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RESEARCH ARTICLE

Microwave ablation of primary and secondary liver tumours: ex vivo, in vivo,
and clinical characterisation
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dDepartment of Radiology, San Gerardo Hospital, Monza, Italy; eDepartment of Electronics, Information and Bioengineering, Politecnico di
Milano, Milan, Italy; fDepartment of Radiology, Hadassah Hebrew University Medical Centre, Jerusalem, Israel

ABSTRACT
Purpose: The aim of this study was to compare the performance of a microwave ablation (MWA)
apparatus in preclinical and clinical settings.
Materials and method: The same commercial 2.45 GHz MWA apparatus was used throughout this
study. In total 108 ablations at powers ranging from 20 to 130 W and lasting from 3 to 30 min were
obtained on ex vivo bovine liver; 28 ablations at 60 W, 80 W and 100 W lasting 5 and 10 min were then
obtained in an in vivo swine model. Finally, 32 hepatocellular carcinomas (HCCs) and 19 liver metastases
in 46 patients were treated percutaneously by administering 60 W for either 5 or 10 min. The treatment
outcome was characterised in terms of maximum longitudinal and transversal axis of the induced abla-
tion zone.
Results: Ex vivo ablation volumes increased linearly with deposited energy (r2¼ 0.97), with higher spher-
icity obtained at lower power for longer ablation times. Larger ablations were obtained on liver meta-
stases compared to HCCs treated with 60 W for 10 min (p< 0.003), as ablation diameters were
4.1 ± 0.6 cm for metastases and 3.7 ± 0.3 cm for HCC, with an average sphericity index of 0.70 ± 0.04. The
results on the in vivo swine model at 60 W were substantially smaller than the ex vivo and clinical
results (either populations). No statistically significant difference was observed between ex vivo results
at 60 W and HCC results (p> 0.08).
Conclusions: For the selected MW ablation device, ex vivo data on bovine liver was more predictive of
the actual clinical performance on liver malignancies than an in vivo porcine model. Equivalent MW
treatments yielded a significantly different response for HCC and metastases at higher deposited
energy, suggesting that outcomes are not only device-specific but must also be characterised on a tis-
sue-by-tissue basis.
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Introduction

Percutaneous thermal tumour ablation is now being com-
monly used for the treatment of focal tumours in the liver,
lung, kidney, and bone [1–5]. Much of the initial literature,
early basic research, and long-term clinical studies have been
performed with radiofrequency (RF) energy-based systems [1].
While RF ablation remains the most ubiquitous platform avail-
able in clinical use, it suffers from several significant limita-
tions: relatively long treatment times, difficulties in creating
uniform zones of tissue heating, and biophysical tissue inter-
actions that ultimately limit RF heating (including tissue
vaporisation and perfusion-mediated cooling) [1].

Microwave (MW) thermal ablation platforms have been
developed and investigated as alternatives to traditional RF-
based systems [6,7]. Potential advantages of MW-based abla-
tion include the ability to achieve higher temperatures
(>100 �C) and larger ablation zones in shorter times, with less
susceptibility to blood flow-induced heat sink effects [7–9]

and to impedance-driven performance variability compared
to RF ablation. Recently, several commercial microwave abla-
tion (MWA) platforms have become available [10] with initial
clinical studies having been published about their safety and
efficacy [6,11–14]. Yet, these reports do not provide a com-
prehensive a priori algorithm for the determination of the
ablation parameters given tumour features. Indeed, it must
be acknowledged that physicians are typically compelled to
base their choice of energy parameters for most types of
ablation devices upon the results produced by a given plat-
form in ex vivo tissues, such as bovine liver. Nevertheless, the
accuracy of the relationship between ex vivo and clinical abla-
tion results has been challenged [15]. Indeed, many differen-
ces are known between the two scenarios, such as the
presence of blood perfusion and different physical features of
the tumour with respect to healthy tissue [16].

Despite the fact that several MW platforms are commer-
cially available and being used clinically, many of these have
only undergone limited characterisation with ex vivo and
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in vivo animal testing. Here we perform a systematic charac-
terisation of a commercial MW ablation apparatus, comparing
ex vivo, in vivo, and clinical performance in two sets of
patients, those with ablation-eligible primary hepatocellular
carcinoma (HCC group) in cirrhotic livers, and those with liver
metastases (MET group) in order to more precisely determine
differences in ablation outcome among relevant tissues.

Materials and methods

Experimental overview

All studies were performed using a 2.45 GHz MW ablation
platform (HS AMICA, HS Hospital Service, Rome, Italy), with
maximum generator output of 140 W and a cooled mini-
choked 14 gauge antenna [17,18]. Partial support of the study
was provided by the ablation equipment manufacturer. Three
investigators (C.A., S.C. and N.T.) are employees of HS Hospital
Service. However, members of the study at the external par-
ticipating institutions had complete and independent control
of all portions of the study including data gathering, analysis,
and manuscript preparation. For all animal studies, institu-
tional Animal Care and Use Committee approval was

obtained prior to any studies. Similarly, for all clinical studies,
Institutional Review Board approval was obtained. The study
was performed in three phases, which are outlined below
(Figure 1).

Phase I: characterisation in ex vivo bovine liver

Systematic characterisation of tissue ablation over a range of
MW power and ablation time combinations was performed in
ex vivo bovine liver, the most common tissue in which abla-
tion laboratory trials are performed and reported [10]. This
consisted of a grid of six time points (3, 5, 10, 15, 20, and
30 min) and six power settings (20, 40, 60, 80, 100 and 130
W), providing the most used parameter combinations in the
clinical practice. A total of 108 ablations were performed with
three repetitions per power/time group, each on a piece of
ex vivo bovine liver measuring at least 5� 10� 10 cm3.
Baseline liver temperature was 17.4 ± 1.2 �C (minimum 11 �C,
maximum 21 �C). The MW antenna was placed into the liver
away from vessels and for at least 2 cm into the tissue.

Outcome variables included ablation zone length (i.e. the
ablation long axis, along the MW probe shaft trajectory),
diameter (i.e. the ablation short axis, perpendicularly to the

Figure 1. Flowchart summarising the steps of the study.
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MW probe), and sphericity index (i.e. ablation short to long
axes ratio), measured as described below in the Pathological
and imaging evaluation section.

Phase II: characterisation in in vivo porcine liver

Based upon the results obtained in phase I, six parameter com-
binations were selected for in vivo porcine liver studies, namely
60 W, 80 W and 100 W ablation power for both 5 and 10 min
duration (six data points, 28 ablations). Twelve Yorkshire pigs
weighing 80–100 kg were used. Selected data points were ran-
domly assigned to each animal and liver location, with a max-
imum of three ablations performed per animal (two in the
right lobe and one in the left lobe). The animals were anaes-
thetised with isoflurane (2%, Baxter, Deerfield, IL). The liver was
exposed via laparotomy, and ultrasound (US) was used for
antenna placement to avoid puncturing large vessels, using
methodology previously reported [19]. Animals were sacrificed
immediately after MWA completion and their liver was eventu-
ally excised for the evaluation of the ablation zones as
reported in the following. Outcome variables again included
ablation zone length, diameter, and sphericity index.

Phase III: clinical ablation studies in primary and
secondary liver tumours

Phase III of the study was performed at the two participating
hospitals under the approval of their respective Institutional
Review Boards. All patients underwent US-guided percutan-
eous MW ablation (MWA) at one of the two tertiary referral
centres (General Hospital of Busto Arsizio, or San Gerardo
Hospital, Monza Brianza, Italy). All patients enrolled for the
study were considered amenable to percutaneous thermal
ablation based upon previously reported guidelines [20,21].
Specifically, all selected patients met defined inclusion criteria
for tumour ablation treatment (good performance status/ECOG
�1), and were either determined to be unresectable by con-
sensus of a multidisciplinary team, including a hepatobiliary
surgeon, or refused surgery. Only centrally located hepatic
tumours, so as to be able to evaluate the entire ablation mar-
gin, and those not previously subject to prior loco-regional
treatments were considered for this study. MWA procedures
not performed in compliance with predefined operative stand-
ards (e.g. requiring multiple probes and/or insertions and/or
energy deliveries and/or power and time settings other than
those fixed for each group) automatically dropped off the
study.

The study population included only central tumours
treated with one probe, in a single insertion and energy deliv-
ery – i.e. without overlapping ablations – for which specific
MWA settings stemming from phase I and II were applied
(namely 60 W for 10 min, and 60 W for 5 min). Outcome
measures included evaluating length, diameter and sphericity
index of the ablation zone on imaging (contrast-enhanced
CT) performed 24 h after treatment.

Clinical percutaneous ablation procedures were performed
by interventional radiologists with 15 years of experience
(General Hospital of Busto Arsizio: L.S., T.I.; San Gerardo

Hospital: M.F.M.). Written informed consent was obtained prior
to treatment. Before treatment all patients underwent a con-
trast-enhanced multiphasic (non-contrast, arterial, portal, and
delayed phase) CT study to enable evaluation by a multidiscip-
linary team to determine optimal management.

MWA was performed under general anaesthesia using real-
time US guidance with contrast-enhancement (SonoVue,
Bracco, Milan, Italy) to improve tumour visibility and targeting,
and for immediate post-treatment assessment.

All the tumours were administered 60 ± 5 W for either
5 ± 1 min or 10 ± 1 min, with the end point based upon
achievement of a satisfactory hyperechogenic region encom-
passing the tumour and the desired ablative margin. Best
effort was always made at placing the MWA applicator in the
centre of the tumour, with the tip at its distal margin or no
more than a few millimetres beyond. Each tumour was treated
with a single uninterrupted energy delivery. Immediate post-
ablation imaging with contrast-enhanced US was performed in
order to assess size and adequacy of ablation. Following MWA,
all patients were hospitalised for 1–2 days for observation and
within 24 h they underwent multiphasic contrast-enhanced CT
for the final assessment of the ablation achieved and the
detection of possible complications.

Pathological and imaging evaluation

For ex vivo experiments the specimens were sectioned along
the antenna insertion track immediately at the conclusion of
the power delivery in order to expose the plane including the
ablation maximum longitudinal and transversal dimensions to
visual inspection. Ablation length and diameter were deter-
mined at gross pathological examination according to stand-
ard criteria for the coagulation zone [5], using digital calipers.
The accuracy of this method, determined as the discrepancy
between measurements by three independent observers
(S.N.G., S.C., and C.A.), was 1 mm.

For in vivo animal experiments the specimens were har-
vested and sectioned parallel to the antenna, and the length
and diameter of each ablation were measured with the con-
sensus of two observers (N.T. and S.N.G.). Antenna orientation
was documented prior to procedure, thus taking into account
axis orientation during gross analysis. Additionally, multiple
sections were taken to ensure optimal measurement.

For clinical cases, length (along the MW antenna) and
diameter (perpendicular to the antenna) of the ablation zone
were independently measured retrospectively in blind fashion
based upon reconstruction of the needle path on the 24-h
post-treatment CT scans in the portal phase. All measure-
ments were performed by individuals blinded to the treat-
ment group (M.A., S.N.G.). The volume (V) of the ablation
zones was estimated as that of an ellipsoid of revolution
according to the formula V¼ L�D2�p/6, where D and L are the
ablation zone diameter (short axis) and length (long axis).

Statistical analysis

The dimensions for each experimental population were char-
acterised from its average, standard deviation, and coefficient
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of variation. Using multivariate ANOVA, the diameter, length,
volume and sphericity of each ablation were compared
among groups. Multivariate ANOVA was used in analysing the
effects of the applied power and the treatment duration of
the ablation. Groups were compared and significance estab-
lished using a two-tailed heteroscedastic t-test (p< 0.05).
Linear best fits were obtained through the least squares
method and the correlation between data sets was calculated
through the Pearson product-moment correlation coefficient.

Results

Phase I: characterisation in ex vivo bovine liver

Ablation zone parameters (length, diameter, and sphericity
index) for different MW ablation settings (power 20–130 W,
time 3–30 min) are provided in Table 1. For a set ablation
time, increasing power increased both ablation zone length
and diameter (p< 0.05, all comparisons). Similarly, for a set
MW power, increasing time resulted in a larger ablation
length and diameter (p< 0.05, all comparisons). Of the abla-
tion length observed at 30 min, 80% was already achieved
after 15 min of treatment at almost all power settings (20–100
W), and after 10 min for the highest power setting (130W,
Figure 1).

Similarly sized ablation zones were achieved at varying
power and time settings (for example, ablation zone length
was 5.1–5.4 cm for 100 W � 3 min, 80 W� 5 min,
60 W� 10 min, and 40 W� 15 min). However, lower powers
with longer ablation times generally resulted in a greater
sphericity index compared to the highest power for shortest
time. For example, ablation at 40 W for 30 min resulted in a
sphericity index of 0.9 compared to 0.6 at 130 W for 3 min for
similarly sized ablation zones (6.1 ± 0.4 cm � 5.2 ± 0.1 cm at 40
W compared to 5.6 ± 0.2 cm � 3.6 ± 0.3 cm at 130 W).

The ablation volume increased linearly (r2¼ 0.97) with the
energy deposited in the tissues, with a coefficient of approxi-
mately 1.3 cm3/kJ (Figure 2). The increase with deposited
energy of the two linear ablation dimensions was fitted with
a cubic root (average r2¼ 0.98 ± 2). Hence, for doubling either

the ablation length or diameter the deposited energy must
be increased by approximately eight times.

Phase II: characterisation in in vivo porcine liver

Increasing the ablation power and/or time resulted in a sig-
nificant (p< 0.05) increase of the ablation volume (Table 2)
for all comparisons, excepting that of between 80 W and 100
W at 5 min (p¼ 0.25), a finding attributed to the large uncer-
tainty affecting the volume determination at 100 W at 5 min.
The average ablation length in the porcine model was 101%
± 13% (p¼ 0.85) of the ex vivo ablation length, while the aver-
age diameter was 87 ± 11% (p¼ 0.03) of its ex vivo counter-
part. Consequently, the average ablation volume and
sphericity in the porcine model respectively reduced to 78%
and 86% compared to ex vivo. Similarly to the ex vivo find-
ings, the in vivo ablation volume also showed an increase
with deposited energy, though in a non-linear fashion
(r2¼ 0.74).

Phase III: clinical ablation studies in primary and
secondary liver tumours

From May 2010 to July 2011 a total of 46 patients were
enrolled (29 men, 17 women, age 70 ± 10 years, min 43 years,
max 84 years) with 51 liver tumours (size 0.8–4.2 cm,
2.3 ± 0.8 cm maximum diameter). The HCC group was com-
posed of a total of 30 patients with 32 tumours of size
2.4 ± 0.7 cm. The MET group was composed of a total of 16
patients with 19 tumours of size 2.2 ± 0.7 cm (p¼ 0.2), of
which 13 were from colorectal carcinoma and one each from
breast, thyroid, lung, pancreas and small intestine cancers).

Complete ablation was obtained on 48/51 tumours
(94.1%). The overall average ablation length and diameter
obtained in the group treated with 60 W for 5 min were,
respectively, 48 ± 7 mm and 33 ± 5 mm for HCC and
55 ± 17 mm and 40 ± 9 mm for metastases (Table 3). For treat-
ments performed at 60 W for 10 min the ablation length and
diameter respectively increased to 52 ± 6 mm and 37 ± 3 mm
for HCC and to 65 ± 9 mm and 41 ± 6 mm for metastases.

Table 1. Microwave ablation zone sizes in ex vivo bovine liver for different combinations of treatment power and duration.

Ablation power

Time Mean ± SD 20 W 40 W 60 W 80 W 100 W 130 W

3 min Length (cm) 2.4 ± 0.3 2.9 ± 0.4 3.7 ± 0.2 4.6 ± 0.4 5.2 ± 0.3 5.6 ± 0.2
Diameter (cm) 1.6 ± 0.1 2.0 ± 0.2 2.5 ± 0.1 3.2 ± 0.2 3.6 ± 0.5 3.6 ± 0.3
Sphericity index 0.66 ± 0.03 0.67 ± 0.05 0.68 ± 0.03 0.70 ± 0.06 0.7 ± 0.1 0.65 ± 0.05

5 min Length (cm) 2.7 ± 0.4 3.6 ± 0.2 4.8 ± 0.2 5.2 ± 0.1 5.7 ± 0.2 6.9 ± 0.3
Diameter (cm) 2.1 ± 2.6 2.7 ± 0.2 3.4 ± 0.3 3.7 ± 0.2 3.8 ± 0.4 4.2 ± 0.4
Sphericity index 0.75 ± 0.03 0.75 ± 0.07 0.70 ± 0.09 0.72 ± 0.03 0.66 ± 0.07 0.61 ± 0.07

10 min Length (cm) 3.1 ± 0.0 4.9 ± 0.0 5.4 ± 0.2 6.6 ± 0.3 7.1 ± 0.4 8.3 ± 0.2
Diameter (cm) 2.7 ± 0.1 3.6 ± 0.1 4.0 ± 0.2 4.6 ± 0.4 4.8 ± 0.4 5.3 ± 0.2
Sphericity index 0.88 ± 0.04 0.73 ± 0.02 0.75 ± 0.02 0.69 ± 0.08 0.68 ± 0.07 0.64 ± 0.04

15 min Length (cm) 3.8 ± 0.7 5.0 ± 0.2 6.1 ± 0.2 7.3 ± 0.3 8.0 ± 0.6 9.2 ± 0.8
Diameter (cm) 3.3 ± 0.4 4.2 ± 0.2 4.8 ± 0.4 5.5 ± 0.1 5.7 ± 0.1 6.0 ± 0.8
Sphericity index 0.88 ± 0.07 0.83 ± 0.04 0.79 ± 0.05 0.75 ± 0.01 0.72 ± 0.05 0.65 ± 0.04

20 min Length (cm) 4.0 ± 0.6 5.7 ± 0.6 6.8 ± 0.5 7.7 ± 0.5 8.8 ± 0.1 9.3 ± 0.5
Diameter (cm) 3.4 ± 0.2 4.5 ± 0.1 5.0 ± 0.4 5.8 ± 0.6 5.9 ± 0.5 7.1 ± 0.1
Sphericity index 0.9 ± 0.1 0.79 ± 0.07 0.74 ± 0.04 0.76 ± 0.08 0.68 ± 0.06 0.76 ± 0.05

30 min Length (cm) 4.5 ± 0.6 6.1 ± 0.4 7.9 ± 0.5 8.7 ± 0.3 9.8 ± 0.2 10.1 ± 0.7
Diameter (cm) 4.1 ± 0.4 5.2 ± 0.1 6.1 ± 0.5 6.5 ± 0.1 6.9 ± 0.3 7.2 ± 0.4
Sphericity index 0.91 ± 0.03 0.86 ± 0.05 0.77 ± 0.09 0.75 ± 0.01 0.70 ± 0.02 0.72 ± 0.09
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Figure 2. Ex vivo ablation diameter (upper graph) and sphericity (lower graph) for different power settings and ablation times. The lines in Figure 2a represent the
best cubic root fit of the data. The lines in Figure 2b are guides for the eye.

Figure 3. Ex vivo ablation volume as a function of the deposited energy. The black line is the best linear fit.
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For both HCC and metastasis ablation, increasing the ablation
time from 5 min to 10 min did not achieve statistically signifi-
cant increase of either ablation length or diameter (p> 0.05).
Whereas there was no significant difference between the

outcomes on HCC and MET groups for 5-min ablations, the
two tumour types showed a significant difference in outcome
for 10-min ablations for both diameter and length (p< 0.02
and p< 0.0003 respectively). Additionally, on average the
ablation short axis exceeded the tumour size by 1.1 ± 0.9 cm
in the HCC group and by 1.9 ± 0.7 cm in the MET group
(p< 0.002). Finally, no statistical difference was found on the
sphericity among all the investigated groups, with an overall
average sphericity index of S¼ 0.7 ± 0.1 (p> 0.05 for all com-
parisons). The overall average coefficient of variation (CV),
defined as the ratio between the standard deviation and the
mean, was 0.12 for HCC and 0.20 for MET.

Clinical findings are in agreement with the corresponding
ex vivo results within 8% for HCC and 20% for MET (Table 4),
with the difference being significant only for MET treated for
10 min. By contrast, the in vivo porcine results systematically
underestimated the clinical results, the difference being sig-
nificant for the majority of comparisons.

Discussion

MW-based thermal ablation systems are being developed to
address limitations in existing ablation systems, including dif-
ficulties of RF in ablating larger tumours, the need for longer
ablation times, and the need to use multiple ablation probes.
Yet limited data exist regarding characterisation of tissue
energy interactions, particularly for different types of tissue.

Ex vivo results

Our results confirm that in ex vivo tissues, where there is no
blood perfusion, the ablation volume (V) depends most on
the overall deposited energy (Ed) and not on the individual
power and time values. This implies that it is necessary to
deposit in the tissue a given amount of energy to achieve
thermal coagulation of a given tissue volume. The amount of
energy required per unit coagulation volume (e) might vary
according to the properties of the tissue (e.g. specific heat,
electrical conductivity and water content), of the energy
source (e.g. operating frequency, delivery algorithm) and of
the applicator (e.g. the MW radiation pattern). In this study,
the value e¼ 0.77 kJ/cm3 was found. Since the ablation vol-
ume is proportional to the product of the ablation length-
� the square ablation diameter, both must be proportional to
the cubic root of Ed, as indeed was verified through best
fitting.

The energy deposited in the tissues causes a temperature
increase around the antenna according to the spatial

Figure 4. Ablation diameters (upper graph) and sphericity (lower graph) follow-
ing treatments at 60 W for either 5 or 10 min in liver metastases, ex vivo bovine
liver, hepatocellular carcinomas and in vivo porcine liver.

Figure 5. Graphical comparison of the average ablation zones (sectioned along
the applicator shaft) obtained upon treatments performed at 60 W for either
5 min (left) or 10 min (right) in HCC, liver metastases, in vivo porcine liver and ex
vivo bovine liver.

Table 2. Microwave ablation zone sizes for different treatment power and time
settings in in vivo porcine liver.

Ablation power

Time Mean ± SD 60 W 80 W 100 W

5 min Length (cm) 4.3 ± 0.3 5.6 ± 0.1 6.2 ± 0.7
Diameter (cm) 2.5 ± 0.2 3.5 ± 0.2 3.4 ± 0.4
Sphericity index 0.59 ± 0.04 0.62 ± 0.04 0.56 ± 0.04

10 min Length (cm) 4.7 ± 0.9 6.2 ± 0.8 8.5 ± 0.4
Diameter (cm) 3.1 ± 0.5 3.8 ± 0.2 4.9 ± 0.1
Sphericity index 0.66 ± 0.06 0.61 ± 0.07 0.58 ± 0.03

Table 3. Average microwave ablation zone sizes in patients with HCC or liver
metastases treated at 60 W for either 5 or 10 min.

Tumour type

Time Mean ± SD HCC METs p-value

5 min Length (cm) 4.8 ± 0.7 5.5 ± 1.7 0.41
Diameter (cm) 3.3 ± 0.5 4.0 ± 0.9 0.16
Sphericity index 0.70 ± 0.09 0.74 ± 0.08 0.36

10 min Length (cm) 5.2 ± 0.6 6.5 ± 0.9 0.00021
Diameter (cm) 3.7 ± 0.3 4.1 ± 0.6 0.015
Sphericty index 0.71 ± 0.07 0.64 ± 0.13 0.099
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distribution of the emitted MW field [18]: this is usually
referred to as active heating (i.e. directly due to the energy
source in use) [22]. The active heating induces a temperature
increase proportional to Ed. The fact that V was also found to
be proportional to Ed suggests that all other heating phenom-
ena contributing to the ablation process (e.g. passive heating)
are either negligible or directly proportional to active heating
itself.

Unlike V, the ablation sphericity is actually affected by the
individual power and time settings used to deposit a certain
energy. Faster (i.e. high power) depositions consistently result
in less spherical ablations. On the other side, however, slower
(i.e. low power) depositions are more likely affected by blood
perfusion and heat sinks in in vivo applications [23].
Delivering MW energy in vivo at intermediate power and time
settings (60 W for 5 or 10 min) may therefore supply the best
trade-off between ablation volume and sphericity.

In vivo porcine liver

The ablation zones observed in porcine liver were signifi-
cantly (p< 0.05) smaller and less spherical than those
observed in almost every other set-up, with isolated excep-
tions possibly caused by experimental errors.

The reduced ablation volume is likely attributable to the
appreciably higher perfusion in the animal model compared
to hypovascular hepatic tumours. The tissue variability could
also induce an increased tissue contraction due to the posi-
tive correlation between the latter and the tissue water con-
tent [24–25]. Moreover, it has been previously demonstrated
in ex vivo bovine liver [26] that MW ablation sphericity is
altered when the thickness of the specimen is close to the
ablation diameter obtained in unrestricted tissue for a given
power/time combination, due to the heavily modified thermal
and electromagnetic boundary conditions. Indeed, the limited
porcine liver lobe thickness may well account for the smaller
ablation sphericity observed in our animal model.

Clinical cases

On average, similar tumour sizes treated with the same 60 W/
10 min protocol produced overall larger ablation as well as a
larger ablative margin for the MET group (1.0 cm) than for the
HCC group (0.6 cm), complying with the most commonly
accepted guidelines. This is particularly innovative for the
treatment of liver metastases, where RFA has proved to be
less effective than for HCC on a size per size basis [27].

Clearly, more study defining the appropriateness of the trad-
itional 3-cm diameter cut-off used for RF ablation [28] is
warranted.

The larger ablated volume obtained for metastases com-
pared to HCCs could potentially be ascribed to the reduced
water content of HCCs and the surrounding cirrhotic liver,
causing a lower absorption of the emitted MW field by target
tissues, and therefore a less effective active heating. The bet-
ter sphericity of the HCC ablation could instead be due to the
capsulation of HCC tumours that is not present in metastases
[29,30].

Clinical cases’ outcomes also compared favourably with ex
vivo data, as significant differences (p< 0.05) were limited to
the MET group treated with 60 W for 10 min, where an
increased ablation length and a consequently reduced spher-
icity were found. Since none of the other comparisons yielded
significant variations, it might be concluded that, at least lim-
ited to the explored power/time settings, the ex vivo model is
fairly predictive of clinical outcomes, and certainly more
accurate than the ablation of in vivo porcine liver. This is dif-
ferent from the traditional ablation paradigm based on initial
experience with RF ablation, where clinical ablation zones are
smaller than those found during the preliminary characterisa-
tion in ex vivo and in vivo models [31].

The coefficient of variation of clinical cases was far larger
than what was found in ex vivo experiments at the same
power and time (CV ¼0.06). This difference attests an
increased outcome uncertainty in clinical cases, particularly
for metastases. Besides the intrinsic variability of the tissues
physical properties (e.g. permittivity, water content and ther-
mal conductivity), possible sources of ablation performance
variability might include the proximity of the target tumours
to the liver capsule or to large blood vessels, the clinical his-
tory of the patient or the presence of co-morbidities.
Regardless, the large ablation volumes achieved in clinical
treatments combined with their variability suggest that great
care needs to be taken with early clinical applications to
ensure patient safety. Indeed, complications and difficulty
controlling ablation size have been reported with MWA sys-
tems in early applications [32,33].

The lack of statistically significant differences between
tumours treated at 60 W for 5 and 10 min might be the result
of the fact that blood perfusion dissipates an increasing
amount of heat as the ablation zone surface expands over
time. However, the average ablation lengths and diameters
are in some case clinically relevant and the lack of statistically
significant differences could be due just to the high

Table 4. Percentage variations of the ablation volume V, sphericity S, diameter D and length L of the three in vivo (IN) experiments com-
pared to ex vivo (EX) results. Each percentage variation was calculated as 100�(IN-EX)/EX. Below each percentage variation the correspond-
ing p-value is reported to assess the significance of the variation.

60 W for 5 min 60 W for 10 min

D L V S D L V S

Porcine % variation �26 �11 �50 �15 �24 �13 �47 �13
p-value 0.025 0.046 0.015 0.17 0.0029 0.089 0.011 0.0042

HCC % variation �1 þ0.5 þ5 0 �8 �4 �19 �5
p-value 0.92 0.97 0.77 0.98 0.088 0.39 0.15 0.051

MET % variation þ19 þ15 þ91 þ6 þ3 þ20 þ25 �15
p-value 0.18 0.41 0.29 0.52 0.66 0.0014 0.13 0.012

D, diameter; HCC, hepatocellular carcinoma group; L, length; MET, metastases group; S, sphericity; V, ablation volume.
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coefficients of variation. A larger study over a better stratified
population could improve the understanding of this
phenomenon.

General remarks

Whereas for RFA in vivo porcine characterisation proved to be
a useful ‘worst case scenario’ to predict clinical performances,
the same seems no longer valid for MWA. Such difference
may be due to the larger ablation extension and the larger
amount of vaporisation induced by MWA with respect to RFA.
In vivo porcine MWA characterisation was indeed found to be
so far off as to question its utility for newer MWA devices
characterisation. Ex vivo coagulation data appear to be way
more representative of the actual MWA outcome in the treat-
ment of HCCs than the animal model. This could be caused
by the predominance in MWA of active heating. Active heat-
ing is barely affected by blood perfusion, which is the main
source of differences between ex vivo and clinical outcomes
of RFA [34,35]. Complete device characterisation in a three-
tiered manner is currently recommended for assessing all
new devices and ablation platforms, and holds substantial
promise for more rapid regulatory approval and robust clin-
ical use. These data underscore the fact that general princi-
ples (such as the one where ablation volumes tend to be
smaller with ex vivo studies) are not universally applicable. In
this respect it is particularly relevant that the complete char-
acterisation of the ablation device on the in vivo animal
model was found to have little practical benefits in terms of
predicting the device clinical performance. If confirmed, this
could impact on the characterisation protocols required for
regulatory purposes.

Limitations

The results presented here are device-specific, and there is no
long-term follow-up of clinical cases. Further investigations
should attempt at refining the characterisation focus for this
MWA platform by providing more precise target selection cri-
teria and accordingly larger patient and tumour numbers for
sustaining increased data stratification. Additionally a larger
range of power/time parameters needs to be studied in clin-
ics, as the in vivo data suggest that power has a greater influ-
ence on ultimate ablation outcome compared to time. Finally,
as our study has shown tissue-specific differences under
some conditions, further study in multiple organs and tumour
types is clearly warranted.

Conclusion

The investigated MWA system was capable of generating
large, consistent and reproducible ablation zones, whose vol-
ume scaled linearly with deposited energy in ex vivo bovine
liver. Lower power and longer treatment times resulted in
more spherical ablations. Ex vivo ablations demonstrated bet-
ter and reasonably accurate correspondence with their clinical
counterparts compared to the in vivo animal model, a finding
which should be taken into due account when providing

guidelines as to the use of new ablation platforms based on
preclinical data. Finally, HCC and hepatic metastases show a
different response to equivalent high energy ablation treat-
ments. Accordingly, further investigation is warranted in order
to provide optimised ablation protocols specific for each tar-
get tissue and pathology.
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