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ABSTRACT
Purpose: Microwave ablation (MWA) provides an effective treatment of lung and liver tumors but suf-
fers from a lack of reproducibility of ablation size among currently available technologies. In-vitro eval-
uations are far removed from clinical practices because of uninfused tissue. This study is in-vivo
preclinical testing of a new MWA system on swine lungs and liver.
Materials and methods: All ablations were performed under CT guidance and multiple algorithms
were tested with a power of 50, 75, and 100W for durations of 3, 5, 8, 10, and 15min. A 3D-evalu-
ation of the ablation zone was carried out using enhanced-CT. The sphericity index, coefficients of
variation, and energy efficiency (which corresponds to the volume yield according to the power sup-
plied) were calculated.
Results: Fifty liver and 48 lung ablations were performed in 17 swine. The sphericity index varies from
0.50 to 0.80 for liver ablations and from 0.40 to 0.69 for lung ablations. The coefficient of variation
was below 15% for 4/5 and 4/8 protocols for lung and liver ablations, respectively. The energy effi-
ciency seems to decrease with the duration of the ablation from 0.60� 10�3 cm3/J (75W, 3min) to
0.26� 10�3 cm3/J (100W, 15min) in the liver and from 0.57� 10�3 cm3/J (50W, 10min) to 0.42� 10�3

cm3/J (100W, 12min) in the lungs.
Conclusion: A shorter treatment time provides the best energy efficiency, and the best reproducibility
is obtained for a 10min treatment duration. The system tested provides an interesting reproducibility
in both lung and liver measurements. Our results may help interventional radiologists in the optimal
selection of treatment parameters.

Abbreviations: CT: computed tomography; CV: coefficient of variation; MWA: microwave ablation;
RFA: radiofrequency ablation; W: watt
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Introduction

Percutaneous thermal ablations to treat small liver and lung
tumors have proven to be safe and efficient in clinical practice
as alternatives to other local therapies, such as surgery or radi-
ation therapy [1]. Several ablation technologies are used, includ-
ing microwave ablation (MWA), radiofrequency ablation (RFA),
and cryoablation [2] with standardization of their practice [3].

MWA is one of the most recently developed thermal abla-
tion techniques [4] that uses high-energy electromagnetic
waves (915–2450MHz), causing tissue heating and coagula-
tion [5–7]. Indications for MWA in the liver are well-sup-
ported with international guidelines, especially for the
management of metastatic colorectal cancer and hepatocel-
lular carcinoma [8,9]. When thermal ablation is delivered to a
tissue, the cell destruction relies on three concomitant phe-
nomena: active thermal heating, passive thermal conduction,

and thermal convection, which is the dissipation of heat
caused by blood fluid exchange. Such dissipation is mostly
linked to blood circulation and provides a heat-sink effect
when the ablation is close to large vessels [10,11]. Thermal
convection exists only in vivo, and this phenomenon partially
explains why more energy is needed to reach the same vol-
ume of ablation zone to ex vivo. This is the reason why a
device should be tested in vivo model. Another explanation
for this difference may be linked to the differences in active
and passive antenna cooling when tissue is vascularized.
When compared with RFA, the use of MWA allows a rapid
increase in temperature to reach a highly burned in the tis-
sue, resulting in a theoretically shorter procedure time and
lesser impact of the heat-sink effect [12,13]. These character-
istics should be linked to the ability to obtain larger ablation
zones because they rely more on active than passive heating
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with less convective cooling [12,14,15]. However, one of the
drawbacks of MWA technology and very high temperatures
in the heating along the needle shaft, and a conventional
antenna without cooling has a radiating power that extends
along with this needle shaft corresponding to the longitu-
dinal axis. The resulting heating zone tends to shape into a
teardrop, causing a comet effect. As a solution, cooling and
choke embedment in the antenna have been used to allow
for a more spherical ablation zone [16].

A comprehensive understanding of the data and a critical
appraisal of the efficacy and safety profile of each ablation
system is required because significant variability appears to
exist among MWA equipment and devices [17]. Optimization
of the ablation parameters is needed for each system. In this
regard, in vivo data are mandatory, owing to major differen-
ces between ablation zones obtained ex vivo and in vivo
[18–20]. As highlighted in a recent review paper, ‘Clinical
data reporting on ablation zone volume to applied energy
and sphericity index (SI) during MWA are scarce and require
more adequate reporting of MWA data’ [21].

The purpose of this study is to investigate various in vivo
parameters for MWA in livers and lungs using a novel MWA
ablation system to provide adequate guidance for users in
clinical practice.

Materials and methods

Subjects

This study was performed according to the European
Convention for the Protection of Vertebrate Animals for

experimentation, and the approval was given by the Ethics
Committee for the Use and Care of Animals, No.
2016052312473717-V2 #5432. Twenty-one healthy 8-week-
old female Pietrain swine (45 ± 5 kg) were used. All swine
were housed by a family in a dedicated place. After a 7-day
acclimation period, the pigs fasted for 12 h before the pro-
cedure with free access to water.

MWA antenna

A 15-gauge single 2450-MHz water-cooled antenna (DophiTM

M150E, Surgnova, HDTECH France, Lorient) was used for
each ablation. The front tip of the antenna was designed
with a patented choke ring with AntiphaseTM technology to
calculate the internal and external electromagnetic wave-
lengths at the choke-ring structure. The goal is to monitor
the actual forward power and reflected power in real-time
and automatically compensate the reflected power for the
output loss. The electromagnetic waves produced at the
choke were in the opposite phase. When the two microwave
components meet at the end of the copper foil choke, they
cancel each other out, owing to the same amplitudes and
opposite phases, and no longer propagate backward.

The antenna we used had a full antenna water-cooling
technology distal up to the MWA emission point, where the
circulation of water entered the radiation zone through the
annular composite choke structure (Figure 1). This reduces
the temperature of the center of the ablation zone, thereby
allowing enhanced power delivery, reducing energy transmis-
sion loss, maintaining stable microwave power, and avoiding

Figure 1. Graphical representation of various water-cooling technologies of microwaves antennas with inflow cooling (green arrow) and outflow cooling (red
arrow). (A) Conventional cooling technology without cooling of the emitting part. (B) Partial shaft cooling excluding the radiator with limited thermal control may
increase the risk of antenna breakage. (C) Entire shaft cooling passing through the radiator optimal cooling performance and reduced puncture damage with the
smaller caliber of the antenna shaft.
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wavelength changes caused by tissue destruction close to
the active tip.

MWA procedure

After sedation with 20mg/kg ketamine and 0.11mg/kg ace-
promazine, animals were placed in a dorsal recumbent pos-
ition and a venous catheter was inserted into a large vein in
the ear for intravenous administration. Anesthesia was
induced using propofol (2mg/kg). After orotracheal intub-
ation, anesthesia was maintained with sevoflurane gas (2%)
and mechanical respiration (Zeus Dr€ager, L€ubeck, Germany),
and a constant intravenous infusion of sufentanil (1 mg/kg/h).
Continuous monitoring of heart rate, blood pressure, pulse
oximetry, and capnography was used to evaluate animal
hemodynamics.

Animals were placed in the dorsal position on the com-
puter tomography (CT) table (Discovery CT750HD, GE
Healthcare, Milwaukee, WI, USA) and safely anchored with
straps. MWA was performed by three experienced operators
via image-guided tumor ablation (P.H., T.D., and J.Y.G), with
7-, 23-, and 15-years’ experience, respectively. For lung abla-
tion, microwave antennas were percutaneously placed
through the chest wall into a healthy lung under fluoro-
scopic guidance, and the location of the antennas was con-
firmed using CT. The upper right, lower right, upper left, and
lower left lobes were subsequently targeted for one ablation
each. For liver ablation, direct access to the liver was
obtained with a median abdominal incision made by a vis-
ceral surgeon (S.C.), and the antennas were placed with pre-
operative ultrasound guidance (Aplio XV, Toshiba Medical
Systems, Tokyo, Japan). Areas targeted for ablation were

centered in the liver lobes as far as possible from the capsule
or liver fissure to avoid difficulties in measuring the ablation
potential. Ideally, the right lobe, median-right lobe, and
median-left lobe were targeted for one ablation each. For
each swine, a total of four lung ablations and three liver
ablations were attempted. Among the specifics of our sys-
tem, we used a removable cable that made the antennas
user-friendly while moving the animal on the CT gantry.

Eight protocols were tested in livers (Table 1) and five in
lungs (Table 2). Technical success was achieved if the electro-
des were placed into the organ and completed the cycle
of ablation.

Complications were registered. Pneumothoraces were
notified. Bleeding corresponding to an extravascular leakage
of contrast medium seen on the enhanced control CT scan
was reported at 40 or 70 s if occurred. A spontaneously
hyperdense subcapsular or intra-parenchymal collection was
searched, and a portal vein thrombosis was quantified as
none, main, right, left, or distal corresponding to a clot
found in the portal vein in contact with the ablation zone.
Other diagnostic imaging parameters without clinical conse-
quences, such as peri ablation gas or hyperdense zone at
ablation zone center were not collected.

At the end of ablation procedures, the animals were sacri-
ficed with an intravenous sodium pentobarbital solution
(Dolethal, 20ml, Vetoquinol 70200 LURE). The livers and
lungs were explanted for pathological evaluation. Lung abla-
tion zones were externally identified by palpation and visual
inspection and then sectioned in the plane of the long axis
of the antenna. The liver was sectioned along the antennas
left in place. The goal of these explanations was to ensure
that the ablation zones were adequate.

Table 1. Liver ablation zone measurement according to treatment parameter.

Number of ablation
performed

Duration
(min)

Power
(W) T25 T50

T50
CV T75 L

L
CV

Ablation
volume SI

Energy
efficiency

4 3 75 21 ± 3 24 ± 2 0.09 20 ± 3 28 ± 3 0.11 8.1 ± 1.8 0.71 0.63
4 5 50 19 ± 4 22 ± 5 0.23 21 ± 6 29 ± 5 0.16 7.3 ± 3.3 0.62 0.48
4 8 50 22 ± 4 30 ± 6 0.20 25 ± 6 34 ± 8 0.25 15.6 ± 11.3 0.83 0.55
5 8 100 24 ± 3 29 ± 4 0.12 25 ± 4 38 ± 5 0.13 16.3 ± 4.1 0.53 0.37
10 10 50 21 ± 3 25 ± 3 0.12 22 ± 2 31 ± 5 0.14 10.1 ± 1.2 0.58 0.33
7 10 75 25 ± 5 27 ± 6 0.20 25 ± 5 38 ± 8 0.22 14.9 ± 10.2 0.50 0.24
9 10 100 26 ± 4 32 ± 4 0.13 28 ± 4 45 ± 6 0.13 24.3 ± 6.8 0.51 0.42
7 15 100 27 ± 7 32 ± 8 0.24 30 ± 8 42 ± 10 0.23 23.2 ± 18.4 0.60 0.17

CV: coefficient of variation; T25: mean transverse axis at proximal quartile length of L; T50: mean transverse axis at mid-length of L; T75: mean transverse axis
at distal quartile length of L; L: mean long axis; SI: sphericity index.
Lengths are given in millimeters and volume in cm3. Energy efficiency is given in 10�3 cm3/Joules. Results are given in mean ± SD for length and ablation vol-
ume and median for SI and energy efficiency.

Table 2. Lung ablation zone measurement according to treatment parameter.

Number of ablation
performed

Duration
(min)

Power
(W) T25 T50

T50
CV T75 L

L
CV

Ablation
volume SI

Energy
efficiency

6 5 100 21 ± 6 25 ± 6 0.22 21 ± 4 33 ± 6 0.19 11.0 ± 6.7 0.56 0.42
13 10 50 25 ± 4 30 ± 4 0.13 25 ± 5 36 ± 5 0.15 17.1 ± 7.7 0.65 0.55
10 10 75 26 ± 2 30 ± 3 0.12 28 ± 3 40 ± 3 0.08 17.9 ± 3.9 0.54 0.37
12 10 100 25 ± 4 30 ± 5 0.15 26 ± 5 43 ± 6 0.14 20.7 ± 7.8 0.53 0.32
7 12 100 27 ± 4 33 ± 7 0.21 31 ± 5 52 ± 7 0.14 30.2 ± 14.4 0.35 0.40

CV: coefficient of variation; T25: mean transverse axis at proximal quartile length of L; T50: mean transverse axis at mid-length of L; T75: mean transverse axis
at distal quartile length of L; L: mean long axis; SI: sphericity index.
Lengths are given in millimeters and volume in cm3. Energy efficiency is given in 10�3 cm3/Joules. Results are given in mean ± SD for length and ablation vol-
ume and median for SI and energy efficiency.
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Quantification of the ablation area

The ablation zones were quantified using multiplanar
reconstruction of enhanced CT obtained 70 s after intra-
venous injection of a 1.5ml/kg contrast medium injected
at a flow rate of 2.5ml/s. CT was performed within 5min
of liver ablation with antennas left in place (Figures 2, 3).
In cases of pneumothorax, a chest tube was inserted, and
the pneumothorax was manually expelled before CT acqui-
sition. The long-diameter (L) measurement was defined
according to the greatest measurable dimension along
with a single section corresponding to the axis of the
antenna. The mean transverse diameter was defined as the
mean of the shortest and longest measurements perpen-
dicular to the longitudinal axis at 25% (T25), 50% (T50),
and 75% (T75) of the ablation long diameter (Figure 4).

The measurements were made independently by two oper-
ators having 7 and 5 years’ experience in chest imaging
(P.H. and M.D., respectively). The ablation volume was cal-
culated using the ellipsoid volume formula ‘4/3 � p �
L/2� T50’.

The SI of the ablation zone was calculated as T502/L2, as
described elsewhere [21]. The sphericity of one corresponds
to a perfect sphere. An SI below one corresponds to an elon-
gated shape along with the MWA antenna, and an SI above
one corresponds to a lesion elongated perpendicular to the
MWA antenna [22]. The applied energy in joules was deter-
mined by multiplying the power output in watts and the
ablation time in seconds. The efficiency was defined as the
relation between the applied energy and ablation zone vol-
ume or the ratio of the ablation zone volume (cm3) to the
applied energy (J).

Figure 2. Liver ablation on enhanced CT scan. (A) Sagittal view of liver ablation showing the elliptical shape ablation obtained with 50W for 5min with a spher-
icity index of 0.61. (B) Fontal view of liver ablation imaging the round shape attempted with 50W for 10min with a sphericity index of 0.89. (C) Axial view of liver
ablation obtained with 10min 100W with a sphericity index of 0.83. (D) Para-sagittal view showing the round shape ablation between the abdominal wall and the
gallbladder obtained with 50W for 10min and with a sphericity index of 0.75.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 1143



Statistical analysis

Continuous data with a normal distribution are expressed as
mean± standard deviation and non-normally distributed data
as the median. Categorical data are expressed as frequencies
or percentages. The coefficient of variation (CV) was calcu-
lated as the ratio of the standard deviation to the mean
value and provided for both L and T50. We introduced CV,
because it normalizes the standard deviation with respect to
the mean, whereas the standard deviation is proportional to
the mean. We arbitrarily defined that a CV under 15% was
considered acceptable in oncology, 16–19% was considered
as the limit, and more than 20% was considered unaccept-
able. Intraclass correlation coefficient [95% confidence inter-
val] was estimated based on a single-rating, absolute-
agreement, 2-way random-effects model to assess the inter-
observer reliability between the measures made by P.H. and

those made by M.D. For group comparison, a Kruskal–Wallis
test was performed using post-hoc Dunn’s multiple compari-
son test. For global size comparisons of T25, T50, T75, and L
between groups, a mixed-effects model with Geisser-
Greenhouse correction were performed with protocol and
measure (T25, T50, T75, and L) as a fixed effect, using post-
hoc Bonferroni multiple comparison test. All the data were
analyzed using SPSS (SPSS Inc., Chicago, IL, USA) and Prism 8
(GraphPad Software, Inc., San Diego, CA, USA). Statistical sig-
nificance was set to p< 0.05.

Results

MWA was performed on 17 animals with 100% technical suc-
cess. Four pigs died before the final enhanced CT scan was
obtained. Two animals died after liver ablations, and two

Figure 3. Lung ablation; (A,B) sagittal view of lung ablation, showing a round shape of the ablation obtained with 10min 100W with a sphericity index of 0.81.
(C) Axial view of lung ablation showing again round shape with 10min 50W and sphericity index of 0.58. (D) Sagittal view with 12min 100W showing a more
elliptical shape with a sphericity index of 0.35.
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died during lung ablation owing to massive hemorrhaging.
Four pigs received only three lung ablations. Altogether, 50
liver ablations and 48 lung ablations were available for ana-
lysis among the 17 pigs.

The inter-observer reproducibility for the measures of
ablation zone was high with an intraclass correlation coeffi-
cient of 0.93 [0.91–0.94] for all measures, 0.93 [0.90–0.95] for
lung measures, and 0.92 [0.91–0.94] for liver measures. Liver
ablation data are provided in Table 1, and lung ablation data
are provided in Table 2.

When characterizing lung ablation with T25, T50, T75, and
L, all five protocols provided significantly different ablations,
except for 10min at 50W vs. 10min at 75W (p¼ 0.38),
10min at 75W vs. 10min at 100W (p¼ 0.97), and 10min at
50W vs. 10min at 100W (p¼ 0.12). When characterizing liver
ablation with T25, T50, T75, and L, ablation size differs

significantly most of the time if ablation duration was higher
for 5min and/or power for 25W. Details are provided
(Figure 5).

The SI of liver ablations was between 0.50 and 0.83 with a
median value of 0.58, while that of lung ablations was
between 0.35 and 0.65 with a median value of 0.58. There
was no difference in the measure of SI in livers from various
protocols tested (p¼ 0.21). There were statistical differences
of SI in lung measurements for 10min at 50W vs. 10min at
100W with a median value of 0.65 vs. 0.53, respectively
(p¼ 0.04) and 10min at 50W vs. 12min at 100W: 0.65 vs.
0.35, respectively (p¼ 0.02).

Median energy efficiency was between 0.17� 10�3 and
0.63� 10�3 cm3/J in liver ablations for 15min at 100W and
3min for 75W, respectively, and between 0.32� 10�3 and
0.55� 10�3 cm3/J in lung ablations for 10min at 100W and

Figure 4. Example of measures of a liver ablation zone. (A) Reformat image along the axis of the antenna on enhanced CT. Measure of the long axis (L) with the
antenna left in pace to better assesses the long axis. The T25, T50, and T75 of the ablation zone are shown. (B) T50min and T50max (shortest and longest measure-
ment perpendicular to the longitudinal axis at 50% of L).

Figure 5. Graph illustrating the size in millimeters of T25, T50, T75, and L for all liver ablation, and the statistical difference between ablations.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 1145



10min at 50W, respectively (Figure 6). There was a global
statistical difference in energy efficiency among various liver
protocols used (p¼ 0.02) but the post-hoc analysis does not
found a significant difference between groups. The mean
energy efficiency for the 13 lung ablations performed at
50W for 10min (0.55� 10�3 cm3/J) was significantly different
from that obtained after 12 ablations performed at 100W for
10min (0.32� 10�3 cm3/J) (p¼ 0.01). There was no other dif-
ference in energy efficiency between all the other protocols
tested in the lungs.

Pneumothorax was unilateral in four animals and bilateral
in nine animals at the end of lung ablation procedures. Nine
animals did not require chest tube insertion, whereas four
having large pneumothorax required chest tube placement
to adequately measure the ablation zone on the final post-
ablation enhanced CT. No hemothorax occurred. Significant
atelectasis was found at the periphery of the three pulmon-
ary ablations.

Distal portal vein thromboses were seen in nine of 50
ablations, whereas proximal portal thrombosis was found in
five. Neither arterial bleeding nor hepatic vein thrombosis
was observed.

Discussion

The use of MWA as a recent alternative to RFA and surgery
represents a credible option for the treatment of pulmonary
and hepatic tumors [17,23]. A predictable and reproducible
ablation zone is the key for local tumor control and has
been reported to be linked with a zone of ablation large
enough to cover the tumor plus ablation margins of a min-
imum of 5mm and ideally 10mm [24,25] and thinnest mar-
gins are linked to local recurrence [26]. Evaluation of margins
with 3D imaging of the ablation zone both immediately or
later in follow-up are key points [27–33]. The ablation zone
must be predictable to avoid unnecessary destruction of par-
enchyma or complications within the target organ.
Significant variability in technology appears to exist among
different MWA systems, such as the operating frequency, the
power of the generator, the power delivered to tissues after
power loss in the cable, and the microwave applicator
design, including its geometry, diameter, and cooling

mechanism. Consequently, specific information on the rec-
ommended technical parameters and protocols should be
implemented in clinical practice for each system [34].
Further, recommended protocols must be evolved from
in vivo data, owing to discrepancies between in-vitro and
in vivo ablations. Such discrepancies are demonstrated in
MWA ablation zones, which are reported to be similar during
the first 2min in vivo and ex vivo, but grow faster with time
ex vivo than in vivo, reaching a plateau at 8min for in vivo
ablation volume, whereas ex vivo ablations continue to
increase in size [35]. A significant correlation between vol-
ume and energy deposit has been found for ex vivo experi-
ments and not for in vivo experiments [21]. Others have
reported flattening of the ablation volume curve at constant
power delivery when prolonging ablation duration, which
reflects the same phenomenon [36]. This pattern of in vivo
MWA ablation was clearly demonstrated in our experiment,
where the energy efficiency decreased from 0.63 to 0.48,
then to 0.42–0.24, and finally to 0.17� 10�3 cm3/J for a 3, 5,
10, and 15min ablation time, respectively. This decrease in
energy efficiency can be explained by the increased input of
passive heating with time and tissue convective cooling
in vivo. Interestingly, this decrease in energy efficiency with
ablation time appears to be less steep for lung ablation,
probably caused by the lower perfusion and aerated nature
of lung tissue. When looking at the fixed duration of ablation
of 10min, it is noteworthy that energy efficiency was
0.55� 10�3, 0.37� 10�3, and 0.32� 10�3 cm3/J for 50, 75,
and 100W, respectively, demonstrating higher energy effi-
ciency at lower power.

Prolonging treatment duration beyond 10min was
responsible for poor reproducibility, as highlighted by our
0.24 and 0.21 short-axis CVs after 15min in livers and 12min
in lungs, respectively. The highest reproducibility was
obtained for a treatment time of 10min with a CV of
0.12–0.20 in livers and 0.12–0.15 in lungs, whereas shorten-
ing the treatment time to 5min increased CV to 0.23 and
0.22 in the two cases, respectively. Consequently, for the
sake of reproducibility and efficiency, it is advisable to use
treatments longer than 5min with a maximum of 10min. Of
the 13 different protocols, the most reproducible ones were
those having a delivery time of 10min: 10min at 50W

Figure 6. Graphs illustrating the volume of ablation (cm3) over the energy delivery (joule). Left-sided graph showing lung ablations and right-sided graph showing
liver ablations. In the lung, the volume was different according to the duration of ablation more than the energy. In the liver, low energy is permitted to achieve
more reproducible volume ablation.
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(31� 25mm) and 10min at 100W (45� 32mm) in livers and
10min at 75W (40� 30mm) in lungs. This excellent reprodu-
cibility is at least partially explained by an antenna-
embedded specific automatic power compensation technol-
ogy (patented).

Straight MWA antennas have the drawback of an ablation
zone elongation along the needle axis, which can be
improved. With the AntiphaseTM technology, the ablation
zone tended to be more spherical. We calculated SI using
T502/L2, but it is noteworthy that different methods of calcu-
lation of SI have been reported in the MWA literature. Some
authors have used the l/L ratio [36], which is flatter than our
formula for the same elongation of the ablation zone
because it gives results closer to one. Consequently, compari-
sons between the publications are difficult. We report a
median SI of 0.58 [0.50–0.83]. In a recent systematic review
of various FDA-approved MWA systems in which SI was cal-
culated with the same formula as in the present study, SI
dropped significantly between ex vivo and in vivo experi-
ments, and during the last 5 years, no study using a single
probe met sphericity of 0.83. The best-reported results were
in the range 0.56–0.66 [19].

The median SI of 0.58 in lungs is close to the results
obtained in livers, even if MWA in lungs faces specific prob-
lems owing to continuous inhalation and exhalation of air/
gases, resulting in major changes in the dielectric constant
of lung tissue. If a conventional MWA antenna is used, the
composite choke ring at the tip of the antenna cannot meet
the change in the lung dielectric constant, and the ablation
area will become ellipsoidal. The antenna we used was
adapted to the range of the lung dielectric constant by
changing its internal design. It is noteworthy that the SI was
between 0.53 and 0.65 for 5 and 10min ablations. Our
results seem to bring solutions for difficulties in reproducibil-
ity and sphericity of lung ablations that have been under-
lined previously, where the SI reported was in the 1.4–1.6
range using the L/l formula, which is equivalent to 0.39–0.51
according to our formula [22]. With a single applicator, the
ablation zones were elongated along the needle axis, and
the small-diameter perpendicular to the antenna limited the
possibility of ablation of tumors >3 cm in a single ablation.

Hepatic ablation-induced thromboses of the portal branch
adjacent to the target area were reported in 17% of MWA,
with a correlation between thrombus formation and blood-
flow velocity, vessel-antenna spacing, and vessel diameter
(p¼ 0.08) [37]. Moreover, such thromboses of proximity ves-
sels indicate the efficacy of MWA to prevent the heat-sink
effect. We found 5 proximal thromboses, probably more fre-
quent than in real life, which could have happened because
of 3 liver ablations at the same time, on each lobe. There
was no damage to the arterial tree or hepatic vein and no
sign of hematoma or active bleeding, which is consistent
with other in vivo studies. Pneumothorax is one of the most
frequent side effects of lung thermal ablation and is, in fact,
expected and not a complication per se [38]. Pneumothorax
cases in our study were always limited with no significant
mass effect on the mediastinal structures and were probably

more frequent than in real life because of the introduction
of two needles on each side.

Our study has limitations, including that healthy lung and
hepatic parenchyma differ from tumors with possible differ-
ences in energy absorption, including permittivity, which
may vary according to temperature [39]. However, the size of
the pig lung and liver is comparable to that of humans,
which allows for the evaluation of large ablation zones that
stay away from the fissures and capsules and forms a rela-
tively realistic in vivo experiment that is superior to those on
explanted non-infused and non-ventilated tissues.

In conclusion, we reported an in vivo experiment with a
new MWA system that demonstrated interesting predictabil-
ity and sphericity abilities in both livers and lungs, as well as
excellent reproducibility for 5–10-min ablations. This study
can help future users in daily clinical practice.
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