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To prospectively evaluate, in vivo in pigs, an impedance-
based multiple-electrode radiofrequency (RF) ablation sys-
tem for creation of confluent areas of hepatic coagulation.

The study was preapproved by the institutional research
animal care and use committee. A prototype multiple-
electrode RF system that enables switching between three
electrically independent electrodes at impedance spikes
was created. Forty-two coagulation zones (18 with single,
12 with cluster, and 12 with multiple [three single elec-
trodes spaced 2 cm apart| electrodes) were created at
laparotomy in 15 female pigs. Half the ablations were
performed for 12 minutes, and half were performed for 16
minutes. The coagulation zones were excised and sliced
into approximately 3-mm sections for measurement. Anal-
ysis of variance and two-sample t tests (with Bonferroni
correction, a = .0033) were used to assess for differences
between groups.

At 12 minutes, the mean multiple-electrode coagulation
was significantly larger than the mean single-electrode co-
agulation (minimum diameter, 2.8 vs 1.6 cm; maximum
diameter, 4.2 vs 2.0 cm; volume, 22.1 vs 6.7 ecm®; P <
.0033 for all comparisons). The mean maximum diameter
achieved at 12 minutes with multiple electrodes was signif-
icantly larger than that achieved with the cluster electrode
(4.2vs 2.9 cm, P=.02). At 16 minutes, the mean multiple-
electrode coagulation (minimum diameter, 3.2 ¢cm; maxi-
mum diameter, 4.2 cm; volume, 29.1 Cm"‘}) was signifi-
cantly larger than the mean single-electrode (minimum
diameter, 1.7 cm; maximum diameter, 2.2 cm; volume,
7.1 ecm?®; P < .0033 for all comparisons) and cluster-elec-
trode (minimum diameter: 2.3 cm, P = .007; maximum
diameter: 3.2 cm, P = .005; volume: 13.1 ecm®, P = .001)
coagulations.

Compared with the single and cluster systems used as
controls, the multiple-electrode RF ablation system en-

abled the creation of significantly larger coagulation zones.

© RSNA, 2006
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adiofrequency (RF) ablation has

been used successfully in the

treatment of tumors of the liver,
lung, bone, breast, and kidney (1-4).
Successful tumor ablation is predicated
on the complete eradication of the tar-
get tumor, as well as an ablative margin,
similar in concept to the surgical re-
moval of a tumor plus a surgical margin
of approximately 1 em (5,6). RF abla-
tion has been shown to be highly effec-
tive in achieving complete coagulation in
tumors smaller than 3.0 cm in diameter
(7). However, treatment of larger tu-
mors has been more problematic, with
malignancies larger than 4.0 cm in di-
ameter associated with high rates of lo-
cal tumor progression (8-10).

Several factors have contributed to
the inability to consistently achieve
complete destruction of large tumors
plus an adequate ablative margin. Most
important is the fact that current mo-
nopolar RF ablation systems are not
compatible with simultaneous use of
multiple electrodes because of the elec-
trical interactions that occur when elec-
trodes are spaced close together (11—
13). Therefore, sequential overlapping
ablations are needed to treat all but the
smallest tumors (14). Producing a con-
glomerate zone of coagulation by over-
lapping multiple sequential ablations is a
complex and time-consuming proce-
dure. Microbubbles created by boiling
tissue, bleeding, and edema make it dif-
ficult to visualize both the tumor and the
zone of ablation with either computed
tomographic or ultrasonographic guid-
ance (15,16). Furthermore, prolonged
treatment times may increase the over-
all cost, as well as the anesthesia-re-
lated complications associated with the
ablation procedure (17,18).

Haemmerich et al (13) previously
showed ex vivo that by rapidly switching
between multiple closely spaced elec-
trodes, one can create large zones of

Advance in Knowledge

B [n vivo demonstration of thermal
synergy and creation of large con-
glomerate areas of hepatic coagu-
lation are possible with multiple-
electrode radiofrequency ablation.

coagulation. The multiple-electrode sys-
tem that they used was designed to take
advantage of the thermal synergy that is
inherent when multiple independent
electrodes are placed in close proximity
to one another (19). Although encour-
aging, the experiments used to assess
these systems were limited in two ways:
An ex vivo model was used, and switch-
ing of the electrodes occurred at fixed
time intervals. An ex vivo model lacks
perfusion, a clinically important factor
in electrode performance, and switch-
ing the electrodes at fixed time intervals
neither accounts for the biologic
changes that occur during the ablation
nor is time efficient. Thus, the purpose
of our study was to prospectively evalu-
ate, in an in vivo porcine model, an im-
pedance-based multiple-electrode RF
ablation system for creation of confluent
areas of hepatic coagulation.

Materials and Methods

Financial support and the prototype
multiple-electrode RF ablation system
used for this project were provided by
Valleylab (Boulder, Colo). Two authors
(F.T.L., D.H.) have part ownership of
the patent covering this system and are
consultants for Valleylabh. The authors
who are not consultants for Valleylab
had control over the inclusion of data
and information that might have repre-
sented a conflict of interest for the two
authors who are consultants.

Animals, Anesthesia, and Procedures

Fifteen large (mean weight, approxi-
mately 90 kg) female domestic swine
(Arlington Farms, Arlington, Wis) were
used for our study. The study was pre-
approved by the research animal care
and use committee of the University of
Wisconsin, and all husbandry and ex-
perimental studies were compliant with
guidelines for the care and use of labo-
ratory animals (20). Anesthesia was in-
duced with intramuscular tiletamine hy-
drochloride plus zolazepam hydrochlo-
ride (Telazol; Fort Dodge Animal
Health, Fort Dodge, Towa), atropine sul-
fate (Phoenix Pharmaceutical, St Jo-
seph, Mo), and xylazine hydrochloride
(Xyla-Ject; Phoenix Pharmaceutical).

The animals were intubated, and anes-
thesia was maintained with inhaled
isoflurane (Phoenix Pharmaceutical).
The liver was surgically exposed by us-
ing a chevron incision. RF ablations
were performed by using various elec-
trode types (described later in Experi-
mental Groups section).

Pigs have four relatively flat liver
lobes—the left lateral, right lateral, left
medial, and right medial lobes—and a
maximum of one ablation was per-
formed per lobe, with the ablation or-
der varied in each liver. In an effort to
prevent lobe size from limiting the
larger ablations, we performed multi-
ple- and cluster-electrode ablations in
the larger, more vascular medial lobes
of the liver, alternating these proce-
dures between the two lobes. Single ab-
lations were performed in one of the
smaller lateral lobes of the liver. Several
livers were large enough to perform sin-
gle-electrode ablations in both the lat-
eral lobes and thereby have a larger
number of test samples for this group.

After all ablations were performed,
the animals were euthanized with an
intravenous overdose of pentobarbital
sodium plus phenytoin sodium (Beutha-
nasia-D; Schering-Plough, Kenilworth,
NJ) and the livers were removed en
bloc. All animals survived the proce-
dures until they were sacrificed. No ap-
parent complications from any of the RF
procedures occurred in any ablation
group. The multiple-electrode device
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Abbreviation:
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functioned without unexpected events
or complications.

Experimental Groups

Forty-two coagulation zones were cre-
ated during our study. Groups 1 and
2—the control ablation groups— con-
sisted of ablations performed with a
commercially available single-applicator
RF ablation system (Cool-tip RF Sys-
tem; Valleylab) that has either a single
RF electrode or one multiple-prong
cluster RF electrode. In group 1, 18 ab-
lations were performed with the single
electrode, while in group 2, 12 ablations
were performed with the cluster elec-
trode. In group 3, 12 ablations were
performed with a prototype multiple-
electrode RF device. A clinical device
based on this prototype (Cool-tip
Switching Controller; Valleylab) has just
become commerecially available.

Control RF ablation groups.—All of
the control RF ablation procedures de-
scribed in our study were performed by
one author (P.F.L., with 2 years experi-
ence in preclinical RF ablation) with the
single-applicator Cool-tip system. The
RF generator is a 480-kHz monopolar
generator that operates at a maximum
of 200 W (2.0 A at 50 Q). The generator
has an impedance feedback loop that
maximizes energy delivery by minimiz-
ing charring. A peristaltic pump (model
PE-PM; Valleylab) circulates chilled
sterile water (approximately 18°-20°C
at the electrode tips) through the elec-
trodes. The single electrodes are 17
gauge (1.5 mm) in diameter, and, with
the exception of a 3.0-cm-long exposed
tip, the shaft is insulated. Each cluster
electrode consists of three single elec-
trodes set 5.0 mm apart in a triangular
configuration. Each electrode in the
cluster configuration is identical to a sin-
gle electrode, with the exception of a
2.5-cm-long exposed tip.

In group 1—the single-electrode
control ablations—and group 2—the
cluster-electrode control ablations— co-
agulation zones were created at both 12
and 16 minutes. Twelve minutes is the
accepted clinical-standard duration for
single-electrode liver ablation with the
Cool-tip system, and longer ablation
times are not associated with larger co-

agulation volumes (21). A second,
longer ablation duration, 16 minutes,
was chosen because of the uncertainty
as to whether longer multiple-electrode
ablations could create larger coagula-
tion zones.

Multiple-electrode RF ablation.—
All of the multiple-electrode RF abla-
tions (group 3) described in our study
were performed by one author (P.F.L.)
by using a prototype system based on
the switching between three electrodes
(22). In this system, the RF generator
output was delivered to the electrodes
through a personal computer-con-
trolled electronic switch (Fig 1). Three
single RF electrodes— each with a 3-cm
active tip and each identical to the single
electrode used in the control group—
were placed 2.0 cm apart in an equilat-
eral triangular configuration by using a
template to ensure parallel placement.
The interelectrode spacing of 2.0 cm
was optimized in preliminary pilot ex-
periments, in which spacing the elec-
trodes 2.5 cm or more apart resulted
in cleft, nonconglomerate coagulation
zones. The impedance at each electrode
was relayed to the personal computer,
which controlled the electronic switch.

Power was switched from one electrode
to the next when the impedance
spiked—that is, reached 30 ) above the
baseline level (Fig 2). If the amount of
time an electrode was off decreased to
less than 5 seconds— owing to high im-
pedance levels at all three electrodes—
power was diverted to a 150-() resistive
load for the remainder of the 5 seconds
to allow the impedance of the tissue to
decrease. As we did with the control
ablations, we performed half the multi-
ple-electrode ablations by applying
power for 12 minutes and half by apply-
ing power for 16 minutes.

Coagulation Zone Volume and Diameter
Measurements

One author (P.F.L.) performed the co-
agulation zone measurements and anal-
yses. The lengths of the coagulation
zones were measured by using calipers,
and then the zones were sliced axially at
3-4-mm intervals. The liver slices were
placed directly onto an optical scanner
(Perfection 2450 Photograph Model
G860A; Epson, Long Beach, Calif), and
electronic images of them were saved.
The sizes of the coagulated regions were
analyzed by using the freeware ImageJ

—» RF Generator

A A A I

A 4

3 PC Controller

Tissue

Z1 P1
i Electrode 1 |*

V4
P
2 | Electrode 2 [ 2

<
Electrode 3 ¢

Load

7 Y

Figure 1:

Diagram of multiple-electrode RF system. The impedances (Z,~Z;) of each of the three elec-
trodes are reported to the RF generator, which relays the values to a personal computer (PC). The power (P)is
relayed to the electrode and the 150-€2 resistive load via the electronic switch. The signal (C,_,) determines
which electrode the power is relayed to or if the power is relayed to the load. If the cycles of power application
occur too rapidly or the impedance values of the three electrodes are too high, the power is diverted to the load
fora predetermined amount of time. P,—P; = power of each of three electrodes, P, = power of resistive load.
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(National Institute of Mental Health, Be-
thesda, Md). Measurements were taken
in the central white zone of complete
coagulation—not the surrounding red
zone shown to contain viable cells (23-
26). The volumes of coagulation were
calculated by using the formula for the
volume of an ellipsoid: (4/3)mabc,
where a, b, and ¢ are the length axis

radius, width axis radius, and height
axis radius, respectively. The length,
minimum diameter, and maximum di-
ameter, respectively, were used in place
of these values in our study.

Shape of Coagulation Zone

One author (P.F.L.) estimated the
shape of the coagulation zone by calcu-

Electrode 1 active until
AZ >30Qort

reached. (Baseline
determined at 10s)

Electrode 2 active until
AZ,>30Qort
reached.
determined at 10s)

Electrode 3 active until
AZ,>30Qort

reached. (Baseline
determined at 10s)

max

(Baseline

v

Electrode 1 active <
until AZ,> 30 Q
ort  reached.

Power diverted to
load for5s - ¢,

Yes

A 4

Electrode 2 active

until AZ,> 30 Q
ort reached.

Power diverted to
load for5s - £,

Yes

Electrode 3 active
until AZ_> 30 Q
ort  reached.

Power diverted to

Yes
No

load for 5 s - ¢,

Figure 2:

Diagram of impedance-switching algorit
sequentially until its impedance level reaches 30 Q) above the baseline level ora maximum time interval (Z,,,,)
is reached. Aminimum time interval of 5 seconds is set as the amount of time that each electrode must be off. If
the cycles of power application occur too rapidly, the power is diverted to the 150-€) resistive load for the
remainder of the 5-second interval. AZ~AZ; = rise in impedance above baseline level for each of three elec-
trodes, £,~t; = amount of time each of three electrodes has been off.

hm. The algorithm involves activating each electrode

lating the mean isoperimetric ratio for
each ablation group by using a repre-
sentative liver slice, which was the same
slice that was used to measure the min-
imum and maximum coagulation zone
diameters. This ratio is an estimation of
the roundness of the ablated region in
two dimensions (25,27). The closer this
ratio is to 1.0, the more round the zone
of coagulation. The isoperimetric ratio
(TIR) was computed by using the equa-
tion IR = (4w - A)/P?, with the area (A)
and perimeter (P) measured on the
same section on which the minimum
and maximum diameters were mea-
sured.

Statistical Analyses

The single-, cluster-, and multiple-elec-
trode RF ablation results were com-
pared in terms of the sizes and shapes of
the resulting coagulation zones. Analy-
sis of variance was used to test for over-
all differences in mean isoperimetric ra-
tio and mean minimum diameter, maxi-
mum diameter, length, and volume of
coagulation across the different ablation
techniques. Two-sample t tests were
used to perform pairwise comparisons
of each measurement between the abla-
tion groups and to check for differences
between the 12- and 16-minute dura-
tions within the groups. Bonferroni cor-
rection was used because of the large
number of tests performed (five mea-
surements performed three times each,
for total of 15 tests). Therefore, statisti-
cal significance (with use of a standard
cutoff of P < .05) was based on an o
value of .0033 (0.05/15). P values of
between .05 and .0033 were considered
to be suggestive of statistical signifi-
cance.

Gomparison of Extent of Coagulation

At both 12 and 16 minutes of multiple-
electrode RF ablation, we created coag-
ulation zones with significantly larger
mean diameters and volumes compared
with those created with single-electrode
RF ablation (P < .0033, analysis of vari-
ance and pairwise t tests) (Tables 1, 2;
Figs 3-6). The mean minimum diame-
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Table 1

RF Ablation-induced Coagulation Zone Dimensions and Volume at 12 Minutes

No. of Minimum Maximum Length Volume Isoperimetric
Parameter Ablations Diameter (cm) Diameter (cm) (cm) (cm?) Ratio
Ablation
Single electrode 9 1.6 = 0.6 2.0+ 05™ 3.6+03 6.7 = 3.78 0.78 £ 0.15
Cluster electrode 6 21+05 2.9 +0.3™ 3802 12.7 + 528 0.77 = 0.11
Multiple electrode 6 2.8 £ 0.6* 42 + 0.7+ 34+05 221 107! 0.71 = 0.22
ANOVA P value** NA .006 <.0001 .20 .002 .75

Note.—Unless otherwise specified, values are means == standard deviations.

* P = .003 for difference between values obtained at single- versus multiple-electrode RF ablation.
TP =001 for difference between values obtained at single- versus cluster-electrode RF ablation.

* p < .0001 for difference between values obtained at single- versus multiple-electrode RF ablation.
8 p = 021 for difference between values obtained at single- versus cluster-electrode RF ablation.
I'p =001 for difference between values obtained at single- versus multiple-electrode RF ablation.
# P = .02 for difference between values obtained at cluster- versus multiple-electrode RF ablation.

** Pvalues for overall differences in mean isoperimetric ratio and mean values of minimum diameter, maximum diameter, length, and volume of coagulation across the different ablation techniques,

as calculated at analysis of variance (ANOVA). NA = not applicable.

Table 2

RF Ablation-induced Coagulation Zone Dimensions and Volume at 16 Minutes

No. of Minimum Maximum Length Volume Isoperimetric
Parameter Ablations Diameter (cm) Diameter (cm) (cm) (cmd) Ratio
Ablation
Single electrode 9 1.7 = 0.5*7 2.2 = 0.6% 3608 7.1 = 35% 0.92 + 0.05%
Cluster electrode 6 2.3+ 0.3 3.2 + 0.4 3.4 + 04 13.1 = 3.0%1 0.88 + 0.04*
Multiple electrode 6 32+ 06" 42 = 0.6% 41 = 02" 29.1 = 835t 0.66 = 0.095
ANOVA P valugss NA <.0001 <.0001 .16 <.0001 <.0001

Note.—Unless otherwise specified, values are means + standard deviations.

* P = .036 for difference between values obtained at single- versus cluster-electrode RF ablation.
TP =.0001 for difference between values obtained at single- versus multiple-electrode RF ablation.
* P = 004 for difference between values obtained at single- versus cluster-electrode RF ablation.

§ p < .0001 for difference between values obtained at single- versus multiple-electrode RF ablation.
I'p =007 for difference between values obtained at cluster- versus multiple-electrode RF ablation.

# P =005 for difference between values obtained at cluster- versus multiple-electrode RF ablation.
** P = .006 for difference between values obtained at cluster- versus multiple-electrode RF ablation.
TP = 001 for difference between values obtained at cluster- versus multiple-electrode RF ablation.
H p = 0003 for difference between values obtained at cluster- versus multiple-electrode RF ablation.

88 pvalues for overall differences in mean isoperimetric ratio and mean values of minimum diameter, maximum diameter, length, and volume of coagulation across the different ablation techniques,

as calculated at analysis of variance (ANOVA). NA = not applicable.

ter, maximum diameter, and volume of
the coagulation zones created with mul-
tiple-electrode ablation were signifi-
cantly larger than those created with
cluster-electrode ablation at 16 min-
utes, but only the maximum diameter
was significantly larger at 12 minutes
(P = .02 for maximum diameter at 12
minutes, P = .007 for minimum diame-
ter at 16 minutes, P = .005 for maxi-

mum diameter at 16 minutes, P = .001
for volume at 16 minutes; analysis of
variance and pairwise t tests). No signif-
icant differences between the 12- and
16-minute ablation durations in terms
of the size of the induced coagulation
were seen within the groups, with the
exception of increased mean length in
the multiple-electrode group (3.4 cm *
0.5 [standard deviation] at 12 minutes

vs 4.1 em * 0.2 at 16 minutes, P =
.015).

Shape of Coagulation Zone

The isoperimetric ratios achieved in the
multiple-electrode ablation group were
lower than those achieved in the control
groups, partly because the three elec-
trodes were placed in a triangular con-
figuration (Tables 1, 2; Figs 7, 8). The
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differences were not significant at 12
minutes. However, the mean multiple-
electrode isoperimetric ratio was signif-
icantly lower compared with both the
mean cluster- and the mean single-elec-

61
= il12 min
551 [016 min
8 41
£
T 3
o
E 2]
£
=Rk
E
04 ! .
single cluster multiple-
electrode

Figure 3:  Graph illustrates mean minimum
diameters for each of three ablation groups. Differ-
ences in values between the single- and multiple-
electrode ablations were significant at both 12 and
16 minutes with use of uncorrected (.05) and cor-
rected (.0033) cutoff Pvalues. Differences in val-
ues between the single- and cluster-electrode
ablations and between the cluster- and multiple-
electrode ablations were significant at 16 minutes
with use of uncorrected cutoff Pvalue (.05). Error
bars indicate standard deviations.
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Figure 4:  Graph illustrates mean maximum
diameters for each of three ablation groups. Differ-
ences in values between the single- and multiple-
electrode ablations were significantat 12and 16
minutes with use of uncorrected (.05) and cor-
rected (.0033) cutoff Pvalues. Differences in val-
ues between the single- and cluster-electrode
ablations were significantat 12 minutes. With use
of the conservative uncorrected cutoff Pvalue
(.05), differences in maximum diameter among all
three ablation groups were significant at both time
points. No significant differences between the 12-
and 16-minute ablation durations were seen within
the groups. Error bars indicate standard
deviations.

trode ratios at 16 minutes (P < .0033
for both comparisons). This difference
was due in part to the increased isoperi-
metric ratio with both single- and clus-

51

m12 min
{016 min

length (cm)
N o S

single cluster multiple-
electrode

Figure 5:  Graph illustrates mean lengths of
induced coagulation in each of three ablation
groups. The difference in mean length between the
cluster- and multiple-electrode ablations at 16
minutes was significant (P = .006). Furthermore,
the lengths of the multiple-electrode—induced
coagulationzones were significantly larger at 16
minutes than at 12 minutes (P = .015). Some
variation in length was expected, given that the
active electrodes in the single- and multiple-elec-
trode groups had a 3.0-cm-long tip, while those in
the cluster-electrode group had a 2.5-cm-long tip.
Error bars indicate standard deviations.
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Figure 6:  Graph illustrates mean volumes of
induced coagulation in each of three ablation
groups. Differences in mean volume between the
multiple-and single-electrode ablations at both 12
and 16 minutes and between the multiple- and
cluster-electrode ablations at 16 minutes were
significant with use of both cutoff Pvalues (.05 and
.0033). The difference in mean volume between
the cluster- and single-glectrode ablations was
significant only at 16 minutes with use of the con-
servative uncorrected cutoff Pvalue (.05). Differ-
ences between the 12- and 16-minute ablation
durations within the groups were not significant.
Error bars indicate standard deviations.

ter-electrode ablation when the dura-
tion was increased from 12 to 16 min-
utes (P = .017 and .039, respectively).

RF ablation has been limited by the in-
ability to create a coagulation zone large
enough to consistently envelop the tar-
geted tumor plus a 1.0-cm ablative mar-
gin. To treat a spherical tumor larger
than 1.0 ecm, a coagulation zone with a
minimum diameter of greater than 3.0
cm is necessary. Reports of coagulation
zones much larger than 3.0 cm—cre-
ated primarily by using multiple-prong
electrodes combined with saline infu-
sion—have been published (28). How-
ever, many reports of large coagulation
zones do not indicate the minimum  di-
ameter or the shape of the zone, and the
absence of these data is a limiting factor
when determining the effectiveness of a
particular ablation procedure. Further-
more, high local recurrence rates for
large tumors—particularly treated he-
patic colorectal metastases—suggest
that the current time-consuming strat-
egy of consecutive overlapping ablations
with single electrodes is not optimal.

1] @12 min
116 min
° 0.84
-
20.6
g
= 0.4
(=%
2
0.2
0+ . :
single cluster multiple-
electrode

Figure 7:  Graph illustrates mean isoperimetric
ratios for coagulation zones in each of three abla-
tion groups. The mean isoperimetric ratio
achieved with multiple-electrode ablation at 16
minutes was significantly smaller than the ratios
achieved with the cluster-electrode (P = .0003)
and single-electrode (P < .0001) ablations. This
difference was due in part to the significant in-
crease inisoperimetric ratio achieved with both
single-electrode (P = .017) and cluster-electrode
(P=.039) ablation when the treatment time was
increased from 12 to 16 minutes. Error bars indi-
cate standard deviations.
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Figure 8:

(a) Coagulation zone 2.0 cm in minimum diameter and 2.1 cm in maximum diameter created with single RF electrode. (b) Coagulation zone 2.8 cm in mini-
mum diameter and 3.6 cm in maximum diameter created with cluster RF electrode. (c) Coagulation zone 4.0 cm in minimum diameter and 4.7 cm in maximum diameter
created with multiple RF electrodes. In the multiple-electrode system, three electrodes were set in an equilateral triangular configuration and spaced 2.0 cm apart. A tem-
plate was used to ensure proper interelectrode spacing at the electrode tips.

C.

Therefore, more effective means of gen-
erating large coagulation volumes are
needed.

In our study, the multiple-electrode
system created volumes of coagulation
that were 74% (22.1 em®/12.7 cm®) and
122% (29.1 cm®/13.1 cm?®) larger than
the volumes created with cluster-elec-
trode ablation at 12 and 16 minutes,
respectively. The multiple-electrode ab-
lation volumes also surpassed the pre-
dicted volume increase (three times the
volume) when the three single elec-
trodes were used simultaneously (3.3
and 4.1 times the single-electrode vol-
umes at 12 and 16 minutes, respec-
tively), in one-third of the time. These
disproportionate volume increases infer
that thermal synergy was achieved. To
our knowledge, our study is the first
with findings that demonstrate the capa-
bility of a multiple-electrode RF system
to induce thermal synergy in an in vivo
environment.

The phenomenon of thermal syn-
ergy is exclusive to multiple-applicator
ablation systems. This effect has been
demonstrated with both microwave ab-
lation and cryoablation, where three si-
multaneously activated applicators cre-
ated a conglomerate zone of coagulation
with a volume larger than three times
the volume achieved with single-appli-
cator ablation (19,29). We believe that
the thermal synergy achieved with mul-
tiple-electrode RF ablation has several
mechanisms: First, the application of
RF energy results in progressive vascu-

lar thrombosis and devascularization of
the hepatic parenchyma. Therefore, ac-
tivation of the first electrode helps to
decrease the perfusion-mediated cool-
ing of the two remaining electrodes. Ac-
tivation of the second electrode de-
creases the perfusion-mediated cooling
of the other two electrodes, and so
forth. This process results in the rapid
development of a large conglomerate
zone of coagulation (25,30).

Second, unlike with sequential abla-
tion, with multiple-electrode ablation,
higher temperatures are achieved and
maintained between the simultaneously
heated electrodes because tissue heat-
ing occurs much faster than tissue cool-
ing (13). Finally, with multiple-elec-
trode ablation, the thermal boundary
conditions are altered such that less en-
ergy is required to heat the periphery of
each ablation zone because it becomes
heated at above 37°C as the adjacent
zone of ablation is created.

The development of multiple-elec-
trode RF systems has been hindered by
the electrical interactions that occur be-
tween simultaneously activated, closely
spaced electrodes (11,13). An electric
current flows between areas of high
voltage (ie, the electrode) and areas of
low voltage (ie, the ground pad). When
multiple electrodes from the same
power source are placed in close prox-
imity, a weak current flows between the
electrodes because they are at the same
voltage (12). This factor fundamentally
limits the distance at which the elec-

trodes can be separated owing to cool
spots in the center of the ablation; this
observation was made by Goldberg et al
(31) during the development of the clus-
ter electrode. Commercially available
multiple-prong devices are limited by
the weak current flow between elec-
trode prongs. Attempting to increase
the ablation zone size by setting the
prongs further apart would cause in-
creased irregularity in the shape of the
induced coagulation, which is already a
problem with these electrodes (32).
The multiple-electrode device as-
sessed in our study enables the use of
three electrically independent elec-
trodes and obviates electrical interac-
tions between them because only one
electrode is powered at a time. There-
fore, the electrodes generate heat in all
directions and can be placed further
apart than the electrodes currently in-
stalled in commercially available RF sys-
tems (13). In effect, the system simulta-
neously creates multiple overlapping ab-
lation zones without the need for
consecutive repositioning of a single
electrode, which can be complicated by
microbubbles, edema, and hemorrhage
from earlier ablations. The system op-
erates by switching to a different elec-
trode at each impedance spike (>30 Q
above baseline), because sharp in-
creases in impedance are associated
with tissue coagulation and vascular
thrombosis, two desirable end points in
the creation of a conglomerate zone of
coagulation (33,34). Instead of tempo-
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rarily switching the system off when an
impedance spike is encountered, the
generator powers a second electrode
until an impedance spike and then pow-
ers the third electrode, and so on.

Switching electrodes at fixed time
intervals is less efficient than using an
impedance-controlled algorithm. For
example, switching the electrode at a
time shorter than that required to cause
an impedance spike may lead to inade-
quate vascular thrombosis and thus al-
low intact perfusion to cool the tissue
close to this electrode while other elec-
trodes are activated. This tissue would
have to be reheated during the next cy-
cle of power application. Longer time
intervals may be more effective in creat-
ing vascular thrombosis. However, after
the impedance spikes, only minimal
power can be delivered, and, thus, the
time during which no electrodes are de-
livering power increases.

Spacing of electrodes 2.0 cm apart
was chosen to maximize the extent of in-
duced coagulation without compromising
its shape. Pilot experience revealed that
spacing electrodes 2.5 cm or more apart
resulted in clefting at the periphery of the
coagulation zone. This greater spacing
may increase the overall volume of coagu-
lation, but it also increases the risk of
creating irregularly shaped coagulation
zones. To increase the space between
electrodes and still create a conglomerate
zone of coagulation, the power deposition
would need to be increased by either us-
ing a high-power RF generator or lower-
ing the impedance. Although these modi-
fications are being actively pursued by our
team and others, they were beyond the
scope of our current study. Finally, our
intention in this nontumor model was to
create spherical coagulation zones. Ulti-
mately, the best shape may not be exactly
spherical and probably will need to be
tailored on a case-by-case basis. For in-
stance, electrode placement may be
skewed to one side to minimize the heat
sink effect of a vessel. We believe that
electrodes could be placed to conform to
the shape of the tumor in clinical settings.

Our study had limitations: First, all
of the RF ablations were performed in
normal, highly vascular pig livers. A
large-animal tumor model would have

served as a better model, but we are
unaware of any such animal models
with tumors or organs large enough for
the volume of tissue ablated in our
study. Also, the right and left medial
lobes of pig livers are the largest of the
four lobes, and the associated hepatic
and portal veins are very large. For the
purposes of our study, multiple-elec-
trode ablations were performed in these
medial lobes because the large size of
the resulting coagulation zone would
have overwhelmed the lateral lobes.
Consequently, the multiple-electrode
coagulation zones possibly were smaller
than those that would have been cre-
ated if we had been able to distribute
the ablations more evenly throughout
the liver. Therefore, we possibly were
conservative in our claims based on our
study findings, as we would expect to
create larger coagulation zones in the
tumors of humans, which are less vascu-
lar.

The open surgical model used for
our study was designed to maximize the
number of ablations per animal and ulti-
mately decrease the number of animals
sacrificed. However, further investiga-
tion of the multiple-electrode system in
a percutaneous environment is needed.
It may be more difficult to place the
electrodes in a percutaneous setting, es-
pecially when an intercostal approach is
used. While our results indicate that op-
timal results are achieved when the
electrodes are spaced 2 cm or less
apart, the electrodes do not have to be
placed exactly parallel and more than
one intercostal space may be used.

Practical application: Our study
results demonstrate the capability of a
switched-multiple-electrode RF de-
vice to facilitate thermal synergy and
create large areas of coagulation in an
in vivo porcine liver model. In further
studies, the use of techniques that in-
crease the power delivered to tissue
may vyield even larger coagulation
zones. Large-volume ablation per-
formed with multiple-electrode sys-
tems may increase the effectiveness of
RF ablation for treatment of larger tu-
mors by enabling more consistent de-
struction of the entire tumor and a
surrounding margin.
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