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 Purpose: To compare an algorithm of gradually ramped-up power 
to a full-power-level technique to determine which techni-
cal parameters maximized tissue coagulation by using a 
saline-perfused electrode.

 Materials and 
Methods: 

Institutional review board approval was not necessary 
and animal committee approval was unnecessary because 
an ex vivo bovine liver model was used and the animals 
were not specifi cally killed for this study. This four-part 
experiment utilized multiple ablations of ex vivo bovine 
liver with a standard radiofrequency (RF) generator and 
an internally cooled needle. First, 10 RF ablations were 
performed at 20–60 W for 12 minutes. Second, ablation 
volumes obtained from an algorithm of eight ablations 
performed at 50 W were compared with those obtained 
from an algorithm of eight ablations that were gradually 
ramped-up to 50 W, until full impedance. Third, volumes 
obtained from 10 ablations performed at impedance con-
trol power levels were compared with those obtained from 
10 ablations performed with a gradual ramp-up of power 
that started at 50 W, terminating at full impedance. Last, 
the third part was repeated, but with 11 ablations continu-
ing past full impedance for 12 minutes each.

 Results: In the fi rst part, maximum measurements of tissue co-
agulation seemed to plateau from 40 to 60 W. The sec-
ond part produced signifi cantly larger measurements of 
tissue coagulation than did the use of a constant power 
level of 50 W. The third and fi nal parts produced larger 
measurements of tissue coagulation than did utilizing full 
power for 12 minutes. Larger measurements and volumes 
were obtained from repeat ablations after the generator 
reached impedance level than were obtained from abla-
tions stopped at maximum impedance.

 Conclusion: A gradual ramp-up of power and repeating ablations after 
power impedance level is reached are the two methods 
that increased tissue ablation in this ex vivo experiment.
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tip internally cooled electrode. A 2-cm 
exposed tip was chosen over a 3-cm 
exposed tip to decrease the volume of 
ablation, thus limiting the amount of 
liver needed for our experiment. Lesions 
were created in fresh room-temperature 
bovine livers obtained from the local 
butcher. The room-temperature livers 
were immersed in sterile normal saline 
and a 10-cm 2  grounding pad was placed 
at least 30 cm away from the electrode. 
The electrodes were placed 3 cm in the 
livers. A mechanical pump was used to 
perfuse the electrode with 0°C saline 
at a rate of 110 mL/min prior to each 
ablation. 

 In the original experiments per-
formed by other investigators with 
pulsed techniques, the operator manu-
ally decreased generator output to the 
electrode for 10–15 seconds and then 
increased power ( 5 ). The impedance 
control mode has been used in commer-
cial equipment so that when the system 
detects a rise in impedance, the gen-
erator automatically cuts back power 
for 15 seconds before increasing from 
low power to high power (also called 
pulsed energy) ( 8 ). This is the imped-
ance mode of the generator that was 
used for portions of parts 3 and 4 of the 
experiment. For the rest of the experi-
ment, the manual control mode was uti-
lized to monitor impedance to keep the 

For expandable, non–saline-perfused elec-
trodes, there are treatment algorithms 
used as guidelines that start at lower 
wattages and increase (or ramp up) to 
midlevel power settings ( 6,7 ). How-
ever, this approach has not been used 
with cooled-tip needles. Thus, this ex 
vivo experiment was performed to com-
pare an algorithm of gradual ramp-up 
of power with constant power versus 
pulsed energy techniques to deter-
mine what technical parameters can 
maximize tissue coagulation by using 
an internally cooled electrode. In clini-
cal practice, we noted that during the 
full-power technique, a popping sound 
frequently preceded a foreshortened 
ablation. We also observed that for the 
ablations without the popping sound, 
we could achieve prolonged ablation 
times and larger ablations. It is possible 
that the rapid heating of tissues results 
in the production of gas that limits tis-
sue coagulation. We hypothesized that 
an algorithm that used a gradual ramp-up 
of power will result in longer ablation 
times and larger volumes of tissue coag-
ulation as compared with an algorithm 
that used full power alone. 

 Materials and Methods 

 No institutional review board approval 
was necessary, as no human subjects 
participated in this study. Further-
more, no animal committee approval 
was necessary, as we used an ex vivo 
bovine liver model and the animals 
were not specifi cally sacrifi ced for our 
study. 

 An RF generator (CC1; Covidien, 
Boulder, Colo) capable of producing 
200 W was used with a 17-gauge nee-
dle (Covidien) with a 2-cm exposed-

             Radiofrequency (RF) ablation was 
fi rst described as a possible method 
for percutaneous tissue ablation 

in ex vivo liver in 1990 ( 1 ). Since that 
time, there have been refi nements of 
the technique, including increased RF 
generator capacity, different needle 
designs, and different coagulation algo-
rithms, all with the goal of increasing 
the volume of tissue coagulation. One 
design included contained perfusion of 
the needle tip with cooled saline ( 2 ). 
By using this design, it was observed by 
Goldberg et al ( 3 ) that “perfusion of RF 
electrodes with chilled saline allows for 
increased power deposition without tis-
sue charring,” and thus increased tissue 
coagulation. Different algorithms were 
used, including the use of pulsed energy 
at maximum power, and stopping treat-
ment at 12 minutes ( 3 ). This experiment 
was carried over to clinical practice and 
comprised a pulsed algorithm that used 
impedance control for RF ablation of 
liver lesions by using a cooled-tip elec-
trode and a power generator   (Cool-Tip 
RF System; Covidien, Boulder, Colo): 
early experiments performed with an 
algorithm by using that equipment ad-
vocated a method of maximum current 
applied with a pulsed-energy delivery 
for 12 minutes or until generator reached 
full impedance as the optimum tech-
nique for tissue ablation ( 3–5 ). This 
has become the standard protocol for 
the cooled-tip needle and RF generator. 

 Implication for Patient Care 

 A gradual ramp-up of power  n

levels and prolonging ablation 
after the equipment reaches 
impedance may result in fewer 
electrode placements, decreased 
ablation time, and increased 
volume of tissue ablation in clini-
cal practice. 

 Advances in Knowledge 

 Gradual ramp-up of power pro- n

duces larger volumes of liver 
coagulation compared with tech-
niques that utilize full power. 

 The theory that restarting the  n

ablation after the equipment ini-
tially reaches impedance level 
will produce larger volumes of 
liver coagulation when compared 
with stopping the ablation after 
the equipment initially reaches 
impedance level is validated. 

 Largest volume of liver coagula- n

tion is obtained by using a grad-
ual ramp-up of power levels with 
a pulsed algorithm. 

  Published online before print  
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These parameters were chosen to com-
pare coagulation volumes obtained by 
using manually controlled fi xed power 
settings with those obtained by using a 
gradually ramped-up algorithm. 

 Experiment 3 
 Ten ablations were performed by us-
ing a commercial pulsed algorithm set 
on impedance control at full power. 
These results were compared with those 
from ablations performed by using a 
ramped-up algorithm, in which the ab-
lations were started at 50 W and were 
increased by 10 W each minute until 
full power was achieved. Higher-wattage 
settings were utilized to determine 
whether coagulation volume increased 
with higher settings, similar to the ef-
fect of using lower-wattage settings, as 
in experiment 2. All ablations were ter-
minated when the generator reached 
maximum impedance, and thus the 
generator was not pulsed. 

 Experiment 4 
 Eleven ablations were performed by 
using a commercial pulsed algorithm 
set on impedance control. These were 
compared with 11 ablations in which 
the power setting started at 50 W and 
was increased by 10 W each minute 
on impedance control. Experiment 4 
was similar to experiment 3, with one 
signifi cant difference: In experiment 3, 
ablations were terminated at full gen-
erator impedance, whereas in experi-
ment 4, the generator was restarted 
and pulsed after reaching full imped-
ance and ablations continued for 12 
minutes. This continuation of the ex-
periment was performed by pulsing the 
power after reaching full impedance. 
The generator automatically restarted 
for each part of the experiment, after 
the generator reached impedance, which 
was performed to determine whether 
larger coagulation volumes could be 
obtained. A fl ow diagram outlining the 
logistics of all experiments is shown in 
 Figure 2  . 

 Statistical Analysis 
 The coagulation lengths, diameters, 
areas, volumes, and fi nal temperatures 
of the maximum power ablations were 

a previously ablated area. Each post-RF 
ablation coagulation specimen was cut 
along the long axis of the coagulation; 
thus, only the length and one diameter 
measurement were utilized ( Fig 1  ). It 
was not possible to measure the other 
diameter. However, we did try to mea-
sure a separate section of tissue along 
the other axis in early experiments, and 
found that the diameters were usually 
symmetrical in this ex vivo experiment. 
Thus, the single diameter was used 
twice in volume calculations. The length 
and each diameter of the white central 
zone of necrosis were measured with 
a caliper and calibrated ruler to within 
1 mm. The fi nal tissue temperature was 
recorded by using the electrode at the 
completion of each ablation, after turn-
ing off the mechanical pump used to 
perfuse the electrode tip and allowing 
1 minute for the temperature to stabilize. 
An approximation for a circular area 
of ablated tissue was calculated ( p   3  
radius 2 ). The volume of an ellipsoid was 
also obtained (length radius  3  diame-
ter radius  3  diameter radius  3  4/3 p ). 
Each investigator performed a differ-
ent experiment (J.M.B., F.J.B., S.L., 
W.L.M.); one investigator (J.M.B.) was 
present during all measurements to en-
sure consistency. 

 Experiment 1 
 Ten ablations were performed at con-
tinuous, manually controlled levels of 
20, 30, 40, 50, and 60 W, for 12 minutes 
each. If the generator reached imped-
ance and stopped before 12 minutes, it 
was restarted and continued for a total 
of 12 minutes. These parameters were 
chosen to best fi t prior study designs 
performed with ex vivo liver to help 
determine a manually controlled watt-
age that resulted in greatest tissue 
coagulation ( 5 ). 

 Experiment 2 
 Eight ablations were performed at a 
continuous manually controlled level of 
50 W, and were terminated at full im-
pedance. Eight ablations were also per-
formed with the ramped-up algorithm, 
starting at 5 W and increasing by 5 W 
each minute until 50 W was reached, 
and stopped at full impedance ( 5 ). 

power output at a constant level of 30, 
40, or 50 W. Manual mode allows the 
operator to adjust the generator output 
to keep the wattage at a constant set-
ting, such as 50 W, without using pulsed 
energy. This was used for the ramp-up 
of power experiments, such as from 20 
to 30 W, and the use of constant watt-
age, such as 50 W, for parts 1 and 2 of 
the experiment. In our experiments, we 
defi ne full impedance as the point when 
the generator automatically senses that 
the resistance is too high and power 
can no longer be deposited effi ciently in 
the tissues. At this point, the generator 
turns itself off. 

 For all experiments, wattage rather 
than amperage was chosen as the vari-
able for power setting since this was 
the parameter we used in our clini-
cal practice. The initial tissue imped-
ances were measured at the beginning 
of each ablation and the power output 
was carefully monitored throughout 
our experiments. After each ablation 
was performed, the ablated tissue was 
sectioned by cutting approximately 4.5  3  
4  3  4-cm blocks of liver that fully en-
compassed the ablations. Six to eight 
ablations were performed in each liver, 
each of which weighed between 15 and 
25 pounds (between 6.75 and 11.25 kg). 
Measurements of length and diameter 
of the ablated tissue were obtained af-
ter each ablation. Although this slowed 
down the experiment, it ensured that 
each ablation would not interfere with 

 Figure 1 

  
  Figure 1:  Photograph shows ex vivo liver following 
RF ablation with 2-cm perfused-tip electrode.   
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2.8 cm  6  0.34; area, 6.0 cm 2   6  1.4; 
volume, 13.6 cm 3   6  4.0; and tempera-
ture, 68°C  6  5) groups ( Tables 1–5      ). 

 In experiment 2 (Table E2 [online]), 
we found that there were signifi cant dif-
ferences in the widths ( P  = .023), areas 
( P  = .023), and durations ( P  = .0022) 
of the coagulations between the mean 
values of the continuous-level 50-W 
 ablations (width, 2.1 cm  6  0.27; area, 
3.6 cm 2   6  0.92; and time, 4.5 min  6  1.5) 
and the ramped-up algorithm (width. 
2.7 cm  6  0.24; area, 5.7 cm 2   6  1.0; 
and time, 11 min  6  1.3). There was no 
signifi cance between the two groups in 
terms of lesion length ( P  = .0782). No 
signifi cant difference ( P  = .379) was 
noted between the fi nal tissue tempera-
tures of the constant-power ablations 
(65°C  6  6) and the ramped-up algo-
rithm (68°C  6  4). There were signifi -
cant differences in mean volumes in the 
ramped-up group (volume, 13.0 cm 3   6  
3.8) (Table E2 [online]) as compared 
with the constant-power 50-W group 
(volume, 6.8 cm 3   6  2.5;  P  = .000932). 

 In experiment 3, we compared 
maximum power ablations with a 50-W 
ramped-up algorithm. Ablations were ter-
minated once full impedance was reached 
and the generator was not re started 
(Table E3 [online]). By using full power 
on impedance control, mean values were 

ference was noted between each group 
in terms of length ( P  = .026), width 
( P  = .0256), area ( P  = .0256), volume 
( P  = .0155), and temperature ( P   ,  
.0019). Post hoc pairwise analysis per-
formed by using two-sided Wilcoxon 
rank-sum tests with a Bonferroni cor-
rection showed that there was a sig-
nifi cant difference in temperature ( P  = 
.000195) between the 20 W (56°C  6  8) 
and 30 W (71°C  6  6) groups. Signifi -
cant differences were seen in terms of 
width ( P  = .01), area ( P  = .01), volume 
( P  = .0082), and temperature ( P  = .0037) 
between the mean values of the 20 W 
(width, 2.2 cm  6  0.45; area, 3.9 cm 2   6  
1.7; volume, 7.3 cm 3   6  3.9; and tem-
perature, 56°C  6  8) and 40 W (width, 
3.0 cm  6  0.84; area, 7.7 cm 2   6  4.3; 
volume, 18 cm 3   6  13; and temperature, 
69°C  6  9) groups. There was a signifi -
cant difference in length ( P  = .0079) 
between the 20 W (2.7 cm  6  0.36) and 
50 W (3.2 cm  6  0.44) groups. Signifi cant 
differences were seen in terms of length 
( P  = .0025), width ( P  = .0093), area 
( P  = .0093), volume ( P  = .0015), and 
temperature ( P  = .000931) between 
the mean values of the 20 W (length, 
2.7 cm  6  0.36; width, 2.2 cm  6  0.45; 
area, 3.9 cm 2   6  1.7; volume, 7.3 cm 3   6  
3.9; and temperature, 56°C  6  8) and 
60 W (length, 3.3 cm  6  0.42; width, 

compared by using Kruskal-Wallis tests 
in part 1 of the experiment and by  using 
two-sided Wilcoxon rank-sum tests in 
parts 2–4. Ablation times were also 
compared by using two-sided Wilcoxon 
rank-sum tests in parts 2 and 3 of this 
experiment. A  P  value of less than .05 
was considered to indicate a signifi cant 
difference. Post hoc pairwise analysis 
in part 1 was performed by using two-
sided Wilcoxon rank-sum tests with a 
Bonferroni correction, where a  P  value 
of .0125 (.05/4) was considered to indi-
cate a signifi cant difference. All analyses 
were performed with software (SAS, 
version 9.2; SAS Institute, Cary, NC). 

 Results 

 During the experiment, the initial tis-
sue impedances ranged between 125 
and 150 ohms. 

 In experiment 1, we compared the 
results of each 12-minute ablation at 
20, 30, 40, 50, and 60 W. The greatest 
mean coagulation length of 3.3 cm was 
achieved at both 40 and 60 W (Table E1 
[online]). The greatest mean coagula-
tion width and volume were achieved at 
40 W and were 3.0 cm  6  0.84 (standard 
deviation) and 18.0 cm 3   6  13, respec-
tively (Table E1 [online], Fig 3). By using 
a Kruskal-Wallis test, a signifi cant dif-

 Figure 2 

  
  Figure 2:  Flow diagram of logistics for experiments 1–4. Manual control mode allows operator to adjust generator output to keep wattage at constant setting with-
out pulsed energy. Impedance control mode is when generator will automatically cut back on power for 15 seconds when system detects rise in impedance before 
delivering pulsed energy. Full impedance is when the generator automatically senses that resistance is too high and power can no longer be deposited effi ciently in 
tissues; generator will turn itself off.   
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was achieved for fi nal temperature 
( P  = .8959). For the maximum-power 
ablations, the mean area and volume 
of ablated tissue were 1.50 cm 2   6  0.95 
and 2.2 cm 3   6  1.8, respectively. For the 
ramped-up algorithm, the mean area and 
volume of ablated tissue were 2.6 cm 2   6  
1.1 and 4.9 cm 3   6  2.7, respectively ( Fig 4  ). 
There were signifi cant differences be-
tween the two groups in terms of area 
( P  = .0105) and volume ( P  = .0055). 

 In experiment 4, we compared the 
pulsed algorithm set on impedance con-
trol with a ramped-up algorithm set on 
impedance control starting at 50 W. In 
this experiment, once the generator 
reached impedance, it was automatically 
restarted in both portions of the experi-
ment and continued for 12 minutes. The 
maximum power ablations resulted in 
mean values of lesion length, 3.1 cm  6  
0.38; width, 2.5 cm  6  0.44; and fi nal 
temperature, 68°C  6  4 (Table E4 [on-
line]). In comparison, the ramped-up al-
gorithm resulted in mean lesion length, 
3.7 cm  6  0.25, width, 2.9 cm  6  0.49, 
and fi nal temperature, 69°C  6  6 (Table 
E4 [online]). There were signifi cant 
differences between the lesion lengths 
( P  = .000352) and widths ( P  = .0354), 
but no difference was seen with regard 
to the fi nal temperatures ( P  = .5071). 
Respective mean areas and volumes 
were 5.1 cm 2   6  1.9 and 10.8 cm 3   6  5.5 
for full power, compared with 6.9 cm 2  
 6  2.3 and 17.1 cm 3   6  6.7 in the ramp-up 
treatment, with signifi cant differences 
between the groups ( P  = .0354 and 
 P  = .0055) ( Fig 4 ). 

 Discussion 

 Percutaneous RF ablation is a technique 
that was described in the literature 
almost 2 decades ago ( 1 ). Since that 
time, a number of different needles, 
generators, algorithms, and power set-
tings have been utilized to treat various 
pathologies ( 9–14 ). This has included 
use of a saline-perfused electrode, while 
others have used multiple tines and si-
multaneous infusion of saline in the 
tissue to increase coagulation ( 15,16 ). 
Initial experiments with a cooled-tip 
saline-perfused needle demonstrated 
increased coagulation volumes compared 

width, 1.8 cm  6  0.35; and fi nal temper-
ature, 60°C  6  3 (Table E3 [online]). 
We found signifi cant differences in length 
( P  = .0112), width ( P  = .0105), and time 
( P   ,  .0001). No signifi cant difference 

lesion length, 2.1 cm  6  0.39; width, 1.3 
cm  6  0.41; and fi nal temperature, 59°C 
 6  5 (Table E3 [online]). For the 50-W 
ramped-up algorithm, mean values 
were lesion length, 2.7 cm  6  0.48; 

 Figure 3 

  
  Figure 3:  Graph shows experiment 1 results. A 2-cm perfused-tip electrode 
was used for 12-minute ablation in ex vivo bovine liver. Each ablation was 
performed 10 times.   

 Table 1 

  Summary of Post Hoc Analysis of Length for Experiment 1  

Group No. Ablation
Mean 
(cm)

Standard 
Deviation

Standard 
Error

Median 
(cm)

Minimum 
(cm)

Maximum 
(cm)  P  Value * 

1 20 W, 12 min 2.69 0.36 0.11397 2.6 2 3.2 ...
2 30 W, 12 min 3.15 0.47 0.14926 3.2 2.5 4 .0279
3 40 W, 12 min 3.29 0.56 0.17667 3 2.5 4 .0255
4 50 W, 12 min 3.24 0.44 0.1384 3 2.7 4.2 .0079  †  
5 60 W, 12 min 3.34 0.42 0.1335 3.4 2.5 4 .0025  †  

Note.—For Kruskal-Wallis comparison among all groups,  P  = .026 (signifi cant). Bonferroni correction was .05/4,  P  = .0125.

* Compared with Group 1 by using the Wilcoxon rank-sum test.

 †  Indicates signifi cance  .

 Table 2 

  Summary of Post Hoc Analysis of Width for Experiment 1  

Group 
No. Ablation

Mean 
(cm)

Standard 
Deviation

Standard 
Error

Median 
(cm)

Minimum 
(cm)

Maximum 
(cm)  P  Value * 

1 20 W, 12 min 2.2 0.45 0.14376 2 1.6 3 ...
2 30 W, 12 min 2.8 0.51 0.16142 2.9 2 3.5 .207
3 40 W, 12 min 3.0 0.84 0.26491 3 2 4.5 .01  †  
4 50 W, 12 min 2.7 0.32 0.10247 2.5 2.5 3.5 .0213
5 60 W, 12 min 2.8 0.34 0.10672 2.85 2.1 3.2 .0093  †  

Note.—For Kruskal-Wallis comparison among all groups,  P  = .0256 (signifi cant). Bonferroni correction was .05/4,  P  = .0125.

* Compared with Group 1 by using the Wilcoxon rank-sum test.

 †  Indicates signifi cance.
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an internally cooled electrode and pulsed 
energy with the same parameters, but 
with gradual increase in power up to 
50 W. Our experiment demonstrated 
that more gradual increases of power 
at the lower setting yield a signifi cantly 
increased diameter, length, and volume 
of coagulated liver as compared with 
the conventional algorithm of maxi-
mum RF current. However, doubling 
the volume of tissue coagulation for 
the two groups from 6.8 to 13.0 cm 3  
came at the expense of increasing time 
of ablation from 5 to 11 minutes. Simi-
lar results for volume increase versus 
time were seen when comparing the 
conventional impedance control of the 
pulsed energy group with the gradual 
ramped-up group, when starting above 
50 W (as in experiment 3), and stop-
ping once full impedance was reached. 
Finally, in experiment 4, where ablation 
continued for 12 minutes, there was an 
increased volume of tissue coagulation 
in the ramped-up group, as compared 
with the full-power group in impedance 
mode. The reason for this increased 
coagulation in the ramped-up group is 
not fully known, but could be accounted 
for because of several factors. As fi rst 
noted by McGahan et al ( 1 ) and then 
redefi ned by Lorentzen ( 2 ), current 
fl ow that is too rapid may cause tis-
sue desiccation and loss of free sodium 
and chloride in cells, which stops cur-
rent fl ow and limits tissue coagulation. 
Lorentzen ( 2 ) limited this effect by de-
signing an internally cooled needle. This 
decreased local tissue desiccation and 
limited the char around the needle, re-
sulting in increased volume of tissue co-
agulation. While it seems contradictory 
that cooling the needle should increase 
tissue coagulation, this effect has been 
validated in clinical practice and in ex vivo 
and in vivo research ( 2,3 ). 

 Similarly, varying wattage algo-
rithms may produce larger volumes of 
tissue coagulation than do consistent- or 
full-power techniques. For instance, 
Goldberg et al ( 5 ) showed that pulsed 
current actually delivered less power 
per minute than consistent full power, 
but created a larger volume of tissue 
ablation. This may seem contradictory, 
but since then, others studies have 

were observed in 50% of the trials last-
ing longer than 9 minutes.” They also 
noted that “increasing the power above 
50 watts did not result in larger lesions 
in normal liver tissue despite the fact 
that charring was not observed until the 
deposition of 67 watts of power” ( 3 ). 
Thus, in ex vivo liver, there is a limit to 
the volume of tissue coagulation achiev-
able by means of excess power deliv-
ery. Our post hoc tests showed that the 
signifi cance shown in experiment 1 is a 
result of differences between the 20 W 
group and the other groups, which sug-
gests that there may not be a signifi cant 
difference in terms of ablations at 30, 
40, 50, and 60 W in ex vivo liver. Fur-
ther experiments should be performed 
with an in vivo model to see if this re-
ally is the case. Factors such as the heat 
sink effect will also further decrease the 
power deposited in living tissue. 

 Experiment 2 involved comparing 
the constant 50 W algorithm by using 

with a nonperfused electrode ( 3,4 ). 
Further experiments demonstrated fur-
ther increase of tissue ablation volumes 
with internally cooled needles was ob-
tained by using pulsed techniques ( 5 ). 
There has been little comparative data 
to validate these results or to study the 
effects of altering other RF ablation pa-
rameters on tissue coagulation. 

 Part 1 of our experiment demon-
strated that there was a gradual increase 
in lesion length, diameter, and volume 
until a plateau was reached between 40 
and 60 W. This is in concordance with 
prior research demonstrating a plateau 
of lesion size at approximately 50 W ( 5 ). 
Thus, we utilized 50 W for part 2 of 
the experiment. Results of other stud-
ies have noted a limitation to tissue 
coagulation with increasing power set-
tings in ex vivo tissue. For instance, 
Goldberg et al ( 3 ) noted, in ex vivo liver 
with no pulsed energy delivery, that “at 
75 watts, these signs of tissue boiling 

 Table 3 

  Summary of Post Hoc Analysis of Area for Experiment 1  

Group 
No. Ablation

Mean 
(cm 2 )

Standard 
Deviation

Standard 
Error

Median 
(cm 2 )

Minimum 
(cm 2 )

Maximum 
(cm 2 )  P  Value * 

1 20 W, 12 min 3.9 1.7 0.525 3.14286 2.0 7.1 ...
2 30 W, 12 min 6.1 2.2 0.68506 6.60786 3.1 9.6 .0207
3 40 W, 12 min 7.7 4.3 1.36842 7.07143 3.1 15.9 .01  †  
4 50 W, 12 min 5.6 1.5 0.47871 4.91071 4.9 9.6 .0213
5 60 W, 12 min 6.0 1.4 0.44239 6.38393 3.5 8.0 .0093  †  

Note.—For Kruskal-Wallis comparison among all groups,  P  = .0256 (signifi cant). Bonferroni correction was .05/4,  P  = .0125.

* Compared with Group 1 by using the Wilcoxon rank-sum test.

 †  Indicates signifi cance.

 Table 4 

  Summary of Post Hoc Analysis of Volume for Experiment 1  

Group 
No. Ablation

Mean 
(cm 3 )

Standard 
Deviation

Standard 
Error

Median 
(cm 3 )

Minimum 
(cm 3 )

Maximum 
(cm 3 )  P  Value * 

1 20 W 12 min 7.3 3.9 1.22467 5.7619 3.4 14.1 ...
2 30 W 12 min 13.3 5.8 1.84956 14.0968 5.2 22.8 .0135
3 40 W 12 min 18.0 13.0 4.06896 14.1429 5.2 42.4 .0082  †  
4 50 W 12 min 12.4 5.4 1.7148 9.82143 8.8 27.0 .0177
5 60 W 12 min 13.6 4.0 1.27505 14.6606 5.8 19.3 .0015  †  

Note.—For Kruskal-Wallis comparison among all groups,  P  = .0155 (signifi cant). Bonferroni correction was .05/4,  P  = .0125.

* Compared with Group 1 by using the Wilcoxon rank-sum test.

 †  Indicates signifi cance.
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which prevents local charring adjacent 
to the needle and thus increases the vol-
ume of internal tissue coagulation. Thus, 
a slower cooking may limit tissue desic-
cation and thereby allow for continued 
current fl ow and increased ablation. 
Certainly, rapid deposition of power will 
more rapidly increase tissue coagulation 
but fi nal volume of tissue coagulation 
may be limited when compared with 
the coagulation obtained from different 
algorithms. Our experiment showed that 
with more gradual ramp-up of power, 
there was increased tissue coagulation. 

 Part 4 of our experiment demon-
strated that tissue ablation occurred 

80 W ( 7,18 ). What is the explanation of 
this phenomenon at work? Perhaps the 
gradual increase in power leads to less-
rapid tissue desiccation. We showed 
that gradually increasing the power al-
lowed for longer periods of current fl ow 
and ultimately increased the volume of 
liver coagulation. This phenomenon may 
be likened to a slow cooking of tissue, 
in which the internal tissue is evenly 
heated but there is no surface charring. 
In contrast, rapidly heating the tissue 
would produce an external charring, but 
without even cooking occurring inter-
nally. This crude analogy is the basis for 
the principle of the cooled-tip needle, 

shown that different pulsing techniques 
may yield larger volumes of tissue coag-
ulation. Pulsing energy, as noted by the 
manufacturer, “by operating at intervals 
of low output and high output, the lo-
cal tissue is allowed to partially cool.” 
Consequently, the tissue is able to ac-
cept greater energy ( 17 ). Furthermore, 
 Solazzo et al ( 18 ) have shown that maxi-
mum coagulation was achieved by using 
a 3-cm single electrode at a high-pulse 
power setting: on for 10–18 seconds and 
off for 11–20 seconds. 

 We found in experiment 3 that a 
different algorithm that used a gradual 
increase of energy created a larger vol-
ume of tissue necrosis than did an algo-
rithm of maximum energy until maxi-
mum impedance was reached. Again, it 
seems a paradox that less-rapid heat-
ing, or a gradual ramp-up of power noted 
in our ex vivo experiment, would in-
crease the volume of coagulation when 
compared with constant application 
of pulsed energy. Furthermore, experi-
ment 4 showed that if the energy appli-
cation was continued after the genera-
tor reached impedance, larger volumes 
of tissue ablation were obtained by 
restarting the generator (pulsing). The 
largest volume of tissue ablation was 
obtained in experiment 4 with a gradual 
increase of power until full impedance 
and then restarting (pulsing) the energy 
application. However, for an expand-
able nonsaline–perfused electrode, the 
treatment algorithms started at lower 
wattages and ramped up to midlevel 
power settings. For instance, by using 
a 3.0-cm expandable electrode (Leveen  ), 
treatment is started at 40 W and in-
creased by 10 W every 30 seconds to 

 Table 5 

  Summary of Post Hoc Analysis of Temperature for Experiment 1  

Group No. Ablation Mean (°C) Standard Deviation Standard Error Median (°C) Minimum (°C) Maximum (°C)  P  Value * 

1 ( n  = 10) 20 W, 12 min 56 8 2.45945 52 47 67 ...
2 ( n  = 10) 30 W, 12 min 71 6 1.85263 69.5 63 82 .000195  †  
3 ( n  = 10) 40 W, 12 min 69 9 2.81188 70.5 55 84 .0037  †  
4 ( n  = 10) 50 W, 12 min 66 6 1.82696 63.5 59 75 .0156
5 ( n  = 10) 60 W, 12 min 68 5 1.52898 70 59 73 .000931  †  

Note.—For Kruskal-Wallis comparison among all groups,  P  = .0019 (signifi cant). Bonferroni correction was .05/4,  P  = .0125.

* Compared with Group 1 by using the Wilcoxon rank-sum test.

 †  Indicates signifi cance.

 Figure 4 

  
  Figure 4:  Graph shows average ablation volumes for experiments 3 and 4, 
which were performed in the same fashion, except that in experiment 3 ablation 
was stopped after generator reached impedance. In experiment 4, generator 
was restarted and continued for 12 minutes.   
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see if our fi ndings are clinically appli-
cable. Another potential limitation was 
that, in vivo, there may be longer times 
for equipment to reach impedance 
owing to local heat sink effects. Thus, 
in practice, maximum tissue ablation 
may require prolonged treatment cycles, 
including restarting the equipment for 
ablations that last longer than 12 minutes, 
or following maximum impedance. An 
additional potential weakness of our 
study was that measurement errors in 
the diameter were compounded when 
used to estimate volume. We may have 
obtained more accurate volume results 
by measuring all dimensions of the ab-
lated tissue. To limit the measurement 
errors, we calculated ablation area and 
volumes, both of which showed signifi -
cance in each experiment. Finally, we 
tested only a single exposed-tip needle 
design of 2 cm. However, these results 
will likely be of a similar trend to ex-
periments performed with a single inter-
nally cooled needle with a 3-cm exposed 
tip. Additional experiments performed 
with a cluster electrode should also be 
performed by using a ramped-up algo-
rithm to see if they also result in larger 
ablations. 

 In conclusion, in ex vivo liver tissue, 
the gradual ramp-up of power produces 
larger volumes of liver coagulation, com-
pared with an impedance-controlled 
full-power technique. Additionally, re-
starting ablations after the equipment 
reaches impedance produces larger 
ablations when compared with stop-
ping ablations after the equipment ini-
tially reaches impedance. By using both 
gradual increases of power and restart-
ing the generator after the experiment 
initially reaches imedance, ex vivo liver 
ablation will increase. 

  Practical applications:  The use of 
the ramped-up algorithm may result in 
an increased volume of tissue ablation 
with decreased procedural time in clini-
cal practice. 
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