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Hyperthermia and Inhomogeneous Tissue
Effects Using an Annular Phased Array

PAUL F. TURNER

Abstract —A regional hypcrthermia Annular Phased Array (APA) appli-

cator is described, and examples of its various heating patterns, obtained by

scanning the electric fields with a smafl E-field sensor, are illustrated. Also

shown are the effects of different frequencies of an elliptical phantom

cylinder having a l-cm-thick artificial fat wall and the generaf dimensions

of the humau trunk. These studies show the APA’s ability to achieve

uniform heating at lower frequencies (below 70 MHz) or to focus centraf

heating at moderately higher frequencies (above 70 MHz). The influence

of human anatomical contours in afterirrg heating patterns is discussed

using results obtained with a female mannequin having a thin latex shell

filled with tissue-equivalent phantom. Field perturbations caused by intem-

afly embedded low-dielectric structures are presented, showing the localized

effects of smafl objects whose surfaces are perpendicular to the electric

field.

I. INTRODUCTION

E LECTROMAGNETIC (EM) hyperthermia has been

clinically tested, for the most part, with superficial

tumors in which the response is easily measured, Results

obtained in these clinical trials corroborate findings from
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earlier in vivo and in vitro experiments that show this

technique to be capable of selectively treating cancerous

tumors. Much of the real potential of hyperthermia, how-

ever, lies in its ability to treat deep-seated localized tumors

for which surgical removal is not a feasible solution. Such

tumors have consistently presented one of the most dif-

ficult challenges facing both oncologists and technical re-

searchers.

In response to this need, BSD Medical Corporation has

developed an EM Annular Phased Array, or APA (patent

pending), shown in Fig. 1, which has undergone testing
since 1979 and which, during that time, has been shown to

be capable of transmitting heating power directly to central

body tissues [1]. The interaction of the human body and

the EM field generated by the APA has been studied with

phantom models [2], anesthetized laboratory animals [1],

[3], and terminally ill human cancer patients [4], [5], Re-

sults obtained in these trials show that deep regional

hyperthermia is not only possible, but effective in control-

ling solid tumors in the center of the body. (Actual clinical

application of this method is still restricted, primarily
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Fig. 1. Photograph of Annular Phased Array cliNcal setup.

because of the numerous and complex problems which

typically attend advanced cancer patients.) Steering of the

heating pattern to heat the target tissue more selectively

has also been demonstrated in cylindrical phantoms, but

this has not been used extensively in clinical practice.

Two-dimensional numerical models have been developed

which use a CAT scan image to identify the various tissues

within the body and the two-dimensional cross-section

effect of these tissues on the heating pattern. Data ob-

tained from this technique agree well with phantom and

animal test results, and are qualitatively consistent with

temperature patterns observed in clinical trials [6].

Another recent enhancement of the APA deep-heating

technique is the E-field probe, which is placed along the

surface of the patient’s body within the heating field. The

external EM fields along the body surface have been found

to correlate well with superficial heating fields, typically

within 10 percent, and qualitatively with the deep-heating

patterns as well. When several of these are placed around

the body, it is possible to make a noninvasive estimation of

the deep-heating pattern balance’ [7].

Throughout the testing of the APA, two phenomena

which can result in localized hotter regions have been

observed. One of these is believed to be related to whole-

body dipole resonance [8], and the other to anatomical

variations which cause the conductive currents, which are

more dominant [9], to densify along narrowing conductive

paths. Both of these circumstances occur with the lower
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Fig. 2. Annular Phased Array internal aperture configuration (previ-
ously published) [2].

frequencies that are employed with the APA to obtain

increased penetration and heating field size.

As has been previously reported [2], the principles of

operation and design of the APA are based on a synchro-

nous array of TEM aperture sources. The dominant elec-

tric-field vector of each is aligned with the axial center line

of the annular opening, and the radiation pattern of each

aperture is directed toward the axial center line. This

results in a cylindrically convergent TEM field, and thus a

standing wave or interference pattern, with the phase node

at the center, is established within the opening of the array.

When a patient’s body is placed in the center of the APA

and energy is coupled to it through deionized water boluses
which function as a dielectric waveguide, this penetrating

interference pattern is retained, but modified by the at-

tenuation of the tissue. The result is a penetrating field

which can heat, with approximate uniformity, tissues hav-

ing similar RF electrical conductivities, even within a large

cross-sectional diameter like that of the human body.

The data given in the present paper demonstrate the

influence of several factors on the heating pattern, an

understanding of which can improve clinical effectiveness

of the APA, as well as other hypertherrnia techniques. ‘Irhe
interaction of EM fields with the body is a highly complex

process, but application of the concepts involved may

improve clinical use and aid numerical solution methods

for predicting APA heat patterns by suggesting certain

approximations in the solution to make the probllem

numerically practical for three dimensions.

II. MATERIALS AND METHODS

The APA is an array of sixteen dielectrically loaded

apertures, joined in two octagonal configurations and

placed side by side, as shown in Fig, 2. Each of ttLese
apertures consists of a thin-walled, horn-shaped plastic

shell filled with deionized water or other low-loss, high-

dielectric fluid [2]. The 20X 23-cm apertures are a hybrid

design based on a flared parallel-plate waveguide construc-

tion [10]. Each aperture is connected to the same power

source with coax cables of equal length and power splitters.

This provides the common radiation phase front at each

aperture for central heating. PVC plastic boluses filled with
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deionized water are located along the inner surface of

the octagonal array to couple the VHF power (usually 50–

110 MHz) into the patient’s body. When these boluses are

expanded with water, they normally are in contact with the

entire aperture surface and also fill those spaces between

the aperture and the tissue mass, thus acting as a dielectric

waveguide.

While Annular Phased Array studies have included ac-

tual heating of phantoms, animals, and patients, the data

herein reported have been obtained through monitoring of

the intensity and orientation of the EM field by a small

E-field probe. The completely insulated probe contains a

small-signal diode with short metallic leads. This config-

uration forms a l-cm-long dipole. The diode is connected

to a high-impedance amplifier through two long resistive

carbon/Teflon leads [2].

In APA tests, the E-field probe was calibrated in a

Crawford cell where the field intensity was changed from

0.2 mW/cm2 to 60 mW/cm2. The curve generated under

these conditions matched that produced when the probe

was inserted in tissue, although the sensitivity of the probe

output voltage in the phantom is 1.5 times its level in air.

This curve was then used to convert the monitored voltage

to field intensity. It was observed that, for power densities

in air, the detected voltage changed linearly with power

density between 0.2 and 3 mW/cm2.

For these E-field probe tests, the APA was rotated 90°

so that the central axial line of the array opening was

vertically oriented, thus allowing an upright form to be

filled with tissue-equivalent saline fluid and surrounded

with deionized water which coupled the apertures to the

saline phantom. By using clear fluids, it was possible to

position the probes within the phantom with greater preci-

sion to obtain accurate field intensity patterns. The salinity

of the phantom fluid was adjusted to simulate the electrical

conductivity of human tissue at a level approximately

two-thirds that of muscle [8]. Conductivity and permittivity

of the phantom were verified by an impedance measure-

ment technique which utilizes a capacitive holding fixture

[11].

The small E-field probe was attached at various intervals

to an open, thin-walled, fluid-filled plastic tube to ensure

precise positioning between reference points marked along

the top and bottom edges of the phantom. One measure-

ment was obtained at each point with the probe vertically

aligned along the dominant E-field; it was then horizon-
tally positioned and maximum levels along the horizontal

direction were recorded when they were over 20 percent of

the vertical fields noted at the same location. In this way,

the total E-field was mapped. (The horizontal fields were

very small in relation to the vertical fields, except at the

outer edges of the array opening along the top and bottom

surface of the water bolus.)

The accuracy of E-field probe detection is affected by

the media surrounding it; however, when fields in the

vicinity of an interface are scanned, no significant level

changes are detected, which is to be expected at the low

frequencies used with the APA. This is illustrated in Fig. 3,

‘ III
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Fig. 3. E-field probe detected voltage level (normalized at center) versus
position across sahne solution-filled elliptical fat-equivalent phantom with
centered cylrnders of Plexiglas, air, PVC, and safine solution.

where the fields were scanned across the major axial cross

section of a muscle-equivalent saline region inside a l-cm-

thick elliptical fat-simulating phantom, developed by

A. W. Guy [12]. The inner diameter measured 28 cm along

the major axis, and the minor axis was 18 cm. A long

air-filled Plexiglas tube having an outer diameter of 6.2 cm

and a PVC plastic tube with an inner diameter of 2.5 cm

were centrally located within the elliptical phantom, The

PVC tube was filled with 0.3-percent saline fluid, as was

the elliptical form. The E-field probe voltage level in Fig. 3

was plotted at various positions along the central heating

beam’s radial line, where heating power is at a maximum.

(This test was conducted within the range in which de-

tected voltage is linear with power density.) No perturba-

tion of the probe detection within the saline solution was

observable, either at the fat phantom or the air-filled

Plexiglas tube, although a change in detection sensitivity

was apparent in the air-filled zone. Power levels in the

central saline solution were lower, possibly because of the

decoupling effect of the air. Water levels were 38 cm deep,

and this may also have been a decoupling factor. The field

detection levels observed in the fluid phantom are consid-

ered to be valid, even in the presence of objects having

other dielectric constants.
Details of the calibration method for the E-field probes

and the phantom tests are described elsewhere [2].

111. I@3uLTS

The basic power-focusing ability of the APA is il-

lustrated in Fig. 4, which is a power-density plot for an

aperture filled with low-ion-content water, showing the
plane intersecting the axis of the central opening. This

produces little attenuation of the dominant-mode field

pattern. The pattern was obtained by scanning with the

E-field probe as described above, and shows potential for
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Fig. 4. Pattern of normalized power density along an axial central plane
in a deionized water-filled aperture at 80 MHz (dots indicate data
points from which curves were generated by interpolation).
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Fig. 5. Pattern of normalized power density at 74 MHz along an rodrd
central plane in a tube having plastic walls 5 mm thick and an inside
diameter of 32 cm; tube filled with saline solution having conductivity
of 0.33 mhos/m, deionized water in the remaining 51-cm opening
between opposing apertures; curves generated by interpolation from
measurements made every 5 cm.

selective central heating. Good symmetry also exists in the

full cross section (not shown).

Central heating may be achieved with this technique in

other, nonmedical, applications for heating nonmetallic

material having absorption losses less than those of the

body, such as oils, oil shale, coal, various mineral composi-

tions, and the like. In particular, the APA may be a unique

means of achieving seleetive central heating of such solids.

(Materials of lower perrnittivity would allow the use of

higher frequencies, as would smaller masses; larger masses

might require lower frequencies than usual.)

When the APA is loaded with a homogeneous fluid-filled

cylinder having a cross section and dielectric properties

which simulate those of the human body, the pattern is

substantially modified. In such a case, the region of central
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Fig. 6. Pattern of normalized power density at 80 MHz along central
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FREQ . FORWARD REFLECTED CONDUCTIVITY
(MHz) POWER (WATTS) POWER (WATTS) (mhoslm)

5S* 23 3 0.U9
60* 26 6 0.51
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100 22 2 0.60

I il

)

7- .

Ixz:l

*Narrow-band tuning required

Fat eqLJ(v. d..m

wall

m
0 5 10 15 20 25 3U

Fig. 8. Plot of relative power density versus distance across major axis cross section of elliptical phantom; salt content
adjusted for each frequency; 15-cm position is centraf axis of phantom. NOTE: The phantom was slightly repositioned
within the aperture to improve the pattern balance for each frequency.

focus shown in Fig. 4 becomes that of Fig. 5, which

produces more uniform heating within the primary beam

pattern throughout the cross section. A low-ion water bolus

was used for coupling the radiated power to the cylinder.

As a general rule, the APA apertures are dielectrically

loaded with deionized water having a dielectric constant of

78 and conductivity of 0.0022 mhos/m at 100 MHz and

25°C [13]. This actually causes a partial applicator mis-

match, since the water loads the apertures to an impedance

of about 25 L? rather than the preferred 50 Q. An improved

broad-band match has been observed when apertures are

filled with ethanol, which has a permittivity of 23,7 and a

conductivity of 0.0083 mhos/m at 100 MHz [13]. This has

proved to be true with both phantom and clinical testing.

The heat pattern observed in similar testing with the

ethanol-loaded apertures was found to be identical to that

of Fig. 5.

An elliptical phantom formed of l-cm-thick fat-equiva-

lent material was also used to render a more accurate

simulation of the patient interface to the ethanol-loaded

apertures. The power density pattern along the plane of the

major axis is shown in Fig. 6, and that of the minor axis in

Fig. 7. Power density as measured at various frequencies

along the center line of the major axis in fluid simulating

losses of tissue at those respective frequencies is plotted in

Fig. 8. Here, the conductivity is equal to two-thirds that of

muscle for each frequency. Fig. 9 plots similar results along

the minor elliptical axis of the phantom.

These data indicate that more uniform heating is achieved

at the lower frequencies, while at higher frequencies local-

ized central heating is increased. The greater levels which

occur in the center at higher frequencies are caused in part

by observable phase rmlls along the outer tissue surfaces,

and by power loss resulting from the narrow-band external

Fat-equivalent Fat-equivalent
wall wall

c1*Narrow-band tuning requi, cd

70MHz

90 hlHz

‘m
o 5 10 1s 20

Fig. 9. Plot of relative power density versus distance across minor axis
of elliptical phantom; test conditions and procedures same as those in
Fig. 8; 10-cm position is centrat axis of phantom.

tuning, which is required to test levels of 55 and 60 MHz in

the ethanol-loaded APA. (Use of a water bolus smaller
than the usual size of approximately 46 cm makes such

external tuning necessary.)

Mannequins of both male and female configuration have

been constructed in order to make more accurate studies of

the effects of external body contours on heating patterns.

Initially, these were made of 3–4-mm-thick fiberglass;

however, material this thick and having low dielectric

constant and conductivity is not typical of actual human

tissues. The fiberglass mannequin was later used as a mold

to make a latex female mannequin with a 1.2-mm-thick

latex layer inside a thin, rigid outer shell; the heating

patterns achieved in the two were nearly identical.
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Fig. 10. Pattern of relative power density at 60 MHz for dorsoventral

plane inside latex mannequin;” safine conductivity 0.5 mhos/m; hori-
zontal measurement points every 2.4 cm or less, verticaf measurement
points every 5 cm or less; contours interpolated between measurement
points. Figure adapted from Turner, “Electromagnetic hyperthermia
devices and methods.”

Figs. 10 and 11 illustrate the relative power density

contours in the dorsoventral and lateral planes, each pass-

ing through the central axis of the trunk. This test demon-

strated that deep heating is possible even when diameters

and surface contours change dramatically, although the

pattern is shifted toward those regions having a smaller

diameter. Some localized surface heating was observed,

apparently where- there was a horizontal surface interface

(i.e., perpendicular to the dominant electric field). Locally

increased fields occurred in the perhaps abnormally narrow

waist of the female mannequin, and were also observed

along the front of the inner upper thigh, where separation

of the legs was more pronounced.

A review of some of the basic characteristics of tissue is

helpful in explaining this phenomenon. At the VHF fre-

quencies used by the Annular Phased Array, the magnitude

of conduction currents IJcl is more dominant in muscle

tissue than that of displacement currents ltl~l by a ratio of

usually 2 to 3 [9], as shown below

IJCI _ rJ

l.J~l 2mffo6r

where u is the conductivity, ~ is the frequency, c, is the

relative permittivity, and COis the free-space permittivity.

For muscle

IJCI— at60MHz=3.O
IJDI

and

IJcI
— at 100 MHz= 2.23.
!JD1

For bone and fat

IJCI
— at 60 MHz= 1.67
lJid
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Fig. 11. Pattern of relative power density at 60 MHz for lateral plane
inside latex-shell mannequin; saline conductivity 0.5 mhos/m; hor%on-
taf measurement points every 4 cm or less, vertical measurement points
every 5 cm or less; contours interpolated between measurement points.
Figure adapted from Turner, “Electromagnetic hyperthermia devices
and methods.”

and
IJCI— at 100 MHz =1,84.
IJDI

Thus, it is implied that currents induced in the body

tend to follow the paths of more conductive tissue, being

partially deflected along conductive parallel routes. Con-

ductive currents are not supported by the deionized waker

in the external bolus, which therefore leaves only the

weaker displacement currents in this area.

Strong quasi-static or inductive mutual coupling maybe

expected among currents within zones having a diameter

less than Am/n, where Am is the wavelength within the

medium. In this quasi-static ,or induction zone, currents

can be deflected by nonconductive and low-dielectric pm--

pendicular interfaces, and they may also densify within

more conductive paths in the same zone. This may be why

increased heating occurred in the mannequin’s waist as the

induced currents above and below this region deflect in-

ward with the surface contour, thus producing a localized

“hot spot.”

The area of the mannequin’s waist was carefully scanned

with E-field probes, and the hot zone was found to exist

only within the outer 1 to 2 cm of conductive tissues. This

was confirmed by embedding open-celled dielectric mesh

in a cross section of the mannequin’s trunk and placing

temperature probes in this region, particularly at the point

of maximum detected field. An RF power level of 2000 W

was repeatedly applied for one-rein periods. The heating in

the small surface concavity of the mannequin’s waist aver-

aged a 2.O”C rise, as compared with a 0.9°C rise in

phantom material in the center of the trunk. E-field scan-

ning of these zones indicated that a difference of 2.23 was

to be expected, and the observed comparison was 2.22.

‘Therefore, the E-field probe’s prediction of measured lo-

calization of heating is obviously valid.
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Fig. 12. Patterm of relative power density at 60 MHz for dorsoventral
plane inside latex-shell mannequin; inner diameter 32 cm; both man-
nequin and neoprene tube safine solution-filled; conductivity 0.5
mhos/m; dots indicate data points from which contours were generated
by interpolation; extemat levels also shown.

In order to demonstrate the influence of body contours

on the internal heating pattern, the setup of Figs. 10 and

11 was duplicated, except that the mannequin was placed

inside a 0.3-percent saline solution-filled neoprene cylinder

having walls 3.2 mm thick and a diameter of 32 cm, The

resulting relative power density patterns are shown in Figs.

12 and 13. These figures illustrate that the potential for

localized waist heating noted earlier was greatly sup-

pressed. The deep pattern also shifted and became more

axially symmetrical and centered within the width of the

water bolus. However, the localized heating along the inner

thigh was not reduced by the presence of the saline solu-

tion around the legs of the mannequin. (Localized “hot

spots” in this area have occasionally been observed in

patient treatments, but they have generally been lowered to

acceptable levels by displacing the bolus from the thighs

with low-density foam or by increasing surface cooling

over the area with water-filled cooling pads.) Preliminary

testing has indicated that a small sheet of metal 6 cm

square can neutralize these intense superficial fields if it is

placed 2–8 mm away from the surface of the mannequin’s

thighs. The practical application of this method to clinical

use has not yet been determined.

The trunk of the human body is composed of many

different tissue types. In general, all high-water tissues like

muscle, lung, blood, and vital organs have similar permit-

tivity and conductivity y [8]. Bone and fat contain less water

and have significantly lower permittivit y and conductivity,

and these parameters are even lower in air-filled regions

such as the major bronchi, stomach, and large intestine.

As a means of better understanding the interaction of

such diversified tissues with electric fields, nylon rods and

acrylic bars were submerged in a saline solution-filled

3.2-mm-thick neoprene tube, the permittivity of which was

about 5. This configuration and the resulting observations

NEOPRENETUBE \ /“

ApERTURE $E?TUPE

Fig. 13. Pattern of relative power density at 60 MHz for lateraf plane
inside latex- shell mannequin; inner diameter 32 cm; both mannequin
and neoprene tube saline solution-filled; conductivity 0.5 mhos/m;
dots indicate data points from which contours were generated by
interpolation; external levels also shown.
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Fig. 14. Pattern of relative mean-squared electric field at 60 MHz
(proportional to power density assuming effective medium impedance is
constant) inside saline solution-filled neoprene tube; satine conductivity
0.4 mhos/m; long dielectric bars and rods inserted into central field;
direction of E-field is verticaf; dots indicate data points from which
contours were generated by interpolation; exterrud levels also shown.

of the field are shown in Fig. 14. As was stated earlier, the

fields within the heating region change in a smooth, con-

tinuous manner even near different tissue interfaces, which

are large in comparison to a wavelength and parallel to the

electric field. In this figure, the dominant E-field is vertical,

and along the plotted observation points the field becomes

more intense at the sides of the cross sections of the small

bar and rod, which are parallel to the field, although it

weakens along the perpendicular surfaces. This phenom-

enon illustrates a fundamental principle of Maxwell’s Laws

dealing with the interaction of electric fields which are

perpendicular to different dielectric surfaces.

It should be noted, however, that little effect on the rod

in line with the E-field is observed; this may depend on the
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Fig. 15. Patterm of relative mean-squared electric field at 80 MHz

(proportional to power density assuming effective medium impedance is
constant) inside saline solution-filled elliptical phantom having l-cm-
thick wafls of fat-equivalent phantom; safine conductivity 0.4 mhos/m;
two neoprene bars, each 13 cm long and 4 cm square, inserted 4 cm
apart in safine solution; major centraf axiaf plane shown, minor axis 18
cm across saline solution; dots indicate data points from which con-
tours were generated by interpolation.

size of the rod as compared to the tissue wavelength, which

is about 41 cm. Such a rod could be considered a model of

the spine, although the relative permittivity of nylon and

acrylic, i.e., 2.5 to 3, is much lower than that of bone and

fat, which is typically 7 to 12 at the 55-11O-MHZ frequen-

cies of the APA. Therefore, the interaction observed here

produces a much greater effect than would be expected

between muscle and bone.

The interaction of two square neoprene bars, each 4x

4 cm, is shown in Fig. 15. These bars were spaced 4 cm

apart within an elliptical phantom having l-cm-thick walls

of fat-simulating phantom. The major axis scan is il-

lustrated here; the elliptical minor axis is 18 cm across the

inside of the phantom wall. The bars approximately simu-

late a bone which has undergone a high-water tumor

ingress. As the figure shows, a tumor in such a location

may be shielded from substantial heating by the field

interaction of bone and tumor. Again, the field is substan-

tially weaker along surfaces perpendicular to the E-field,

with localized increases occurring near the edges parallel to

the field. Such interaction likely occurs in regions where

bones are perpendicular to the dominant E-field; therefore,

local-applicator hyperthermia treatments of the chest, for

example, may be better administered by orienting the
E-field of the applicator in line with the underlying ribs to

reduce local hot spots which could otherwise cause the

patient unnecessag discomfort. (Selective heating of tissue

around the ribs has not been clinically observed with the

APA; however, this may be due to the surface cooling

produced by the APA water bolus.)

IV. ,CONCLUSIONS

The Annular Phased Array technique is capable of pro-

ducing central heating in the trunk of the human body;

however, the heating pattern produced will be influenced

by body surface contours, as well as internal structures

which have varying permittivities and conductivities.

Thin-walled phantom-filled mannequins, elliptical

phantoms lined with artificial fat, and cylindrical neoprene

phantoms have all been experimentally used to demon-

strate the ability of the APA to direct heating power to the

center of a tissue mass. Results of such testing demonstrate

that more uniform central heating is achieved at the lower

frequencies, 55-70 MHz, while at frequencies above this

level, more centrally focused heating is obtained. It has

been found, however, that the decreased depth of penetra-

tion achieved with frequencies over 200 MHz greatly re-

duces the efficacy of heating in the trunk of the body. A

numerical solution which shows little central heating with a

433-MHz array has been previously reported [14].

The demonstrated effect of variations in anatomical

configurations suggests that three-dimensional numerical

methods which take into account the overall interaction of

the body with electromagnetic fields are required to model

and accurately predict heating patterns. An exact solution

of this type is perhaps impossible to achieve at the present

time, although it maybe feasible to solve for a coarse block

model with blocks less than A ~ /r across and then to

apply quasi-stationary methods to account for local effects

of the tissues on conduction and displacement currents.
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Microwave-Induced Post-Exposure
Hypertherrnia: Involvement of

Endogenous Opioids
and Serotonin

HENRY LAI, AKIRA HORITA, C. K. CHOU, MEMBER, IEEE, AND A. W. GUY, FELLOW, IEEE

AM-act —Acute exoosure to mdsed microwaves 0450 MHz. 1 mW/

cmz, SAR 0.6 W/kg, 2- ps pulses, 500 pulses\s) induces a trausient

post-exposure hypertherrnia in the rat. The hyperthermia was attenuated by

treatment with either the narcotic antagonist naltrexone or one of the

serotonin antagonists cinansenn, cyproheptadine, or metergoline. It was

not affected, however, by treatment with the peripheral serotorrin antagonist

xylamiditre nor the dopamine antagonist haloperidol. It thus appears that

both. endogenous opioids and centr~ serotonin are involved. It is proposed

that pulsed microwaves activate endogenous opioid systems, and that they

in tam activate a serotonergic mechanism that induces the rise in body

temperature.

I. INTRODUCTION

I N PREVIOUS RESEARCH, we concluded that acute

exposure to low-level, pulsed microwaves activates en-

dogenous opioids in the rat on the basis of our findings

that: 1) microwaves induced a post-exposure hyperthermia

that was blockable by the narcotic antagonist naloxone [1];

2) microwaves enhanced amphetamine-induced hyperther-

mia, an effect that was also blockable by naloxone [2]; 3)

microwaves enhanced morphine-induced catalepsy [3]; and

4) microwaves attenuated the naloxone-induced withdrawal

syndrome in morphine-dependent rats [1].
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The post-exposure hyperthermia was a most consistent

response of rats to exposure to pulsed microwaves. In

further experiments we found this effect to be classically

conditionable to cues in the exposure environment and the

conditioned response to be also attenuable by naloxone,

suggesting the involvement of endogenous opioids [1], [2].

In this paper, we report further experiments elucidating the

neural mechanisms underlying the post-exposure hyper-

thermia. They showed that serotonin in the central nervous

system plays an important role in mediating the effect.

II. METHODS AND MATERIALS

Animals

Male Sprague–Dawley rats (250–300 g), obtained from

Tyler Lab., Bellevue, WA, were used. They were housed in

a temperature-controlled vivarium (22 0C) maintained at a
12-h light–dark cycle (lights on between 8 A.M. and 8

P.M.), They were housed four to a cage and provided with

food and water ad libitum. Each animal was used once in

the experiments.

Drugs and Controls for Drug Injection

Drugs used consisted of the serotonin antagonists

cinanserin (Squibb & Sons Inc., New Brunswick, NJ),

cyproheptadine (Merck, Sharp & Dohme, West Point, PA),

and metergoline (Sec. Pharmaceutics, Milano, Italy); a

dopamine antagonist haloperidol (Haldol; McNeilab Inc.,
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