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Hepatocellular Carcinoma:
Microwave Ablation with Multiple
oStraight and Loop Antenna Clusters—
Pilot Comparison with Pathologic
Findings'

Nam C. Yu, MD Th f thi d \ he clinical
David S. K. Lu, MD e purpose of this study was to evaluate the clinica

Steven S. Raman. MD implementation of triangular and spherical designs for si-

T ' multaneous multiple-antenna ablation of human hepatocel-
Daml?n E. D‘{DUV' MD lular carcinoma (HCC) with a recently engineered micro-
Caroline J. Simon, MD wave coagulation system. Institutional review board ap-
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Charles Lassman, MD proval and informed consent were obtained, and the study
Bassam |. Aswad, MD was compliant with HIPAA requirements. Nine patients
David lanniti, MD (five men, four women; age range, 53-79 years; mean age,
Ronald W. Busuttil, MD, PhD 66.2 years) with resectable HCC (diameter, 2.9-6.0 cm;

mean, 4.2 cm) underwent intraoperative ultrasonography-
guided tumor ablation followed by resection and patho-
logic examination. Standard single-straight (n = 2), trian-
gular triple-straight (n = 4), and spherical triple-loop (n =
3) antenna configurations produced mean estimated coag-
ulation volumes of 16.7, 51.7, and 54.3 cm?®, respectively,
during a single concurrent 5-10-minute ablation cycle. The
triple-loop configuration yielded the most uniformly round
ablation shape. Simultaneous activation of multiple
straight or loop antennae is a potentially promising tech-
nique for rapid and effective treatment of large HCCs.
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epatocellular carcinoma (HCC) is

one of the most prevalent and fa-

tal of all malignancies worldwide.
In particular, its incidence in the United
States continues to escalate, correlating
with an increase in chronic hepatitis C
cirrhosis (1). Given the unresectability of
most tumors at the time of diagnosis, lo-
cal thermoablative techniques have been
widely integrated into the therapeutic
repertoire. Among these, radiofrequency
(RF) ablation remains the most univer-
sally adopted, and its use is supported by
good safety and efficacy profiles (2-4).
Microwave ablation is used as an alterna-
tive in some Asian institutions, and the
results of several studies have validated
similar clinical success (5-7).

RF ablation and microwave ablation
share several common advantages and
disadvantages. They both allow flexible
treatment approaches, including percuta-
neous, laparoscopic, or open surgical ac-
cess, with convenient ultrasonographic
(US) or computed tomographic (CT)
guidance. Furthermore, because local
targeting results in the effective sparing of
uninvolved liver tissue, treatments are
generally well tolerated, even in patients
with limited hepatic reserve. Perhaps the
most commonly cited drawback is the dif-
ficulty in treating large tumors, which are
routinely defined as those exceeding 3 cm
in diameter. Indeed, with current tech-
nology it is challenging to create repro-
ducibly large coagulation volumes. As a
result, treatment of large tumors is noto-
riously cumbersome and time consuming,
requiring multiple sequential overlapping
ablations to ensure adequate coverage
(8,9). Even with such meticulous mea-
sures, high recurrence rates remain the
rule (10,11).

One proposed solution to this di-
lemma involves the use of arrays with
multiple probes to achieve larger coagu-
lation volumes. The two ablation modal-
ities differ substantially in the basic
mechanism of energy deposition. RF ab-
lation uses the flow of current through
conducting electrodes within body tis-
sue, while microwave ablation uses an
electromagnetic field around an insu-
lated and electrically independent an-
tenna. Consequently, microwave abla-
tion is theoretically more amenable to

the simultaneous use of multiple probes
to achieve larger coagulation volumes,
whereas similar applications with mo-
nopolar RF ablation may be limited by
electrical interference between the indi-
vidual electrodes (12,13).

Previously, a microwave ablation
system engineered in the United States
was tuned to the dielectric properties of
liver tumors (14) for optimized specific
absorption rate distribution (15); this
system was equipped to activate multi-
ple antennae independently and simul-
taneously. Previous in vivo experiments
with triple-antenna ablations in the por-
cine liver have produced synergistically
larger, more uniform lesions (16) and
have shown promise for more conve-
nient and effective treatment of large
tumors. In addition to triple-antenna
ablation, modification of antenna-tip ge-
ometry may provide further advantages
with regard to lesion size and shape.
For example, one commonly used RF
device employs curved tines that form
an umbrella shape when deployed. A
microwave antenna in the shape of a
circular loop, which theoretically allows
for enhanced tumor targeting and more
spherical ablations, has also been de-
signed. Animal experiments have been
performed by using prototypes with sin-
gle or double orthogonal loop configura-
tions (17). We report herein our ex-
perience in clinically implementing
triangular and spherical designs for si-
multaneous multiple-antenna ablation
of human HCC with a recently engi-
neered microwave coagulation system.

Materials and Methods

This study was financially supported by
Vivant Medical (Mountain View, Calif).
Two of the authors (D.S.K.L. and
D.E.D.) receive grant support from and
are paid consultants of Vivant Medical.
All data and information that might
have presented a potential conflict of
interest for these authors were con-
trolled by those authors who were not
affiliated with Vivant Medical.

Patient Population

Our study was compliant with the
Health Insurance Portability and Ac-

countability Act and was approved by
the institutional review boards of the
respective institutions; informed con-
sent was obtained from all patients.
From August 2003 to January 2004, 20
patients with indications for liver tumor
resection were prospectively recruited
from two academic centers in the
United States (Table 1). Nine of 20 pa-
tients had HCC and were included in
this study. The patient population in-
cluded five men and four women (mean
age, 66.2 years; age range, 53-79
years). All patients had undergone mul-
tiphase CT or gadolinium-enhanced
magnetic resonance (MR) imaging to
delineate the target tumor and to assist
in surgical planning. Initial diagnosis of
HCC was based on biopsy findings or
classic imaging characteristics of tumor
hypervascularity, with either elevated
a-fetoprotein levels or growth of a nod-
ule over time. For each patient, only a
single HCC lesion was present. All tu-
mors were subcapsular, and three were
exophytic.

Microwave Ablation Device

The ablation system that was used was a
VivaWave Microwave Coagulation Sys-
tem (Vivant Medical). Each generator
was capable of producing 60 W of
power at 915 MHz. Each antenna was
connected to a generator by means of a
coaxial cable. One of three antenna
configurations was employed for each
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NADH = nicotinamide adenine dinucleotide, reduced
RF = radiofrequency
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ablation: (a) a standard single-straight
antenna configuration (n = 2), (b) a
triangular triple-straight antennae con-
figuration (n = 4), and (c¢) a spherical
triple-loop antenna configuration that
formed a cage (n = 3). The attending
interventional radiologist selected the
configuration and target location of the
antennae for each case, with selection
based on tumor size, tumor location and
accessibility, and expected resection
plane. The goal was to confine coagula-
tion within the resected specimen and
to preserve a portion of viable tumor for
pathologic analysis as a control.

For the single-antenna ablations,
only one generator was employed; for
the triangular and spherical ablations,
each antenna component was
nected to one of three independent gen-
erators. The straight antenna had a 13-
gauge diameter, a 15-cm length, and a
3.6-cm antenna tip. The triangular ar-
ray was formed with a rigid spacer that
separated the three individual straight
antennae by 1.5 cm (n = 1) or 2.0 cm
(n = 3). The spherical array consisted
of three 13-gauge shafts, each with a
wirelike antenna tip that was deployed
into a circular loop after positioning in
the target tissue. The three antenna
loops, each 3 cm in diameter, approxi-
mated a spherical cage to allow ablation
of the circumscribed volume, as well as
of a margin of tissue outside the 3-cm
sphere.

con-

Microwave Ablation Protocol: Ablation
and Resection

All intraoperative US and microwave
ablations were performed by one of
two attending interventional radiolo-
gists (D.S.K.L. and D.E.D., both with
11 years of experience in ablation). A
general anesthetic was administered,
and exposure of the liver was per-
formed in standard fashion by the hepa-
tobiliary surgical team. The index tumor
that was previously seen at CT or MR
imaging was identified by means of US,
and the rest of the liver was scanned
with US to ensure the absence of other
suspicious nodules. The antenna was
then targeted to the tumor by using con-
tinuous US guidance. For the spherical
configuration, insertion of the antenna

was followed by cautery-assisted de-
ployment of the three loops, with the
antenna cables connected to a surgical
cautery generator. Cautery allowed
smooth and unhindered deployment of
the loops by allowing the antenna to cut
through the liver tissue. The properly
deployed loops, which formed a cage
structure around the target lesion,
could be confirmed with US.

For all straight antennae in either
single or triangular configuration, abla-
tion was performed at 45 W for 6-10
minutes, depending on the size of the
tumor and on the location of the
planned resection plane. The loop an-
tennae were powered at 60 W for 5
minutes. For both the triangular and
spherical configurations, all three gen-
erators were activated simultaneously
to achieve a synchronous ablation. Only
a single ablation cycle was applied in all
cases. Continuous US monitoring was

used to track the progress of ablation,
and the extension of the coagulation
front could be approximated on the ba-
sis of the transient hyperechoic zone.
After completion of the cycle, the anten-
nae were removed, and tumor resection
commenced. For the spherical configu-
ration, the loop antennae were first re-
tracted back into the shaft prior to re-
moval from the liver.

No immediate complications sec-
ondary to microwave ablation were
noted. Postoperative complications, in-
cluding renal failure, perihepatic ab-
scess, and liver decompensation, were
noted in four patients.

Pathologic Analysis

Specimens containing the entire tumor
and ablation lesions were immediately
processed after resection by one of two
liver pathologists (C.L. and B.I.A., with
8 and 10 years of experience, respec-

Table 1

Patient and Tumor Characteristics

Tumor Location

Patient No./ Liver Size* Histologic (Couinaud

Sex/Age (y) Disease (cm) Grade® Segment) Antenna Configuration
1/M/72 Hepatitis B 2.9 2 Vil Single straight
2/F/79 Hepatitis C 5.0 2 Vb Triple straight
3/F/53 Hepatitis C 53 2 | Triple straight
4/M/65 Hepatitis C 3.7 2 Il Single straight
5/M/64 Hepatitis B 3.4 2 vill Triple loop
6/F/63 Hepatitis C 4.0 2 Vil and VIII Triple loop
7IM/57 Hepatitis C 2.0 2 Vil Triple straight
8/M/77 Cryptogenic 57 2 Viand ViI Triple straight
9/F/45 Hepatitis C 6.0 3 v Triple loop

* Diameter in long axis.

T Histologic grade was determined on a scale of 1—4 on the basis of the Edmondson-Steiner grading system. Tumor was well
differentiated in patients 1-8 and moderately differentiated in patient 9.

Table 2

Size Characteristics of Ablated Lesions

Short-Axis

Antenna Configuration Diameter (cm)

Estimated Volume
(cm®)

Long-Axis
Diameter (cm)

Single straight (n = 2) 2.5-2.7 (2.6)
Triple straight (n = 4) 3.0-4.5(3.7)
Triple loop (n = 3) 3.4-4.13.7)

3.8-4.0 (3.9) 12.4-20.9 (16.7)
5.0-6.3 (5.6) 45.7-58.7 (51.7)
5.0-6.4 (5.7) 47.1-58.9 (54.3)

Note.—Data are the range, with mean values in parentheses.
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tively). In all cases, the diagnosis of
HCC was confirmed by means of histo-
logic criteria. The specimens were
sliced into sections that were roughly
0.5 em thick for pathologic analysis and
digital photography at gross examina-
tion. Representative regions of interest,
which generally included coagulated
and viable tumor, coagulated and viable

Figure 1

I3 la Is

12

Figure 1:  (a) Single-straight probe composed
of standard rigid shaft with 3.6-cm antennaftip.
(b) US image shows antenna (arrow) of single-
straight probe inserted into the base of an exo-
phytic HCC (). (c) Gross pathologic examination
of transected mass reveals shaft recess (arrow)
surrounded by tan areas of coagulated tumor (7)
and liver (L). Note that the coagulation front has
progressed farther inthe tumor than in the liver.

liver, and equivocal areas at the transi-
tion zones, were then processed by
means of frozen sectioning. The rem-

Figure 2

Figure 2:  (a) Triple-straight probe composed
of three individual antennae held in atriangular
array with a2.0-cm rigid spacer. (b) US image
shows two antennae (arrowheads) targeted to
positions at the base of an exophytic tumor () and
one antenna (arrow) in the surrounding liver.

(c) Resected specimen shows coagulation borders
(arrowheads), which suggest a slight loss of con-
vexity that was more pronounced in the cirrhotic
liver tissue than in the tumor.

nant viable tumor (present in six of nine
specimens) served as a control to allow
comparative characterization of histo-
logic changes owing to coagulation
within the ablated tumor.

The sections were subjected to stan-
dard hematoxylin-eosin staining and vi-
tal histochemical staining for the mito-
chondrial enzyme nicotinamide adenine
dinucleotide, reduced (NADH) diapho-
rase. The histochemical sections were
then superimposed over the hematoxy-
lin-eosin sections and digital photo-
graphs obtained at gross examination to
determine tissue viability in the regions
of interest. The resection margins were
also scrutinized for tumor according to
a standard clinical protocol. Approxi-
mate volumes (V) for the tumor and
coagulation zone were calculated with
the ellipsoid equation V=1/6-mw-x-y-
z, where x, y, and z represent the diam-
eters in the three orthogonal axes.

Data Analysis

Descriptive data analyses (mean and
range) were performed by using a com-
mercially available software program
(InStat v3.05; GraphPad, San Diego,
Calif).

Ablation Lesion Characteristics

Maximal ablation diameters for the two
single-straight antenna ablations were
3.8 and 4.0 cm, with volumes of 12.4
and 20.9 cm®, respectively. Triangular
clusters (n = 4) resulted in a mean di-
ameter of 5.6 cm (range, 5.0-6.3 cm)
and a mean volume of 51.7 cm?® (range,
45.7-58.7 cm®). For the three ablations
that were performed with the spherical
array, the diameters were 5.6, 6.4, and
5.0 cm, with volumes of 56.9, 58.9, and
47.1 cm?, respectively; the smallest vol-
ume was obtained in a scirrhous-type
HCC. Short- and long-axis diameters
and volume data are provided in Table
2. Of note, all coagulated lesions dem-
onstrated some degree of asymmetry,
as indicated by the dissimilar diameters
in the short and long axes. The single-
straight antenna configuration appeared
to produce ablations that were slightly
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Figure 3

Figure 3:

(a) Triple-loop probe composed of three independent 3-cm loop antennae that approximated a
spherical cage when deployed. (b) US image in the plane of one of the loops (arrow) demonstrates proper deploy-
ment withina 3.4-cm subcapsular HCC. (c) US image in another plane shows the convergence of antennae (ar-
row) at the top of the cage surface. (d) Complete tumor necrosis after a 5-minute ablation cycle was confirmed at
pathologic examination. Note the round contour of the coagulation margin (arrowheads).

ellipsoid such that the long diameter of
the coagulated zone corresponded to
the axis of the antenna shaft (Fig 1). For
the triangular (Fig 2) and spherical (Fig
3) configurations, which produced
larger lesions, the asymmetry was im-
posed by the liver edge, which neces-
sarily demarcated the lesion border
(Fig 3c¢).

In all triangular ablations, the lesion
components that were created by each
antenna had completely fused to form
one large, continuous volume. Never-
theless, lesion shapes revealed that the
cross sections perpendicular to the an-
tenna shafts were not strictly circular
and showed a slightly triangular contour
(Fig 2c¢). This deformation, however,
was limited enough that concave clefts
along the coagulation border could not
be seen at gross examination. During
the spherical ablations, tissue heating
that progressed from the exterior had
fully converged at the center such that
all enclosed tissue, along with 0.5-1.0
cm of tissue exterior to the cage sur-
face, appeared at gross examination to
have undergone uniform coagulation.

Microscopic Examination
While gross examination was adequate
to determine the general shape and ap-
proximate dimensions of the ablation
zones, histochemical staining was em-
ployed to rigorously analyze the extent
of cell death. Features seen with hema-
toxylin-eosin staining, however, were
often equivocal. Thus, viable and nonvi-
able tissue could not be distinguished
reliably. In most areas, coagulation was
more apparent in the gross specimen
than in the sections prepared with he-
matoxylin-eosin staining for which cell
death was sometimes marked only by a
subtle loss of nuclear chromatin detail.
On the other hand, histochemical
staining for the mitochondrial enzyme
NADH diaphorase definitively reflected
cellular viability because of the unam-
biguous binary staining characteristics
that were demonstrated—that is, posi-
tive staining indicated viability and the
absence of staining indicated cell death.
For all specimens, uniform necrosis
within ablated regions at gross examina-
tion could be confirmed with histochem-
ical staining for NADH diaphorase. At

the borders, gross examination typically
showed an indistinct zone of transition,
approximately 0.5 cm wide, between
clearly coagulated and clearly viable tis-
sue. Histochemical staining for NADH
diaphorase consistently revealed uni-
form cell death extending through this
transition zone, with a sharp border de-
marcating viable from ablated regions
(Fig 4). This finding could be confirmed
by directly comparing histochemical-
stained sections with the corresponding
gross specimens and hematoxylin-eo-
sin-stained sections.

While RF and microwave ablation de-
vices employ a common agent for tumor
destruction—namely, heat—they differ
considerably in the basic mechanism
underlying energy deposition. Heat pro-
duced with microwave energy, unlike
that produced with RF energy, does not
depend on the passage of electrical cur-
rent through the tissue, thereby allow-
ing simultaneous activation with multi-
ple antennae without the electrical in-
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terference encountered in current RF
systems (12). Multipolar RF technology
(18) or the rapid switching of power
between multiple electrodes (19) may
prove useful but currently remains rela-
tively untested in the clinical setting.
While some authors have studied the
use of multiple microwave antennae
(20,21), the antennae were activated
sequentially rather than simultaneously.
The current study describes a prototype
microwave ablation system that was
adapted for the simultaneous activation
of recently designed, multiple-antenna
clusters to achieve efficient production
of large and controlled coagulation vol-

umes.
The results of initial experiments by
other investigators (16) who used por-

b.

Figure 4: (a) Histologic section obtained at
coagulation margin shows satellite tumor nodule
cluster (T)in the background of cirrhotic liver.
(Hematoxylin-eosin stain; original magnification,
x20.) (b) Histologic section in the same field
allows clear differentiation of viable (upper) and
ablated (lower) zones, with a sharp line of demar-
cation (arrowheads) traversing the nodule. (Histo-
chemical stain; original magnification, x20.)

cine liver proved promising. Coagula-
tion volumes obtained with simulta-
neously powered multiple straight an-
tennae  significantly exceeded the
additive volumes obtained with the
same number of ablations performed
sequentially. Furthermore, such syner-
gistically larger volumes could be ob-
tained in the time that is required for a
single ablation cycle by virtue of the si-
multaneous activation of all antennae.
We used this device for human HCC in
the setting of preliminary clinical test-
ing. With the triangular triple-straight
antenna configuration, large lesions (ie,
those with a volume of approximately
50 cm®) could be created in 10 minutes
or less, which is comparable with the
results reported in the porcine study. In
our study, however, the increase in size
for triple-straight antenna ablations
compared with single-antenna ablations
was not as dramatic as that seen in the
porcine liver, which demonstrated a
sixfold increase in ablation size. This
correlated with the observation that
our single-antenna ablations produced
larger lesions relative to the porcine
counterpart.

Two effects may be responsible.
First, we theorize that larger volumes
are obtained in HCC than in liver paren-
chyma because of the differences in tis-
sue characteristics. This is consistent
with the findings of previous RF ablation
studies, which demonstrated that signif-
icantly larger ablations were achieved in
livers with large tumors than in those
with small or no tumors (11,22); find-
ings in these studies were presumably
secondary to differing thermal and per-
fusion properties. For our microwave
system, the antennae were optimized
for the dielectric properties of liver tu-
mors (14), which may have accentuated
the disparity. During the multiple-an-
tenna ablations, ablation volume was
larger and more likely to extrude into
the surrounding liver, where a greater
barrier to lesion growth was encoun-
tered. Second, and perhaps more im-
portant, the larger multiple-antenna le-
sions were often confined by the liver
edge, given that the subcapsularity of
the tumor necessarily limited the abla-
tion size to the liver edge. These factors

account for the larger coagulation vol-
ume achieved in HCC compared with
porcine liver by using single-antenna ab-
lation. Compared with multiple-antenna
ablation, which produced coagulation
zones extending well beyond the tumor
to the liver edge or parenchyma, single-
antenna ablation produced lesions that
were predominantly enclosed within tu-
mor, resulting in roughly linear (rather
than synergistically exponential) volume
increases for the multiple-antenna abla-
tions.

One potential disadvantage of the tri-
angular configuration was that it tended
to result in a nonspherical volume, as may
be expected from the triangular arrange-
ment of the three antennae. In the por-
cine study, antenna separation beyond
1.7 cm was associated with ablation con-
tours that were significantly less round.
When the 2.0-cm spacing was used in our
study, a loss of border convexity was
noted, particularly in the cirrhotic liver,
where ablation zones from the individual
antennae demonstrated less overlap. In
all cases, however, the zones had ade-
quately fused such that clefts of spared
tissue could not be seen between the an-
tennae.

Given its symmetric design, the
spherical triple-loop configuration may
overcome this limitation by producing a
more controlled and rounder ablation
zone. If the spherical cage is deployed to
encompass the target nodule, coagula-
tion can proceed “from the outside in.”
As long as proper deployment can be
confirmed, the enclosed tissue, along
with the tissue margin exterior to the
cage, can be ablated with greater accu-
racy. Results from a previous study that
used single- and double-loop designs in
the porcine liver showed the potential
merits of this approach (17). Non-
spherical geometry and spared central
tissue, however, were noted in some
cases. The use of three loops rather
than two provides a more optimal cage
geometry to facilitate the creation of
spherical lesions, and although the liver
edge tended to impose an overall asym-
metry in the lesion, the ablation borders
within the tissue exhibited adequate
uniform roundness. Furthermore, the
additional loop presumably allows for
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the potential of synergism to produce
even higher temperatures around the
cage, thereby ensuring complete necro-
sis within and exterior to the cage. In-
deed, uniform coagulation inside the
3-cm cage without any central sparing
was seen at gross examination and was
confirmed with histochemical staining
for NADH diaphorase.

A major disadvantage of simulta-
neous multiple-antenna microwave ab-
lation is the greater difficulty in placing
all antennae with respect to the index
tumor. Even with real-time US, it may
be cumbersome to visualize all compo-
nents for precise positioning. This is es-
pecially problematic for the loop config-
uration because all three shafts must be
inserted simultaneously, which requires
greater operator skill in US guidance
and mental reconstruction of three-di-
mensional structures. Thus, an initial
learning-curve effect may be seen. We
do not, however, expect this challenge
to pose a major barrier for experienced
interventionists. A related disadvantage
of multiple-antenna ablation is that it
cannot be easily implemented for the
percutaneous approach, which has a
more limited window of access.

This study was limited to a few cases
for each antenna configuration. Thus, our
findings provided useful observations but
no conclusive characterization of the abla-
tive lesions. For example, the data are not
sufficient to enable reliable prediction of
absolute ablation dimensions for a given
applicator. Further clinical experience
that accounts for several potential vari-
ables, such as tumor type, liver perfusion,
generator power, and cycle time, will be
required to characterize more precisely
the ablation zones in various situations.
Another limitation of the study was that
the synergistic volume effect of simulta-
neous ablation was not proved by using a
control group treated with sequential ac-
tivation. Given the limited sample size
and subcapsular or exophytic location of
the tumors (as discussed previously),
such comparisons were not feasible.
Hence, the porcine model is more useful
for such scientific investigations (16),
whereas we were limited to descriptive
reporting.

In conclusion, this pilot study pro-
vides encouraging results for simulta-
neous multiple-antenna microwave ab-
lation of HCC. Relatively large coagula-
tion volumes can be achieved in short
procedure times with these antenna ar-
rays, which may enable more effective
treatment of large tumors with lower
complication rates. In particular, the
spherical triple-loop configuration ap-
pears promising for the creation of siz-
able, controlled, and rounder lesions.
Treatment studies are warranted and
are currently underway to test clinical
efficacy.
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