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1
HYPERTHERMIA HEATING APPARATUS

ORIGIN OF THE INVENTION

The invention described herein was made in perfor-
mance of work under a NASA contract and is subject to
the provisions of Section 305 of the National Aeronau-
tics and Space Act of 1958, Public Law 85-568 (72 Stat.
435; 42 USC 2457).

This is ‘a continuation of application, Ser. No.
918,703, filed July 12, 1978, now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to hyperthermia, which
is the use of heat to selectively destroy cancer cells, and
more particularly to a technique for obtaining field
homogeneity in hyperthermia.

2. Description of the Prior Art

Hyperthermia has become one of the most rapidly
growing areas of cancer research. Methods that are
presently in use either involve applications of heat to
the entire body of a patient or applications of heat to a
selective portion of the body of the patient. When the

method of selective applications of heat is used, the heat

is generated by conversion of either ultrasonic energy
or microwave energy within the tissue itself.

U.S. Pat. No. 4,069,827, entitled Diathermy Appara-
tus, issued to Francis 1. Dominy on Jan. 24, 1978,
teaches a combination for use with a diathermy appara-
tus which includes an oscillator that includes a con-
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trolled conduction device having a pair of output elec-

trodes and a device for controlling the controlled con-
duction device in response to-a reference voltage for a
particular voltage level.

U.S. Pat. No. 4,016,886, entitled Method for Localiz-
ing Heating in Tumor Tissue, issued to James D. Doss
and- Charles W. McCabe on Apr. 12, 1977, teaches a
method of treating tumorous tissue in situ which in-
cludes heating substantially only the tumorous tissue by
placing at least two electrodes in operative relationship,
passing radiofrequency current having a frequency less
than. 1 MHz substantially directly through the tumorous

-tissue and forming and- placing electrodes to shape the
field of the radiofrequency current by inserting into the
patient’s body a plurality of electrically conductive pins
on either side of the tumorous tissue with the distance
between opposite pins being inversely proportional to
the required radiofrequency-field intensity and current.
" The method also includes electrically interconnecting
the pins on one side of the tumorous tissue and electri-

cally interconnecting the pins on the other side of the

-tumorous tissue. The method further includes-applying
the radiofrequency current to the interconnected pins
on both sides of the tumorous tissue. - ‘

There have been problems in obtaining uniform heat-
ing" when microwave and radiofrequency fields are
used. In an article, entitled “Therapeutic Applications
of Electromagnetic Power,” published in the Proceed-
ings of the LE.E.E., January, 1974, pages 55 to 75, the
authors, Arthur W. Guy, Justus F. Lehmann and Jerry

" B. Stonebridge; discuss diathermy *. .. which is a tech-

nique used for producing therapeutic heating in tissue
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have been available to man.” The article traces the
history ‘of the use of electromagnetic waves through
today’s present use of the microwave frequencies of
2450 megahertz ‘and of 915 ‘megahertz in therapeutic
uses. The three inch (3'") wavelength of the 2450 mega-
hertz microwaves allows directionality thereof, but it is
not short enough to allow it to be-focused within the
body. In order to focus microwave energy to the di-
mensions in thé range of centimeters, the frequency of
the microwaves must bein the range of 50,000 to 75,000
megahertz. Although little work has been done in this
range of frequencies, it would appear that the attenua-
tion of these microwaves would result in poor penetra-
tion into the tissue. There have been reports which
indicate that the microwave of a 2450 megahertz fre-
quency can give rise to hot spots in an area a short
distance away from a fat-muscle interface which are
due to a standing ‘wave effects. These standing waves
are not seen if the microwaves of a 915 megaheriz fre-
quency are used.

In their paper, entitled “Prediction of Dynamic Tem-
perature Distribution in Normal and Neoplastic Tissues
During Diathermy,” presented at the 30th Annual Con-
ference for Engineering in Medicine and Biology (30th
ACEMB), ‘held in Los Angeles, Calif. on Nov. §
through 9, 1977, H. P. Stein and R. K. Jain'stated:

“Hyperthermia is destructive to cancer cells above
40° C. and'is lethal to normal cells of the host tissue at
a temperature above 42° C. It is equally harmful in the
temperature range of 37.5° C. to 40° C. where metabo-
lism of the tumor cells is progressively increased. Due
to this narrow range of operation, a definite need exists
to quantify and predict the temperature distribution in
the neoplastic and surrounding normal tissues of the
host to -exploit hyperthermia for the optimal manage-
ment of cancer.”

In their paper, entitled “Clinical Applications of Hy-
perthermid Techniqgues in Cancer,” also presented at the
30th . ACEMB, C. J. Sternhagen, J. M. Larkin, J. D.
Doss, P. W. Day, S. Edwards and D. E: Smith stated:

“Localized current field techniques using- 500 kilo-
hertz radiofrequency current have been used in oral
cavity and other accessible malignancies. This fre-
quency has the advantage of allowing the physician to
continuously monitor the temperature by the use of
surface thermistors as well as thermistors placed di-
rectly into the tumor or adjacent normal tissue. Contin-

- uous monitoring of the treatment temperature has been
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by conversion of physical forms of energy such as ultra-

sound, EM shortwaves, or microwaves into heat after
being transmitted transcutaneously to deep  afflicted
tissue areas. The technique has been used in physical
medicine from the time that the physical energy sources
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one of the criteria’ of clinical protocols used, and ap-
pears to be essential to developing the hyperthermia
techniques while maintaining patient safety—because
great variations of temperatures occur at times at ranges
within a few millimeters.' The first localized hyperther-
mia technique used in human patients-in this series was
basically a non-invasive technique involving the use of

electrode plates placed so that the most hypoxic portion
of the malignancies would receive the highest tempera-
ture in the treatment volume, while normal structures
would be relatively spared by receiving a lower temper-
ature. This has the advantage of delivering the heat
where the tumor is most likely to be resistant to radia-

- tion treatment: the hypoxic center of the tumor. It has

the disadvantage of being somewhat less' capable of
delivering a homogenous hyperthermia .treatment to
deeper tumor structures. Another localized hyperther-
mia technique used consisted in the placement of nee-
dles in an invasive biplanar interstitial implant configu-
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ration. The needles are placed surrounding the tumor in
two parallel rows with the control thermistor and moni-
tor thermistors arrayed appropriately between the rows
of needles. Using these localized methods a treatment
can be maintained for periods up to thirty minutes dur-
ing which the temperature will fluctuate less than one
degree centigrade [(1° C.)]. This is usual treatment time
currently in use. The temperature currently in use is in
the range of 42 to 44 degrees C., with shorter durations
of heating employed if the temperature approaches the
higher range.”

Hyperthermia is often used in synergism with ioniz-
ing radiation to produce cell destruction which is selec-
tive toward cancer cells. When hyperthermia of the
whole body mode is used, the only selectivity is the
differential response of cancer cells to an elevated tem-
perature. However, when hyperthermia of the local
heating mode is used, the object is to produce a temper-
ature rise of one degree to four degrees Centigrade (1°
to 4° C.) at the site of the cancer cells. Local hyperther-
mia is usuvally produced by absorption of either ultra-
sonic energy or electromagnetic energy and its conver-
sion to heat within the tissue. When either source of
energy is used, consideration must be given to the de-
sign of the applicator and the interaction between the
electromagnetic or ultrasonic field and the tissue so that
uniform heating is obtained in the desired region of
application with minimal insult to other tissues.

Some of the solutions to the problems which are
associated with induced hyperthermia through intersti-
tially implanted electrodes have been attempted with
varying degrees of success. Several of these techniques
are: (1) reducing current density by using lower power;
(2) increasing the contact area by the use of more nee-
dles; (3) actively cooling the electrodes; and (4) using
some other configuration of electrodes.

The University of Arizona Medical Center is perhaps
the medical center with the greatest experience in the
utilization of interstitially implanted electrodes for the
induction of localized hyperthermia. Although the re-
sults have been admirable and overall encouraging,
some unexpected morbidity has been experienced in
some of the treated animals which is attributable to
localized “‘hot spots.” At present there are satisfactory
methods of avoiding “hot spots” including those listed
above. The first technique could result in reduced effec-
tiveness of induced hyperthermia, and, if the tumor
temperature does not at least reach 41.5° C,, result even
in a possible enhancement of tumor growth. The utiliza-
tion of the second technique could result in a less than
optimum tumor radiation dose if the needles. are im-
planted too close together in order to increase the
contact area for hyperthermija treatment (unless non-
radioactive needles are interdispersed with radioactive
ones). The third technique is impractical for an intersti-
tial implant except for that region of the implanted
needle protruding from the skin. The fourth technique
has not been developed until the present invention.

SUMMARY OF THE INVENTION

In view of the foregoing conditions and factors char-
acteristic of the prior art it is a primary object of the
present invention to provide a hyperthermic technique
which produces a uniform heating gradient within a
localized area of a patient’s body.

It is another object of the present invention to pro-
vide a hyperthermic technique which eliminates “hot
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spots” at a fat-muscle interface which are due to stand-
ing waves.

It is still another object of the present invention to
provide a hyperthermic technique which eliminates
“hot spots” which are due to a concentration of electro-
magnetic flux lines that are formed at a single pair of
electrodes. ’

It is yet another object of the present invention to
provide a hyperthermic technique in which several
pairs of electrodes are electromagnetically coupled
together and in which the excitation source is commu-
tated among the pairs of electrodes in order to minimize
local field gradients and to reduce any local heat build-
up in the locality of the electrodes. .

It is yet still another object of the present invention to
provide a hyperthermic technique in which a Teflon
shield is placed between the coaxial shield of each élec-
trode and the skin so that most of the diverging field
will occur within the Teflon shield rather than in the
skin or fat in order to prevent the fat from heating up.

In accordance with an embodiment of the present
invention an improved array of electrodes for use in
delivering electromagnetic energy to a localized area of
a patient’s body in hyperthermic treatment so that it
provides a uniform distribution of electromagnetic flux
lines within the localized area of the patient’s body in
order to produce a uniform and localized heating gradi-
ent is described. The improved array of electrodes in-
cludes a plurality of electrodes which are arranged in
pairs, with the electrodes in each pair being spaced a
particular distance apart. In one embodiment there are
two pairs of electrodes being spaced twice the particu-
lar distance of the electrodes of each pair. In another
embodiment there are additionally two pairs of elec-
trodes which are disposed orthogonally to the first two
pairs of electrodes and which are similarly spaced apart
from each other. The improved array of electrodes are
driven by a balanced line system which is electromag-
netically coupled to each pair of electrodes and which is
shielded by a coaxial shield which itself is grounded to
the body of the patient. Each electrode is embedded in
a Teflon stand-off in order to move the region of strong
field produced by rapidly changing potentials away
from the skin and fat of the patient. The balanced line
system is multiplexed between the first two pairs of
electrodes and the second two pairs of electrodes in the
second embodiment. A second balanced line system
which is sinusoidal and which is 90° out of phase with
the first balanced line system which is also sinusoidal
may be used instead of multiplexing.

The features of the present invention which are be-
lieved to be novel are set forth with particularity in the
appended claims.

Other objects and many of the attendant advantages
will be more readily appreciated as the same becomes
better understood by reference to the following detailed
description and considered in connection with the ac-
companying drawing in which like reference symbols
designate like parts throughout the figures.

DESCRIPTION OF THE DRAWING

FIG. 1 is a schematic drawing of an apparatus for
delivering electromagnetic energy to a localized area of
a patient’s body in a hyperthermic treatment.

FIG. 2 is a cross-sectional view of a pair of elec-
trodes, which are needles adapted to receive radio fre-
quency energy, each of which electrodes is shielded by
a grounded coaxial shield and insulatively coupled to a
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Teflon stand-off at the alr/skm interface in accordance
with the prmc1ples of the present invention. :

FIG. 3 is a diagram of lines of force of a prior art
array of electrodes.

FIG. 4 is a diagram of lines of force of an improved
array of electrodes which are arranged in accordance
with the pnnc1p1es of the present invention.

FIG. 5 is a diagram of lines of force of the ‘improved
array of electrodes of FIG. 4 after the balanced line
system has been multiplexed to the second two pairs of
electrodes. The field lines would be the same after a 90°
phase shift if phase shlfttng instead of mulnplexmg were
used.

DESCRIPTION OF THE PREFERRED
EMBODIMENT - -

In order to best understand the present invention it is
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plants of radioactive materials as in endoradiotherapy
and which can then function as an array of electrodes
13. :
At radtofrequenmes in the range of 100 kilohertz to
50 megahertz the wavelength is much longer than the
dimensions of the area being treated. The calculations of
the field. and the _anticipated heatmg patterns may be

‘based on a_guasi-static analysis in, which propagation

effects are neglected The difference in the field inten-
sity at different locations is determined by the electrode
geometry and by the dielectric constants of the: tissue
and of any insulators present.

As the inventor has previously mentioned.in the De-

. scription of the Prior Art, Radium-226 needles have
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necessary to first read the foregoing description of an

apparatus .for dellvermg electromagnetlc energy to a
localized area of a ‘patient’s body in'a hyperthermic
treatment in conjunction with reference to the accom-
panying drawing. Referring to FIG.'1 a hyperthermic
apparatus 10 includes a radiofrequency energy genera-
tor 11 a plurality of positive and negative conductors 12
‘which are electromagnetically coupléd to the radiofre-
‘quency energy -generator 11'and a plurality of elec-
_trodes 13 which are interstitially -implanted into the
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been employed as radiofrequency current electrodes 13
in. animal implant therapy In this therapy. there have
been localized “hot spots” observed in the region of the
needles. This particular problem has been most acute
when only two needles are used as electrodes 13 in
which case the field gradient would be the greatest
adjacent to the needles. Referring to FIG. 3 one.can .
observe the,ﬁeld of force of prior art array of two elec-
trodes 13.

Referrmg agam to FIG 2 the Teflon stand offs 15

and the coaxial shields 14 are shown mechanically cou-

" pled to the pair of electrodes 13. The grounded coaxial

‘body of -a patient.- In the preferred- embodiment the .

conductors 12 are each shielded by a grounded coaxial
shield 14 which is grounded and which is electrically
coupled to: the body of ‘the patient. A balanced line
system is provided in which the electrodes 13 are driven
with -equal :and-opposite voltages with the body of the
patient being grounded to a system that is at the equipo-
tential point. The use of the balanced line system: pro-
vides excellent control over the stray fields and current
paths. Since the frequency that is most commonly used
in current hyperthermia research is 500 kilohertz a bal-
anced line technique is practical with inexpensive trans-
formers being available to convert a smgle ended power
‘amplifier to a balanced line. -

Referring now to FIG. 2 in conjunctlon w1th FIG 1
the electrodes 13 and the coaxial shield 14 are mechani-
cally coupled to Teflon stand-offs 15 at the ‘air/skin
-interfaces.. The Teflon stand-offs.serve both as-devices
for moving the regions.of strong fields, which are due to
rapidly changing potentials, away-from-the localized
-area of the body of the-patient and as insulating devices

- which insulate-the fat and skin adjacent thereto from the
heat generated. Dielectric materlals other than the Tef-

" lon are suitable, :

In tissue dielectric dispersion and subsequent absorp-
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shields 14 eliminate or reduce the stray fields by shield-
ing the conductors 12 to the electrodes 13. However, if
the shields 14 are brought too close to. the skin the
strongly diverging fields between the electrodes 13 and

the shields 14 will produce high intensity fields in the

skin or subcutaneous . fat thereby resultmg in “hot

spots.” The. purpose of the Teflon, stand-offs 15 is to
move the region of strong fields away from the body of
the patient. Little interruption of the field takes place at
the skin/Teflon interface because both have approxi-
mately the same dlelectnc constants. . Furthermore, -
since the dielectric constant of muscle is 50 as compared
to.the dielectric constant of 5 for fat, most of the field
will be drawn into the muscle or tumor. Additionally,
since fat has alower conductmty, a lesser-portion of the
field that does result in the fat will be converted into
heat and the larger portion of the thermal energy will be
deposited in theé muscle or tumor. The use: of the. bal-

.anced line system .in conjunction with the coaxtal

shields 14 and. the Teflon stand-offs 15 meets the re-
quirement of deposmng most of the energy in the. mus-
cle layer. .

The. requlrement that the field be umform is met by an
improved array of electrodes 13 which includes a plu-

~rality of sets with each set having two.electrodes, each

-tion. are- expected to .contribute significantly only at”

microwave frequencies.- At:lower frequencies, in the
range; of kilohertz to low megahertz, the absorption in
tissue is due entirely to jonic conduction. Therefore the
technology for controlling the area of .application of
radiofrequency energy waves will be different than the
technology for microwave energy waves. The wave-
. length of the radiofrequency energy ‘waves.is so long
compared with any dimensions of the:body of.the pa-
tient that spatial propagation .effects, such as standing
waves, focusing and propagation direction can be ig-
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- nored. The region of therapy can be .controlled by se-.

lecting the geometry. of the electrodes-and their place-
ment. with due regard. to temporal phase shifts. This
becomes. especially attractive when the electrodes are
needles which are already in place as interstitial im-

_electrode 13 in.each set of two electrodes is spaced a

particular distance, apart from the other electrode 13.

'Referrmg briefly again to FIG. 3 it can be seen that a

pair of point electrodes 13 gives a field: that converges
sharply around the point electrodes 13 thereby resulting
in large field gradients. The sketch is intended as an
approximation of the field lines which can be rigorously
calculated from the Laplace equations. The solution to
the Laplacian which avoids the strong fields in the
vicinity of the electrodes 13 is to, replace the single pair
of electrodes 13 with an array of electrodes 13 as shown
in FIG. 4. The field concentration in the vicinity of the

set’ of electrodes 13. is reduced by the connecting the

two sets of electrodes together in order to avoid the

. rapidly convergmg field near each set of electrodes 13.

This results.in a field near each set of electrodes 13 that
is not nearly as strong as-compared to the.central field
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as it is with the single pair of electrodes 13. The heating
near each set of electrodes 13 could be made to approxi-
mately twice that in the central region by choosing the
spacing of the electrodes appropriately.

In FIG. 4 there is a first two sets of electrodes 13
which are spaced apart from each other a distance, 1,
which is twice the particular distance, a, that each set of
electrodes 13 are spaced apart (1=2a). There is also a
second two sets of electrodes which are disposed or-

thogonally to the first two sets of electrodes and simi-

larly spaced apart from each other.

Still referring to FIG. 4 the balance line system pro-
vides a sinusoidal power signal to the improved array of
electrodes 13. In order to achieve additional uniformity
of the field the balanced line system could be multi-
plexed to provide a power signal to the first two sets of
electrodes 13 and then to the second two sets of elec-
trodes 13 at a rate which is fast in comparison with the
heat diffusion rate. Alternatively, the first balanced line
system may be coupled to the first two sets of electrodes
13 and a second balanced line system may be coupled to
the second two sets of electrodes 13, with the second
balanced line system being 90° out of phase with the
first balanced line system. The result of this phasing is
shown in FIG. 5, after a 90° phase shift of the power
signal.

When phasing is used to shift the field between the
sets of electrodes, the field is gradually passed from one
configuration to another. At the moment of time 45
electrical degrees later than shown in FIG. 4 both of the
electrode pairs are excited at seventy percent (70%) of
their maximum amplitudes with the resulting field lying
at an angle of forty-five geometric degrees (45°) be-
tween the sets of electrodes 13. The inventor believes
that greater uniformity of heating will be obtained by
phasing two balanced line systems rather than by multi-
plexing a single balanced line system between two sets
of electrodes 13.

From the foregoing it can be seen that an-improved
array of electrodes has been described in conjunction
with several devices including a grounded coaxial
shield and a Teflon stand-off for use in a hyperthermic
technique to provide localized heating in the body of a
patient. The primary advantage of the improved array
of electrodes is that its structure and its mode of excita-
tion combine the functions of: (1) endocurietherapy
which uses radioactive seeding needles and x-rays and
gamma-rays; and (2) localized hyperthermia which is
induced by exciting structured sets of the needles, func-
tioning as electrodes, with radiofrequency energy in the
range of 500 kilogertz by either multiplexing or exciting
them in quadrature to cause an isothermal rotating elec-
tric field which is confined to the area of the tumor or
‘lesion.

Accordingly it is mtended that the foregoing disclo-
sure and showing made in the drawing shall be consid-
ered only as illustrations of the present invention. Fur-
thermore it should be noted that the sketches are not
drawn to scale and that distances of and between the
figures are not to be considered significant. The inven-
tion will be set forth with particularity in the appended
claims.

What is claimed is:

1. An improved array of electrodes for use in deliver-
ing electromagnetic eriergy to a localized area of a pa-
tient’s body in a hyperthermic treatment so that said
improved array of electrodes provides a uniform distri-
bution of electromagnetic flux lines within the localized
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8

area of the patient’s body in order to produce a uniform

and localized heating gradient, said improved array of

electrodes comprising: -

a. a plurality of electrodes which are arranged in sets of
electrodes, each of said sets of electrodes having two
of said electrodes which are spaced a particular dis-
tance apart from each other, pairs of said sets of elec-
trodes being spaced apart a distance which is rela-
tively greater than said particular distance and ar-
ranged in oppositely disposed pairs whereby the lo-
calized area of the patient’s body is disposed between
each of said sets of electrodes of each of said pairs of
said sets of electrodes; and

. electromagnetic energy means for applying electro-
magnetic energy to each of said pairs of said sets of
electrodes.

2. An improved array- of electrodes according to
claim 1 wherein said plurality of sets of electrodes com-
prises two of said sets of electrodes in order to avoid a
rapidly diverging field near each of said electrodes,
each of said sets of electrodes are spaced apart approxi-
mately twice the particular distance which said elec-
trodes of each of said sets of electrodes are spaced apart.

3. An improved array of electrodes according to
claim 2 wherein said plurality of electrodes comprises
an additional two of said sets of electrodes which are
disposed orthogonally to said first two of said sets of
electrodes and which are similarly spaced apart.

4. An improved array of electrodes according to
claim 3 wherein said electromagnetic energy means
comprises:

a. a first balanced line system electromagnetlcally cou-
pled to the first two of sets of electrodes, said bal-
anced line system prov1d1ng a smusmdal energy
source; and

b. a second balanced line system electromagnetlca]ly
-coupled to the second two of sets of electrodes, said

balanced line system providing a sinusoidal energy
source that is 90° out of phase with the. sinusoidal
energy source of said first balanced line system.

5. An improved array of electrodes according to
claim 3 wherein said electromagnetlc energy means
comprises:

a. a multiplexing balanced line system e]ectromagnetl-
cally coupled to said plurality of electrodes so that
said multiplexing balanced line system can multiplex
an energy source to the first two of sets of electrodes
and the second two of sets of electrodes alternately in
order to achieve a rotating field, the multiplexing is to
be done at a rate which is fast in comparison with the
time required for diffusion.

6. An improved array of electrodes. according to
claim 1 wherein said electromagnetic energy means
comprises:

a. a grounded coaxial shield; and

b. a balanced line system electrically coupled to said
array of electrodes for driving said array of elec-
trodes, said balanced line system being shielded by
said grounded coaxial shield.

7. An improved array of electrodes according to
claim 6 wherein said coaxial shield is disposed in a Tef-
lon stand-off which is adapted to be inserted into the
localized area of the patxent’s body so that is provides
means for moving the region of strong fields, which are
produced by rapidly, spatially changing potentials,

away from the patient’s body.
E R DRE I NN 3



