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A physical investigation of heat production in human tissues 
when exposed to micro1-vaves 

By H. F. CooK, B.Sc., Ph.D., AM.I.KE., F.Jnst.P., Department of Physics Applied to Medicine, · · ==---==---TheMiaafesex Hospital Medical School, Lo.ndon 
_________________ [Paper first received 24 May, 1951, and in final form 18 June, 1951] 

Experimental investigations of temperature rises produced in parts of the human body during exposure to microwaves of 10 and 9·4 cm wavelength are described. Application of linear heat flow theory shows that the experimental skin temperature rise in the initial stages of a microwave exposure is consistent with a thermal conductivity for tissues of 0·005 cal cm-1 sec-1 °c-1. With occlusion of the blood supply to the irradiated region the conductivity remains at this value until the pain threshold is reached. With no occlusion, increase in blood supply due to heating causes the effective conductivity to rise during exposure, but the theory becomes inapplicable as soon as heat flow is non-linear. Comparison is made of theoretical and experimental subcutaneous and muscle temperatures after microwave exposure and the differences explained. The influence of wavelength variation and air-cooling of the skin are discussed. 

A preliminary report of investigations of the effects of 
microwaves on humans and animals has already been 
published.<1l This paper will be concerned mainly with 
the thermal analysis of some of the results reported 
previously and of some obtained more recently. The 
application of conduction theory has been found to 
provide information regarding the thermal conductivity 
of human tissues whi,lst exposed to microwaves, and to 
comparison between the experimental and theoretical 
temperature distribution at a depth. 

A brief description follows of the experimental arrange
ments by which the results to be discussed were obtained. 

OUTLINE OF THE EXPERIMENTAL ARRANGEMENT 
Arrangement using a pulsed source of microwaves of 

IO cm wavelength. Pulsed radiation from a type 277 
Naval radar set was transmitted by rectangular wave
guide (7 · 62 x 2 · 54 cm) to the apparatus shown dia
grammatically in Fig. 1. The part of the body to be 
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Fig. I. Diagrammatic section of rectangular waveguide 
apparatus used at 10 cm wavelength 

irradiated was placed in contact with the aperture of the 
Wa\'e-guide applicator and, at low power, a match was 
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quickly achieved by adjusting the mismatch unit until 
the output from the directive feed was decreased to 
zero. The feed-through wattmeter (also acting as a 
standing wave indicator), previously calibrated against 
a water load, then enabled the water attenuator to be 
adjusted until the level of power required for the irradia
tion was obtained. 

The free-space wavelength of the radiation was IO cm, 
the pulse length O · 6 µsec, and repetition frequency 
500 c/s. Average power, rather than that in the pulse, 
is the factor determining heat production and the results 
were related to this throughout. Two applicator sizes 
were a_vailable, 7 · 6 x 7 · 0 cm, and 3 · 8 x 2 · 5 cm, both 
rectangular. The smaller aperture was provided by a 
short length of wave-guide of this size filled with Perspex 
to allow progressive wave propagation. The field 
strength variation across the aperture was determined 
by the mode of propagation, H01 . There was thus a 
sine law variation of field strength across the longer axis, 
no variation with position occurring in the direction at 
right-angles. 

Arrangement using a continuous wave source at 9 ·4 cm 
wavelength. Equipment was designed (in collaboration 
with T. J. Buchanan) for clinical applications, employing 
a continuous wave magnetron kindly lent by the General Electric Co. Ltd. · Power from. the source was fed by 
cable to either of the rectangular applicators described 
above or to a cylindrical H1·1 waveguide, the aperture of 
which provided, by means of interchangeable dia
phragms, two applicator field sizes of 7 cm and 3 ·2 cm 
diameter respectively. 

The power transmitted into tissues terminating tbe 
wave-guide applicators was a function of the magnetron 
current. Previous calibration with a water ca-r6rimeter 
thus enabled the power to be .~ from the 
magnetron current. 
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H.F. Cook 
Thennomerric arrangements. Temperatures were 

measured with thermocouples connected to a suitable 
galvanometer and previously calibrated. For the skin 
tcmpcr;_iture measurement it was found possible to use 
a junction of fine copper and Constantan wires stretched 
across the aperture in contact with the skin and at right-

. angles to the electric field vector, the junction being at 
the centre of the field. No field pick-up effects were 
observed with powers several times higher than those 
used for tissue heating. The big advantage of this 
technique was that skin temperature variation could be 
recorded during the exposure. 

Subcutaneous and muscle temperatures were measured 
with a steel hypodermic needle, at the point of which 
was a junction with an insulated copper wire running 
inside the needle. Measurements at various depths were 
made as quickly as possible after exposure. Since 
temperatures at each depth were measured at different 
tinJes after exposure, corrections have been made to 
allow for differences _in cooling at each depth. 

Accu,:acy. The accuracy of power measurement was 
·worst for low powers, where the limits of error were 
estimated to be ± 5%. These limits decreased pro
gressively as the power increased. Skin temperature 
rises were thought to be quite accurate, to about ± 0 · I° C, but tissue temperature rises suffered wider 
error limits. This was due mainly to some uncertainty 
in the cooling corrections applied, but possible errors 
arising from heat conduction along the steel needle have 
also to be considered. The work of Mendelssohn and 
Rossiter<2l would appear to suggest that the latter are 
negligible. It is thought that tissue temperature rises 
are accurate to ± 0 · 3° C. 

DISTRIBUTION OF POWER IN THE MI CROW A VE 
BEAMS 

Dielectric constant measurements on human skin, fat, 
muscle and bone, reported elsewhere,<3) have enabled the 
absorption coefficients of these tissues for microwaves of 
various wavelengths to be evaluated. The power dis
tribution in a plane perpendicular to the electric field 
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Fig. 2. Isopower curves in saline phantom 

Principal plane perpendicular to electric field; 7 · 6 x 7 · 0 cm aperture; A= JO·0cm. 

and containing the central axis of the microwave beam 

wavelengths of 10 cm and 9·4 cm. To illustrate the 
results obtained, Fig. 2 shows isopower curves in such a 
phantom when microwaves of 10 cm wavelength from 
the 7·6 cm x 7·0 cm applicator were applied. The 
actual power distribution in the human arm or thigh 
would differ somewhat from that shown since wave 
propagation would be modified by the presence of the 
skin and subcutaneous fat layers, which have dielecric 
constants and absorption coefficients different from those 
of muscle. 

The power distribution in the plane of the aperture 
and transverse to the beam axis is shown in Fig. 3 for 
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Fig. 3. Theoretical power distribution in plane of the 
apertures 

7 cm diameter circle and 7 · 6 x 7 · 0 cm rectangle 

the cases of rectangular and circular apertures. These 
distributions have been derived from the theoretical 
electric field patterns in the plane of the aperture. They 
can be taken as representing approximately the power 
distribution at the skin surface when tissues are 
irradiated. 

SOME OF THE EXPERIMENTAL RESULTS 
ON HUMANS 

Male volunteers were used, the inner forearm and 
anterior thigh being irradiated. Investigations of the 
variation of skin temperature with power and time were 
made, some representative results being shown in Figs. 4, 

· 5 and 6. In all cases the temperatures shown are those 
at the central point of the exposed area. Differences 
between individuals were not unexpected but, in the 
main, these were small. 

Investigations of the temperatures in the subcutaneous 
. and muscle tissues along the central axis of a microwave 

beam were also carried out in collaboration with 
A. C. Boyle and others. A typical set of results for a 
male thigh are shown in Fig. 7 where the temperatures 
all relate to 30 sec after the termination of the exposure 
times shown against the curves. 

was then measured experimentally by means of a probe DISCUSSION moving in a saline solution. The salt concentration and The conditions under which the above experimental temperature of this were adjusted to have an absorption results were obtained approximate to those of a semicoefficient equal to that for human muscle at 37° C for infinite solid with internal heat generation. The case of 
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A physical investigation of heat production in human tissues when exposed to microwaves 

Use of this relation in conjunction with experimental 
L-----l-----+-=~;;:::;::p__e<~~i..:::...i--·-results has enabled the thermal conductivity of the 45 

--------- -,,~- irradiated tissues to be calculated. 
B Gr/ 

/ 

exposure (secs) 

Fig. 4. Skin temperature v. exposure 
Curve A-normal blood supply. 
Curve B-with occlusion of blood supply. 
Forearm; 7·6 x 7 ·0 cm rectangle; tt = 10·0 cm; power= 17 W; room temperature= 20° C. 

the semi-infinite solid in which the rate of heat pro
duction depends on depth according to A0e-o:x, and 
where the surface at x = 0 is held at zero temperature, 
has been dealt with by Carslaw and Jaeger.<4l In the 
present case it can be assumed that heat flow into the 
irradiated tissues only need be considered. That into 
the terminating material of the microwave applicators 
(cork or Perspex) will be assumed negligible in com
parison, since these materials have conductivities much 
lower than that of human tissues. 

An extension of the case treated by Carslaw and Jaeger 
to cover the present condition where the temperature at 
x = 0 is allowed to rise is due to A. J. Vendrik (unpub
lished work). The relation derived, using the notation 
of Carslaw and Jaeger, is:-

r,. =a+ bx+ (2b + 21°) · ,v(kt) · ierf{2,v~ktJ 

+ _:!_o_ exp (a2/ct - (Xx), e,fc [- , ;(, ) + a,v(kt)] 2a2K 2v ,ct 

+ 
2
~iKexp (a;kt + o:x) • erfc [ + 2,v~kt) + a,v(kt)] 

A - --2.. i,xp ( = a>.') 
all( 

where 

l'x = temperature at time t and at depth x. 
a = initial temperature at x = 0. 
b = temperature gradient. 

A0 = heat developed per unit time per unit volume at 
x=O. 

a = energy absorption coefficient. 
K = thermal conductivity. 
k = K/(density x specific heat). 
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Skin temperatures during exposure to microwaves 
Of the experimental results of skin temperature rises, 

those shown in Fig. 4 were obtained under conditions 
which approximate most closely to the semi-infinite solid. 
They also show the marked effect of occlusion of the 
blood supply. 

To apply the theory to the experimental case it is 
necessary to relate the microwave power with A0 , to 
choose the correct value of a and to know the initial 
temperature gradient, b. It is also necessary to allow 
for the transverse power density variation across' the 
irradiated area. 

Taking the central block of tissues of cross-section, 
4 x 7 cm, it was found experimentally that the average 
temperature of the skin after irradiation over this area 
was O ·9 of that measured at the ceqtral point. It was 
also found from the known power density variation that 
if W is the power in watts crossing the whole cross
section of the applicator, the average power density in 
the central section, 4 x 7 cm was 0 · 030 W. It can 
then be shown that the average value of A0 for this case 
is given by: 

A0 = 0·00723Wa cal sec-I cm- 3 

The absorption of energy in the central block of 
tissues, 4 X 7 cm, can be shown, by analysis of the 
isopower curves of Fig. 2, to approximate closely to 
that for a plane-wave if a 10% increase in the plane
wave absorption coefficient is made. A theoretical study 
of plane-wave propagation in human tissues (to be 
described elsewhere) has shown that, in the present case 
of the forearm, the effective plane-wave absorption 
coefficient is not much lower than that for muscle, the 
influence of the thin skin and fat layers being small. 
The dielectric constant measurements already mentioned 
have shown that the value of this absorption coefficient 
for muscle at a wavelength of 10 cm is approximately I· 5. 
Hence this va(ue for a was used in the thermal analysis 
since the two effects above tend to cancel each other. 

The temperature gradient, b, was not measured in this 
case, but was taken as 2° C per cm, a figure appropriate 
to the· prevailing room temperature. The spcdfic heat 
and density of the tissues of the forearm wc1·~ both 
irnsumecl to be u1dty in their respective unlts. 

It was then found that curve B (with occlusion) of 
Fig. 4 agreed well with a theoretical one calculated using 
the above data and a thermal conductivity, independent 
of exposure time, of 0·005 cal cm-I sec- 1 0c- 1• This 
figure fits well into the range of values of conductivity 
(l0- 3 to 10-2) quoted in the literature for normal 
tissues, and shows that, with occlusion of the blood 
supply, the heat production caused by microwave 
irradiation has little effect on the thermal conductivity. 

Curve A of Fig. 4 was analysed similarly and showed 
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H.F. Cook that the effective thermal conductivity of the tissues rises to high values as the exposure proceeds. The temperature rise in the first 30 sec is consistent with K = 0 ·005, but the temperature reached after 2 min can only be explained by assuming that the average conductivity operative over this period was increased to O · 015, the instantaneous value of K operative at this time being even higher. This increase can be related to the known enhancement of blood circulation and must be allowed for in theoretical calculations of tissue temperatures obtained when the human body is exposed to any thermogenic agent. The loss of heat from the irradiated region by means of transference by blood flow to nonirradiated regions becomes so large at longer exposures 

cxposur¢ (secs) 

Fig. 5. Skin temperature v. exposure Forearm; 3· 8 x 2· 5 cm aperture; }. = l0·0cm; room 
temperature = 19° C. 
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Fig. 6. Skin temperature v. exposure Anterior thigh; 7 cm circular aperture; ,\ = 9 · 4 cm; temperature = 17° C. room 

as to make worthless any comparison of experimental results with theoretical values based on the assumption of linear heat flow. 
The results shown in Figs. 5 and 6 have been analysed in a similar manner. The thermal conductivities obtained from the analysis are of the same order as those above, but the analysis is less accurate owing to the smaller area involved in the one case, and to the greater transverse power density variation in the other. 

Subcutaneous and muscle temperatures It is of interest to compare experimental tissue temperatures after irradiation with temperatures calculated from Vendrik's relation. Fig. 8 provides such a comparison for the irradiation conditions stated. To obtain the theoretical curves the values of the effective thermal conductivity derived in the preceding section have been used in the calculations. The experimental curves in this case are based on the mean results obtained using three individuals, the temperatures being corrected to refer to the time the exposures terminated. Reasonable agreement is obtained between experiment and theory for these relatively short exposure times. Attempts to obtain agreement in the case of longer exposure times fail, however, even assuming K to increase considerably. Thus, it can be concluded that the flow of heat in irradiated tissues is approximately linear during the initial stages of exposure, but is no longer so when the exposure is prolonged. This is due, presumably, to a progressive increase in vasodilation and lateral heat transference out of the irradiated zone during exposure. 
Interesting features of the experimental curves of temperature as a function of depth are the trough and peak in the curves, not apparent in the theoretical ones. These can be correlated with the existence of a layer of fatty tissue interposed between skin and muscle tissues. Adipose tissue has a dielectric constant and loss much lower than those of skin and muscle. It will be shown in another paper that the combined effect of the lower energy absorption in the fatty tissue layer and the multiple reflexion of radiation at the tissue interfaces is to modify the shape of the temperature-depth curve from that of the theoretical one in homogeneous muscle (Fig. 8) to that of the experimental curves shown in Figs. 7 and 8. The effect depends on the thickness of the fat layer. The results presented here refer to thighs where this thickness is approximately 6 mm. 

Influence of wavelength on temperature rises of skin and subcutaneous tissues The effect of a change in wavelength (and hence absorption coefficient) on temperature rise can be calculated. It can be shown readily that the transmitted intensity of radiation required to produce any given skin temperature rise after prolonged ·exposure is inversely proportional to the absorption co~fficient. Thus, the 4 
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A physical investigation of heat production in human tissues when exposed to microwaves 
43~---~-----.------~-----, 

mosdc-- .... 

2 

·----~:.-·-·-·
'••-..... 

···• .... 

3 
d< pth (cm) 

·-·--- ...... __ 
········· 

············ 

Fig. 7. Tissue temperature v. depth 30 sec after exposure 
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Anterior thigh; central axis offield 3 · 8 = 2 · 5 cm; A = 1 0 · 0 cm; 
power = 3 W; room temperature = 25° C. 
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Full lines: theoretical for plane wave in muscle·,\= lO·0crri• 
0·42 W cm-2. ' ' 

Broken lines: experimental for central axis of beam from aperture 
3·S x 2·5cm in tissues of anterior thigh;,\= IO·0cm; 2·5W. 

transmitted intensity of infra-red radiation (from a 
therapeutic heat lamp) and of l ·25 cm microwaves 
(a= l 5 in both cases), which can be tolerated by the 
human body without pain, is I/10th of the tolerated 
intensity of 10 cm microwaves (a= I· 5). 

Use of the theoretical relation (based on linear heat 
flow) to determine the effect of a change of wavelength 
on temperature variation with depth in irradiated tissues 

satisfied approximately. Fig. 9 shows the theoretical 
temperature distribution in superficial skin and muscle 
tissues (negligibly thin fatty layer) after a 2 min exposure 
to microwaves of different wavelengths. Although the 
absorption coefficient decreases from 15 at 1 · 25 cm 
wavelength to ·1 · 5 at 10 cm wavelength, the relatively 
high thermal conductivity has the effect of decreasing 
considerably the differences in temperature gradient which 
might be expected from such a difference in absorption 
coefficient. For wavelengths longer than 10 cm the 
absorption coefficient falls very slowly with increasing 
wavelength, and the temperature variation with depth 
will differ little from that shown for 10 cm wavelength. 
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Fig. 9. Theoretical tissue temperatures for plane wave 
propagation in muscle after 2 min exposure at different 

wavelengths 
Initial skin temperature = 30° C; initial temperature gradient 

= 2° Ccm-1; thermal conductivity= 0·015 cal cm-I sec-1 °c-1; 
0·42 Wcm-2. 

Since the reflexion coefficients of tissue interfaces 
(skin-fatty tissue, fat-muscle, muscle-bone) are relatively 
constant in the microwave region,(3) the magnitude of 
the effect of the presence of fatty tissue and bone in 
modifying the temperature variation with depth should 
be approximately independent of wavelength. 

The injiuence of heat losses to the region x < 0 
must be confined to cases where the exposure time is Where tissues are exposed to radiation under con-
short enough for the linear heat flow condition to be ditions such that heat is lost to the region x < 0 (by · 
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H.F. Cook 
radiation, convection and vaporization) the preceding theory and arguments may no longer hold. Such conditions obtain in therapeutic practice where an air space intervenes between the exposed region of the body and the microwave applicator. 

If the loss of heat at the surface to the region x < 0 is at a high rate, the surface temperature does not rise and the theoretical variation of temperature rise with depth would be of the type shown in Fig. 10. However, with room conditions normally encountered the loss of heat to the region x < 0 is relatively small, the skin temperature rises, and the temperature gradient is considerably reduced. Another factor contributing to the reduction of the temperature gradient is vasodilatation. In experiments on animals under air-cooling conditions (carried out in collaboration with A. C. Boyle 
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depth 
. Fig. 10. Form of the theoretical temperature rise variation with depth in homogeneous tissues exposed under conditions where the surface temperature is held constant (f 1 < t2) 

and D. L. Wolfe) no evidence has yet been obtained of the existence, during exposure, of temperatures at depths below the skin in excess of those of the skin, in anatomical regions well supplied with blood. A positive temperature gradient in tissues exposed in the presence of air-cooling can be found experimentally a short time after the termination of exposure, but when allowance is made for the rate of cooling at the surface being greater than at a depth during temperature measurements, it is found that the corrected gradient is approximately zero. This suggests that, in practice, the loss of heat to the region x < 0 under normal air conditions is not sufficiently great to cause any large qualitative change from the results found when the exposed tissues are in contact with a poor thermal conductor. 
In other experiments with gelatine phantoms, exposed under air cooling conditions to 10 cm microwaves, the temperature gradient (corrected for cooling during temperature measurements after exposure) was found to 

6 

be positive only when the surface at x = 0 was subjected to strong air currents. 
Clark<5l has given preliminary details of results obtained when the eye and testicle of a rabbit were exposed to microwaves, presumably under air cooling conditions. Evidence is obtained of a positive tem• perature gradient in the eye and it is suggested that the absence of blood circulation makes this possible. The experiments with gelatine mentioned above would indicate that Clark's result was obtained under strong aircooling conditions. 

CONCLUSIONS 

Human tissues exposed to microwaves undergo temperature rises which, in the initial stages of the exposure, are in approximate agreement with those calculated on the assumption of linear heat flow if it is also assumed that the effective thermal conductivity of tissues rises from a value of 0·005 cal cm- 1 sec- 1 0c- 1 to much higher values as the exposure proceeds. However; the divergence of the experimental case from the theoretical one of the semi-infinite solid with linear heat flow becomes too great for comparison to be made as soon as capillary dilatation due to heating becomes significant. 
It can be concluded that, when the microwave exposure is made with the irradiated region in contact with a poor thermal conductor, the skin undergoes the highest temperature rise. However, it is possible that, if exposure is made in the presence of strong air cooling, the temperature rise at depths below the surface may exceed that of the skin. This is likely to occur only in anatomical regions devoid of blood circulation . 
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