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A NUMBER of physiological reactions result from an elevation of local tissue -

temperature in live subjects. Many of these effects are considered to be of thera-.

peutic value. The direct heating of an area results in more numerous and more

" intense therapeutic reactions than is the case when distant parts are heated and the

reactions are reflex in nature, i
The therapeutic effects of a modality depend mainly upon the pattern of : ,

temperature distribution produced in the tissues. When selecting a modality for . !

treatment purposes it would be desirable to choose one which develops a tempera-

ture distribution with its peak temperature in the area to be treated. Then, varying -

the dosage of the energy applied, the temperature could be maintained within the

therapeutic range without producing an excessive heatmg eﬂ'ect in other areas. .

"* This study was supported by a rescarch grant from the Boeing Employccs Mcdlcal
Research Fund, by a rescarch grant from the National Institutes of Health, by a research grant
from the Office of Vocational Rehabilitation, Department of Health, Education and Welfare,
and a donation from the Dallon’s Laboratories, Inc., to the University of Washington to
support basic research in physical medicine.
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The following are factors which determine the resultant temperature dis-
tribution: ' : o : )

I. The pattern of relative heating, which'is an expression of the energy
available for heat production. This is determined. by the dielectric constants
. and conductivitics of the tissues being traversed by the microwave energy:
2. The value of the specific heat of each tissue layer, which- determines
the actual temperature increments. Thus it can be seen that the temperatures
developed in 'lhe various tissues by microwaves are the product of the pattern:

of relative heating and the . characteristic properties of the tissues being
radiated. ' S

3. The thermal conductivity, which modifies the actual temperature
increments over a period of time. For this reason the “instantaneous”
lemperature distribution might appear to be quite different. from the onée
resulting from exposure of the same tissucs over a period of time.

4. Biological factors, such as blood flow, which have as'yél an undeter-
mined effect on the resultant temperature distribution.

The objective of this series of investigations was to determine the patterns of

diathermy at frequencies of 2,450 and 900 -megacycles (mc.).

DISTRIBUTIONS IN SIMPLE SPECIMENS

Previous investigators measured the dielectric constants and the conductivity
or specific resistance of tissues at various microwave frequencics (Herrick er al.,
1950; England, 1950). Using these data, Schwan and his co-workers (1958) and
Cook (1951) calculated the patterns of relative heating produced in tissues at
various frequencies. They concluded that frequencies at 900 me. or lower would
be more effective in heating the musculature and decper structures than is the
frequency of 2,450 mc. which is now used for therapy. These calculations were
based on th¢ assumption that the tissue layers have plane and parallel tissue inter-
faces with an abrupt change of the characteristic properties from one layer to the
other. Since few of the anatomical structures treated fulfil these specifications, it
seemed worth while to determine if the calculated distribution of relative heat
actually described the heating pattern obtained in an anatomical specimen.

Thighs of freshly slaughtered pigs were used as specimens, which consisted
of skin, subcutaneous fat, and muscle. Essentially all microwave energy remaining
after traversing the skin, the subcutancous fat, and the interfaces wus absorbed
within the thick muscle layer. Frequencies studied were 2,450 and 900 mc. Wave
guides were used for all measurements at both frequencics in order to provide a’
uniform and measurable ficld distribution for the experimentation and also to
retain the total encrgy output from the generators without radiation losses. The -

relative heating and the resultant temperature distributions produced by microwave
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wave guides were rectangular, and each had a slotted centre section which per-
mitted measurements of the distribution of power throughout the specimen by .
using a bolometer probe and a microwave power meter. o _

In addition, the actual temperature distribution throughout the specimen wits -~
monitored continuously- by means of thermistor beads embedded in the tips of.

sitver-plated, staintess steel hypodermic needles dnd .a.multiple-channel. tempera- . -

ture recording-instrument-(Visicorder). The  needfes wererarranged parallel to-the
magnetic ficld vector in-order to reduce the induction of high-frequency ‘currents -
which might heat the thermistor bead. ) T
The theoretical distribution of relative heating was calculated for each speci-
men: using measurcments of the diclectric constant and the specific resistance of
the tissues, assuming plane parallel boundaries between the difTerent layers of the
specimen (Figs. 1 and 2). Then the actual pattern of relative heating was obtained -

*_for the same specimen by direct measurements of the field distribution along the
- axis of the specimen (Figs. 3 and 4). A comparison of the results of these procedures

showed that the findings were essentially the samc in either case. This similarity

"Fi6. 1.—Relative heat calculated from FiG. 2.—Relative heat calculated from

" diclectric constants and specific resistances diclectric constants and specific resistances

(2,450 mc.). . ~ (900 mc.).
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F1G. 3.—Relative heat calculaléd_ from ficld
distribution (2,450 mc.).

F1G. 4 —Relative heat calculated from
field distribution (900 mc.).
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cutéﬁeous tissues in-an obese person. HdWever, in the case of a .anen.t with ra -
moderate amount of subcutaneous fat (2 cm. or less) there is a decided difference
‘between the results of the two frequencies. The highesg temperature would be :
obtained in the musculature if the patient were treated with 900 mc., \vl;ereas the s
highest temperature would still occur in the'sub_cut.aneousvfat w1t‘h 2,450 mc. -
“Therefore, it is evident that the- frequency- of choice for deep heating purposes

would be:of the-order.of 900 mc. or-lower. R -

indicates that the geometry of the tissue interface in the actual specimen is for all

- practical purposes essentially plane and parallel with an abrupt change of the
dielectric properties from one tissue to the other. o oo

In another serijes of experiments the temperature distributions resulting from

the pa;térns of heating were studied (Figs. 5 and 6). Because of the comparatively -

v~ 30 1ec o1 64 woin, 5 cm for, 10 cm muscie
—30 . .88 ., 3. . 2.

P | : ' : PATTERNS OF HEATING AND TEMPERATURE .
‘ R o EETETETET DISTRIBUTIONS IN GEOMETRICALLY COMPLEX
: 3 I T SPECIMENS CONTAINING BONE |
§ ? 5 In the next phase of these studies an attempt was made to obtain inﬂ')rmau'on
) y on temperature distributions in specimens with more complex geometry, including
l , bone. In this case the microwaves were applicd with t.he open end of lh&? wave .
2 'l guide flush against the skin surface of the specimen. ThI.S technique of apphcgtxon
T Tt P I results in some divergence of the microwave beam outside lhe wave guide wnhka‘
- = o I ' i corresponding decrease in the intensity along the central axis of the field (Coc_> ,
FiG. 5.—Tempcrafure distribution F1G. 6 —Temperature distribution 1951). ..
(2,450 mc.). : . ) (900 mc.).

omema 900 ME, €9 min 29749 wos. 78t fat

e 2430 WC, 3T min Swath, Tcm fob
10 .

low specific heat and thermal conductivity of subcutancous fat, it could be antici-
pated that relatively high temperature values would be obtained in the subcutaneous
fat during exposure to microwaves. This was found to be the case when the speci-

>
Ay
;
a
S

= - - ‘men was exposed to the energy for short periods of time. However, the temperature - 3, ™ e ::\‘ B
distributions studied in these experiments indicate that the depth of penetration of ) o rens
the microwave encergy into the tissues is considerably greater at the frequency of | e i
900 mc. than at 2,450 mc. Also, it is apparent that relatively more energy is’ R T et
converted into heat in the subcutaneous fat at the high frequency than at the low T ' . lculated  from
frequency. In other words, relatively more heat is developed in the muscle tissue F1G. 7.—Temperature distribution resulting Fia. 8:_Rc‘at":r\§s ?ﬁts pccré lcﬁl:: e stamocs
at the low frequency than at the high frequency. * from a longer exposure (2,450 and 900 mc.). - diclectric constants ¢ )

(2,456 mc.). .
From the therapeutic point of view, it secms probable that microwaves at the

frequency of 900 mec. would be more effective in heating the deeper tissues than
would be those at 2,450 mc. :

If the specimen was exposed over a longer period of time so that heat con-
duction was allowed to occur, it was observed that the temperature readings
taken near the fat~muscle interface were somewhat higher in the fat and Jower in
the muscle than could be anticipated from the pattern of heating (Fig. 7). This
phenomenon was probably due to heat conduction from the hotter to the cooler
areas. Thus heat conduction, if allowed to occur, has a tendency to even out the

3 . > . * - Cu trem
] . e toce
eyes ot
o

temperature distribution over a period of time. . F1G. 9.—Relative hecat calcilated from FiG. 10:—czesmwr2i;a;|:]r§ w?tlli‘or:]lt)ul;:)nt-.m
With the use of either frequency under therapeutic conditions it appears that diclectric constants and. specific resistances . Sf’_“'"‘
a relatively high, if not the highest, temperature would be obtained in the sub- (900 me.). _
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First, the patterns of relative heating for the frequencies of 2,456 and 900 mc.
were calculated from the known dielectric constants and specific resistivities of
the tissues for a specimen consisting of subcutaneous fat, muscle, and bone and
muscle. The dielectric data for bone were not available; therefore the data for

" fat were substituted in ‘this calculation. since Schwan (1958) .has stated that the
dielectric constant-and specific resistivity of bone should be similar to those of fat,
The results of these calculations are. s;holwn,in»Fig.s.. 8and 9. o

Temperature distributions were then measured during exposure of specimens
consisting of skin, subcutancous fat, muscle, and bone. or muscle. The specimen
was exposed once to microwaves with the bone in the specimen, and then the
specimen was exposed-a second time after replacing the bone with muscle tissue.

With 2,456 mc. the specimen without bone showed an exponential decrease in the

temperature distribution throughout. the muscle tissue which conformed to the
calculated patterns of relative heating. When the same specimen was exposed with
the bone inserted in the specimen, an irregular rise of temperature occurred in
front of the bone (Fig. 10). This result seemed to be due to reflection at the muscle—
bone interface and resembled the calculated pattern of heating resulting from
reflection at the muscle-bone interface. ' :

At the 900 mc. frequency no evidence could be found indicating any reflection
occurring at the muscle-bone interface. At this frequency curves were similar
throughout the muscle layer in the arca in front of the bone whether the bone was
in place or removed. )

The temperature distributions resulting from exposure of specimens with bone
in situ 1o frequencies of 900 me. did not conform to the calculated pattern of
heating, since there was no rise of temperature in the area in front of the bone.
This discrepancy could be explained on the basis of wave length and bone diameter
relationships. At the frequency of 2,456 me. the wave length is smaller than the.
bone diameter, whereas the 900 mc. wave length in muscle is considerably larger
than the bone diameter. This would result in a less pronounced reflection of the
wave at the lower frequency. ) '

Findings also indicated that the temperature increments recorded behind or
inside the bone were much lcss than the increments occurring at the same spacings
in muscle tissue during exposure to either frequency (Table 1). Temperatures
recorded behind the bone were always lower than those in front (Table 1I).

It is felt that the reflection at the bone-muscle interface from the exposure of

the 2,456 mc. could possibly lead to the production of hot spots in that area.

Worden and co-workers (1948) reported the occurrence of burns in the form of
blebs over the femurs of dogs afler exposure to microwaves at 2,450 mc. This could
have been the result of the energy reflected at the bone-muscle interface,

With either frequency the results indicate that little encrgy penctrates bone.
Thus, in order cffectively to heat major joint structures it is apparently necessary
to expose them from all accessible aspects. -
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TABLE I S 4 -

. ) ) , R

Rise OF TEMPERATURE AFTER EXPOSURE TO MICROWAVES AT FREQUiNClE:lgN
3 456 AND 900 MEGACYCLES AS RECORDED BEHIND BONE AND IN-SAME Loca

B " AFTER REPLACEMENT OF BONE WITH MUSCLE

]

Frequency 2,456 mc.’ Frequency. 900 mc.

i
' T
' ine R ] - Bone Replaced -
. : Bone Replaced ‘ ) ) e ced
With Bone » With Muscle ‘ With Bone With Mus'gle )
' e 2-1°C.
o o-7°C. | 1r°c 21
04 C. 0-5C. - \ 1-1°C. 23°C.
0-5°C. 0-7°C. L 1r1°C &
0:2°C. 0-5°C. \ 1-5°C. 2-7°C.
TABLE I1

] : : T OF
DIFFERENCE IN TEMPERATURES AS INDICATED BY MEASUREME_NTSN::I:ESF;;)); aSe
AND BEHIND BONE AFTER EXPOSURE TO MICROWAVES AT‘FREQUE . A

AND 900 MEGACYCLES

Frequency 2,456 mc. . | Frequency 900 mc.

6-4°C. 5-1°C.
4.6°C. - 1-7°C.
9.2°C.. 3-6°C.
60°C. [2:4°C,

TEMPERATURE DISTRIBUTIONS PRODUCED BY
COMMERCIAL APPLICATORS

After completing the various studies with specimens w.ilhin_ a wave (glu;((i)g
and in free space by exposures to microwaves at the.frcqucncws of 2,4‘5‘6 :Ln 599
me.. it was felt that studies should be made of spccﬁc tempcrature dls(l.'l u 103e
proéuccd by commercially available directors used with the. 2,45(61 mcl. n;xectreor\:\z;ne

i in clinical application. This was nccessary 1n order to
unit employed in clinical application. \ : .
whether or not the difficulties encountered in hcalmg; the dcv'cp llSSU(?S couldal;z
overcome by the effect of the applicator. Commcrcml!ylavmluble dlrec;c::ﬁon
i i ‘ : and this effect might cause a conce
designed to beam the microwave encrgy, an . . se @ cob
of cﬁergy in the deeper tissue layers and thus a relatively higher risc of temperature
there. ' ‘ o

It was felt that applicator design might explain the hcgtmg cffects repo;’(t:::
by Gersten ef al. (1949), Rae et al. (1949), and Engel ef al. §l950).u'1;l(1)is;hvg§‘r‘ ers
' ' i iti higher temperatures_ th
found that under certain conditions the Tt .
distribution occurred in the musculature rather than in the subcutancous fat during
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exposure to microwaves at 2,456 mc. with commercial applicators.. However, it is
conceivable that thickness of the fat layer rather than applicator design was the
critical factor in producing relatively greater temperature increments in the depths
of the tissues. These workers used the hind legs of dogs and the forearms of human
beings in their'studies. In both cases the'sub(;utaneous fat is relatively thin, usually

measuring only a few millimetres. in depth. On the basis of our work using wave:
guides;-one might expect this kind of result under these conditions. Even so, these:

results would not seem to apply to most clinical applications of microwaves, since
areas exposed usually have a subcutaneous fat layer of 1.cm. or more in thickness.

" Thus, under the usual therapeutic conditions, an undesirable and excessive amount _

of heating of the subcutaneous fat would result. .

The specific characteristics of the three most commonly used directors in
clinical application were studied. The “C” director, with a corner type of reflector,
is designed to produce, on cross-section, an oval-shaped field with an area.of
maximum intensity in the centre of the field. The “A” director utilizes a hemi-
spherical reflector approximately 9-3 cm. in diameter, and is designed to produce,
on cross-section, a circular, doughnut-shaped pattern with a reduced amount of

intensity in the centre of the ficld. The “B” director has essentially the same con- -

struction as the ““A”, with the exception that the reflector is approximately 15-3 cm.
in diamcter and the resultant field correspondingly-larger. : ' '

Commercially available microtherm units operating at a frequency of 2,456

mc. were used for these experiments.* Specimens taken from the thighs of freshly .

slaughtered pigs were used as in previous studies. The specimens consisted of
skin, subcutancous fat of various thicknesses, and a thick layer of muscle tissue
which absorbed all the remaining microwave energy. Temperatures were recorded
during each experiment through the use of thermistor probes connected to a multi-
channel recording instrumeit (Visicorder). To rule out the possibility of inaccurate
readings due to radiation pick-up the needles were first positioned and exposed to
microwaves in air. No temperature increase was developed. The specimens were
scanned in such a manner as to study the heating pattern of the director through
the depths of the tissues as well as in the lateral boundaries of the ficld. In order to
determine the applicator-specimen spacing which would yicld the most accurate
and meaningful temperature measurements, a series of studies was carried out
with the director flush against the surface, 2 cm. above the surface, and 3 cm. above
the surface. Another factor varied in this series was the thickness of the fat layer

* - of the specimen. The following thicknesses were used: 0-7—1 -5 ¢m., 2 cm., and

3 cm. The studies indicated that the best position for placement of the director
was on the surfacc of the specimen, because this spacing developed relatively
greater temperature increments in the muscle fayers (Figs. 11-13). However, with-
out exception, the highest temperatures occurred in the subcutancous fat in all
specimens studied. -

* Raythcon and Burdick Corporation,
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The first series of experiments was conducted with the “C‘..’ d;r&):cto;{gciltﬁg
directly on the surface of the specimen. The method of scanning ;‘\e “.:Cfature
thermistors is shown in Figs. 14-16. In all cases the greatest rise o lcrnp rature
accurred in the subcutaneous fat directly 9ndcr the centre‘of the d(lj)psc]:{i,cd
(Figs. 17-19). The ficld distribution was similar to the beam shape as de

. (1949). : o

> Rla: fl’\:lsc(cond)series the temperatures prodgced by the A' _dlrle‘ctor ‘;vlecrset
measured. Figs. 20-22 show the method of scanning 'the ficld. Agdlndl 'c grl: ot
increments were found in the subcutaneous fat (F_lgs. 23.—25), alx: bag;: e
temperature distribution was similar to the patlcm.of mtcnsuy Oé.t c)’ Z; 1949)
peak temperatures in a ring approximately 6 cm. in diamcter (Rac (( kc.n, 1 ‘hé
An exceplion to this pattern was noled, however, In measuremcnl’s around - the
most superficial subcutancous fat layers, for thc.pcak tcmpcrz}tures were ound neat
the centre of the applicator. This could be attributed to a higher concen

energy near the antenna rod.
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Fi1G. 14 .—Relationship of ihcrmistor
needles to ‘C” director (oblique view).
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POSITION C B A

FlG. 1 6 .—Relationship of thermistor
needles to “C> director (lateral view).
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FiG. 18.—Temperature distribution with

“C” director as measured parallel to and

2 cm. in front of the long axis of the dipole

antenna at various depths of the tissues:
Position B. (2,456 mc.)
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.F1G. 15 .—Relationship of thermistor
needles to *“‘C” director (anterior view).
Squares indicate position of needles.
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Fi1G. 17.—Temperature distribution with
“C director as measured parallel to and
directly beneath the dipole antenna at various
" depths of the tissues: Position A. (2,456 mc.)
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FiG. 19.—Temperature distribution with

“C"” director as measured parallel to and

4 cm. in front of the long axis of the dipole

antenna at various depths of the tissues:
Position C. (2,456 me.)
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F1G. 20.—Rclationship  of  thermistor
needles to ‘A" director (oblique view).
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Fi1g. 22.—Reclationship of thexjmistor
needles to *“A” director (lateral view).
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Fi1G. 24.—Temperature distribution with
A" director as measured at various depths
of the tissues in a plane parallel and 2 cm.
anterior to a planc going through the dia-
meter of the reflector: Position B. (2,456 mc.)
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Fic. 21 .—Relationship of therm}slof )
needles to ““A’ director (anterior view).

Squares indicate position of needles.
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F1G.23.—Temperature distribution with** A"

director as measured at various depths of

the tissues in a plane going throggh the

diameter of the reflector: Position A.
(2,456 mc.)

3 o ] 2
cm tiom canter 0f rodrotor
Lo —_ nign

FIG.' 25 —Temperature distribution with
“ A" director as measured at various depths
of the tissues in a plane paraliel and 4, cm.
anterior to a plane going thrqugh the
diameter of the reflector: Position C.

(2,456 me.)
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- The results with the *“B” director were similar to those obtained with the “A”.
director, with the following exceptions: (1) with the “B” director there was a -
larger arca of maximal temperature rise, leaving a distance of only 3-4.cm. from
the proximal,border of this area to the centre of the field; (2) peak temperatures
were never observed in the centre. of the field in any area of the -speeimen. The
temperature  distribution always followcd the intensity pattern descnbed by.
Rae et-al. (1949)..

In all the experiments the resulting tcmperature drstnbutlons were found to be ]
consxstcntly asymmetrical. The possible causes for this lack of symmetry, such as
reflection at various tissue interspaces and minor variations in the ahgnment of the
director, could not be ascertained.

SUMMARY )

Temperature drstrrbutlons produccd by microwaves in specrmens suggest the
fo]]owmg conclusions of therapeutic significance:

. With either microwave frequency, the radiation of tissue areas having a
subculaneous fat layer of 4 cm. or more results in a temperature dxstnbulxon having
its peak temperafures in the subcutaneous fat.

2. The microwave frequency of choice would be 900 me. or lower for the
application of microwaves to a tissue area containing a moderate amount of
subcutancous fat (i.e. approximately 2 cm.). This would produce the highest tem-
peratures in the musculature, and in turn would increase the conductlve heating
effects to the deeper muscle layers.

3. A heating pattern indicative of energy reflection at the muscle-bone inter-
face was observed during exposures to microwaves at 2,456 mc. It is conceivable
that this reflection could lead to the development of “hot spots” in the tissues. This
hazard could not be demonstrated under experimental conditions at the 900 mc.
frequency. :

4. Temperature measurements taken behind bone were conslstently lower
than those taken in the same arca when bone was replaced by muscle tissue durmg
exposure to both 2,456 and 900 mc. This would indicate that adequate heating of
bone structures and joints could be achleved only by exposing the joint from all
accessible areas.

5. Microwaves at a frequency of 2,456 mc., beamed from the commercially
available directors; produce a therapeutically undcsrrable increase in temperature
in the subcutaneous fat.

Further investigations are necessary in order to determine whether or not the
temperature distributions found in specimens are altered to any significant degree
under therapeutic condmons when the circulatory syslem and other related
physiological factors are intact and functioning.

For REFERENCES please turn to-page 139
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