). The
VRR was 54.3%–75.1%, 68.7%–85.2%, and 88.6%–96.4% at the 3-,
6-, and 12-month follow-up after ablation (17, 42, 44). RFA and
MWA showed approximately identical results considering VRR at
3 months follow-up (46). However, RFA showed higher VRRs at
the 6- and 12-month follow-up (45). MWA exhibits advanced
advantages compared to thyroid lobectomy including faster
recovery, fewer complications, more complete thyroid function
preservation, superior esthetic results, less physiologic disruption,
less expense, and lower systemic stress response (17, 47–49). In
summary, MWA should be also considered as one of the first-line
treatments for BTNs, especially for larger BTNs since MWA is
expected to be more effective based on previous studies. However,
more long-term follow-up studies are needed.

LA
In 2006, ultrasound-guided LA was first introduced for treating
patients with BTNs-bearing who are inoperable or unwilling to
operate (50). The safety and efficacy of LA of BTNs also have
been widely demonstrated, accompanied with significant and
persistent volume reduction and local symptom improvement
(16, 51–53). The VRR was 55%, 49%–53%, 59%–84% at 3, 6, 12
months follow-up after LA, respectively (51, 54–56). A three-
year multicenter prospective randomized trial showed that the
VRR was 59%, 60%, and 57% at 1, 2, and 3 years after LA,
respectively (56). Compared to RFA and MWA, LA showed
similar efficacy and safety considering VRR at 3-months follow-
up (56–58). However, the VRR was lower than RFA, but higher
than MWA at 6-months follow-up as well as subsequent follow-
ups (58–60). From previous literatures, the VRR was relatively
low in LA for BTNs. Long-term follow-up studies are also
lacking, and more prospective randomized trials are needed to
observe efficacy in the future.

HIFU
HIFU was first reported for the treatment of BTNs in 2011 (61).
Subsequently, Lang et al. demonstrated that the mean VRR was
68.87% after 12-month post-HIFU for 22 patients by using
nodule volume as the sole determinant of ablation success in a
prospective study (62). Lang et al. reported that the mean VRR at
3, 6, 12, 18, and 24 months was 51.32%, 62.99%, 68.66%, 69.76%,
and 70.41%, respectively, after HIFU treatment for 108 patients
(63). The pooled VRR was 17.59%, 48.93%, and 60.43% at 1, 3,
and 6 months after HIFU for BTNs in a systematic review and
meta-analysis (64). However, for larger nodules (>20 ml),
additional operations were needed at 3–6 months after initial
HIFU treatment (65, 66). Compared with open lobectomy, HIFU
treatment benefits patients with less treatment time, shortened
hospitalization duration, and lower medical cost (67).
Noticeably, as a novel and relatively less frequently applied
method, HIFU treatment has some drawbacks for the
Frontiers in Oncology | www.frontiersin.org 393
treatment of BTNs, e.g., patients should be stable during HIFU
treatment, and longer ablation time and multiple ablation times
are needed for patients with large BTNs. Thus, HIFU may be not
suitable for patients with large BTNs.

At last, from the long-term retrospective and perspective
studies (Table 1), RFA showed more effective consequences in
reducing nodule volume compared to LA for the treatment of
BTNs. Nevertheless, no studies were found on MWA or HIFU
for BTNs with more than 2-years follow-up. In addition, few
major complications (0%–4.2%) emerged after TA in these long-
term follow-up studies (Table 1). The most common
complications are voice change, vocal cord paresis, laryngeal
nerve palsy, intraoperative hemorrhage, and Horner syndrome
according to these long-term follow-up studies (Table 1).
Nevertheless, some nodules regrowth (4.1%–20.4%) after TA
still occurred in these studies (Table 1). Thus, more prospective
and long-term studies are needed in TA treatment of BTNs to
obtain the comprehensive conclusions.
TA TREATMENT OF PTMC

RFA
RFA could be considered as an alternative method of reoperation
objective to recurrent thyroid cancers, as revealed bymultiple studies
(24–27). For example, Kim et al. reported comparable recurrence-
free survival rates between RFA and reoperation for either 1 year
(96.0% vs. 92.2%) or 3 year (92.6% vs. 92.2%) groups. The post-
treatment complication rates (e.g., hoarseness and hypocalcemia)
did not differ significantly between the RFA and reoperation groups
(24). In another report, Zhang et al. revealed that themeanVRRwas
54%, 81%, 92%, 96%, and 100% at the 1-, 3-, 6-, 12-, and 18-month
after RFA, respectively. No residual or recurrent tumor or
complications were found during the follow-up period (26).
Chung et al. reported that the VRR of RFA for recurrent PTCs
was 99.5%, wherein 91.3% of the nodules completely disappeared in
the mean 80-months follow-up period (27).

Recently, two studies showed that RFA was also an effective
and safe method for primary low-risk PTMC with no local tumor
progression or distant metastasis during long-term follow-up
(68, 69). As a paradigm, Cho et al. reported that the complete
disappearance rates of primary low-risk PTMC were 98.8% and
100% at the 24- and 60-month follow-up after RFA. During the
follow-up period, no local tumor progression and lymphatic or
distant metastasis were observed. Concurrently, no patients
underwent delayed surgery (68). Zhang et al. found that RFA
showed similar oncologic outcomes after over 5 years’ follow-up,
whereas RFA displayed shorter operation and hospitalization
time, lower complications, and less total cost compared with
surgery (69). In one study with a large population, 91.4% (139/
152) of the ablated low-risk PTMCs completely disappeared with
no local or distant recurrence during the mean 39-months
follow-up period (31). In terms of health-related life quality,
US-guided RFA offers more advantages than surgery, supporting
the conclusion that RFA can serve as an alternative strategy for
PTMC (70).
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MWA
In 2014, Yue et al. first used ultrasound-guided percutaneous
MWA for treatment with PTMC, and in a mean 11-months’
follow-up study, all tumors were completely ablated at a single
session and no serious complications occurred (71). Similarly,
Teng et al. performed MWA for 21 PTMCs and found that 95.2%
of nodules were completely absorbed with no recurrent nodule
after 3 years’ follow-up (72). A systematic review and meta-
analysis reported that MWA showed significant improvements
in nodule volume, clinical symptom scores, and beauty scores
between the baseline and final follow-up visits. However, common
adverse effects such as hematomas, unbearable pain, and transient
or permanent voice change were reported in corresponding 3.8%,
2.2%, and 4.6% of patients from the 33 original articles, but none
of these incidents resulted in patients’ hospitalization or death
(43). In a 5-year follow-up report, 98.9% of nodules that were
diagnosed to be primary PTMC were completely ablated by
MWA, with a VRR of 99.37% (30). In a prospective study, 119
unifocal PTMC patients were treated with MWA, VRR was 99.4%,
and 93.9% of nodules went into complete remission after mean 37-
months follow-up. No residual or recurrent nodules after MWA
was observed (29). In a large-cohort study consisting of 185
patients with 206 primary PTMCs, the mean VRR at 21-months
follow-up was 98.65% after MWA treatment and 84.5% of nodules
were fully absorbed (73). Collectively, these evidences suggest
MWA is safe and effective in primary PTMC treatment and
offer a new alternative choice for clinical treatment.
LA
Papini et al. first used LA for local PTMC treatment in an
otherwise inoperable patient with thyroid gland at high surgical
risk, indicating LA was a safe and effective ablative method (74).
Zhou et al. reported that 96.7% (29/30) of the nodules were
successfully ablated after a single session. After 1-year follow-up,
33.3% of the ablation zones disappeared, and the remaining
66.67% zones are scar-like nodules. No local recurrence or
distant metastases were found in the last follow-up (9). In a
retrospective study, the VRR of 81 solitary PTMC treated with
LA was 98.4% after mean 49-months follow-up. Compared with
surgical group, the patients in the LA group showed shorter
hospital stay and procedure time and lower complication and
recurrence rates (75). In another retrospective study, 37 patients
with primary PTMC were treated with LA, and 32.4% of the
treated nodules disappeared and only one patient suffered from
cervical lymph node metastasis during 2-years follow-up (76). In
summary, LA is also a useful approach for treating
primary PTMC.

Interestingly, in the last three years, some long-term follow-
up studies summarized that no local recurrence was found after
TA of primary PTMC; the recurrence rates in the remaining
thyroid were also very low, and few major complications (0%–
2.4%) were found during and after the procedure (Table 2). The
most common complications are voice change and hoarseness
(Table 2). More than 90% of tumors completely disappeared at
the last follow-up period (Table 2). However, there are still some
nodules requiring additional ablation owing to the insufficient
T
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safety margins after the first ablation. In addition, there is no
report on the usage of HIFU for the treatment of PTMC yet.
DISCUSSION

Eliminating the symptoms or cosmetic problems are the main
goals of treating those patients with BTNs. Through systematic
and comprehensive reviewing of the field’s progress, we know
that all current TA techniques are effective in reducing VRR and
patients’ symptoms or cosmetic problems. Fewer complications
or adverse events were reported during and after TA for BTNs.
Overall, more prospective, multicenter, and long-term follow-up
researches were reported in RFA for BTNs than other TA
techniques (18, 19, 21–23). Compared with MWA, LA, or
HIFU, RFA showed higher VRRs in studies with long-term
follow-up for BTNs. Accordingly, RFA may be the preferred
treatment for BTNs, and more studies should be carried out on
other TA techniques for BTNs.

The symptoms or cosmetic problems are usually found in
patients with large nodules. However, the main factors affecting
the incomplete ablation were large size and narrow range
adjacent to the danger triangle area or carotid artery or trachea
and peripheral blood flow (77). Although the overall successful
rate is high, the requirement of second-session TA may occur in
those cases that nodules are not completed ablated in the first-
session treatment. Under such conditions, the total expenses will
increase as multiple ablations proceed, which may augment the
economic burden of these patients. In addition, as the nodules
are not completely ablated, the therapeutic success is difficult to
achieve, and the regrowth tends to occur more frequently (78).
To avoid these inconveniences, the BTNs should be ablated as
completely as possible in one-session treatment.

In addition, factors related to VRR should be critically
assessed. The initial volume, initially predominant solidity,
clear ill-defined margins, applied energy, and initial ablation
ratio were the possible predictive factors of VRR (78–82). For
example, over 70% of initial ablation ratio usually predicts VRR
of over 50% after RFA (79). However, Lee et al. reported that the
VRR of predominantly cystic vs. predominantly solid nodules
was similar at 6-months follow-up in a study consisting of 1,000
patients with 1,619 thyroid nodules (78). Moreover, the hardness
of the ablation zone after TA may be another factor affecting the
VRR despite no association between them reported currently.
Collectively, there are no stable predictors of VRR after TA
treatment, and more prospective studies on the factors affecting
VRR are needed.

The nodule regrowth in BTNs after TA is a critical concern
for patients. It is believed that the factors including larger size,
the delivery of lower energy, and incomplete and insufficient
ablation of the external border of the nodules correlate with
regrowth rates (82, 83). Consistent with this, Wang et al.
demonstrated that larger initial volume, more irregular blood
vessel, and nodules adjacent to the vital structures were found
accessible in the recurrence group (84). Recently, Negro et al.
suggested that non-spongiform nodules and 12-month VRR <
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50% increased the risk of BTNs regrowth after LA in a 5-year
follow-up retrospective study (85).

In light of above analysis, the size and location of the nodule
are the main factors that affect complete ablation rate, VRR, and
nodule regrowth. Regarding this, patients with too large nodules
are more suitable for TA. TA can be considered as the first-line
treatment for patients with BTNs featuring medium size, even
though the symptoms or cosmetic problems are not obvious.
However, the specific volume values of larger nodules are
uncertain (20, 37, 82). In addition, the new ablation techniques
including artery-first ablation, marginal venous ablation, and
hydrodissection technique may be useful to decrease the
incomplete ablation rate and repress nodule regrowth (86).
Thus, it is speculated that more patients will benefit from TA
due to the application of advanced ablation techniques.

Interestingly, the successful ablation rates and VRR of TA for
PTMC were higher than TA for BTNs during the follow-up
periods. Recent long-term prospective and retrospective studies
demonstrated that TA was also effective for primary PTMC due
to low complications and recurrences (29, 30, 68, 87). From one
recent systematic review and meta-analysis, RFA and MWA for
primary PTMC were found to show higher VRR than LA (87).
Compared with surgery, TAs need less operation and
hospitalization time and have a lower total cost. Patients
received better health-related life quality, lower total costs, and
stress response (69, 70). The major concerns are the lymphatic or
distant metastasis in patients with primary PTMC before and
after ablation. Actually, low-risk primary PTMCs are rarely
found with metastasis, and most metastasis can be found by
careful high-resolution ultrasound and CT examination before
ablation (7). Moreover, up to now, there have been few
researches reporting the local or distant metastasis after TA.

Although patients with low-risk primary PTMC are not
recommended for TA treatment, some patients fear metastasis
and desire early treatment. Compared with surgery, patients
benefit from TA, typically associating with shorter treatment and
hospitalization time, lower complications, and no neck scars.
Moreover, RFA, MWA, or LA showed similar efficacy and safety
on the basis of previous long-term follow-up studies. Taken
together, TA is a promising alternative treatment for patients
with low-risk primary PTMC.

Although TA is an effective and safe method for the treatment
of BTNs and low-risk primary PTMC, some limitations of TA
should also receive more attention. First, TA is not suitable for all
types of thyroid nodules comparing with surgery, especially for
large BTNs, substernal nodules, and deep located nodules.
Second, there are still some nodules with incomplete response
and local regrowth in the following-up period, which will need
repeated ablation or surgery. Third, some nodules shrunk slowly
but failed to completely recede according to the current studies.
Accordingly, more studies focusing on improving the
effectiveness of ablation and reducing local or distant
recurrence of nodules are demanded in the future.

Outlook
In this review, some prospective and prospective clinical studies
with long follow-up periods showed that TA was effective and safe
Frontiers in Oncology | www.frontiersin.org 696
for the treatment of BTNs and PTMC. Nevertheless, more
prospective randomized controlled trials of large samples
comparing TA with surgery with more than five-year follow-up
are still absent. Moreover, it is also unsure on whether TA is also
effective for the treatment of large PTC or other pathological
subtypes of thyroid carcinoma. In addition, the dissolved gas will
give birth to bubbles that usually cause strong backscattering
ultrasonic signals, which inevitably introduces mistakes into the
assessment and monitoring of the ablation process and lesion
boundary. To overcome this issue, new imaging technology
featuring precise ablation guidance and curative assessment will
also be explored. Intriguingly, some fundamental researches on
enhancing thermal sensitivity using some enhancement agents
were highlighted to improve the utilization efficiency of thermal
energy, elevate treatment biosafety, and magnify the ablation
outcomes. These impressive cases pave a solid foundation to
clinical translation of these enhancement agents via providing
theoretical basis and experimental experiences, e.g., RFA
enhancement agents, HIFU enhancement agents, etc.
CONCLUSIONS

Thermal ablation is a promising minimally invasive method and
should be considered as the first-line treatment for BTNs and
recurrent PTMC. For primary PTMC, TA could be a suitable
alternative to surgery for selected patients with low-risk PTMC.
However, the suitable included criterion, the ablation equipment
selection, and the standard technical operation should be
critically evaluated to ensure the best clinical outcomes and
complication control after ablation.
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Objective: To determine whether the specific inhibitor of matrix metalloproteinase
(MMP)—batimastat (BB-94)—could decrease the progression of liver tumor after
radiofrequency ablation (RFA) and achieve better therapeutic efficacy in an animal model.

Methods: In vitro experiments, the proliferation of H22 liver tumor cells was detected by
CCK 8 assay and cell migration was detected by Transwell method. In vivo experiments,
H22 murine liver tumors were used. First, 32 mice with one tumor were randomized into
four groups (n = 8 each group): control (PBS only), RFA alone (65°C, 5 min), BB-94 (30
mg/kg), RFA+BB-94. The growth rate of the residual tumor and the end point survival
were calculated and the pathologic changes were evaluated. Secondly, a total of 48
tumors in 24 animals (paired tumors) were randomized into three groups (n = 8 each
group): control, RFA alone, RFA+BB-94. Each mouse was implanted with two tumors
subcutaneously, one tumor was treated by RFA and the other was evaluated for distant
metastasis after applying BB-94.

Results: In vitro, the proliferation assay demonstrated higher proliferation ability after heat
treatment (0.82 ± 0.07 vs 1.27 ± 0.08, P = 0.008), and it could be inhibited by BB-94 (1.27 ±
0.08 vs 0.67 ± 0.06, P = 0.001). In the cell migration assay, the H22 cells demonstrated
enhanced tumor invasiveness in the heat group than the control group (33.7 ± 2.1 vs 19.7 ±
4.9, P = 0.011). And it could be significantly suppressed after BB-94 incubation (33.7 ± 2.1
vs 23.0 ± 4.6, P = 0.009). With one tumor animal, the growth rate of the residual tumor in the
BB-94+RFA group was slower than that in the RFA alone group (P = 0.003). And
combination of BB-94 could significantly prolong the survival of the mice (40.3 ± 1.4d vs
47.1 ± 1.3d, P = 0.002). The expression of CD31 and VEGF at the coagulation margin were
decreased after combined with BB-94. With two tumors animal, the growth of metastasis
tumor in the BB-94+RFA group was slower than that in the RFA group (P < 0.001).
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Conclusion: BB-94 combined with RFA reduced the invasiveness of the liver tumor and
improved the end-point survival. Our data suggested that targeting the MMP process with
the specific inhibition could help to increase overall ablation efficacy.
Keywords: liver tumor, radiofrequency ablation, invasiveness, specific inhibitor, matrix metalloproteinase
INTRODUCTION

Hepatocellular carcinoma (HCC) is one common malignant
tumor in China and the world. Radiofrequency ablation (RFA)
is a safe and effective minimally invasive therapy widely used in
the unresectable hepatic tumors. However, due to the limitations
of liver function, tumor size, location, and other factors, it is hard
to achieve complete ablation and lead to tumor residual in some
conditions. The acceleration of residual tumor progression after
thermal ablation has been reported (1, 2). These data showed the
residual tumor after RFA had more invasive growth, more
vascular invasion and less differentiation compared with
primary tumors (3). Previous studies indicated that insufficient
RFA could induce over-expression of matrix metalloproteinase
(MMP) (4). The expression of MMP in macrophages around
liver parenchyma coagulation area increased after RFA (5).

MMPs are the member of the zinc-dependent endopeptidases
family, which play an important role in the degradation of a vast
number of protein targets by cleavage of internal peptide bonds
(6, 7). It takes both extracellular matrix components and
adhesion receptors as substrates, alters some properties of cells
including the responses to the environment, and promote the
migration, invasion, and metastasis of potential of tumor cells
(8). MMPs could modulate the tumor microenvironment to
accelerate cell growth, regulate apoptosis, regulate the
bioavailability of vascular endothelial growth factor (VEGF)
and promote tumor angiogenesis, and affect tumor progression
(9). The specific inhibitor of MMP—Batimastat (BB-94)—is a
synthetic low molecular weight metalloproteinase inhibitor,
which could bound to MMPs and their catalytically active Zn
atoms to inhibit the activity of MMPs (10). It has been reported
in prior work that BB-94 was able to reduce tumor growth in the
standard prostate cancer model (11).

Hence, we designed this study to investigate the combination
of BB-94 and RFA in the treatment of hepatic tumors. We aimed
to explore if BB-94 could inhibit the proliferation and migration
of the residual tumors after RFA.
METHODS AND MATERIALS

Experimental Overview
The study was approved by the Institutional Animal Care and Use
Committee (Peking University, Cancer Hospital) prior to the start.
H22 cells (ATCC, Manassas, VA, USA) were cultured in RPMI-
1640 medium containing 10% fetal bovine serum (Life
Technologies, Carlsbad, CA, USA) and 0.5% penicillin-
streptomycin (Life Technologies, CA, USA) at 37°C in
humidified atmosphere containing 5% CO2. BALB/C mice
2101
(female, weighing 18–20 g, aged 6–8 weeks, Vital River
Experimental Animal Technology, Beijing, China) were used in
this study. The research was conducted in five phases to explore the
potential synergistic effects of RFA and MMP specific inhibitors
(BB-94) (APExBIO Technology, Houston, TX, USA) (Figure 1).

Phase 1: Assessment of Cell Proliferation
and Migration
The cell proliferation ability was detected by Cell Counting kit-8
assay (CCK-8, APExBIO Technology, Houston, TX, USA). 5 ×
103 H22 cells were seeded in 96-well plates of each well and
incubated for 24 h. Then 10 ml CCK-8 solution was added in each
well. After 4 h incubation, the absorbance value of each well was
tested by microplate reader (Thermo, USA) at 450 nm (12).

The cell migration ability was assessed by Transwell assay
(Corning, NY, USA). 5 × 105 H22 cells were seeded in the upper
chamber of each well in 16-well plates containing 8.0 mm pore
size membranes with serum-free RPMI. While RPMI containing
10% fetal bovine serum was in the lower chamber of each well.
After 48 h, the cells that reached the bottom of the membrane
were stained with Giemsa (Sigma) and counted at ×200
magnification in five randomly selected areas per well (13).

Phase 2: Comparison of Tumor Growth
Rates
Totally, 32 mice 32 with tumors were used to compare the tumor
growth. On the basis of the previous work (14), the ablation
destruction was about 7 mm in diameter, while the tumor over
15 mm had a high risk of spontaneous necrosis. Accordingly,
tumors at the range of 10–15 mm in diameter were selected as an
appropriate size for insufficient RFA. Then the mice were
randomized into the following four groups (n = 8 in each
group): (a) control (PBS only); (b) RFA alone (5 min, 65°C);
(c) BB-94 alone; (d) BB-94 + RFA. BB-94 (30mg/kg, 200 ml each)
was injected intraperitoneally every 2 days for seven times. RFA
was performed 24 h after first injection. To mimic the residual
tumor during ablation of large tumors in clinical practice, about
three-quarters of the tumor was completely ablated. The
diameter of the residual tumor and the body weight of each
mouse were measured every 2 days. The survival end point was
defined as the growth of residual tumor to the diameter of 30 mm
or survival of mice after treatment for 60 days, whichever was
achieved first. The secondary end point was the tumor local
control (i.e. no visible tumor on the abdominal wall).

Phase 3: Assessment of Pathologic
Findings
Another 12 mice from the four groups in phase 2 were sacrificed
48 h after the last injection of BB-94 (n = 3 in each group) for
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pathological analysis. These tumor samples were sectioned along
the largest section vertical to RFA electrode. Tissue was fixed in
10% formalin overnight at 4°C, embedded in paraffin, and sliced
at a thickness of 5 mm. The tissue was stained with hematoxylin-
eosin for gross pathologic examination. The specific
immunofluorescence (IF) staining was used to evaluate the
expression of Collagen I and TGF-b. Similarly, CD31 and
VEGF staining were also performed to assess the angiogenesis.
Each specimen was observed for five random high-power fields
per parameter and analyzed blindly to the treatment to remove
the bias. The expression of CD31 and VEGF were quantified at a
magnification of ×400.

Phase 4: Comparison of Tumor Metastasis
Twenty-four mice with paired tumors (10–12 mm) were
randomized into the following three experimental groups (n =
8 in each group): (a) control (no treatment); (b) RFA alone (5
min, 65°C); (c) BB-94+RFA. The mice received PBS as control.
BB-94 (30mg/kg, 200 ml each) was injected intraperitoneally
every 2 days for seven times. RFA was performed 24 h after first
injection. Each mouse was implanted with two tumors
subcutaneously on the left and right flank in this phase. For
each mouse, one tumor was treated with RFA as a mimic of
original site and the growth of the other site tumor, as a mimic of
metastatic tumors, was then monitored afterwards. The diameter
of the tumor and the body weight of each mouse were measured
every 2 days. The survival end point was defined as the growth of
the other site tumor to the diameter of 30 mm or survival of mice
after treatment for 60 days, whichever was achieved first.
Frontiers in Oncology | www.frontiersin.org 3102
Phase 5: Toxicity and Safety Evaluation
Twelve mice were randomized into the four groups in phase 2
but were sacrificed 48 h after the last injection of BB-94 (n = 3
in each group) to obtain important organs sample for toxicity
analysis. The major organs (heart, liver, spleen, lung,
and kidney) were harvested and fixed with formalin and
embedded in paraffin. Then 5-mm sections were cut and
stained with hematoxylin eosin (H&E) dyes for gross
histopathologic analysis.

Cell Experiments
Heat treatment: H22 cells were seeded in 6-well plates (5 × 104

cells/well) for 24 h, then sealed with parafilm and submerged in a
water bath set to 42°C for 6 h which was designed to mimic the
effects of insufficient RFA. Meanwhile, the control temperature
was set at 37°C.

BB-94 treatment: H22 cells were seeded in 6−well plates (5 ×
104 cells/well) for 24 h. Then the cells were treated with BB-94 (1,
2, and 4 mg/ml) and incubated at 37˚C. PBS (Life Technologies,
Carlsbad, CA, USA) cultured cells were used as the control cells.
After 24 h incubation, the cells were rinsed twice and replaced
with fresh culture medium.

Animal Model
For all procedures, animals were anesthetized by injecting
pentobarbital sodium (45 mg/kg, chemical reagent factory of
Foshan, China) intraperitoneally and sacrificed in a CO2

chamber; and 0.2 ml of H22 cells (at a density of 1 × 107/ml)
suspended in serum-free RPMI-1640 and matrigel (1:1) were
FIGURE 1 | Illustration of the specific inhibitor of matrix metalloproteinase (MMP)—batimastat (BB-94)—combination therapy with RFA for solid tumor. BB-94 could
inhibit the activity of MMP, which was upregulated after insufficient RFA and could promote the invasiveness of residual tumor.
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injected subcutaneously into the abdominal wall with an
18-gauge needle for each tumor to establish the liver
adenocarcinoma model. Animals were observed every 2 or 3
days after injection of cells to monitor the growth of the tumors
and ultrasonography was performed before treatment. Thus, the
solid nonnecrotic tumors were selected in the study. The
longitudinal and transverse directions of the tumor was
measured with mechanical calipers every 2 days in the survival
studies. The measurement was performed by A-NJ and KZ, with
4 and 3 years of experience, respectively and verified byWY, with
12 years of experience, who was blinded to the treatment group.
Tumor volume was calculated as (D*d)2*0.5, where D and d were
the two diameters of the tumor measured above.

RFA Procedure
In the animal experiments, the 17-gauge monopolar electrode
(ACT1507 electrode; Valleylab, Tyco Healthcare) and the 480-
kHz RFA generator (Model CC-1-220; Valleylab, Tyco
Healthcare, USA) were used during RFA. The animal was
shaved off on the back and applied electrolytic contact gel and
then placed on the conventional metallic grounding pad
(Cosman Medical, Inc. USA) to complete the RFA circuit.
About 0.7 cm of the electrode tip was placed at the center of
the tumor first and the RFA generator was set to the tip
temperature at 65 ± 2°C and applied for 5 min.
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Statistical Analysis
In this study, SPSS 21.0 software (SPSS, Chicago, IL, USA) was
used for statistical analysis. P < 0.05 was statistically significant.
All continuous data were provided as means ± SD. Kruskal
Wallis test was used to evaluate the significance of different
treatments. When the total P was less than 0.05, Nemenyi test
was used for multiple comparison. Kaplan Meier method was
used for end-point survival analysis, and log-rank test was used
for comparison. When P < 0.05, two specific groups were
compared by the log-rank test of Bonferroni correction.
RESULTS

Phase 1: Assessment of Cell Proliferation
and Migration
In vitro proliferation experiment showed that the proliferation
ability of H22 cells after heat treatment was significantly higher
than that of the control group (1.27 ± 0.08 vs 0.82 ± 0.07, P =
0.008) (Figure 2A), and BB-94 could suppress cell growth in a
dose-dependent manner (Figure 2B). In the cell migration
experiment, the migration potential of H22 cells after heat
treatment was also significantly higher than that of the control
group (33.7 ± 2.1 vs 19.7 ± 4.9, P = 0.011) and BB-94 inhibited
A B
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FIGURE 2 | In vitro assessment of cell proliferation and migration after different treatment. (A) CCK 8 assay demonstrated the proliferation ability after heat and BB-
94 treatment. (B) Quantitative analysis of the OD value in the different groups at different concentration of BB-94. (C) Transwell assay showed the migration potential
of the cells in different groups. (D) Quantitative analysis of the migrated cells after treatment at 37 and 42°C. *P < 0.05.
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the migration of H22 cells (Figure 2C). With quantitative
analysis, the heat-treated cells showed significantly lower
migration potential after treated with BB-94 (33.7 ± 2.1 vs 23.0 ±
4.6, P = 0.009) (Figure 2D).

Phase 2: Comparison of Tumor Growth
Rate
The tumor growth curves (Figure 3A) showed the tumor in the
BB-94+RFA group grew more slowly than the RFA alone group
(P = 0.003) and the tumor in the BB-94 group grew more slowly
than the control group (P = 0.015). At 30 days after RFA, the
volume of the residual tumor in the BB-94+RFA group was
significantly smaller than that in the RFA group (Figure 3B) and
with lighter tumor weight (1.79 ± 0.10 g vs 0.86 ± 0.11 g, P <
0.001) (Figure 3C).

Likewise, for end-point survival (Figure 3D), the BB-94
group (31.3 ± 1.4 days), the RFA group (40.3 ± 1.4 days), and
the BB-94 + RFA group (47.1 ± 1.3 days) had better survival than
the control group (25.4 ± 0.2 days) (P < 0.001). The mean
survival for mice that received BB-94 was greater than that for
mice without BB-94 (RFA vs BB-94 + RFA group, P = 0.002; BB-
94 vs Control, P = 0.004). No organ metastasis was found at the
end of follow-up.

Phase 3: Assessment of Pathologic
Findings
The center of tumors treated with RFA demonstrated well-
defined coagulative necrosis. IF staining in representative slides
indicated a gain of more intensive VEGF and CD31
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(angiogenesis) after RFA, BB-94 administration significantly
inhibited the expression level of VEGF and CD31 (RFA vs
RFA+BB-94, VEGF: 203.6 ± 12.1/high-power field vs 70.2 ±
10.8/high-power field, P < 0.001; CD31:112.6 ± 14.0/high-power
field vs 60.4 ± 8.5/high-power field, P = 0.003) (Figure 4A).
Increased collagen I deposition was observed at the
periablational zone after RFA, and the expression was
decreased with BB-94 administration (Figure 4B). Moreover,
IF staining revealed that the elevated TGF-b expression in the
tumor after RFA was diminished by BB-94 adjuvant treatment
(Figure 4C).

Phase 4: Comparison of Tumor Metastasis
The tumor growth curves indicated the growth rate of other site
tumors in the RFA group was faster than that in the control
group (P = 0.006) and in the BB-94+RFA group (P = 0.000)
(Figures 5A, B). There was no significant difference between the
BB-94+RFA group and the control group (P = 0.359). At 20 days
after RFA, the volume of the other site tumors in the BB-94+RFA
group was significantly smaller than that in the RFA group and
with lighter tumor weight (1.79 ± 0.89g vs 5.12 ± 0.96 g, P = 0.03)
(Figures 5C, D).

Phase 5: Toxicity and Safety Evaluation
During the period of follow-up, there were no obvious changes in
the health-related parameters after treatment including: body
weight (P = 0.095, Figure 6A), respiratory status, eating and
drinking behaviors, response to stimulations, and general activity
level. Additionally, there were no obvious histopathological
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FIGURE 3 | Comparison of tumor growth rate. Long-term outcomes after different treatments. (A) The tumor growth curves at different treatment groups. (B) The
tumors in the RFA group and the BB-94+RFA group 30 days after RFA. (C) Quantitative analysis of the tumor weight in the RFA group and the BB-94+RFA group
30 days after RFA. (D) The survival curves at different treatment groups. *P < 0.05, **P < 0.01.
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changes in heart, liver, spleen, lung, kidney in RFA group, RFA+BB-
94 group, and control groups (Figure 6B).
DISCUSSION

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors in the world with high morbidity, mortality,
and increasing incidence (15). Radiofrequency ablation (RFA) is
now an effective method commonly used in the local treatment
of tumors. It has the advantages of minimally invasive, easy to
operate, and significant curative effect. And RFA showed similar
local control, long-term survival, and lower complication rates in
patients with small tumors compared with hepatectomy (16).
However, due to the factors such as tumor size, location, and
liver function, complete ablation is often not possible. Recently, a
growing number of studies have shown that residual tumors
progress more rapidly after incomplete ablation (2, 17, 18).

Many studies have been reported about the underlying
molecular mechanism of the increased tumor invasiveness after
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RFA, such as the Akt and ERK signaling pathways or through
heat shock response by PKCa/Fra-1 pathway (19–21). The
accelerated tumor progression after insufficient RFA was
driven by many processes, but they all lead to the higher
expression of MMPs. MMPs are zinc-dependent endopeptidase
involved in the degradation of extracellular matrix (ECM). The
MMP family is highly homologous and multidomain, which can
be divided into gelatinase, collagenase, stromelysins, matrilysins,
and membrane-type MMPs (22–24). MMPs are of great
importance in cell proliferation, migration, differentiation, and
vascularization. They could break the adhesion between cells and
between cells and ECM, degrade ECM protein, promote
angiogenesis, and facilitate tumor invasion and metastasis (25–
28). Thus, MMPs play an important role in tumor progression
after RFA and would be a potential target for treatment.

Therefore, we hypothesized that inhibiting the activities of
MMPs may reduce the invasiveness of tumor after RFA. MMPs
could be regulated under several levels, such as mRNA
expression, proenzyme activation, and the inhibition of tissue
inhibitors of metalloproteinases. For exogenous intervention, the
A
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FIGURE 4 | Assessment of pathologic findings was performed 48 h after the last injection of BB-94. (At the magnification of ×200) (A) The represented picture of
VEGF and CD31 staining after different treatment and the semiqualitative analysis of VEGF and CD31 staining in the RFA group and RFA+BB-94 group. (B) The
represented picture of Collagen I staining after different treatment. (C) The represented picture of TGF-b staining after different treatment. *P < 0.05, **P < 0.01.
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most direct way is using specific inhibitors to inhibit the enzyme
activity. MMP inhibitors have been widely studied in recent
years. According to the structure, they can be divided into three
categories: collagen or non-collagen peptide analogues,
tetracycline derivatives, and bisphosphonates. Among the three
categories, the inhibitors of collagen peptide analogues are
mainly broad-spectrum inhibitors, and large sample clinical
trials have been carried out. Accordingly, as one of the main
MMP inhibitors, Batimastat (BB-94), was broadly studied and
applied (29, 30). BB-94 is a low molecular weight peptide like
collagen substrate analogue, composed of a polypeptide skeleton
and an isohydroxamic acid group, which can bind to the MMP
and catalytically active Zn atoms to inhibit its activity (9).
Therefore, in the present study, we used BB-94 as concomitant
agent in combination of RFA treatment to explore its efficacy of
decreasing tumor progression.

The present study was designed based on the previous clinical
and experimental findings, which indicated that insufficient RFA
promoted the invasiveness of residual HCC cells via upregulating
MMPs (4, 5). Besides, BB-94, the specific inhibitor of MMPs, was
reported to inhibit tumor growth (31, 32). The present study
aimed to determine the role and mechanisms of BB-94 in the
process of residual tumor growth and metastasis after RFA.
Initially, the inhibitory role of BB-94 in liver tumor cell growth
was identified by CCK8 assays. In addition, the results
demonstrated that BB-94 significantly inhibited liver tumor cell
migration, as determined by Transwell assays.

We next carried out experiments in vivo to further
corroborate experimental results in vitro. In the animal
Frontiers in Oncology | www.frontiersin.org 7106
experiments, we demonstrated two models to evaluate the
adjuvant effect of the BB-94. Based on the findings in the
previous report, we were not surprised to find that
combination therapy could improve the anti-tumor effect.
Specifically, RFA combined with BB-94 showed slower tumor
growth, while single-treatment group and control group showed
positive tumor growth. Because the residual tumor after RFA was
relatively small in size, the differences of early growth rate in
different groups was not obvious. At 30 days after treatment,
differences between RFA and BB-94 in combination with RFA
began to become apparent. Best local control occurred in tumors
treated with BB-94+RFA. Therefore, the end-point survival rate
was consistent with the tumor growth rate, BB-94 in
combination with RFA had better survival than the RFA
group. No organ metastasis was found at the end of the follow
up. Due to the low invasiveness of the H22 cell, we established a
two-tumor model to explore the effect of BB-94 on tumor
metastasis. We implanted paired tumors subcutaneously, one
for ablation in original site and the other tumor was mimic the
RFA stimulating distant metastasis. On the basis of findings in
prior reports (33), we also found that the unablated tumor grew
faster after RFA. While after applying BB-94, the tumor growth
was suppressed, similarly to the untreated group (P = 0.359).

Previous studies suggested that MMP may promote tumor
growth by regulating tumor angiogenesis, which was crucial for
the growth and invasion of solid tumors (34–36), we then
examined the two angiogenic markers—VEGF and CD31—in
tumor sections. The results indicated that RFA significantly
increased the expression of VEGF and CD31. MMPs may
A B
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FIGURE 5 | Comparison of tumor metastasis. (A) The paired tumors model was used in this phase. One tumor was performed with RFA and the second tumor in
other site was regarded as the metastasis tumor. (B) The tumor growth curves of other site of tumors at different treatment groups. (C) Quantitative analysis of the
other site of the tumor weight in the RFA group and the BB-94+RFA group 20 days after RFA. (D) The other site of tumors in the RFA group and the BB-94+RFA
group 20 days after RFA. *P < 0.05, **P < 0.01.
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promote angiogenesis through degradation of basement
membrane and ECM components , and st imulat ing
endothelial cell migration and VEGF release, so as to
promote the formation of new vessels and increase their
permeability (37). And less microvessels were observed after
BB-94 applied. TGF-b exhibited higher expression patterns
after RFA compared to the control and relatively less staining
was identified after treated BB-94. Pathologic findings also
suggested that BB-94 may inhibit proliferation and migration
after RFA by down regulating TGF-b signaling. RFA could
destroy the tumor cells, as well as remodel the tumor
microenvironment. Collagen I was one of the extrasellar
proteins associated with the increased invasiveness of many
solid tumors including HCC (38, 39). Collagen deposition
could be seen around the ablation area, which promoted the
malignant behaviors of residual tumors. And the result showed
BB-94 could have pleiotropic effects, not only inhibiting MMP
Frontiers in Oncology | www.frontiersin.org 8107
activity directly but also affecting collagenase production and
other cellular activities. During the experiment, the BB-94
showed no special biological toxicity. We preliminarily
verified the efficacy of the BB-94 through the cell and
animal experiments.

There were some limitations in our study. First, we evaluated
the angiogenesis and TGF-b signaling pathway under the
combination of RFA and BB-94 in this study. The mechanism
of other processes beside MMPs needed to be further explored in
the next step. Second, we studied the effect of BB-94 in in vivo
and in vitro experiments with only one cell line model. Although
H22 liver tumor model in this study is a well-characterized
model that commonly used in the hepatoma related tumor
research, however, it should not be excluded that H22 cell is
sensitive to the BB-94. So, we should apply in other models to
verify the effect carefully. Furthermore, the optimal dose and
time of injection is quite important in the combination therapy
A
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FIGURE 6 | Toxicity and safety evaluation. (A) Changes in mice weight after treatment. During the period of follow-up, there were no obvious difference in the
bodyweight change after treatment in the four experimental groups (P > 0.05). (B) Microscopy pathological HE staining demonstrated there was no obvious
histopathological changes in heart, liver, spleen, lung, kidney in both RFA and RFA+BB-94 groups.
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and need to be further explored. The detailed strategies to
administration of BB-94 need to be optimized and standardized
in the future. Last but not least, we established transplantation
tumor model to explore the role of BB-94 in liver cancer metastasis,
which might not fully recapitulate the liver cancer and the tumor
microenvironment. The orthotopic model would be used to
reinforce the conclusion of this study for the next experiments.

In conclusion, the specific inhibitor of MMP could help to
decrease tumor invasiveness and achieve better overall outcome
with combination of RFA. This adjuvant therapy might play an
important role in clinical applications of RFA treatment in
liver tumors.
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This article provides an overview of imaging assessment of ablated pancreatic cancer. Only
studies reporting radiological assessment on pancreatic ablated cancer were retained. We
found 16 clinical studies that satisfied the inclusion criteria. Radiofrequency ablation and
irreversible electroporation have become established treatment modalities because of their
efficacy, low complication rates, and availability. Microwave Ablation (MWA) has several
advantages over radiofrequency ablation (RFA), which may make it more attractive to treat
pancreatic cancer. Electrochemotherapy (ECT) is a very interesting emerging technique,
characterized by low complication rate and safety profile. According to the literature, the
assessment of the effectiveness of ablative therapies is difficult by means of the Response
Evaluation Criteria in Solid Tumors (RECIST) criteria that are not suitable to evaluate the
treatment response considering that are related to technique used, the timing of
reassessment, and the imaging procedure being used to evaluate the efficacy. RFA
causes various appearances on imaging in the ablated zone, correlating to the different
effects, such as interstitial edema, hemorrhage, carbonization, necrosis, and fibrosis.
Irreversible electroporation (IRE) causes the creation of pores within the cell membrane
causing cell death. Experimental studies showed that Diffusion Weigthed Imaging (DWI)
extracted parameters could be used to detect therapy effects. No data about functional
assessment post MWA is available in literature. Morphologic data extracted by Computed
Tomography (CT) or Magnetic Resonance Imaging (MRI) do not allow to differentiate
partial, complete, or incomplete response after ECT conversely to functional parameters,
obtained with Position Emission Tomography (PET), MRI, and CT.

Keywords: pancreatic cancer, ablation treatment, computed tomography, magnetic resonance imaging,
functional imaging
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INTRODUCTION

Oncology disease is the second principal cause of death in both
men and women. Incidence continues to increase for pancreatic
cancer, with an estimated death rate of 81.7% among new cases
of 2020 and a 5-year relative survival rate of the 9% (1). The
decision regarding resectability status of pancreatic cancer
should be made by the multidisciplinary meetings consensus
following the acquisition of pancreatic imaging including
complete staging. In fact, most patients had locally advanced
or metastatic disease at diagnosis, and systemic chemotherapy is
usually the main treatment (2–6). Most patients experience
relapse after treatment. Furthermore, the “cure rate” for this
disease is only 9%, and without treatment, the median survival of
patients with metastatic disease is only 3 months. First-line
treatment regimens consists of FOLFIRINOX and gemcitabine/
albumin-bound nab-paclitaxel, and for patients with BRCA1/2
and PALB2 mutations, gemcitabine/cisplatin. Compared with
nab-paclitaxel/gemcitabine, FOLFIRINOX may be associated
with a somewhat better response rate and progression-free and
overall survival (OS), but it is a difficult regimen that is best
reserved for fit patients (3). Despite the latest introduction of new
treatment schemes, chemotherapy in advanced pancreatic
cancers still correlates to an unfortunate long-term survival
and considerable ad interim complications (6, 7). The
resectability assessment of Locally Advanced Pancreatic Cancer
(LAPC) after neoadjuvant therapy is still challenging. In
dedicated cancer centers, patients with persistent LAPC after
chemotherapy should be subjected to local treatment if they are
in good clinical condition (WHO Performance Status 0–1) and
according to Response Evaluation Criteria in Solid Tumors
(RECIST) in stable disease after 2–4 months chemotherapy.
However, randomized trials to assess the ablative therapies
additional value to chemotherapy-alone are lacking and
currently there are no completed trials comparing multiple
ablative approaches (8). Additionally, there is increasing
suggestion that local ablative therapies can induce a systemic
anti-tumor response (8).

Today ablative therapies should be used as consolidative
treatment in stable disease (9). Assessment after ablative
treatment is complicated and is related to the type of treatment
used (10–15). Radiofrequency ablation (RFA) and microwave
ablation (MWA) are hyperthermic tools that use energy to heat
the target area to at least 60°C (16, 17). Although the
technological features of RFA and MWA are comparable, the
Abbreviations: ADC, apparent diffusion coefficient; BLM, bleomycin; CT,
computed tomography; DCE-MR, dynamic contrast-enhanced MRI; D,
diffusion coefficient; Dp, pseudo-diffusion coefficient; DWI, diffusion weigthed
imaging; DKI, diffusion kurtosis imaging; ECT, electrochemotherapy; EGT,
electrogenetransfer; fp, perfusion fraction; IRE, irreversible electroporation;
IVIM, intravoxel incoherent motion; K, kurtosis coefficient; OS, overall survival;
LAPC, locally advanced pancreatic cancer; MD, mean diffusivity; MRI, magnetic
resonance imaging; MWA, microwave ablation; PR, partial response; PD,
progressive disease; PET, position emission tomography; QoL, quality of life;
RFA, radiofrequency ablation; RECIST, Response Evaluation Criteria in Solid
Tumors; SD, stable diseases.
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differences occur from the physical phenomenon used to create
heat. In fact, RFA is based on thermocoagulation necrosis, while
MWA causes cellular death thanks to dielectric heating (16, 17).

The cell membrane permeability changes induced by the
application of an external electric field is called electroporation.
Electroporation can be applied in either an irreversible (IRE) (14,
18–28) or a reversible manner (11–13, 29, 30), depending on the
electrical field strength and duration. IRE is based on alteration
of the transmembrane potential, causing the disruption of the
lipid bilayer by the creation of small pores (“nanopores”), thus
driving the cells toward apoptosis (23). Reversible electroporation
can be used in combination with administration of a
chemotherapeutic drug (ECT) or also gene therapy and
vaccination (Electrogenetransfer, EGT). ECT is based on the
electroporation of cells and the associated administration of low
doses of a chemotherapeutic agent, especially bleomycin (BLM).
An external electrical field is applied to the cell membrane
inducing a transient and reversible orientation of its polar
molecules, consequently there is an increase in cell permeability
with a higher dose of chemotherapeutic agent that can penetrate
(11). ECT determines a direct toxic phenomenon and an anti-
vascular effect. “This so called ‘vascular lock’ effect retains the
chemotherapeutic agent in the treatment area thereby increasing
the treatment effect further” (31). “Furthermore, the type of cell
death that is mediated is dependent on the number of intracellular
BLMmolecules. A few hundred to few thousandmolecules lead to
a slowmitotic cell death and more internalized molecules lead to a
faster pseudoapoptotic cell death” (32).

Several therapies both thermal and non-thermal have the
ability to stimulate anti-tumor immunity. The immune-
modulatory response evidence is currently the strongest related
to radiotherapy, although data is accumulating for high-intensity
focused ultrasound, radiofrequency ablation, reversible and
irreversible electroporation (33–35).

RECIST are inappropriate to assess locoregional therapies,
since existing morphologic response criteria do not offer the
sufficient data to assess the efficacy of treatment. Therefore,
establishment of response evaluation criteria devoted to
ablation therapies is needed in clinical practice, as well as in
clinical trials. According to Garcí a-Figueiras et al. functional
features could predict treatment success before size changes
become evident (15).

Our purpose is reporting an overview and update of imaging
techniques in the response assessment to ablative therapies in
pancreatic cancer.
METHODS

This overview is the result of a self-study without protocol and
registration number.

Search Criterion
We assessed several electronic databases: PubMed (US National
Library of Medicine, http://www.ncbi.nlm.nih.gov/pubmed), Scopus
(Elsevier, http://www.scopus.com/), Web of Science (Thomson
November 2020 | Volume 10 | Article 560952
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Reuters, http://apps.webofknowledge.com/), and Google
Scholar (https://scholar.goo-gle.it/). The following search
criteria have been used: “Pancreatic Cancer” AND “Ablative
Therapies” AND “Imaging Assessment", “Pancreatic Cancer” AND
“RFA” AND “Imaging Assessment, “Pancreatic Cancer”
AND “MWA” AND “Imaging Assessment, “Pancreatic Cancer”
AND “IRE” AND “Imaging Assessment, “Pancreatic Cancer” AND
“ECT” AND “Imaging Assessment.” According to our personal
decision to assess functional imaging in evaluating ablation
treatment, and since only in the last 10 years these diagnostic tool
have reached their applicability, the search covered the years from
January 2010 to May 2020. Moreover, the references of the found
papers were evaluated for papers not indexed in the electronic
database. We analyzed all titles and abstracts. The inclusion criteria
was: clinical study evaluating radiological assessment of pancreatic
cancer after ablative therapies. Articles published in the English
language from January 2010 to May 2020 were included. Exclusion
criteria were studies with no sufficient reported data, case report,
review or editorial letter.
RESULTS

We recognized 140 studies that assessed ablation treatment in
pancreatic cancer from January 2010 to May 2020. Ninety-one
studies have different topic in respect to the radiological
assessment; 5 did not have sufficient data and 8 are case
report, review, or letter to editors; so 36 articles were included
at the end (Figure 1). We included 18 papers for RFA, 3 paper
for MWA, 11 paper for IRE, and 4 paper for ECT. Table 1
reports the mean value and the range of overall survival and the
mean value of major complication rates, minor complication
rates, mortality rate, and imaging analysis in pancreatic cancer
Frontiers in Oncology | www.frontiersin.org 3112
treated with ablation therapies. For IRE and ECT we reported the
data of the researches that have assessed significant study
population, while for RFA and MWA less patients have
been treated so we reported mean value considering each
included study.

Radiofrequency Ablation
During RFA, the zone of active tissue heating is restricted to a
few millimeters around the active needle, with the remainder of
the ablation zone being heated via thermal conduction (16). The
treatment effectiveness is related to the target size, with the best
result for lesions with a size smaller than 3.5 cm (16, 17). Also,
some structural characteristics of biological tissues, such as
electrical and thermal conductivity, dielectric permittivity, and
blood perfusion rate, have effect on the growth of ablation area.
The coagulation necrosis extent is linked to the energy deposited
correlated to the hepatic blood flow that with its cooling
properties affected tumor ablation; this phenomenon is
commonly termed “heat sink effect” (20). The heat-sink effect
limits the all thermal ablation method’s effectiveness since the
combined effect of electrical and thermal sink increases the
incomplete necrosis risk (17–20, 59).

Today the most application of RFA on pancreatic cancer is
the treatment of patients with stage-III, in case of no further
systemic therapies response. However, some studies included
also stage-IV patients (9). At the best of our knowledge, 18
papers assessed RFA in clinical setting (Table 1) (9, 36–51). In
most patients RFA was reserved to stages III–IV, and in lower
stage in 22 unfit-for-surgery patients. RFA was performed in
158/279 (56.6%) head lesions, in 68/279 (24.4%) body-tail
lesions, and in 2 uncinate process lesions. Computed
Tomography (CT) scan was the diagnostic tool mostly used to
assess the treatment. Fifty-two complications were reported
FIGURE 1 | Included and excluded studies in systematic review.
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TABLE 1 | Mean value and the range of overall survival and the mean value of major complication rates, minor complication rates, mortality rate, and imaging analysis in pancreatic cancer treated with ablation therapies.
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(Table 1). The most frequent were pancreatic fistula (12 cases),
portal thrombosis (10 cases), and pancreatitis (8 cases). In three
patients was reported duodenal injury, and in two patients
abdominal bleeding. Two deaths were registered due to hepatic
failure (49). In a recent review Paiella et al. reported a good
oncological outcome obtained with the use of RFA on pancreatic
cancers with a median OS of 30 months for patients treated with
RFA, median OS of 25.6 months in the group treated RFA plus
systemic therapy (Table 1) (9).

Recently, RFA is used as an upfront option, justified on the
basis of an immunological antitumoral stimulation (50, 60).

Microwave Ablation
MWA determines a larger zone of active heating (up to 2 cm
surrounding the antenna) obtaining more uniform necrosis of
the lesion. MWA benefits compared to RFA are: lesion size can
be larger for larger area of necrosis determined by MWA; the
treatment time is shorter (16). Carrafiello et al. (52) assessed
MWA in 10 patients in stage IV, with lesion located in the head
of the pancreas (Table 1). During the follow-up (mean time 9.2
months, range 3–16 months), the major complications rate was
30% (3 patients). Two patients developed pancreatitis and one
patient pseudoaneurysm of the gastroduodenal artery. CT scan
was performed up to 15 months after the treatment (Table 1).
No patients showed a complete response. At 1 month follow-up
there were found 1 progressive disease (PD), 1 partial response
(PR), and 8 stable diseases (SD). Ierardi et al. (51) assessed
feasibility and safety of MWA in LAPC using a new technology
of MW with high power (100 W) and frequency of 2,450 MH.
They treated five patients with pancreatic head cancer. Follow-up
was performed by CT after 1, 3, 6, and, when possible, 12
months. The treatment was feasible in all patients (100%),
observing no major complications. Minor complications
resolved during the hospital stay (4 days) (Table 1). An
improvement in Quality of Life (QoL) was observed in all
patients (51). Vogl et al. (53) treated 20 pancreatic cancer
patients. Seventeen lesions (77.3%) of pancreatic head cancer
and 5 (22.7%) of body-tail. The efficacy reported was 100%,
without major complications. Minor complications were found
in 2 patients (9.1%) (severe local pain correlated to the
treatment). PD was documented in one case (10%) of the 10/
22 accessible 3-month follow-up MR examinations (Table 1).

Altogether, MWA shows promising results, however, it needs
further data to improve the knowledge about the efficacy, the
safety, and the oncological outcome.

Irreversible Electroporation
IRE induces an electric field across cells in order to alter the
cellular transmembrane potential. When a sufficiently high
voltage is reached, the cell membrane phospholipid bilayer
structure is disrupted, inducing cell apoptosis. The evidence
suggests that IRE “leaves supporting tissue largely unaffected,
preserving the structure of large blood vessels and bile ducts” (16,
17, 19). Since IRE efficacy is linked to electrical energy delivered;
therefore its efficacy is not influenced by the heat-sink effect (16,
17, 19). This suggests safer and more effective ablation of
Frontiers in Oncology | www.frontiersin.org 5114
neoplasms adjacent to large vessels or fragile structures (9–18,
20–22, 24–27, 54–56, 59).

Considering this, IRE preserves surrounding tissues and
protect the vessels; this characteristic would be an essential
feature when the lesion encases the major peripancreatic
vessels, in which the use of thermal treatment could be unsafe
and inefficacious (9–18, 20–22, 24–27, 54–56, 59).

Currently, IRE is used on stage-III LAPC (18, 27). Narayanan
et al. reported three cases of IRE on stage IV (45). Also, several
researchers reported the possibility to use IRE, as a technique to
reduce R1 resections rate (20, 22, 54, 55). For IRE, two to six
electrodes are typically placed around the tumor, with a
maximum spacing of 2.0–2.5 cm. IRE has the disadvantage of
necessity of general anesthesia. Rombouts et al., in a systematic
review, reported complication rate of 13%, and a mortality of 2%
(56). The complication rate increases with percutaneous
approach (29 vs 15%) (20, 56, 57). Martin et al., assessing 200
treated patients, showed an overall rate of adverse events of 37%
and a mortality rate of 2% (Table 1) (20). The most common
complications described are pancreatitis, abdominal pain, bile
leakage, pancreatic leakage, duodenal leakage, duodenal ulcer,
pneumothorax, hematoma, and deep vein thrombosis (Table 1)
(6). MR and CT were the diagnostic tool mostly used to assess
the treatment. Despite the large number of studies on IRE in
pancreatic cancer, only Martin et al. (20) reported an
outstanding median Overall Survival (OS) of 24.9 months
(range 12.4–85 months). Consequently, there is a need for a
greater number of studies that evaluate efficacy in terms of
oncological outcomes (Table 1).

Electrochemotherapy
ECT is based on the electroporation of cells and the associated
administration of low doses of chemotherapy. An external
electric field to a cell induces a transient and reversible
increase of cells transmembrane potential with a consequent
increase of permeability (11–13, 30–32). Formation of the
aqueous pores in the lipid bilayer is the widely recognized
mechanism, but evidence is growing that individual membrane
lipids and proteins changes also contribute at ECT cytotoxic
effect (61). The increased accumulation of intracellular drug
concentration has actually been shown both in vitro and in
vivo (58, 62–65).

In the clinical setting few papers assessed the safety and efficacy
of ECT in LAPC (11–13). Granata et al. (11) evaluated 13 patients
with confirmed diagnosis of LAPC (stage III). In 53.8% (7/13)
the lesion was on head and in 46.2% (6/13) the lesion was on
body-tail. ECT was well tolerated with rapid resolution (4–8 days)
of the abdominal pain. No serious adverse events occurred. No
heart abnormalities were reported. No clinically significant
hemodynamic or serum biologic changes were noted during or
following ECT (Table 1). CT and MR were employed for the
follow-up at 1, 3, 6, and 12 months. In an ongoing study, Granata
et al. (58) showed that median OS was 11.5 months with range
values of 73 months. At 1 month after ECT 76.0% of patients were
in PR and 20.0% were in SD. Today, ECT is recommended during
clinical studies in dedicated centres (11–13).
November 2020 | Volume 10 | Article 560952
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Imaging Analysis
The precise detection and characterization of pancreatic lesion is
still difficult. CT and MRI are the main used modalities to assess
pancreatic lesions and CT has become the modality of choice in
the preoperative setting and staging, so as in treatment planning
and follow-up (5). However, approximately 11% of ductal
adenocarcinomas are undetected at CT (10). Morever, the
pancreatic cancer assessment after neoadjuvant therapy is
particularly difficult and as suggested by White et al., CT
would miscalculate the resectability, since diagnostic
performance seems to be reduced after therapy. Therefore,
there are not radiological criteria in order to assess treatment
response correlated to histological response (66). The situation
becomes more complicated when evaluating effectiveness of
ablative therapies, considering that RECIST criteria were not
suitable to assess the response (67).

Dimensional Criteria
RECIST 1.1, based on the variation of largest diameter, do not
allow to stratify the patients in responders or non-responders
after ablation treatment, since after these therapies it is expected
that there is an increase in the size of the ablated area. In fact, the
primary endpoint of ablation therapy is to obtain a complete
necrosis (similar to R0 resection) of liver tumors that is linked to
create a safety margin of at least 10 mm round the external
margin of the lesion (16, 68). Moreover, the nature of the
pancreatic cancer, consisting of a more or less great quantity of
cells fixed within a dense and fibrous stroma, reduce diagnostic
accuracy when the treated area is measured (69). After effective
therapy, it is difficult the differentiation between neoplastic cells
and fibrosis and then it is difficult the evaluation with
morphological criteria of therapy response. Moreover, a
possible locoregional edema induced by treatment or
inflammatory changes secondary to biliary drainage could be
observed. Therefore, the treatment response evaluation for this
cancer type is a serious challenge and the dimensional criteria are
unsuitable (69).

Perfusional Assessment
Perfusion CT (CTp) can provide images and quantitative
measurements of hemodynamic parameters based on the linear
relationship between CT enhancement and iodinated contrast
agent concentration (10). Several studies evaluated perfusion CT
parameters to characterize and to evaluate the treatment in patient
affected by pancreatic cancer; these studies demonstrates that CTp
is more able to differentiate the pancreatic disorder respect to
density measurements alone. However, no significant differences
in the perfusion parameters values were found between acute-
chronic pancreatitis and pancreatic adenocarcinoma, then the
differential diagnosis by CTp data remains difficult (10).

Dynamic contrast-enhanced (DCE)-MRI allows the
calculation of quantitative parameters linked to tumor perfusion,
vessel permeability and extracellular-extravascular space
composition by the post processing with pharmacokinetic
models of the changes in signal intensity over time after the
paramagnetic contrast medium injection (69). DCE-MRI can be
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analyzed by qualitative, semi-quantitative, and quantitative
methods (69). DCE-MRI accuracy in the evaluation of
pancreatic cancer remains unclear, probably due to the fact that
in pancreatic cancer, “poorly represented microvascular
components could be clarified by vessel functional impairment
often observed in tumors, and by the presence of a prominent
stromal matrix that embeds vessels. In addition, activated
pancreatic stellate cells yield increasing fibrous stroma in tumor
central areas, compressing blood vessels, leading to changes in
vascularity and perfusion” (69).

Diffusion Weighted Imaging Assessment
The opportunity to obtain functional parameters by Diffusion
Weighted Imaging (DWI) has facilitated the spread of this
technique into clinical practice, increasing clinical confidence
and decreasing false positives in the detection and
characterization of lesions. DW data analysis can be done
qualitatively and quantitatively, through the apparent diffusion
coefficient (ADC) evaluation using a mono-exponential model at
the signal intensity decay over the diffusion b values. DWI signal
is linked to water mobility that related to tissue density (69).
ADC can be used in the differentiation between benign and
malignant tissue. Instead, the Intravoxel incoherent motion
(IVIM) method used a more sophisticated process, a bi-
exponential model to separately calculate the macroscopic
mobility of water movement (contribution to diffusion), and
microscopic movement of blood in capillaries (contribution of
perfusion). Also IVIM parameters can be analyzed qualitatively
and quantitatively (69). Moreover, according to the presence of
microstructures, water molecules within biologic tissues exhibit a
non-Gaussian phenomenon known as Diffusion Kurtosis
Imaging (DKI) (69). Therefore, is possible the calculation of
the kurtosis coefficient (K) linked to the deviance of diffusion
from a Gaussian approach, and the diffusion coefficient (D) with
the correction of non-Gaussian bias.

Since necrosis and perfusion modifications can happen before
changes in size during therapy, DWI may aid as an early
biomarker of treatment effectiveness (69).

Granata et al. showed that the perfusion-related factors
extracted by DWI of pancreatic cancer, perfusion fraction (fp)
and pseudo-diffusion coefficient (Dp) (linked to tumoral
perfusion), mean diffusivity (MD) (linked to heterogeneous
diffusion motion of water molecules in cells interstitial space)
values are different from those found in normal pancreatic
parenchyma and in peritumoral tissue; in addition these
parameters showed better diagnostic performance than ADC
(linked both perfusion and diffusion effects). The significantly
different of perfusion-related factors value between cancer tissue
and normal pancreatic parenchyma might be helpful for
determining the most accurate diagnosis. Increased fp and MD
values in peritumoral inflammation seem to suggest that DWI-
derived parameters fit in the anticipated physiologic phenomena.
These findings support the hypothesis that the kurtosis effect
could have a better performance to differentiate pancreatic
tumors, peritumoral inflammatory tissue, and normal
pancreatic parenchyma (69).
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Radiomics
The extraction of innumerable quantitative features by
biomedical images such as CT, MR, or positron emission
tomography (PET) images is known as Radiomics. These
features provide data on tumor phenotype as well as cancer
microenvironment. The main challenge is the collection and
optimal combination of different multimodal data sources in a
quantitative method that provides unambiguous clinical
parameters that allow in a precise and robust way the
prediction of the results according to the upcoming decisions
(70). The central hypothesis of radiomics is that individual
quantitative voxel-based variables are more sensitively
associated with various clinical endpoints than the more
qualitative radiological and clinical data more commonly used
today (70).

Findings on Radiological Therapeutic
Responses to Treatments
It is clear that, considering therapeutic responses to treatments,
imaging data are sometimes complicated to understand because
it depend on anatomic location, on the method of act of given
therapy, on the morphological and functional criteria that are
used for each imaging modality (15). In this setting, imaging
observations depend highly on the type and method of therapy
delivery, the timing of treatment, and the imaging technique
being used to observe the effects.

RFA causes heterogeneous appearances on imaging in the
ablated areas, correlated to the therapy effects, such as interstitial
edema, hemorrhage, carbonization, necrosis, and fibrosis (Figure 2).

Experimental studies showed that DWI could be used to
detect the efficacy of IRE treatment (71, 72).

The evaluation of the treatment response in terms of lesion
dimensional reduction is not appropriate because not always a
positive response to treatment is linked to a size reduction;
furthermore dimensional criteria do not allow the differentiation
of the fibrotic tissue from the residual tumor.

Therefore, an evaluation based only on dimensional data is not
appropriate to assess the efficacy of such complex treatments.
However, one of the major topics evaluated by papers that we
analyzed regarding the ablative techniques is the short- and long-
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term efficacy based on the tumor dimension reduction. Regarding
RFA papers, the results on the follow-up was reported in 12 out of
18 studies for a total of 214 patients (36–41, 43, 45–48).
Assessment time was between 7 and 34 months and was mainly
performed by means of CT-scan and MRI (seven studies),
considering only dimensional criteria (36–41, 43, 45–48).
According to Paiella et al. for RFA, and in general for “thermal
techniques,” the gold standard of imaging is represented by CT
with a post-ablative hypointense area observed as result of the
treatment (9). However, also pancreatic tumor is hypointense so
that a “qualitative assessment” based only human eyes could cause
misdiagnosis. A quantitative evaluation based on perfusion
evaluation or metabolic analysis allows a more objective
reassessment and a more correct stratification of patients in
responders and non-responders to treatment (73–77).

Regarding MWA studies, the follow-up was reported in all
cases. Assessment time was between 1 and 12 months, performed
by CT and MRI, considering dimensional criteria.

At the best of our knowledge no papers in literature reported
findings on efficacy of ablation by RFA or MWA using functional
radiological approaches such as DWI, DKI, PET. On the
contrary in literature are present studies about the evaluation
of efficacy by IRE and ECT using several functional radiological
parameters in the assessment of the treatment.

Vroomen et al. (14) assessed specific imaging features after
IRE for LAPC with contrast-enhanced (ce) MRI and ce-CT, and
to explore the correlation of these features with the development
of recurrence. They assessed pre and post IRE, for MRI, the
Signal Intensity (SI) on T2-Weigthed sequences, on T1-
Weigthed sequences (before and after ce, during arterial and
venous phase), on DWI and on ADC map; and for CT
attenuation in the arterial and portal venous phase. They
found that the most remarkable signal alterations after IRE
were shown by DWI-b800 and ceMRI. According to Vroomen
et al., these features may be useful to establish technical success
and predict treatment outcome. Granata et al. (12, 13) assessed
morphological (Figures 3 and 4) and functional (Figure 5)
diagnostic parameters to evaluate the efficacy of ECT (61, 78–
81). The researchers showed that RECIST criteria were not able
to discriminate partial, complete, or incomplete response after
FIGURE 2 | Patient 1 with Body-Tail Pancreatic Cancer. Morphological MRI assessment post-RFA treatment. In (A) (VIBE T1-W post-contrast sequence during
portal phase in axial plane) pre-treatment evaluation of lesion (arrow). In (B) (VIBE T1-W post-contrast sequence during portal phase in axial plane) arrow shows
ablated area. Qualitative assessment shows significant differences in SI in pre- and post-treatment sequences.
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treatment, conversely using functional parameters, obtained with
PET and MRI, it is possible.
CONCLUSIONS

Although new chemotherapeutic schemes have been introduced,
advanced pancreatic cancers still correlate with a poor long-term
outcome. Local ablative therapies are used in some dedicated
cancer centers in patients with LAPC. The assessment of a
Frontiers in Oncology | www.frontiersin.org 8117
pancreatic cancer after neoadjuvant treatment is particularly
complicated and the condition becomes more difficult when
evaluating the effectiveness of ablative therapies, considering that
RECIST criteria were not appropriate to assess the treatment.
When considering therapy effects, imaging-derived parameters
are sometimes complicated to understand, since they depend on
anatomic location, on relations between specific tissue
characteristics and the mechanism of action of therapy, and on
the used techniques. In this setting, imaging features are
correlated to the type and method of therapy delivery, the
FIGURE 4 | Patient 3 with head pancreatic cancer. Morphological MRI and CT assessment post-ECT treatment. In (A) (VIBE T1-W post-contrast sequence during
portal phase in axial plane) and (C) (CT scan during pancreatic phase of contrast study) the arrow shows lesion. In (B) (VIBE T1-W post-contrast sequence during
portal phase in axial plane) and (D) (CT scan during pancreatic phase of contrast study) the arrow shows ablated area. Qualitative assessment shows no significant
differences in SI in pre- and post-treatment sequences and no significant differences in density in pre- and post-CT images.
FIGURE 3 | Patient 2 with Body-Tail Pancreatic Cancer. Morphological MRI assessment post-ECT treatment. In (A) (VIBE T1-W post-contrast sequence during
portal phase in axial plane) pre-treatment evaluation of lesion (arrow). In (B) (VIBE T1-W post-contrast sequence during portal phase in axial plane) arrow shows
ablated area. Qualitative assessment shows significant differences in SI in pre- and post-treatment sequences.
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timing of treatment, and the imaging technique being used to
observe the effects. A “qualitative assessment” based only human
eyes should cause misdiagnosis. A quantitative evaluation based
on perfusion evaluation or metabolic analysis allows a more
objective reassessment and a more correct stratification of
patients in responders and non-responders to treatment.
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Background: Reninoma is a rare renal endocrine tumor that can cause secondary
hypertension, characterized by hypertension, hypokalemia, high renin and aldosterone
with normal aldosterone renin ratio (ARR), and occurs more in young female. Mainstream
treatment option is surgery, but is less suitable for small or deep lesions, which makes
ablation a promising alternative.

Case presentation: Two young female with typical manifestations of reninoma,
including hypertension, hypokalemia, high renin, high aldosterone and normal ARR,
were treated successfully with real-time contrast-enhanced ultrasound guided
radiofrequency ablation, and contrast-enhanced ultrasound was also performed
before and after treatment for diagnosis and postoperative assessment. Afterward,
their blood pressure and laboratory tests became normal and remained steady during
the follow-up of 32 and 6 months, respectively.

Conclusion: Contrast-enhanced ultrasound guided radiofrequency ablations is a
promising alternative for reninoma treatment with comparable safety and efficacy with
surgery, and has advantages especially in small or deep lesions.

Keywords: reninoma, case report, secondary hypertension, radiofrequency ablation, contrast-enhanced ultrasound
INTRODUCTION

Reninoma, also called juxtaglomerular cell tumor, is a rare cause of secondary hypertension due to the
oversecreting renin of juxtaglomerular apparatus. Since the first case reported by Robertson et al. at 1967
(1), nearly 200 cases were described worldwide, and the incidence rate is 0.023% in hypertensive patients
at initial diagnosis (2). It often occurs in young adults, especially female, and is characterized by
hypertension, hypokalemia, high renin and aldosterone with normal aldosterone renin ratio (ARR). In
Abbreviations: ARR, aldosterone renin ratio; CEUS, contrast-enhanced ultrasound; RFA, radiofrequency ablation; CEMR,
contrast-enhanced magnetic resonance; CECT, contrast-enhanced computed tomography; MDT, multiple disciplinary team;
MI, mechanical index; ACE, angiotensin-converting enzyme; RCC, renal cell carcinoma; MWA, microwave ablation.
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cases with severe or chronic hypertension, target organ damage was
observed, such as proteinuria, cardiomyopathy, and retinopathy (2).
Most cases of reninoma were considered benign, though metastases
and recurrence cases had been reported (3, 4), and pathological
evidence as well as FDG-PET/CT did indicate malignancy
sometimes (5, 6). The gold standard of diagnosis is
histopathological examination, while clinical evidence combined
with laboratory tests and imaging can also lead to diagnosis
preoperatively. Treatment modalities include surgery, ablation,
and medical therapy. Surgery is the main option, while the effect
of medical therapy is very uncertain, and ablation is not widely used
but considered a potential alternative (2, 7, 8).

Here we presented two reninoma cases admitted in our hospital
in Feb. 2018 and Mar. 2020. Their lesions were tackled successfully
with real-time contrast-enhanced ultrasound (CEUS) guided
radiofrequency ablation (RFA), and CEUS was also performed
before and after ablation for diagnosis and postoperative
assessment. The treatment outcomes were followed for 32 and 6
months, respectively. To our knowledge, these two cases were the
first to use real-time CEUS guided RFA in reninoma treatment and
filled the blank of long-term efficacy of ablation.
CASE PRESENTATION

Case 1
A 17-year-old female was admitted to our hospital in Feb. 2018with
paroxysmal headache, nausea and vomiting for over one year,
Frontiers in Oncology | www.frontiersin.org 2122
accompanied with marked hypertension (the highest blood
pressure was 190/120 mm Hg) and hypokalemia (serum
potassium 2.45–3.18 mmol/L). She tried various antihypertensive
regimens such as Spironolactone 40 mg, Benazepril 10 mg
combined with Amlodipine Besylate 5 mg; Indapamide 1.5 mg
combined with Arolol 10 mg. When taking drugs, her blood
pressure was among 120–140/80–100 mm Hg. She discontinued
all medication for one month for diagnostic demand. Contrast-
enhanced magnetic resonance (CEMR) and CEUS revealed a 10-
mm diameter cortex lesion in the upper pole of the left kidney
(Figure 1). And the key endocrine parameters were summarized in
Table 1. Renal veins sampling was performed but failed to detect
lateralization. Target organ damage evaluation indicated bilateral
ocular fundus arteriosclerosis and moderate proteinuria. We gave
her Spironolactone 60 mg, 10% Potassium chloride 45 ml (oral) and
Adalat 30 mg after admission. The clinical timeline of Patient 1 was
organized in Supplementary Figure 1.

Case 2
A 27-year-old female with a 5-year history of poorly controlled
hypertension was referred to our hospital inMar. 2020. The highest
blood pressure was 179/99 mm Hg. She intermittently used
antihypertensive regimens (including Fosinopril 10 mg combined
with Metoprolol 47.5 mg; Telmisarta 40 mg combined with
Spironolactone 40 mg), and her blood pressure was among 120–
140/80–90 mm Hg while taking medication, but returned to 170/
100 mmHg after withdrawal, and she stopped taking any medicine
for four months for diagnostic need according to the advice of her
FIGURE 1 | Imaging of Patient 1 before, during, and after ablation procedure. (A–C) Ultrasound image acquired in prone position before ablation shows a slight
hyperechoic nodule of 10-mm diameter with iso-enhancement in the cortical phase (30 s) and hypo-enhancement in the medulla phase (90 s) (pointed by red arrow).
(D) Arterial phase of four phases MR before ablation shows a 10-mm diameter nodule (pointed by red arrow) located in the upper pole of left kidney. (E) The 17G
electrode was implanted into the lesions under real-time CEUS guidance during the ablation (red arrow shows the lesion and the green dotted line shows the
puncture path). (F) CEUS showed non-enhancement during both cortical and medulla phases postprocedure (pointed by blue arrow).
February 2021 | Volume 11 | Article 585257
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doctor. Contrast-enhanced computed tomography (CECT) and
CEUS revealed a 6-mm diameter cortex lesion in her right kidney
(Figure 2). Key endocrine parameters were summarized in Table 1.
Target organ damage evaluation found nothing except slight
proteinuria. We gave her Terazosin Hydrochloride 4 mg,
Diltiazem Hydrochloride 90 mg and oral potassium supplement
after admission. The clinical timeline of Patient 2 was organized in
Supplementary Figure 2.

Multiple Disciplinary Team (MDT)
Discussion
MDT discussion was held by endocrinologists, urologists and
interventional ultrasound doctors for two patients. Both patients
Frontiers in Oncology | www.frontiersin.org 3123
were young femalewithhypertension, hypokalemia, high renin, high
aldosterone and normal ARR. Secondary hypertension caused by
endocrine diseases were considered, including pheochromocytoma,
Cushing syndrome, congenital adrenal hyperplasia, primary
aldosteronism and reninoma. Pheochromocytoma was firstly
excluded according to the absence of paroxysmal hypertension or
sweating and negative Regitine test in both patients. Cushing
syndrome was then ruled out since there were no signs of Cushing
appearance and abnormal cortisol level. Congenital adrenal
hyperplasia (usually appear as high renin, low aldosterone and
decreased ARR) and primary aldosteronism (usually appear as low
renin, high aldosterone and increased ARR) were also excluded.
Consensus of reninoma diagnosis was finally achieved according to
TABLE 1 | Summary of key indicators before and after ablation.

Indicators Patient 1 Patient 2 Normal range

Initial admission After medicine After RFA Initial admission After medicine After RFA

Supine PRA (pg/ml/h) 92.7 88.2 – 60.0 46.2 28.1 4.0–24.0
Supine Aldo 186.5 289.19 – 314.82 468.17 272.87 10.00–160.00
(pg/ml)
Supine ARR 2.01 3.28 – 5.25 10.13 9.71 <30
Upright PRA (pg/ml/h) 163.1 147.1 – 138.3 71.5 47.3 4.0–48.0
Upright Aldo (pg/ml) 209.7 216.26 – 1117.83 1174.6 710.13 40.00–310.00
Upright ARR 1.29 1.47 – 8.08 16.42 15.01 <30
Serum K (mmol/L) 2.55 2.71 3.81 2.95 3.28 3.30 3.50–5.30
BP (mmHg) 144/100 123/80 109/73 184/133 155/108 135/96 <140/90
February 2021 | Volume 11 |
After RFA, 1–2 days postoperatively; PRA, plasma renin activity; Aldo, aldosterone; ARR, aldosterone renin ratio; serum K, serum potassium; BP, blood pressure; -, undone.
FIGURE 2 | Imaging of Patient 2 before, during and after ablation procedure. (A–C) Ultrasound image acquired in prone position before ablation shows a slight
hypoechoic nodule of 6-mm diameter with hypo-enhancement in both cortical phase (24 s) and medulla phase (70 s) (pointed by red arrow). (D) Arterial phase of CT
before procedure shows a 6-mm diameter nodule located in the right kidney (pointed by red arrow). (E) The real-time CEUS guided the locating of nodule during
ablation (red arrow shows the lesion and the green dotted line shows the puncture path). (F) CEUS showed non-enhancement during both cortical and medulla
phases postprocedure (pointed by blue arrow and curve).
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clinical evidence. Both patients refused preoperative biopsy.
Surgery and ablation could be the treatment options for both
lesions. However, considering that the lesions were rather small
and may have difficulty in intraoperative locating, which could
prolong the operation time and thus causemore tissue injury and
finally damage renal function, percutaneous RFA guided by real-
time CEUS was recommended over surgery. And both patients
were aware of MDT discussion recommendation and agreed to
receive ablation.
CEUS Examination and Real-Time CEUS
Guided RFA Treatment Procedure
The CEUS was performed before RFA. CEUS using a low
mechanical index (MI) mode (0.07–0.08) can provide a real-
time evaluation of tumor enhancement and location. For case 1,
the tumor indicates iso-enhancement and hypo-enhancement
during cortical phase and medulla phase. For case 2, the tumor
indicates hypo-enhancement in both cortical and medulla phases
(Figures 1 and 2).

RFA was performed under real-time CEUS guidance using the
Toshiba ultrasound system. Two physicians who had 10 years of
experience performing RFA for renal tumors performed all the
procedures. A 20-cm-long, 17-gauge Cool-tip radiofrequency
electrode with a 2-cm-long exposed tip (Covidien Valleylab,
Boulder, CO, United States) was inserted into the targeted tumor.
RFA was performed under local anesthesia. The temperature of the
ablated tissue was increased to above 60°C and the ablation
duration was 12 min for both patients. Immediate CEUS after
ablation was done for Patient 2 as shown in Supplementary Figure
3. The next day, we performed CEUS for both patients and found
the ablation area indicated non-enhancement throughout both
cortical and medulla phases, and completely covered the former
nodules with satisfactory ablation margin. No intraoperative
adverse events occurred and the vital signs remained stable in
perioperative period.
Postoperative Results
The laboratory tests 1 to 2 days after RFA were also summarized
in Table 1. As for Patient 1, the result was delightful, blood
pressure and serum tests became normal 12 h after the procedure
without any drugs. Patient 2 had a significant decrease of serum
renin and aldosterone, her blood pressure and serum potassium
remained abnormal without medication, but indeed better than
before. Both patients were discharged 3 days after ablation with
no discomfort or complications, Patient 2 got take-home
medicine (Valsarta 160 mg and Spironolactone 20 mg) while
Patient 1 did not.
Follow-Up
For Patient 1, during the 32-month follow-up after RFA, her
blood pressure (100–120/60–80 mm Hg), serum potassium and
other endocrine tests were totally normal without any
medication, urinary protein turned negative, and headache
Frontiers in Oncology | www.frontiersin.org 4124
never occurred. Patient 2 stopped Spironolactone 2 weeks after
RFA, her blood pressure remains in normal range (100–120/75–
85 mm Hg) with Valsarta 160 mg according to the latest follow-
up (6 months after ablation). Her serum potassium, other
endocrine tests and renal ultrasound showed completely
normal. Long-term effect still demands follow-up for Patient 2.
DISCUSSION

Reninoma is an uncommon but curable renal endocrine tumor
which can cause secondary hypertension. Although it is often
considered a benign disease, malignant potentials had shown
sometimes (3–6).

To the best of our knowledge, these two cases from our
institute were one of the few practices using RFA to treat
reninoma, and this is the first report to use real-time CEUS
as guidance. Both patients went through RFA successfully, and
the postoperative results were delightful. We provided a follow-
up of more than 2 years after ablation, which filled the blank of
long-term efficacy of RFA. Furthermore, we introduced CEUS
into the detecting and follow-up routine, which showed great
potential in locating small tumors and indicating the
ablation region.

Currently, treatment options for reninoma include surgery,
ablation and medical therapy. Medication, such as angiotensin-
converting enzyme (ACE) inhibitors, angiotensin II receptor
blockers, beta-blockers and Spironolactone combined with oral
potassium can help control blood pressure and serum potassium
(2). However, the use of antihypertensive medications before
diagnosis can mask hypokalemia and make reninoma more
difficult to recognize (9). And the effect varies from person to
person. It is hard to control the blood pressure over years without
tackling the oversecreting of renin. Thus, medication is only
considered an adjuvant therapy.

Surgery procedures, including nephron sparing partial
nephrectomy for superficial or small lesions and radical
nephrectomy for deep or large lesions, are the mainstream
treatment options. The safety and long-term efficacy have been
proved with numerous evidences (2, 7, 8). However, when it
comes to small nodules with difficulty in intraoperative locating,
surgery may lead to prolonged warm ischemic time as well as
operation time, and renal dysfunction consequently. Moreover,
using radical nephrectomy to remove deep lesions is in cost of
renal dysfunction along with more tissue injury (10, 11).

For these small or deep reninoma, ablation can be an
alternative. Ablation for reninoma is not regularly performed
currently. Less than five cases of RFA and only one cryoablation
have been reported, and none of them provided evidence of long-
term efficacy (12–15). However, ablation is actually widely used
in other renal tumors, including renal cell carcinoma (RCC),
Wilms tumor, adenoma and angioleiomyoma (11, 16). It is
considered a type of nephron sparing procedure and
recommended mainly in benign tumor or RCC of T1a stage
(17). But no randomized controlled trial has been conducted yet
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. Case Report: CEUS-Guided RFA Cured Reninoma
to compare ablation and nephron sparing partial nephrectomy in
renal tumors, and the long-term follow-up data lacks in
ablation cases.

There are several types of ablations, including RFA,
cryoablation and microwave ablation (MWA). RFA is used
most frequently and the ablation shape can be controlled
precisely. It is preferred to surgery for patients with nodules
less than 4 cm or intolerable to surgery, and those requiring
better postoperative renal function in cases of solitary kidney,
bilateral lesions, or chronic renal insufficiency (17). Cryoablation
has less application, according to recent literatures, it may be
effective for renal tumors larger than 4 cm, but is more time-
consuming (18). MWA has never been reported in reninoma
treatment, but it is a potential option with many advantages,
such as less affected by vascular heat-sink effect and tissue
carbonization, more effective in large nodules, and more
uniform thermal field distribution compared to RFA (19).

As we mentioned above, RFA has advantages for small or
deep lesions. The reasons are as follows: for small lesion,
the image-guidance allows quick and precise locating that
leads to appropriate needle implanted angle and satisfactory
ablation range; for deep lesions, it can preserve better renal
function by less tissue injury. What is more, compared to
surgery, RFA has less complications, less postoperative pain,
shorter hospitalization time with comparable safety and efficacy
(10, 11, 16, 20). The limitations of RFA application include
nodules in dangerous sites and tumors larger than 4 cm (17). For
nodules near the renal hilum, RFA have higher risk of renal
pelvis injury, bleeding or infection, and incomplete ablation due
to the heat-sink effect (21).

Up to now, all the reninoma cases reported using RFA were
under guidance of CT (12–14). This is the first report to use real-
time CEUS during procedure. With superiority in real-time,
non-radiant and high sensitivity in blood supply detection
facilitated by the pure blood pool contrast agents, CEUS shows
more potential in intraoperative guidance and postoperative
surveillance than CT. What is more, the use of CEUS through
the diagnosis, treatment and follow-up routine makes it
convenient and easy to compare the change of lesions.

There are also limitations of this report. First, no histopathology
evidence was obtained due to patients’ unwillingness; but still, MDT
discussion had reached in consensus of reninoma after differential
diagnosis. Second, the long-term efficacy of Patients 2 still requires
to be further confirmed.
CONCLUSION

In summary, we presented two typical cases of reninoma here,
which was the first report of utilizing CEUS guided RFA in
treating reninoma worldwide. We showed that real-time CEUS
guided RFA is safe and effective in reninoma treatment, and it is
a promising alternative to surgery especially in small or deep
Frontiers in Oncology | www.frontiersin.org 5125
lesions. More data are still warranted to further confirm the long-
term efficacy of RFA compared to surgery.
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for Hepatocellular Carcinoma
Proximal to the Hilar Bile Ducts by
Ultrasound-MR Fusion Imaging:
A Preliminary Comparative Study
Yujia You1†, Yinglin Long1†, Ronghua Yan2, Liping Luo1, Man Zhang1, Lu Li1,
Qingjing Zeng1, Kai Li1, Rongqin Zheng1* and Erjiao Xu1,3*
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Radiology, The Eighth Affiliated Hospital of Sun Yat-Sen University, Shenzhen, China, 3 Department of Medical Ultrasonics,
The Eighth Affiliated Hospital of Sun Yat-Sen University, Shenzhen, China

Aim: To explore whether ablation safety could be improved by ultrasound (US)-magnetic
resonance (MR) fusion imaging for hepatocellular carcinoma (HCC) proximal to the hilar
bile ducts (HBDs) through a preliminary comparative study.

Methods: Between January 2014 and June 2019, 18 HCC nodules proximal to the HBDs
were included in a US-MR fusion imaging-assisted radiofrequency ablation (RFA) group
(study group), while 13 HCC nodules in a similar location were included as a control group.
For the study group, the tumor and adjacent bile ducts were outlined on preprocedural
MR images. Procedural ablation planning was conducted to assess the feasibility of
ablating the tumors while avoiding biliary injury. Such tumors were then ablated under US-
MR fusion imaging guidance. The control group nodules were ablated under conventional
ultrasound guidance. Baseline characteristics and outcomes were compared between
the groups.

Results: After preprocedural assessment, 14 of 18 patients with tumors that were
feasible to ablate underwent US-MR fusion imaging-assisted RFA. No biliary
complications were observed in these 14 patients; the complication rate was
significantly lower in the study group than in the control group (30.8%, 4/13) (P =
0.041). There was no significant difference in the technique efficacy rates [92.9% (13/
14) versus 100% (13/13), P = 1] or local progression rates [7.1% (1/14) versus 7.7% (1/
13), P = 1] between the study and control groups.

Conclusions: US-MR fusion imaging may be a non-invasive means for assisting RFA of
HCC nodules proximal to the HBDs and ensuring ablation safety.

Keywords: hepatocellular carcinoma (HCC), bile duct, radiofrequency ablation, safety, ultrasonography
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INTRODUCTION

Radiofrequency ablation (RFA) has been recommended as one of
the first-line treatment options for early- or very-early-stage
hepatocellular carcinoma (HCC) because this procedure is
effective, minimally invasive, and safe (1, 2). However, an HCC
nodule location proximal to the hilar bile ducts (HBDs) is
considered to be a relative contraindication for RFA since the
hilar bile ducts are vulnerable to thermal damage (3, 4). Ablation-
related biliary complications (such as bile leakage, biliary stricture
and obstruction) occurred in up to 31–46% of patients in previous
reports (5, 6); such complications may prolong hospitalization,
increase the cost of treatment, and even lead to mortality (7).
Since the bile ducts are usually difficult to discern on ultrasound
(US) images (the most common guidance tool used for RFA of
HCC), this may increase the risk of thermal damage to the bile ducts
during US-guided ablation. On the other hand, when operators tend
to restrict the ablation area to reduce thermal damage to the HBDs,
the reduced complications may be accompanied by higher
incidences of residual tumor or local tumor progression (LTP) (8).

To ablate nodules proximal to the HBDs as completely as
possible and reduce the risk of thermal biliary damage, several
strategies have been employed. Percutaneous ethanol injection (PEI)
or transarterial chemoembolization (TACE) with or without RFA is
generally used to treat HCC nodules proximal to the hilar bile ducts
(9, 10). However, the therapeutic effect of PEI or TACE is limited
compared to that of RFA. Another strategy is intraductal chilled
saline perfusion through an endoscopic nasobiliary drainage
(ENBD) tube or a percutaneous transhepatic cholangial drainage
(PTCD) tube to cool the large bile duct during the RFA procedure
(11–15). However, both catheterization procedures are invasive and
may lead to unexpected pancreatitis. Moreover, percutaneous
transhepatic cholangial drainage is usually technically difficult in
patients with nondilated intrahepatic bile ducts.

Ultrasound (US)-computed tomography (CT)/magnetic
resonance (MR) fusion imaging is a navigation technique that is
increasing in popularity that simultaneously combines the real-time
capacity of US imaging and the high spatial resolution of CT/MR
imaging (16). US-CT/MR fusion imaging has been widely used
during US-guided RFA procedures for HCC detection, guidance,
and evaluation (17–24). A few studies have integrated the use of a
three-dimensional ablation planning system for the ablation
procedure for liver tumors to enhance the complete ablation rate
and reduce operators’ experience dependence (25–27). However,
there are no studies evaluating the advantages of ablation planning
and fusion imaging for enhancing ablation safety for tumors in
high-risk locations.

Since the course of the HBDs is usually more clearly outlined
by MR-specific sequences (e.g., T2 or hepatobiliary-phase
sequences) than by US or CT images (28), we hypothesize that
US-MR fusion imaging (in which a planning module has been
integrated) might be helpful during the RFA procedure for HCC
nodules proximal to the HBDs. In the planning module, both the
tumor and its adjacent HBDs can be outlined easily on MR
images and then displayed three-dimensionally; meanwhile, their
spatial relationship can be displayed automatically on real-time
US images through US-MR fusion imaging. Then, the operator
Frontiers in Oncology | www.frontiersin.org 2128
can make an ablation plan (including choosing a puncture path
and presetting the electrode placements) and preview the
simulated thermal fields to assess the risk of bile duct injury.
In addition, the RFA procedure can be performed precisely
under the guidance of US-MR fusion imaging according to the
preprocedural plan.

Here, we aimed to explore whether ablation safety could be
improved by US-MR fusion imaging for HCC nodules adjacent
to the HBDs through a preliminary comparative study.
METHODS

Study Design
From January 2014 to June 2019, patients with HCC nodules
adjacent to the HBDs were prospectively enrolled into a US-MR
fusion imaging-assisted group through a non-randomized study
design. This study was approved by the institutional review
board of our hospital. Written informed consent was obtained
from each patient. To compare the safety of US-MR fusion
imaging-assisted RFA for HCC with that of conventional US-
guided RFA, patients with HCC nodules adjacent to the HBDs
who previously underwent conventional US-guided RFA were
retrospectively included as a control group.

The inclusion criteria were as follows: (1) pathological or
clinical diagnosis of HCC (29); (2) tumor located within 10 mm
proximal to the HBDs (referring to the left hepatic duct, right
hepatic duct, and their conjunction); and (3) indications for RFA
(29). The exclusion criteria were as follows: (1) patients who were
unable or unwilling to participate in follow-up, and (2) patients
with pacemakers.

Equipment and Agents
US Machine
A MyLab 90 or MyLab Twice US machine (Esoate, Genoa, Italy)
with a convex array probe (CA541, frequency range from 1 to 8
MHz) was used for imaging guidance. The Virtual Navigator
(Esoate, Genoa, Italy) electromagnetic positioning system was
the main unit of the US machine. A planning module was
installed as a system component of the Virtual Navigator.

RFA System
A cool-tip radiofrequency (RF) generator (Covidien, Mansfield,
USA) and an internally cooled electrode with a 30-mm tip were
used in this study. The RF generator was set in impedance mode
with a maximum output. The ablative time for each RF electrode
insertion was approximately 4–12 min.

US Contrast Agents (UCAs)
SonoVue (Bracco, Milan, Italy) was used for contrast-enhanced
US (CEUS). UCAs were injected as a rapid bolus of 1.0 to 2 ml
via an antecubital vein, followed by 5 ml of saline solution.

US-MR Fusion Imaging-Assisted RFA
US-MR fusion imaging-assisted RFA was performed by a senior
interventional doctor (X.E.J.) with 10 years of experience with
RFA and fusion imaging.
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Preprocedural Evaluation of Ablation Feasibility
Using US-MR Fusion Imaging-Based Planning
MR Image Preparation
Digital image and communication on medicine (DICOM) data
from T2-weighted or hepatobiliary phase MR sequences
(Figure 1A) were selected routinely for US-MR fusion
imaging due to clear visualization of the biliary tract and
Frontiers in Oncology | www.frontiersin.org 3129
target tumor. DICOM data from MR images were imported
into the Virtual Navigator.

Depiction of the Target Tumor and the HBDs
The target tumor was manually outlined in blue, and the course
of the adjacent HBDs was depicted automatically or manually in
red on the MR images (Figure 1C). The relationship between
FIGURE 1 | Images from a 72-year-old man diagnosed with HCC adjacent to the right bile duct. (A) Preoperative MR images showing the target tumor with a
maximum diameter of 16 mm in segment 4 of the liver (blue arrow). Both the target tumor and adjacent bile ducts (red arrows) are displayed clearly on T2WI image
(right). (B) At the 1-month follow-up MR, the index tumor (blue arrows) was completely ablated without injury to the adjacent bile ducts (red arrows). (C) Image
depicting the target tumor and adjacent bile ducts. The tumor margins are outlined with red lines, while the ablative margins are outlined with yellow lines.
(D) Assessment of ablation feasibility based on ablation planning. Simulated thermal fields (STP) are shown in yellow, and when the STP covered the tumor, the
overlapping fields are shown in green. One simulated ablation was planned to cover 100% of the tumor volume without overlapping of adjacent bile ducts, and then
the tumor was determined to have ablation feasibility. (E) Insertion of the electrode (white arrows) under the guidance of US-MR fusion imaging according to the
ablation plan. Supplementary Video 1 completely and dynamically shows the US-MR fusion imaging-guided insertion process. (F) Immediate evaluation with MR-
CEUS fusion imaging after ablation. The tumor and ablative margins are overlapped by the non-perfusion area.
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the marked tumor and the HBDs could be displayed
three-dimensionally.

Registration of MR Images and Real-Time US Imaging
Registration was performed by preliminary registration and fine
tuning for precise alignment between the MR images and real-
time US images. The details of the registration process have been
described in previous studies [10]. After successful registration,
the MR images could be synchronized with the real-time US
images (Figure 1C).

Preprocedural Evaluation of Ablation Feasibility
After the registration process, the three-dimensional spatial
relationship between the target tumor and the course of the
adjacent HBDs could be observed in different planes by moving
the probe. The virtual thermal field of the RF electrode with
the 30-mm tip was set as an ellipsoid 30 × 20 mm in size in the
planning module. Preprocedural planning was carried out by
the senior interventional US doctor (X.E.J .) . After
determination of the entry point on US-MR fusion imaging,
one or multiple ellipsoids corresponding to the virtual thermal
field were utilized to draft the electrode placement strategy
(Figure 1D).

The aim of ablation planning was to achieve as much
coverage of the target tumor as possible by the simulated
thermal field (at least 90% volume) while avoiding coverage of
the adjacent HBDs. In addition, in principle, ablations should be
planned as few times as possible. Since the spatial relationship
among the simulated thermal field, the target tumor and the
adjacent bile duct could be observed by three-dimensional
visualization, the operator could adjust the electrode
placements conveniently to achieve the aim of planning. If the
aim of planning could be obtained successfully within five
adjustments, RFA was considered feasible. Otherwise, RFA
alone was considered infeasible, and other treatment options
were considered instead.

Implementation of RFA According to the
Preprocedural Plan
All patients underwent RFA under endotracheal general
anesthesia. Before implementation of RFA, the registration
procedure with US-MR fusion imaging was performed again,
and the preprocedural plan was reconfirmed in the operating
theater. Subsequently, electrode insertion was performed
following the preprocedural plan precisely according to the
electrode placement strategy under the guidance of US-MR
fusion imaging (Figure 1E and Supplementary Video 1).

During the RFA procedure, US-MR fusion imaging was used
to monitor the hyperechoic area produced by RFA and to assess
whether the adjacent HBDs depicted on MR images were
covered by the hyperechoic area, aiming to reduce the risk of
thermal damage to the bile ducts as much as possible.

Postprocedural Immediate Assessment of the
Ablative Effect
Approximately 5–10 min after the procedure, UCAs were
administered intravenously to perform CEUS, and CEUS-MR
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fusion imaging was used to evaluate whether the non-perfusion
zone covered the whole target tumor (Figure 1F) and whether
perfusion of the UCAs in the adjacent bile duct wall was normal.
If incomplete ablation was demonstrated by CEUS-MR fusion
imaging, supplementary ablation was instantly carried out to
achieve complete ablation.

Conventional US-Guided RFA
From January 2014 to June 2019, patients with tumors proximal
to the HBDs were treated with the conventional RFA. The
ablation procedures were performed by one of three doctors
(Z.R.Q, X.E.J., L.K.) with 5 to 10 years of experience with RFA.

Conventional RFA was performed under US guidance, and
multiple overlapping ablations were performed to achieve
complete ablation. At the end of the ablation procedure, CEUS
was used for immediate assessment of the ablative effect.

Postprocedural Surveillance and
Follow-Up
After the procedure, US and laboratory examinations were
performed regularly to exclude early complications. Biliary
tract-related symptoms and signs were also closely surveilled.

One month later, contrast-enhanced CT (CECT) or contrast-
enhanced MR (CEMR) was performed to evaluate the technical
efficacy and complications (Figure 1B). Then, follow-up imaging
and laboratory examinations were repeated every 3 months. LTP
and ablation-related biliary complications were recorded until
December 31, 2019.

Statistical Analysis
SPSS 22.0 (SPSS, Chicago, IL, USA) was used for statistical
analysis. Continuous measurement data are presented as the
mean ± standard deviation if the data were normally distributed
or as the median (range) if the data were not normally
distributed. Enumeration data are presented as percentages.
Variables in the two independent groups were compared using
the two-sample t-test or Mann-Whitney test for continuous
variables and Pearson’s c2 test or Fisher’s exact test for
categorical variables, while matched data in the groups were
compared using the paired t-test or Wilcoxon signed-rank test
for continuous variables and the McNemar test for categorical
variables. A P value less than 0.05 was considered
statistically significant.
RESULTS

Patients and Tumors
A total of 18 patients with 18 tumors proximal to the hilar bile
ducts were enrolled in the US-MR fusion imaging-assisted RFA
group. A total of 13 patients with 13 tumors were included in the
control group. Figure 2 provides a brief overview of these two
groups in a flow chart. The baseline characteristics of the two
groups are listed in Table 1 and their detailed information are
listed in Tables S1 and S2.
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TABLE 1 | Baseline characteristics of enrolled patients and nodules in the US-MR fusion imaging-assisted RFA group and the conventional US-guided RFA group
(control group).

Characteristics US-MR fusion imaging-assisted RFA Conventional US-guided RFA P value

Patient N = 14 N = 13
Age 55 ± 9 (44–72) 53 ± 11 (35–69) 0.633
Gender (male/female) 14/0 11/2 0.222
Primary/recurrent 9/5 3/10 0.054
Diagnosed on pathological/clinical 11/3 5/8 0.054
Cirrhosis (yes/no) 12/2 7/6 0.103
Hepatitis virus infection (HBV/HCV/no) 13/1/0 12/0/1 0.367
AFP (≤200/>200) 13/1 9/4 0.165
PLT (/L) 163 ± 67 (82–279) 130 ± 39 (76–216) 0.139
PT (s) 14.1 ± 1.3 (12.3–17.8) 14.1 ± 1.2 (11.6–16.0) 0.991
ALB (g/L) 39.6 ± 5.8 (31.2–51.5) 40.8 ± 4.3 (35.5–50.2) 0.536
TBil (mmol/L) 14.7 ± 6.2 (7.7–28.5) 13.0 ± 5.6 (5.8–28.7) 0.470
Child Pugh Class (A/B) 13/1 13/0 1

Nodules N = 14 N = 13
Single/multiple 10/4 5/8 0.128
Location (left hemiliver/right hemiliver) 8/6 9/4 0.695
Maximum diameter (mm) 21.5 ± 11.2 (9–49) 18.7 ± 9.1 (11–43) 0.482
Adjacent bile duct (biliary confluence/left hepatic duct/right hepatic duct) 5/6/3 3/5/5 0.590
Distance between nodule and bile duct (mm) 2.5 ± 1.9 (0–6) 5.9 ± 1.7 (4–9) <0.001
Distance <5 mm/5–10 mm 12/2 4/9 0.006
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The values was shown in bold since their differences are statistically significant.
FIGURE 2 | Overview of management and outcome of enrolled patients.
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US-MR Fusion Imaging-Assisted RFA
Preprocedural Evaluation of Ablation Feasibility With
US-MR Fusion Imaging
US-MR fusion imaging registration was successful in all 18
patients. According to the preprocedural plan, four patients
failed to achieve the aim of the electrode placement strategy, as
coverage of the adjacent HBDs could not be avoided. The
ablation feasibility assessment process in one of these four
patients is given in Figure S1 and Supplementary Video 2.
Surgical resection was recommended for two patients, and the
other two patients underwent PEI instead.

In the remaining fourteen patients, RFA was considered
feasible, and they underwent the procedure with US-MR fusion
imaging guidance. Figure 3 shows representative images of a
patient who underwent US-MR fusion imaging-assisted ablation.
The clinical characteristics of these 14 patients and nodules are
presented in Table 1.

According to the preprocedural plan, 1 to 14 electrode
placements (median: two times) were required to cover 90–100%
(median: 100%) of the entire target nodule volume. The duration of
preprocedural planning was 2–10 min (median: 5 min).

Implementation of RFA According to the
Preprocedural Plan and Immediate Evaluation of
Technique Success
Each electrode insertion was performed under the guidance of
US-MR fusion imaging according to the preprocedural plan.
Frontiers in Oncology | www.frontiersin.org 6132
Electrode insertion was performed 1 to 14 times (median: two
times) in accordance with the preprocedural plan. The entire
ablation procedure required 60–212 min (median: 82 min).

During the RFA procedure, the hyperechoic area was
monitored using US-MR fusion imaging. In four of these
patients, the ablation process was stopped earlier than planned
to avoid the risk of thermal damage, since the hyperechoic area
began to cover the marked course of the adjacent HBDs.

After the RFA procedure, the immediate assessment
performed via CEUS-MR fusion imaging indicated that the
non-perfusion zones covered the target nodule in all 14
patients. No supplementary ablation was needed in these
patients. The perfusion of the course of the adjacent HBDs was
normal during CEUS evaluation.

Comparison of Safety Between the US-MR
Fusion Imaging-Assisted RFA Group and
the Control Group
Baseline Characteristics of the Control Group
The baseline characteristics of the control group are shown in
Figure 1. When comparing the baseline characteristics between
the control group and the study group, apart from the distance
between the tumor and HBDs, no statistically significant
differences were observed. The US-MR fusion imaging-assisted
RFA group showed a significantly shorter distance between the
nodule and the HBDs (2.5 ± 1.9 mm versus 5.9 ± 1.7 mm, P <
0.001) than the control group.
FIGURE 3 | Images from a 44-year-old man diagnosed with HCC adjacent to the right bile duct. (A) Preoperative MR images showing the target tumor with a
maximum diameter of 36 mm in segment 8 of the liver (blue arrow). Both the hepatobiliary phase (left) and T2WI images (right) clearly display the target tumor and
adjacent bile ducts (red arrows). (B) Outline of the tumor and adjacent bile ducts. The tumor margins are outlined with red lines, and the ablative margins are outlined
with yellow lines. (C) Ablation planning. Six simulated ablations were planned to cover 91% of the tumor volume. When the STP covered the tumor, the overlapping
fields are presented in green. (D) Insertion of the radiofrequency electrode (white arrows) under the guidance of US-MR fusion imaging to implement the plan.
(E) Immediate evaluation with MR-CEUS fusion imaging after ablation. The tumor and ablative margins are overlapped by the non-perfusion area. (F) At the 1-month
follow-up MR, the index tumor (blue arrows) was completely ablated without injury to the adjacent bile ducts (red arrows).
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Comparisons of Safety and Efficacy
Comparisons of treatment-related results are shown inTable 2. The
median follow-up periods in the US-MR fusion imaging-assisted
RFA group and control group were 13 (range: 7–30) and 32 (range:
3–50) months respectively. During the follow-up period, no biliary
complications occurred in the study group. No intrahepatic bile
ducts were evidently dilated on follow-up imaging examinations. In
the control group, four patients were diagnosed with biliary
complications (including two major biliary complications and
two minor biliary complications). The biliary complication rate in
the control group was significantly higher than that in the study
group [30.77% (4/13) vs 0% (0/14), P = 0.041].

The two patients with major biliary complications were as
follows: one patient was diagnosed with a liver abscess and bile
fistula several days after the procedure; the other patient was
diagnosed with a large biloma (with a maximum diameter of
55 mm) and intrahepatic bile duct dilation 1 month after the
procedure. Multiple treatments, such as antibiotic therapy,
percutaneous catheter drainage, and surgery, were performed
to manage these complications. Two patients with asymptomatic
bilomas were diagnosed 1 and 4 months after the procedure.
Both of them were not treated and then classified as minor
biliary complications.

According to the 1-month follow-up CECT/CEMR, residual
tumor was detected in one patient (7.1%) in the study group and
in none of the patients in the control group. There was no
significant difference between the two groups. In this patient, the
tumor could not be eradicated despite several courses of TACE.
During the follow-up period, the LTP rate was 7.1% (1/14) in the
study group and 7.7% (1/13) in the control group. These two
nodules showing LTP were treated with PEI.
DISCUSSION

HCC located in the hepatic hilum has always been a dilemma when
considering thermal ablation (11). Even intraductal cooling has
been used to assist in ablation of tumors adjacent to the HBDs and
to reduce biliary complications; however, this is still an invasive
procedure. Here, we proposed a novel non-invasive method (US-
MR fusion imaging) to assist the ablation procedure that resulted in
satisfactory therapeutic outcomes. The technical efficacy and local
tumor recurrence rates of US-MR fusion imaging-assisted RFA are
comparable to those in previous reports (5, 10, 11) (technical
efficacy rate, 80.0–100.0%; local tumor recurrence rate, 11.8–
Frontiers in Oncology | www.frontiersin.org 7133
21.0%) of thermal ablation performed with invasive ancillary
procedures, such as intraductal chilled saline perfusion. More
importantly, no biliary complications were observed during the
follow-up period. Furthermore, patients who underwent traditional
US-guided RFA for HCC nodules in the similar location were
enrolled as controls for preliminary comparisons. According to the
data analysis, the US-MR fusion imaging-assisted RFA group
showed a significantly lower biliary complication rate (0 versus
30.77%, P = 0.041) than the control group.

It’s worth noting that the distance between the tumor and
adjacent hilar bile ducts has highly important consequences on the
therapeutic effect of RFA. Lin et al. reported that a distance from
the bile duct within 10 mm was thought to be a high-risk factor for
ablation-related biliary complications for HCC nodules (30). RFA
is still not recommended for application in HCC nodules adjacent
to the HBDs in some clinical treatment guidelines of HCC (29).
Theoretically, the injury risk increases with a shortened distance
from the hilar bile duct. However, in this study the US-MR fusion
imaging-assisted RFA group showed a lower biliary complication
rate with a significantly shorter distance between the nodule and
the HBDs (2.5 ± 1.9 mm versus 5.9 ± 1.7 mm, P < 0.001) than the
control group. These data showed an increasing number of patients
with HCC nodules with a short distance (≤5 mm) from the HBDs
underwent RFA, indicating the improved safety with the assistance
of US-MR fusion imaging.

The following characteristics of US-MR fusion imaging-
assisted RFA contribute to its high ablation safety. First, MR-
specific sequences (T2 or hepatobiliary phase sequences) were
chosen as reference images for fusion imaging since the target
tumor and adjacent HBDs could be displayed clearly on these
images (31). Compared with previous reports that used ablation
planning based on CT or US images (25, 26), MR has a distinct
advantage in displaying the bile ducts. Moreover, after the target
tumor and adjacent HBDs were depicted, the outlined structures
could be displayed through three-dimensional visualization, to
help the operator better understand the spatial relationship
between the target tumor and the adjacent HBDs. Second,
when performing preprocedure ablation planning, the ablation
feasibility of the target tumor could be determined by evaluating
the spatial relationship among the simulated thermal field, the
target tumor, and the adjacent HBDs. This planning step
facilitated the establishment of reasonable and individualized
treatment for patients. For tumors that could not be covered by
the simulated thermal field without covering the HBDs, RFA
alone was considered with a high injury risk. As a result, the
TABLE 2 | Comparisons of treatment-related results between the US-MR fusion imaging-assisted RFA group and the conventional US-guided RFA group.

Characteristics US-MR fusion imaging-assisted RFA Conventional US-guided RFA P value

Number of ablations 2 (1–14) 3 (1–10) 0.195
Duration of ablation procedure (min) 89 (60–212) 105 (50–315) 0.923
Biliary complications (yes/no) 0/14 4/9 0.041
Major biliary complications 0 2
Minor biliary complications 0 2

Complete ablation (yes/no) 13/1 13/0 1
Local tumor progression (yes/no) 1/13 1/12 1
March 2021 | Volume 11 | Article
The values was shown in bold since their differences are statistically significant.
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treatment strategy was adjusted as soon as possible. Other means
(such as surgery, RFA combined with PEI) may need to be
performed to reduce potential biliary complications.

In addition, US-MR fusion imaging played a crucial role in
the implementation of the ablation plan, including guiding
electrode insertions, monitoring ablation process, and assessing
treatment response and bile duct blood supply. With the
guidance of US-MR fusion imaging, the electrode could be
precisely inserted into the liver according to the planned angle
and depth, which would not be affected by the hyperechoic
region generated by RFA. With the real-time monitoring of US-
MR fusion imaging, the ablation duration could be adjusted
timely and flexibly to avoid the injury of the hilar bile ducts. With
immediate treatment response assessment of US-MR fusion
imaging, it can be timely determined whether supplementary
ablation should be needed at the end of the procedure, helping
reduce the possibility of residual tumors.

Overall, compared with traditional US-guided ablation, the
use of US-MR fusion imaging in multiple links throughout the
whole procedure brought changes in many aspects such as the
identification of bile ducts, the evaluation method of ablation
feasibility, electrode placement strategy, and duration of each
ablation. All of these complex factors are conductive to the
improved safety in US-MR fusion imaging-assisted ablation.

Apart from the use of fusion imaging, it must be
acknowledged that experience may also be a factor that
contributes to the favorable results of the study group.
However, even the experienced doctors could not have much
confidence when ablating the nodules adjacent to the hilar bile
ducts which could result in serious complications. US-MR fusion
imaging can help the operator assess the ablation feasibility with
objective and graphic planning processes other than subjective
judgment based on their own experiences, and meanwhile
precisely guide the implementation of the ablation planning.
Both experienced and inexperienced operators could enhance
their confidence in performing ablation and benefit from this
technique. Before US-MR fusion imaging was introduced, PEI or
combination therapy rather than RFA alone was preferred to the
treatment of HCC nodules with a distance ≤5 mm from the
HBDs in our center. With the assistance of US-MR fusion
imaging and increased operator confidence of performing RFA,
an increasing number of HCC nodules proximal to the HBDs
could be candidates for RFA. These changes in the treatment
strategy brought about by the US-MR fusion imaging-assisted
RFA hold the potential to help extend the ablation indications for
HCC nodules adjacent to the HBDs in current clinical guidelines.

In this study, RFA was employed in all patients because the
thermal field of RFA was well controlled and precise for ablation
planning and implementation (32, 33). However, there was one case
of residual tumor, possibly because of a registration error occurring
when the respiratory phase for fusion during the procedure was
inconsistent with that during the registration process (34, 35). To
achieve more precise fusion imaging planning and guidance,
respiratory phase control should be considered in detail.

The main limitation of our study is that it is a single-center
study with a small sample size. After all, early-stage HCC nodules
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proximal to the hepatic hilum are relatively rare and not
frequently referred for US-guided RFA. Another limitation is
the short follow-up period of the study group. A larger sample of
patients and long-term follow-up are necessary. In addition, US-
CT/MR fusion imaging requires high proficiency to ensure the
precision of registration, and the planning module is only
available in some specific US machines, so popularization is
still difficult. However, with the increased attention of fusion
imaging, this strategy may be increasingly recognized.

In conclusion, US-MR fusion imaging could be a non-
invasive means for assisting in RFA for HCC nodules proximal
to the HBDs to ensure ablation safety.
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The ultrasound (US) imaging technology, including contrast-enhanced US (CEUS) and
fusion imaging, has experienced radical improvement, and advancement in technology
thus overcoming the problem of poor conspicuous hepatocellular carcinoma (HCC). On
CEUS, the presence or absence of enhancement distinguishes the viable portion from the
ablative necrotic portion. Using volume data of computed tomography (CT) or magnetic
resonance imaging (MRI), fusion imaging enhances the three-dimensional relationship
between the liver vasculature and HCC. Therefore, CT/MR-US fusion imaging provides
synchronous images of CT/MRI with real-time US, and US-US fusion imaging provides
synchronous US images before and after ablation. Moreover, US-US overlay fusion can
visualize the ablative margin because it focuses the tumor image onto the ablation zone.
Consequently, CEUS and fusion imaging are helpful to identify HCC with little conspicuity,
and with more confidence, we can perform ablation therapy. CEUS/fusion imaging
guidance has improved the clinical effectiveness of ablation therapy in patients with
poor conspicuous HCCs. Therefore; this manuscript reviews the status of CEUS/fusion
imaging guidance in ablation therapy of poor conspicuous HCC.

Keywords: ablation therapy, contrast-enhanced ultrasound, fusion imaging, hepatocellular carcinoma, poor
conspicuity, precise ablation
INTRODUCTION

Ablation therapy is a minimally invasive treatment option, and percutaneous ultrasound (US)-
guided ablative treatments, including radiofrequency ablation (RFA), and microwave ablation
(MWA), have successfully managed hepatocellular carcinoma (HCC) (1–6). However, patients
with difficult conditions for ablation therapy require multiple treatment sessions due to the
limitation of US guidance. Poorly conspicuous HCC is not easily targeted on B-mode US guidance
and accounts for 5.2–38.8% of planning US for ablation therapy (7–10). The success of
Abbreviations: CEUS, contrast-enhanced ultrasound; CT, computed tomography; HCC, hepatocellular carcinoma; MPR,
multiplanar reconstruction; MRI, magnetic resonance imaging; MWA, microwave ablation; RFA, radiofrequency ablation; US,
ultrasound; 2D, two-dimensional; 3D, three-dimensional.
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percutaneous ablation therapies primarily depends on correct
targeting through an imaging technique and the suitable
placement of the needle electrode into the target tumor
thereby optimizing local tumor control.

The US imaging technology has experienced radical
improvement, and advances in hardware and software have
helped to overcome the problem of poor conspicuity on US.
Presently, contrast-enhanced ultrasound (CEUS) is widely used
in clinical practice and it provides significant contribution to
the diagnosis of HCC (11, 12). On CEUS, we can distinguish the
viable portion of HCC from the ablative necrotic one by the
presence or absence of enhancement, and we can perform an
image-guided ablation of this viable HCC. In addition, other
technological advancements allow two-dimensional (2D)
multiplanar reconstruction (MPR) images of CT or MRI to
display in the same plane as US images. Consequently, fusion
imaging becomes a powerful technique to detect poor
conspicuous HCC on US. Moreover, image fusion technology
contributes to the progress of ablation therapy as well as
other fields.

This article reviews the principles, clinical applications, and
techniques of US image-guidance in ablation therapy including
CEUS and fusion imaging.
CEUS-GUIDED ABLATION

Contrast Agents and Pharmacokinetics
Contrast agents, such as SonoVue/Lumason (Bracco, Milan,
Italy) and Sonazoid (GE Healthcare, Waukesha, WI, USA), are
microbubbles containing a low-solubility gas enveloped by a
phospholipid shell. These microbubbles provide stable non-
linear oscillation in a low-power acoustic field because of their
hard shells, thereby displaying vascular pattern in real-time.
However, Kupffer cells of the liver engulf the contrast agent
(especially sonazoid). Therefore, sonazoid microbubbles can
accumulate in the liver parenchyma, thereby displaying
enhancement of the liver parenchyma for a considerable
period (13).

Regarding CEUS, the standard protocol for the examination
of the liver consists of two main phases: the vascular and
Kupffer phases (14–17). The vascular phase can be divided
into three phases. These include the arterial phase (15 s after
injection and lasting for 25–30 s), portal phase (30 s after
injection and lasting for 2–3 min), and late vascular phase (4–7
min). The Kupffer phase starts 10 min post-injection of
Sonazoid. The key diagnostic feature of HCC with SonoVue/
Lumason is the hyper-enhancement seen in the arterial phase
followed by a clearance seen in the portal and/or late phase.
Similarly, we observe a hyper-enhancement in the arterial
phase followed by defect in the Kupffer phase with sonazoid.
In addition, repeated contrast injections are also useful for
diagnosis of HCC. This procedure termed “defect reperfusion
imaging” or “the re-injection technique” can diagnose HCC in
the presence of arterial enhancement(s) in a defective lesion/
wash-out (18–20).
Frontiers in Oncology | www.frontiersin.org 2138
Technique of CEUS Guidance
Prior to ablation therapy, we can use CEUS to assess the HCC
lesion size, number, margins, and relationship with the
surrounding liver vasculature. The diagnostic accuracy of
CEUS (using SonoVue or Sonazoid) for poorly conspicuous
HCC is 93.8–100%, similar to contrast-enhanced CT or MRI
(21–24). Thus, CEUS facilitates needle placement in HCC poorly
conspicuous on B-mode US, such that the defect/wash-out lesion
signifies the target insertion point. Moreover, we can administer
US contrast agents repeatedly in order to guide percutaneous
ablation of multiple lesions.

Sometimes, it is difficult to differentiate local HCC tumor
progression from ablative necrotic areas because both similarly
show hypoenhancement lesions in the late vascular/Kupffer phase.
Consequently, the defect reperfusion imaging becomes very useful
in the confirmation of viable HCCs that are otherwise
undetectable on US (20). Nevertheless, it is sometimes difficult
to depict HCC with low-contrast images in the late vascular/
Kupffer phase in severe liver cirrhosis. In other words, we
experience a weak contrast brightness intensity of liver
parenchyma due to a decrease of portal blood flow and number
of Kupffer cells in the liver. Therefore, in such situations, we must
administer a higher dose of US contrast agent to patients in order
to improve contrast brightness intensity.

Evidence of CEUS-Guided
Ablation Therapy
CEUS guidance in ablation therapy has increased operators’
confidence and improved the outcome. It was reported that the
success rate at first session of CEUS was significantly higher than
that in B-mode US guidance for poor conspicuous HCC (94.7
versus 65.0%, p = 0.043) (25). Some previous cohort studies
found that the number of sessions was significantly smaller with
CEUS guidance than with B-mode US guidance (26, 27).
Another study demonstrated that the local control rate was
higher with CEUS guidance than with B-mode US guidance
(85.3 versus 66.4% at 2 years, p = 0.044) (28). Moreover, CEUS
easily recognizes serious acute complications including active
bleeding or hepatic infarction, which is not the case with B-mode
US guidance (29). CEUS may show active hemorrhage as
extravasation of microbubbles through the needle tract and
hepatic infarction as a hypoenhancement lesion.
FUSION IMAGING-GUIDED ABLATION

Applications of Fusion Imaging
The commercial image fusion platforms include Real-Time
Virtual Sonography (RVS) (Hitachi, Tokyo, Japan), volume
navigation (v-nav) (GE Healthcare, Waukesha, WI, USA),
SmartFusion (Canon Medical systems, Tokyo, Japan), eSie
Fusion Imaging (Siemens Healthcare, Erlangen, Germany), and
PercuNav (Philips, Andover, MA, USA).

Cross-sectional MPR images from 3D-volume data allow
virtual sonographic images, and magnetic tracking based on
mapping of a 3D magnetic field. When using fusion imaging,
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we can obtain spatial information from the relationship between
the magnetic field generator and the magnetic sensor attached to
the US probe. By integrating the spatial information between the
US probe and 3D volume data, a 2D-MPR image can show the
same plane and move synchronously with real-time US images
(30–32). CT/MR-US fusion imaging provides synchronous
images of CT/MRI with real-time US (Figure 1). US-US fusion
imaging provides synchronous US images before and after
ablation (Figure 2). Moreover, it can visualize the ablative
margins on US before ablation because it projects the tumor
image onto the ablation zone.

Technique of Fusion Imaging Guidance
To operate effectively using fusion imaging technology, there is a
need to match (co-register) the 3D image datasets with the real-time
US; that is, we need to register the reference points near the tumor
carefully. When the CT/MRI and US images are well-matched,
inconspicuous HCC can be identified. Thus, CT/MR-US fusion
imaging can increase the detectability of small HCCs compared to
B-mode US. However, the gap in co-registration can persist in some
situations. For example, imaging gap occurs because the depths of
breath-holds in CT and sonographic examinations vary. Originally,
CT/MR-US fusion imaging offer no support for synchronized
action of breathing with any diagnostic US scanners at present.
However, the priority is for the operator to catch the tumor location
on US because the operator inserts the therapeutic needle watching
on an US monitor under patients’ breathing. Not so strictly image
matching is necessary for inserting the therapeutic needle into the
tumor in fact.

In contrast, succinct co-registration accuracy (in mm) can be
required when assessing an ablative margin. For high quality
images, a 3D-UD volume has to be obtained by a swing scanning
with slow and steady speed. For high-quality image matching, we
need to register the reference points near the tumor before and
after the ablation more carefully.
Frontiers in Oncology | www.frontiersin.org 3139
Evidence of Fusion Imaging-Guided
Ablation Therapy
CT/MR-US Fusion Imaging
According to some retrospective studies, the success and local
tumor progression rates using RFA guided by CT/MR-US fusion
imaging (for poorly conspicuous HCC on B-mode US) were 94.4–
100% and 0–8.3%, respectively (33–37). According to a prospective
study by Ahn et al. (38), CT/MR-US fusion imaging significantly
improved the tumor visibility and operators’ confidence compared
to B-mode US alone (p < 0.001). Consequently, the recurrence-free
survival rates were 86.0 and 75.8% at 12- and 24-months,
respectively. The cumulative incidences of local tumor progression
were 3.2 and 4.7% at 12- and 24-months, respectively.

US-US Fusion Imaging and US-US Overlay Fusion
Successful ablation therapy requires a wide ablation zone
(including the tumor with ablative safety margin) in order to
restrain local tumor progression. Although fusion imaging
improves the visualization of HCC, some factors limit a 5-mm
safety margin. These include large tumor size, tumor
morphology, vasculature around the tumor, subcapsular tumor
location, and gas bubbles in ablation zone (39, 40). Gas
formation in particular, could envelope the tumor leading to a
blind assessment of the ablative margin on US. Therefore, this
ablative margin assessment technique was revised in order to
overcome this challenging issue of a 5-mm safety margin.

US-US fusion imaging is used to compare images before and
after ablation in a side-by-side manner, and US-US overlay fusion
visualizes the ablative margin by focusing on the ablation zone of
the projected tumor image (41–45). We achieved 5-mm safety
margins in 89.3% (108/121) of HCC nodules using the US-US
overlay fusion technique compared to 47.0% (213/453) in the
conventional guidance group (P < 0.01). Two-year local tumor
progression rates were 0.8% (1/121) with US-US overlay fusion and
6.0% (27/453) with conventional guidance (P = 0.022) (46).
FIGURE 1 | MR-US fusion imaging. MRI and US images with HCC measuring 1.8 cm in diameter are well-matched. B-mode US (left) shows a slightly hyperechoic
nodule with ill-defined HCC (open arrow) from intercostal view. Hepatobiliary phase image of gadoxetic acid-enhanced MRI (right) shows low signal intensity with ill-
defined HCC (arrow).
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A

B

C

FIGURE 2 | US-US fusion imaging and US-US overlay fusion. (A) CT-US fused image shows locally progressed hepatocellular carcinoma (HCC) (arrows) touching
ablative necrosis (arrow heads) due to previous ablation. (B) US-US fusion imaging displays HCC colorized as green before ablation (right) and ablative hyperechoic zone
(arrowheads) due to the present ablaion (left). (C) US-US overlay fusion demonstrates the green colorized HCC inside the ablative hyperechoic zone concentrically.
A B

FIGURE 3 | The combination of contrast-enhanced US (CEUS) and fusion imaging. (A) CEUS with Sonazoid shows arterial enhancement of locally progressed
hepatocellular carcinoma (HCC) (arrow). (B) The combination of Kupffer image on contrast-enhanced US (CEUS) and fused CT image demonstrates viable HCC
(arrow) sandwiched between an ablated tract (arrow heads) and a necrotic tumor (open arrows).
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THE COMBINATION GUIDANCE OF CEUS
AND FUSION IMAGING

Operators may attempt CEUS fused with CT/MR image when CT/
MR-US fusion imaging fails to identify HCCs. Either CEUS or
fusion imaging provides an inadequately favorable condition for
ablation therapy. Therefore, the combination of fusion imaging and
CEUS is the last option (Figure 3). Even in difficult situations, we
observed no significant differences in the number of treatment
sessions required to obtain technical success of ablation between
CEUS, fusion imaging, and the combination guidance (47). In
addition, the combined guidance could be preferred for recurrent
subcentimeter HCCs (48–50). This technique ablation may be
expanded to intermediate stage HCC (51). However, CEUS has
some detection limits for deep lesion, hypovascular HCC in a
cirrhotic liver and lesions located in the subdiaphragrnatic
regions. Therefore, we would like to recommend you choose
fusion imaging guidance first.
CONCLUSION

CEUS and fusion imaging are relevant to identify HCC with poor
conspicuity. Therefore, operators can perform ablation therapy
with more confidence. CEUS/fusion imaging guidance has
Frontiers in Oncology | www.frontiersin.org 5141
improved the clinical effectiveness of ablation therapy in
poorly conspicuous HCC patients. However, CEUS or fusion
imaging is limited in some situations. For example, HCC is
unclear on CEUS either because the tumor location is deeper
than 10 cm, the CT/MRI and US images could not be finally well-
matched, or HCC is hidden behind bone or lung/bowl air. To
overcome such situations, understanding the characteristics of
each imaging guidance technique is key to identifying and
managing poor conspicuous HCCs. No hostile relationship for
ablation guidance between CEUS and fusion imaging.
Occasionally, we can choose the combined guidance CEUS
with fusion imaging in the most difficult situations. At least,
we have to refrain from performing ablation therapy for poor
conspicuous HCC with a simplistic strategy. CEUS/fusion
imaging guided ablation therapy can provide longer
recurrence-free survival rates and lower local tumor
progression rates. Therefore, CEUS and fusion imaging can
support the development of so-called “precise ablation.”
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Background: Uterine fibroids are common benign tumors among premenopausal

women. High- intensity focused ultrasound (HIFU) is an emerging non-invasive

intervention which uses the high-intensity ultrasound waves from ultrasound probes to

focus on the targeted fibroids. However, the efficacy of HIFU in comparison with that of

other common treatment types in clinical procedure remains unclear.

Objective: To investigate the comparative effectiveness and safety of HIFU with other

techniques which have been widely used in clinical settings.

Methods: We searched the Cochrane Central Register of Controlled Trials, PubMed,

EMBASE, Cumulative Index to Nursing & Allied Health Literature, Web of Science,

ProQuest Nursing & Allied Health Database, and three Chinese academic databases,

including randomized controlled trials (RCTs), non-RCTs, and cohort studies. The primary

outcome was the rate of re-intervention, and the GRADE approach was used to interpret

the findings.

Results: About 18 studies met the inclusion criteria. HIFU was associated with an

increased risk of re-intervention rate in comparison with myomectomy (MYO) [pooled

odds ratio (OR): 4.05, 95% confidence interval (CI): 1.82–8.9]. The results favored HIFU

in comparison with hysterectomy (HYS) on the change of follicle-stimulating hormone

[pooled mean difference (MD): −7.95, 95% CI: −8.92–6.98), luteinizing hormone (MD:

−4.38, 95% CI: −5.17−3.59), and estradiol (pooled MD: 43.82, 95% CI: 36.92–50.72)].

HIFU had a shorter duration of hospital stay in comparison with MYO (pooled MD:−4.70,

95% CI:−7.46−1.94, p< 0.01). It had a lower incidence of fever (pooled OR: 0.15, 95%

CI: 0.06–0.39, p< 0.01) and a lower incidence of major adverse events (pooled OR: 0.04,

95% CI: 0.00–0.30, p < 0.01) in comparison with HYS.
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Conclusions: High-intensity focused ultrasoundmay help maintain feminity and shorten

the duration of hospital stay. High-quality clinical studies with a large sample size, a

long-term follow-up, and the newest HIFU treatment protocol for evaluating the re-

intervention rate are suggested to be carried out. Clinical decision should be based on

the specific situation of the patients and individual values.

Keywords: high intensity focused ultrasound (HIFU), uterine fibroids, meta-analysis, myomectomy, uterine arterial

embolisation

INTRODUCTION

Uterine fibroids are common benign tumors which are rich
in extracellular matrix among premenopausal women (1, 2).
Fibroids can cause severe menstrual bleeding and menorrhagia,
which may lead to iron deficiency anemia. Large fibroids
can lead to pelvic pain and pressure on the rectum with
painful or difficult defecation. Fibroids are the potential
causes of recurrent miscarriages (3, 4). The conventional
surgical approaches to fibroid treatment comprise hysterectomy
(HYS) or abdominal myomectomy (MYO) for those desiring
uterine preservation. Physicians are seeking new ways to treat
uterine fibroids, which may allow patients to avoid invasive
surgery. Minimally invasive techniques for the treatment of
uterine fibroids have been developed in recent years, such as
high-intensity focused ultrasound (HIFU), laparoscopic MYO,
uterine artery embolization (UAE), and radiofrequency ablation
(RFA) (5–7).

High-intensity focused ultrasound is an emerging
intervention which uses the high-intensity ultrasound waves
from ultrasound probes to focus on the targeted fibroids. It
is a non-invasive technique that causes instant coagulated
necrosis in a well-circumscribed area of a few millimeters in
diameter and can be performed under the guidance of either
MRI or ultrasound. HIFU has been increasingly performed
in China and has now become a preferred therapy of uterine
fibroids in some hospitals, especially for women with fibroid-
associated bulk symptoms who desire for uterine-sparing and
fertility-sparing surgeries.

Recent studies have compared the effectiveness of HIFU with
that of some treatment techniques. Nevertheless, the results
obtained from individual studies are sometimes contradictory.
At present, the comparative benefits and risks of HIFU for the
treatment of uterine fibroids remain unclear. The objective of the
present systematic review and meta-analysis is to evaluate the
comparative effectiveness and safety of HIFU in the treatment
of uterine fibroids. We specifically aimed to compare HIFU
with different techniques which have been widely used in
clinical practice.

Abbreviations: HIFU, high-intensity focused ultrasound; UAE, uterine artery

embolization; MYO, myomectomy; HYS, hysterectomy; RFA, radiofrequency

ablation; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2,

estradiol; MRIgHIFU, magnetic resonance image-guided HIFU; USgHIFU,

ultrasound-guided HIFU.

MATERIALS AND METHODS

Search Strategy and Study Selection
Trials were identified by searching the Cochrane Central
Register of Controlled Trials (CENTRAL), PubMed, EMBASE,
Cumulative Index to Nursing & Allied Health Literature
(CINAHL), Web of Science, and ProQuest Nursing & Allied
Health Database. A search of Chinese academic databases,
including Wanfang Data, VIP Chinese Science and Technique
Journals Database (VIP-CSTJ), and China National Knowledge
Infrastructure (CNKI), was also carried out. Among the studies
published in Chinese journals, only the journals indexed by the
ExLibris Chinese Core Journal Searching Systemwere considered
to reduce publication bias. The protocol of this systematic review
has been registered at PROSPERO (No. CRD42018115773).
Databases were searched on July 8, 2020. A detailed search
strategy was given (Appendix 1). There were no limitations to
languages of the included studies. Reference lists were examined
for any additional relevant studies which were not identified
through the search. Randomized controlled trials (RCTs), non-
RCTs, and cohort studies were included in the review.

Two review authors (Wang Y and Geng JS) independently
screened all titles and abstracts of publications identified by
the search to assess their eligibility. We excluded at this stage
the publications that did not meet the criteria. Following the
screening, we assessed the full texts of eligible citations for
inclusion. We reached a consensus on the selection of trials
and the final list of studies. We consulted a third member of
our review team (Dong JC) when a consensus could not be
reached. The inclusion criteria for the full text were observational
studies, RCTs, or non-RCTs published in English before July 8,
2020, which provide data on the clinical assessment of outcomes
of patients with uterine fibroids after being treated with HIFU
and the other clinically used techniques as comparison groups.
In order to build a more comprehensive database concerning
this subject, there is a need for the inclusion of publications in
Chinese or other languages in our study. The following criteria
were used for exclusion: (1) reviews, conference abstracts, case
reports, opinions, and comments; (2) patients having undergone
earlier treatment for uterine fibroids; (3) no outcome of interest
was found; and (4) no suitable data (no standard deviation or
interquartile range) can be used for statistical analysis.

Eligibility Criteria
(a) Types of participants: Women with a definite diagnosis of

uterine fibroids, regardless of age, were included. Patients
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who had previous intervention for fibroids were excluded;
(b) Types of intervention and comparison: Both MRI-
guided HIFU (MRIgHIFU) and ultrasound-guided HIFU
(USgHIFU) were included. Comparison groups comprised
of techniques other than HIFU, which were usually used
in clinical practice, such as UAE, RFA, MYO (including
laparoscopy MYO), and HYS.

Data Extraction
The following metrics were extracted from the eligible articles:
(a) study characteristics: first author name, publication date,
participant factors (patient’s age, number, fibroid size), trial
design, details of intervention and control, and follow-up
information; (b) primary outcome: the rate of re-intervention
after using HIFU or comparative techniques; and (c) secondary
outcomes: defining the incidence of abnormal pregnancy in
the abnormal pregnancy percentage for those patients with
uterine fibroids who got pregnant after the treatment with
HIFU or comparative techniques. The change of serum
sex hormones, including follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and estradiol (E2), was assessed. The
days of hospital stay for patients with uterine fibroids during the
treatment period were calculated. The incidence of complications
and adverse events were noted. Significant clinical complications
were defined as fever within 2–3 days after the treatment,
and the incidence of patients experiencing at least one major
adverse event within 6 weeks after the treatment. Studies without
having any of the abovementioned outcomes were excluded from
the meta-analysis.

Assessment of Risk of Bias
The risk of bias of RCTs was assessed according to “The
Cochrane Collaboration’s tool” (8). The characteristics of
RCTs were evaluated as follows: randomization, allocation
concealment, blinding of outcome assessment, incomplete
outcome data, and selective reporting. The risk of bias of
non-RCTs was assessed according to “Methodological Index
for Non-randomized Studies” (MINOS) (9). We deleted the
item “‘endpoints appropriate to the aim of the study” from
MINOS since not every end point of the published papers was
included in our systematic review. Therefore, the remaining
11 characteristics of non-RCTs were evaluated. Cohort studies
were assessed in accordance with a “Newcastle-Ottawa Quality
Assessment Scale” (NOS) (10). Characteristics of cohort studies
including the selection of cohorts, comparability of cohorts, and
the outcomes were evaluated.

The GRADE approach (11) was used to interpret findings for
the primary outcomes, and the GRADE profile allowed us to
import data from Review Manager 5.3 to create “Summary of
findings” tables. We downgraded the evidence quality from “high
quality” by one level for serious (or by two for very serious) study
limitations (risk of bias), inconsistency, indirectness of evidence,
imprecision of effect estimates, or potential publication bias.

Data Synthesis and Statistical Analysis
Data synthesis and statistical analysis were presented using
Review Manager 5.3 (RevMan, Review Manager 5.3). We

used odds ratio (OR) with 95% confidence interval (CI) for
dichotomous data. We used mean difference (MD) with 95% CI
for continuous data when data were provided as mean and SD.
The heterogeneity of intervention has effects among the studies
using the standard Chi-square test (p-value). We considered
a value of p < 0.10 as evidence of heterogeneity (8). In case
of no substantial or considerable heterogeneity, we utilized a
fixed-effects model in the data synthesis. Otherwise, we used
a random-effects model. Moreover, a subgroup analysis was
designed for each outcome according to the different types of
comparisons. In addition, a sensitivity analysis was performed to
evaluate the stability of this meta-analysis, and an intention-to-
treat analysis was conducted when available to test the robustness
of the results. Finally, the Begg–Mazumdar’s rank test and the
Egger’s regression test were used to assess publication bias, in
which a value of p < 0.05 was considered statistically significant.
We only evaluated the publication bias of fever rate, since the
number of included studies of other outcomes was less than
seven, which was considered not sufficient for an analysis.

RESULTS

Study Characteristics
About 18 studies were included in the review (12–27). About
three were RCTs (16, 18, 21), seven were non-RCTs (12, 15, 17,
22–24, 26), and eight were cohort studies (13, 14, 19, 20, 25, 27–
29). In Barnard et al. (19), only the cohort data were included in
the meta-analysis. One study (17) was carried out in 14 medical
centers in USA, Israel, UK, and Germany, and the other studies
were conducted in China (n = 13), USA (n = 1), Germany
(n= 1), The Netherlands (n = 1), and Israel (n = 1). The
average age of women who participated in the included studies
ranged from 33.60 to 46.54 years. PRISMA Flow diagram of study
selection is listed in Figure 1. Characteristics of included studies
are listed in Table 1.

About three RCTs with unclear risk of bias were included
in the systematic review. For seven non-RCTs, the average
score was 15.4 according to MINOS, indicating the moderate
quality. Blinding was not used in the non-RCTs, and some
objective outcomes, such as abnormal pregnancy and serum
sex hormones, were unlikely to be influenced by the lack of
blinding. However, according to MINOS, only the reported and
adequate items could be given two scores. Seven of the eight
included cohort studies were equal to or more than six stars
according to NOS, which suggested a moderate quality. Detailed
information on the summary of the risk of bias is presented in
Supplementary Tables 1–3.

Meta-Analysis
Primary Outcomes

Rate of Re-intervention
High-intensity focused ultrasound was associated with an
increased risk of re-intervention rate in comparison with UAE
(pooled OR: 11.99, 95% CI: 5.17–27.83, p < 0.01) and MYO
(pooled OR: 4.05, 95% CI: 1.82–8.99, p < 0.01) (Figure 2).

The results from the intention-to-treat analysis also found
an increased risk of re-intervention for HIFU in comparison
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FIGURE 1 | A PRISMA FlowChart of study selection.

with UAE (pooled OR: 9.33, 95% CI: 4.26–20.47, p < 0.01)
and MYO (pooled OR: 4.51, 95% CI: 2.02–10.07, p <

0.01) (Supplementary Figure 1). The sensitivity analysis did
not change the increased re-intervention rate for HIFU in
comparison with UAE and MYO (Supplementary Figure 2).

The GRADE evidence profile is given in
Supplementary Table 4, which lists the results of relative
effects and absolute effects. The overall quality of evidence
regarding HIFU vs. UAE and HIFU vs. MYO was moderate and
low, respectively.
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TABLE 1 | Characteristics of included studies.

References Study design Setting No. of patients Age of participants

(years)*

Manufactures of HIFU Outcomes of interests (duration of

follow-up after treatment)

Taran et al. (17) Non-RCT 14 medical centers

in USA, Israel, UK

and Germany

HIFU:109

HYS: 83

HIFU:44.8 ± 4.9;

HYS:44.4 ± 5.6

InSightec Fever (2 days)

Meng et al. (16) RCT China HIFU: 50

RFA: 50

HIFU:35.6 ± 6.0;

RF:39.2 ± 5.7

Shanghai Aishen Technology Fever (2 days)

Chen et al. (12) Non-RCT China HIFU: 30

MYO(abdominal/laparoscopic

MYO):30

HYS: 30

HIFU:38.8;

MYO:38.4;

HYS:39.1

Chongqing Haifu Technology Change of serum sex hormones (6 months)

Froeling et al. (13) Retrospectivecohort study Germany HIFU: 36

UAE: 41

HIFU:36.2(29.2–41.0);

UAE:42.7(33.6–52.2)

InSightec Rate of re-intervention (60.7–61.9 months)

Liu et al. (15) Non-RCT China HIFU: 30

HYS: 30

HIFU:39.25 ± 3.08;

HYS:41.13 ± 3.22

Chongqing Haifu Technology Change of serum sex hormones (1 year)

Wang et al. (18) RCT China HIFU: 60

MYO (abdominal MYO): 60

HIFU:39.92 ± 5.07;

MYO:38.60 ± 4.36

Chongqing Haifu Technology Fever (3 days)

Ikink et al. (14) Retrospective cohort study Netherlands HIFU: 51

UAE: 68

HIFU:46(43–49);

UAE:43(41–46)

Philips Healthcare Rate of re-intervention (1 year)

Wang et al. (23) Non-RCT China HIFU: 89

MYO (laparoscopic MYO): 41

HIFU:37.9 ± 5.5;

MYO:38.4 ± 5.0

Chongqing Haifu Technology Days of hospital stay;

Fever (2 days);

Major adverse events (42 days)

Wang et al. (24) Non-RCT China HIFU: 86

HYS: 81

HIFU:33.6 ± 4.6;

HYS:34.1 ± 4.7

Chongqing Haifu Technology Fever (2 days);

Major adverse events (42 days)

Xu et al. (26) Non-RCT China HIFU: 30

MYO (laparoscopic MYO): 34

Both groups:37.7 Chongqing Haifu Technology Change of serum sex hormones (6 months)

Barnard et al. (19) * Prospective cohort study USA HIFU: 43

UAE: 40

HIFU:44.0 ± 4.3;

UAE:44.3 ± 5.2

InSightec Rate of re-intervention (42 days);

Major adverse events (42 days)

Lin et al. (22) Non-RCT China HIFU: 60

UAE: 54

HIFU:39.5 ± 7.4;

UAE: 38.7 ± 6.2

Chongqing Haifu Technology Incidence of abnormal pregnancy (2 years);

Change of serum sex hormones (2 years);

Fever (2 days)

Xiong et al. (25) Retrospective cohort study China HIFU: 206

MYO (laparoscopic MYO): 317

HIFU:41.37 ± 5.68;

MYO:40.48 ± 5.58

Chongqing Haifu Technology Rate of re-intervention (1.5–4 years);

Incidence of abnormal pregnancy (1.5–4

years);

Days of hospital stay

Chen et al. (20) Prospective cohort study China HIFU: 1,353

MYO (abdominal/laparoscopic

MYO): 586

HYS: 472

HIFU:41.31 ± 5.08;

MYO:40.93 ± 5.02;

HYS:46.54 ± 3.48

Chongqing Haifu Technology Rate of re-intervention (1 year);

Days of hospital stay;

Fever (2 days);

Major adverse events (30 days)

Li et al. (21) RCT China HIFU: 60

MYO (laparoscopic MYO): 60

HIFU:38.4 ± 5.4;

MYO:39.3 ± 6.82

Chongqing Haifu Technology Incidence of abnormal pregnancy (3 years);

Days of hospital stay

Mohr-Sasson et al. (27) Retrospective cohort study Israel HIFU: 68

MYO#(laparoscopic MYO): 64

HIFU:44(38–47);

MYO:38(34–43)

InSightec Rate of re-intervention (31–36 months)

(Continued)
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Secondary Outcomes

Incidence of Abnormal Pregnancy
Lin et al. (22) analyzed the incidence of abnormal pregnancy
betweenHIFU andUAE. The results obtained from this study did
not find any statistical differences between these two techniques
(OR: 1.20, 95% CI: 0.42–3.40, p= 0.73) (Figure 3).

Statistically significant differences were not found when
comparing HIFU with MYO (pooled OR: 0.82, 95% CI:
0.46–1.46, p = 0.50). The results obtained from the intention-
to-treat analysis did not present any change to the conclusion
(Supplementary Figure 3).

Change of Serum Sex Hormones From Baseline
There were no statistically significant differences between
HIFU and MYO on the FSH, LH, and E2 levels (Table 2,
Supplementary Figures 4–6).

However, HIFU seemed to be better in terms of maintaining
the serum FSH, LH, and E2 levels in comparison with HYS
(Table 3, Supplementary Figures 4–6).

Furthermore, Lin et al. (22) compared the change of
serum sex hormones between HIFU and UAE. Data from
this study did not find any statistically significant differences
between these two techniques for FSH (MD: −0.20, 95% CI:
−0.91–0.51, p = 0.58), LH (MD: 0.10, 95% CI: −0.55–0.75, p
= 0.76), and E2 (MD: −1.00, 95% CI: −7.42–5.42, p = 0.76)
(Supplementary Figures 4–6).

Days of Hospital Stay
Although statistical heterogeneity was found for the included
studies (p < 0.01, I2 = 93%) (Figure 4), the direction of
the individual studies remains the same and the results of
meta-analysis favored the shorter duration of hospital stay for
HIFU in comparison with MYO (pooled MD: −4.70, 95% CI:
−7.46−1.94, p < 0.01).

The results from the included study (20) also favored HIFU
in comparison with HYS (MD: −6.90, 95% CI: −7.24−6.56,
p < 0.01).

Incidence of Complications and Adverse
Events
Incidence of Fever
Meta-analysis showed a lower incidence of fever in HIFU in
comparison with MYO (pooled OR: 0.13, 95% CI: 0.04–0.50,
p < 0.01); HIFU could also decrease the incidence of fever in
comparison with HYS (pooled OR: 0.15, 95% CI: 0.06–0.39,
p < 0.01) (Figure 5).

The sensitivity analysis showed the beneficial effects of HIFU
in comparison with HYS (Supplementary Figure 7). However,
only one study (23) was included in the sensitivity analysis to
compare the incidence of fever between HIFU and MYO, and no
significant statistical differences were identified.

Lin et al. (22) investigated the incidence of fever in HIFU in
comparison with UAE, and the results favored HIFU (OR: 0.09,
90% CI: 0.04–0.21, p< 0.01). The results obtained from the study
by Meng et al. (16) favored HIFU in comparison with RFA (OR:
0.19, 90% CI: 0.04–0.93, p= 0.04).

Frontiers in Oncology | www.frontiersin.org 6 March 2021 | Volume 11 | Article 600800149

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Wang et al. Meta-Analysis of HIFU for Uterine Fibroids

FIGURE 2 | The re-intervention rate of HIFU in comparison with other techniques.

FIGURE 3 | Abnormal pregnancy incidence of HIFU in comparison with other techniques.

TABLE 2 | Meta-analysis of serum sex hormones change between HIFU and

MYO.

Outcome

measure

Number of

studies

Test for

heterogeneity

(P-value)

Pooled MD (95%

CI)

Test for

overall

effect

(P-value)

FSH 2 (12, 26) 0.93 0.00 (−0.58 0.59) 0.99

LH 2 (12, 26) 0.65 −0.11 (−0.73 0.51) 0.73

E2 2 (12, 26) 0.61 1.14 (−3.29 5.57) 0.24

Incidence of Major Adverse Events
The results of the meta-analysis did not found statistical
significant differences between HIFU and MYO (pooled OR:
0.11, 95% CI: 0.00–4.41, p < 0.01) (Figure 6). However,

TABLE 3 | Meta-analysis of serum sex hormones change between HIFU and HYS.

Outcome

measure

Number of

studies

Test for

heterogeneity

(P-value)

Pooled MD (95%

CI)

Test for

overall

effect

(P-value)

FSH 2 (12, 26) 0.60 −7.95 (−8.92 −6.98) <0.01

LH 2 (12, 26) 0.02 −4.38 (−5.17 −3.59) <0.01

E2 2 (12, 26) 0.73 43.82 (36.92 50.72) <0.01

significant heterogeneity among the included studies was
identified (p < 0.01).

The meta-analysis favored the lower incidence of major
adverse events in HIFU in comparison with HYS (pooled OR:
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FIGURE 4 | Hospital stay of HIFU in comparison with other techniques.

FIGURE 5 | Fever incidence of HIFU in comparison with other techniques.
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FIGURE 6 | Major adverse events of HIFU in comparison with other techniques.

0.04, 95% CI: 0.00–0.30, p < 0.01). Although heterogeneity
of the included studies was identified (p < 0.01), the results
of the individual studies were consistent with those of
the meta-analysis.

No statistical significant difference was identified between
HIFU and UAE from the included study (19) (OR: 0.68, 95% CI:
0.14–3.22, p= 0.62).

Assessment of Bias Across Included Studies
No significant publication bias was observed in the outcome of
fever rate (Begg–Mazumdar’s test: p= 0.81, Egger’s test: p= 0.58).

DISCUSSION

Uterine fibroids are the most common tumors of the female
reproductive tract. Due to lack of the latest published synthesized
evidence on primary studies on the relative efficacy and safety
of the different types of treatment techniques, choosing the
best option for a patient might sometimes become difficult.
When counseling a patient about the different treatment options,
the re-intervention risk is a crucial aspect to consider. We
demonstrated that HIFU had the least promising outcome
regarding the re-intervention incidence in comparison with
UAE and MYO. Our results are consistent with another
meta-analysis (30), which showed that the cumulative risk of
re-intervention for UAE is 14.4% and for HIFU is 54% at
60 months after initial therapy. Previous studies (31–33) have
demonstrated that the non-perfused volume (NPV) ratio is an
optimal predictor of re-intervention rates, and the fibroids with

NPVs more than 50–60% were less likely to need additional
treatments. Verpalen et al. (33) conducted subgroup analyses
of HIFU stratified by treatment protocols and found that
the re-intervention rates in an unrestrictive protocol of HIFU
are significantly lower than those of a restrictive protocol
after a 7-years follow-up. However, the studies included in

the review did not classify patients from the HIFU group
according to characteristics of fibroids and a specific HIFU

treatment option. Hence, the outcomes of our study should
be interpreted cautiously, which possibly cause an underlying

confoundingresult. In the future, high-quality clinical studies

should be implemented to achieve more specific results to

guarantee further modification of treatment protocol after
evaluating the individual condition. Wang et al. (34) compared
the efficacy of HIFU and other uterine-sparing surgeries for
the treatment of submucosal fibroids with an deep intramural
extension, concluding that HIFU had lower re-intervention rates.
Simon et al. (35) implemented a novel HIFU treatment using a
modified energy transmission and oxytocin augmentation, which
resulted in lower re-intervention rates in comparison with UAE.
Moreover, a few studies (36, 37) pointed out that the ablation
effect of HIFU could be enhanced by using a microbubble
contrast agent, which could significantly increase the post-
operative NPV ratio and reduce the incidence of recurrence of
uterine fibroids.

Hysterectomy is the most common treatment for
symptomatic fibroids and is considered to be the definitive
therapy. HYS was recommended for premenopausal women
who had no wish to preserve their fertility (38). However,
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childbearing-age women with multiple submucosal and
intramural fibroids presented with menorrhagia and pelvic pain
also desire future pregnancies and was concerned about the
loss of femininity. To date, MYO remains the gold standard
for treating fibroid-related symptoms in women who desire
fertility preservation. It was recommended by the guideline that
MYO might be considered to optimize pregnancy outcomes
in women with asymptomatic cavity-distorting myomas
(39). In a systematic review (40), MYO has higher successful
pregnancy rates (75.6%) in comparison with UAE (60.6%),
which might be explained by a high risk of disruption of
blood supply to the ovary and intima after the UAE treatment.
Liu et al. (41) reported that a successful vaginal delivery rate
after the HIFU ablation had reached 80.8%. Other studies
(28, 42) reported that pregnancy outcomes of HIFU were not
compromised, and in comparison with laparoscopic MYO,
HIFU is conducive to decreasing cesarean delivery rate since
HIFU focuses on the lesion without damaging the surrounding
normal tissue of the uterine. On the contrary, conventional
surgery would have a high risk of pelvic cavity adhesion.
However, HIFU has a higher incidence of preterm birth, through
fetal distress.

Lee et al. (43) and Cheung et al. (44) assessed the changes
in anti-mullerian hormone levels after the ablation of uterine
fibroids, which also showed that HIFU did not impair ovarian
function. We found that HIFU presented an obviously advantage
over HYS with significantly less fluctuations in hormonal
mediators, and it is non-inferior to UAE and MYO. However,
the results should be interpreted with caution, since two of the
included studies (12, 26) analyzed the hormone levels only at 6
months after the treatment, and only one study (22) was included
to compare the change of serum sex hormones between HIFU
and UAE.

High-intensity focused ultrasound is associated with fewer
adverse events; therefore, the duration of hospital stay is
shorter. The reduction of the days of hospital stay has widely
attracted attention from policymakers as an important way
to improve efficiency and quality of medical care (45, 46).
High cost effectiveness of the protocol can largely alleviate
the economic and social burden. Nevertheless, there are no
current studies reporting the days of hospital stay by comparing
HIFU and other minimally invasive therapies like UAE
or RFA.

Patients have different preferences in regard to surgical
procedures and the potential risk of adverse outcomes.
Therefore, we analyzed the incidence of serious adverse
events. HIFU was also more favorable in comparison with
MYO and HYS on the incidence of major adverse events
after the treatment. In a multicenter large cohort study
(47), a total of 0.408% major complications of HIFU have
been observed, while in another study (48), laparoscopic
MYO had an incidence of 3.5% significant complications.
Meanwhile, it is worth noting that Verpalen et al. (49)
demonstrated that there is a significant difference between
Sonalleve (17.6%) and Exblate (5.7%) when evaluating the rate of
adverse events.

Evidence for the use of HIFU in our systematic review was
mainly Available online at non-randomized studies, and robust
evidence of evaluating comparative efficacy and safety of HIFU
for the treatment of uterine fibroids in these studies remains
lacking. However, data from cohort studies and non-RCTs could
not be underestimated, since these studies can better mimic
the real clinical setting in comparison with RCTs (50–52).
Furthermore, RCTs are not always feasible to be conducted
in certain clinical circumstances. RCTs, non-RCTs, and cohort
studies are valuable to determine more accurate outcomes in
clinical practice.

CONCLUSION

This study provides clinicians with latest published comparative
evidence between HIFU and other widely used clinical treatment
methods. Currently, patients usually prefer less invasive options
for the treatment regardless of pregnancy. Our results found
that HIFU seemed to be safer and more effective than HYS.
HIFU was non-inferior to MYO in maintaining the serum sex
hormone levels, as well as the prevention of abnormal pregnancy,
and was more effective than MYO in reducing the incidence
of fever. HIFU could become a potential efficient technique to
shorten the duration of hospital stay. The comparative efficacy
and safety of HIFU with other types of minimally invasive
techniques, such as UAE, still deserve to be further assessed.
High-quality clinical studies with a large sample size and a long-
term follow-up are suggested to be performed in future to further
evaluate the re-intervention rate of HIFU, utilizing the advanced
treatment protocol and equipment in comparison with the other
treatment techniques.

It is crucial to realize the function of these treatment options
in various clinical scenarios so that appropriate consultation
could be performed. Patients should be informed of potential
benefits and harms and should be actively involved in the
choice of surgery. The treatment decision depends on the clinical
symptoms the desire of patients for subsequent fertility and
pregnancy, as well as efficacy and need for repeated interventions.
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Aim: The short-term and long-term efficacy of different thermal percutaneous ablation
techniques remains a topical issue. Our group implemented percutaneous laser ablation
(LA), a moving-shot technique to increase efficiency and reduce costs and variability of LA
by applying multiple lower-intensity energy illuminations (MLIEI) covering the nodular
volume (V) through changes in position of a single laser fiber within the thyroid nodule. The
aim of the present study was to evaluate the efficacy of the single-fiber LA-MLIEI during a
5-year follow-up and to identify possible predictors of the final outcome.

Methods: Prospective study: Thirty outpatients (23 women and seven men) with benign
symptomatic thyroid nodules were assigned to single-fiber LA-MLIEI, between 2012 and
2015. A single LA session was performed under real-time ultrasound (US) guidance using
a 1,064-nm continuous-wave laser at 3 W. A 400-µm optical fiber was inserted through a
21-gauge needle, and 3–10 illuminations were performed per nodule, administering
between 400 and 850 J/illumination. The total administered energy was calculated on
the initial V of the nodule and the estimated ablation area. US evaluation was performed
after LA-MLIEI at 1 week and 1, 3, 6, and 12 months and after that annually up to 5 years.
Clinical symptoms, laboratory thyroid function during follow-up, and acute and chronic
complications of treatment were registered.

Results: On follow-up, 67% (n: 20) were responders to single-fiber LA-MLIEI, while 33%
(n: 10) were non-responders. The responder group initiated V reduction (DV) at 1 month,
with remission of symptoms, and presented a 50% DV at 3 months of treatment; the
maximum response was achieved at 24 months and remained stable until the end of the
study. The non-responder group presented a DV of less than 50% at 12 months; though a
tendency to >50% DV was observed at 24–36 months, there was subsequent regrowth,
and 40% of this group required surgery. DV was positively correlated with the total
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administered energy/V (J/V) and inversely with nodule V. No severe adverse effects were
observed. Thyroid function remained normal in all patients. Remission of symptoms
occurred rapidly after 1 month.

Conclusions: LA with multiple fractional discharges employing a single fiber in a unique
session is a safe and inexpensive technique that allows rapid reduction of thyroid nodules,
with a stable response up to 5 years, similarly to what has been reported with the
conventional LA. Total nodule volume appears as a predictive factor of the reduction.
Keywords: single fiber, unique session, thyroid nodules, long-term response, short-term response
INTRODUCTION

Thermal ablation of thyroid nodules with laser ablation (LA),
radiofrequency ablation (RFA), and very recently microwaves
are nowadays increasing minimally invasive percutaneous non-
surgical techniques employed in the treatment of symptomatic
thyroid nodules that are benign at cytological assessment (1–5).
Moreover, they are under evaluation in the local treatment of
malignant nodules (6–11).

Initial results from heterogeneous studies comparing RFA and
LA showed significantly better results in volume (V) reduction for
RFA than LA, but LA included patients with larger nodules, and
RFA included patients with a higher cyst component. In the last
years, results from both prospective and retrospective multicentric
studies showed that both techniques induced a clinically significant
1–5 years of long-lasting V reduction, as well as symptom
improvement and preserved thyroid function in treated benign
thyroid nodules (12–22). The probability of regrowth needing
retreatment was lower after RFA and was associated with a
younger age, larger baseline V, and treatment with lower energy
delivery (18). Moreover, nodule decrease seemed to initiate earlier
for RFA (12, 20).

Both LA and RFA thermal percutaneous techniques are well
tolerated and demonstrated to be safe with an extremely low
incidence of major local acute or chronic side effects, depending
more on the operator experience and the intensity of the applied
treatment than on the type of the technique (22–25).

RFA technique consists of moving-shot ablation using a sole
probe (5, 12, 14, 16, 18, 20, 26). During LA, the number of fibers
employed during each treatment session depends on the nodule
V, with mostly one to two illuminations for each fiber (5, 13, 15,
17, 18, 20, 22, 25, 27). Although LA is considered a cost-effective
technique in a sole treatment, the use of multiple fibers per
session and the eventual need for retreatment increases the costs,
generating significant limitations for its use by public
healthcare systems.

The aim of the present study was to assess a modified LA
technique that intends to improve treatment response, reduce costs,
and, therefore, increase efficiency. We employed a single active LA
fiber in a unique session treatment covering the nodular V through
moving shots and repositioning the optic fiber withmultiple lower-
intensity energy illuminations (MLIEI). In this work, we report the
clinical results, safety, and possible predictors of the outcome of
LA-MLIEI during a 5-year follow-up.
2158
MATERIAL AND METHODS

Study Design
A prospective one-center non-randomized pilot study was
performed in patients with thyroid nodules with benign
cytology (single thyroid nodule or a multinodular goiter with a
dominant nodule) requiring permanent treatment due to the size
and/or compressive symptoms and who either rejected surgery
or could not be operated for medical reasons.
Patients
Patients with symptomatic benign thyroid nodules who rejected
surgery or presented a contraindication for surgery due to their
comorbidities were admitted between 2012 and 2015 at the
hospital outdoor clinic of the Endocrinology Department of
Hospital Clinic Barcelona. All nodules showed benign
ultrasound (US) characteristics. Fine-needle aspiration (FNA)
cytology was performed twice, and Bethesda 2 cytology was
required in all LA-treated nodules. The study was approved by
the Hospital’s Ethics Committee, and written informed consent
was obtained from all participants.

Inclusion criteria comprised patients with benign symptomatic
solid nodules superior to 25 mm in at least one diameter with local
compressive symptoms due to the anatomical position regarding
esophagus or trachea or cosmetic symptoms; benign cytological
findings (at least two, one in the last 12 months); normal free
thyroxine (T4); and normal or low thyrotropin [thyroid-
stimulating hormone (TSH)].

Exclusion criteria were a history of previous external
radiotherapy or radioiodine exposure, multinodular goiter
without a dominant nodule, overt hyperthyroidism, V, and
diameter below inclusion criteria.

Initial and Follow-Up Evaluations
Clinical evaluation and US assessment of all patients were
performed before LA at 1 week and 1, 3, 6, and 12 months
after the procedure, and afterward annually. In addition,
laboratory follow-up was performed at 1, 6, and 12 months
and annually after that.

Local symptoms were evaluated through a questionnaire
assessing the presence/absence of one or more of the following
symptoms: neck constriction, cervical tenderness, dysphagia,
dyspnea, and dysphonia. The clinical assessment of the signs of
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the nodular goiter was performed by visual inspection (presence
of a cervical lump visible at a distance of 1 m from the patient).

Thyroid US was performed using a commercially available US
scanner (Siemens Acuson S2000) with a 7.5- to 13.0-MHz linear
transducer. The nodule volumes were calculated by the ellipsoid
formula by three experienced sonographers in the center at all
examination time points.

Laboratory tests included the following: TSH, serum-free
thyroxine (FT4), triiodothyronine (T3), and anti-thyroid
peroxidase antibodies (anti-TPOAb). Coagulation was
evaluated before the procedure. All laboratory tests were
performed following standard assays in the central core
laboratory of the center.

Treatment: Ablation Technique
A continuous-wave multidiode surgical laser (Intermedic, 30 W)
operating at 1.064 mm at an output power of 3 W was used for
the procedures.

According to the protocols and specific guidelines,
anticoagulant therapy was switched to heparin, and antiplatelet
therapy was discontinued before the procedure.
Frontiers in Oncology | www.frontiersin.org 3159
The procedure was performed under local anesthesia (2%
lidocaine at the point of the puncture) and with conscious
sedation with intravenous propofol, fentanyl bolus, and
ketamine if required.

LA-MLIEI treatment was performed by one operator with
the patient lying in a supine position with the neck in
hyperextension by introducing one guiding 21-gauge needle
from the isthmus to the targeted nodule (Figure 1A1). Under
US guidance, the entire length of the needle was visualized in a
transverse US view, and the tip of the needle was initially
positioned in the most inferior part of the nodule. A 400-µm
optic fiber was then inserted through the needle until the distal
active 5 to 7 mm of the fiber was in direct contact with the
thyroid tissue (Figure 1A2).

LA-MLIEI consists of multiple sequential overlapping low
and intermediate energy laser illuminations (between 400 and
850 J/illumination) using a single active optic fiber in an RFA
moving shot-like technique. At the end of each illumination, the
active tip of the optic fiber was pulled back, and a new
illumination was performed in the part of the nodule adjacent
to the previously treated area, thus permitting the overlap of the
A

C

D

B

FIGURE 1 | Single-fiber laser ablation multiple lower-intensity energy illuminations (LA-MLIEI) technique. (A, A1) Positions of the operator and patient. The patient is
placed in a supine position with mild neck extension, and the operator stands close to the patient’s head. The operator’s left hand holds the ultrasound (US) probe
and the right hand the electrode. (A2) US image of the LA-MLIEI with trans-isthmic approach. This transverse US image shows the needle shaft (red arrow), in the
thyroid nodule, and the hyperechoic area (green arrow) from tissue heating and vaporization during illuminations. (B, B1) B-mode and drawing of the LA-MLIEI
technique. The optic fiber (dotted green arrow) is inserted through the isthmus to visualize the entire length. Illuminations are sequentially performed from the deepest
portion of the nodule (red circles Nr. 1 and 4) to the superficial area (red circles Nr. 3 and 6) by pulling back the tip of the optic fiber. (B2) Contrast-enhanced US
imaging and drawing of the LA-MLIEI technique. The procedure is repeated with different optic fiber angulations (dotted green arrows) to cover all the volume (V) of
the target nodule. Illuminations are performed with lower energies in the proximities of the peripheral danger triangle (in red) and higher energies in the central area.
(C) Sequential US images of the LA-MLIEI technique. (C1) Transverse US image showing the tip of the optic fiber. (C2) Hyperechoic area in the thyroid nodule
appearing during optic fiber firing. (C3) Overlapping areas of gas formation during optic fiber moving shot. (C4) At the end of the procedure, the complete volume of
the nodule appears diffusely hypoechogenic with multiple hyperechogenic gas bubbles dispersed in the treated area. (D) Postprocedural axial (D1) and sagital (D2)
contrast-enhanced US images showing complete ablation of the target nodule with the presence of enhancing tissue in the location of the danger triangle, indicating
preserved safety margins.
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ablated regions. The total number of intranodular repositions of
the fiber’s active tip, subsequent illuminations, and administered
energy were calculated according to the initial V and the
estimated ablation area.

Usually, the procedure began with the trans-isthmic approach
at the most inferior part of the nodule, and subsequently, the tip
of the needle was withdrawn medially and superiorly for about
8–10 mm with the moving-shot technique. After the ablation of
the inferior third of the nodule was completed, the tip of the
needle was repositioned at the middle and the superior third of
the nodule. Then multiple overlapping illuminations were
performed with the moving-shot technique in these locations
(Figures 1B1, B2).

The single-fiber LA-MLIEI technique allows spreading laser
energy in the complete V of the nodule, thus permitting the use
of reduced energy illuminations. The peripheral 10 mm of the
nodule or the regions of the nodule close to the trachea and the
danger triangle were treated by low energy illumination (up to
400 J) to ensure a safe procedure, while the central part of the
nodule was treated with higher energy illuminations (between
600 and 850 J) (Figures 1C1–C4). To assess the ablated area, a B-
mode US, color Doppler, and contrast-enhanced US evaluation
(28) were performed immediately after the procedure
(Figures 1D1, D2).

Methylprednisolone (0.5 mg/kg/ev) was administered
together with 40 mg pantoprazole ev at the beginning of the
procedure to prevent airway obstruction by edema. If requested,
analgesia was complemented with 1 g of paracetamol. After the
procedure, oral corticosteroids were given in a short downward
schedule for 5 days (e.g., Urbason® 32 mg/day × 1 day; 16 mg/
day × 1 day; and 8 mg/day × 2 days, 4 mg for 1 day) and optional
analgesia (paracetamol 1 g/8 h and dexketoprofen 25 mg/8 h vo)
if pain persisted.

Tolerability, major/minor complications, and acute/chronic
side effects of the treatment were evaluated and registered
following previously established criteria. Symptoms were
evaluated using symptom questionnaires, and pain intensity
was rated by a numeric scale (categorized as mild (<4 of 10),
moderate (4–7 of 10), or severe (>7 of 10) (15). The need for
subsequent home analgesic treatment or outpatient clinic
checkup due to local pain was also registered.
Statistical Analysis
Continuous variables were expressed as mean ± SD, categorical
variables were displayed as frequencies, and the appropriate
parametric or non-parametric test was used to assess the
significance of the differences between subgroups. All data are
expressed as mean ± SD unless otherwise specified. Timing
differences within subjects were analyzed through repeated-
measures ANOVA or Kruskal–Wallis test for normally or not
normally distributed variables, respectively. The correlation
between percentage reduction of the nodular V and energy per
volume supplies was assessed using Pearson’s method. All the
tests were two-sided, and statistical significance was set at p <
0.05. Statistical analysis was performed using the SPSS 20
software package (SPSS, Inc.).
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RESULTS

Patients and Treatment Characteristics
Thirty patients, 23 women and seven men, fulfilling the
inclusion criteria were included in the study. The patients’
clinical, demographic, and laboratory findings are reported in
Table 1; 36% presented nodular goiter with a single dominant
nodule, while 72% presented a unique thyroid nodule. Ablated
nodules were localized in the left thyroid lobe in 34% of the
patients, in the right thyroid lobe in 25% of the cases, in the
isthmus in 28% of the cases, and at the junction of the isthmus
left thyroid lobe in 15%. In addition, 6.6% of the patients
presented subclinical hyperthyroidism while the rest were
euthyroid, and 43.3% presented low (<100 mUI/L) positive
TPOAb levels. During follow-up, thyroid function remained
normal in all patients. The three patients with subclinical
hyperthyroidism normalized thyroid function 6 months after
the LA session, without further changes during follow-up. No
relationship between thyroid antibodies and treatment or
treatment response was observed.

Thenodules’ largest diameter ranged from26 to92mm(median
38.4 mm), and the median volume was 18.9 ± 21.2 ml. Minimal
symptomatic diameters were registered for isthmic nodules.

The mean procedure time for LA-MLIEI was of 45 ± 6 min.
Between one and five insertions of the unique fiber and between
3 and 10 illuminations were performed for each nodule, releasing
between 400 and 850 J/illumination.
Tolerability and Side Effects
One patient (3.3%) presented stridor during the procedure that
remitted with lidocaine administration. Intra- and periprocedural
TABLE 1 | Clinical, demographic, and laboratory features of all patients at
baseline and overall treatment characteristics and side effects.

Variable

Sex, male/female (n) 7/23
Age (years) 62.3 ± 15.6
BMI (kg/m2) 28.2 ± 5.9
Uninodular/multinodular Goiter (%) 72/36
Nodule type (solid/microcystic) 21/7
Thyroid nodule volume (ml) 18.9 ± 21.2
TSH (mU/ml)a 2.8 ± 2.3
FT4 (ng/dl)b 1.1 ± 0.1
FT3 (ng/dl)c 1.1 ± 0.2
TPOAb (mUI/ml) (n/%)d 13/43.3
Treatment duration (min) 45 ± 6
Total administered energy (J) 2,954.7 ± 1,689.4
Energy/V (J/ml) 231.9 ± 179.0
Number of illuminations 5.1 ± 7.7
Intraprocedural events (n/%) 1/3.3
Side effects (n/%) 3/9.9
December 2021 | Volume 1
Values are expressed as mean ± SD unless otherwise specified.
BMI, body mass index; TSH, thyrotropin; FT4, free T4; FT3, free T3; TPOAb, anti-thyroid
peroxidase antibodies; V, volume; n, number.
aNormal range TSH 0.4–4.0 mUI/L.
bNormal range FT4: 0.8–2.0 ng/dl.
cNormal range FT3: 0.7–1.9 ng/ml.
dTPOAb < 60 mUI/ml.
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pain was low to moderate in 93% (<7), while in 7%, it was severe.
Of the patients, 3% needed complementary analgesia in the first
3–7 days after the treatment.

Of the patients, 9.8% (n = 3) presented an anterior nodular
rupture at 6–7 weeks after treatment that remitted with oral anti-
inflammatory therapy and prophylactic antibiotic therapy. No
other complications regarding treatment or medical examination
were registered along with follow-up (Table 1).
Change of Thyroid Nodule Volume
During Follow-Up
The overall mean V reduction for LA-MLIEI was 35% at 1 month
after the procedure, increasing up to 63% at 12 months, and
remained 60% at 60 months. Remission of compressive
symptoms occurred rapidly after 1 month in 75% of the
patients and esthetic symptoms after 3–6 months in 80% of
the cases. Four patients (13.3%) were referred to surgery due to
persistent symptoms or regrowth during follow-up. One patient
was operated because his/her regrowth presented a malignant
follicular neoplasia (Figure 2).

Two distinct groups of patients were observed according to
DV reduction in the first 12 months after LA-MLIEI: responders
70% (n: 20) and non-responders 33% (n: 10).

Table 2 summarizes the clinical and demographic features of
responders and non-responders. In the responder group, nodules
tended to be more solid and smaller than for non-responders.
Furthermore, an increased total energy delivery per nodular V (J/
V) during the LA was also observed for the responder group.

Table 3 shows the nodular volume progression in responders
and non-responders to LA during 5 years of follow-up. The
difference between both groups was statistically significant at
every point of evaluation.

The responder group initiated V decrease at 1 month, with
remission of symptoms, and presented a 50% V reduction at 3
months of treatment, with a maximum response (74% of V
reduction) at 24 months, which remained stable until the end of
the follow-up period (Figure 2).

The non-responder group presented a V reduction of less
than 50% at 12 months, with a later tendency to >50% V
decrease at 24–36 months, and subsequent regrowth. Surgical
treatment was required by four patients (40%) of this
group (Figure 2).
Probable Predictors of Laser
Ablation Treatment
Several parameters were analyzed to define probable predictors
of nodule reduction: US features (type of nodule), nodular
volume, the coexistence of thyroid autoimmunity, and the
energy delivered per ml of nodule tissue. Higher energy
supplied by thyroid nodule volume (J/V) was correlated with a
lower thyroid nodule volume during follow-up (r: −0.477, p:
0.039). Higher total administered energy/V (J/V) and nodule V ≤
20 ml (p: 0.034) were correlated with a greater DV. In other
words, the greater the energy applied per thyroid volume, the
greater the decrease in the nodule V.
Frontiers in Oncology | www.frontiersin.org 5161
DISCUSSION

In the present study, we report the short- and long-term results
of the single-fiber LA-MLIEI approach to optimize efficiency and
reduce conventional LA costs.

Overall, US-guided thermal ablation of thyroid nodules with
LA is a safe minimally invasive percutaneous non-surgical
technique employed in treating symptomatic benign thyroid
nodules and for the local treatment of malignant ones. Various
reports regarding the long-term efficacy have been recently
published (1–22). What is more, very recently, long-term
follow-up compared with RFA showed that both LA and RFA
results are clinically similar in volume reduction and sparing
thyroid function of benign thyroid nodules with minimal side
effects (18, 20, 29).

Conventional LA technique has been implemented using
either a variable number of fibers according to the V of the
thyroid nodule in one unique treatment or just one in several
sessions of LA. The LA technique was improved by the “pull-
back technique”, in which one or more laser fibers are
subsequently retracted (29). However, generally more than one
fiber is required for ablation of each nodule (5, 18, 20, 29–34).
Very recently, there has been a report on an intent to standardize
the LA technique with a single fiber in a few patients with a 12-
month follow-up, with promising results (35).

In contrast, the development of unipolar RFA probes for
thyroid nodule ablation and the trans-isthmic moving-shot
approach have enabled an outstanding improvement
concerning the fixed-electrode RFA technique so that just one
probe is required for the ablation of larger nodules (12, 14, 26,
36). As thyroid nodules are often ellipsoidal or exophytic, they
are difficult to ablate, and retreatments are sometimes needed to
achieve volume reduction or symptomatic remission in LA and
RFA (21, 26).

In this work, by applying a standardized approach, we
observed a rapid and stable remission of symptoms and a
long-term persistent volume reduction of benign thyroid
nodules using the LA-MLIEI modified single active LA fiber
technique in a single treatment session. The LA-MLIEI
technique allows spreading laser energy in the complete V of
the nodule, thus permitting reduced energy for each illumination
as compared with other reported single- or double-fiber LA
techniques (30, 35, 37). We used the LA fiber in a similar trans-
isthmic approach, like an RFA probe covering the nodular V
through multiple overlapping lower-intensity energy
illuminations (MLIEI), repositioning the optic fiber inside the
nodule by moving shot. The total number of intranodular
moving shot and repositioning of the active tip of the fiber,
subsequent illuminations, and administered energy were
calculated according to the initial V and the estimated ablation
area. At the end of each illumination, the active tip of the optic
fiber was relocated, and a new illumination was performed in the
part of the nodule adjacent to the previously treated area, thus
permitting the overlap of the ablated regions.

Dur ing LA-MLIEI , we observed no increase in
intraprocedural side effects regarding conventional LA and
RFA (23–25, 30, 37).
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Interestingly, and probably due to the repeated movements with
the fiber through the same initial insert point, the only subacute
complication registered was an anterior nodule rupture, a
complication that has been described for the RFA technique (25, 38).

Still, nodule rupture did not prevent V reduction, and surgery
was not required. The use of conscious sedation can be
considered biased for the intraprocedural perceived pain but
Frontiers in Oncology | www.frontiersin.org 6162
has allowed us to apply the LA-MLIEI technique following our
center’s requirements for minimally invasive procedures. The
laryngeal nerves were not affected or there was no dysphonia
observed despite the trans-isthmic approach, as the danger
triangle was avoided, and a safe distance was carefully kept.

Overall, the volume reduction observed through LA-MLIEI was
approximately 50%, in line with the results generally reported for
A B

C

FIGURE 2 | Nodule reduction during follow-up after single-fiber laser ablation multiple lower-intensity energy illumination (LA-MLIEI) technique. (A) Percent (%) of nodule
volume (V) reduction in the responder and non-responder groups during the 60 months’ follow-up. Values are expressed as mean of % V reduction ± SD. (B) Maximum
percent (%) of nodule V reduction in the responder and non-responder groups during the 60 months’ follow-up. Values are expressed as mean of % V reduction ± SD.
(C) Axial and sagittal US images of the target nodule obtained before the treatment and 12 months after the treatment showing a significant volume (V) decrease.
TABLE 2 | Clinical and treatment characteristics in responders and non-responders to the single-fiber laser ablation multiple lower-intensity energy illuminations
(LA-MLIEI) treatment.

Clinical features Responders Non-responders p-Value

Sex, female/male (n) 16/4 (20) 7/3 (10) ns
Age (years) 60.5 ± 15.1 65.9 ± 16.8 ns
Nodule type (solid/microcystic) 16/4 5/5 0.05
Thyroid nodule volume (ml) 14.2 ± 8.6 30.4 ± 31.6 0.03
Total administered energy (J) 2,816.1 ± 1,840.9 3,232.0 ± 1,383.3 ns
Energy/V (J/ml) 268.3 ± 203.8 159.3 ± 82.3 ns
Number of illuminations 5.5 ± 2.6 6.2 ± 3.8 ns
Intraprocedural events (n/%) 1/3.3 – ns
Side effects (n/%) 2/6.6 1/3.3 ns
December 2021 | Volume 11 | Article
Values are expressed as mean ± SD unless otherwise specified. Statistical significance was set at p < 0.05.
V, volume; n, number.
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long-time follow-up of LA ablated nodules (15, 18, 22, 29–31, 39).
Similar to the RFA technique (12, 16, 20, 30, 36), clinical and US
significant reduction started as early as 1month after treatment. As
a result, symptoms improved in more than 75% of the patients.
Furthermore, stability of theV reductionwasmaintained between 6
and 48 months of follow-up, when late regrowth was observed.
Treatment did not affect the baseline autoimmunity thyroid
reactivity and did not significantly change thyroid function except
for the increase of TSH level to the low normal range in the two
patients with subclinical hyperthyroidism.

By analyzing the distribution of V decrease and searching for
factors predicting V reduction, we observed, just like a recently
reported long-term study from conventional LA technique did
(39), a dual pattern among treated patients.

The responder group presented a decrease in V starting 1
month after treatment achieving up to 76% of V reduction,
which was stable till the end of the follow-up period. The non-
responder group showed a slower and inconstant reduction in
volume with a significant difference at the 12 months’ follow-up.
Moreover, along with the follow-up, the non-responders group
showed a tendency for regrowth starting at 36 months, so that
more than one-third of this group was finally referred to surgery.
One of the four patients who underwent surgery had a final
diagnosis of follicular encapsulated thyroid cancer.

Unlike in some previous reports (40), a tendency to produce
more solid nodules in the responder group was observed as
compared with microcystic nodules in the non-responder group.

Non-responder nodules were larger and received lower
energy applied per thyroid volume. These results strongly
indicate that probably an increase of at least 30% of the total
administered energy for large nodules could improve the LA-
MLIEI technique results. This could be achieved either by
increasing the level of energy/illuminations in some of the
illuminations during the same treatment session or by
increasing the number of illuminations by reducing the
distance between applications to less than 10 mm.

The LA-MLIEI single-fiber technique permits a flexible
nodule ablation, increasing the possibility of approaching the
nodule by the operator. Furthermore, in comparison with the
multifiber procedure, the time of ablation of the LA-MLIEI
single-fiber procedure is longer (50 min in comparison with 30
min), something utterly compatible with ambulatory treatment,
while the expenses due to the costs of the optical fiber are
significantly lower (300 € in comparison with 600 € or 900 €
for multiple fibers).

The relatively small number of patients and the absence of a
comparative group are to be considered as the limitations of the
Frontiers in Oncology | www.frontiersin.org 7163
present study. However, the strength of this study is its extensive
follow-up. Multicenter studies employing the single-fiber LA-
MLIEI technique are expected for large-scale use.

In conclusion, LA-MLIEI allows rapid reduction of thyroid
nodules and is a safe, effective, and well-tolerated procedure in
the treatment of benign thyroid nodules with similar results in V
reduction and symptom remission to those reported with
conventional LA at 1, 6, and 12 months and up to 5 years of
follow-up. Moreover, LA-MLIEI is a cost-effective and easily
reproducible procedure since only one active fiber is used in each
treatment. Therefore, it should be considered for the treatment of
large V nodule candidates who need retreatment.
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TABLE 3 | Progression in volume (V) decrease after single-fiber laser ablation multiple lower-intensity energy illuminations (LA-MLIEI) treatment in responders and non-
responders during follow-up.

V 0m (ml) V 1m (ml) V 3m (ml) V 6m (ml) V 12m (ml) V 24m (ml) V 36m (ml) V 48m (ml) V 60m (ml)

LA Responder (n: 20) 14.2 ± 8.7 9.4 ± 7.5 7.7 ± 6.3 6.6 ± 5.0 5.0 ± 2.7 4.4 ± 2.6 3.7 ± 1.3 3.9 ± 2.0 4.1 ± 2.1
LA Non-responders (n: 10) 30.4 ± 31.6 22.3 ± 21.9 20.5 ± 20.3 21.2 ± 26.1 19.8 ± 21.0 18.8 ± 22.8 16.3 ± 4.6 16.7 ± 19.0 17.2 ± 13.6
p-Value 0.03 0.02 0.01 0.02 <0.01 0.04 0.03 <0.01 <0.01
Dec
ember 2021 |
 Volume 11 | Ar
Values are expressed as mean ± SD unless otherwise specified.
V, volume; m, months; LA, laser ablation.
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