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Abstract

Introduction The objective of this research is to assess whether there is a correlation between
quantitatively assessed ablation margins and the occurrence of local tumor progression (LTP) using
dedicated image processing software.

Methods 28 patients with 45 de novo HCCs treated with percutaneous thermal ablation, e.g.
radiofrequency ablation (RFA) and microwave ablation (MWA) between January 2014 and March
2019 were retrospectively included. Semi-automated segmentation of the liver and the ablation
zone, manual segmentation of the tumor, and semi-automated registration of pre- and postproce-
dural contrast enhanced computed tomography (CECT) and magnetic resonance imaging (MRI)
images was performed using in-house developed software deLIVERed. The image processing re-
sults were used for quantitative analysis of the minimal ablation margin (MAM) and the ablation
margin surface area. The outcome of the quantitative analysis was compared to LTP occurence.
Results Image processing of the scans of 39 of the 45 tumors was feasible. 5/39 tumors developed
LTP. Based on quantitative analysis, thermal ablation was insufficient in 29/39 tumors. Of these
29 tumors, 4 developed LTP. The median MAM for the LTP group and no LTP group was -4.6
and -1.7 mm, respectively. There was no clear correlation between the MAM and LTP occurrence.
The median tumor surface area exposed to insufficient margins was 28.9% and 7.7.% with and
without development of LTP, respectively.

Conclusion Quantitative analysis of postablation images can provide insight in ablation margins
and the development of LTP. The ablation margin surface area provides additional information to
the MAM. However, additional research is needed in order to further investigate the implications

of ablation margin surface area.

Introduction

Ablation is a first line treatment in patients with
very early and early stage hepatocellular carci-
nomas (HCCs) [1-3]. In order for ablation to
be curative, the tumor needs to be accurately
and entirely ablated. Since it is impossible to
assess histopathological margins as is done in
surgical resection, treatment efficacy of ablation
is assessed based on the absence of viable tu-
mor on follow-up imaging. Immediate assess-
ment of treatment success on post-ablation im-
ages makes additional ablation within the same
procedure feasible.

Most commonly, technical success is evalu-
ated by visual estimation of ablation margins us-
ing side-to-side comparison of pre- and postab-
lation images. However, it is difficult to assess
ablation margins using side-by-side comparison,
especially in 3D [4]. Definitions of technical suc-
cess used in practice are absence of contrast en-
hancement and washout in and around the ab-
lation area On postablation imaging [5-12], and
complete coverage of the tumor by the ablation
zone with adequate safety margin [11,13-20].

The minimal ablation margin (MAM), or
safety margin, is often used as a quantitative

measure of treatment success. In general, a
MAM >5mm is recommended [5-7,9-11,13-15,
17,18,21-34]. In previous research a MAM <5
mm was associated with a higher rate of local
tumor progression (LTP). [24, 26, 30, 35, 36].

Image processing of pre- and postablation
images with functions as image overlay and 3D
quantification tools may assist in identifying in-
sufficient ablation margins, and help determine
technical success. For these analyses, software is
used that facilitates the segmentation of the liver
volume, tumor and ablation zone; registration of
the pre- and postprocedural contrast enhanced
computed tomography (CECT) or magnetic res-
onance imaging (MRI) images; and calculation
and depiction of the ablation margins.

Ideally, a standardized ablation margin as-
sessment method with a clear cut-off value that
strongly correlates with progression free survival
would be available for optimizing thermal abla-
tion practice.

The objective of this research is to assess the
diagnostic accuracy of quantitatively assessed
minimal ablation margins, and the ablation mar-
gin surface area to predict LTP using dedicated
image processing software.



Methods

Patients

All patients consecutively treated with percuta-
neous thermal ablation, e.g. radiofrequency ab-
lation (RFA) and microwave ablation (MWA),
for de novo HCC between January 2014 and
March 2019 in our institution were identified ret-
rospectively. In total, 130 patients were treated
in this period. Exclusion criteria were follow-up
less than one year without the development of
LTP, liver transplantation within one year of ab-
lation without development of LTP, more than 6
weeks between pre-ablation imaging and treat-
ment, adjuvant treatment with TARE or TACE,
or a missing final CECT after ablation, see Table
1. Only radiologically identified LTP was used.
28 patients with 45 tumors were included in this
research. Baseline characteristics can be found
in Table 2.

Table 1: Exclusion criteria.

Exclusion criteria n
Follow-up <1 year without LTP 24
Liver transplant <1 year without LTP 27
>6 weeks between preprocedural 30
imaging and treatment

Adjuvant TARE or TACE 16
Missing final CECT after ablation )

LTP: Local tumor progression. TARE: transar-
terial radioembolization. TACE: transarterial
chemoembolization. CECT: contrast enhanced
computed tomography.

DeLIVERed image processing

Image segmentation and registration were per-
formed using in-house developed software de-
LIVERed (de Leiden Interactive Visualization
En Registration editor, version 1.0), an Elastix
based algorithm implemented in MeVisLab. Im-
age processing consisted of three main steps,
namely manual segmentation of the tumor,
semi-automatic segmentation of the liver, rigid

registration of the pre- and postablation images,
and semi-automatic segmentation of the abla-
tion zone, see Figure 1. In case of multifocal tu-
mor treatment, image processing was performed
for each tumor separately. This allowed for lo-
cal optimization of the registration around the
tumor.

Table 2: Patient characteristics

n
Treated tumors per patient
1 17
2
3
4
Age
Mean (SD) 64.7 (8.7)
Sex
Male 22
Female 6
Cirrhosis
Yes 24
No 0
Etiology
Alcohol abuse 9
Cryptogenic 1
Hepatitis B 8
Hepatitis C 9
Hepatitis D 1
NASH 3
Child Pugh score
A 19
B 9
BCLC
Very early 7
Early 17
Intermediate 4
Tumor size (mm)
Mean (SD) 18.8 (7.7)
NASH: nonalcoholic steatohepatitis. BCLC:

Barcelona Clinic for Liver Cancer.
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Figure 1: Dataflow used in the quantitative assessment of the minimal ablation margin (MAM)

and the ablation margin surface area.

Segmentation of the liver was performed
through manual delineation of the liver contour
in 5-10 axial 1 mm slices supported by a smart
contour algorithm (B-spline). Subsequently, the
contours were interpolated to a 3D volume. This
3D volume formed the liver overlay mask, which
was used as the volume of interest (VOI) in the
registration steps. The tumor segmentation was
performed through manual delineation in all ax-
ial slices, and then interpolated to a 3D volume.
Preferably, the portal venous phase was used for
delineation of the tumor. If the observer was
not able to delineate the tumor in the portal ve-
nous phase, the arterial phase was used. The

matching phase was selected from the postabla-
tion images to perform the remaining processing
steps.

The registration was initiated through ini-
tial alignment of the liver mask on the post-
procedural CECT image using a manually se-
lected landmark. Manual adjustment of the
mask overlay was possible through translation
and rotation on the postablation image in all
planes. Next, voxel-intensity based rigid regis-
tration was performed using adaptive gradient
descent Euler transform with a mutual informa-
tion metric. The registration results were scored
by the observer on a 5-point scale, see Table 3.

Table 3: Registration score.

Score  Definition
1 Complete mismatch between the pre- and postprocedural images.
2 Sub-optimal registration with areas of large mismatch around the region of interest.
3 Sufficient registration throughout the liver, although some areas of mismatch around the
region of interest make it impossible to make measurements in millimeters.
A Good registration with ability to make measurements in millimeters, mismatch between

pre- and postprocedural images may exist outside the region of interest.

5 Perfect registration with no areas of mismatch around the whole liver.




Manual landmarks could be added to im-
prove the registration results. Landmarks were
chosen close to the tumor for local optimization
of the registration results. Registration was then
repeated with the registration error consisting
of the landmark error for 40% and the metric
for 60%. The landmark error was calculated us-
ing Euclidean distance between the landmarks
in the pre- and postablation scan.

After successful registration, the ablation
zone was segmented through manual delineation
and interpolation. The ablation segment was
created by subtraction of the ablation zone from
the liver mask. Next, a surface mesh was cre-
ated for both the segmented tumor and the ab-
lation segment. The ablation margins were cal-
culated for each tumor surface point, and a dis-
tance (color)map and a lookup table (LUT) were
created. Moreover, the surface area of each tu-
mor surface point was calculated. The colormap
and LUT were analyzed using ParaView 5.8.0,
and the MAM could be defined.

Image processing was performed by a techni-
cal physician and a technical physician in train-
ing under supervision of two experienced radiol-
ogists. Tumors with registration scores 1-3 were
excluded for further analysis as the registrations
were too poor to allow per millimeter analysis of
the results. The processing result with the best
registration score of the two observers was used
for further data analysis. A subanalysis was per-
formed including only cases on which both ob-
servers scored the registration >4.

Ablation margin assessment

Image processing allowed for a quantitative anal-
ysis of ablation margins. The MAM was defined
as the single point with the smallest margin, or
the largest insufficient ablation margin. An ab-
lation margin was found to be insufficient if the
tumor extended beyond the ablation zone, and
the corresponding MAM was then negative. In a

second quantitative analysis, the fraction of sur-
face area was evaluated for each ablation mar-
gin. Microsoft Excel 2016 was used for the data
analysis and creation of figures.

Interobserver analysis

The interobserver analysis was performed for
the MAM. The MAM was analyzed through a
Bland—Altman plot, which visualizes the differ-
ence between the MAM of the two observers
against their mean.

Results

Tumors

6/45 tumors in 4 /28 patients were excluded from
further analysis due to a registration score <3 (n
= 5), or because the tumor could not be delin-
eated properly (n = 1). Registration was im-
paired in 4/5 excluded tumors in two patients
due to rotated post ablation scans and a subcap-
sular tumor with big differences in respiration
mode between pre- and post ablation imaging.
1/5 excluded tumors had artifacts surrounding
the tumor location due to a transjugular intra-
hepatic portosystemic shunt, hindering the reg-
istration due to a lack of landmarks in the tumor
proximity.

Table 4: Tumor characteristics

LTP No LTP
n n
Total 5 34
Tumor size (mm)
Mean (SD) 24 (6.7) 17.8 (7.2)
Ablation method
RFA 3 24
MWA 2 10

Table 5: Quantitative assessment of ablation margin.

LTP No LTP
n n
Total 5 34
Insufficient ablation margin
Yes 4 25
No 1 9
Minimal ablation margin [mm]
Median (range) -4.6 (|94 -2.0) -1.7 (-12.5 - 4.7)

RFA: radiofrequency ablation. MWA: microwave ablation.



Local tumor progression

5/39 (12.8%) of tumors developed LTP. Addi-
tionally, 5/26 (19.2%) of patients developed dis-
tant intrahepatic recurrence. Tumor character-
istics were evaluated for tumors with and with-
out development of LTP, see Table 4. No differ-
ences were found between the two groups regard-
ing tumor size and thermal ablation method.

Thermal ablation necrosis encompassed the
entire tumor in 10/39 (25.6%) of tumors based
on the quantitative analysis. Only 1/10 (10%)
of tumors developed LTP. The remaining 29/39
(74.4%) tumors all had insufficient margins. Out
of these 29 tumors, 4 (13.8%) developed LTP.
The median MAM was -4.6 mm and -1.8 mm in
the LTP and the no LTP group, respectively, see
Figure 2.
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Figure 2: Boxplot of the quantitative minimal
ablation margin size for tumors with and with-
out local tumor progression (LTP). The boxplot
for the LTP group was added to provide some
insight in the data, however the LTP group con-
sists of only five datapoints, and therefore a true
boxplot could not be made.

A subset analysis of the MAM was performed
using only tumors with a registration score of >4
from both observers. 11/39 (28.2%) additional
tumors in 11/24 (45.8%) patients were excluded
from this subset. 4/28 (14.3%) of the included
tumors in the subset analysis developed LTP.
The median MAM was -3.1 mm and -1.2 mm in
the LTP and the no LTP group, respectively, see
Figure 3.
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Figure 3: Boxplot of the quantitative mini-

mal ablation margin size for the subset of tu-
mors with and without local tumor progression
(LTP). The subset consists of tumors which re-
ceived a registration score of >4 from both ob-
servers. The boxplot for the LTP group was
added to provide some insight in the data, how-
ever the LTP group consists of only four data-
points, and therefore a true boxplot could not
be made.

Cumulative ablation margin surface
area

In Figure 4, two cases with insufficient margins
are depicted, one case with LTP and one case
without. The ablation margin surface area can
provide additional information about the deter-
mined ablation margins. The median cumula-
tive ablation margin surface area is depicted in
Figure 6. The median cumulative ablation mar-
gin surface area for margins <0 mm is 28.9% and
7.7% for tumors with and without LTP, respec-
tively. If a cut-off value of 5% cumulative abla-
tion margin surface area for margins <0 mm is
used, a sensitivity of 0.8 and specificity of 0.47
for the prediction of LTP were found. Based
on these data, to avoid 80% of all LTP cases,
approximately half of the tumors not prone to
development of LTP would be treated with ad-
ditional ablation. Consequently, approximately
half of the tumors would receive unnecessary
treatment.

The median cumulative ablation margin sur-
face area for margins <5 mm is 85.2% and 64.4%
for tumors with and without LTP, respectively.
If a cut-off value of 40% cumulative ablation
margin surface area for margins <5 mm is used,
a sensitivity of 1.0 and specificity of 0.24 is
found.



Figure 4: Two cases with insufficient ablation margins as determined through quantitative analysis.
A: Example tumor with insufficient margins and no development of local tumor progression (LTP).
B: Close-up of the no LTP case. The minimal ablation margin (MAM) in blue, surrounded by the
surface area with insufficient margin, which is demarcated by the ablation zone surface (gray). C:
Example tumor with insufficient margins and development of LTP. D: Close-up of the LTP case.
The MAM in blue, surrounded by the surface area with insufficient margin, which encompasses
almost the entire visible face of the tumor.
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This leads to overtreatment of approximately
75% of the tumors in order to avoid 100% of LTP
cases, based on these data. If a cut-off value of
34% cumulative ablation margin surface area for
margins <5 mm is used, a sensitivity of 0.8 and
specificity of 0.29 is found. This would lead to
overtreatment of approximately 70% of the tu-
mors in order to avoid 100% of LTP cases, based
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Interobserver analysis Figure 5: Interobserver Bland Altman plot for

19 tumors where included in the interobserver the minimal ablation margin (MAM), with the
analysis of the MAM. The mean error was 1.5 M€al €rror (black) and the 95% CI (dashed
mm (SD 3.5 mm). The interobserver Bland Alt- 8aY)-

man plot is depicted in Figure 5.
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Figure 6: The median cumulative ablation margin surface area for tumors with and without local

tumor progression (LTP).

Discussion

In this retrospective study, quantitative assess-
ment of the MAM and cumulative ablation mar-
gin surface area was performed using in house
developed software deLIVERed. There was no
clear correlation between the MAM and LTP oc-
currence. The median MAM for the LTP group
and no LTP group was -4.6 and -1.7 mm, re-
spectively. In the subset analysis for tumors
with a registration score >4 from both observers,
the median MAM for the LTP group and no
LTP group was -3.1 and -1.2 mm, respectively.
This method of quantitative evaluation does not
take intraprocedural tumor shrinkage into ac-
count. RFA and MWA necrosis volumes are
influenced by tissue shrinkage, which is inho-
mogeneous and unpredictable [37-43]. Hence,
a tumor with a small negative minimal abla-
tion margin in the quantitative analysis may still
be treated sufficiently. Tumor surface area ex-
posed to insufficient margins may therefore be a
better measure for treatment success. The me-
dian tumor surface area exposed to insufficient
margins was 28.9% and 7.7.% with and with-
out development of LTP, respectively. Solbiati
et al. [18] assessed the tumor surface area ex-
posed to an ablation margin <5 mm in 50 pa-
tients after MWA. The software uses automatic
segmentation of the liver, semi-automated seg-
mentation of the tumor and the ablation zone,
and non-rigid registration of the pre- and post-
procedural images. 21/90 (23%) tumors devel-
oped local tumor progression. 13/17 (77%) tu-
mors with an insufficient ablation margin devel-
oped LTP. No further analysis of the size of the
tumor surface area with insufficient margins was

performed. All other tumors with LTP had com-
plete tumor ablation with a margin of at least 5
mm on 0-99 % of the tumor surface area. If the
tumors with insufficient margins where treated
additionally based on these findings, 62% of the
LTP cases could be avoided. However, 6% of tu-
mors would be overtreated. Hocquelet et al. [24]
calculated the 3D tumor surface area exposed
to a margin <5 mm in eighth patients with LTP
and eighth matched patients based on tumor size
and a-fetoprotein level. Patients with a tumor
surface area >425 mm? had a 2-year LTP rate of
77.5%, and patients with a tumor surface area <
425 mm? had a 2-year LTP rate of 25%. When
using 425 mm? of the tumor surface area ex-
posed to a margin <5 mm, 77.5% of the LTP
cases could be avoided. By utilizing quantitative
analysis of tumor surface area exposed to insuf-
ficient margins intraprocedural, areas at risk to
local tumor progression can be identified and ad-
ditional ablation can be performed. The cutt-off
value for tumor surface area is dependent on the
software used for quantitative analysis. A high
sensitivity and specificity are needed in order to
identify the cases at risk to LTP, while prevent-
ing overtreatment.

In this research, the image processing was
performed by two observers. The interobserver
analysis of the MAM showed a mean error of 1.5
mm (SD 3.5 mm). Factors influencing the mean
error are the delineation of the tumor, the delin-
eation of the liver, the registration and the delin-
eation of the ablation zone. In previous research
using this software, the interobserver variability
was also evaluated, where only the registration
and segmentation of the ablation zones were per-
formed by two different observers [44|. There, a



mean error of -1.06 mm (SD: 2.19) was found.
The difference in found interobserver variabil-
ity in this study might be due to the addition
of the tumor delineation. In order to get more
insight in the different aspects of the image pro-
cessing on the mean error, additional interob-
server analyses need to be performed. The influ-
ence of the tumor delineation can be investigated
through delineation by a different observer, fol-
lowed by registration and segmentation of the
ablation zone by one experienced observer. Due
to the current workflow of the software, where
first the registration is performed, and where the
preprocedural image is used as the fixed image,
it is not possible to separate the registration and
segmentation of the ablation zone.

In this research, manual and semi-automated
segmentation and semi-automated rigid registra-
tion were used. Segmentation was performed
manually for the tumor, and semi-automatically
for the liver and ablation zone. Interobserver
variability can be reduced through implementa-
tion of automated registration methods. Regis-
tration was performed for each tumor individu-
ally in the case of multi-focal tumor treatment,
in order to create locally optimized registration
results. The rigid registration was impossible
to perform in 5/45 (11%) tumors. In 4/5 tu-
mors this was due to rotation of the postpro-
cedural scan and a subcapsular tumor location.
The difference in patient orientation and respi-
ration mode causes large deformations to the
tumor. If there is a lack of usable landmarks
near the tumor, as was the case for these tu-
mors, it is impossible to make an locally opti-
mized registration. To reduce liver deformation,
pre-and postablation are best performed imme-
diately before and after ablation with the patient
under general anesthesia using high-jet ventila-
tion or full expiration during scanning.

In literature, a mixture of manual and auto-
mated methods are described for rigid and non-
rigid registration. Rigid registration provides
a fast method, with accurate locally optimized
registration if intrahepatic landmarks are avail-
able near the tumor which are visible on both
pre- and postablation images. Non-rigid regis-
tration is more suitable for full liver registration,
since the liver is deformed due to breathing and
patient positioning. However, non-rigid regis-
tration takes long to compute and it adds an
average image deformation of 5.1 mm and 7.2
mm for patients with and without different ori-
entation and respiratory phase, respectively [45].
The choice of registration method is therefore in
part dependent on the workflow and desired end
result of registration.

Limitations of this study are its retrospec-

tive design and the small number of tumors, es-
pecially the number of tumors developing LTP.
The LTP rate of 12.8% found in this study
is lower than comparable studies in literature
[18,46]. This is in part caused by the inclu-
sion of only radiologically identified LTP. 27/102
(26.5%) patients excluded from this study un-
dergo liver transplantation. Inclusion of patho-
logically proven LTP after liver transplant in fur-
ther research is therefore needed to create a big-
ger and more representative cohort. The low
LTP occurrence resulted in a small LTP group,
which meant no statistical analysis could be per-
formed. Moreover, the outcome of the quantita-
tive analysis is influenced by multiple factors.
These factors include the skill of the observer,
the availability of landmarks near the tumor,
the tumor location, the patient positioning and
breathing phase in each of the images, the reg-
istration quality and the segmentation quality.

Conclusion

Quantitative analysis of postablation images can
provide insight in ablation margins and the de-
velopment of LTP. The ablation margin sur-
face area provides additional information to the
MAM. However, additional research is needed in
order to further investigate the implications of
ablation margin surface area. In order to imple-
ment quantitative analysis of ablation margins
in practice, a clear understanding of the soft-
ware, a suitable workflow, and a cut-off value
of the minimal ablation margin and the abla-
tion margin surface area with sufficient sensitiv-
ity and specificity are needed. The deLIVERed
software therefore needs to be tested further in
a large prospective study.
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