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Abstract: Background: Microwave ablation (MWA) has gained relevance in the treatment of hepatic
malignancies and especially in hepatocellular carcinoma (HCC), and it is an important alternative to
surgery. The purpose of the study was to evaluate whether the minimal ablative margin (MAM) or
the initial tumor size has a greater effect on the success of stereotactic MWA of HCC regarding the
time to local tumor progression (LTP) and overall survival (OS). Methods: 88 patients, who received
stereotactic MWA of 127 tumor lesions with a curative intention were included in this single-center,
retrospective study. The MAM was evaluated in a side-by-side comparison of pre- and post-ablative,
contrast-enhanced slice imaging. A Cox proportional hazard model with a frailty term was computed
to assess the influence of the MAM and the maximum tumor diameter on the time to LTP and the
OS. Results: The maximum tumor diameter was identified as a significant positive predictor for LTP
(hazard ratio 1.04, 95% CI 1.00–1.08, p = 0.03), but it was not a significant positive predictor for the
OS (p = 0.20). The MAM did not have a significant influence on LTP-free survival (p = 0.23) and OS
(p = 0.67). Conclusion: For the successful stereotactic MWA of HCC, the MAM and maximum tumor
diameter might not have an influence on the OS, but the maximum tumor diameter seems to be an
independent predictor of the time to LTP.

Keywords: interventional oncology; stereotactic navigation; microwave ablation; hepatocellular carcinoma

1. Introduction

Thermal ablation methods are increasingly recognized being as an integral part of
guideline-oriented therapy for primary hepatic tumors and liver metastases. Especially
for hepatocellular carcinoma (HCC), thermal ablation treatment has become a minimally
invasive method, which is already on par with surgical procedures in early tumor stages.
The indications for thermal ablation are determined in the European Association for the
Study of the Liver (EASL) guidelines for the treatment of HCC (2018 version) [1].

The recently revised German S3 guideline for the diagnosis and treatment of hepatocellu-
lar and biliary carcinoma reinforced the role of ablative therapy in HCC. In tumors ≤ 3 cm,
ablation and resection are considered to be equally effective methods. Moreover, especially in
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HCC < 3 cm in locations in which it is difficult to conduct resection or patients with impaired
liver function, thermal ablation is now recommended as a first-line therapy [2].

A considerable difference between resection and ablation is that the progression of liver
dysfunction influences the prognosis after the resection. In contrast to that, the prognosis after
ablation seems to be dependent on the rapid decline in primary efficacy with an increasing
tumor size; this is especially relevant for tumors that are larger than 3 cm [3].

Nevertheless, even the ablation of larger tumors can be performed due to technical
improvements such as the use of multi-applicator systems and modern navigation sys-
tems [4–11]. Several studies could demonstrate efficacy rates of more than 80% for ablation
of HCC ≥ 5 cm, with the 1 year survival rates being above 80% [12–14].

Radiofrequency ablation (RFA) and microwave ablation (MWA) are the two recom-
mended techniques of thermal ablative therapy in HCC [1,2]. Whilst RFA is the most widely
performed modality so far, MWA is increasingly becoming the preferred option [15]. This
is also the case for the Department of Radiology at the University Hospital Regensburg,
therefore, we focused on the microwave ablation of HCC lesions for our study.

Modern navigation systems can help to determine a suitable and safe trajectory. With
the surrounding structures being at risk, the tissue properties and a minimum ablative
margin (MAM) in the case of curative therapy have to be taken into consideration [16].
Post-procedural imaging usually serves to evaluate the treatment success and to rule out
any kind of ablation-associated complication. Nevertheless, the imaging mostly shows
the region of the induced treatment effect, while microscopic tumor residuals cannot be
detected with standard imaging. Hence, the required MAM must be verified in all three
dimensions to ensure that complete tumor destruction has occurred and to avoid local
tumor progression (LTP). The literature recommends an MAM of 5–10 mm for RFA of
liver lesions [17–25], but the “ideal” margin size for MWA of liver lesions has not yet been
determined, especially when navigation systems are used for the planning of antenna
trajectories and the placement of ablation antennas. Only one study analyzed a collection
of patients with single nodule HCC ≤ 3 cm, who were treated with ultrasound-guided or
conventionally CT-guided RFA or MWA [26]. The study did not find a difference between
RFA and MWA for the recommended MAM of 5 mm.

Another discussed predictor for LTP is the tumor size, but while there are sufficient
data on the negative correlation between the tumor size and overall survival (OS) for RFA
of HCC [27–31], it remains unclear whether the tumor size is a determinant of OS and time
to LTP after the MWA of HCC [31–33].

The purpose of our study was to evaluate whether the MAM or the initial tumor size has
a greater effect on the success of stereotactic MWA of HCC regarding time to LTP and OS.

2. Materials and Methods
2.1. Patient Selection

This retrospective, single-center study was approved by the local ethics committee.
The indication for MWA was confirmed by an interdisciplinary tumor board for all

the procedures. Before the MWA, all the patients were provided with comprehensive
details and risks of the procedure, and informed consent was obtained. The ablation
procedure was defined as successful if the ablation zone completely covered the margins
of the original tumor lesion at the end of the ablation procedure. Technical failure, and
thus, a residual tumor were defined as an HCC-typical arterial enhancement or wash out
in the portal venous phase close to the borders of the ablation area in the control scan
at the end of the ablation procedure or in control imaging at the first day following the
ablation. Primary technical efficacy (PTE) was achieved if the first follow-up imaging
showed no residual vital tumor tissue [16]. The data were collected retrospectively and
consecutively from a database of patients with HCC who were treated by stereotactic MWA
in a curative intention at our institution between 01/2017 and 04/2020. The included
HCC lesions should be ablated for the first time and completely in a single session, thus,
the patients who underwent re-ablations of previously ablated lesions and ablations with
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technical failure or ablations, where a tumor lesion was treated in more than one ablation
session, i.e., the tumor was too large to be treated in one session, were excluded from
the study. We evaluated the treated tumors regarding the LTP with follow-up imaging
for at least 12 months (Figure 1). If the patients received a liver transplant (n = 14), died
because of other reasons than tumor progression, complications from the intervention or
complications from liver cirrhosis (n = 13), had a diffuse multifocal tumor progression,
which made the follow-up regarding the LTP impossible (n = 2) or missed the follow-
up imaging-appointments (n= 106) within the minimally required follow-up period, the
corresponding lesions were excluded from the study. A flowchart of the patient selection
process is provided in Figure 1, we included 127 HCC lesions in 88 patients who were
treated in 90 stereotactic MWA sessions.
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Figure 1. Flowchart of HCC lesion identification using in-/exclusion criteria for the final analysis of
minimal ablative margin and maximum tumor diameter.

2.2. Stereotactic Microwave Ablation Procedure and Imaging

All the MWA treatments were performed under stereotactic guidance and general
anesthesia. Using sterile radiopaque reflective optical markers attached to the patient after
sterile preparation, a dual-phase contrast-enhanced planning CT (SOMATOM Definition
Edge, Siemens Healthineers AG, Erlangen, Germany) was performed with an arterial
and portal venous phase after the intravenous pressure injection of 120 mL of a non-ionic
iodized contrast agent (Accupaque 350, GE Healthcare, Chicago, IL, USA). To avoid changes
occurring in the liver position due to respiratory movement, the CT scans were acquired
with the patient in temporary apnea. The CT data were transferred to the navigation system
(CASOne IR, CAScination AG, Bern, Switzerland) adjacent to the CT gantry to define the
ablation trajectories. The probes were then introduced through the CAScination aiming
device. Before the ablation, an unenhanced CT scan was performed for the verification of
the correct antenna position, and if this was necessary, the antenna position was manually
corrected. Another control scan in the arterial and portal venous phase was obtained
after the ablation was completed and the antenna were removed to rule out any peri-
interventional complications and validate that a complete ablation had been performed.
If a second contrast agent injection was not possible due to impaired renal function, a
native control scan was performed to rule out peri-interventional complications, and CEUS
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(contrast-enhanced ultrasound) and native MRI on the first postinterventional day were
performed to validate the ablation success.

Follow-up imaging was performed 6 weeks, 3 months, and after that, every 3 months
following the MWA for 2 years. Two years after the MWA, the follow-up intervals were
increased to 6 months. If it was possible, an MRI scan was performed using gadoxetic
acid as a contrast agent (Primovist, Bayer AG, Leverkusen, Germany) and CareBolus with
arterial (after 10 s), late arterial (after 40 s), portal venous (after 75 s) and hepatobiliary late
phases (after 20 min). In rare cases, a CT scan was performed due to contraindications for
MRI (having an implanted pacemaker or an allergy to MRI contrast medium, etc.). LTP was
defined as a new lesion with an HCC-typical contrast enhancement pattern in association
with the ablation area within a distance of less than 5 mm.

2.3. Evaluation of the Ablation Margin

The imaging evaluation was performed at a PACS workstation with split monitor
capacities using syngo imaging (Siemens Healthineers AG, Erlangen, Germany). The two
participating radiologists were blinded to the patients’ oncological outcome, and they
evaluated the scans individually and independently. The CT or MRI datasets, in which
the tumor lesion before the MWA and the ablation zone after the MWA showed the best
visibility, were chosen. CEUS images were not used for the measurements due to a lack
of comparability to CT and MRI images and a lack of standardization in the acquisition
of CEUS images. Anatomic landmarks at the same axial scan level, which were visible
on both the pre- and post-procedural scans, were identified. These were, for example,
intrahepatic vessel bifurcations, focal intrahepatic lesions such as calcifications or surgical
staples and undulations of the liver contour. Landmarks close to the lesion/ablation zone
were preferred to correlate the pre- and post-ablation scans. The maximum and minimal
ablation margin distance values were identified by subtracting the single values of the
distances between the ablation zone/tumor border and the landmarks, respectively, in
the six possible directions (medial, lateral, ventral, dorsal, cranial and caudal). Figure 2
visualizes the method for minimal ablation margin assessment.
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Figure 2. Example of minimal ablative margin assessment in MRI/CT scans of a 67-year-old man
with HCC: (a) hepatic contrast-enhanced MRI (left: arterial phase, right: hepatobiliary phase) before
MWA treatment; (b) contrast-enhanced planning CT scan (arterial phase) with pre-interventional
measurements as performed in our study; (c) contrast-enhanced control CT scan (portal venous
phase) after complete tumor ablation with postinterventional measurements; (d) contrast-enhanced
follow-up MRI (left: arterial phase; right: hepatobiliary phase) 6 months after MWA with no evidence
for local tumor progression.

2.4. Statistical Analysis

The interrater reliability was tested with the intraclass correlation coefficient (ICC).
Due to nested data, i.e., some patients having several ablated tumor lesions, we computed
a Cox proportional hazard model with a frailty term using SAS (SAS Version 9.4, SAS
Institute Inc., Cary, NC, USA). SPSS Version 22 (IBM, New York, NY, USA) was used for all
the other statistical analyses. A p-value < 0.05 was considered to be statistically significant.

3. Results

We analyzed 88 patients with a total of 127 HCC lesions that were ablated with
stereotactic MWA in 90 sessions. The patient characteristics are summarized in Table 1.
Between one and three HCC lesions were ablated per patient and session, however, in 61%
of the cases, only a single HCC lesion was treated per patient and session.

The ICC for a two-way mixed effects model using an absolute agreement definition was
0.92 (95% CI 0.90–0.94). Thus, very good interrater variability of the two independent readers in
measuring the investigated diameters and safety margins can be assumed [34]. On average, the
maximum tumor diameter was 19.9 +/− 10.3 mm, which ranged from 0.6 cm to 5.3 cm, and
the mean minimal ablative margin was 4.2 +/− 4.2 mm, which ranged from 0.0 cm to 2.4 cm.
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Table 1. Characteristics of 88 patients with a total of 127 HCC lesions treated with stereotactic MWA.

Characteristics Value

Patients (n in total) 88
Female, n (%) 6 (6.7)
Male, n (%) 84 (93.3)

Age in years (range) 65 (9.3 (43–95)
Child-Pugh score, n (%)

Child A 67 (76.1)
Child B 21 (23.9)

BCLC-Classification, n (%)
BCLC 0 and A 55 (62.5)

BCLC B 29 (33.0)
BCLC C 4 (4.5)

PTE was achieved in all the patients. The mean follow-up period was 25.8 +/− 11.6 months.
In 37 out of 90 sessions (41.1 %), respectively, LTP was observed during the follow-up in 39 out
of 127 HCC lesions (31.0 %). The LTP-free survival rates and OS rates for 1, 2 and 3 years post-
ablation were 82.6%, 67.9% and 60.7% and 98.4%, 94.0% and 90.8%, respectively. Kaplan–Meier
curves visualize the probability of LTP-free survival and OS over time (Figure 3).
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A total of 12 complications occurred in 10 patients during the follow-up. Only one
complication (1.1%), a rather extensive hematoma in the upper abdomen, was considered
to be major (grade 3 according to the CIRSE classification system for complications). No
immediate intervention was required, but the level of care and surveillance consequently
increased. All the other 11 complications or ablation-associated side effects (12.2%) were
classified as being minor (grade 1 and 2). No procedure-related deaths were observed.
Table 2 presents an overview over the main features of the ablated HCC and the results of
the follow-up.

Table 2. Characteristics of 127 HCC lesions ablated with stereotactic MWA in 88 patients and
90 sessions.

Characteristics Value

HCC lesions ablated per patient, n (%)
1 61 (67.8)
2 21 (23.3)
3 8 (8.9)

Mean maximum tumor diameter in mm (range) 19.9 ± 10.3 (6–53)
Complications

Minor (Grade 1 and 2) 11 (12.2)
Major (Grade 3 to 6) 1 (1.1)

Tumor size subdivisions, n (%)
<30 mm 104 (81.9)

30–50 mm 22 (17.3)
>50 mm 1 (0.8)

Mean MAM in mm (range) 4.2 ± 4.2 (0–24)
Mean follow-up period in months 25.8 ± 11.6

Mean time to LTP in months 12.6 ± 11.4
Mean LTP rate (%)

Per session 41.1
Per ablated HCC 31.0

OS rates (%)
1 st year 98.4
2 nd year 94
3 rd year 90.8

MAM: minimal ablative margin; LTP: local tumor progression; OS: overall survival.

Further, in our study we investigated an independent predictor for LTP-free survival
and OS. The Cox proportional hazard model with a frailty term identified the maximum
tumor diameter as a significantly positive predictor for LTP (hazard ratio 1.04, 95% CI
1.00–1.08, p = 0.032), but this was not the case for OS (p = 0.200). The minimal ablative
margin did not have a significant influence on LTP-free survival (p = 0.23) or OS (p = 0.67).

4. Discussion

The aim of our study was to investigate the influence of the tumor size and ablation
margin on the outcome of stereotactic MWA for the treatment of HCC regarding time to
LTP and OS. While the initial PTE was achieved for all the lesions, 39 out of 127 ablated
lesions showed LTP (31.0 %) during the follow-up with 1, 2 and 3 year LTP-free survival
rates of 82.6%, 67.9% and 60.7%. Our analysis suggests that for the technically successful
stereotactic MWA of HCC, neither the initial tumor size nor the MAM have a significant
influence on OS, while the initial maximum tumor diameter seems be a better predictor for
time to LTP than the MAM does.

Our study is, to our knowledge, the first study to evaluate and compare the impact
of the tumor size and the MAM on the outcome of stereotactic MWA for HCC, but a few
previous studies have analyzed similar issues in slightly different settings. The results of
those studies are partially in contrast to our results. For example, Laimer et al. described
that the MAM seems to be an independent predictor for LTP in stereotactic RFA for HCC,
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while the tumor size had no significant influence on LTP [35]. Wang et al. described
that both the MAM and the tumor size are significant predictors for LTP after RFA for
colon cancer liver metastases [19]. Another study by Li et al. demonstrated a significant
correlation of tumor size and MAM with LTP for the thermal ablation of single nodule
HCC ≤ 3 cm [26]; in this setting, there was no statistic difference between RFA and MWA
regarding the ablation outcome and the recommendable MAM. Why those studies came
to different conclusions than our study did remains unclear for the moment. Possible
explanations for the different results of the studies could be the different characteristics of
heat generation and distribution in MWA and RFA and, at least in comparison to Wang, the
different tumor characteristics of HCC and colorectal liver metastases. Another possible
explanation for the differing results could be the use of a stereotactic navigation system in
combination with MWA because those methods seem to achieve better results regarding
PTE and, respectively, OS in larger HCC lesions [32,36,37] settings, where conventional
percutaneous ablation techniques show an incline in PTE and prognosis [3]. Further studies
regarding these questions would be of interest.

The retrospective nature of our study as well as the exclusion criteria are limitations
due to the possibility of selection bias. To minimalize this sort of bias, we tried to limit
the exclusion criteria to a reasonable minimum by only excluding patients, for whom no
sufficient evaluation regarding LTP could be performed, i.e., missing the follow-up imaging-
appointments or receiving a liver transplant within 12 months of the ablation. Another
limitation of our study is the fact that the ablation margin assessment was carried out
visually and without the help of fusion software. A previous study from our department
suggests that side-by-side comparison of the scans for the evaluation of safety margins
might have poor reliability [38]. Nevertheless, we have chosen this type of analysis because
this approach still comes closest to the reality of everyday clinical practice. Furthermore,
in contrast to the results of the abovementioned study, ICC showed very good interrater
reliability for our study. However, advances in the development of segmentation software
may help to identify the peri- and post-ablation monitoring of ablation success in the
future [39]. Accordingly, a software solution that is user friendly and fast enough to allow a
reliable analysis of an ablation success to be made during the ongoing intervention would
be of great interest. This is especially true for CT-guided ablations.

5. Conclusions

For successful stereotactic MWA of HCC, the MAM and maximum tumor diameter
might not have an influence on the OS, but the maximum tumor diameter seems to be an
independent predictor of the time to LTP.
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