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ABSTRACT
Purpose: To retrospectively evaluate the accuracy of a novel software platform for assessing complete-
ness of percutaneous thermal ablations.
Materials & methods: Ninety hepatocellular carcinomas (HCCs) in 50 patients receiving percutaneous
ultrasound-guided microwave ablation (MWA) that resulted in apparent technical success at 24-h post-
ablation computed tomography (CT) and with �1-year imaging follow-up were randomly selected
from a 320 HCC ablation database (2010–2016). Using a novel volumetric registration software, pre-
ablation CT volumes of the HCCs without and with the addition of a 5mm safety margin, and corre-
sponding post-ablation necrosis volumes were segmented, co-registered and overlapped. These were
compared to visual side-by-side inspection of axial images.
Results: At 1-year follow-up, CT showed absence of local tumor progression (LTP) in 69/90 (76.7%)
cases and LTP in 21/90 (23.3%). For HCCs classified by the software as “incomplete tumor treatments”,
LTP developed in 13/17 (76.5%) and all 13 (100%) of these LTPs occurred exactly where residual non-
ablated tumor was identified by retrospective software analysis. HCCs classified as “complete ablation
with <100% 5mm ablative margins” had LTP in 8/49 (16.3%), while none of 24 HCCs with “complete
ablation including 100% 5mm ablative margins” had LTP. Differences in LTP between both partially
ablated HCCs vs completely ablated HCCs, and ablated HCCs with <100% vs with 100% 5mm margins
were statistically significant (p< .0001 and p¼ .036, respectively). Thus, 13/21 (61.9%) incomplete
tumor treatments could have been detected immediately, were the software available at the time
of ablation.
Conclusions: A novel software platform for volumetric assessment of ablation completeness may
increase the detection of incompletely ablated tumors, thereby holding the potential to avoid subse-
quent recurrences.
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Introduction

One essential factor affecting the success of thermal ablation
is the ability to incorporate the whole tumor into the necro-
sis volume and create an adequate safety (or ‘peri-ablational’)
margin [1,2], measured as the distance from the initial tumor
boundaries to the border of the post-treatment ablation
zone [3]. Indeed, it has been determined that whenever the
size of the ablation zone (defined as homogeneously non-
enhancing attenuation volume) is larger than the size of the
original tumor volume, with a concentric safety margin
greater than 5mm [4], the ablation can be considered suc-
cessful [5] with an extremely low probability of local tumor
progression (LTP) [2,6–8]. Moreover, ablation is usually con-
sidered complete when no LTP (defined as residual or new
area of contrast enhancement in arterial phase, marginally or
internally to the ablation zone with early wash-out [9]) is
detectable on at least 1-year follow-up CT scan [3].

Despite the importance in determining accurate post-
ablation margins for all three dimensions of a treated
tumor, few studies have reported methods for the assess-
ment of ablative margins. In the earliest report, pre-abla-
tion scans achieved with CECT or CEMRI were fused with
post-ablation scans achieved with CEUS using built-in soft-
ware of US machines for a rough manual measurement of
the ablative margin [10]. In two other studies, ablative mar-
gin assessment was performed by side-by-side juxtapos-
ition of pre- and post-ablation CT scans with automatic
software rigid registration and final manual adjustments
[11–12]. While these studies represented advances towards
a more quantitative approach to ablation assessment, such
an approach not only potentially permits ambiguity in
measurement, but is also rather challenging even for expe-
rienced interventional oncologists, given the need to fully
compare the pre- and post-ablation findings in all
three dimensions.
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In an attempt to surmount these issues, for this study, a
software has been developed for segmentation, rigid and
non-rigid co-registration and volume analysis (Ablation-fitTM,
R.A.W. Srl, Milan, Italy) for the assessment of ablation com-
pleteness or the prediction of occurrence and exact location
of LTP and report upon an initial retrospective use of this
platform in 90 HCCs from 50 patients who were treated with
microwave ablation (MWA) and followed for a minimum of
1 year. Thus, the aim of the study is to retrospectively evalu-
ate the accuracy of a novel software platform for assessing
completeness of percutaneous thermal ablations.

Materials and methods

Institutional Review Board approval was waived for this retro-
spective study; every patient signed an informed consent
before ablation.

Inclusion criteria for this study were: (A) MWA of one or
more HCC nodules (0.3–5 cm); (B) pre-ablation, 24 h post-
ablation and 12-m follow-up CT scans; and (C) technical suc-
cess (tumor covered completely by the ablation zone [3])
based upon the 24-h post-ablation CT by 2 radiologists with
more than 15 years of experience (-initials blinded for review-
, LS, TI).

The cohort was comprised of 90 HCCs with imaging and/
or histologic diagnosis in 50 patients (median age¼ 72 years,
range¼ 61–86 years, females/males¼ 11/39) randomly
selected using an online random number generator paired
to the ordinal numbers of patients’ database. Tumor size was
2.7 cm±2 cm (mean± standard deviation). Six (6.5%) HCCs
had maximum axial diameter <1 cm, 46 (51%) from 1.1 to
2 cm, 27 (30%) from 2.1 to 3 cm and 11 (12.5%) from 3.1 to
4.5 cm. Forty one patients had HCV-related cirrhosis, 2 HBV-
related cirrhosis and the remaining 7 steatohepatitis.

All tumors were ablated with high-power (140W,
2.45GHz) MW generator (AMICA, HS Hospital Service, Aprilia,
Italy) with 14-gauge, internally cooled, coaxial antennas
based upon recommended manufacturer guidelines
(40–70Watt power, 3–12min time) [13,14]. Procedures were
performed under ultrasound (US) guidance using moderate
analgesic sedation (i.e. medazolam, fentonyl, and propofol
administered by a licensed anesthesiologist).

Pre- and post-ablation CT examinations were performed
with a 40-slice scanner (Somatom Sensation 40, Siemens,
Healthcare, Erlangen, Germany) after intravenous injection of
100–120ml of contrast agent (Iomeron 350, Bracco Imaging,
Milan, Italy). Scans were obtained during expiration breath-
hold, in arterial (using a bolus-tracking technique; 15–25 s
delay), portal-venous (75 s) and delayed (180 s) vascular
phases, with the following scanning parameters: 120 kVp,
200mA with care dose 4D, 1.5–5mm slice thickness.

The platform (Ablation-fitTM, R.A.W. Srl, Milan, Italy) is a
stand-alone software aimed at planning, verifying and man-
aging cross-sectional images of patients undergoing inter-
ventional oncology procedures. Using CT scans in DICOM
format, the software automatically segments and recon-
structs hepatic parenchyma and its blood vessels, spleen,
and ribs, and semi-automatically segments and reconstructs

both focal liver lesions and ablation induced necrosis show-
ing them with differentiated colors (Figure 1), The software
contours all of this anatomic information not only in axial,
sagittal, and coronal planes for 2 D visualization, but also
three-dimensionally. After automatic or semi-automatic seg-
mentation, it is possible to manually modify each organ
segmentation in the 2 D axial visualization and conse-
quently the three-dimensional mapping of the scan
changes accordingly.

Once the ablation procedure has been performed, pre-
and post-treatment scans are automatically registered using
rigid and non-rigid registration: the first one to recover
rotation and translation differences between pre and post-
treatment images, the second one in order to account for
non-rigid liver deformations due to patient’s respiration and
movement [15,16].

The registration method is implemented using Insight
Toolkit (ITK) libraries and Elastix toolbox [17,18]. Normalized
Mutual Information was used for registration. Non-linear
registration is based on B-splines [17]. Consequently, the
software is capable of verifying whether the necrosis entirely
surrounds the tumor and the safety margin. An example of
3D ablation outcomes in shown in Figure 2. Moreover, calcu-
lations of residual unablated volumes of both the target
tumors and pre-determined safety margins are instantly and
automatically provided (Figure 3). The calculation of the per-
centage of ablative margin is: (the volume of the calculated
5mm ablative margin outside of the achieved ablation zone
divided by the calculated volume of 5mm total ablative mar-
gin)�100. Reconstructions and volume analysis were made
applying the scientific research version of Ablation-fitTM

retrospectively to the pre- and post-ablation CT scans, subse-
quently to the acquisition of the 1-year follow-up CT scan. A
3D ablative margin of 5mm was manually selected, based
upon prior literature [2,6].

In the retrospective analysis using the Ablation-fitTM soft-
ware, results were classified into five categories: incomplete
tumor treatment, or complete tumor ablation while achiev-
ing either 100%, 90–99%, 50–89%, or 0–49% of the intended
5mm ablative margin, respectively. The size of the HCCs
belonging to each category is reported in Table 1. The varia-
bles among the categories were compared and significance
established using Student’s t-test, Fisher’s exact test, and Chi-
square tests. Statistical analysis was performed using SPSS
18.0 software (SPSS Inc., Chicago, IL, USA). Moreover, corres-
pondence between the location of the local progression and
suspect location of incomplete treatment with the software
was evaluated.

Results

At 1-year follow-up, CT showed absence of local tumor in
69/90 (76.7%) cases and local tumor progression in 21/
90 (23.3%).

In the retrospective analysis using the Ablation-fitTM soft-
ware, complete tumor ablation was achieved for 73/90
(81.1%) HCCs. In 24/73 (32.9%) of these, 100% of the
desired 5mm margin was ablated. On 1-year follow-up CT
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none of them developed LTP (0/24) (Figure 4). 90–99% of
the 5mm margin was ablated for 17/73 (23.3%) HCCs with
1-year follow-up CT demonstrating LTP in only one of 17
(5.9%) HCCs. Complete tumor ablation with a 50–89% or
0–49% 5mm margin ablated were noted for 30/73 (41.1%)
and 2/73 (2.7%) HCCs, respectively. On 1-year follow-up CT,
LTPs occurred in 5/30 (16.7%) and 2/2 (100%) cases,
respectively.

‘Incomplete tumor treatment’ (i.e. software demonstration
that portions of the HCCs were not enveloped within the
volume of necrosis) occurred in 17/90 (18.9%) HCCs. On 1-
year follow-up CT, LTP was detected in 13/17 (76.5%) of
these cases. Moreover, all 13 (100%) of these LTPs occurred
in the exact location where residual non-ablated tumor was
identified by Ablation-fitTM (Figure 5). Ablation-fitTM software
had a sensitivity of 62% and a specificity of 94%.

The difference in LTP occurrence among the five groups
was statistically significant (both overall Chi-square and
Fisher’s exact tests with p< .01). A statistically significant
worse outcome in LTP was noted between HCCs ablated
without a margin vs. any margin achieved (p< .01 all com-
parisons). Moreover, achieving a 100% 5mm margin pro-
duced better outcomes than <90% 5mm margins (p¼ .036
and p< .01, for 50–90% and <50%, respectively). However,
results were not statistically significant between achieving a
90–100% 5mm margin and ablation of the entire margin
(p< .24). In addition, no statistically significant correlation
between size of HCC and outcome of ablation was

found both on the 1-year follow-up CT and on the
retrospective assessment with Ablation-fitTM (Table 1; Chi-
square¼ 0.585; p¼ 1).

Discussion

In this retrospective analysis it has been demonstrated that
using a segmentation/registration software it is possible to
achieve detection of undertreated tumor leading to a LTP in
the follow up studies. Main causes of LTP may be untreated
satellite lesions, too small to be detected on imaging prior to
ablation, or insufficient ablation margins. Regardless, the
need for achieving complete treatment in a single ablation
session, thereby avoiding local re-treatments is paramount
and further justified by recent studies that demonstrate
adverse effects caused by incomplete treatments and persist-
ence of tumor remnants [19–21]. Indeed, thermal ablation
can activate hepatocyte growth factor/c-Met pathway and
vascular endothelial growth factor stimulation, prompting
distant tumor growth and leading to aggressive recurrences
[22,23]. In addition, for currently unclear mechanisms, an
insufficient treatment of HCC by ablation that enables sur-
vival of some cells can induce further malignant transform-
ation [24]. As a consequence, the aim of any ablation
treatment should be to kill the totality of malignant cells in
one session, through the achievement of ablation volumes
exceeding the target lesion volume of at least 5mm in all
three-dimensions. Documentation of intra-procedural

Figure 1. Result of organs’ segmentations: 2D contours in the axial, sagittal and coronal views and 3D reconstructions.
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treatment adequacy could potentially reduce LTP and recur-
rence rates [2,4,6].

Nowadays, the most common method to assess the tech-
nical success of ablations is subjective matching of the imag-
ing scans acquired before and after ablation. The pre- and
post-ablation scans are loaded on to two different screens,
the central slices of the tumor and of the necrosis are identi-
fied with visual inspection by the clinician to determine
whether the necrosis entirely surrounds the tumor [25].
Nonetheless, this assessment is sometimes cumbersome and
not objective, as it relies just on operator expertise, and suf-
fers from a lack of 3D representation. As a consequence,
other methods for the assessment of treatment outcome
have been developed. Intraoperative contrast-enhanced
ultrasound (CEUS) (or CEUS fused with CT [12]) led to good
results [26–29], but it suffers from the low spatial resolution
of sonography and the lack of 3D representation.
Registration and fusion of other imaging techniques (e.g. CT,
MRI and PET [30–33]) and coronal reformations using mod-
ern CT machines [34] have been used.

The clinical use of Ablation-fitTM software can offer signifi-
cant advantages for the assessment of the outcome of ther-
mal ablations. Indeed, this study confirmed that even highly
experienced interventional oncologists overestimated the
number of technical successes achieved as Ablation-fitTM

showed that 17/90 (18.9%) of those cases initially thought of
as adequately treated were not even entirely ablated, and
actually in 13 of these 17 cases (76.5%) LTP developed at 1-
year following CT scan. A key point of Ablation-fitTM software
is that the registration algorithms are fully automatic and
fast (less than 3min to complete the entire procedure) and
take into account liver deformations and different breathing
phases between pre- and post-treatment CT scans.
Furthermore, deformable registration is applied, giving both
2D and 3D visual representation of the treatment outcome
and calculations of the residual tumor volume plus residual
ablative margin volume. Hence, unlike systems previously
described in the literature, the described software tool allows
one to change from a standard 2D subjective evaluation
based upon a two-screens slice-by-slice comparison of pre-
and post-ablation scans to an objective evaluation of the
outcome of treatments based upon a 3D comparison of pre-
and post-ablation scans. Moreover with appropriate modifica-
tions similar registration strategies could be employed for
other modalities such as cone beam CT [15].

The extent or three-dimensional completeness of ablative
margins achieved has been clearly demonstrated to be a cru-
cial determinant of the outcome of ablations. As it has been
shown previously for HCCs and colorectal metastases
[4,6,8–10,12,13] using conventional evaluation techniques, a

Figure 2. Categorization of post-ablation outcomes. Top left: Tumor (inner part) entirely included in the necrosis (outer part). Top right: Tumor (inner part) and 5
mm safety margin (middle part) entirely included in the necrosis (outer part). Bottom left: Tumor (inner part) entirely included in the necrosis (outer part), 5 mm
safety margin (middle part) partially included in the necrosis. Arrow indicates the safety margin region not included in the necrosis. Bottom right: Tumor (inner
part) and 5 mm safety margin (middle part) partially included in the necrosis (outer part). Arrows indicate the tumor region and the safety margin region not
included in the necrosis.
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Figure 3. Result of pre- post-ablation registration: HCCs is the inner part, 5 mm margins (middle part) coagulation zone (outer part). The solid portion outside the
necrosis is the unablated safety margin. Calculations rendered are: residual unablated nodule 0%, residual unablated 5 mm margin 7.8%.

Table 1 Size of HCCs in the 1-yr follow-up CT and in the five categories of Ablation-fitTM analysis.

Outcome on 1-yr f/u �1 cm 1.1–2.0 cm 2.1–3.0 cm 3.1–4.5 cm

HCCs with no LTP 5 36 19 9
HCCs with LTP 1 10 8 2

Outcome with Ablation-fitTM

Incomplete tumor treatment 0 8 7 2
Complete ablation þ 100% 5mm margin ablated 4 9 8 3
Complete ablation þ 90-99% 5mm margin ablated 0 10 4 3
Complete ablation þ 50–89% 5mm margin ablated 2 18 7 3
Complete ablation þ 0–49% 5mm margin ablated 0 1 1 0

The chi-square of 0.585 is equivalent to a p values of 1, strongly supporting our contention.
With no LTP vs. with LTP: Chi-square 0.976; p¼ .81.
Outcome comparison: Chi-square 0.585; p¼ 1.

Figure 4. Top left: Pre-ablation HCC segmentation. Top right: Post-ablation segmentation of the necrosis volume. Bottom left: pre- post-ablation registration; the
residual unablated nodule percentage is 0% and the residual unablated 5 mm margin is 12.5% (the solid portion outside the necrosis is the unablated safety mar-
gin). Bottom right: 1-year follow-up CT with necrosis segmentation showing no-LTP.
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statistically significant difference between complete tumor
ablation with less than 100% margin and complete tumor
ablation including 100% margin has been demonstrated –
even when using the smallest ablative margin currently con-
sidered acceptable (i.e. 5mm). Additionally, in this study,
sub-set statistical analysis demonstrated completeness of the
ablative margin turned out to be more strictly related to the
ablation outcome than to the size of HCCs both on the 1-
year follow-up CT and on the retrospective assessment with
Ablation-fitTM. Moreover, the accuracy of Ablation-fitTM soft-
ware was further proven as there was exact spatial corres-
pondence between the site of incomplete ablation clearly
depicted retrospectively by the software and the site of LTP
development on the 1-year follow-up CT.

Although these results are promising, future studies must
include defining the optimal ablation margin, which may
very well be different for different tumors and organs.
Likewise, it will be important to take into consideration other
effects of MW ablation on surrounding tissues that may alter
the amount of measured coagulation. Most specifically, sev-
eral previous studies [35–37] demonstrate in ex-vivo tissues
that microwave ablation produces significant tissue contrac-
tion particularly in the central ablation zone and in the radial
direction, thus making ablation zones measured post-treat-
ment markedly smaller than the pretreatment tissue dimen-
sions. Additionally, some (but likely less) shrinkage has been
reported for RF ablation [38]. Thus, although actual shrinkage
parameters are not fully elucidated for clinical practice, the
size of the ablation volumes calculated by the software may
be underestimated, with the value of the 5mm margin
selected for this study consequently representing a larger
effective area of treatment: this could also explain why in
this study the difference in outcomes between achieving a
90–100% 5mm margin and ablation of the entire margin
was not statistically significant.

Limitations of this study are mainly due to its retrospect-
ive nature and to a selected cohort of only apparently tech-
nically successful cases. The results of this study will need

confirmation from future prospective studies in larger and
more varied cohort of cases covering a wide range of tumor
types, organs, and ablation devices. Likewise, this study only
evaluated CT imaging follow-up. Thus, the development of
Ablation-fitTM software that will enable to also segment and
non-rigidly register pre- and post-ablation MRI scans in
DICOM format is in the process.

In conclusion, this retrospective evaluation demonstrates
that if Ablation-fitTM software could have been used at the
time of ablation, a significant percentage of incomplete
tumor treatments could have been detected immediately at
the time of treatment. Further studies are needed to verify
the potential for software detection of undertreated tumors
with CT scans acquired immediately after ablation.
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Figure 5. Top left: Pre-ablation segmentation of two HCCs in the same patient. Top right: Post-ablation segmentation of the coagulation volumes achieved.
Bottom left: pre- post-ablation registration. Calculations rendered are the following: residual unablated tumor 78.9% and 100% respectively and residual unablated
5 mm margin 77.6% and 93.0% (the inner solid portion outside the necrosis is the unablated tumor and the outer solid portion outside the necrosis is the unab-
lated safety margin). Bottom right: 1-year follow-up CT with LTPs segmentations. LTPs developed in the exact location where residual unablated tumor was shown
in the pre-post-ablation registration (bottom left image).
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