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Abstract: The objective of this study was to investigate the feasibility of a newly developed anticancer
drug-releasing radiofrequency ablation (RFA) system in a porcine liver model. A 15-gauge drug-
releasing cooled wet electrode (DRCWE) was newly developed to improve the RFA efficacy for
creating a large ablation as well as for simultaneously delivering an anticancer drug to the tumor
margin. Nine ablations in three pigs were performed by the DRCWE. The sectioned liver specimens
were evaluated by measuring the ablation zone by a positron emission tomography/magnetic
resonance imaging examination to investigate whether 18F-fluorodeoxyglucose was exactly diffused.
Volumes of the ablation zones released drug injection volumes, circularity, retention rate defined as
the ratio between an estimated and injection dose, and the standard uptake value were assessed. The
drug-releasing RFA was technically successful without procedural-related complications. During the
procedure, the color changes of the ablated zones of the liver were observed in all specimens. The
mean drug injection volume was higher than the ablated volumes (17.21 ± 2.85 vs. 15.22 ± 2.30 cm3)
and the circularity was 0.72 ± 0.08. Moreover, the retention rate was 72.89% ± 4.22% and the mean
standard uptake value was 0.44 ± 0.05. The drug-releasing RFA system was feasible not only for
local ablation but also for the delivery of anticancer drugs. The results of this study indicate that this
novel strategy of localized RFA with a drug delivery system could be a promising option for the
prevention of local recurrence rates.

Keywords: drug-releasing radiofrequency ablation; anticancer drug-releasing cooled wet electrode;
local recurrence rate

1. Introduction

Image-guided radiofrequency ablation (RFA) has been widely performed as a mini-
mally invasive therapeutic option utilizing thermal energy for early-stage hepatocellular
carcinoma (HCC) in patients who are not surgical candidates [1,2]. Moreover, RFA is
being increasingly used in various clinical practices with advances in probe types and
ablation techniques for primary and secondary liver malignancies instead of hepatic re-
section [2–4]. RFA has a limitation that needs to be addressed priorly, including a higher
local recurrence rate than that of surgical resection, although RFA is a major technique
for liver tumor treatment. The main cause of the higher local recurrence rate associated
with RFA is inadequate volumes of tumor ablation [4–6]. The local recurrence rate is still
high although combination therapy with other modalities, such as transcatheter arterial
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chemoembolization, saline injection, and percutaneous ethanol injection, can be helpful to
improve clinical outcomes [6–12].

Several RFA electrodes have been developed to improve this weak point and expand
the ablation range, e.g., the RFA with new types of electrodes (e.g., the multitier expandable
needle electrodes with saline infusion and perfusion electrodes) and multiple electrodes
for different applications of RF energy (e.g., the multipolar and the switching monopolar
modes) [13–17]. Similarly, this study evaluated a new drug-releasing RFA system, which
can deliver an anticancer drug to achieve sufficient treatment around the targeted tumor
to increase clinical outcomes with a low recurrence rate. This preliminary study started
with the hypothesis that anticancer drugs used in combination with RFA could lead to
therapeutic outcome improvement and recurrence rate decrease for the local treatment of
primary HCC (Figure 1). Therefore, this study aims to investigate the feasibility of a newly
developed anticancer drug-releasing RFA system in a porcine liver model.

Figure 1. Schematic illustration of a radiofrequency ablation (RFA) system. The drug-releasing RFA system provides local
ablation therapy with the delivery of anticancer drugs.

2. Materials and Methods
2.1. Drug-Releasing RFA System

A multichannel RFA system (M-3004; RF Medical Co., Seoul, Korea) was used in
this study. It provided the automatic switching of RF energy among the three electrodes
according to impedance changes in either monopolar or bipolar modes. An RF generator
had a maximum power of 200 W at a frequency of 400 kHz consisting of each separate
channel for the three electrodes (Figure 2a).
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Figure 2. The radiofrequency ablation (RFA) system configuration. (a) A three-channel radiofrequency ablation system,
which can allow the use of multiple electrodes in either monopolar or bipolar modes. (b) An internally cooled wet electrode
with a 2-cm active tip. (c) The magnified image of the DRCWE tip with a side hole (white arrow).

A 15-gauge drug-releasing cooled wet electrode (DRCWE) was newly developed for
this study. The DRCWE consisted of a 15-gauge internally cooled electrode with 2-cm active
tips and two small side holes (diameter = 0.03 mm), allowing the simultaneous delivery
of anticancer drugs to the tumor margin as well as creating a large ablation (Figure 2b,c).
Internal cooling was ensured by using approximately 99% of the chilled isotonic saline
(0.9%) circulated inside the electrode at rates of 0.8 mL/min. Moreover, the remaining
1% was utilized for saline infusion into the surrounding tissue at a rate of 1.2 mL/min. A
peristaltic pump (RFP-300; Cardiva Medical Inc., Santa Clara, CA, USA) was used to infuse
normal saline at 5–10 ◦C into the lumen of the electrode to maintain a tip temperature of
10–25 ◦C.

2.2. In Vivo Drug-Releasing RFA Procedure

This study was approved by the local Institutional Animal Care and Use Commit-
tee and performed following the guidelines of the National Institutes of Health for the
humane handling of animals. Nine RFA zones (three ablations per pig) were performed
by one radiologist with >10 years of experience under intraoperative ultrasonographic
guidance to minimize potential variations in the procedural outcomes. An RF electrode
was placed in the liver under real-time ultrasound guidance away from intrahepatic vessels,
interlobar fissure, or the liver capsule so that the RFA zone would not be influenced by
these structures. The distance between the center of each ablation zone was kept at least
5 cm apart to avoid ablation zone attachment.

The pigs were anesthetized using an intramuscular injection of tiletamine–zolazepam
mixture (7.5 mg/kg; Zoletil 50; Virbac Korea Co., Seoul, Korea) and xylazine hydrochlo-
ride (2 mg/kg; Rompun; Bayer Korea Ltd., Ansan, Korea). Moreover, anesthesia was
maintained with inhaled isoflurane of 1.5% in 100% oxygen (Forane Solution; Choongwae
Pharma Co., Seoul, Korea) by endotracheal intubation. Cardiac status with electrocar-
diography, including heart rate, blood pressure, and oxygen saturation was monitored
throughout the procedure. The pigs were placed in the supine position and vital signs
were monitored. Two ground pads were placed on both shaved thighs connected in
parallel to the RF generator. The liver was exposed by laparotomy after the epigastric
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area was sterilized. Moreover, the DRCWE was inserted into the liver parenchyma under
ultrasonographic guidance (Figure 3a,b). The baseline power was set at 30 W. Ablation
was continued with an increase of 10 W per minute until roll-off occurred. The power
passively decreases to <10 W when tissue impedance rises above 200 Ω. Simultaneously,
18F-fluorodeoxyglucose (18F-FDG) was slowly injected into the liver by an automatic in-
fusion syringe at a speed of 3 cm3/min to evaluate the spread of 18F-FDG by positron
emission tomography (PET)/magnetic resonance imaging (MRI) examination (Figure 3c).
After the RF energy was fully delivered for 10 min in the penetrated liver parenchyma, all
electrodes were slowly removed when the electrode temperature reached approximately
70 ◦C to prevent tract bleeding along the tip. Three pigs were euthanized with a lethal
injection of potassium chloride immediately after the procedure.

Figure 3. Radiofrequency ablation (RFA) procedural details. (a) Intraoperative view during the drug-releasing RFA in
a pig under sonographic guidance. (b) The drug-releasing cooled wet electrode was inserted into the liver parenchyma.
(c) 18F-fluorodeoxyglucose was simultaneously slowly injected (arrow) during the RFA procedure.

2.3. Ex Vivo PET/MRI Examination

Surgical exploration of the liver was followed by the PET/MRI examination after
sacrifice. The extracted liver was wrapped in a plastic wrap, which is a thin, transparent,
plastic material to prevent drying out during image acquisitions by minimizing the occur-
rence of a motion artifact. The ablated portion was analyzed by the PET/MRI examination
to investigate whether 18F-FDG was exactly released and diffused. For this process, a
commercial sequential nanoScan® PET/MRI system (Mediso Ltd., Hungary, Budapest)
with 18F-FDG was utilized to evaluate the drug that had been locally delivered on the
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ablation zone. The total acquisition time for PET/MRI was 40 min. Moreover, MRI scans
were performed immediately following the PET image acquisitions simultaneously in the
same scanner. Total continuous images of PET (range, 170–200) and MRI (range, 350–350)
were obtained from section slices, which have a thickness of 4 and 3 mm, respectively.
After the PET images were reconstructed using the 3D row action maximum-likelihood
algorithm with 3D spherically symmetric basis functions, the physiologic data were fused
with MRI using the Syntegra software (version 2.1F; Philips, Eindhoven, The Netherlands),
which can automatically superimpose physiologic data (PET) with anatomic data (MRI),
eliminating the need for clinicians to manually identify and match the information.

2.4. Measurement of the Ablation Zone

The liver specimens were dissected along the axis of the electrode insertion and were
sliced again in the plane perpendicular to the electrode tracks. The central white area
was considered the zone of coagulative necrosis. The diameters of the maximum (Dmax),
minimum (Dmin), and vertical diameter (Dv) of the central white area of the RFA zones
were measured. The images of the ablation zones were analyzed using ImageJ software
(version 1.53, National Institutes of Health, Bethesda, MD, USA). The dimensions were
measured thrice by two observers, and the average dimensions were used to minimize
the measurement error. To calculate the ablated volumes (AV), the following formulas
were used:

AV =
π

6
(Dmax × Dmin × Dv) (1)

The circularity of the ablation zones was evaluated by the ratio between the Dmax and
Dmin. Moreover, the retention rate was defined as the ratio of the 18F-FDG radioactivity
concentration derived from the PET/MRI images as follows: retention rate = (estimated
dose/injection dose) × 100. Furthermore, to calculate the image volumes (IV) of 18F-FDG
uptake in the liver and measure the standard uptake value (SUV), the regions of interest
were drawn manually and measured by one experienced nuclear medicine physician. The
SUV was calculated as follows:

SUV =
(Tissue Concentration (MBq/mL) )(

Injected Dose (MBq)
Body Weight (g)

) (2)

2.5. Statistical Analysis

The results of continuous variables were expressed as the mean ± standard deviation
(SD). The differences between the AV and IV were compared using the Mann–Whitney
U test (nonparametric method). All p values were two-sided. Moreover, a value <0.05
was considered statistically significant. Statistical analysis was performed using the SPSS
software (version 24.0; IBM, Chicago, IL, USA).

3. Results
3.1. Procedural Outcomes

All three pigs tolerated the RFA procedures under laparotomy, with no major changes
in their vital signs on the electrocardiography during the procedure. Moreover, drug-
releasing RFA was technically successful without procedural-related complications. The
color changes of the ablated zones of the liver were observed in all specimens during the
procedure (Figure 4). The intraoperative ultrasonography also showed typical echogenic
clouds in the RFA-created ablation zones of the liver.
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Figure 4. The elliptical shape of a radiofrequency ablation (RFA) zone created by the drug-releasing cooled wet electrode.
(a) A specimen in the electrode insertion axis. Dmax and Dmin indicate maximum diameter (black solid arrow) and minimum
diameter (black dotted arrow). (b) A specimen in the transverse plane perpendicular to the electrode insertion axis.
Dv indicates vertical axis (white solid arrow).

3.2. Analysis of Ablation Zone of the Liver

The mean of the total delivered power according to the ablation duration (per minute)
was 1.04 kcal/min. All measurement values of the ablation zone are shown in Table 1.
The mean values of Dmax, Dmin, and Dv were 3.56 ± 0.19, 2.56 ± 0.27, and 3.12 ± 0.09 cm,
respectively. In addition, the AV in the porcine liver and circularity was 15.22 ± 2.30 cm3

and 0.72 ± 0.08, respectively.
The IV and 18F-FDG measurement values are shown in Table 1. The mean IV

around the ablated lesion was 17.21 ± 2.85 cm3 (Figure 5). This was higher than the AV
(17.21 ± 2.85 vs. 15.22 ± 2.30 cm3) in the nine ablated lesions. Additionally, a statistically
significant difference exists between the AV and IV (p = 0.008). The mean 18F-FDG injection
dose and the mean-estimated dose from PET/MR images were 7.13 ± 0.84 mCi/30 mL
and 5.19 ± 0.60 mCi/30 mL, respectively. The retention rate ranged between 66.35% and
76.97%, and the mean retention rate percentage was 79.89% ± 4.22%. Also, the mean SUV
showed 0.44 ± 0.05 (range, 0.375–0.541; Table 1).
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Table 1. All measured values of the ablated porcine liver with use of a drug-releasing RFA system.

Dmin
(cm)

Dmax
(cm)

Dv
(cm)

AV
(cm3)

IV
(cm3) Circularity Injection Dose

(mCi/30 mL)
Estimated Dose

(mCi/30 mL)
Retention
Rate (%) SUV

1.1 2.32 3.24 3.1 12.20 14.12 0.72 6.94 5.02 72.33 0.458
1.2 2.46 3.74 3.14 15.19 17.21 0.66 7.45 5.70 76.51 0.541
1.3 2.22 3.51 3.04 12.40 14.31 0.63 5.46 3.86 70.70 0.484
2.1 3.01 3.41 3.17 17.03 18.91 0.88 7.03 5.27 74.96 0.375
2.2 2.93 3.88 3.21 19.10 22.67 0.76 6.47 4.98 76.97 0.398
2.3 2.48 3.6 3.01 14.06 15.79 0.69 7.10 5.46 76.90 0.465
3.1 2.41 3.64 3.29 15.10 19.10 0.66 7.81 5.84 74.78 0.431
3.2 2.67 3.49 3.02 17.43 18.30 0.77 7.43 4.93 66.35 0.396
3.3 2.5 3.52 3.14 14.47 14.50 0.71 8.45 5.62 66.51 0.405

Mean (± SD) 2.56 ± 0.27 3.56 ± 0.19 3.12 ± 0.09 15.22 ± 2.30 17.21 ± 2.85 0.72 ± 0.08 7.13 ± 0.84 5.19 ± 0.60 72.89 ± 4.22 0.44 ± 0.05

Data are shown as means ± standard deviation (SD). Dmin, minimum diameter of the ablation zone; Dmax, maximum diameter of the ablation zone; Dv, vertical diameter of the ablation zone; AV, the ablated
volumes; IV, the image volume measured on PET-MR; circularity, the ratio between the Dmax and Dmin; retention rate = (estimated dose/injection dose) × 100, SUV, standard uptake value; there was significant
difference between AV and IV (p = 0.008).
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Figure 5. 18F-fluorodeoxyglucose (18F-FDG)-positron emission tomography/magnetic resonance
imaging examination imaging in the extracted liver. (a) Sagittal sections of the extracted liver. (b) The
focal 18F-FDG uptake on transverse cut sections was calculated by drawing the regions of interest.

4. Discussion

This study using DRCWE was able to perform ablations and successfully delivered
the drug in the ablation zone margin. The results of the experiment demonstrated that
the coagulation zone using DRCWE could be created with the mean diameter (Dmax,
3.56 ± 0.19; Dmin, 2.56 ± 0.27) and AV of 15.22 ± 2.30 cm3, which seems to be within the
range of those of other studies [18,19]. Furthermore, circularity > 0.70 could indicate that
the ablated lesions were circular. Additionally, the IV was considerably higher than the AV
(17.21 ± 2.85 vs. 15.22 ± 2.30 cm3) with statistically significant differences. This suggested
that the released drug could effectively prevent local recurrence around the ablated lesions.
In addition, the SUV as a simple image-based measure, which is widely used in clinical
practice, was used to remove variability introduced by differences in animal size and the
amount of injected FDG [20,21]. The mean SUV was 0.44 ± 0.05, which means that 40% of
the drug has been released to the surroundings. Thus, adjusting the amount of the drug to
take this into account would be better.

Considering that creating at least a 5-mm safety zone around the tumor is necessary
to decrease local recurrence after RFA for primary and secondary liver malignancies, the
results of this study indicate that DRCWE can successfully treat a 3.5-cm-diameter tumor
without creating an overlapping ablation. Therefore, DRCWE may not only be a successful
treatment for HCC but may also lower the recurrence rate by releasing the anticancer drug
to residual cancer cells after RFA.

FDG-PET sensitivity for detecting HCC is approximately 50–70% [22]. Although the
exact sensitivity was unknown because the normal liver model was used in this experiment,
a similar retention rate was measured, which was 72.89% ± 4.22% (range, 66.35–76.97%).
Here, high retention rates of >70% on average may be seen as evidence that the DRCWE
RFA system can be useful.
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Local tumor recurrence is defined as the reappearance of enhancing tissue within
and around the ablation zone, which is secondary to the presence of residual viable or
unablated tumor in patients previously considered to have complete ablation. The reported
local recurrence rates after RFA ranged from 2% to 60% and have been currently managed
by hepatic resection, salvage liver transplantation, and repeated RFA [23,24]. However,
retreatment for local recurrence is often difficult and has a high failure risk [25,26]. A recent
impact study reported the use of chemotherapy and bevacizumab with or without RFA
for the treatment of unresectable liver metastases in patients with colorectal cancer [27].
Therefore, it is believed that DRCWE may reduce the local tumor recurrence rate after RFA
by utilizing the chemotherapeutic agents in patients with HCC and may also increase the
RFA indications to include larger liver malignancies.

A tendency to leave viable tumor cells in the margins or clefts of overlapping ablation
zones for large tumors was noted (i.e., >3 cm diameter) although RFA is more effective for
small-sized tumors (i.e., <3 cm diameter) [28–30]. Therefore, the ablation of larger liver
tumors increases the possibility of incomplete ablation or local recurrence. The local failure
rate of these tumors was high at the site of the primary tumor as well as elsewhere within the
liver at sites remote from the treatment location due to vascular spread [30]. In this situation,
multiple overlapping treatments with either a single electrode or multiple electrodes to
increase the ablation zone size were utilized as the common method to resolve this RFA
problem [31]. However, the precise repositioning of an electrode as a contiguous method
and the accurate positioning of multiple electrodes can still be technically challenging [32].
Therefore, we believe that DRCWE may help to increase clinical outcomes with a relatively
low recurrence rate after RFA by delivering anti-cancer drug, and it may also expand the
RFA indications for large tumors.

Limitations and Future Direction

Several technical considerations were noted in the application of this method for the
direct treatment of large livers, despite RFA with DRCWE resulting in a good outcome.
First, further investigation with more animals and liver cancer models is needed to exactly
evaluate the efficacy. Second, the gross examination of specimens was performed for the
size measurement of ablation zones instead of histological analysis. The grossly measured
size of the ablation zones may not be perfectly equal to the size of the actual coagulated
tissue although gross appearance correlates with histological findings. In fact, because our
results were simply represented the pharmacological response to therapeutic intervention
(drug + RFA) by measuring the zone of coagulative necrosis, it was difficult to accurately
evaluate the drug released extent. Third, the varying dimensions were measured thrice
for each specimen and represented the mean value ± SD. However, the possibility of an
assessment error exists due to manual measurements. Fourth, we did not evaluate RFA
only or drug-releasing only treated the porcine liver as a control group because of a limited
number of animals. A comparative study is required for accurate evaluation. Further
improvement in reproducibility to increase the efficiency of anticancer drug delivery to the
ablation zone should be warranted. Nevertheless, this study could provide a reliable basis
for testing the DRCWE feasibility.

5. Conclusions

The drug-releasing RFA system was feasible not only for local ablations but also for the
delivery of anticancer drugs. The results of this study indicate that this localized RFA with
a drug delivery system could be a promising option for the prevention of local recurrence
rates after RFA.
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