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Electrode Free of Edge Effects for Treatment of
Intracavitary Tumors
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A new hemispherical electrode to heat oral cavity cancer is proposed. The electrode does not produce
a hot spot around its edge, a feature that usually arises when using radio frequency (RF) capacitive-
type heating. The hemispherical electrode was designed by computer simulation using a 3-D finite
element method. To assess its practicality and effectiveness, we built a prototype hemispherical elec-
trode and evaluated its heating characteristics by phantom experiments. The heating effects on the
phantom were measured by thermography. The concave phantom surface in contact with the hemi-
spherical electrode showed a uniform increase in temperature, with no obvious edge effect. The pro-
posed electrode allows non-invasive RF capacitive-type heating for intracavity tumors that was not
previously considered possible, and should contribute to the multidisciplinary treatment of intracavity
tumors.
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R adiotherapy or chemoradiotherapy is often
preferable to surgery for head and neck can-
cers, for cosmetic reasons as well as functional
preservation; however, while clinical outcomes of
radiotherapy or chemoradiotherapy for head and neck
cancer are improving, the results remain less satisfac-
tory than those of surgical procedures [1]. The use
of new cytotoxic agents, molecular targeting agents,
and hyperthermia application techniques will be neces-
sary to improve the clinical outcomes of head and neck
cancer patients treated with chemoradiotherapy. A
randomized phase III study of radiotherapy combined
with intracavity hyperthermia versus radiotherapy
alone for nasopharyngeal cancer revealed significantly
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better survival and tumor control with the former,
while oral mucous toxicity in both arms was compa-
rable [2].

In the case of oral cavity cancer, the addition of
hyperthermia to radiotherapy or to chemoradiother-
apy 1s also expected to achieve better clinical results.
Invasive heating techniques are applied to heat the
oral cavity, such as the implantation of ferromagnetic
material, microwave interstitial heating, and the use
of a bipolar radiofrequency electrode for interstitial
ablation [3-5]. The distributions of the Specific
Absorption Rate (SAR) and temperature produced by
the inserted applicator are dependent upon the intra-
applicator space and the depth of insertion, which are
affected by the skill of the operator [6, 7]. A recent
report about the clinical application of external heat-
ing to head and neck cancers includes a case of
oropharyngeal cancer [8], but oral cavity cancers in
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general cannot be heated effectively by external heat-
ing methods because the tumor is surrounded by air
and a thick bony wall.

Radio frequency (RF) capacitive-type heating gen-
erates Joule heating by applying RF between two
external electrodes, thereby raising the temperature
of the human tissue through which the electric current
passes. However, the electric current tends to con-
centrate in the tissue around the peripheral area of the
electrode, inducing an edge effect and excessive heat-
ing [9-11]. The edge effect induces pain and fat
necrosis, resulting in inadequate clinical results.

To prevent the induction of the edge effect,
researchers and clinicians have applied many types of
electrical-field (E-field)-modifying material between
the electrode and the tissue to be heated, e.g., various
forms of insulation on the electrode, or a water bag or
bolus filled with saline solution [12]. However while
these devices are generally acceptable from a clinical
standpoint for heating the human trunk, the use of
E-field-modifying material for heating a tumor local-
ized in a limited space such as the oral cavity presents
significant problems.

We previously designed an intracavitary RF
capacitive-type heating electrode [13] that can heat
tumor lesions directly and noninvasively, but hot spots
arose near the edge of the electrode. We focused on
creating an electrode shape that would allow a more
uniform distribution of the electrical field, minimize
the edge effect, and improve the treatment of oral
cavity cancer. We devised a hemispherical-shaped
electrode that does not produce an edge effect and that
requires no E-field-modifying material such as an
insulator or bolus. The heating characteristics were
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evaluated using both computer simulation and agar
phantom experiments.

Materials and Methods

Computer simulation (calculation model).
A cube-shaped muscle of 20 x 20 X 20cm® was posi-
tioned as the phantom in air. An example of the model
is shown in Fig. 1. A pair of flat plate electrodes
Imm thick made of aluminum with aluminum lead
wires were placed on the top and bottom of the phan-
tom. The electrodes were 5% 5em? and 10 X 10 em?,
respectively. When an electric potential with a fre-
quency of 13.56 MHz and an amplitude of 100V was
applied to the pair of electrodes, the electric field and
the SAR distributions were calculated using the finite
element method software COMSOL Multiphysics
(COMSOL, Inc., Stockholm, Sweden). The physical
characteristics of the muscle phantom were an electric
conductivity of 6=0.628S/m, a relative dielectric
constant of €,=138.4, and a density of p=1,070kg/m’.
In the simulation shown in Fig. 1A and 1B, various
E-field-modifying materials were simulated by chang-
ing the electrical properties, configuration thickness,
and coverage to prevent the induction of the edge
effect.

Phantom experiment wusing the prototype
electrode. A prototype hemispherical electrode
was prepared to confirm the heating characteristics of
the proposed electrode obtained in the simulation
results. A phantom was embedded by the hemispheri-
cal electrode and heated with an RF current, and then
the temperature distribution on the cross-section of the
phantom was measured with a thermogram. The hemi-
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Schematic diagram of simulation. A 5 x 5cm flat plate small electrode on the top, and a 10 x 10cm large electrode at the bot-

tom of the cube-shaped muscle phantom, 20 x 20 x 20cm. A, Orthographic projection; B, x-y view at z=0.
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spherical electrode and agar phantom are shown in
Fig. 2. Fig. 2A shows the cross-section of the
arrangement of the electrodes in the phantom. The
hemispherical electrode was fabricated using alumi-
num foil for the electrode and was connected to a
conductor wire. The surface of a 3-cm-radius rubber
ball was covered with aluminum foil, and the upper
half of the ball was then covered with insulating tape
(Fig. 2B). An external electrode with a conductor
wire was also prepared (Fig. 2B). The external elec-
trode was made of aluminum and was 10 X 10cm®. A
muscle-equivalent agar phantom of 15 x 15 X 13cem®,
composed of water (95.68w/w %), NaCl (0.22w/w %),
NaN3 (0.1w/w %), and agar (4w/w %), was prepared.
The heating system was composed of a signal genera-
tor (8656B, Hewlett Packard Co.), an amplifier
(L-1014, Tokyo Hy-Power Labs), and a matching box
with power meter (AS-3001, Tokyo Hy-Power Labs).
A thermographic recorder (INFI-2000, Nihon Kohden)
was used to measure the temperature distribution on
the surface of the phantom. The lower half of the
hemispherical electrode was buried in the phantom
(Fig. 2C). The phantom was then cut into 2 parts at
the plane bisecting the concave area (Fig. 2D). The
external electrode was placed under the phantom, and
RF power was supplied for 2 min between the hemi-
spherical electrode and the external electrode at a

Fig. 2
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frequency of 9.0MHz and an output power of 5W.
Ten sec after heating, the temperature distribution on
the cutting surface of the phantom was recorded on a
thermogram.

Results

Results of computer simulation.
1. Flat plate electrode

Fig. 3 shows the SAR distribution on the x-y
plane at z=0cm. Fig. 3B is the magnified view of
Fig. 3A. Fig. 3C shows the SAR profile along the x
direction at y=9.9cm and z=0cm. The edge effect
occurs near the edge of the electrode. The SAR
contour takes the shape of a concentric circle with its
center at the corner of the electrode.

Fig. 4 shows the SAR distribution when a poly-
ethylene sheet (,=2.3, 6=0S/m) 1mm thick (Fig.
4A) or 2mm thick (Fig. 4B) is inserted between the
flat plate electrode and the phantom. The edge effects
arise in both of the simulations. When the thickness
of the E-field-modifying material was increased to
2mm, the edge effect was reduced slightly.

Fig. 5 shows the SAR distribution around the
edge of the electrode on the x-y plane at z=0cm when
the left edge of the flat plate electrode is covered with
polyethylene (¢,=2.3, 6=0.0S/m), the cross-section

Hemispherical electrode and agar phantom. A, Arrangement of electrodes and phantom; B, Hemispherical electrode (left) and

external electrode (right); C, Hemispherical electrode buried in the top of the phantom; D, Bisecting plane of the phantom, which was

measured with a thermographic recorder.
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SAR distribution when the flat plate electrode is placed on the phantom; A, SAR distribution on the x-y plane at z=0cm. Edge

effects are seen around the end of the electrode; B, Magnified view of the end of the electrode; C, SAR profile along the x direction at

the position of y =9.9cm, z=0cm.
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Fig. 4

SAR distribution when an E-field-modifying material is inserted between the flat plate electrode and the phantom; A, 1mm

thickness of E-field-modifying material (x-y plane at z=0mm); B, 2mm thickness of E-field-modifying material (magnified view, x-y plane

at z=0mm).

of which is elliptical. The edge effect arises around
the junction of the electrode and the phantom.
Because the use of any E-field-modifying material to
solve the edge effect has limitations, we focused on
reconfiguring the shape of the electrode.
2. Hemi-ellipsoidal electrode

Fig. 6 shows the SAR distribution when a hemi-
ellipsoidal electrode is buried in the phantom. Fig.
6A shows the arrangement of the electrode, and Fig.
6B and 6C show the vector of the electric field around
the hemi-ellipsoidal electrode on the x-y plane at

z=0cm.

Fig. 6D shows the SAR distribution on the x-y
plane at z=0cm. No edge effect arises at the edge of
the electrode, and a relatively higher SAR arises
around the electrode. A strong SAR occurs around
the convex part of the electrode.

3. Hemispherical electrode

Fig. 7 shows the SAR distribution on the x-y
plane at z=0cm when a hemispherical electrode is
buried in the phantom. Fig. 7A shows the arrange-
ment of the electrodes, in which the radius of the
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Fig. 5 SAR distribution when the left edge of the flat plate
electrode is covered with a polyethylene E-field-modifying material.
The cross-sectional shape of the material is elliptical.

electrode is 2.5cm. Fig. 7B and 7C show the vector
of the electric field around the hemispherical electrode
on the x-y plane at z=0cm in a magnified view.

Fig. 7D shows the SAR distribution on the x-y
plane at z=0cm. No edge effect arises around the edge
of the hemispherical electrode, and the SAR distribu-
tion is uniform along the electrode surface. The SAR
distribution decreases gradually with the distance
from the surface of the electrode. Fig. 7E shows the
SAR distribution on the z-x plane at y=9.9cm. The
SAR distribution is uniform along the electrode sur-
face, and the SAR decreases with the distance from
the surface of the hemispherical electrode. The SAR
ratio calculated from Fig. 7 was 94% at 5mm depth,
88% at 10mm depth, 77% at 15mm depth, and 71%
at 20mm depth, when assuming the SAR of the sur-
face of the electrode was 100%.

Results of the phantom experiment.

Fig. 8 shows the temperature distribution on the
surface of the bisecting plane. The thermogram shows
a uniform temperature rise along the concave surface.
The pattern of the temperature rise indicates the
aspect of a concentric circle, and the temperature rise
decreases with the depth from the concave surface.

Discussion

Occurrence of the edge effect. The simula-
tions for an edge effect arising in capacitive-type
heating revealed that 1) insertion of a sheet of E-field-
modifying material at the border of the electrode and
the phantom could not eliminate the edge effect, even
after changing the thickness, shape, and dielectric
property of the E-field-modifying material, 2) enfold-
ing the electrode by E-field-modifying material could
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not eliminate the edge effect, even after changing the
thickness and shape of the E-field-modifying material,
3) the hemi-ellipsoidal electrode did not induce the
edge effect, but the SAR distribution along the elec-
trode was not uniform, 4) the hemispherical electrode
did not induce the edge effect and the SAR distribu-
tion along the electrode was uniform.

In RF capacitive-type heating with a pair of flat
plate electrodes, the edge effect arises at the periph-
eral areas of the electrodes [10-12]. The edge effect
causes a hot spot in the heated area, focal pain, and
fat necrosis, resulting in an insufficient temperature
rise or inadequate clinical results [14, 15]. To pre-
vent the induction of the hot spot, clinicians often use
E-field-modifying material filled with saline solution,
or a bolus, to create a distance between the electrode
and the heated body. Another procedure is to circu-
late saline solution in a bolus to lower the surface
temperature of the body [16]. An electric insulator
as an E-field-modifying material is sometimes applied
to the peripheral area of the electrode. When heating
in a limited space such as an oral cavity, however,
electrodes incorporating some form of insulator are
too large for practical clinical use. The cold saline
solution circulation bolus is also too large to be useful
for tumors developing in a localized space such as the
oral cavity.

Measures against the edge effect: E-field-
modifying material. @ We used simulation to
examine the efficacy of various types and shapes of
E-field-modifying materials to reduce the edge effect.
When the thickness of the E-field-modifying material
increases, the edge effect decreases, but the edge
effect remains around the edge of the electrode, as
shown in Fig. 4. When the edge of the electrode was
covered with a non-conductive E-field-modifying mate-
rial, the cross-sectional shape of which was elliptical,
the edge effects arose around the junction of the elec-
trode and the phantom, as shown in Fig. 5. Even
though the dielectric properties of the E-field-
modifying material were changed, the edge effect did
not disappear. When the RF current flows across the
boundary at which 2 materials having different dielec-
tric properties to each other are contacted, it is
refracted, which can produce a concentration of RF
current. Thus, the changes of shape and dielectric
property of the E-field-modifying material failed to
eliminate the edge effect.
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SAR distribution when a hemi-ellipsoidal electrode is buried in the phantom; A, Arangement of the hemi-ellipsoidal

electrode; B, The vector of the electric field around the hemi-ellipsoidal electrode on the x-y plane at z=0cm; C, Magnified view on the
x-y plane at z=0cm; D, SAR distribution on the x-y plane at z=0cm.

Measures against the edge effect: electrode
shapes. A point/cup electrode is generally used to
prevent corona discharge in the area of high voltage
transmissions, and the edge of the point/cup elec-
trode is rounded. The electric flux density is concen-
trated around the point of the electrode, which has a
small radius of curvature, and the intensity of the
electric field is strengthened. The direction of the
electric flux is vertical with respect to the surface of
the electrode, and the strength of the electric field
around the edge of the electrode would become smaller
if the electrode had a larger radius of curvature.

As shown in Fig. 6B and 6C, the normal vector at
the edge of the semi-ellipsoidal electrode is parallel to
the surface of the phantom and the radius of curvature
around its edge is large, so that the edge effect does
not appear around the edge of the electrode, as shown
in Fig. 6D. The radius of curvature around the bot-
tom of the electrode is small compared with the area
around the edge of the electrode, so that the SAR
around the bottom of the electrode is high compared
with that around the edge of the electrode.

To maintain uniform current density around the
electrode, the curvature radius of the electrode must
be uniform at all points on the electrode. Fig. 7
shows the SAR distribution using the hemispherical

electrode. The normal vector at the edge of the hemi-
spherical electrode is parallel to the surface of the
phantom and the radius of curvature at any point of the
hemispherical electrode is identical (Fig. 7B and 7C),
so that the SAR along the hemispherical electrode is
identical. The phantom experiments shown in Fig. 8
confirmed that the edge effect was not induced when
the hemispherical electrode was used for RF capaci-
tive-type heating.

Clinical indications of the hemispherical
electrode. In hyperthermia for oral cavity cancer,
various kinds of heating methods and devices such as
implantation of ferromagnetic material [3], micro-
wave interstitial heating [4], and bipolar radiofre-
quency electrode for interstitial ablation [5] have
been applied. A recent report about the clinical appli-
cation of external heating to head and neck cancers
includes a case of oropharyngeal cancer [8], but in
general oral cavity cancer cannot be heated effectively
by external heating methods, because the tumor is
surrounded by air and a thick complicating bony wall.
A non-invasive, effective direct heating device for oral
cancer is required. To our knowledge, there have
been no prior reports of a hemispherical electrode
that does not generate an edge effect.

The RF capacitive-type heating advantage of deep
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Fig. 7

SAR distribution when a hemispherical electrode is buried in the phantom; A, Arrangement of the hemispherical electrode; B,

The vector of the electric field around the hemispherical electrode on the x-y plane at z=0cm; C, Magnified view on the x-y plane at z =
0cm; D, SAR distribution on the x-y plane at z=0cm; E, SAR distribution on the z-x plane at y = 9.9cm.
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Fig. 8

Thermogram of the surface of the bisecting plane.

penetration is limited by the edge effect, thus reduc-
ing its clinical usefulness. In this study, we developed
a hemispherical electrode that does not cause the edge
effect. We have confirmed the heating characteristics
of RF capacitive-type heating with the new hemi-
spherical electrode through computer simulation and
phantom experiments. The proposed hemispherical
electrode can be used for noninvasive heating, and its

distinguishing shape permits placement adjacent to
intracavity tumors within cavities such as the mouth
and vagina.

While the SAR ratio distribution is not sufficient
to heat a deep-seated tumor or large tumor with a
thickness greater than 10mm, a possible solution to
overcome this problem, though untested, could be a
cyclical cooling saline bolus situated on the concave
surface of the hemispherical electrode. This remedy
would likely make it feasible to raise the input power.
Furthermore, while insufficient contact between an
electrode and a mucosal surface produces hot spots, a
saline gel applied for better contact serves to minimize
such overheating. This would also permit the increase
of input power.

Prior to the application of this electrode for head
and neck cancer treatment, further research is neces-
sary. However, the results of the present study indi-
cate that a hemispherical electrode that solves the
edge effect problem, which is the weak point of RF
capacitive-type heating, could expand the indication
for RF capacitive-type heating. An example of this might
be concomitant thermoradiotherapy with a remote
afterloading system (RALS), as has been previously
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proposed [13]. This mold type electrode can provide
RF hyperthermia and brachytherapy concomitantly.

In conclusion, a hemispherical electrode that gen-
erates no edge effect was developed to allow noninva-
sive heating of intracavity tumors for which RF
capacitive-type heating was generally considered
unavailable. This method is expected to make a sig-
nificant contribution to the multidisciplinary treatment
of intracavity tumors.
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