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ABSTRACT 

Purpose: To investigate the efficacy of a new algorithm to increase the volume of tissue ablation via gradual ramp-up 
of power using an internally cooled electrode for ablating hepatomas 3 cm or less. Materials and Methods: 44 patients 
with 62 hepatomas were treated from March 4, 2004 to May 24, 2009. Ablation with a gradual ramp-up of power was 
performed using a single needle with an internally cooled electrode. Evaluation for tumor response was performed with 
4-phase CT at 24 hours and 3 months. All immediate and follow-up complications were recorded. Results: Complete 
tumor ablation was achieved in 86%. The ablation volumes were 16 cm3 +/− 12 cm3 for tumors <2 cm and 28 cm3 +/− 
12 cm3 for tumors 2 - 3 cm. Out of 68 total ablation sessions, there were 2 major complications (pleural effusions) re-
quiring intervention (thoracentesis). Conclusion: Compared with existing techniques using a constant full-power setting, 
ablation of small hepatomas using an algorithm of gradual ramp-up of power provides comparable rate of complete tu-
mor ablation, adequate ablation volumes, and a low rate of complications that require treatment. 
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1. Introduction 

Hepatocellular carcinoma (HCC) is one of the most com- 
mon and lethal cancers in the world with rising incidence 
in Western countries. Most cases of HCC arise from 
pre-existing cirrhosis. Currently, liver transplant and sur-
gical resection offer the best chances for survival. Those 
who are not transplant or surgical candidates may un-
dergo percutaneous radiofrequency ablation (RFA), us-
ing ultrasound (US) or computed tomography (CT) gui- 
dance. 

Radiofrequency ablation of HCC has undergone many 
refinements in coagulation algorithm and needle design. 
One design uses an internally cooled electrode (ICE) 
with an uninsulated tip, which was observed by Goldberg 

et al. to allow for “increased power deposition without 
tissue charring” [1]. 

Early experiments with the “cooled-tip” electrode ad-
vocate applying maximum current with pulsed-energy 
delivery for 12 minutes or until the generator reaches full 
impedance [1-7]. The manufacturer of the “cooled-tip” 
electrode and RF generator has recommended this as the 
standard protocol, one which has been utilized in subse-
quent experiments. For expandable, non-saline-perfused 
electrodes, there are treatment algorithms that start at a 
low power setting, which gradually increases [8]. How-
ever, this approach has not been done with internally 
cooled electrodes. A recent ex vivo experiment on bovine 
livers was performed with a “cooled-tip” electrode to 
determine technical parameters that maximize tissue co-
agulation. The experiment shows that one can increase 
tissue ablation by gradually ramping up power and re-
peating ablations after reaching maximum power im-
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pedance [9].  
In this retrospective study, we investigate the in vivo 

efficacy of this algorithm using a single “cooled-tip” 
electrode for lesions with average diameter <3 cm. 

2. Materials and Methods 

2.1. Patient Characteristics 

From March 4, 2004 to May 24, 2009, 44 consecutive 
patients with 62 HCCs, each of which measuring <3 cm 
in average diameter, underwent RFA with a single 
“cooled-tip” electrode at the radiology department of the 
University of California Davis Medical Center. Patient 
characteristics are summarized in Table 1. Among these, 
27 were males and 17 were females. The mean age was 
60 years +/− 11 years. 37 patients had hepatitis C, 2 had 
hepatitis B, 3 had alcoholic cirrhosis, and 2 had cirrhosis 
of unknown etiology. 32 patients had single tumors, 6 
had 2 tumors each, and 6 had 3 tumors each. Average 
tumor diameter ranged 0.9 cm to 3.0 cm, with a mean of 
2.0 cm +/− 0.6 cm). 62 total tumors were ablated. We 
then compare our results (ablation volume, rate of com- 
 

Table 1. Baseline patient and tumor characteristics. 

Characteristic Value 

Number of patients 44 

Age (years) 60 +/− 11 

Gender  

Male 27 

Female 17 

Liver Disease  

Hepatitis C 37 

Hepatitis B 2 

Alcoholic cirrhosis 3 

Cirrhosis, unknown cause 2 

MELD* Category  

1 25 

2 17 

3 2 

Number of Tumors  

1 32 

2 6 

3 6 

Tumor Size (cm) 2.0 +/− 0.6 

*MELD–Model for End-Stage Liver Disease. 

plete tumor ablation, complications) to other published 
studies that used a full-power algorithm.  

Patients were included following institutional review 
board approval. Informed consent was waived in this 
retrospective analysis. Exclusion criteria were: (1) pres- 
ence of tumors >3 cm in average diameter, (2) extra-
hepatic disease, (3) tumor invasion into the main or lobar 
portal vein. Diagnosis of HCC, as shown on CT or Mag-
netic Resonance Imaging (MRI), was based on arterial 
hypervascularity in a lesion >1 cm with venous or de-
layed phase washout in accordance with American Asso-
ciation for the Study of Liver Diseases (AASLD), which 
takes the view that a lesion found incidentally or on 
screening in a patient with known hepatitis B or cirrhosis 
of other etiology is likely to be hepatocellular carcinoma 
[10]. 

2.2. Pre-Procedural Imaging 

Analysis of preoperative imaging and patient selection 
were performed by the physician (JPM) performing the 
RFA in conjunction with referring physicians at weekly 
hepatic tumor board conferences. An ultrasound exami- 
nation and either CT or MRI were performed in all pa- 
tients for pre-operative planning. This included a four- 
phase liver CT/MR with a base scan, an arterial phase 
(delay of approximately 25 - 30 seconds), portal phase 
(delay of approximately 70 - 80 seconds), and equilib- 
rium phase (delay of approximately 180 seconds). Out- 
side CT/MRI, stored in a separate server in DICOMM 
format, within 6 weeks of the planned procedure were 
acceptable if they were of adequate technical quality, as 
determined by the physician performing the RFA.  

The lengths, widths, and heights of the masses were 
measured from the CTs or MRIs using the axial, sagittal, 
and coronal images and from the ultrasound using the 
transverse and longitudinal images. The volumes were 
calculated by using the formula for volume of an ellip-
soid: 0.52 × length (L) × width (W) × height (H). 

2.3. Treatment Methods 

Informed consent was obtained on all patients before the 
procedures. All ablations were performed by a single 
physician (JPM) with over 10 years of hepatic RFA ex-
perience to limit physician variables that may contribute 
to the rates of technical success or complications. An RF 
generator (CC1; Covidien, Boulder, Colo) capable of 
producing 200 W and a 17-gauge needle (Covidien) with 
a 3-cm exposed tip were used in every ablation. 

All procedures were performed under general anesthe-
sia. Each tumor was localized with ultrasound immedi-
ately prior to the initiation of RFA. Needle placement 
was performed under ultrasound guidance using the 
Acuson Sequoia unit (Mountain View, CA) with a 4 
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MHz sector transducer. For lesions difficult to visualize 
under ultrasound, CT was used for guidance or verifica-
tion of needle placement, most commonly a 4-MDCT 
Toshiba Aquilion scanner (Tustin, CA). CT fluoroscopy 
was never used, at the operator’s preference, to minimize 
radiation exposure to the operator, patient, and personnel.  

Each ablation started with the power setting at 50 W. 
The power was gradually increased by 10 W each minute 
using the impedance control mode. RFA was not stopped 
at 12 minutes or when the generator turned off after 
reaching maximum power impedance (“roll-off”). Rather, 
the generator was restarted and ablation continued until 3 
total “roll-offs” occurred [9]. Needle position was read-
justed between ablations for lesions 2 - 3 cm but not for 
lesions <2 cm. 

At the end of each treatment, color Doppler ultrasound 
was performed to detect any “color line” sign following 
electrode removal, which would indicate bleeding [11]. 
Patients were admitted overnight. Any adverse events 
were evaluated and recorded. A 4-phase liver CT was 
performed the morning following the procedure. If there 
were no adverse events, patients were discharged the day 
after treatment.  

2.4. Post-Treatment Assessment and Follow-up 

The zone of ablation, defined by the nonenhancing re-
gion on the portal phase, was evaluated at the 24-hour 
CT. The length (L), width (W), and height (H) were 
measured for each zone of ablation. The volume was 
calculated using the formula for volume of an ellipsoid 
(0.52 × L × W × H). 

Evaluation for tumor response was performed after 
analysis of 4-phase CT at 24 hours and 3 months. Com-
plete response is defined as satisfying the following cri-
teria on both studies: (1) the zone of ablation extends 
beyond the borders of the original tumor; (2) absence of 
nodular enhancement within or at the periphery of all 
treated tumors on both arterial and portal phases and ab-
sence of washout on the delayed phase.  

All immediate and follow-up complications were re-
corded. We reviewed the procedure note, 24-hour CT 
scan, admission note, discharge summary, and outpatient 
follow-up clinic visits. Minor and major complications 
were classified according to Society of Interventional 
Radiology guidelines. A complication was classified as 
minor if it did not require therapy or an extended hospital 
stay. A major complication is one that required transfu-
sion, interventional radiology or surgical management, or 
extended hospital stay for observation [12]. 

3. Results 

3.1. Technical Success 

During the initial RFA session, 62 tumors underwent 

ablation. On the 24-hour study, only 3 tumors demon-
strated evidence of residual tumor. However, on the 3 
month post-ablation scan, evidence of residual tumor was 
identified in 6 other lesions, giving a total of 9 lesions 
out of 62 that demonstrated evidence of residual at 3 
months. This gives a complete ablation rate of 53/62 
(86%). 

For tumors with average diameter <2 cm (with average 
volume of 2 cm3), the ablation volume was 16 cm3 +/− 
12 cm3. For tumors with average diameter 2 cm to 3 cm 
(average volume 8 cm3), the ablation volume was 28 cm3 
+/− 12 cm3. The ablation volume was at least 3 times 
greater than the tumor volume in 52/62 (84%) tumors, 
and at least 2 times greater in 57/62 (92%) tumors.  

3.2. Complications 

A total of 68 RFA sessions were performed, with 28 pa- 
tients receiving 1 RFA session, 9 patients receiving 2 
RFA sessions, 6 patients receiving 3 RFA sessions, and 1 
patient receiving 4 RFA sessions. Residual tumors and 
local or distant tumor progression often underwent repeat 
ablations. Major complications occurred in 2 sessions. 
They were both symptomatic right pleural effusion that 
required therapeutic thoracentesis. An additional 14 ses- 
sions had minor complications (small pleural effusions, 
subcapsular fluid, minor increase in ascites, or self-lim- 
ited fever secondary to tumor lysis) that did not require 
therapeutic intervention or extended hospital stay. 

4. Discussion 

The goal of radiofrequency ablation is to create adequate 
treatment margins to reduce the risk of local tumor pro-
gression. RFA technique has been refined over the years 
to include different types of electrodes and algorithms to 
increase volume of ablation. In clinical practice, increas-
ing the ablation volume may result in fewer electrode 
placements, thereby decreasing procedural time and risks 
associated with needle repositioning. Various needle de-
signs have been used for ablation of HCC including ex-
pandable electrodes, needles with side-holes to allow 
saline perfusion into the tumor, ICEs, and internally 
cooled wet (ICW) electrodes (saline is used for both 
cooling the electrode internally and for perfusion into the 
tumor) [4,5,13,14]. Initial experiments demonstrated in-
creased coagulation volumes with ICEs compared with 
nonperfused electrodes [1,15]. The ICW electrodes, not 
investigated in our study, has been shown to produce 
larger ablation volumes in ex vivo bovine and in vivo 
porcine livers compared with ICEs [14]. 

With the ICE, ablation volume is further increased by 
using pulsed energy delivery [16]. For the “cooled-tip” 
electrode RF system, the standard protocol has been the 
method recommended by the manufacturer of applying 

Open Access                                                                                          OJRad\ 



H. V. NGUYEN  ET  AL. 207

maximum power with pulsed-energy delivery for 12 
minutes or until the generator reached full impedance. 
However, one can maximize volume of coagulation ne-
crosis by continuing ablation beyond this point. Applying 
a clustered electrode to in vivo muscle, Goldberg et al. 
showed that by increasing the RF duration from 12 to 30 
minutes, the coagulation diameter increased from 7.2 cm 
to 9.5 cm [16]. A similar increase was also seen for ex 
vivo liver. As coagulation volume is a cubic function of 
diameter, a 2.3 cm increase in coagulation diameter more 
than doubles the coagulation volume [16]. More recently, 
ex vivo research in the bovine liver model has shown that 
by gradually ramping up power and repeating ablations 
after reaching maximum power impedance for more than 
12 minutes, the total volume of ablation was increased. 
In fact, by use of gradual ramp up of power and restart-
ing ablations after maximum impedance, ablation volume 
increased by as much as eight times [9]. However, this 
was an ex vivo experiment. To our knowledge, there are 
no experiments validating these results in clinical prac-
tice. 

In this experiment, we found that ablation volumes 
obtained using a “cooled-tip” electrode with a gradual 
ramp-up of power provided adequate zones of ablation 
for tumors <3 cm. In 84% of cases, we obtained an abla- 
tion volume at least 3 times greater than that of tumor 
volume. The studies we reviewed that utilized ICEs for 
ablating small lesions did not report ablation volumes; 
therefore, a direct comparison to our results cannot be 
made. However, our ablation volumes (16 cm3 +/− 12 
cm3 for tumors <2 cm, and 28 cm3 +/− 12 cm3 for tu- 
mors 2 - 3 cm) were comparable to those obtained from 
ICW electrodes for both tumors <2 cm (14.5 cm3 +/− 5.1 
cm3) and tumors 2 - 3 cm (29.3 cm3 +/− 10.9 cm3) [13]. 
ICW electrodes have been shown to have higher ablation 
volumes compared with ICEs in a recent experiment us- 
ing ex vivo bovine and in vivo porcine liver models [14]. 
Consequently, our results may indirectly suggest that the 
gradual ramp-up of power algorithm increases volume of 
ablation obtained with the ICE. However, this should be 
confirmed by a direct comparison of ablation volumes 
obtained with an ICE using the two algorithms. This may 
be of clinical significance as a rim of coagulation of nor- 
mal liver is necessary to ensure complete ablation [17]. If 
ending the RFA after 12 minutes results in a small zone 
of ablation, multiple ablations, requiring repeated elec- 
trode placements, may be needed to completely ablate 
the tumor [18]. 

The rate of complete tumor ablation at the initial RFA 
session (86%) is comparable to existing studies which 
define technical success following one RFA session. A 
prospective study, using an expandable electrode and 
full-power algorithm had a rate of 83% complete ablation 
at 1 month with tumor size of 2.8 cm +/− 0.7 [3]. A ret-

rospective study using expandable electrode and full- 
power technique had 88.6% rate of complete ablation in 
tumors <3 cm, determined by 2 observations >4 weeks 
apart [2]. Two studies, using ICEs and full-power tech-
nique, had technical success rates of 95% [5] and 96% 
[4]. However, one study defined technical success fol-
lowing up to 2 RFA sessions [4], and the other up to 3 
RFA sessions [5]. 

Our study also shows that RFA using a single “cooled- 
tip” electrode with a gradual ramp up of power is safe 
with few major complications. The two major complica- 
tions that occurred in 68 RFA sessions were both large 
right pleural effusions which resolved with therapeutic 
thoracentesis. In one case, the hospitalization was in- 
creased by 2 days; however, patient also had infectious 
pneumonitis. In the second case, the patient was dis- 
charged the day after RFA and admitted 2 days later for 
management of a hemothorax, which was treated with 
therapeutic thoracentesis. The 14 minor complications 
were small pleural effusions, subcapsular fluid, minor 
increase in ascites, or self-limited fever secondary to tu- 
mor lysis, that did not require treatment or additional 
days of hospitalization. These findings are consistent 
with the low rate of complications that has been found on 
previous studies using the full-power algorithm [2-5,13]. 

Limitations of the current study include: inclusion of 
patients treated at only a single medical center, the lack 
of a control group, the small number of patients, and the 
retrospective nature of the study. 

5. Conclusion 

Compared with the full-power technique, radiofrequency 
ablation of small hepatomas using a new algorithm of 
gradual ramp-up of power provides a comparable rate of 
complete ablation, adequate ablation volumes, and a low 
rate of major complications. 
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