
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 8, AUGUST 1982 1149

In 1960 he was appointed an Instructor, and in
1961, became an Associate Professor in the De-
partment of Electronic Engineering, University
of Tokyo, where he worked primarily in the field
of microwave circuits, microwave measurements,
and microwave electron devices. From 1963
through 1964, on leave of absence from the Uni-
versity of Tokyo, he joined Bell Laboratories,
Inc., Murray Hill, NJ, where he was engaged in
research on electron guns. In 1972 he joined the
Technicaf University of Munich on a temporary

Clinical

basis as a Guest Professor. In January 1977 he became a Professor at the

University of Tokyo. At present, his main fields of interest are optical
fibers, optical fiber communications, three-dimensionaf imaging, micro-

wave planar (two-dimensional) circuits, and holographic memories. He

has written nine books, including two in Engfish entitled Three-Dimen-

sional Imaging Techniques (New York. Academic PreSs, 1976), and Opti-

cal Fibers (Academic Press, 1982). He ~as been awarded nine prizes from
three JaDanese academic institutions.

Dr. O’koshi is a Guest Research Fellow of Radio Research Laboratory
of Japanese Government and the Secretary of Japanese National Commit-
tee for URSI.

RF Hyperthermia by
Magnetic-Loop Induction: A New Approach

to Human Cancer Therapy

F. KRISTIAN STORM, ROBERTS. ELLIOTT, FELLOW, IEEE, WILLIAM H. HARRISON, MEMBER, IEEE,

AND DONALD L. MOI?TON

Invited Paper

Abstract —There has been mounting laboratory evidence that tempera-

tures of ~ 42°C (108”F) are tamoncidal in tomor cell cultures and animaf

models. Localiied heat by electromagnetic waves appears to be the most

practical means for producing hyperthermia and has been shown to be

potentially effective against human surface tumors. However, attempts to
treat deep internal human cancers with available techniques have been

either ineffective or dangerous because of injury to surface tissue.

A fundamentally new approac~ magnetrode magnetic-loop induction

hyperthermia, which was cooperatively developed by electrical engineers

and oncologists for the treatment of deep-seated human tumors, is the
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subject of this report. The concept, rationafe, design, and performance of

this applicator in phantoms, animals, and hnmans is presented, as are the

early results of clinical cancer triafs. The data suggest reason for en-

thusiasm for the future treatment .of advauced human tumors.

I. INTRODUCTION

oNE IN four Americans has or will develop cancer, but

only one in three will be cured of their disease by

present methods of therapy, including surgery, radiation

therapy, chemotherapy, and immunotherapy. Thus, oncol-

ogists must seek additional safe and reliable methods of

treatment, particularly for large internal solid tumors. Ini-

tial investigations from laboratory models, animals, and
human clinical t~ials suggest that hyperthermia may have a

significant place in the armamentarium against this dis-

ease.
At > A20C (lOS”F), there is irreversible clamage to cancer

cell respiration [1], [2]. Coincident alterations occur in

0018-9480/82/0800-1 149$00.7501982 IEEE



1150 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 8, AUGUST 1982

nucleic acid (DNA, RNA) synthesis and protein synthesis,

including reduced activity of vital enzyme systems [3], [4].

These effects, associated with an increase in cell membrane

porosity [5], [6] and the liberation of intracellular digestive

enzymes [7], cause autolytic cell destruction. Other sub-

stantial thermal effects upon the microvasculature, pH,

oxygen tension, and sugar metabolism probably have a

major role in the destruction of solid tumors as well [8].

As a second property, low-dose hyperthermia (42”-44”C)

sensitizes tumor cells to the effects of ionizing radiation [9],

[10]. Radioresistant hypoxic tumor cells seem to be at least

as sensitive to hyperthermia as well-oxygenated tumor cells,

and the heat may inhibit cell recovery from sublethal

radiation damage, reasons for combined thermo-radiother-

apy. Since heat appears to alter cell membrane permeabil-

ity, many chemotherapeutic drugs may have enhanced

transport into cancer cells [5], an implication that has

formed rationale for combined chemo-thermotherapy.

Moreover, the adverse effects of low-dose hyperthermia at

42 °–440C maybe selective for tumor cells. Throughout the

late 1960’s and early 1970’s, evidence showed that not only

were tumor cells slightly more sensitive to heat than their

normal cell counterparts, but that malignant cells might be

killed at 1‘C lower temperature [8], [11]. In a classic

experiment, nearly all cell cultures of tumor-derived and

tumor-producing cells died after 2 h at 42.5 ‘C, whereas

less than half of all cultured normal and non-tumor-pro-

ducing cells died under similar conditions. When a cell

subline derived from a non-tumor-producing line acquired

high tumor-producing ability, it also acquired reduced

thermo-tolerance [12]. These and other investigations sug-

gested that the acquisition of malignant potential was

associated with increased thermo-sensitivity.

It is well known from experiments on exposed tumors

that electromagnetic energy concentrated within a solid

tumor can provide enough heat for potential tumor de-

struction. It is a less well known fact that nonfocused

microwaves and radio-frequency waves applied to the body

region containing a tumor may also provide high tempera-

ture “selective tumor heating.” Most solid tumors contain

an immature, primitive vasculature [13], [14] that seems to

be incapable of augmenting blood flow in response to

thermal stress, as do normal tissues [15]. Thus, many

tumors have a selective inability to dissipate heat, becom-

ing heat reservoirs, compared to adjacent normal tissues.

Thus, it may be that precisely targeted energy to an exact

location may be unnecessary for effective hyperthermia.

Various methods of localized heating with acoustic and

electromagnetic energy have been used effectively for treat-

ment of exposed or superficial tumors. However, most

lethal tumors reside deep within the body, but until re-

cently the means to produce safe internal hyperthermia

was elusive. In this communication, we summarize the

historical methods for production of localized heat and the

problems encountered with the attempts at deep heating.

With this background, the development of magnetrode 1

radio-frequency magnetic-loop induction hyperthermia is

TM Henw Medical Electronics, LOS Angeles.1Magnetrode ,

presented in detail. Clinical results from several medical

centers throughout the country suggest that this fundamen-

tally new approach to thermal therapy may hold great

promise for patients with cancer.

II. CLASSICAL METHODS OF LOCALIZED

HYPERTHERMIA

A. Low-Frequencv Current Field (LCF)

Interstitial hyperthermia, a form of resistive heating, has

been achieved by passing a LCF of 500 kHz between

electrodes implanted directly into tumors [16]. The size and

configuration of the field can be manipulated by the num-

ber and position of needle electrodes. This technique has

been useful for the treatment of small tumors in the

oropharynx, vagina, and rectum [17]. However, the tumor

must be accessible for direct implantation and its full

extent must be known. Few deep tumors lend themselves

to this invasive treatment approach.

B. Ferro-Magnetic Coupling

Directly implanted ferro-magnetic “ seeds” [18], or liquid

silicone impregnated with finely powdered iron particles

that vulcanizes at body temperature, can be heated by

external means. Preliminary experiments in dogs using an

ac magnetic field at 20 kHz and hysteresis heating of these

iron particles demonstrated significantly elevated tempera-

tures (50” –90”C) in injected organs and insignificant heat-

ing of noninfected organs [19].

C. Ultrasound (US)

Ultrasound is a well-defined and spatially manipulative

source of narrow-beam acoustic energy at 0.5–2 MHz at

wave lengths of 3 mm – 0.75 mm. When focused, it has the

potential for noninvasive heating of a tumor at extreme

depth [20]. Moreover, the temperature rise of the target

tissue as the result of insolation may be controlled and

reproduced [21 ]. However, unlike electromagnetic energy,

ultrasound does not propagate efficiently through air; the

applicator must be coupled to the body surface (which is

frequently irregular) with degassed salt water and/or

sound-transmitting gel. Because of the high acoustic im-

pedance mismatch between air and soft tissues, ultrasound

is totally deflected at these interfaces and is ineffective near

air-containing spaces (viz., oral-nasal cavity, lungs, stomach,

intestinal tract). Thus, its application has been limited to

surface or near-surface tumors [23].

D. Microwaves (M W)

Microwaves at 433, 915, and 2450 MHz have provided

effective noninvasive localized hyperthermia to large surface

areas containing superficial tumors [24]. Microwaves have

been quite popular for animal investigations because their

application is easy; however, in-depth penetration in hu-

mans has been limited to a few centimeters because of the

energy absorption that occurs in the high water content

overlaying musculature [25].

Multiple applicators have been used in attempts to

achieve heating at depth, but results so far have been
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disappointing. One innovative method (BSD Corporation,

Salt Lake City, UT) employs an annular phased array

applicator operating at 55 MHz. Clinical use of this device

has been limited thus far to a series of treatments for

advanced recurrent cancer. Although deep central heating

of tumor to 40° C has been demonstrated, treatment has

been limited because of preferential heating of the surface

tissues [26].

E. Radio-Frequency Waves (RF)

Low-frequency waves at 13.56 and 27.12 MHz have

relatively greater depth of penetration in tissue compared

to microwaves [25], [27] and have been useful in specific

situations.

1) Induction Coils: The so-called “pancake” applicator

is a compact coil–capacitor combination that induces cir-

cular eddy-currents in tissue by magnetic induction. This

activity tends to be much less in the fatty subcutaneous

tissue [25]. Muscle heating to 40°C at 4-cm depth has been

achieved in the human thigh with a fat/muscle interface at
TM Siemens Coloration, Er@%n~0.6 cm (Ultratherm 608 ,

West Germany). Prototype coils (International Medical

Electronics, Ltd., Kansas City, MO) have been useful for

safely heating surface tumors > 42°C [28].

2) Capacitive Electrodes: Capacitively coupled parallel

opposed plates have provided effective localized and re-

gional heating. The field may be shaped by varying the

size, contour, and placement of the two electrodes. How-

ever, this method also has been ~generally reserved for the

treatment of surface or near-surface tumors because of the

extreme energy absorption by the overlaying subcutaneous

fatty tissue.

To a limited degree, injurious heating of surface tissues

has been reduced with cooled-contact electrodes, and in-

tratumor temperatures to 57°C at 10-cm depth have oc-

curred in selected individuals who had minimal overlaying

fatty tissues [15]. Investigations in dogs, sheep, and pigs

have indicated that 3–4 W/cmz are required to achieve

effective internal hyperthermia, which is possible in these

animals if surface tissues are cooled to 15“C. However,

humans with similarly thick surface tissues can only tolerate

< W/cmz, even with cooling to 3°C [29].

In an effort to circumvent these problems of deep heat-

ing employing RF, multiple portals of energy and “cross-

fire” techniques have been explored. This method employs

at least three pairs of sequentially activated cooled-contact

capacitance electrodes placed on opposite sides of the body

and energized with serial bursts of power (Life Extension

Technology, Inc., Westport, CT). Unfortunately, the only

successfully treated patients have been thin with almost no

fat left on their bodies [30].

Thus, several investigations indicate that coded capaci-

tive heating in humans is effective only if the combined

thickness of the skin and subcutaneous tissues are less than

1 cm in thickness [29].

F. Conclusions

The classical methods of applying acoustic and electro-

magnetic energy have been valuable tools for increasing the

INDUCTOR

Fig. 1. Model of inductor-type electrode and specimen. (Reproduced by

courtesy of IEEE Trans. Bio-Med. Eng. [32].)

understanding of localized hyperthermia and will continue

to contribute to the treatment of superficial cancers. How-

ever, by 1977 we had concluded that these methods were

virtually ineffective and even dangerous from attempts to

heat deep tissues [15]. Since the majority of lethal tumors

arise within internal organs, we felt that research into

alternative methods of deep thermal therapy was war-

ranted. This research led to the development of magnetic-

loop induction hyperthermia.

III. DEVELOPMENT OF MAGNETRODE

MAGNETIC-LOOP INDUCTION HYPERTHERMIA

A. Rationale

The use of an inductor to provide nonradiating electro-

magnetic heating of a living specimen was modeled as

shown in Fig. 1. The inductor (coil) occupies the shaded

region and surrounds three concentric layers of nonmag-

netic lossy dielectric, representing, respectively, skin, sub-

cutaneous fat, and muscle, in an idealization of practical

situations, e.g., when an inductor coil is wrapped around a

portion of a human thigh.

Maxwell’s equations, which must be satisfied in the

region encompassed by the inductor, require that the flux

lines of the E-field be concentric circles if the magnetic

field is axially directed inside the coil. This was a reasona-

ble assumption to make. It led to the conclusion that the

E-field at a boundary between tissue layers is tangential to

the boundary and has the same value at infinitesimal

distances on each side of the boundary. Thus, for example,

El= E2, with El the value of the electric field strength in

volts/meter in the skin layer at a point close to the

skin/fat interface, and with E2 the value of the electric

field in the fat layer at a point close to the skin/fat

interface, and with U1 and U2 the respective conductivities

in mhos/meter. The heat generated at’ these two points, in

watts /cubic meter, is in the ratio,

p2_fJ21E212_9

~– –u, ”u11E1\2

Using the known constitutive parameter values for u at a

radio frequency (27. 12 MHz) [31] we obtained

~ =0.7 (high).~=~=0.2 (low) ~= 0.61
PI .
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Fig. 2. (a) Magnetrode and (b) its matching network. (Reproduced by

courtesy of IEEE Trans. Bio-Med. Eng. [32].)

Thus, the heat generated in the subcutaneous fat layer was

predicted to be only 20–70 percent of the heat generated in

the skin or muscle layers, whereas when employing a

capacitive-type field the heat in the subcutaneous fat layer

was 1.5–5.6 times higher than that of the other tissues.

While this calculation was made for points near an inter-

face, human skin and fat layers are typically thin enough to

extrapolate this conclusion to apply for all points in these

two layers. The important conclusion was reached that, if

the E-lines could be made to run parallel to the layer

interfaces, instead of perpendicular to them, excessive un-

wanted heating of the superficial fat layer might be avoided,

making safe deep heating possible [32].

B. Design of the Magnetrode

The coil/specimen arrangement shown in Fig. 1 initially

posed some severe engineering difficulties. In order to

produce the needed ampere turns in the coil efficiently, a

resonant circuit had to be devised. The required capaci-

tance would have to handle high current densities if con-

ventional commercially available lumped capacitors were

used. This was not a satisfactory solution. Ultimately, an

extremely simple design was adopted and has proved to be

very effective. The coil is a single turn of a rolled conduct-

ing sheet which overlaps itself in a noncontacting sense, as

shown in Fig. 2(a). The area of overlap and the gap size

can be adjusted to provide the proper amount of capaci-

tance.

The problems of impedance transformation to a level

appropriate to interface with the RF generator and imped-

ance adjustment occasioned by the introduction of a limb

or torso to be heated remained. A matching network of the

type shown in Fig. 2(b) was designed. Placed between the

magnetrode and the generator, simple adjustments its con-

trols will reduce the reflected power to an insignificant

value for a wide range of loads placed within the mag-

netrode.

C. Field Distribution of a Magnetrode

If the current distribution in the magnetrode is assumed

to be entirely B -directed, then the magnetic field can be

expressed in cylindrical coordinates in the form

H=[l,ffr(r, z)+12Hz(r, z)]e~””.

Maxwell’s equations reveal that in this case the electric

field has only a 0-component; it can be represented by

E@(r, z)e@’r. Thus, the electric field lines are concentric

32,

,/,

Fig. 3. E+-field distribution for a typicaf magnetrode contrasted to a

long solenoid and a loop. (a) Centraf plane. (b) Noncentral plane.
(Reproduced by courtesy of IEEE Trans. Bio-Med. Eng. [32].)

circles, a desirable feature already alluded to in the discus-

sion concerning Fig. 1.

The field distribution in the central transverse plane of

the magnetrode is intermediate between what one would

deduce for an infinitely long solenoid and for a single wire

turn. For the latter, it is well known [33] that

~=g

{

K(k) E(k)
z

a [l+(r/a)] + [l-(r/a)] 1

with a, the loop radius, with O< r < a, and with K(k),

E(k) elliptic integrals, wherein k 2 = 4ar/(a + r)2. Since

these elliptic integrals are tabulated functions [33], it is a

simple matter to construct H,(r, O).

For a concentric circular contour C of radius r in the

plane of the loop

$E. dl= 2~rEo(r,0) = – jwpOjH. dS
c s

—- -jw~,[~.(r’,o)z~r’dr’.
When E@ is computed from this relation, the result is as

shown in Fig. 3(a). The central plane field distribution for

a long solenoid is shown for comparison.

One should expect the central plane E+ distribution for a

magnetrode to lie between these two curves, with the

intermediacy governed by the ratio L/a, with L the length

of the magnetrode and a its radius. In a noncentral plane,

flaring of the magnetic field causes a roll-over in the

E-field plot, as suggested in Fig. 3(b). Experimental con-

firmation is also included in that figure.

If a nonmagnetic specimen of low conductivity is placed

inside the magnetrode, one would expect only minor

changes in the field distributions. This validated the as-

sumptions made in Fig. 1 and indicated that the mag-

netrode could be a useful device for establishing an E-field

parallel to layer boundaries, with the potential for avoiding

severe skin and subcutaneous fat burning while still provid-

ing effective deep heating.

From the curves of Fig. 3(a), a “dead spot” was ob-

served in the E-field on the axis of the magnetrode. This

finding implied that no useful heat would be generated in

the portion of the specimen coinciding with the axis.

However, we reasoned that heat generation per se was not

the total process involved in a living specimen because the

complex thermodynamic system can and does redistribute

generated heat through its blood flow. In fact, the final
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temperature distribution in living systems might be ad-

vantageous to eventual human cancer therapy. This as-

sumption led to continued research in static phantoms,

animals, and man.

D. Thermal Distribution in Phantoms

Experiments were carried out in both homogeneous and

heterogeneous tissue equivalents and in animal tissue

phantoms. The phantom carrier was a thin-walled Plexi-

glasTM cylinder 12 cm in diameter and 30 cm in length

supported by a dielectric fixture that did not intrude upon

its contents. The supporting fixture allowed concentric or

acentric placement of the phantom within a 21-cm diame-

ter and 13-cm width magnetrode. Needle thermometers

could be introduced to various depths through openings in

the carrier to provide two-dimensional temperature sam-

pling. Standard homogeneous muscle equivalent phantoms

[34] were prepared, poured into the carrier, and allowed to

gel at room temperature before testing. Homogeneous

animal tissue phantoms were prepared by packing the

carrier with 9 lb of lean ground beef. One type of heteroge-

neous animal tissue phantom was prepared by introducing

a peripheral void into the ground beef phantom with a

3-cm diameter thin-walled polyethylene cylinder. Other

heterogeneous animal tissue phantoms were prepared by

loosely packing the carrier with intact “hot dogs” (in

effect, providing multiple contacting units of homogeneous

animal tissue encased in a thin tissue capsule surrounded

by multiple small air voids). Large voids were achieved by

removing units and/or introducing plastic cylinders. To

test a dead animal extremity model, a 12X19X25-cm leg

of lamb with 2-cm subcutaneous tissue at an ambient

baseline temperature of 20”C was used.

The thermal patterns produced in homogeneous tissue-

equivalent phantoms and animal tissue phantoms were

remarkably similar (Fig. 4). In each case, as predicted by

electrodynamics theory, significant preferential peripheral

heating was observed with minimal central heating. When

these phantoms were placed concentrically within the mag-

netrode, there was gradual radial reduction in temperature

with increasing depth. If the phantom was placed off the

central axis of the magnetrode, there was some alteration

of the thermal gradients, and preferential heating occurred

at the site nearest the applicator. This finding suggested

that the position of the test object within the field has some

bearing on thermal distribution, as we had previously
predicted [32]. Perhaps of greater significance, more com-

plex thermal gradients were observed in heterogeneous

animal tissue phantoms and near voids and interfaces of

varying types, as has been indicated by others [35], similar

to those expected in humans.

Electrodynamics theory predicted a central null in the

E-field on the axis of a magnetrode magnetic-loop induc-

tion applicator in the absence of a specimen. Our measure-

ments on static phantoms and dead animals confirmed the

electrodynamics theory when the thermal effect of the circu-

latory system and blood flow were not present [36]. ~her-

modynamic theory predicts redistribution of heat when a

HOMOGENEOUSANIMAL TISSUE PHANTOM

-lo -i 6 6 lb
AXIS(cm)

Fig. 4. Homogeneous animal tissue static phantom placed concentri-
cally within a magnetrode. Power at 500 W for 5 min resulted in

potentially injurious peripheral and tial heating under the applicator
and ineffective centraf heating. (Reproduced by courtesy of Zw. J
Radlat. Onco[. Biol. Phys. (36).)

live specimen with a functioning vascular system is inserted

into the apparatus. However, when living specimens as

complicated as a large animal or a human are inserted,

present thermodynamic theory is unable to predict heat

redistribution quantitatively. Phantoms have proved to be

satisfactory models of energy deposition and have been

particularly useful in evaluating various applicators at

higher frequencies. However, phantoms cannot account for

the thermoregulatory effect of a functioning vascular bed.

For this reason, further investigations were undertaken on

live animals.

E. Thermal Distribution in Live Animals

Heat distribution patterns were evaluated in male dogs

weighing 30–33 kg. The animals were shaved, anesthetized

with sodium pentobarbitol (65 mg/ml) at a dose of 10 ml

for induction and 1 ml for intermittent maintenance, and

intubated without mechanical ventilation support. The

animals were suspended supine between dielectric supports

to lie centrally within a 35-cm diameter magnetrode. A

midline abdominal opening was made from the xyphoid to

the pubis to allow temperature measurements with particu-

lar care for thorough hemostasis. Upon opening the abdo-

men, an anterior air space occurred and the intestines

floated posteriorly, The dog spleen, being on a long and

redundant mesentary, was easily displaced to a midline and

central internal location without compromise of its blood

supply. The exact size and location of each organ relative

to the body wall was determined by caliper measurements.

The dog was then repositioned such that the central spleen

was lying at the center of the applicator. These alterations

provided a living model for assessment of thermal distribu-

tion patterns within the magnetrode not only of surface

tissues but for peripheral (liver, kidney) and central (spleen)

internal organs as well (Fig. 5).

The initial investigations in living dogs were designed to

determine the effect of heat dosage on the thermal distribu-

tion patterns. Rapid high-dose hyperthermia always pro-

duced preferentially injurious peripheral tissue heating with

a central “cold spot” similar to that observed in the

phantom models [36]. However, with moderate-dose hyper-

thermia for the same interval, there was virtually equiva-
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DOG

01
cm

Fig. 5. Temperature measurement sites (.) in a living anesthetized dog.
The spleen, being on a long and redundant vascular pedicle, was easily
relocated to a central intemaJ location without compromise of its blood
supply. The exact location of organs and temperature monitoring sites
were determined by cafipher measurements in centimeters. (Repro-
duced by courtesy of Int. J. Radiat. Oncol. Biol. Phys. [36].)

TABLE I
THERMAL DISTRIBUTION PATTERNSIN LIVE DOGS

Tx, NO, I
TISSUE MBIENT MEASURECOC/

LOCATION ORGAN Oc (CORRECTEDOc)

SKIN 34,5 40.7 (40,7)

SURFACE SUB,CUT, 35.7 43,0 (43.2)

MUSCLE 36.8 43.0 (4}.4)

PERIToNEUM -- 41,s --

PERIPHERAL LIVERSURFACE -- 40.1 (40,3)

INTERNAL LIVERCENTRAL 37,3 40,2 (40,4)

PERIPHERAL KIDNEYSURFACE -- 39,6 (39,7)

INTERNAL KIDNEYPER[PNERAL -- 39,9 (40,1)

KIDNEYCENTR4L 37,0 40,0 (40!9)

SPLEENSURFACE -- 40,3 (40,5)
CENTRAL SPLEENCENTRAL 37,2 39,9 (40,1)
INTERNAL SPLEEN1 CM. -. 40,0 (4U,2)

SPLEEN2 CM, . . 40,1 (4043)

SPLEEN3 CM, . . . . . .

TX. NO. 2
MEASUREBOC/

(CORRECTEDOC)

44.6 (44,6)

44,7 (44.9)

44,4 (44.7)

42,8 --

41,3 (01,5)

41,4 (41.6)

40,7 (40,8)

41,2 (41,4)

41,0 (41.1)

41,1 (41,3)

41,4 (41.7)

41,3 (41,5)

41,4 (41,6)

41,5 i41,7)

TX, NO, 3
MEASUREDOC/

(CORRECTED‘C)

44,2 (Q4,2)

44,6 (W.8)

43,8 (4Q,1)

U2,6 --

42,4 (42,6)

42,4 (Q2,6)

41,4 (41,5)

U2,2 (42,W

42,3 (42.4)

42,7 (42,9)

42,4 (42,6)

42,1 (42,3)

42,0 (42,2)

42,2 (42,4)

lent heating of both peripheral and central visceral organs

without surface tissue injury. It appeared that the amount

of heat deposition per unit of time, or the velocity of

heating, had significant influence on thermal distribution

patterns. We surmised that rapid high-dose hyperthermia

induced a” flash bum” effect so quickly that effective heat

transfer was impossible. A typical thermal distribution

profile for the live dog employing moderate dose hyper-

thermia is shown in Table I. During three sequential hyper-

thermia treatments, all surface tissues remained within a

physiologically tolerable temperature range and showed no

signs of injury. Virtually uniform internal heating occurred.

In contradistinction to the observations in phantoms,

potentially tumoricidal temperatures z 42°C occurred in
both peripheral and central organs to a nearly equivalent

degree. Intraparenchymal measured and corrected temper-

ature samples of all visceral organs showed a temperature

gradient of less than 1‘C.

The thermal distribution profiles of a dog that was

subjected to equivalent hyperthermia while alive and dead

‘c

INCREASING TISSUE DEPTH

Fig. 6. Performance of the magnetrode applicator in a human thigh with
1 cm of subcutaneous tissue at three RF doses. No surface cooling was

employed. Note the uniformity of deep heating with minimaf heating of
the surface tissues. (Reproduced by courtesy of J. Natl. Cancer Inst.
(29).)

TABLE II

TISSUE
LOCATION

SURFACE

TZ3ERMAL DISTRIBUTION PATTERNS OF LIVE VERSUS DEAD DOG

ALIvE DEAD
MEASUREDW MEASUREIOC/

ORGAN (CORRECTEDOC) (CDRRECTEO‘C)

PERIWE8AL

ltiTERNAL

PEIUPHEK33L

UITEFWAL

CENTRAL

INTERNAL

SKIN 42,6 (42,9) 39.5 (39,8)

SUB,CUT, 43.7 (44,2) U2,7 (43,2)

MUSCLE 44,2 <44,6) 06,0 (46,6)

PERITONEUil W.6 -- 4B,4 --

LIVERSURFACE &2,4 (42,8) 52,1 (52,5)

LIVERCENTRAL U2,4 (42,8) 48,1 (48,5)

KIDNEYSURFACE 41,4 (41,5) 41,2 (41,4)

KIDNEYPERIPHERAL41,4 (41,6) 02,3 (f12,5)

K[DNEYCENTRAL 01,5 (41,6) q3,1 (43,3)

SPLEENSURFACE 42,1 (42,3) 39,0 (39,2)

SPLEENCENTRAL 42,1 (42,3) 39.9 (40,1)

SPLEEN1 Cfl, 42,6 (42,8) 39,2 (39,2)

SPLEEN2 Cll, 41,5 (41,7) 39,3 (39,6)

are shown in Table II. While alive, nearly uniform internal

organ heating occurred, as was hoped based on thermody-

namic theory.

These findings were in accordance with the postulate

that the final thermal distribution in the living state is not

the simple result of energy deposition per se as predicted

by electrodynamics theory and static phantoms, but is

ultimately dependent upon the presence of thermoregula-

tory systems [32], [36].

These encouraging results suggested that the capability

to achieve deep-heat in live animals could be applied to
investigations in humans.

F. Thermal Distribution in Humans

The thermal profile of the magnetic-loop applicator in

the human normal thigh is shown in Fig. 6. As can be seen,

an extraordinary deep-heating capability was possible with

minimal and physiologically tolerable heating of the over-
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laying skin and subcutaneous tissues, even when the surface

fatty tissue was of substantial thickness (viz. > 1 cm) [29].

This observation was in accord with our earlier conclusion

based upon theoretical calculations that indicated that if

E-lines could ‘be made to run parallel to layer interfaces,

excessive heating of surface tissues could be avoided.

Tests were carried out in awake persons with minimal or

no sedation in existing hospital environments without the

necessity of special shielding or Faraday cages. Moreover,

because of the highly effective impedance match, techni-

cians were able to touch, monitor vital signs, place in-

travenous needles, and otherwise interact with subjects

undergoing magnetic-loop hyperthermia. With these tech-

niques, it also appeared that overall energy absorption

could be monitored and predicted with > 80-percent relia-

bility, suggesting that future data from divergent sources

might be compared for therapeutic outcome.

III. HUMAN CLINICAL CANCER TRIALS

These observations suggested that safe and potentially

effective localized hyperthermia tumor therapy might be

possible in man. In 1977, clinical cancer trials were begun.

The following is a brief summary of the knowledge and

results gained to date.

A. Tumor Heating Capacity

Of 89 tumors evaluated in skin, subcutaneous tissue or

muscle, intraabdornimd organs, lung or bone, temperatures

> 42°C were possible in 69 (78 percent) tumors, Z 45 ‘C

(113”F) in 32 (36 percent), and > 50”C (122”F) in 22 (25

percent), while normal tissues remained within physiologic

temperatures [29]. These data were consistent with in vivo

animal tumor models that showed that potentially tumori-

cidal hyperthermia > 42°C could be achieved safely in

living systems. Moreover, “independent” tumor heating

>45 ‘C observed in one-third of the patients confirmed

that many tumors retained heat compared to normal tis-

sues (Fig. 7).

Tumor heating capacity was compared by the

histopathological type of malignancy. We found that heat-

ing > 42°C was possible in 21/22 (95 percent) sarcomas,

18/24 (75 percent) melanomas, 24/36 (67 percent) adeno-

carcinomas, 3/4 epidermoid carcinomas, and 3/3 terato-

carcinomas [37]. These findings suggested that potentially

tumoricidal hyperthermia was possible in most varieties of

solid human cancer.

Heating capacity was also compared by the size of the

tumor treated [29]. Of 53 tumors >5 cm in least dimen-

sion, 47 (89 percent) could be heated > 42”C, while only

22/36 (61 percent) tumors <5 cm could be effectively

heated. The trend of these findings suggested that localized

hyperthermia maybe uniquely beneficial in larger cancers,

i.e., those cancers for which little effective therapy exists at

the present time.

B. Tumor Thermoregulation

It has long been postulated that because of their

abnormal neo-vascularity, most cancers could not regulate

‘c
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Fig. 7. Thermal mofile of a secondarv (metastatic) human colon cancer
~ liver, 10X 10”cm. Note the indep”erident heat retention in the liver
tumor, with the normaf liver and surface tissues at physiological tem-
peratures. No form of surface tissue cooling was employed. (Repro-
duced by courtesy of Cancer Res.,(15).)

blood flow and would, therefore, react passively to thermal

stress. However, we found that in 20/89 (22 percent)

tumors effective temperatures were not possible without

exceeding normal tissue tolerance. These tumors displayed

thermal adaptation to constant or increased incident heat

similar to that previously observed in animal normal muscle

[15]. This inherent ability to adapt to thermal stress was

again independent of tumor type, but appeared to be

related to tumor size. Spontaneous cooling with progressive

heat application occurred in 14/36 (39 percent) tumors

<5 cm, but in only 6/53 (11 percent) >5 cm in size.

These data indicate that some tumors retain their ability

for vasc,o-regulation and may dissipate heat in a manner

similar to normal tissues.

While hyperthermia per se should be ineffective in these

cases, it is interesting to speculate whether or not increased

blood flow might not render such tumors more susceptible

to radiation (due to enhanced oxygenation) or to chemo-

therapeutic agents (due to increased drug delivery).

C. Dose/Response of Thermal Therapy

In an attempt to evaluate the thermal dea?h time of

human tumors, we compared the net tumor necrosis (total

absence of viable cells) to pretreatment samples from 44

patients with highly advanced cancer who were treated by

magnetic-loop induction hyperthermia at various tempera-

tures and fractionated exposure times [38]. We found that a

single treatment at z 50° C for 17–45 min resulted in

20– 100-percent turnor necrosis, whereas lower tempera-

tures had no apparent effect. Two or three weekly treat-

ments at 45–50°C for 30–72 min total treatment time

produced 70– 100-percent necrosis, whereas 40–45 ‘C pro-
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duced nearly equivalent necrosis but required more than

twice the time. Five weekly and 10 daily treatments for

135-600 min produced some tumor necrosis at 40-45 “C.

However, for similar amounts of treatment time, tempera-

tures above 45°C were the most tumoricidal.

The results of this study in man suggested that higher

temperatures, longer treatments, and multiple treatments

were the most effective, in accordance with those predicted

from previous animal experiments [8]. Optimal dose/time

regimens and treatment fraction schedules remain to be

determined. Prospective trials of magnetrode hyperthermia

are currently underway at several institutions in an effort

to answer these important questions.

D. Physiologic Response and Toxicity of Magnetic-Loop

Induction Hyperthermia

Localized deep internal hyperthermia at 500-1000 W

absorbed power resulted in profuse sweating, skin flushing,

a modest rise in core temperature (0.5– 10C), respiratory

rate (2– 12 rpm), blood pressure (20–40 mmHg), and a

moderate to marked rise in pulse rate (20–60 beats/rein)

[15].

In 3000 treatments, there were 10 (0.3 percent) inci-

dence of surface tissue injury and none of systemic toxic-

ity. Focal areas of subcutaneous scarring occurred at

temperatures from 42–45 0C in very obese patients, proba-

bly as a result of the extremely poor vascularity of this

tissue. Partial thickness skin burns also occurred at < 45°C

in patients with skin grafts and severely damaged tissues

from excessive prior x-irradiation.

These results indicated that magnetic-loop induction hy-

perthermia is remarkably safe, but that damaged normal

tissues with compromised blood flow are thermosensitive

at otherwise physiologically tolerable temperatures.

IV. FUTURE POTENTIAL

Hyperthermia may have its greatest role when combined

with other forms of cancer therapy.

At temperatures > 45”C, tumor blood vessel collapse

rapidly occurs, rendering tumors nearly avascular [15]. In

the 25 percent or so instances where this collapse appears

to be possible, localized hyperthermia might be adminis-

tered preoperatively to large cancers to reduce blood loss

and facilitate surgical intervention [39].

Pilot studies at our institution also have shown an ap-

parent synergism of combination thermochemotherapy

(heat plus drugs). In patients with a variety of advanced

cancers whose disease was progressing on chemotherapy

alone, the combined treatment induced 20-percent disease

regression and 50-percent disease stabilization for brief

periods of time. Historically, patients whose malignant

melanoma has spread to their liver have a dismal prognosis

despite standard chemotherapy, with few treatment re-

sponders and a median survival of 2.5 months. When

chemotherapy infused directly into the liver was combined

with localized hyperthermia in ten patients, eight re-

sponded to treatment and survived 3– 18 months (8.5

months median) [40]. The quality of life in this group of

patients was also enhanced significantly.
With advanced laboratory methods, clones of human

tumor stem cells have been established in tissue culture,

providing the means to test an individual patient’s tumor

for sensitivity against various anti-cancer drugs in uitro. We

now are using this assay at both normothermic and hyper-

thermic temperatures, and our early results suggest that the

assay has the potential ability to predict the best available

therapy for individual patients [41].

Localized heat also has been combined with radiation

therapy [17], [23], [24], [28]. While few controlled studies

exist, preliminary reports with the magnetic-loop induction

system indicate a potential for treatment of deep tumors

with minimal side effects [42].

Pilot studies at our institution also suggest that refrac-

tory brain tumors may someday yield to the effects of

hyperthermia. Until the development of the magnetrode,

there was no known way to penetrate the skull and provide

safe deep heat to the brain by external means. In rabbits

and dogs, virtually uniform brain temperatures of 42–43 “C

have been possible without injury [43], probably because

relatively little energy is absorbed by the high resistance

surrounding bone, for the reasons presented earlier. We

recently achieved brain temperatures of 410 C safely in

humans. That may enhance the effectiveness of standard

chemotherapeutic agents and radiation.

V. CONCLUSIONS

Hyperthermia has been shown to have a potential role in

cancer therapy. Magnetrode magnetic-loop induction ap-

pears to provide a unique means for safe deep visceral

heating of internal sites where refractory tumors most

frequently reside, thus far unattainable by conventional

methods. Preliminary results indicate that most solid hu-

man cancers, regardless of type, can be effectively heated,

but that overall tumor heating capacity is dependent upon

blood flow and size. Higher temperatures, longer treat-

ments, and multiple treatments seem to be most effective

when heat is employed as a single agent. However, the

greatest potential of hyperthermia may be in combination

with radiation therapy or chemotherapy, where synergism

occurs.
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Heat Transfer in Surface-Cooled Objects
Subject to Microwave Heating

KENNETH R. FOSTER, SENIOR MEMBER, IEEE, PORTONOVO S. AYYASWAMY, THIRUMALCHARI
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Abstract — Several investigators in microwave bioeffects research have

exposed biological preparations to intense microwave fields, while at the

same time cooling the sample with flowing water. We examine the heat

transfer characteristics of this situation, to estimate the maximum tempera-

ture increase and thermal time constants that might be encountered in such

an experiment. The sample is modeled as a uniform sphere, cylinder, or

slab subject to uniform heating, which is located in an unbounded coolant

flow. The heat transfer is determined by the Biot and Reynolds numbers

(which reflect the geometry, fluid flow, and material thermal properties of

the system) the temperature rise is governed by the heat conduction

equation coupled with external convection. The results are expressed in

terms of nondimensional quantities, from which the thermal response of a

heated object of arbitrary size can be determined. At low coolant flow

rates, the maximnm temperature rise can be biologically significant, even

for relatively small objects (of millimeter radius) exposed to moderate

levels of microwave energy (with a SAR of ca. 100 mW/g). The results are

valid also where the coolant is a gas or a liquid different from water, the

only restriction being on the Reynolds number of the flow.

I. NOMENCLATURE

Radius of the spherical tissue, in meters.

in Constant of integration in (1 1), (18), and (25).

Bi Biot number.
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c,
d

h

J~(x)

k

L

Nu

Pe

Pr

Q

;
Re

t

T

Um
x

Specific heat, in joules per kilogram degrees Celsius.

Half the thickness of the rectangular tissue, in

meters.

Convective heat transfer coefficient, in watts per

square meter degrees Celsius.

Bessel function of the first kind and order m, of a

real argument x.

Thermal conductivity, in watts per meter degrees

Celsius; without subscript it refers to the tissue.

Characteristic length = a or R or d or as ap-

propriate.

Nusselt number= hL/K.

Peclet number= Re Pr.

Prandtl number= v/a.

Volumetric heat generation, in watts per cubic me-

ter.

Radial coordinate.

Radius of the cylindrical tissue, in meters.

Reynolds number = UWL/v.

Time.

Temperature, in degrees Celsius.

Free stream velocity, in meters per hour.

Coordinate for rectangular slab tissue.

A. Greek Letters

a Thermal diffusivity, in square meters per hour.

0 Nondimensional temperature = (T* – TO)/(QL2/K ).

A. Eigenvalues defined by (13), (20), and (27).
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