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ABSTRACT
Purpose: To assess the use of optimized radiofrequency (RF) to achieve larger, spherical ablation vol-
umes with short application duration for hepatocellular carcinoma (HCC).
Materials and methods: Twenty-two patients (M:F¼ 17:5, median age 69.6 year, range 63–88) with 28
HCCs due to HCVþ liver cirrhosis underwent RFA. 20/28 (71.4%) were tumors �3cm diameter, and 8/
28 (28.6%) ranged from 3.2 to 4.2 cm. RF was applied using up to 2500mA via an optimized pulsing
algorithm with real-time ultrasound monitoring to detect hyperechogenic changes. Single insertions of
an internally cooled electrode were performed using exposed tips of 2 or 3 cm for 13 HCCs and 4 cm
for 15 HCCs. All patients were followed-up for a minimum of 5 years with contrast-enhanced com-
puted tomography (CECT).
Results: Technical success was achieved without adverse events in all cases. The mean ablation time
was 8.5±2.6min. In 21/28 (75%), ablation duration ranged from 3 to 9min, with 12min duration
applied in only 7/28 (25%). Mean coagulation diameters were 2.4 ± 0.14, 3.3 ± 0.62, and 4.4 ± 1.0, for 2,
3 and 4 cm electrodes, respectively (p< 0.01). The sphericity index was 74.9 ±12.8 for 4 cm electrodes
and 81.9 ±8.0 for shorter electrodes (p¼ 0.091). At 5-year follow-up, no tumor �3 cm had recurrence
and only 2/8 (25%) >3 cm tumors developed local progression. One patient had multifocal disease
with no local progression.
Conclusion: Efficient delivery of RF energy can considerably decrease the ablation time in many
instances while achieving larger, relatively spherical, and reproducible areas of ablation with extremely
low rates of local tumor progression and adverse events.
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Introduction

The liver is the most common target for percutaneous thermal
ablations, with decades of clinical experience and established
efficacy earning this modality recognition as a first-line treat-
ment option in both primary and secondary liver cancers [1–4].
Largely due to its relatively early availability, radiofrequency
(RF) ablation is the most commonly used ablation technique
worldwide. Yet, despite the development of sequential tech-
nical improvements in device design (including internal cool-
ing and multi-tined electrodes) [5,6] and energy delivery
(including switching of electrode activation and pulsed energy
delivery) [7], RF has been associated with a number of limita-
tions, including longer than desired ablation time, heat-sink
effect adjacent to large blood vessels, and tissue charring
around the electrode tip due to steep temperature gradient
near the electrode [8–10]. In addition, it is likely that subopti-
mal energy delivery of RF generators has historically limited
effective ablation using electrode tip exposures of 2.5–3.0 cm,

given the lack of sphericity occurring with longer exposures
[11,12]. Thus, over the last decade, microwave ablation (MWA)
has gained ever greater prominence for clinical use given a
demonstrated capability of achieving larger ablation volumes
in shorter operative times compared to clinically available RF
systems, with some MWA systems producing more predictable
shape of the ablation volume and significantly less heat sink
effect [13,14]. Yet, to-date there is no clear clinical evidence
documenting the superiority of MWA versus RFA for most clin-
ical scenarios [15,16].

Recently, more thorough and systematic optimization of
RF pulsing algorithms has been reported in ex vivo tissues
[17]. This optimization allows for the administration of a
greater amount of current and provides dynamic energy
deposition through an optimized pulsing algorithm using
internally cooled electrode exposures of up to 5 cm. In the
current study, our preliminary experience of percutaneous
ablation in a small group of hepatocellular carcinomas (HCCs)
using this method is reported. The aim of this single-center
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retrospective study of prospectively collected data is to assess
whether this optimized RF energy delivery overcomes some of
the classical limitations of RF ablation, specifically by achieving
ablation in shorter times than the previously recommended
(i.e., conventional) 12min ablation duration or by creating
larger ablative zones by increased energy application via lon-
ger 4 cm electrode tip exposures [8].

Materials and methods

The study was performed at a single tertiary referral center
for patients with liver tumors with the approval of the local
Institutional Ethics Committee. Written informed consent was
obtained from all patients prior to treatment.

Patients population

From July 2011 to April 2015, a total of 22 patients (17 males
and 5 females, median age 69.6 year, range 63–88 years) with
28 HCCs in a subset of HCV-related cirrhosis underwent RF
ablation using the novel ablation system based upon the indi-
cation-to-treatment of a multidisciplinary team including liver
surgeons, hepatologists, radiotherapists, oncologists, and inter-
ventional radiologists.

According to the BCLC classification [18], only patients in
very early (Stage 0: single nodule �2 cm, Child–Pugh A-B,
ECOG PS 0) and early stage of the disease (Stage A: 1–3 nod-
ules, Child–Pugh A-B, ECOG PS 0) were enrolled in this study.
All the HCCs were diagnosed through a non-invasive radio-
logical workup, following the European Association for the
Study of the Liver (EASL) 2018 clinical practice guidelines [2].
The HCCs were located in segment III (3 HCCs), IV (4), V (1), VI
(4), VII (10), and VIII (6). Fifteen HCCs (53.6%) were peripherally
located, thirteen (46.4%) were centrally located. Nine HCCs
(32.1%) ranged from 1.0 to 2.0 cm in size, 11/28 (39.3%) from
2.1 to 3.0 cm, and the remaining 8/28 (28.6%) from 3.2 to
4.2 cm. The median size was 2.6 ±0.87cm. The median tumoral
volume was 9.15cm3 (range 0.5–38.8 cm3). Six patients had
two nodules treated during the same session, while one
patient was treated twice at different times for an HCC devel-
oped de novo. All the ablations were performed by two inter-
ventional radiologists with more than 15 years of experience
performing thermal ablation.

Pretreatment diagnostic assessment

All patients were evaluated with hepatic baseline ultrasound
(US), contrast-enhanced US (CEUS), and abdominal contrast-
enhanced computed tomography (CECT). Both CEUS and CECT
were achieved in the arterial, portal, and late phases. CEUS
was performed after intravenous injection of 2.4 to 4.8ml of
second-generation contrast agent (SonoVue, Bracco, Milan,
Italy). CT scans were acquired following injection of 110ml of
iopamidol (Iopamiro, Bracco, Milan, Italy) at 3–4ml/s, using
5mm slice thickness, 7mm collimation, 1:1 pitch, 120 or 140
kVp, and 280–300mA.

Radiofrequency ablation

An internally cooled electrode RF system (Cambridge
Interventional CRF System, Burlington, MA) was used for all
patients. This consisted of a high power RF generator produc-
ing up to 2500mA output into 50X, a fluid pump, tubing,
cables, and four large grounding pads [17]. To maximize the
efficiency of energy deposition, the generator algorithm first
endeavored to achieve a pre-set current based upon electrode
tip length over 30 s [17], and then pulsed the electrode current
in response to changes in tissue impedance. While the imped-
ance was stable, current was increased in 100mA increments
every 30 s. When impedance rose, current was halted for at
least 20 s before it was resumed. When impedance rose so rap-
idly that a current could not be maintained for at least 10 s, the
current was reduced by 100mA when energy deposition
resumed [17].

For each ablation, a 17-gauge internally cooled electrode was
introduced via coaxial 15-gauge electrically insulated metallic
cannula with a tip exposure of 2, 3, or 4 cm. Refrigerated (4 �C)
water circulating within the electrodes maintained the electrode
temperature at or below 22 �C.

Treatment procedure

Treatments were performed under assisted ventilation during
short-acting anesthesia using propofol (10mg/ml) and alfentanil
(0.5mg/ml) or moderate sedation and analgesia with the associ-
ation of neuroleptic (droperidol, 1.25–2.5mg) and analgesic (fen-
tanyl, 50–250mcg) drugs, as decided by the anesthesiologist.
Continuous hemodynamic monitoring was performed through-
out the procedure.

Real-time US guidance was employed in all cases using a
3.5MHz probe with a biopsy guide (MyLab Twice and MyLab
9, Esaote, Genoa, Italy). When the HCC nodule was not visible
or had poor conspicuity at US, a navigation system (Virtual
Navigator, Esaote, Genoa, Italy) was used, co-registering real-
time US and pre-acquired CECT [19,20]. Additionally, CEUS was
performed intraprocedurally in selected cases to improve tar-
get visibility and guide electrode insertion. The ablation was
considered complete and energy application was stopped
based upon real-time ultrasonographic findings when either
the size of the hyperechoic area due to gas formation was sta-
ble and not increasing for 3min or when hyperechogenicity
appeared to have exceeded both the tumor margins plus an
ablative margin of at least 5mm in all the diameters for 3min,
or alternatively when a maximum of 12min of energy (i.e., a
conventional dose) were applied. CEUS was also routinely per-
formed 5–7min after electrode withdrawal once most of the
acute hyperechoic changes in the ablation zone had dissi-
pated. Adequate ablation was defined as lack of contrast
enhancement throughout the tumor and at least 5mm thick
perinodular rim (ablative margin) [1]. Moreover, ultrasound
contrast could be used to guide immediate additional abla-
tion(s) if the volume of the avascular zone is considered insuffi-
cient in comparison with the target nodule size and the
desired 5-mm ablative margin [21,22], but this event did not
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occur in our group of cases that were always ablated with sin-
gle insertions of single electrodes.

Post-procedural assessment

Based upon institutional protocol, following RF ablation, all
patients were hospitalized for 1–2 days for clinical observa-
tion and procedure-related pain management.

Post-procedural CT scans were acquired 24 h following
ablation using the same technique as before treatment,
and subsequently at 3–4months interval in the first 3 years
and at 4–5months in the following years [23]. Post-ablation CT
scans were always evaluated by two radiologists (L.S. and
T.I.) with more than 10 years of experience in ablative
treatments. All patients underwent clinical and radiological fol-
low-up for a period ranging from a minimum of 5 years after
RF ablation.

Assessment of treatment efficacy

Primary technical success was defined as the absence of con-
trast enhancement in the target tumor on CECT within 24 h
from the end of the procedure [1], while complete ablation
was defined as the lack of contrast-enhancement at the 3-
month follow-up CT scan and the following CT scans encom-
passing the HCC in all dimensions plus the presence of an
ablative margin with a thickness of at least 5mm [24]. In cases
where technical success on the immediate post-procedural
CECT was thought to be achieved by visual inspection, but
complete necrosis was not observed on subsequent follow-up
studies, a novel software package (Ablation Fit, RAW s.r.l.,
Milan, Italy) was retrospectively applied to assess the true sta-
tus of ablation by performing precise quantification of the
incomplete treatment [25]. Briefly, pre- and post-ablation CT
scans in 3D were automatically segmented and non-rigidly co-
registered to enable better definition of the desired ablative
margin and accurately determine as to whether the tumor and
the ablative margin were completely or only partially included
into the necrotic volume.

Data analysis
Energy and heating parameters, and the diameters (perpen-
dicular and along the electrode axis), and sphericity of the

resultant ablation were analyzed by electrode tip length as
previously described [17]. The primary clinical endpoint of no
evidence of local tumor progression was analyzed by tumor
size (�3 cm versus >3 cm) and time of ablation (12min con-
ventional standard versus shorter ablation times). Relevant
comparisons were performed using 2-tailed T-tests and Chi-
square analysis with statistical significance set at 0.05.

Results

Technical success was achieved in all cases and no intra- or
periprocedural adverse events occurred.

All the ablations were performed with single electrodes
with tip exposures of 2 cm (2 HCCs), 3 cm (11 HCCs), or 4 cm
(15 HCCs). Four cm electrode tips were used either for HCCs
with sizes � 3 cm (10 cases) or for HCCs located in proximity
to large blood vessels (5 cases) with an intent of decreasing
the heat sink effect through the achievement of large abla-
tion volumes [26]. The maximum current applied and the
minimum impedance values during RF output delivery were
dependent upon electrode tip size and ranged from 1100 to
2200mA and from 53 to 80 X (mean 61.1), respectively
(p< 0.01 both comparisons; Table 1). Likewise, the maximum
temperature at the electrode after ablation increased with
energy and tip size (p< 0.05). Ablation times ranged from 3
to 12min (mean: 8.5 ± 2.6min, median: 8min). Here too,
ablation time to achieve 3min of a stable gas cloud was
dependent on the tip size and energy with a 4.5 ± 2.1min
average time for 2 cm electrodes, 8.7 ± 2.5min for 3 cm,
and 8.9 ± 2.4min for 4 cm electrode tips (p< 0.01 for 2 cm
electrodes versus others).

When viewed from a clinical perspective, for the 20 HCCs
up to 3 cm in size, the ablation time ranged from 3 to
12min (mean: 8.2 ± 2.6). Only in 4/20 (20%) HCCs of this size
group the ablation time reached 12min, due to the slow
and partial gas formation observed with real-time US during
the treatment. For the 8 HCCs larger than 3 cm (3.2–4.2 cm)
the ablation time ranged from 6 to 10min in 5/8 (62.5%)
cases and was 12min in only 3/8 (37.5%).

Despite any reduction in ablation time, technical success
was achieved in all cases, as confirmed by CEUS and CECT at
the end of the procedure. The median volume of necrosis pro-
duced was 26.1 cm3 (range 5.6–95.7 cm3). Both the length and
diameters of the ablation increased with electrode tip size

Table 1. Radiofrequency ablation parameters by internally cooled electrode tip size using the optimized pulse algorithm.

Electrode tip size (cm) 2 3 4
Sample size 2 11 15
Current (mA) (mean ± sd) 1100 1609 ± 356 1980 ± 86
Range (mA) 1100–1100 1300–2200 1800–2200
Minimum impedance (X) (mean ± sd) 76.0 ± 5.7 62.2 ± 7.6 58.4 ± 3.7
Range (X) 72–80 53–76 52–64
Duration (min) (mean ± sd) 4.5 ± 2.1 8.7 ± 2.5 8.9 ± 2.4
Range (min) 3–6 6–12 6–12
Max temperature post-ablation (�C) 57 71.1 ± 10.3 79.2 ± 6.5
Coagulation necrosis volume (cc) (mean ± sd) 6.4 ± 1.2 19.4 ± 10.9 47.5 ± 25.6
Range (cc) 5.5–7.2 10.1–47.1 8.5–95.7
Coagulation length (cm) (mean ± sd) 2.7 ± 0.35 3.8 ± 0.55 5.3 ± 1.14
Average coagulation diameter (cm) (mean ± sd) 2.4 ± 0.14 3.3 ± 0.62 4.4 ± 1.0
Sphericity (%) (mean ± sd) 81.7 ± 8.2 81.9 ± 8.4 74.9 ± 12.8
Range (%) 75.9–87.5 63.5–97.1 52.5–96.9

Exposed tip and size of coagulation necrosis are expressed in centimeters, time in minutes.
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with coagulation diameter measuring 2.4 ± 0.14, 3.3 ± 0.62,
and 4.4 ± 1.0 cm, for 2, 3, and 4 cm electrode tips, respectively
(p< 0.01) (Table 1). The size of the volumes of necrosis
exceeded of 5mm or more the maximum diameter of the
ablated HCCs in all the three dimensions in 19/28 (67.9%)
HCCs, including 14/20 (70%) nodules up to 3 cm and 5/8
(62.5%) HCCs �3.2 cm. The sphericity index [17)] of all the vol-
umes of necrosis achieved ranged from 52.5% to 97.1%
(mean: 78.1 ± 11.2), with no statistically significant difference
between the group of 13 HCCs ablated with 2 and 3 cm
exposed tips (mean: 81.9 ± 8.0) and the 15 HCCs treated with
4 cm exposed tips (mean: 74.9 ± 12.8) (p¼ 0.091). No signifi-
cant difference in volume of necrosis, ablation time, and
sphericity was found between centrally and peripherally
located HCCs (p> 0.2).

At 1-year follow-up CECT, focal enhancement at the periph-
ery of the necrotic volume consistent with local tumor pro-
gression (LTP) was identified in only 2/28 (7.1%) HCCs, both of

which were originally larger than 3 cm. No additional local
tumor progression was identified. Thus, all tumors �3 cm and
6/8 (75%) tumors >3 cm treated with shorter RFA duration
were successfully treated to 5-year follow up (Figures 1 and 2).

The two HCCs >3 cm that developed LTP had ablation
times of 6 and 8min, respectively, given the rapid and appar-
ently large gas formation that exceeded the target ablative
margins. For these two HCCs, the Ablation-fit software retro-
spectively applied to compare pre- and 24-h post-ablation
CECT in 3D confirmed that despite an initial determination by
visual inspection of an apparently successful treatment, in
actuality, the achieved ablation zone did not exceed the target
volume, which includes the tumor and a 5mm ablative margin
in all the three dimensions. Specifically, in one 3.3 cm tumor,
although no residual viable tumor was detected post ablation,
15.4% of the 5-mm ablative margin was not ablated (Figure 3).
In the second 3.9 cm HCC, 5.2% of the tumor and 44.4% of the
5-mm ablative margin were not included in the post-ablation

Figure 1. Short course, large volume RF ablation with long term favorable outcome. (a) A 2.2 cm HCC at S8 (arrow) was ablated with a single insertion of a 4 cm
exposed tip RF electrode in 6min with 2000mA current. (b) At 24-h, CT the dimensions of the necrosis volume achieved were 4.8� 4.3� 5.5 cm. At 2- (c) and
4-year (d) follow-up, ablation was complete with no LTP.
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volume of necrosis, thus, indicating that the subsequent LTP
had likely been mostly caused by imperfect tumor targeting
and incomplete ablation. One additional patient developed
multifocal HCC at the 2-year follow-up CT, but no LTP was
detected in the 3.2 cm HCC ablated.

Discussion

Although strategies to optimize pulsing energy and thus
achieve more efficient heat transfer and larger ablation vol-
umes for RF ablation have been reported [27,28], these pos-
sible advantages have never been thoroughly investigated or
implemented into clinically available systems. Thus, limited
energy deposition provided by the majority of commercially
available RF systems has made the clinical use of electrodes
with exposures longer than 2.5–3.0 cm impractical, due to a
marked increase in ablation length and only a modest increase
in ablation diameter (i.e., oblong-shaped zones), with conse-
quent loss of the needed sphericity. These limitations of RF
favored the increasing clinical use of MWA, particularly for
tumors larger than 2.0–2.5 cm and/or those adjacent to large
blood vessels [29]. Although larger tumor size (>2.5 cm) has
been sporadically associated with improved outcomes for
MWA compared to RFA [30], other papers report comparable
results in tumors <4 cm [31]. For example, a recent meta-ana-
lysis reports similar therapeutic outcomes of percutaneous
MWA and RFA for HCC in terms of complete ablation, local
recurrence, disease-free survival, overall survival, and compli-
cation rate, even for tumors >3 cm [32].

The outcomes achieved in our initial clinical study with this
optimized RF technology confirm the results recently described
in ex vivo bovine liver models and demonstrate the potential for
changing the scenario of RF technology [17]. Owing to an opti-
mized RF generator that allowed to efficiently increase energy
deposition and tissue heating, we demonstrated that it is pos-
sible to substantially decrease the ablation time while achieving
good ablation outcomes. Only 4/20 HCCs �3 cm were ablated
in the usual 12-min time recommended for all the RFA systems
due to the slow and partial gas formation observed with real-
time US during the treatment, while for all the remaining 16/20
HCCs �3 cm, the ablation time ranged from 3 to 8min. In add-
ition, 5/8 HCCs larger than 3 cm were successfully ablated with
ablation time ranging from 6 to 10min.

We also demonstrated that with this optimized RF output
the use of electrodes with longer tip exposures is possible,
with 4 cm electrode tips producing 4.4 cm mean coagulation
diameter in 6–12min, which is larger than previously reported
coagulation diameters in the clinical setting [33]. This was
achieved without the typically encountered significant loss of
sphericity of the volumes of necrosis of older systems. Indeed,
the mean sphericity index achieved in the 15 HCCs ablated
with 4 cm exposed tip electrodes (74.9 ± 12.8%) was compar-
able to that of the 13 HCCs ablated with either 2 and 3 cm
exposed tips (81.9 ± 8.0%) (p¼ 0.09).

Despite the use of shorter ablative times and longer exposed
tip electrodes, technical success was achieved in all cases. In
addition, in 25/28 (89.3%) HCCs treated, the diameters of abla-
tion volumes were greater than the maximum diameter of the
tumors and 19/25 (76%) of them had an ablative margin larger
than 5mm from a single RF application. At 2-year follow-up,
local tumor progression had occurred in only 2/28 (7.1%) HCCs,
and both of these were initially larger than 3.0 cm. In both of
these cases, the treatment failure was less likely due to the
shorter ablation time, and more likely attributable to subopti-
mal targeting, as retrospectively demonstrated by Ablation-fit
software [25]. Indeed, it is conceivable that if such recently
developed software had been available at the time of ablation,
an additional short course of newly target ablation would have
likely avoided the subsequent local progression.

We acknowledge that this study has some major limitations,
most notably the small number of patients within the cohort,
the small number of HCCs larger than the “conventional” thresh-
old of 3 cm, and its retrospective nature. Moreover, additional
study will be required for other tumor populations. Nevertheless,
our series represents the first in vivo study describing an opti-
mization of RF technology that could potentially have beneficial
attributes for patient care. Finally, it is possible that more accur-
ate measurement results could be obtained with newer gener-
ation automated measurement systems as they become more
widely available [34].

In conclusion, we demonstrate that efficient delivery of RF
energy into liver tumors through a single internally cooled
electrode can produce larger, relatively spherical, and repro-
ducible volumes of necrosis by means of longer electrode tip
exposures, and can reduce ablation time for shorter electrode
tip exposures, with extremely low rates of local progression

Figure 2. Large volume RF ablation from optimized current and longer electrodes. (a) A 4.2 cm HCC at S4 (arrow) was ablated with a single insertion of a 4 cm
exposed tip RF electrode in 12min with 2200mA current. (b) At 24-h CT, the dimensions of the necrosis volume achieved were 5.2� 4.1� 4.4 cm. (c) At 2-year fol-
low-up, ablation was complete with no LTP.
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and adverse events. If the outcomes of this preliminary clin-
ical experience are confirmed in future larger studies, limita-
tions associated with RF ablation such as procedure duration
and <3 cm ablation diameters will need to be reconsidered,
as well as the associated comparisons between RF ablation
and other ablative technologies such as microwave, that are
based on historical suboptimal energy delivery.
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