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Hazards Due to Total Body Irradiation by Radar* 
H. P. SCHWANt AND K. Lit 

Summary-Experimental work by others at 10 cm wavelength 
has shown that irreversible damage to the eye is caused by electro
magnetic radiation, if the energy flux is in excess of about 0.2 
watt/cm2• Intolerable temperature rise, due to total body irradiation 
may be anticipated for flux values in excess of 0.02 watts/cm". Hence 
a discussion of hazards due to total body irradiation is of primary 
interest. Tl;lis paper presents data which analyze the mode of propa
gation of electromagnetic radiation into the human body and result
ant heat development. The two quantities which are considered in 
detail are: 1) coefficient, which characterizes the percentage of air
borne electromagnetic energy as absorbed by the body, and 2) dis
tribution of heat sources in skin, subcutaneous fat, and deeper situ
ated tissues. It is shown: 

1) The percentage of absorbed energy is near 40 per 
cent at frequencies much smaller than 1000 and 
higher than 3000 me. In the range from a bout 1000 to 
3000 me the coefficient of absorption may vary from 
20 to 100 per cent. 

2) Radiation of a frequency below 1000 me will cause 
deep heating, not well indicated by the sensory ele
ments in the skin and, therefore, considered espe
cially dangerous. Radiation whose frequency ex
ceeds 3000 me will be absorbed in the skin. Radia
tion of a frequency between 1000 and 3000 me will 
be absorbed in both body surface and in the deeper 
tissues, the ratio being dependent on parameters in
volved. 

3) Arguments are advanced in support of tolerance val-
ues for total body irradiation near 0.01 watts/cm•. 

Conclusions of practical value are: 1) Since sensory ·elements are 
located primarily in the skin, low-frequency radiation (f < 1000 me) 
is much more dangerous than high-frequency radiation. 2) Radiation 
of very high frequency (f>3000 me) causes only superficial heating 
with much the same effects as infrared and sunlight. The sensory 
reaction of the skin should provide adequate warning. 

* Original manuscript received by the IRE, December 15, 1955; 
revised manuscript received, June 15, 1956. These studies were aided 
by a contract between the Office of Naval Research, Dept. of the 
Navy and the Univ. of Pennsylvania, NR 119-289. 

t Moore School of Elec. Engrg. and Dept. Physical Med., Medical 
Schools, University of Pennsylvania, Philadelphia, Pa. 

THE PROBLEM 

HEAL TH HAZARDS, resulting from the ex
posure of mankind to strong sources of electro

. magnetic radiation, have been discussed by 
several investigators in recent years. Earlier investiga
tions, concerned with the possible harmful effects of 
electromagnetic radiation, stated negative results,1 
while more recent investigations are indicative of the 
possible harmful effects of such radiation. 2- 5 This may 
be due to the fact that only recently sources of suffi
cient power to establish a health hazard have become 
available. A !llOre detailed discussion of the presently 
available literature has been given by us elsewhere7 and 
is, therefore, omitted. The harmful effects of excessive 
amounts of radiation result either from a general rise 
in total body temperature or are limited to selective 
temperature rise of sensitive parts of the body, such as 
testicles or especially the eyes. Table 1 compares data 
pertaining to these types of damage. It has been as
sumed here that in the case of total body irradiation 

1 L. E. Daily, "A clinical study of the results of exposure of 
laboratory personnel to radar and high frequency radio," U. S. Naval 
Bull., vol. 41, p. 1052; 1943. 

2 D. B. Williams, J. P. Monahan, W. J. Nicholson, and J. J. 
Aldrich, "Biologic effects studies on microwave radiation: Time and 
power thresholds for the production of lens opacities by 12.3-cm 
microwaves," IRE TRANS., PGME-4, pp. 17-22; February, 1956. 

3 T- S. Ely and D. E. Goldman, "Heat exchange characteristics 
of ammals exposed to 10-cm microwaves," IRE TRANS., PGME-4, 
pp. 38-43; February, 1956. 

4 H. M. Hines and J. E. Randall, "Possible industrial hazards in 
the use of microwave radiation," Elec. Engrg., vol. 71, p. 879; 1952. 

5 J. F. Herrick and F. H. Krusen, "Certain physiologic and patho
logic effects of microwaves," Elec. Engrg., vol. 72, p. 239; 1953. 

6 S. I. Brody, "Operational hazard of microwave radiation," J. 
Aviation Med., vol. 24, p. 328; 1953. 

7 H. P. Schwan and G. M. Piersol, "The absorption of electro
magnetic energy in body tissues: a review and critical analysis," 
Amer. J. Phys. Med., part I, vol. 33, p. 371; 1954: part II, vol. 34, p. 
425; 1955. 
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TABLE I* 

Critical Estimated Experimen-
temperature critical ta! evidence 

elevation flux at JO cm 

Eye damage (Cataract) 10°c. 0.1 0.2 
Testicular damage 1 oc. (?) 0.01 ? 
Total body irradiation 1°c. 0.01 0.02 

* Experimental evidence for critical energy flux in watt/cm2 to 
cause intolerable effects of microwaves is compared with estimated 
values and resultant temperature elevation. Critical temperature rise 
is arbitrarily defined for case of total body irradiation and testes. Ex
perimental evidence so far only .01:>tained at 10 cm wa".elen~th_ is 
given for the rabbit's eye by W1lhams2 and total body 1rrad1ation 
by Ely and Goldman.3 All tolerance values pertain to infinite ex
posure. Estimated critical fl!1x levels refer to biologi<?lllY _effective, 
i.e., absorbed energy. Expenmental values refer to air pnor to ex
posure. The latter values must be larger due to reflection from the 
body surface. 

fever corresponding to a temperature rise in excess of 
1 °C. is considered intolerable. Cataract in the eye is 
produced when a temperature elevation of about 10°C. 
is caused, possibly due to denaturation of various 
macromolecular components.2 It is seen from the Table 
that 1) estimates for critical flux levels, obtained as 
described later in this paper and experimental evidence, 
agree approximately, 2) critical flux values and tem
perature elevation are in proportion to each other, and 
3) in total body irradiation eye damage is not limiting 
the flux value. We conclude that significant body tem
perature rise is the more serious hazard. This is true at 
least, whenever substantial parts of the body are ex
posed so that conditions of total body irradiation are ap
proximated. The present investigation, therefore, is 
primarily concerned with the total body's absorption 
of electromagnetic radiation. 

Presently available literature does not give any indi
cation that other than purely thermal considerations are 
to be applied, i.e., it is justified to assume that the 
effects of electromagnetic radiation are caused by the 
heat, which is generated by the mechanism of absorp
tion.,7 Of primary interest in a discussion of the total 
body's response to electromagnetic radiation are the 
questions: 1) What percentage of airborne radiation is 
absorbed by the human body? 2) Where in the human 
body is the absorbed energy converted into heat? The 
answers to these questions, in combination with a 
knowledge of the a~ount of heat which can be tolerated 
by the human body, permits tolerance dosage recom
mendations. Previous discussions pertaining to this 
problem apply especially to lower frequencies, where 

. the influence of skin may be neglected. 8 •9 However, 
at frequencies above 1000 me. which are of interest 

s H. P. Schwan and E. L. Carstensen, "Application of electric 
and acoustic measuring techniques to problems in diathermy," 
Trans. AIEE (Communications and Electronics) p. 106; May, 1953. 

DH. P. S~hwan E. L. Carstensen, and K. Li, "Heating of fat
muscle layers by el~ctro-magnetic and ultrasonic diathermy." Trans. 
AIEE, (Communications and Electronics) p. 483; September, 1953. 

here, the assumption of a negligible skin influence is no 
longer justified.10 We have undertaken, therefore, an 
investigation of the above formulated two problems, 
under special consideration of the effects of skin. The 
discussion covers the total frequency spectrum from 
150 to 10,000 me. It covers the total range of practically 
interesting thickness values of subcutaneous fat and 
skin and it considers variability of results as function 
of temperature and dielectric data of tissues. 

METHOD OF PROCEDURE 

An enormous number of difficult experiments would 
be required on a purely experimental basis, in order to 
obtain conclusions of general value, extending over the 
total range of variability of parameters involved. A 
more the:::iretical approach seems, therefore, indicated. 
This approach utilizes the fact that the dielectric prop
erties of various tissues involved and the arrangement 
of tissues of different dielectric properties in the body 
determine uniquely the mode of propagation of air
borne electromagnetic energy into the human body. 
For simplicity, we assume plane electromagnetic radia
tion, propagating perpendicular to the surface of the 
body. This case will be approximated roughly by the 
trunk of a person facing the source of radiation. We 
can state that the percentage of absorbed energy will 
be a maximum under such conditions. Any conclusions 
drawn from such an approach will give, therefore, 
highest possible values of absorbed energy as should be 
considered in an attempt to establish tolerance dosage 
figures. The body itself is approximated by a triple 
layer arrangement as indicated 111 Fig. 1. The justifi-

AIR 
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I 
I 

FAT MUSCLE 

Fig. 1-Phantom arrangement simulating the human body's 
characteristics for absorption of uhf radiation. 

cation for this model is derived from the following facts: 
1) All internal body tissues with high water content 
have comparable dielectric data similar to those of 
muscle and may, therefore, be represented by one type 

10 T. Foelsche, "The energy distribution in various parts of the 
body due to irradiation with dm- and cm-waves," Z. Naturf, 
vol. 9b, p. 429; 1954. 
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of dielectric.11 2) Tissues of low water content inside 
the body are existent in the form of bone structures. 
But, they establish only a small part of the total body 
volume and only occasionally appear within the reach 
of the radiation and, if at all, only for lower frequencies 
than predominantly of interest today.12 3) Depth of 
penetration in the deep tissues inside the body is suffi
ciently small for electromagnetic radiation to permit 
approximation of the deep tissue complex by an in
finitely extended medium as shown in Fig. 1. 4) Both 
subcutaneous fat, separating body surface and deep 
tissues, and skin have different dielectric data than the 
deep tissues. 

Most of the dielectric data required for the calcula
tions have been obtained throughout the total fre
quency range of interest by several investigators, no
tably by Schwan and Li between 100 and 1000 mc11 and 
by Herrick, Jelatis, and Lee from 1000 to 10,000 mc.13 
They are well understood and explained in terms of the 
various body constituents.6 •11 An analysis of all data 
has shown that we may distinguish between two differ
ent classes of tissue, namely muscular tissues and body 
organs such as heart, liver, lung, kidney, etc., on the one 
hand and fat and bone tissue on the other hand.6 These 
two classes of tissues have greatly different dielectric 
constants and losses. The first group of tissues is char
acterized by a rather high water content of about 70 
to 80 per cent and a protein content of about 20 per 
cent in weight. I ts electrical properties are found to be 
rather reproducible, due mainly to the constancy of the 
water-protein distribution. The fatty and bone tissues 
on the other hand have dielectric constants and con
ductivities which are about tenfold smaller than the 
data of the first group of tissues. The fat material 
varies strongly in its dielectric properties from sample 
to sample and perhaps from one type of animal to an
other. This may be due to the fact that it contains only 
small amounts of water. This water content is variable 
and accordingly effects the dielectric properties strongly 
due to the high dielectric constant and conductivity 
of water. A summary of the dielectric data of the two 
types of tissues is given in Table II. The wet fat in the 
table, with somewhat higher water content, represent 
horse fat, while the dry fat has been found more char
acteristic of pork. Human fat values are somewhere 
in between. Skin tissue so far has been investigated only 
by a few authors. Its dielectric data are slightly lower 
than those for muscular and similar tissues. Some of our 

11 H. P. Schwan and K. Li, "Capacity and conductivity of body 
tissues at ultrahigh frequencies," PROC. IRE, vol. 41, p. 1735-1740; 
December, 1953. 

12 This does not exclude the possibility that bone structures suffi
ciently near the body surface may occasionally cause standing wave 
pattern in the tissues separating body surface and bone due to im
pedance mismatch between bone and other body tissues. However, 
the influence of such effects on the total amount of absorbed energy is 
likely to be small and, therefore, does not deserve special considera
tion in a discussion of the thermal aspects of total body irradiation. 

13 J. F. Herrick, D. G. Jelatis, and G. M. Lee, "Dielectric proper
ties of tissues important in microwave diathermy," Fed. Proc., vol. 9, 
p. 60; 1950; and personal communication. 

TABLE II* 

37°C. -> 50°C. 20°c. 

® Muscle Wet fat Dry fat Wet fat Wet fat 

me 
150 66 7.6 3.8 7.6 7.6 
400 58 6.8 3.4 6.8 6.8 
900 54 6.1 3.05 6.1 6.1 

3000 54 4.4 2.2 4.4 4.4 
10,000 45 3.3 I 1.65 3.3 3.3 

8 37°C. -> 50°C. I 20°c. 

Muscle Wet fat Dry fat Wet fat ! Wet fat 

me 
150 10 0.66 0.33 1.32 0.33 
400 10 0.78 0.39 1.56 0.39 
900 11 0.91 0.45 1. 81 0.45 

3000 22 1.18 0.59 2.35 0.59 
10,000 125 2.63 1.31 5.26 1. 31 

* Dielectric properties of muscle, characteristic for all tissues 
with high water content, and fat for various frequencies and tem
peratures. The muscle and wet fat data are from actual measurement. 
The data are simplified in the dry case since the total variability due 
to variation in water content is characterized by a factor of two. 
This seems an optimal value based on the limited available material 
as obtained from horse, pork, and human autopsy material.. Tem
perature dependence of dielectric constant is small and has been ne
glected in the idealized data 

skin measurements recently obtained with techniques 
described elsewhere14

•
15 and those obtained by others at 

higher frequencies16
•17 are given in Fig. 2. The vari-
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Fig. 2-Dielectric constant (8) and conductivity (K) (in mMho) of 
skin tissue. The results are obtained by the authors (0, +), 
England (ti.) 16 and Cook (e, x) 17 • The curves define the values used 
in all numerical discussions. 

u H. P. Schwan, "Method for the determination of electrical 
constants and complex resistances, especially biological material," 
ZS. f. Natur., vol. Sb, p. 1; 1953. 

15 H.P. Schwan and K. Li, "Measurement of materials with high 
dielectric constant and conductivity at ultrahigh frequencies," 
Trans. AIEE, (Communications and Electronics), p. 603; January, 
1955. 

16 T. S. England, "Dielectric properties of the human body for 
wavelengths in the 1-10 cm range," Nature, vol. 166, p. 480; 1950. 

17 H.F. Cook, "Dielectric behavior of some types of human tissues 
at microwave frequencies," Brit. J. Appl. Phys., vol. 2, p. 295; 1951. 
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ability of the skin data is characterized by two out of 
altogether five sets of measurements by us (200-1000 
me) and the deviation of the curve from the single ob
servations. It is small enough to neglect it in the fol
lowing discussions. 

The calculations proceed as follows. The character
istic wave impedance of all tissues concerned, i.e., deep 
tissues, fatty tissues, and skin, is obtained by dividing 
the wave impedance of air (377 ohm) by the square root 
of the complex dielectric constants e+ = 8-j60AK where X 
is the wavelength of radiation in air. The propagation 
constants of the radiation 'Y = a+jf3 are obtained from 

211' -
'Y = j - ve+. 

;\ 

Denoting by single subscripts each material (M muscle, 
F fat, S skin, A air) and by double subscripts interfaces, 
the following equations hold for characteristic imped
ances, input impedances, and complex reflection coeffi
cients p = peiif!: 

ZFM - ZF 
PFM=---

ZFM +zF 

vw-vs7 
yf;F++ yf;M+ 

1 + PFMe-2"/FdF 
ZsF = ZF -------

1 - p F Me-2"fFdF 

ZsF - Zs 
PsF = ----

ZsF + Zs 

1 + PsFe-2'Ysds 
ZAs = Zs -------

1 - PsFe-2'Ysds 

ZAs - 377 
PAs = ----

ZAs + 377 

where the d symbolizes thickness of material under 
consideration. The field strength E in each tissue is re
sultant from incident waves and waves reflected from 
the interfaces between the tissue layers. Hence9 

E = Eo [ e-'Y"' + pe+P] 

where x is the space coordinate (x = 0 at interface which 
is responsible for reflected wave). The parameters Eo 
are determined by the boundary conditions, that no 
potential jump is permissible at the interfaces. From 
the field distribution, heat development per cm length 
is obtained :9 

Eo2 

I = - K [e-2ax + p2e2a"' + 2p cos (2{3x + <P)]. 
2 

Finally, the integrals of heat development per cm 

f d Eo2 [1-p2 
Idx = - K -- (1 - e-2ad) 

o 2 2a 

+; (sin [2{3d + <P] - sin <I>)] 

are determined for the three layers and compared with 
each other. They give total heat development in skin, 
fat, and deep tissues. 

RESULTS 

Coefficients which give total percentage of absorbed 
energy and heat development in skin, fat, and muscle 
have been determined for all parameters of _interest as 
follows: 

1) frequencies of 150, 400, 900, 3000, and 10,000 me. 
2) thickness values of subcutaneous fat of 0, 0.5, 1, 

1.5, 2, 2.5, and 3 cm. 
3) thickness values of skin of 0, 0.2, and 0.4 cm. The 

range of 0.2 to 0.4 cm skin thickness covers values 
of practical interest. The value 0 is included in 
order to permit judgment of what happens if skin 
is neglected. 

4) dielectric constant and conductivity data of fat 
with high water content and low water content in 
order to investigate the effect of the variability of 
fat properties. Variability of the dielectric data 
of deep tissues and skin is very small and need not 
be considered. 

5) dielectric data for fat of a temperature near 50°C. 
and fat of a temperature near 20°C. Influence of 
the temperature variation is demonstrated in the 
case of fat, since fat has been shown to vary its 
dielectric parameters with the temperature more 
strongly than any other tissue. 11 However, varia
tion in temperature of subcutaneous fat causes 
no very pronounced effects as will be shown below. 
It has been necessary, therefore, to choose lower 
and upper temperature limits out of the range of 
physiological interest to demonstrate temperature 
influence. The dielectric data which have been 
used are summarized in Table II. Variation with 
temperature throughout the range of practical 
interest involves predominantly change in con
ductance and only to a smaller degree change in 
dielectric constant.11 It is justified, therefore, to 
represent the change from 20 to 50°C. by a change 
of the conductivity by a factor of two, while the 
dielectric constant data are not varied. 

Some statements are necessary to justify the neglect
ing of a discussion of the temperature dependence of 
the skin and deep tissue layer. It follows from numerical 
calculation not demonstrated here that the input im
pedance of the deep tissue complex· varies only to a 
small degree with the temperature of the deep tissue 
layer. This is due to the fact that the dielectric constant 
is nearly temperature independent11 and that the con
ductivity, whose temperature coefficient is about 2 per 
cent/°C., has practically no effect on the input imped
ance. The input wave impedance for the deep tissues is, 
furthermore, quite different from the characteristic 
wave impedance in the fatty layer, resulting in a pro
nounced reflection of energy from the fat-deep tissue 
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interface. Variation in the input impedance of the deep 
tissue has, therefore, only a• small affect on the standing 
wave pattern in front of the deep tissue layer. We con
clude that the development of heat in all layers is prac
tically independent of the temperature in the deep 
tissues and, hence, also the coefficient which character
izes the percentage of airborne radiation absorbed by 
the body .. 

The temperature of skin has some effect on its ab
sorption of energy. It does not affect the ratio of heat 
developed in fat and deep tissue layer, but its own con
sumption of energy is found to vary by about 2 per 
cent per °C. This is small enough so that the percentage 
of incident energy which is absorbed by the body, and 
the skin's own heat development are affected only to a 
minor extent. 

In view of the number of parameters, which are in
volved, a great amount of numerical data has been ob
tained. Space does not permit the presentation of all 
the material.18 We will, therefore, restrict ourselves to 
part of the material which seems to be most character
istic. 

Percentage of Absorbed Energy 

Table III gives percentages of total absorbed energy 
for the frequencies 150 to 400 me. The data demonstrate 
the simple situation prevailing at frequencies below 
1000 me. Comparison of the data shows practically no 
influence of the degree of wetness of the fatty material 
for thickness values of the subcutaneous fat layer up to 
2 cm. The same applies for variation in temperature. 

TABLE III* 

Fat Skin thickness 150 me 400 me 

Wet 0 26-27 36-42 
37°c. 0.2 cm 26-31 36-54 

0.4 cm 27-32 37-60 

Dry 0 27-29 37-40 
37°c. 0.2 cm 27-32 37-52 

0.4 cm 29-34 38-61 

Wet 0 26-28 37-43 
50°C. 0.2 cm 26-30 37-52 

0.4 cm 27-33 37-59 

Wet 0 26-27 37-44 
20°c. 0.2 cm 26-31 36-55 

0.4 cm 27-33 37-62 

* Percentage of absorbed energy for frequencies of 150 and 400 
me. The data pertain to somewhat wet fat and rather dry fat at body 
temperature. The small effect of temperature is shown by listing data 
applying to extremes of temperature (20°C. and 50°C.). The ranges, 
which are given, are covered monotonously as the thickness of the 
subcutaneous fat increases from 0 to 2 cm. 

The percentage of absorbed energy increases monoto
nously with fat layer thickness. The lower figures per
tain, therefore, to zero-thickness and the higher figures 
for a thickness of 2 cm of fat. The increase is negligible 

18 Those interested in the detai'led results may request them 
from the authors. 

for 150 me for all values of skin thickness. It is still 
small for 400 me. if the skin thickness is neglected, but 
becomes more pronounced as the skin thickness in
creases. The percentage values are equal to 30 per cent 
and vary only by ± 4 per cent at 150 me. At 400 me 
they are near 50 per cent ± 10 per cent. The increase in 
absorption becomes rapidly more pronounced as the fat 
thickness or thickness of skin increase beyond the 
values discussed in the table. The material indicates 
that at low frequencies skin and subcutaneous fat have 
only minor influence on the absorption percentage. This 
must be so, since for the thickness values under dis
cussion, both skin and fat layer are considerably smaller 
than one quarter of a wavelength in either type of 
material and, therefore, almost transparent for the 
electromagnetic energy. However, the amount of ab
sorbed energy is seen to be frequency dependent and to 
vary from amount 26 to 35 per cent if skin and fat layer 
are neglected and when frequency increases from 150 
to 400 me. These percentage values are characteristic 
for a semi-infinite layer of muscular tissue, hit by air
borne radiation. Further details of this frequency de
pendence are shown in Fig. 3 in more detail. 
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Fig. 3-Depth of penetration a) and percentage of absorbed energy 
b) of airborne electromagnetic radiation in tissues with high 
water content as function of frequency. The depth of penetration 
is defined as the inverse of 2µ, (µ, absorption coefficient) and char
acterizes the thickness required to diminish the field intensity to 
1/e of its original value. 

Fig. 3 demonstrates with curve b the continuous in
crease which the percentage of energy absorbed by a 
single semi-infinite layer of muscle shows with increas
ing frequency. A plateau exists where the percentage is 
nearly frequency independent from 600 to 10,000 me 
and equal to about 40 per cent. The explanation of this 
plateau-effect has been given at another place.6 Curve 
a shows a strong decrease of the depth of penetration 
(½µ) with increase of frequency. 
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Fig. 4 has been chosen to demonstrate the tremendous 
influence which skin can have on the absorption, if its 
thickness becomes comparable to or greater than ';,./4 in 
skin material. Wet fat has been assumed. This type of fat 
has the unusual property that it matches the input im
pedance of the deep tissue layer to the wave impedance 

/ of air, if it is a quarter of a wavelength thick. For this 
thickness, which is 1.25 cm for 3000 me., 100 per cent 
energy absorption results if skin thickness is neglected. 
However, at a thickness of 4 mm the skin itself estab
lishes ';,./4 transformer, causing a very large mismatch. 
The result is an absorption of only 20 per cent. At other 
values of fat layer thickness than 1.25 cm, the depend
ence of percentage of absorbed energy on skin thickness 
is less pronounced. 

o,Jr--_-'--1 -...l,.2--!..3---,L.4--".5,---.60-------+_7 --!-.8--±-.9----!ID 

SKIN THICKNESS (cm) 

Fig. 4-Critical influence of skin thickness on the amount of ab
sorbed energy is demonstrated for various fat layer thickness 
values at a frequency of 3000 me. 

Fig. S gives the coefficient of absorption in per cent 
for the frequencies 900 me, 3000 me, and 10,000 me. 
Thickness of subcutaneous fat is varied between 0 and 
3 cm and skin thickness values from Oto 0.4 cm. These 
are the ranges of predominant practical interest.19 The 
total material is affected by the occurrence of standing 
wave patterns in the fatty and skin layers. The corre
sponding periodicity of the absorption coefficient is 
obtained in good approximation if the wavelength in 
air ). = 3.1010/frequency is divided by the square root 
of the dielectric constant values as given in Table II. 
The periodic behavior is further affected by the losses 
in the subcutaneous fat, which cause the curves to be
come less modulated as the fat layer thickness increases. 
The effect of skin and subcutaneous fat layer is pro
nounced at 900 and especially at 3000 me. It affects the 
coefficients of energy absorption strongly whenever 
the thickness of these layers matches multiples of ';,./4 
as has been demonstrated for skin already in Fig. 4. 
The 10,000 me values, on the other hand, are rather con
stant and fluctuate between 40 and SO per cent for 
values of skin thickness of practical interest. The values 
are quite similar to the value taken from Fig. 3 for inci-

10 Larger values for the thickness of the subcutaneous fat may 
occur occasionally. However, such layers will almost never cover a 
substantial part of the human body's surface and w\11, t~er~fore, be 
of no concern in a study of the effects of total body irrad1at10n. The 
general relationships indicated in this study permi~ furthermore, 
judgment how the curves may be extrapolated to higher values of 
subcutaneous fat thickness. 

dent radiation of the same frequency hitting deep tissue 
material, but quite different from the values which are 
obtained at 10,000 me if skin is neglected completely 
(curve K =0). This is explained by the similarity of 
skin tissue to the deep tissue components in regard to 
dielectric properties (compare Fig. 2 with Table II) 
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Fig. 5-Percentage of absorbed energy as function of thickness of 
subcutaneous fat layer. The parameter K refers to thickness of 
skin and is varied from 0 to 0.4 cm. Frequencies of 900, 3000 and 
10,000 me are considered. Wet fat (solid curves) and dry fat 
(dashed curves) of body temperature are assumed. 

and the fact that the depth of penetration of 10,000 me 
radiation in such tissues is extremely small. I ts value 
is about 0.1 cm as demonstrated in Fig. 3, which means 
that the energy is almost completely absorbed in the 
skin. Only if skin is neglected, the percentage of ab
sorbed energy must fluctuate due to pronounced varia
tions of the input wave impedance at the body surface 
with the fat layer thickness. 

The effect of variation in water content is illustrated 
in Fig. S by the dashed curves which pertain to dry 
fat, while the solid curves hold for wet fat. Available 
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dielectric data do not permit us to make final statements 
where human dielectric properties fall in Table I. How
ever, it is almost certain that human fatty tissue is 
to be placed between the wet and dry type of fat re
corded in the Table II.20 The curves which characterize 
the coefficients of energy absorption in mankind will fall, 
therefore, somewhere between the solid and dashed 
curves given in Fig. 5. The general picture in the case of 
dry and wet fat is the same, with the peaks and minima 
of the curves presented in Fig. 5 appearing for dry fat 
at about v2 times higher subcutaneous fat thickness 
values. This is due to the decrease of the fat dielectric 
constant by a factor of 2 in the dry case. The strong 
temperature coefficient of the conductivity in fatty 
tissue, reported elsewhere,11 makes it also necessary to 
investigate the dependence of above presented results 
from temperature. Such investigations have been con
ducted so far only for the case where the thickness of 
the skin may be neglected.21 The result of this work 
shows that the effects of temperature variation are 
small. If skin is not neglected and at the very high fre
quency of 10,000 me neither water content nor tem
perature of the subcutaneous fat can influence the 
coefficients of absorbed energy, since almost all the 
energy is absorbed already in the skin (Fig. 3). The 
same applies to the low frequencies of 150 and 400 me as 
demonstrated above in Table III. Here the major 
part of the energy is absorbed in the deep tissues, indi
cating that skin and subcutaneous fat are rather trans
parent for the radiation. At 900 and 3000 me, however, 
one may suspect a somewhat stronger influence of the 
temperature of fatty material. Table IV presents for 
these two frequencies the results obtained for temper
atures of 20 and 50°C. for skin thickness values from 0 
to 0.4 cm. It shows that even at 900 and 3000 me the 
effect of temperature is not pronounced. Similar results 
are obtained for 20 and 50°C. even though a temperature 
variation had to be assumed of physiologically unrea
sonable magnitude, in order to demonstrate temperature 
effects. 

The results presented above may be summarized as 
follows: At low frequencies well below 1000 me and at 
high frequencies well above 3000 me simple conditions 
exist. The percentage of absorbed energy is nearly inde
pendent of skin and subcutaneous fat thickness and 
near 40 per cent. However, in the range from 1000 to 
3000 me complicated conditions exist. Here the per
centage of airborne energy, which is absorbed by the 
body, may vary between 20 and 100 per cent, depending 
upon how thick skin and subcutaneous fat are. The ex-

20 Only a restricted number of samples of horse fat, pork fat, and 
human autopsy material has been investigated by us. Horse fat and 
pork fat established so far the extremes in dielectric values. However, 
the statistical fluctuation is sufficiently great to render it impossible 
to make final statements in regard to the dielectric properties of 
human fatty tissue. 

11 H. P. Schwan and K. Li, "Variations between measured and 
biologically effective microwave diathermy dosage," Arch. Phys. 
Med. and Rehab., vol. 36, p. 363; 1955. 

TABLE IV* 

K=0cm K=0.2 cm K=0.4 cm 

d..,. 20°c 50°C 20°c 50°C 20°c 50°C 

900 me 

0 41 41 41 41 42 42 
1 48 48 71 68 71 69 
2 70 69 91 86 66 66 
3 98 89 77 79 50 55 

3000 me 

0 42 42 45 45 48 48 
0.5 54 55 51 52 27 28 

1 91 93 33 35 22 23 
1.5 86 95 25 29 20 24 

2 59 76 26 32 29 30 
2.5 54 72 52 46 40 33 

3 72 83 44 42 25 28 

* The table gives percentage of incident radiation absorbed by 
the arrangement shown in Fig. 1 for 900 and 3000 me and for two 
temperatures of subcutaneous fat (20°C. and 50°C.). Thickness of 
subcutaneous fat d is varied from 0 to 3 cm and thickness of skin K 
from Oto 0.4 cm. The taple illustrates the small effect of temperature 
variation on the percentage of absorbed energy. 

planation for this fact is the ability of both skin and 
fat to transform the input wave impedance of the deep 
tissues over a considerable range of impedance values. 
This causes, depending on conditions, all possibilities 
from complete mismatch to almost exact impedance 
match with air with corresponding variability of the 
percentage of airborne energy absorbed by the body. 
Since tolerance considerations must be conservative, 
up to 100 per cent energy absorption must be assumed 
in an establishment of tolerance dosage for frequencies 
between 1000 and 3000 me; and up to 50 per cent for 
frequencies either well below 1000 me or well above 
3000 me. 

Distribution of Heat Sources in Various Tissues 

The following figures and tables explain where the 
energy, absorbed by the body, is transformed into heat. 
Fig. 6 gives heat developed in skin, subcutaneous fat, 
and deep tissues in per cent of the total energy, which is 
penetrating into the body. The results are given for 400, 
900, 3000, and 10,000 me. The upper, middle, and lower 
rows apply to skin thickness values of 0, 0.2, and 0.4 cm. 
The data are presented as function of thickness of 
subcutaneous fat layer over the range from 0 to 3 cm. 
Assumed is wet fat of body temperature (solid curves) 
and dry fat (dashed curves). The amounts of heat de
veloped in fat and skin increase, of course, with the 
thickness of either type of tissue. Both heat in fat and 
skin are seen to increase also with frequency. The ratio 
of the amount of heat developed in fat to that in deep 
tissues is independent of the thickness of the skin layer, 
since it can be shown to be determined completely by 
the dielectric properties of both tissues and their thick
ness. 9 The amount of heat developed in the deep tissues 
is small at 10,000 me. Even the amount of energy 
available in fat is small at 10,000 me, unless skin is 
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Fig. 6-Heat development in skin (S), subcutaneous fat (F) and deeper situated tissues (M) are given in per cent of total energy absorbed 
by the body as function of thickness of subcutaneous fat in cm. The upper row of graphs holds for a skin thickness K=0, the middle 
row for K =0.2 cm and the lower one fork =0.4 cm The solid curves pertain to fat with high water content and the dashed curves to dryer 
fat. The shaded areas emphasize the heat developed in fat in the wet case. For any particular combination of values of frequency, thick
ness of skin and fat the sum of all heat contributions developed in the three layers is 100 per cent in this presentation. 

neglected. This demonstrates again that 10,000 me 
radiation is absorbed completely in the surface of the 
body. This holds even more so at higher frequencies 
due to the continuous decrease of depth of penetration 
into skin as frequency increases. At the lower frequen
cies of 900 and 3000 me a more complex situation exists. 
In general, the values characterizing heat developed in 
skin, fat layer, and deep tissues are somewhat more com
parable with each other than at 10,000 me, at least for 
the range of skin thickness values of practical interest. 
However, the values fluctuate strongly with all param
eters involved. At 400 me, almost all of the energy 
reaches into the deep tissues and the same applies, of 
course, at 150 me even more so as our evaluations not 
demonstrated here show. In summary: heat develop
ment occurs predominantly in the deep tissues below 
900 me and at the body surface at frequencies above 
3000 me. The range from 1000 to 3000 me establishes 
a transition period where more difficult relationships 
apply. 

The effect of temperature of the subcutaneous fat on 
the results presented in Fig. 6 are discussed in Fig. 7. 
Here, results are given which pertain to wet fat of 20 
and 50°C. It is demonstrated that the amount of heat, 

which is developed in the subcutaneous fat increases 
by about a factor of two as the temperature increases 
from 20 to 50°C. The curves pertaining to the lower 
temperature are placed in the areas characteristic for 
fat heating as obtained at higher temperatures, almost 
in all instances. This means that both skin and deep 
situated tissues benefit from the decrease of energy 
consumption in fat at lowered temperature. Since the 
range of temperature variation which is of physiological 
interest is at least five times smaller than the temper
ature range discussed in Fig. 7, effects of temperature 
variation of the subcutaneous fat can be neglected. 

CONCLUSION 

The thermal heat conductivity of subcutaneous fat is 
· known to be about twofold smaller than the heat con
ductivity of deep tissues. The relatively poor blood 
supply of the fat tissue only emphasizes its ability to 
establish a thermal barrier, separating body interior 
from exterior. Noticeable temperature elevation inside 
the body is, therefore, necessary before sufficient tem
perature gradient across the subcutaneous fat is es
tablished to balance heat generation inside with escape 
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from body surface. On the other hand, heat developed 
in the skin, i.e., at the body surface wiII have difficulty 
in penetrating inside the body and will rather escape 
by means of the usual effective mechanism of heat regu
lation (radiation, evaporation, heat conduction). Thus, 
we recognize that radiation of such high frequency, that 
it is developing its heat in the body surface, must be 
much less apt to cause intolerable temperature eleva
tion than radiation of lower frequencies. Presently 
available knowledge makes it difficult to state how 
much more heat, generated at the body surface, is 
tolerable than heat generated in the deep tissues. A 
more differentiated dosage statement must wait, there
fore, until more research has been done concerning this 
aspect of heat physiology. 

However, the human body's ability to tolerate heat 
may be estimated as follows: 

1) Data are available pertaining to irradiation of 
restricted parts of the human body as performed 
for example in clinical practice,6 (see also the de
tailed study by Cook22). The frequency in this 
case was 2500 me. The experiments show that ap-

!2 H. F. Cook, "A physical investigation of heat production in 
human tissues when exposed to microwaves," Brit. J. Appl. Phys., 
vol. 3, p. 1; 1952. 

plication of about 100 watts of radio frequency 
energy to an area of approximately 100 cm2 re
sults in temperature rise of about 5°C. in the first 
five minutes. From above discussions of coeffi
cients of absorption, we know that this temper
ature increase of 1°C. per minute corresponds to 
an absorbed flux figure of 0.1 to 1 watt/cm2• 

This experimental result is in fair agreement with 
numerical estimates, which utilize knowledge of 
the depth of penetration in deep tissues (about 1 
cm, see Fig. 3) and give transient temperature 
rise of the volume which is defined by exposed area 
and depth of penetration. Clinical experience has 
shown, furthermore, that the considerable exten
sion of blood vessels, which occurs when signifi
cant temperature elevation has happened, pro
vides an effective means of counteracting excessive 
temperature rise. 4 •6 Under such circumstances 
blood carries a good part of the developed heat 
away, i.e., the mass of the total body becomes 
available as a cooling reservoir for the restricted 
part of the body irradiated in clinical practice. 
This means in effect that a steady state temper
ature is achieved which can be tolerated, i.e., 
rapid temperature rise of 1°C. per minute in 
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the beginning of the transient period is soon re
placed by a tolerable steady state temperature 
elevation. It is obvious that the steady state 
temperature elevation must depend critically on 
the ratio of irradiated part of the body surface to 
total body surface. It is safe to predict that it wil! 
increase with the area of irradiation. This means 
that a flux figure of about 0.3 watts/cm2 must re
sult in intolerable temperature rise when the ir
radiated area is larger than 100 cm2• If we assume 
linearity between tolerance flux figure and ratio 
of nonirradiated to irradiated body surface, a fig
ure of 0.03 watts/cm2 is found dangerous if at 
least half of the body (i.e. about 1 m2) is exposed. 

2) Average heat dissipation under normal circum
stances is about 0.005 watts/cm2• This figure is 
based on an energy uptake in form of food of 3000 
Kcal per day, an efficiency of somewhat below 
30 per cent and a body surface of about 2 m2• 

Only under unusually fortunate circumstances is 
the body surface able to handle tenfold higher heat 
flux figures. However, double the above rate 
seems well within the capacity of the human 
body. This means that it is permissible to develop 
inside the human body an additional amount of 
energy which corresponds to 0.005 watt/cm2, 

averaged over the total body surface. In view of 
the fact that, at most, only half the body can be 
subjected to radiation, a figure of 0.01 watt/cm2 

absorbed energy appears as tolerable and is, 
therefore, suggested as a tolerance dosage. This 
value should not be exceeded except under un
usual circumstances, where cooling efficiency of 
body surface is excellent. 

3) An attempt must be made to supplement a toler
ance statement with regard to energy flux by a 
total tolerance dosage, i.e., a statement of optimal 
tolerable product of exposure time and energy 
flux absorbed. This is of particular interest for 
short time exposur~ to very high intensities where 
heat flow is not very effective, i.e., whenever time 

of exposure is small compared with the time con
stants which characterize heat exchange in the 
human body. In such cases, we operate in the 
transient period where temperature rise is linear 
with time. For a 10 cm radiation, penetrating 
into muscular tissue, it has been mentioned al
ready that a temperature rise of 1 °C. per minute 
must be considered for a flux of about 0.3 watts/ 
cm2• If we consider temperature elevation of more 
than 1 °C. intolerable in the case of total body ir
radiation we derive a figure of 0.3 watt minutes/ 
cm2 as limiting value. Since depth of penetration 
of radiation decreases with increasing frequency, 
this figure is to be replaced by higher values at fre
quencies below 1000 me, 2000 me and lower values 
above 3000 me. 

Taking 0.01 watt/cm2 for long time exposure and 
0.01 watt hour/cm 2 for short exposures as tolerance 
figures, both not to be exceeded in case of total body 
irradiation, and incorporating the above discussed 
values for percentage of absorbed energy and location 
of energy exchange, the following conclusions seem 
justified: 

1) Frequencies substantially below 1000 me (500 
me and lower): We deal with true deep heating. 
Coefficient of absorption is about 30 to 40 per cent. 
This means that incident energy flux figures of less 
than 0.03 watt/cm2 can be tolerated. 

2) Frequencies from 1000 to 3000 me may be ab
sorbed completely. Skin, subcutaneous fat, and 
deep tissues participate in this absorption and 
conversion into heat in a complex manner. Hence, 
0.01 watt/cm2 is considered as a recommendable 
tolerance statement. 

3) Frequencies in excess of 3000 me are absorbed 
in the surface of the body. Heat dissipation to the 
outside is, therefore, excellent. The coefficient of 
airborne energy, which is absorbed is 40 to SO per 
cent. Hence, more than 0.02 watt/cm2 are toler
ated by the body. 


