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Abstract

Objectives Oligometastatic colorectal cancer benefits of locoregional treatments but data concerning microwave ablation
(MWA) are limited and interactions with systemic therapy are still debated. The aim of this study is to evaluate safety and
effectiveness of Thermosphere™ MWA (T-MWA) of colorectal liver metastases (CLM) and factors affecting local tumor
progression-free survival (LTPES).

Methods In this multi-institutional retrospective study (January 2015-September 2019), patients who underwent T-MWA
for CLM were enrolled. Complications according to SIR classification were collected, primary efficacy and LTP were cal-
culated. Analyzed variables included CLM size at diagnosis and at ablation, CLM number, ablation margins, intra-segment
progression, chemotherapy before ablation (CBA), variations in size (ASps_apL), and velocity of size variation (Vs apr)
between CLM diagnosis and ablation. Uni/multivariate analyses were performed using mixed effects Cox model to account
for the hierarchical structure of data, patient/lesions.

Results One hundred thirty-two patients with 213 CLM were evaluated. Complications were reported in 6/150 procedures
(4%); no biliary complications occurred. Primary efficacy was achieved in 204/213 CLM (95.7%). LTP occurred in 58/204
CLM (28.4%). Six-, twelve-, and eighteen-month LTPFS were 88.2%, 75.8%, and 69.9%, respectively. At multivariate analy-
sis, CLM size at ablation (p =0.00045), CLM number (p =0.046), ablation margin <5 mm (p =0.0035), and intra-segment
progression (p <0.0001) were statistically significant for LTPFS. ASpyx apr. (p =0.63) and V4 g (p=0.38) did not affect
LTPFS. Ablation margins in the chemo-naive group were larger than those in the CBA group (p <0.0001).
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Conclusion T-MWA is a safe and effective technology with adequate LTPFS rates. Intra-segment progression is signifi-

cantly linked to LTPFS. CBA does not affect LTPFS. Anticipating ablation before chemotherapy may take the advantages

of adequate tumor size with correct ablation margin planning.

Key Points

o Thermosphere™-Microwave ablation is a safe and effective treatment for colorectal liver metastases with no registered
biliary complications in more than 200 ablations.

e Metastases size at time of ablation, intra-segment progression, and minimal ablation margin <5 mm were found statistically
significant for local tumor progression-free survival.

e Chemotherapy before ablation modifies kinetics growth of the lesions but deteriorates ablation margins and does not
significantly impact local tumor progression-free survival.
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Abbreviations

CBA Chemotherapy before ablation
CLM Colorectal liver metastases
CT Computed tomography

LRT Locoregional therapies

LTP Local tumor progression

LTPFS Local tumor progression-free survival
MRI Magnetic resonance imaging

MWA Microwave ablation

OS Overall survival

RFA Radiofrequency ablation

SBRT Stereotactic body radiation therapy

T-MWA Thermosphere microwave ablation

Vpbiaapr  Velocity of size change from diagnosis to
ablation

ASpiaap.  Degree of size change from diagnosis to
ablation

Introduction

Colorectal cancer is the third most common tumor in both
men and women. About a third of patients with a diagnosis
of colorectal cancer during their lifetime will develop liver
metastases (CLM) [1, 2] which represent a major prognostic
determinant [3, 4].

In this field of treatment, specifically in the oligometastatic
setting, locoregional treatments (LRTs) have recently been
endorsed by NCCN [5] and ESMO guidelines [6] in the man-
agement of CLM. In the ESMO consensus guidelines, liver
surgery, stereotactic body radiation therapy (SBRT), radiofre-
quency (RFA), microwave ablation (MWA), and trans-arterial
therapies are all included in the LRTSs toolbox, where physi-
cians can select the best treatment for the right patient dur-
ing tumor boards [6]. However, therapeutic indication varies
according to the local expertise also due to the non-homoge-
nous scientific evidence regarding the different LRTs. Further-
more, data concerning interaction of interventional treatments
and systemic therapies are still limited [7, 8] or lacking.
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Among image-guided ablation techniques, RFA is by far
the most extensively investigated with milestone papers [9,
10]. MWA has been more recently proposed as an alternative
ablation technique and is gaining popularity among inter-
ventional radiologists [11] as it represents some advantages
over RFA, such as reduced “heat-sink” effect (lower heat
dissipation in a vessel’s proximity) and larger ablation zones
over a shorter period of time. The poor level of predictabil-
ity of the ablation zone however is one of the well-known
limitations of MWA probes. Thermosphere™ technology
is a relatively recent advance of MWA whereby a combina-
tion of thermal control, field control, and wavelength control
leads to the formation of a reliable spherical ablation zone
[12]. This technique is currently investigated in the ongoing
European prospective registry (CIEMAR-NCT03775980)
and has already shown the potential of improving results of
MWA in different clinical settings [13—15].

As recently highlighted [16], despite acknowledgments
from the oncological guidelines and significant technical
advancements, a relatively small number of studies have
investigated the efficacy of MWA in the CLM setting and,
specifically, no pertinent information is present about MWA
with Thermosphere™ technology only (T-MWA). Further-
more, data are lacking about the interactions between abla-
tive treatments and timing of concomitant systemic therapies
and the growth kinetics of metastatic disease.

We therefore aimed at evaluating safety and effective-
ness of T-MWA of CLM and factors affecting local tumor
progression-free survival (LTPES).

Methods

Study design

The study was approved by the IRBs of the three institu-
tions (San Raffaele University Hospital, Milan (institution

A); University of Torino (institution B); and Istituto Europeo
di Oncologia, Milan (institution C)) in full respect of the
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Declaration of Helsinki and its later amendments. Informed
consent was waived for this retrospective analysis.

Liver ablation registries of the three institutions were ret-
rospectively evaluated and updated by review of the elec-
tronic medical records to select consecutive patients who
underwent image-guided microwave ablation with Thermo-
sphere™ technology for the treatment of CLM from January
2015 to September 2019.

Ablation eligibility criteria, patient selection,
and technique

Patient eligibility for ablation was discussed at each institu-
tions’ multidisciplinary tumor boards. Patients underwent
image-guided ablation if not amenable to surgery, in case of
refusal to or in combination with surgery. In all three institu-
tions, CLM were ablated if they did not exceed 5 cm in size
and 5 lesions in number [17]. No oncological criteria were
used for ablation eligibility.

Patients had to fulfill the following inclusion criteria:
clinical and imaging evidence of CLM (radiological diag-
nosis of metastases on pre-operative dynamic contrast-
enhanced imaging with a liver-specific acquisition proto-
col); availability of CT imaging at diagnosis and/or before
ablation within 1 month from the procedure.

Percutaneous approach was free-hand ultrasound-guided
or CT-guided (institutions A, B, and C) according to ultra-
sound conspicuity and local expertise, either under deep
sedation (institutions A and B) or general anesthesia (insti-
tution C). Laparotomic and laparoscopic procedures (institu-
tions A and C) were performed in the operating room with
free-hand ultrasound guidance under general anesthesia.

All ablations were performed by experienced IRs in all
centers using a 2450-MHz/100-W Microwave Emprint™
ablation system with Thermosphere™ technology
(Medtronic).

Ablation protocol (power and time) was tailored to tumor
size according to the manufacturer’s instructions (Ablation
Zone Charts. R0065469, Instructions for Use, Emprint™).

Collected data

For each patient, collected data were as follows: gender, age,
TNM at diagnosis, mutational status (including KRAS and
NRAS), location of primary CRC, clinical risk score [18],
history of previous CLM resection or LRTs, chemotherapy
before and after ablation, CLM number, and all the available
imaging (pre- and post-procedure).

For each CLM, collected data included the following:
size (at diagnosis and at ablation), intrahepatic location, time
of appearance on imaging (synchronous/metachronous),
amount of delivered energy over tumor size (WX S/mm).

CLM diameter at diagnosis and at the time of proce-
dure was expressed both as a continuous variable and as a
categorical entity (with cutoff values at 10, 15, 20, 25, 30,
35 mm). Available cross-sectional imaging from diagnosis
to the time of ablation was reviewed in order to identify
changes in size of the target lesions. Based on these data,
information was acquired regarding degree of tumor size
change from diagnosis to ablation (ASp, A1) as well as
velocity of size variation (size mm/time days, Vs apr)-

Technique efficacy, tumor recurrence, and follow-up

Standardized terminology and reporting criteria for tumor
ablation were used to determine ablation endpoints accord-
ing to Ahmed et al. [19]. Complications were classified
according to the SIR classification [20].

Technical success was assessed immediately after the
procedure, by means of contrast-enhanced CT (for CT-
guided procedures) or ultrasound evaluation (for US-guided
procedures).

Technique efficacy was defined as absence of pathological
enhancement at the ablation zone (residual tumor) on imag-
ing (CT or MRI) at 1 month after ablation [21].

Minimal ablation margin evaluation on the three orthogo-
nal planes was performed as previously described by Wang
et al. [22] using the first cross-sectional contrast-enhanced
imaging study following ablation.

The minimal ablation margin achieved in all three-dimen-
sional axes was used to categorize the ablated CLM as hav-
ing <5 mm or>5 mm and <10 mm or> 10 mm minimal
ablation margin.

Institutional follow-up for all three institutions included
CT/MRI using a liver-specific acquisition protocol 1 month
after the procedure, then every 3 months for the first year
and every 6 months thereafter.

Local tumor progression (LTP) was defined as appear-
ance of foci of vital disease at the edge of the ablation zone
at any of the follow-up time points [19]. Intra-segment pro-
gression was defined as appearance of metastases within the
same segment as the ablation area, at a minimum distance
of > 1 cm from the ablated index lesion.

Intrahepatic progression was defined as appearance of
metastases in any liver site outside of the ablation area. Data
regarding overall survival (OS) were also recorded.

Statistical analysis

Patient characteristics were described using standard
descriptive statistics. Frequencies presented as percentages
were used to express categorical values; median values with
respective interquartile ranges were used for continuous
variables.
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Statistical analysis was performed with the open-source
software R studio (R Foundation for Statistical Comput-
ing, www.r-project.org) by a qualified academic biostat-
istician (R.S.). Survival curves were generated with the
Kaplan—Meier method and evaluated with the log-rank test.
Univariate and multivariate analyses were performed using
mixed effects Cox models, with random intercept per group
in order to reduce to potential bias of multiple nodules per
patient. Analysis was considered statistically significant if
p<0.05.

Results
Patient and CLM characteristics

During the study period, a total of 228 consecutive
patients who underwent CLM ablation were identified.
Patients with follow-up < 6 months (n=42), lack of avail-
able cross-sectional imaging at diagnosis and/or the first
CT control (n=31), and CLM ablation performed with

non-Thermosphere™ technology (n=23) were excluded
from analysis (Fig. 1).

After exclusions, a total of 132 patients (mean age
65.1 years [range 39-86]) who were deemed not to be surgi-
cal candidates (n=_82), refused surgery (n=2), or underwent
combined surgical/ablative approach (n =48) were included
in the analysis. Of these patients, 70 underwent chemother-
apy after lesion identification prior to ablation (53%).

A total of 213 CLM were ablated in 150 procedures
and included in the analysis (median size 1.4 cm [range
0.3-3.7]); 80 lesions were synchronous and 124 were
metachronous.

The median follow-up period was 19 months (range
6-55 months). Patient and tumor characteristics at baseline
are summarized in Table 1.

Comparison between institutions A, B, and C revealed
homogeneity in most of the analyzed data such as gen-
der, presence of extrahepatic disease at time of ablation,
number of ablations in a single session, post-ablation
chemotherapy, KRAS and NRAS mutations, localization
and nodal status of primary tumor, CEA level at time of

Fig.1 Flow diagram of patient
selection and exclusion criteria.
MWA, microwave ablation;
CLM, colorectal liver metas-
tases

MWA of CLM from January 2015 to September 2019

N= 228 consecutive patients, 338 CLM, 250 procedures

Excluded (N=96 pts, 125 CLM, 100 procedures)
+ Follow-up < 6 months (N=42 pts, 60 CLM, 44
procedures)
+ Lack of available cross-sectional imaging at
diagnosis (N=31 pts, 42 CLM, 33 procedures)
+ Ablation performed with non-Thermasphere
technology (N=23 pts, 23 CLM, 23 procedures)

Considered for analysis (N= 132 patients, 213 CLM, 150 procedures)

« Residual tumor at 1-month follow-up N= 9/213 CLM

Included in Technique
Efficacy and
Complications
Analysis

(N= 132 patients, 213
CLM, 150
procedures)

A

Included in Survival Analysis (N= 132 patients, 204 CLM)
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Table 1 Baseline characteristics. EHD, extrahepatic disease; CT, com-
puted tomography; CEA, carcinoembryonic antigen; CRC, colorectal

cancer; CLM, colorectal liver metastases; LRT, locoregional treatment;
TARE, trans-arterial radioembolization; RFA, radiofrequency ablation;

RECIST, Response Evaluation Criteria in Solid Tumors; PD, progres-
sive disease; SD, stable disease; PR, partial response

Patients (N=132)
Gender

Male

Female

Age (years)>70
>5 Lesions

EHD at time of
ablation

Indication for
ablation

Non-surgical
candidate

Surgery refusal

Combined
approach

Technical
approach

Percutaneous
Laparoscopic
Laparotomic

Imaging guidance
Ultrasound
CT

Lesions ablated
per session

Single
Multiple

CLM (N=204)

Size at ablation
(mm)’

Size at CSI

Largest lesion size
at any time

Previous LRT

TARE

RFA
Resection

86 (65.2%)
46 (34.8%)
45 (34.1%)
26 (19.7%)
34 (25.8%)

82 (61.1%)
2 (1.5%)

48 (36.4%)

76 (57.6%)
17 (12.9%)
38 (28.8%)

95 (72.5%)
36 (27.3%)

88 (66.7%)

44 (33.3%)

15.4+8 (3-37)
14.8+8.2 (3-46)
18.4+9.5 (3-47)

41 (19.2%)

3 (1.4%)

28 (13.1%)
10 (4.7%)

AllRas mutation

AllRas wt
Missing
KRAS mut
KRAS wt
Missing

NRAS mut
NRAS wt
Missing

CEA at diagno-
sis of primary
tumor

CEA at time of
ablation

Clinical risk score
0
1

v A W

Missing

Subcapsular location

Proximity to vessels >3 mm
Chemotherapy after lesion discovery and

before ablation

Time from last hepatic resection to ablation

43 (32.6%)

61 (46.2%)
28 (21.2%)
42 (31.8%)
68 (51.5%)
22 (16.67%)

4 (3%)
98 (74.2%)
30 (22.7%)

81.8+933.7 (1.3-7288.6)

7.7+24.2 (0.8-118.5)

6 (4.5%)
14 (10.6%)

19 (14.4%)
32 (24.2%)
6 (4.5%)
1 (0.8%)

54 (40.9%)

54 (25.4%)
79 (37.1%)
112 (52.6%)

406.7 +382.5
(5-1464)

Time from last chemotherapy cycle to ablation 68.17 +60.55

(days)

(0-381)

Location of pri-
mary tumor

Cecum
Ascending colon
Transverse colon
Descending colon

Sigmoid colon
Rectum
Missing

Nodal status of
primary
0

2

Missing

Grade of primary
tumor

Gl

G2

G3

Missing

Previous hepatic
resection

Post-ablation
chemotherapy

Synchronous

Metachronous

Time from lesion
discovery to
ablation (days)

Response to
pre-ablation
chemotherapy
(RECIST1.1)

PD

SD
PR

8 (6.1%)
19 (14.4%)
3(2.3%)
26 (19.7%)
35 (26.5%)

40 (30.3%)

1(0.8%)

35 (26.5%)

59 (44.7%)

33 (25%)
5(37.9%)

4 (3%)

82 (31.8%)
23 (17.4%)
23 (17.4%)

38 (28.8%)

61 (46.2%)

83 (39%)
130 (61%)

160.6 +158.8
(0-779)

28 (29.5%)

11 (11.6%)
56 (58.9%)

ablation, subcapsular localization, time from lesion dis-
covery to ablation, chemotherapy after lesion discovery
and before ablation, incomplete ablation, and LTP rates.

(Tables S1 and S2).

The evaluation regarding similarities and differences
among institutions is available as supplementary material
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Table2 LTPFS mixed effects Cox model. LTPFS, local tumor pro-
gression-free survival; HR, hazard ratio; CEA, carcinoembryonic
antigen; CLM, colorectal liver metastases; LRT, locoregional therapy;

RECIST, Response Evaluation Criteria in Solid Tumors; PD, progres-
sive disease; SD, stable disease; PR, partial response

Variable Univariate Multivariate
Coefficient HR  Standard error p Coefficient HR Standard error p

Gender 0.48 1.62 037 0.2
Age>T70 0.23 126 035 0.52
Center (baseline B)

A -041 0.66  0.49 0.41

C 0.09 1.1 0.47 0.85
Extrahepatic disease at time of ablation -0.42 0.65 0.43 0.33
Percutaneous (baseline)

Laparoscopic -0.5 0.60 0.49 0.3

Open -0.75 047 041 0.07
Imaging guidance -0.44 0.65 0.36 0.23
Number of lesions ablated per session 0.03 1.03 0.15 0.84 0.06 1.07 0.03 0.046

> 1 lesion ablated 0.48 1.62 0.34 0.16

> 3 lesions ablated 0.89 2.44 0.47 0.056
Hepatic resection (baseline none)

Pre-ablation 0.63 1.88 0.39 0.11

Post-ablation —0.09 0.91 0.55 0.87
Time from hepatic resection to ablation 0.0014 1.001 0.0012 0.23
Post-ablation chemotherapy -0.39 0.67 035 0.26
AllRas mutation -0.34 0.71 0.41 0.4
KRAS -0.15 0.86 042 0.73
NRAS —21.26 0 3.4768 1
CEA at diagnosis of primary tumor —0.00023 1 0.00047 0.63
CEA at diagnosis of primary tumor > 200 ng/mL 0.06 1.06  0.78 0.94
CEA at time of ablation -0.009  0.99 0.012 0.45
Clinical risk score

1 -0.69 0.5 0.96 0.47

2 -0.72 049 08 0.4

3 -0.89 0.41 0.82 0.27

4 —0.08 092 092 0.93

5 —18.8 0 15.988 1
Location of primary tumor (baseline cecum)

Ascending 0.75 2.12 0.76 0.32

Transverse —20.02 0 24.134 1

Descending 0.34 1.4 0.72 0.64

Sigma 0.2 122 071 0.78

Rectum -0.25 077  0.72 0.72
Nodal status of primary tumor

1 -0.14 087 05 0.78

la —-1.34 026 08 0.093

1b —0.04 096 054 0.94

lc 0.99 269 0.7 0.16

2 0.35 142 0.65 0.59

2a -0.13 0.88  0.55 0.81

2b -0.12 089 08 0.89
Metastatic disease at diagnosis -0.15 0.86 0.36 0.67
CLM size at ablation 0.08 1.08  0.021 0.0001 0.1 1.1 0.02 0.00045
CLM size at diagnosis 0.056 1.06  0.017 0.0008
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Table 2 (continued)
Variable Univariate Multivariate
Coefficient HR  Standard error p Coefficient HR Standard error p
Largest CLM size 0.07 1.07 0.016 0.00006
Amount of delivered energy 0.00009 1 0.0001 0.43
Synchronous —0.15 0.86 0.36 0.67
Subcapsular location 0.21 1.23 0.36 0.57
Proximity to vessels >3 mm 0.3 1.35 0.32 0.34
Any LRT before ablation 0.7 2.01 0.42 0.096
Time from lesion discovery to ablation (days) 0.0015 1.001 0.001 0.15
Chemotherapy after lesion discovery and before 0.42 1.52 0.34 0.22
ablation

Time from last chemotherapy cycle to ablation —-0.007 0.99 0.005 0.17
Response to pre-ablation chemotherapy (RECIST1.1) (baseline PD)

SD 0.79 2.21 0.82 0.33

PR -0.12 089 05 0.81
Margin (baseline <5 mm)

>5mm -1.26 0.28 0.42 0.0025 -1.03 0.36 0.35 0.0035

>10 mm —1.41 024 044 0.0014
Intrasegment progression 1.11 3.05 0.29 0.00009 14 4.1 036 0.00009

Bold values are statistically significant (p <0.05)

Local, hepatic, and patient outcomes

Primary efficacy was observed in 204/213 nodules (95.7%).
Of the 9 cases with incomplete ablation, one underwent
repeated ablation and 4 refused further local treatments and
underwent chemotherapy; one case had a multifocal relapse
observed at 1-month follow-up and was switched to chemo-
therapy; in the remaining 3 cases, surgical resection was
performed on the incompletely ablated nodule.

No fatal events occurred after ablation. Complications
were observed in 6/150 procedures (4%), of which three
were classified as minor (two non-bleeding hematomas
which did not require further treatment and one case with
a collection which required antibiotic therapy and 3 were
classified as major (three cases of pleural effusion managed
with drainage placement).

LTP was observed in 58/204 CLM during the follow-up
period (28.4%). Six-, twelve-, and eighteen-month LTPFS
were 88.2%, 75.8%, and 69.9%, respectively. Twelve out of
58 LTPs underwent re-ablation (20.7%), whereas 31 (53.4%)
were scheduled to receive chemotherapy due to multifocal
liver progression, 5 (8.6%) underwent surgical resection, and
10 (17.2%) refused further treatments.

Intrahepatic progression was observed in 79/132 patients
during the follow-up period (59.8%). Six, twelve, and eight-
een months, intrahepatic progression-free survival rates
were 65.8%, 56%, and 36.8%, respectively.

Cancer-related deaths occurred in 14/132 patients dur-
ing the follow-up period (10.6%). Twelve- and twenty-four-
month OS were 98.3% and 89.9%, respectively.

Univariate and multivariate analyses

At univariate analysis (Table 2), risk factors for occurrence
of LTP were CLM size at ablation (HR=1.08, p=0.0001),
CLM size at ablation>2 cm (HR=2.55, p=0.00157),
CLM size at CSI diagnosis (HR =1.06, p =0.0008), larg-
est CLM size at any time point before ablation (HR =1.07,
p<0.0001), and intra-segment progression (HR=3.05,
p<0.0001). Margins >5 mm (HR =0.28, p=0.0025) and
margins > 10 mm (HR =0.24, p =0.0014) were both protec-
tive factors for LTP.

At the multivariate analysis (Table 2), a balanced model
for LTPFS including CLM number (p =0.046), size at
ablation (p =0.00045), minimal ablation margin>5 mm
(p=0.0035), and intra-segment progression (p <0.0001)
was created.

Lesion size and growth kinetics analysis
CLM size at diagnosis on cross-sectional imaging was
14.8 + 8 mm (3—46 mm); CLM size at time of ablation was

15.4 + 8 mm (3-37 mm). Mean time from detection to abla-
tion was 160.6 + 158.8 days (0-779).
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Table 3 LTPFS univariate mixed effects Cox model on size. LTPFS,
local tumor progression-free survival; HR, hazard ratio; ASp 4p1»
size change from diagnosis to ablation; Vj, 45, Vvelocity of size
change from diagnosis to ablation

Variable Coefficient HR  Standard p

error
Size at ablation 0.08 1.08  0.02 0.0001
Size at ablation> 10 mm 1.36 388 0.39 0.0005
Size at ablation> 15 mm 0.99 2.68 0.33 0.003
Size at ablation>20 mm 1.06 2.89 034 0.002
Size at ablation>25 mm 1.29 365 04 0.0014
Size at ablation > 30 mm 0.75 2.12 1.1 0.5
Size at ablation > 35 mm —-19.11 0 23.030 1
Size at diagnosis 0.06 1.06  0.02 0.0008
Size at diagnosis > 10 mm 1.52 458 04 0.00016
Size at diagnosis> 15 mm 0.95 258 0.3 0.0034
Size at diagnosis >20 mm 0.5 1.65 04 0.22
Size at diagnosis > 25 mm 0.83 229 046 0.07
Size at diagnosis > 30 mm 1.19 329 052 0.022
Size at diagnosis > 35 mm 1.56 474 0.65 0.017
ASpiA-ABL 0.06 1.01  0.02 0.78

—0.043 096 0.32 0.89
-1.84 016 1.8 0.3
-0.21 0.8 0.3 0.53

ASpiaapL>0 mm

Vbia-abL
Vbia-apr >0 mm/day

Bold values are statistically significant (p <0.05)

CLM size both at time of ablation and at time of diagnosis
was a statistically significant predictor of LTP, analyzed as
a continuous variable as well as using different thresholds
(HR varying from 1.08 to 4.74, p varying from 0.0001 to
0.022, see Table 3).

Mean ASpa apr, Was 0.8 +£8.8 mm (—31/+22); mean
Vpiaagr, Was 0.06 +0.2 mm/days (—0.16/+42.29). No asso-
ciation was seen between LTPFS and ASp, ap. (»=0.78)
or Vpiaapr (?=0.3).

Chemotherapy before ablation (CBA) was adminis-
tered in one hundred twelve out of 204 CLM (70 patients).

Regimens administered included the following: n=35
capecitabine; n=2 capecitabine + bevacizumab; n=2 fol-
firi, n=11 folfiri + bevacizumab, n =4 folfiri + cetuximab,
n=29 folfox, n=14 folfox + bevacizumab, n=10 xelox;
n =9 folfox + panitumumab, n =4 folfoxiri + bevacizumab.
Time elapsed between detection and ablation was longer in
CLM undergoing CBA (2404 170.8 days vs 63 +62 days,
p <0.001). Differences and similarities between the CBA
and chemo-naive groups are summarized in Table 4.

LTP was observed in 36/112 CLM undergoing CBA (32.1%)
and 22/92 chemo-naive CLM (23.9%, p=0.21). At univariate
analysis, CBA was not associated with LTPFS (p=0.22).

At time of diagnosis, lesion size was slightly higher in
CLM receiving CBA (16.8+9 mm vs 13+ 6 mm, p=0.015),
whereas at time of ablation, size was higher in chemo-naive
CLM (17.5+8 vs 13.4+7, p<0.001). No statistical differ-
ence was observed between size at diagnosis in the CBA
group and size at ablation in chemo-naive CLM (chemo-
treated 16.8 +9 mm; chemo-naive 17.5 £ 8, p=0.45). Size
distribution at diagnosis and at ablation according to sub-
groups based on history of CBA is reported in Fig. 2. Mar-
gins in the chemo-naive groups were significantly larger than
those in the CBA group (margins <5 mm groups, p=0.035;
margins > 10 mm groups, p <0.0001).

ASpaapr and Vs 4 Were significantly higher in CLM not
undergoing CBA (ASpia apr: 4-8+5.4 mm vs—2.9+9.7 mm,
p<0.001; Vpaap: 0.13+0.28 vs —0.007 +0.06, p <0.001).
Distribution of ASpy 4 apr. and Vpaapr is shown in Fig. 3 and

depicted for each single lesion in Fig. 4.

Discussion

Our multicenter study gives pertinent information regarding
T-MWA and analyzes the lesion size in a dynamic approach,
investigating the kinetics growth before ablation and factors
that can modify it.

Table 4 CLM characteristics Variables

according to subgroups based
on pre-ablation chemotherapy.
CLM, colorectal liver
metastases; CBA, chemotherapy
before ablation; CSI, cross-
sectional imaging

Size at ablation (mm)
Size at CSI

Subcapsular location
Proximity to vessels >3 mm
Margin <5 mm

Margin 5-10 mm

Margin> 10 mm

Local tumor progression

Amount of delivered energy (WX s/mm)

CBA (N=112) Chemo-naive (N=92) P
13.4+7 (3-35) 17.5+8 (5-37) <0.0001
16.8+9 (3-46) 13+6 (4-30) 0.015
2253.56 +1340.25 2179.5+1148 (700— 0.6
(545-10,000) 7125)
24 (21.4%) 28 (30.4%) 0.15
41 (36.6%) 34 (37%) 0.53
43 (38.4%) 23 (25%) 0.035
46 (41%) 27 (29.35%) 0.82
23 (20.6%) 42 (45.65%) <0.0001
36 (32.14%) 22 (23.9%) 0.2

Bold values are statistically significant (p < 0.05)
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Briefly, our findings highlight that:

— T-MWA is a safe technique (2% of major complications,
with no biliary complications) with satisfying LTPFS
rates at 12 months (75.8%);

— Multivariate analysis with Cox regression confirms lesion
size, minimum margins size, and number of hepatic
lesions < 3 as factors influencing outcome and unveils
a relationship between intra-segment progression and
LTPFS;

— Lesion size clearly impacts outcome, also when meas-
ured at time of diagnosis (p =0.000237);

— Chemotherapy before ablation modifies growth kinetics
(both ASpaapr and Vs apr) but deteriorates ablation
margin width and does not significantly impact LTPFS
(p=0.37).

Literature concerning microwave ablation of colorectal
liver metastases or factors impacting outcome is relatively
few if compared with other therapies present in the ESMO
toolbox (in primis, RFA, or surgery). T-MWA, introduced
in the clinical practice in 2015, has gained acceptance as a
valid tool for treatment and is recently being investigated in
the first European prospective registry (CIEMAR) whose
results are expected in 2025. Moreover, a phase III single-
blind prospective randomized controlled trial (the COL-
LISION trial [23]) is ongoing with the objective to prove
non-inferiority of MWA compared to hepatic resection in
patients with at least one resectable and ablatable CLM and
no extrahepatic disease. Thus, our paper represents the first

multicenter retrospective analysis of results achieved in the
clinical practice with the application of T-MWA in the treat-
ment of CLM.

According to our results, T-MWA is a safe technology
with LTPFS rates of 88.2%, 75.8%, and 69.9% at 6, 12, and
18 months. These results are comparable with recently pub-
lished data in a historic single center RFA cohort [9] and
comparable with other previously published cohorts [24].

Concerning adverse events, major complications (listed
according to SIR classification) occurred in 2% of the proce-
dures, with no related deaths. This is consistent (even infe-
rior) with other MWA series, such as the 2.6% according
to Liang et al. [25]. Furthermore, although the site of the
lesions was not classified as peri-hilar or not in our study,
no biliary complications were accounted for after T-MWA
procedures; this is a relevant finding, especially if compared
with other literature reports concerning MWA technologies
with higher numbers of reported biliary ducts injuries [26].

Multivariate analysis confirms lesion size, minimum
margin size, and the number of hepatic lesions as factors
affecting LTPFS. This is consistent with the published data
concerning the RFA procedures [22, 24, 27-29], once more
highlighting the prominent role of accurate patient selection
and the need of an effective interventional technique.

To the best of our knowledge, for the first time, intra-
segment progression was evaluated in the analysis and
found statistically significant in a multivariate model (while
hepatic progression outside the ablated lesion was not).
Intra-segment progression was defined as the appearance of
tumor foci in the segment of the ablated lesion apart from
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Fig. 3 a Distribution of
ASpia-apr, according to
chemo-treated or chemo-

naive lesions; chemotherapy
slightly reduces the lesion size
of the lesion (4.8 +5.4 mm
vs—2.94+9.7 mm, p<0.001);
however, this did not affect LTP
outcomes. CBA, chemotherapy
before ablation. b Distribu-
tion of Vi, apy, according to
chemo-treated or chemo-naive
lesions; chemotherapy slightly
reduce the kinetics growth

of the lesion (0.13+0.28

vs —0.007 +0.06, p <0.0001).
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the edges of the ablation scar with a minimum distance of
1 cm. Although intra-segment progression cannot be used as
a predictor (obviously it was observed during follow-up), the
relationship with LTP focuses the attention at the local level
rather than at a systemic level, highlighting the possibility of
a correlation between LTP and a locally aggressive behavior
of the tumor. Although we could not demonstrate in this
series an independent role of RAS mutational status as dem-
onstrated in other series [30-32], this finding concerning the
intra-segment recurrence is in line with surgical literature

@ Springer
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and histopathological research that identifies and describes
different local histopathological growth patterns [33] even
on molecular basis [34]. Overall, from the interventional
perspective, these data stress the importance of adequate
minimum margins of ablations, at least of 5 mm according
to our data (and consistently with the literature [22]).
Lesion size was found as an independent predictor both
at time of diagnosis and at time of ablation. Furthermore,
ASpiaapL, and Vs apr, were not found to be predictors of
different LTPFS. Although Vi, ap; tended to be higher in
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Fig.4 Growth kinetics of lesions before ablation: red lines represent
chemo-naive lesions; blue lines chemo-treated lesions. For each line,
point A represents lesion size at diagnosis whereas point B represents
lesion size at ablation. As a result, the slope of each line is a graphi-
cal representation of velocity of growth. Almost all the chemo-naive

the group without chemotherapy, CBA was not found as an
independent predictor for LTPFS; chemotherapy did slightly
reduce the kinetic growth of the lesion. However, mean
lesion sizes at ablation and at time of diagnosis (in both
subgroups) were under 2 cm and therefore clearly amenable
to ablative treatments. We did not find any statistical differ-
ence between size in chemo-treated CLM at diagnosis and
size in chemo-naive CLM at ablation.

Even though statistical significance was not achieved,
higher LTP rates were observed in the CBA group com-
pared to the chemo-naive group (32.1 vs 23.9%). Further-
more, ablation margins were statistically worse in the CBA
group compared to the chemo-naive group despite similar
amount of delivered energy and ablation sites. This finding
can be related with the changes in liver parenchyma texture
and enhancement during chemotherapy, with subsequent dif-
ficulties in targeting the index lesions during the procedure
[35-37].

To date, therapeutic decision-making regarding the use
of thermal ablation is mostly left to multidisciplinary tumor
board consultations and local expertise. Our data provide
new insights on the interaction between chemotherapy and
T-MWA [6]. According to the phase II CLOCC trial [38]
as well as a metanalysis by Meijerink et al. [39], there is a
synergistic effect between systemic and local therapies that
improve long-term overall survival; in the CLOCC trial,
thermal ablation was performed upfront in the RFA plus
chemotherapy group and only 6 patients had previously
received a chemotherapeutic regimen.

Time (days)

lesions are fastly growing, whereas chemo-treated lesions had a more
mixed response, most of them remained stable, some reduced in size,
a few of them increased in size. Vo apr, and ASpa s, Were statisti-
cal significant among groups; however, they did not impact on LTPFS
(ASpiaapl p=0.63, Vo ap. p=0.38)

Few and inconclusive data [40] exist in literature con-
cerning the oncological management of CLM prior to local
treatment and in particular prior to ablation. Benhaim et al.
[8] demonstrated that RFA, for CLM initially greater than
25 mm, but downsized by neo-adjuvant chemotherapy, is
associated with increased rate of LTP. Indeed, the persis-
tence of microscopic residual disease, not visible at the radi-
ological evaluation, following CBA may lead to some diffi-
culties in the correct planning of ablative margins (a concept
similar to that of missing metastases [41]). Accordingly, our
data did not find a significant role of CBA on LTPFS with
LTP rates slightly superior in those who received CBA; fur-
thermore, adequate ablation margins were more frequently
observed in the chemo-naive group. Lastly, lesion size was
an independent factor already at time of diagnosis.

Taken together, our data underline the potential role of
treating CLM in a short timeframe following diagnosis and
suggest thermal ablation upfront with respect to chemother-
apy. Although many questions remain open and evidence
should be more robust, in consideration of these findings and
those already present in the literature [8, 38—40], we believe
that ablation upfront to chemotherapy should be a concept
to be highly considered by interventional radiologists and
carefully evaluated during tumor board evaluations, by intro-
ducing the ASARA principle: to deliver ablative treatments
for CLM As Soon As Reasonably Achievable.

Our paper has some limitations. First of all, the follow-
up time is relatively short if compared with other papers [9,
24, 27] on CLM ablation. However, the Thermosphere™
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technology was launched at the end of 2014, and in general,
MWA is a younger technology compared to RFA. Although
19 months of mean follow-up may not appear very long, the
CIEMAR registry (endorsed by CIRSE, on the same tech-
nology and disease) has its primary endpoint (local tumor
control) at 12 months after treatment.

In patients receiving chemotherapy prior to ablation, regi-
mens were those indicated by ESMO/NCCN guidelines [5,
6], in particular according to the molecular profiles of the
diseases (doublet or triplet regimens plus bevacizumab or
anti-EGFR agents). This does not make this treatment sub-
group uniform but it correctly reflects current practice and
patient management.

Differently from other series, we did not find any statisti-
cal significance by Ras mutational status. This result may be
affected by data incompleteness related to the retrospective
nature of this study.

Lastly, in our study cohort, lesion site was not classi-
fied as peri-hilar or not, and this may generate a bias when
assessing bilary complications.

In conclusion, T-MWA seems an effective and safe tech-
nology for CLM treatment, with no biliary complications
in more than 200 ablated lesions. LTPFS is linked to intra-
segment recurrence, highlighting the potential relationship
with the tumor biology and its local aggressiveness. Care
should be exercised in choosing the correct timing of the
ablation: anticipating ablation As Soon As Reasonably
Achievable (ASARA) may allow proper planning of ablation
margins without losing the potential benefits of post-ablation
chemotherapy.
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