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An interstitial radiofrequency needle electrode system was constructed for interstitial heating
of brain tissue. Radiofrequency electrodes with Thermotron RF 8 were tested in an agar phantom
and in a normal canine brain to determine how variations in physical factors affected temperature
distributions. Temperature distributions were checked after heating with 1 mm diameter needle
electrode implants on the corners of 1 and 2 cm squares in a phantom and plot isotherms for
various electrodes arrangement. We observed that the 1 cm square array would heat a volume with
a 1.25 cm radius circular field cross section to therapeutic temperatures (90% relative SAR using
Tm) and the 2 cm square array with a 1.75 cm radius rectangular field with central inhomogeneity.
With 2 cm long electrode implants, we observed that the 1 cm square array would heat a 3 cm long
sagittal section to therapeutic temperature (90% relative SAR using Tm). We found that radiofre-
quency electrodes could be selected to match the length of the heating area without affecting its
performance. The histopathological changes associated with RF heating of normal canine brains
have been correlated with thermal distributions. RF needle electrode heating was applied for 50
min to generate tissue temperatures of 43°C.

We obtained a quarter of the heated tissue material immediately after heating and sacrificed
at intervals from 7~ 30 days. The acute stage (immediately after heating) was demonstrated by
liquefactive necrosis, pyknosis of neuronal element in the gray matter and by some polymor-
phonuclear leukocytes infiltration. The appearance of lipid-laden macrophages surrounding the
area of liquefaction necrosis was demonstrated in all three sacrificed dogs. Mild gliosis occurring
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around the necrosis was demonstrated in the last sacrificed (Days 30) canine brain.
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INTRODUCTION

In recent years, there has been increased inter-
est in the treatment of cancer with hyperthermia,
primarily as an adjuvant to radiation and brachyth-
erapy. A tremendous effort has been continued to
design hyperthermia systems that will bring the
entire tumor volume to temperatures without over-
heating normal tissues. As a result, a number of
groups that have been considering interstitial tech-
nigues for hyperthermia®*®, Since interstitial radio-
therapy is commonly used for treating both superfi-
cial and deep seated tumors, interstitial hyperther-
mia can be given as an adjuvant treatment to the
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radiation therapy. Presently three methods for
producing interstitial hyperthermia are being used
clinically or are under investigation. These methods
are RF needle electrodes, coaxial microwave
antennas and ferromagnetic seeds™,

One of the promising techniques is the applica-
tion of a radiofrequency voltage to an array of
electrodes inserted directly into the tumor. In this
modality small implants about a millimeter in diam-
eter are inserted in some type of array in the tumor
volume, either percutaneously or at the time of
surgery. By applying a voltage between the nee-
dles, an RF current is induced in the tissue, resulting
in joule heating. In this paper, we intended to show
the temperature distributions for an array of such
needles in a tissue equivalent phantom model and
to determine the sequential neuropathological
changes that occur as a function of heat damage
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over time in normal canine brain tissue.

MATERIALS AND METHODS
1. Heating Device and Temperature Measurement

The system consists of an RF generator, operat-
ing in the frequency of 8 MHz (Thermotron 8,
Yamamoto Vinyter Co.), which applies a voltage
between the two planes of needles. We used 1 mm
diameter of needle electrodes; 1,2, 3,4 and 5cmin
lengths. A built-in thermometry system with five
Teflon-coated probes of copper-constantan mi-
crothermocouples (Sensortek Inc., Type It-18) were
also included. Block diagram is shown in Fig. 1.

2. Phantom Study

Hexadral phantoms with a thickness of 14cm
were made of 4% agar gel containing 0.2% NaCl
with 0.1% NaN;, as a preservative. Several 18-gaugé
catheter tubes were inserted into the phantoms
from the side, and the thermocouples were placed
in the tubes. During heating, the temperature in the
phantoms was continuously monitored with the
thermoprobes which were previously inserted into
the phantoms. Just before the heating was finished,
the temperature distributions in the phantoms were
determined by moving the thermocoupies through
the catheter step by step at 0.5 cm intervals along
the track. Thermograms were also taken to obtain

a picture of the thermal distribution in an entire
heating volume using a thermal video system
(TVS-3300 ME, Nippon Avionics Co., Ltd)

Temperature distributions were checked with
four 1 mm diameter needle electrode implants at 1,
2 and 3 cm squares with several lengths in a phan-
tom model and plot isotherms after 50 min of
heating with various electrode arrays.

3. Thermal Distribution Measurements in Agar Phan-
tom

The maximum temperature at the electrodes is
assumed to be held at some value, Tm?. The isoth-
erms are plotted for each 01Tm rise above
baseline. Since the bioheat equation is linear, this
means the results may be scaled to any value of Tm
which is of interest. However, in order to estimate
the shapes and dimensions of the regions that are
heated to therapeutic temperatures, the following
assumptions are made;

1) The baseline or core temperature is 20°C; 2)
the maximum temperature allowed in the tumor
volume is 44°C; therefore, Tm=24°C; 3) the temper-
ature rise required in the tumor to get a therapeutic
effect is 21.5°C(phantom temperature of 41.5°C);
this corresponds to a temperature rise of approx-
imately 0.9 Tm. Therefore, regions where the tem-
perature rise is greater than 0.9 Tm are determined
to illustrate the “therapeutic” region.
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Fig. 1. Block diagram of RBF induced needle electrode interstital hyperthermia system.



One sensor was placed in an area expected to
achieve the highest temperature. This sensor was
designated as the controller and the computer
feedback system adjusted the RF wave power
automatically to maintain the area adjacent to that
sensor at a preselected target temperature. Once
target temperature equilibrium on the control sen-
sor was achieved (approximately 3 minutes after
power was applied), the remainder of the sensors
were incremented along the catheters to measure
the distribution of temperature throughout the
phantom.

4. Hyperthermia on Canine Brain

Dogs were anesthetized with an intravenous
injection of sodium pentobarbital (50 mg/kg) and
maintained in deep anesthesia with supplemental
intravenous doses as required. Once fully anesthet-
ized, dogs were placed in a frame to immobilize
them to allow proper positioning of the cranium for
surgical and experimental procedures. Each canine
shaved head was prepared for 5min with sterile
saline/betadine solution and aseptically drapped.
A midline scalp incision was made from the frontal
sinus to the occipital crest and the left temporalis
muscle was reflected laterally. A 4X4cm cranio-
tomy was made in the skull over the temporal-
parietal iobes 10 expose the dural space. Radiofre-
quency needle electrodes were spaced in a 1cm
square array using constructed frame for parallel
array. Thermocouples were used to measure
temperature distributions in this experiment. Hy-
perthermic fields were generated using a needle
electrode with a radiofrequency of 8 MHz (Ther-
motron RF 8, Yamamoto Co). Heating was carried
out for 50 min at varying power intensities (average
8-12W) generating a temperature of 43°C. A sensor
was located near the area expected to reach the
highest temperature (center of the 1cm square
array).

Steady-state temperatures were reached in the
tissue within 5min after power initiation, After 20
min the thermocouples were withdrawn in 0.5¢cm
increments at 5-min intervals to map the temper-
ature fields. After 50 min of heating, the temperatur-
e values were recorded and a quarter cm square of
heated brain tissue material was obtained; ther-
eafter, the surgical wound was sutured in layers.
Antibiotics were administered prophylactically to
guard against infection. The animals were mobile
and fully alert within 6~10 hours post-treatment.
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Fig. 2. Thermal distribution produced by 1cm and 2 cm

square needle electrode array: Transverse plane.

5. Pathology

Dogs were observed dalily for signs of infection
or neurological distress until the predetermined
day of termination. The following days were chosen
for histological evaluation: 0, 7, 14, 30 days. Day O
was arbitrarily defined as the treatment day. Day 0
pathologic findings were substituted by tissue
materials obtained at posthyperthermic brain field.
The dogs were sacrificed and the brains were im-
mediately removed and stored in fixative solution
(1% buffered formalin) for 3 weeks. At this time,
serial.coronal sections were cut and photographed
for gross pathological analysis.

6. Pathologic Findings

Pathological changes and thermal lesions could
be easily seen on gross examination. Tissue dam-
age associated with mechanical insertion was
evaluated in each experiment. Results indicated
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unremarkable pathological damage to the implant-
ed tissue,

RESULT
1. Distribution of Temperature in an Agar Phantom

The temperature distribution (relative SAR using
Tm) within agar phantom for the four 1 cm square
RF needle electrode array is shown. Fig. 2 displays
the transverse plane for 1cm and 2cm square
array. In the 1cm square array, the 90% relative
SAR thermal distribution appeared homogenously
as circles forming around 1.25 cm radius. With this
electrode spacing the maximum relative SAR was
found at the center (central axis) of the array. The
right side of Fig. 2 shows the transverse plane for 2
cm square array. In this plane the 90% relative SAR
isothermal curves appear homogenously as a rec-
tangular shape with 1.75 cm radius. With this elec-
trode spacing the maximum relative SAR was found

Sagittal pfane: relative SAR

4 needle eleclsode

1 cm square array
2 cm length

—
Tcm

Sagittal plane: relative SAR

2 needle elctrode
{ o square array

3 cm length

Fig. 3. Thermal distribution prt:;duced by 1 cm square
array with 2 cm and 3 cm length: Sagittal plane.

inhomogenously at the central axis of the array. We
analysed this phenomenon due to poor eletrical
conductivity as the increased electrode spacing. In
the sagittal plane homogenous 90% relative SAR
thermal distribution was shown along the needle
electrode(Fig. 3). With 2cm length needle elec-
trode spacing the 90% relative SAR was found at
the central axis of the plane forming homogenous
ellipsoid with 3 cm length. (In the historical review
of microwave heating thermal curve, approximately
1.7 cm therapeutic length was shown). The right
side of Fig. 3 diagrams the array as it appear from
the side along its central axis (axial plane).

Above results are plotted in Fig. 4 schematically.
The geometry of implantation is critical because
the electrodes must be perfectly paraliel and the
distance between electrodes must be suitable for
hyperthermal homogeneity. :

2. Pathological Findings in Canine Brain

Pathological changes and thermal lesions could
be easily seen on gross examination{Fig. 5). Ther-
mally damaged brains, depending on the stage of
repair, were slightly edematous and swotlen on the
treated hemisphere. The hisological findings varied
from on the treated hemisphere. The histological
findings varied from no apparent changes by light
microscopy to areas of liquefaction necrosis with
and without reactive changes. For ease of descrip-
tion, microscopic changes in the heated tissue
were assigned to three categories: (1) acute stage,
(2) subacute stage and (3) chronic stage. These
pathological stages are defined as follows: Acute
(immediately after heating and sacrificed on day 3):
Liquefactive necrosis was characterized with
pyknosis of neuronal element in the gray mater and
some polymorphonuclear leukocytes infiltration.
Lipid-laden macrophages and perivascular
lymphocytic imflammatory infiltration with vascular
proliferation were also found in the sacrificed
canine brain on day 3; Subacute (sacrificed on day
14): Significant reduction in the amount of cerebral
edema and mass effect was observed during this
stage. Lipid-laden macrophages throughout the
area of brain necrosis with a margin of proliferating
fibroblasts (Fig. 6). Chronic (sacrificed on day 30):
Mild gliosis in the surrounding viable brain tissue
was noted. Vascular proliferation was not as promi-
nent in this stage as in the acute stage.

Although hemorrhage was not a significant find-
ing in these experiments, the tissue changes due to
thermal injury are analogous to the changes seen in
cerebral necrosis due to any cause,
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DISCUSSION

The rationale for the use of hyperthermia in the
treatment of human malignancies is based on a
spectrum of biologic and physical research, much
of the evidence accumulated over the past fifteen
years. Hyperthermia is known to be cytotoxic at
temperatures above 41°C. It may be lethal to cancer
cells, is selectively lethal to radiation resistant cells
such as S phase cells and hypoxic celis which are
also at subnormal pH, is synergistic with radiation
and some drugs, in part by inhibiting cellular repair
systems®~¥. It is also a physical agent, can be

localized in a way similar to ionizing radiation and
has tissue specific actions due to tissue specific
theraml and electrical properties. Any of these
factors are potentially exploitable in the clinical
application of hyperthermia and are the basis for
utilizing hyperthermia as an adjuvant to radiation
and chemotherapy.

There are a number of groups that have been
considering interstitial tchniques for hyper-
thermia®. One of the promising technique is the
application of an RF voltage to an array inserted as
the first step in a brachytherapy procedure.
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1. Distribution of Temperature in an Agar Phantom
by RF Needle implantation

Gerner et al published the first papers of which
this author is aware suggesting the implantation of
RF needle electrodes to poroduce local hyper-
thermia®, Conceptually the technigue is similar to

Fig. 5. Gross photograph of canine brain at 7 days
after 42.5 C hyperthermia for 50 minutes. Mar-
ked necrotic change on implanted canine

brain.

producing hyperthermia using capacitive plates
externally across a limb or other part of the anat-
omy. In capacitive plate heating an alternating RF
voltage between the two capacitor plates produces
a resistive current in the tissue which gives rise to
joule heating. In interstitial RF hyperthermia, the
implantation of two planes of needles replaces the
capacitor plates. Applying a RF voltage between
the two planes of needles corresponds to applying
a voltage between the two capacitor plates. This RF
voltage will create resistive currents between the
two planes of needles, which will also heat the
tissue. Since the needles can be implanted directly
in, or just outside of the tumor volume, there is a
good control of the power deposition and hence
good control of the temperature in the tumor with
less concern about the overheating normal tissue
than with noninvasive systems. In addition, since
the hollow needles used permit the insertion of
thermometry probes and radioactive sources for
brachytherapy.

With the RF electrode needles, the current den-
sity deposited near the needles is high, although it
is reasonably constant along the centerline
between the two rows of implants. Strohbehn re-
ported the maximum power density is at the surface
of the electrode and falls off rapidly with a 1/r
dependence, where r is the distance from the
electrode?. The major point is that, if the temper-

Fig. 6. Light microscopic photograph of canine brain at 7 days after

42.5 C hyperthermia for 50 minutes. The appearance of lipid-
laden macrophages surrounding liquefactive necrotic area
was demonstrated in all 3 sacrificed canine brains (H&E, 400).



ature at the electrodes are permitted to go high
enough to produce acceptable therapeutic tem-
peratures throughout the tumor, excellent ther-
mometry data must be available in order to ensure
against damaging normal tissue.

In this phantom study, the radial distribution of
relative SAR around the four needles square array
indicated reduction in absorbed power with in-
creasing distance, We observed that the 1cm
square array showed 1.25 cm radius homogenous
circular 90% relative SAR thermal distribution.
Axially, absorbed power was greatest adjacent to
the needle and decreased most rapidly distal to it.
For clinical use, the multiple parallel square array
would be needed for treatment. Moreover, the
problem of steep temperature gradients demon-
strated in the microwave antenna array could be
overcome by grouping them into a parallel array
with appropriate lengths. We concluded that if the
electrodes are spaced about t cm apart and the
voltage is adjusted to optimize the temperature
distribution, reasonably good results should be
achievable.

A number of groups have been using RF needle
electrodes in the clinic. These reports demonstrate
that RF electrode systems are feasible for clinical
treatment of superficial tumors and could also be
used for deep-seated tumors!®~!3, Many of these
trials showed good short-term response to the
treatemtn when used in conjunction with radiation
therapy. Cosset et al. showed that reasonably
uniform temperature distribution can be obtained
when proper control of the voltage to the needtes is
used®. Unfortunately, a number of the other studies
do not provide good temperature data; hence, itis
not possible to judge how much of the tumor
volume was brought to therapeutic temperatures.
More long term clinical studies are needed with
more attention to collecting adequate temperature
data. In addition, there is room for further improve-
ment in the engineering of these systems to provide
more control to the temperature distribution
throughout the tumor volume.

2. Thermal Injury in Normal Canine Brain Tissue

Hyperthermia has been shown to be effective
against undervascularized tissues that have radior-
esistant hypoxic areas and are low in pH. Further-
more, this treatment modality has been shown to be
synergistic with ionizing radiation. Since hyperther-
mia and radiation are interactive in their effect, this
fact is the most convincing argument for the addi-
tion of hyperthermia treatment to the conventional
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brain tumor therapy*~'®, Walker et al have demon-
strated a positive doses-response correlation of
these tumors after conventional teletherapy. How-
ever, doses higher than 60 Gy cause unacceptable
radiation necrosis in the normal brain tissue'®. If
hyperthermia can be precisely delivered to the
tumor region, the synergistic interaction of heat
and radiation may extend the mean survival in these
patients. Before localized hyperthermia can be
used to treat malignant brain tumors, the tolerance
of the normal brain must be thoroughly under-
stood. Many experimental and clinical studies have
demanstrated a role for hyperthermia in an animal
brain model using microwave antenna arrays**-2°.
When hyperthermia is administered by interstitially
implanted microwave antennas, the orientation and
geometrical arrangement of the implant governs
the distribution of absorbed microwave power and
the resultant distribution of heat. Stanford groups
has demonstrated that localized hyperthermia
using either ultrasound(US) or microwave(MW)
energy can cause significant injury to normal
canine or feline brain tissues if temperatures ex-
ceed 42°C for 60 min of heating. These histological
studies are essential to understanding heat-
induced morphological changes in the central
nervous system?%22,

However, these studies were performed on
acutely sacrificed animals and the late effects of
thermal injury on normal brain tissue were not
appreciated. The question remains whether the
structural changes seen immediately after hating
were reversible or permanent. Lyons et al demon-
strated a significant linear dose-response correla-
tion (mean lesion size versus thermal dose)??.
Thermal damage as illustrated in their studies
appears to be analogous to cerebral necrosis such
as that caused by ischemic infarction. Early work by
other investigators has demonstrated that the thre-
shold for lesion production differs for various brain
tissues. They suggested that brain tissue can be
ranked from highest to lowest heat sensitivity as
follows: neuron, myelin sheaths, axon cylinders,
neuroglia and blood vesse! elements. Therefore,
these known differences warrant a long-term his-
topathological study of normal brain tissue after
exposure to combination heat and radiation.

This study was initiated to determine the se-
guential neuropathological changes thatoccurasa
function of heat damage over time in normal brain
tissue. Thermal damage, as illustrated in this study,
also appears to be analogus to cerebral necrosis
such as that caused by ischemic infarction. Late
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changes are characterized by mild gliosis in the
surrounding viable brain tissue. In general, the
histopathological disease (infarction) or thermal
insult are characterized by a precise reparative
phenomenon that evolves with time. However, ther-
mal damage caused by a RF needle implantation
dose not result in significant intracranial hemorr-
hage. A significant dose-response correlation was
warranted.

10.
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