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Thermoregulation 

9.1. PHYSIOLOGIe REGULATION 

If biologieal perturbations as a result of exposure to electromagnetic 
energies should occur, they could be manifested by general "stress" 
responses characterized by functional changes in regulatory systems of 
the body. The main integrators of these regulatory systems appear to be 
the brain and central nervous system (CNS). The CNS and the 
hypothalamus in particular mediate the classical biological responses to 
factors that may impose astrain on the homeostatic mechanisms of the 
body. 

Physiological integration results from cooperating processes at work 
within an individual. Regulation and therefore integration typically deals 
with cooperation among two or more different processes. For example, 
heart rate and other circulatory functions are modified in response to 
messages from specific muscles, viscera, or glands. In those tissues, 
augmented blood tlow increases the supplies of oxygen and other 
substances at active local sites. Messages are transmitted at various kinds 
of junctions and chemical receptors (Adolph, 1979). 

Physiologie regulation represented by neuroendocrine function, 
neurochemical activity, thermoregulation, and immune responses are 
exquisitely "tuned" interrelated systems that constitute sensitive in
dicators of body responses to environmental insults. Pituitary hormones 
and neurotransmitters are intimately linked to the functions of the CNS. 
There are reports that exposure to electromagnetic fields may affect 
neuroendocrine, neurochemical activities and behavior. Little, however, 
has been learned of the underlying mechanisms that bring about these 
effects. It is quite possible that many of the reported observations, 
especially those related to behavioral responses, are manifestations of 
perception or detection of the field rather than a direct coupling of the 
energy into the responding body function. Study of the integration and 
correlation of many body functions relative to the homeostatic or 
homeokinetic status of the exposed subject is thus required. 

Regulation requires activation of processes and limitation (usually by 
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feedback) of the processes and their speeds. Every regulation involves 
integration among actions. Thus, regulation of body heat depends on 
shifts of heat production and he at elimination. One can conc1ude that 
integration of body heat depends on detailed regulations, oscillations, 
blood tlows, and so on. There is no boundary or distinction between 
regulation and integration (Adolph, 1979). 

Reactions of mammals to stimuli are mainly achieved by neural and 
endocrine mechanisms. Separation of neural and endocrine control, in 
the present state of the art, is impossible. Since neural response is one of 
the primary controllers over body function in protection of mammals 
against adverse conditions, the importance and significance of neuro
endocrine and neurotransmitter perturbations are evident. 

Thermoregulation serves as an example of relations by which several 
integrating functions yield a complex result. Thus, body content of heat is 
equilibrated by approach to equality of two overall processes, gain and 
loss. Integration exists in that these two counteractions respond to 
disturbances and they restore a normative result. Heat production and 
heat loss are both locally and integrally controlled in a complex manner 
and many sensory and central factors are intricately interrelated. Thus, 
multiple sensations from the skin, hypothalamus, spinal cord, abdominal 
cavity, and respiratory passages have been shown to converge in the 
CNS. 

For the body as a whole, each response to temperature sensations 
appears to recognize a threshold. This threshold can be conveniently 
imagined to contribute to a so-called set point. The set point, however, is 
not fixed under all conditions (Adolph, 1979). In addition to the 
physiological responses of heat production and vasconstriction, other 
actions that the individual takes may be regarded as behavioral. 

Fever represents a form of heat integration. Pyrogen that escapes 
from a parasitic organism gives rise to outputs of norepinephrine and 
prostagiandin E. These hormones intluence hypothalamic neurons to 
command extra heat production and at the same time to diminish heat 
loss. Thus, fever can be illustrative of aroused integrative function 
(Adolph, 1979). 

To maintain homeostasis, a mammal possesses two control mechan
isms that react to changes in internal and external environments (stimuli 
or stress). These two control mechanisms are the neural and endocrine 
systems. Separation of endocrine from neural control is impossible as 
neural signals are integrated at the hypothalamus to react to deviations in 
the internal or external environments. Hypothalamic-hypophysial
adrenocortical (HHA) , hypothalamic-hypophysial-thyroidal (HHT) , 
and hypothalamic-hypophysial-somatotropic (HHS) are three endocrine 
systems that participate in the "stress" response. Generally , they operate 
through a negative feedback mechanism. 
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Adrenergic neurons in the hypothalamus stimulate thyrotropin
releasing hormone (TRH) acting on the anterior pituitary to increase 
thyrotropin (TSH), entering the general circulation to stimulate thyroid 
secretion of triiodothyronine (T3) and thyroxine (T4)' T3 and T4 then act 
by negative feedback control on hypophysial TSH secretion. 

There is evidence that suppression of central adrenergic tone is 
responsible for a reduction of growth hormone (GH) release. A specific 
growth-hormone-inhibiting factor (GIF) is present in the hypothalamus. 
GIF inhibits the release of GH and counteracts the effects of growth
hormone-releasing factor (GRF) from the hypothalamus. GRF acts on 
the anterior pituitary to release GH into the general circulation. GH acts 
on target tissue to increase the glucose level (by decreased utilization) 
and nonesterified fatty acid levels (by mobilization) and to decrease the 
amino acid pool for protein synthesis. It is these substrates, especially 
glucose, that provide a feedback control on the hypothalamus for GH 
release. GH also acts direct1y by a short-Ioop negative feedback control 
on the hypothalamus and anterior pituitary. Physical stimuli, emotions, 
or any interference with the body's ability to maintain homeostasis (heat, 
cold, infections, toxins, lack of oxygen, injury) can result in the liberation 
of corticotropin-releasing factor (CRF) , which in turn stimulates the 
release of adrenocortieotropic hormone (ACTH) from the anterior 
pituitary (hypophysis). ACTH then stimulates the secretion by the 
adrenal cortex of glucocorticoids, which are hormones related to the 
immune response. 

The pathpphysiologic picture of "stress" has been characterized as 
the "general adaptation syndrome," which develops in three stages, the 
alarm reaction, the stage of resistance, and the stage of exhaustion 
(Selye, 1950). The classic triad of the alarm reaction (adrenocortieal 
stimulation, thymicolymphatic hypotrophy, and gastrointestinal ulcer) 
denotes the stereotyped response of the body to any demand that 
severely taxes the regulatory processes. The triad of the alarm reaction 
also points out the involvement of the HHA system and autonomie 
control. Only recently has the secretory pattern of adenohypophysial 
hormones (other than ACTH) been found to be involved in the 
nonspecific stress responses. It is now well established that in rats, acute 
stress inhibits GH secretion and stimulates ACTH and prolactin release. 
In general, stress-induced hormonal changes are not related to the 
nature, but rather to the intensity and duration of the stressing agent. 

Standard laboratory stressors can easily be found in the experimental 
procedures that are used in biomedical studies. Such commonplace 
procedures as handling, novelty of experimental environment and proce
dures, extreme environmental temperatures, forced muscular exercise, 
immobilization, transportation, noise, electrical shock, ether anesthesia, 
and so on can act as stressors under certain conditions. Great care must 
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thus be exercised to ensure that the changes in hormone levels are the 
response to the specific stressor in question (i.e., electric or electromag
netic fields) rather than to some extraneous factors. 

There is a dissociation of the modes of pituitary-adrenal activation 
for the stress response and the rhythmicity at the level of the hypothala
mic CRF neurons. The transient nature of shifts in circadian periodicity 
emphasizes the importance of homeothermic adaptive mechanisms in the 
mammal. 

One of the major functions of thyroid hormones is their effect on 
basal and resting metabolie rate. Pituitary secretion of TSH has been 
shown to respond in a specific, metabolie pattern to extreme environ
mental temperature, and appears to respond in a nonspecific manner to 
other stressful stimuli. TSH secretion is under the control of the CNS, as 
are the secretions of the other adenohypophysial hormones. 

The release of TSH by the anterior pituitary is regulated by an 
interaction between hypothalamic TRH, which stimulates TSH release, 
and the calorigenic ("metabolically active") thyroid hormones T4 and T3 , 

which suppress it. 
In addition to mediating somatic growth of the organism, GH is an 

important component of the endocrine control of circulating metabolites. 
Like the other adenohypophysial hormones, GH under the control of the 
CNS is mediated through the hypothalamic inhibiting hormone, somato
statin, and a hypothalamic releasing factor. As noted earlier, changes in 
GH secretion during stress are considered to be a nonspecific response to 
a stimulus. Unlike TSH or ACTH, the GH stress response is somewhat 
species dependent, with a decrease in rodents, and an increase in dogs 
and primates including the human. 

The CNS provides an interface between afferent nervous pathways 
from sensor and efferent nervous pathways to effectors. It is also the 
structure in which the sensor-to-effector pathways are integrated so that 
an animal can respond in a systematic way to complex patterns of signals 
from sensors. In this way the existence of the organism as a whole is 
sustained in the context of its external environment, while its constituent 
cells are maintained in their immediate milieu (Bligh, 1979). 

It is weIl established that intra neuronal communication in the brain 
is achieved by releasing specific chemical media tors and that the 
neuroexcitability is partly a function of synaptic transmission. Altered 
neurotransmitter function has been demonstrated in a variety of behavi
oral as weIl as neurological abnormalities. 

Neuroendocrine function and neurotransmitter activity react to 
alterations in internal or extern al environments to maintain homeostasis. 
Changes in hormone levels can result in modification of energy utiliza
tion, carbohydrate, fat, and protein metabolism, immune competence, 
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and electrolyte balance. They can also modify perception, neural 
function, behavior, and mentality. Neuroendocrine functions are the 
controllers that maintain homeostasis of man and animals in relation to 
diverse stimuli. The importance of these neuroendocrine factors is that 
they are slower and more persistent controllers of body functions than 
the quickly reactive neural mechanisms. 

9.2. THERMOREGULATION 

According to the Glossary Committee of the International Union of 
Physiological Science (Bligh and Johnson, 1973), the following definitions 
have been accepted "to improve precision of meaning and uniformity in 
the usage of technical terms in thermal physiology": 

TEMPERATURE REGULATION: The maintenance of the temperature or 
temperatures of a body within a restricted range under conditions 
involving variable internal and/or external heat loads. Biologieally, the 
existence of some degree of body temperature regulation by autonomie or 
behavioral means. Antonym: TEMPERATURE CONFORMITY. 

TEMPERATURE REGULATION, BEHAVIORAL: The regulation of 
body temperature by complex patterns of responses of the skeletal 
musculature to heat and cold whieh modify the rates of heat production 
and/or heat 108s (e.g., by exercise, change in body conformation, and in 
the thermal in8ulation of bedding and (in man) of clothing, and by the 
selection of an environment whieh reduces thermal stress). 

Thermoregulation, which is part of the complex control system 
involving circulation, metabolism, respiration, as weIl as neural struc
tures, can be reasonably divided into two components: a physiological 
component made up of heat production and heat 10ss mechanisms, and a 
behavioral component that has sensory, motivational, and response 
aspects (Lipton et al., 1970). Physiological thermoregulation controls 
body temperature within narrow limits although its power to counteract 
thermal stress is relatively smaIl. Behavioral thermo regulation , on the 
other hand, exerts a less precise control but is very powerful in defending 
against great temperature extremes through the initiation and main
tenance of various voluntary actions (Benzinger et al., 1963). While in 
the normal life of homeotherms both components interact to ass ure a 
viable thermal level, the great power and modifiability of the behavioral 
component are of particular interest for theoretical and practical reasons. 
Ivanov (1975) has examined the significance of specific heat-sensitive 
structures such as neurons, interoceptors, and cutaneous thermorecep
tors, in heat regulation. He concludes that temperature signals from 
cutaneous thermoreceptors reach the somatosensory region of the 
cerebral cortex. The main processing of thermal signals from cutaneous 
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thermoreceptors reaches the somatosensory region of the cerebral cortex. 
The main processing of thermal signals and generation of a controlling 
signal for the effector part of thermoregulation takes place in the 
hypothalamus. 

There is no aspect of an organism's behavior that is not to some 
extent controlled by environmental stimuli. As noted by Stolwijk (1977), 
"Body temperatures are probably sensed by a number of temperature
sensitive neural structures. Animal studies have shown that temperature
sensitive neurons exist in the skin. Local thermal stimulation of these 
regions in animals produces physiologieal responses of greater thermal 
magnitude than the stimulus." 

"The heat exchange between the human body and the environment 
can be described by the general heat balance equation: 

S=M-W-E±R±C 

in whieh S = rate of heat storage; M = rate of metabolic heat produc
tion (proportional to rate of oxygen consumption); W = mechanieal 
work done on the environment; E = evaporative heat loss rate (via 
respiration or sweating); R = heat gain or loss through radiation; 
C = he at gain or loss through convection. All terms are expressed in 
watts per square meter body surface area (W 1m2). Imbalance of the 
internal heat production term (M) and the remaining terms, causes heat 
to be stored in or lost from the body, with resultant changes in body 
temperature. For a 75 kg man, a he at storage rate of 100 W for 1 hr will 
cause a rise in me an body temperature of 1.33°C. Well-trained in
dividuals ean sustain a metabolie produetion at the rate of 1,000 W for up 
to 0.5 hr, so that substantial heat dissipation meehanisms are required to 
proteet against exeessive hyperthermia during heavy exereise. During 
hard work or in fever, eentral temperatures may rise to 40-41°C for short 
periods." 

Nonhibernating mammals maintain an internal body temperature 
within a few degrees eentigrade in spite of the wide (ea. 100°C) variation 
of environmental temperature. Numerous physiologie responses that 
eontribute to thermal equilibrium include vasomotor, respiratory, and 
metabolic adjustments, as weIl as sweating, shivering, and piloerection. 
Behavioral responses of the animal also contribute to thermal balance 
(Carlisle, 1970). 

Temperature information is derived from two sets of receptors: one 
set located peripherally (eutaneous receptors) and the other centrally 
(hypothalamie temperature-sensitive neurons) (Nakayama et al. , 1963). 
Temperature regulation can best be understood as a dual-control system 
involving central cutaneous modulation of a hypothalamie controller. The 
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nature of the control system will not be dealt with here, and the reader is 
referred to the excellent reviews by Hardy (1961), Bligh (1966), Hammel 
(1968), and Corbit (1970) for more information. 

An animal with a body temperature of about 38°C is faced with a 
dear regulatory problem when a ftow of heat is committed to the 
environment by the body-ambient temperature difference. The rate of 
change of internal temperature is determined by the balance or imbalance 
between rates of heat production and heat loss. The behavioral regula
tion of body temperature can be very accurate under some conditions. 
Weiss and Laties (1960, 1961) and Laties and Weiss (1959, 1960), in an 
elegant series of experiments, have shown that behavior is a markedly 
sensitive mechanism in the regulation of body temperature. 

An avoidance response has been used successfully with lizards; this 
work demonstrated that the behavioral avoidance of thermal extremes 
was a joint function of hypothalamic and peripheral temperatures 
(Hammel et al., 1967). A natural response of rats, when heat-stressed, is 
to groom saliva into the ventral body surface, thereby increasing 
evaporative heat loss (Hainsworth, 1967). Behavioral and physiologic 
responses are wired in parallel; if the physiologic response is an activation 
of heat-loss mechanisms, then the behavioral response will be in the same 
direction. If physiologie responsiveness is impaired (or strained), then 
behavioral responses increase in order to compensate for this heat stress 
(Lipton, 1968). 

Thermal motivation arises in situations of thermal stress. On the 
warm side, it is the uncomfortable feeling of excessive warmth and the 
desire for temperature reduction; on the cold side, it involves the 
unpleasant feeling of being too cold and the desire for temperature 
increase. The biological significance of thermal motivation is that, by 
acting in such a way as to minimize thermal discomfort and maximize 
thermal comfort, the organism tends to escape from situations of thermal 
stress and to locate itself in a physiologically neutral thermal environ
ment, thereby solving the problem of physiological temperature regula
tion (Corbit, 1973). 

The problem of thermal motivation can help us to refine our 
understanding of the neural basis of motivation, because it provides a 
context in which the important general theoretical issues can be brought 
into unusually sharp focus. This is so because the input variables or 
stimuli for thermally motivated behavior are simply various body 
temperatures, and existing technology makes it not only possible but also 
easy to measure and control these temperatures with whatever degree of 
precision is required. The ease with which precise specification of the 
input variables can be achieved has enabled workers from several 
disciplines to take a quantitative approach in their studies of the 



324 CHAPTER 9 

input-output characteristics of the system. Consequently, there is now a 
set of relatively dear statements for the laws relating temperatures on the 
input side to measures of neural activity, autonomic thermoregulatory 
reactions, behavior of the whole animal, and subjective experience on the 
output side (Corbit, 1973). 

Weiss and Laties (1961), who introduced the methods of operant 
conditioning to the study of thermal motivation, identified skin tempera
ture as one stimulus for thermoregulatory behavior, and Satinoff (1964) 
showed that thermoregulatory behavior is inftuenced by locally produced 
changes in hypothalamic temperature, as wen as by changes in peripheral 
temperature. Thus, thermal motivation depends on central (hypothala
mic) as weH as on peripheral (cutaneous) temperature stimuli. 

This suggests that the driving forces for the behavioral and auto
nomic thermoregulatory responses are generated by similar neural mecha
nisms. Raising hypothalamic temperature above its neutral value gives 
rise to an aversive motivational state (Corbit, 1973). 

Thermal experience varies along two main dimensions: one, sensory 
(warm-cold) and the other, affective (pleasant-unpleasant). The inten
sity of warm or cold sensations increases with increasing deviation of skin 
temperature above or below the neutral value of about 33°C (Stevens and 
Stevens, 1960; Gagge and Stevens, 1968). The intensity of the unpleasant 
feeling of thermal discomfort increases with increasing deviation of skin 
temperature away from 33°C (Winslow et al., 1937; Hardy, 1953-1954) 
and with increasing deviation of internal body temperature from its 
normal value of about 37°C (Chatonnet and Cabanac, 1965; Cabanac, 
1969, 1971). It is apparent that knowledge of behavioral thermoregula
tion is essential if one is to evaluate experimental data from microwave 
bioeffects studies. 

Extensive investigations into microwave bioeffects during the last 
quarter century indicate that, for frequencies between 200 and 
24,500 MHz, exposure to apower density of 100 mW /cm2 or greater than 
4 m W / g for several minutes or hours can result in physiological manifes
tations of a thermal nature in laboratory animals. Such effects may or 
may not be characterized by a measurable temperature rise, which is a 
function of the thermal regulatory processes and active adaptation of the 
animal. The end result is either reversible or irreversible change, 
depending on the conditions of the exposure and the physiological state 
of the animal. At lower power densities, evidence of pathological change 
or physiological alteration is nonexistent or equivocal. A great deal of 
discussion, nevertheless, has concerned the relative importance of 
thermal or nonthermal effects of RF /MW radiation. 

The results of some in vitro studies have been considered as evidence 
of nonthermal effects of RF radiation. Although some investigators and 
reviewers still question the interpretation of these so-called nonthermal 



THERMOREGULATION 325 

effects (Michaelson, 1970, 1974a; Milroy and Michaelson, 1971; Saito and 
Schwan, 1961; Sher et al., 1970), several support nonthermal interactions 
between tissues and electric and magnetic fields (Kholodov, 1966; 
Gordon, 1955; Marha et al., 1968; Petrov, 1970; Presman, 1968). 

Temperature increase during exposure to microwaves depends on: 
(1) the specific area of the body exposed and the efficiency of heat 
elimination; (2) intensity or field strength; (3) duration of exposure; (4) 
specific frequency or wavelength; and (5) thickness of skin and sub
cutaneous tissue. These variables determine the percentage of radiant 
energy absorbed by various tissues of the body (Schwan and Piersol, 
1954, 1955). 

In partial-body exposure under normal conditions, the body acts as a 
cooling reservoir, which stabilizes the temperature of the exposed part. 
The stabilization is due to an equilibrium established between the energy 
absorbed by the exposed part of the body and the amount of heat carried 
away from it. This heat transport is due to increased blood flow to cooler 
parts of the body, maintained at normal temperature by heat-regulating 
mechanisms such as heat loss due to evaporation, radiation, and 
convection. If the amount of absorbed energy exceeds the optimal 
amount of heat energy that can be handled by the mechanisms of 
temperature regulation, the excess energy will cause continuous tempera
ture rise with time. Hyperthermia and, under some circumstances, local 
tissue destruction can result. 

Elucidation of the biological effects of microwave exposure requires 
an understanding of the physiology of thermal regulation and a careful 
review and critical analysis of the available literature. Such review 
requires the appreciation and differentiation of the established effects and 
mechanisms from speculative and unsubstantiated reports. Although 
most of the experimental data support the concept that the effects of 
microwave exposure are primarily, if not only, a response to hyperther
mia or altered thermal gradients in the body, there are large areas of 
confusion, uncertainty, and actual misinformation. 

Certain organs and organ systems are reported to be affected by 
MW /RF exposure, in terms of functional disturbance, structural altera
tions, or both. Some reactions to MW /RF exposure may lead to 
measurable biological effects that remain within the range of normal 
(physiological) compensation, and thus an effect is not necessarily a 
hazard. Some reactions, on the other hand, may lead to potential or 
actual health hazards. 

In this context, Czerski and Szmigielski (1974) have noted: 

1. All detectable changes in function and structure, above the 
molecular level, may be termed biological effects. 
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2. The ~mmediate effect at the site of a primary interaction may 
induce further changes (secondary or indirect effects). 

3. Measurable biological effects that remain within the range of 
normal compensation are not necessarily hazardous; some effects 
may improve the efficiency of certain physiological processes and 
are used for therapeutic purposes. 

4. Biological effects that may be detrimental to the efficiency of a 
living system should be considered hazardous. 

Most of the biological reactions elicited by microwave exposure can 
be attributed to thermal energy conversion, almost exclusively as 
enthalpic energy (heating) phenomena. This, however, does not provide 
a predictive model of the biological consequences of non uniform absorp
tion of energy in animals and humans. The nonuniform, largely unpre
dictable distribution of energy absorption may give rise to temperature 
increases and rates of heating that can result in unique biological effects. 
It should be noted, however, that under ordinary circumstances the body 
experiences numerous thermal gradients and nonhomogeneities. Further
more, induced temperature gradients in deep body organs may act as a 
stimulus to alter normal function both in the heated organ and in other 
organs of the system. The nonuniform characteristics of microwave 
absorption, with differing rates of temperature rise in different tissues, 
results in heating patterns that cannot be replicated with radiant, 
convected, or conducted heat. Indirect effects can be thus be mediated in 
organs removed from the site of the primary interaction. It should also be 
pointed out that temperature rises from diverse etiologies may induce 
chromosomal alterations, mutagenesis, virus activation and inactivation, 
as weIl as behavioral and immunological reactions. 

Irradiation of biological systems with MW IRF energy leads to 
temperature elevation when the rate of energy absorption exceeds the 
rate of energy dissipation. Whether the resultant temperature elevation is 
diffuse or confined to specific anatomical sites depends on: 

1. The electromagnetic field characteristics and distributions within 
the body 

2. The passive and active thermoregulatory mechanisms available to 
the particular biological entity 

The passive thermoregulatory mechanisms available consist of heat 
radiation, conduction, convection, and evaporative cooling. In fur
bearing animals and clothed humans, heat loss by radiation and evapora
tive cooling is poor. The efficiency of heat convection between a body 
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and its immediate environment is a function of the environmental 
conditions. 

Active thermoregulatory mechanisms make use of passive heat 
transfer mechanisms by employing intern al circulating fluids (such as 
blood) to transfer heat from internal regions to external regions where 
passive heat radiation and convection are more effective. In some 
fur-bearing animals, an efficient mechanism is the movement of internally 
warmed blood to the lungs; heat in the lungs is then transferred to the 
inspired air by convection and is then expired into the environment. 
Another mechanism (especially in the human) is cutaneous vasodilation, 
resulting in the transfer of internal heat to the skin, where it can be 
radiated and convected into the surrounding environment. Sweating from 
the skin of humans and the paws and snout of fur-bearing animals 
provides a means of heat transfer; evaporation of the fluid permits rapid 
heat loss into the environment. 

While respiratory and cutaneous heat transfer is well documented 
(Bligh, 1973), no information is available on any alteration of vascular 
perfusion patterns of internaiorgans in. ,r\esponse to local temperature 
changes. As a result, the possibility of 10c.U internal "hot spots" exists if 

1. The rate of energy absorption is relatively high compared to the 
vascular heat transfer capacity of the local region (e.g., lens of 
the eye, necrotic center of tumor) 

2. The rate of energy absorption is relatively uniform throughout the 
region, but the vascular perfusion patterns are such that con
fiuence or pooling occurs (i.e., venous system in the splanchnic 
region and above the spinal cord) 

9.3. THE PHYSIOLOGY OF THERMOREGULATION 

As a class, biological organisms are capable of existing over a wide 
range of temperatures. Certain plants and microorganisms grow and 
reproduce at temperatures well below freezing, while others thrive at 
temperatures approaching that of boiling water. Mammals and birds, the 
warm-blooded animals or homeotherms, are capable of existing only in a 
relatively restricted range of body temperatures around 38°C. Irving 
(1966) noted that "In all climates and everywhere on the earth, mammals 
maintain a body temperature of about 38°C. It looks as if evolution has 
settled tbis temperature as an optimum for the mammalian class." 

The ability of homeotherms to maintain a relatively constant body 
temperature confers many advantages. First, consistency of the regula
tory processes is assured, as most physiological processes involve 
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chemical reactions that, in turn, proceed at rates dependent on tempera
ture. If body temperature varied, as in cold-blooded or poikilothermic 
animals, the various biochemical and physiological processes would vary 
with body temperature and hence sometimes be ineffective. Second, 
constant body temperature enables homeotherms to function efficiently 
over a wide range of ambient temperatures, an advantage over the 
poikilotherms. There are also disadvantages. First, although suitably 
protected (humans can exist at ambient temperatures from - 70°C to 
1000C), the inner core temperature cannot change by more than about 
4°C without impairment of physical and mental capabilities. In mammals, 
the CNS ceases to function at 44 to 45°C and the heart stops beating at 
48°C. A rise in temperature of 5°C causes a two- to threefold increase in 
pulse rate, oxygen consumption, and so on. Second, maintaining a fixed 
body temperature requires a relatively high metabolie rate; the homeo
therms must pay for their advantages in the currency of food intake. 

Man is generally considered the best homeothermic regulator, with a 
regulation to a body temperature of 36.9 ± 1°C. Other species exhibit 
similar, but usually less stable regulation, while some are capable of 
different levels of regulation. The hibemators, for example, can depress 
their regulated temperature by as much as 35°C, or just a few degrees 
above ambient temperature. This depression produces a dormant state, 
which is reversed by rewarming to homeothermic regulatory activity. 

In relation to the time involved for evolution of the species, man has 
only recently leamed to protect himself against cold, using clothing and 
suitable housing. This means that humans are essentially tropical animals 
and are not cold adapted, as they must artificially maintain their 
immediate ambient temperatures at suitably high levels to exist. Human 
thermal regulation, as weIl as that of many animals, is then actually 
geared to the opposite problem, that of protecting the body against 
overheating (Hardy, 1961, 1967). As the absorption of external electro
magnetic energy causes heating, it is this regulatory capability that is of 
interest in the discussion of thermal regulation in this chapter. 

Normally the body maintains temperature equilibrium by regulating 
metabolism (M), loss or gain from body heat stores (S), evaporation (E), 
and radiation, convection, and conduction (H) according to 

M+S=H+E (9.1) 

M is always positive. The body may use heat from its stores, in which 
case S is positive, or store heat, in which case S is negative. When heat is 
lost through radiation, convection, and conduction, His positive. Heat 
mayaiso be added to the body by these mechanisms; if their aggregate is 
a gain rather than a loss, H becomes negative. Eis always positive. These 
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sign eonventions then mean that in the above equation, M and S are 
regarded as heat sourees, and Hand E as he at sinks. The normal 
physiologieal signifieanee of these quantities is diseussed in physiology 
texts (Bullard, 1971). 

For a resting human at 30°C, the metabolie rate is 60 to 90 keal/h, or 
70 to 100 W. Museular work ean inerease this metabolie rate. For short (5 
to 10 min) aetivity periods, well-trained athletes may support a metabolie 
rate of approximately 2000 W (Astrand and Rodahl, 1970). This then 
me ans that, as a souree of heat, the human body produces from 70 to 
2000 W, depending on ambient temperature, physiologieal faetors, and 
aetivity. 

If the body absorbs external eleetromagnetie radiation in amounts 
adequate to affeet thermal regulation, then an additional external 
radiation eonverted to heat (R) must be added to the souree side of (9.1): 

M+S+R=H+E (9.2) 

The relation of external absorbed radiant energy to the eustomary 
physiologieal parameters and its role in affeeting thermal regulation are 
the subjeets of the material of this ehapter. The effeets of heating ean be 
subdivided into those aeting at (1) the eellular level, (2) the organ level, 
and (3) the total self-regulatory meehanisms. In dealing with the whole 
organism, the effeets at these three levels are interrelated and oeeur 
simultaneously. 

Successful strategies or meehanisms to maintain body temperatures 
in a narrow and desirable range in a eomplex and varying thermal 
environment are termed thermoregulatory. Although such strategies or 
meehanisms are found in great variety, they fall into two main eategories: 
voluntary and behavioral adjustments, and involuntary physiologieal 
adjustments (Stolwijk, 1977). 

The limits of effeetiveness of involuntary physiologieal thermo
regulation are rather narrow and we must rely on behavioral methods of 
thermo regulation over most of the range of environmental temperatures 
to whieh we are often exposed. Changes in body temperatures bring 
about not only autonomie drives but also behavioral drives. 

The duration of the tissue temperature elevation is important in 
determining the extent of the biological reaetion. The rate of the rise of 
temperature also plays a role in determining the extent of the biological 
response. This is due in part to the fact that out of the total period of 
heat applieation, only that limited portion will be biologieally operative 
during whieh an effeetive temperature level is attained in the tissues. 
Thus, a modality that will rapidly raise the temperature to biologieally 
effeetive levels will produee a more pronouneed effect than a modality 
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that raises the tissue temperature more slowly, provided both modalities 
are applied overtlie same period of time (Lehmann, 1971). 

In all mammals, the metabolie rate is lowest at a temperature lower 
than the regulated body temperature. This is the normal temperature, 
whieh is actually defined by the minimum on the metabolie rate eurve. 
When ambient temperature falls below the normal temperature, the 
regulatory meehanisms respond by inereasing the metabolie rate. The 
rate of the metabolie process inereases with slowly rising temperature, at 
first exponentially, becoming maximal at an optimal temperature, then 
deereasing more and more quiekly until, at a eertain temperature, 
metabolism eeases eompletely and death ensues. Although the general 
shape of these "metabolie rate-temperature" eurves is the same for all 
living systems, tissue or eells, and even whole organisms devoid of a 
temperature regulatory meehanism, they differ very mueh with regard to 
the temperature for maximal activity and that at whieh death occurs. 
These latter eharaeteristies vary as a rule, more with species differenees 
than with differences between various tissues of the same animal. Even 
such differenees, however, ean be of praetieal importanee [e.g., the 
optimal temperature for the human testis is eonsiderably lower than for 
most human tissues (Fischer and Solomon, 1965)]. 

Associated with the ehanges in tissue metabolism are ehanges in 
enzyme reaetions. These may be speeded up by moderate tissue 
temperature elevation and may be gradually abolished at higher tem
peratures. This may be explained by the fact that the rate of the ehemieal 
re action is inereased by temperature elevation while the protein eom
ponent of the enzyme system is destroyed at higher temperatures. As a 
result of the temperature elevation, proteins may be denatured and the 
resulting produets, such as polypeptides and histaminelike substanees, in 
turn may beeome biologieally effeetive. Also, the rate of filtration and of 
diffusion aeross biologieal membranes is inereased because of greater 
permeability with a resulting escape of plasma proteins. 

All animals have an optimal environmental temperature range within 
which they can most successfully carry on their activities. Whenever the 
environmental temperature deviates from this optimum range, the 
organism beeomes handicapped. At extremes of temperature, life is not 
possible. The temperature range at which organisms remain active is 
somewhat less than that at which life is possible. The optimum 
temperature range varies from one species to another, and that which 
would be fatal for one organism may be weH within the optimum range 
for another. These differences undoubtedly arise by adaptation. How
ever, rapid change of environmental temperature might be fatal to an 
organism, while gradual changes might not (Gilstrap et al., 1964). 

Although animals vary in their endurance to extreme heat, it is 
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known that proteins coagulate and become denatured and enzymes are 
inactivated at a temperature of about 50°C. This inactivation frequently 
starts at about 40°C and proceeds more rapidly as the temperature rises. 
If the thermal destruction of protein and enzymes goes beyond a certain 
point, it cannot be alleviated by lowering the temperature. Lethai heat 
stress of an organism depends not only on the temperature but also on 
the duration during which this stress is applied; this is substantiated by 
enzyme inactivation also being dependent on these two factors (Gi1strap 
et al., 1964). 

The activity-temperature relation for living systems is complicated 
by the fact that such systems usually exhibit considerable hysteresis; Le., 
the rate of function is dependent not only on the present conditions, of 
which the temperature is one, but also on the past history of the systems. 
Thus, the activity-temperature curve depends to a certain extent on the 
speed of the temperature changes, and especially on whether a given 
temperature is reached from a lower or higher temperature. If the rate of 
temperature change is rapid, it mayaiso act as a stimulus and cause, like 
any other adequate stimulus, a typical response of the system (muscle, 
nerve). On the other hand, the behavior of living systems can be affected 
by adaptive changes caused by a prolonged exposure to relatively high 
temperatures, but weH inside the activity range of the system. Thus, some 
systems become considerably warm adapted (Fischer and Solomon, 
1965). 

Thermally, the body is considered to be an inner core at the constant 
regulated temperature and an outer shell of variable temperature. In 
humans, roughly two-thirds of the body is at the core temperature while 
one-third is at the shell temperature. The core temperature (1;.) is usually 
easily defined and measured as the rectal or some other internal 
temperature, while the shell temperature (T.) can be expressed only as 
the weighted mean of several skin temperature measurements. This is 
done with a radiometer or by attaching thermal detectors to the skin at 
severallocations. The weighting factors are (Newburgh, 1949) 

Head 0.07 
Arms 0.14 
Hands 0.05 
Feet 0.07 
Legs 0.13 
Thighs 0.19 
Trunk 0.35 

1.00 
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The temperature of the body (Tb) is then considered to be 

1b = 0.677; + 0.33T. (9.3) 

The heat content of the body can be computed from Tb as follows: 
In thermal terms, the body is mostly water, but also contains 

biological material of lower specific heat. The average specific heat of the 
body is approximately 0.83 kcal/kg, so the heat content for a body weight 
of W kilo grams is 

body heat content = 0.83TbWkcal (9.4) 

Most recent publications concerned with nonionizing radiation effects 
use the SI units now standard for scientific work. The SI unit of energy is 
the joule (1 cal = 4.186J). Thus equation (9.4) should be multiplied by 
4186 to yield body heat content in joules. 

Physiologically, changes in body heat content are of greater interest 
than total heat content in assessing the effects of absorbed microwave 
energy. In addition, it is convenient to speak in terms of power, as the 
magnitudes of most electromagnetic insults to which the body is exposed 
are so expressed. Using the conversion of 1 cal = 1/860W-hr, equation 
(9.4) can be rewritten as 

Change in body heat 0.965(Tb2 - Tb1)W (9.5) = = watts 
content per hour time in hours 

where Tb2 and Tb1 are the body temperatures in degrees Celsius at the 
end and start of the time period in question, and W is the body weight in 
kilograms. 

The concept of a "constant" body temperature applies only to the 
core. Even assuming theoretically perfect temperature regulation, the 
core temperature itself is not uniform, because the temperature of each 
organ in the core depends on the relative level of its metabolism and on 
the temperature and volume of its blood supply. Because the me an shell 
temperature is lower than the mean core temperature, the shell supports 
a thermal gradient from the core down to the skin. One of the main 
factors in the thermal regulation of mammals is the capacity to alter the 
temperature gradient in the shell and to change, to a certain extent, the 
ratio of shell volume to core volume. The gradient exists because the 
body loses heat from its surface by conduction, convection, radiation, and 
evaporation [factors Hand E of equation (9.1)], since under ordinary 
conditions ambient temperature is below body temperature. The he at 
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loss or gain of any body increases with the difference between the 
temperature of its surface and that of the surrounding environment. Any 
increase in this differential increases the heat loss or gain at a rate much 
higher than that corresponding to the change in temperature alone 
(Fischer and Solomon, 1965). 

The core of the mammalian body will remain at a constant 
temperature (heat balance) when the heat generated by the metabolism 
of the body is equal to the heat lost from its surface. Since the latter 
depends on the difference between surface and environmental tempera
ture, under the condition of heat balance, the skin surface temperature 
has a well-defined value for a given heat production by the body and for a 
given environmental temperature. If the environmental temperature 
suddenly increases, the difference between the latter and the skin 
decreases, the heat loss decreases considerably, and other heat sources 
balance losses to heat sinks. When the environmental temperature 
remains constant, but body heat increases, heat balance is disrupted and 
can be restored only when the skin temperature has increased enough to 
produce a differential to the environmental temperature that permits an 
increased heat loss, equaling the increased heat production. The neces
sary skin temperature changes are caused by circulatory changes. 

Although the magnitude of the temperature difference between core 
and skin is regulated according to the requirements for heat balance, the 
slope of the temperature gradient in the shell and the width of the shell 
depend on two main factors: where the heat is mainly liberated-in the 
deeper parts of the trunk, or in muscle activity in the limbs; and the 
character of heat transport from the core to the skin. The latter occurs 
partly by physical conduction, depending on the heat conductivity of the 
various tissues, and partly by the more important heat convection inside 
the body by the circulating blood. Circulation can be regarded as a 
cooling system for the core and as a heating system for the shell. The 
higher the environmental temperature, the lower is the gradient slope 
and the higher the blood flow through the skin. Clothing or covering only 
apart of the body will diminish the local gradients because the heat loss 
from the covered area is determined mainly by the surface temperature 
of the clothing or the cover. The slower the heat conduction through the 
covering (depending on its thickness and how poor the heat conductivity 
of the material), the higher will be the skin temperature and skin blood 
flow (Fischer and Solomon, 1965). 

In all mammals, cardiovascular, hormonal, and nervous control are 
involved in temperature regulation, which are the regulatory mechanisms 
that enable the mammal to maintain a fairly constant body temperature 
despite considerable variation in environmental temperatures (Fischer 
and Solomon, 1965). In the control and regulation of the function of the 
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organism as a whole, the vascular system plays an important role, not 
only by controlling the nutritional state of the tissues (supply of oxygen 
and fuel, removal of waste products including COz) , but also as the 
means of transport of heat and the various hormones for hormonal 
contro1. The nervous and endocrine systems are the other main control 
mechanisms. The direct temperature effect upon blood vessels is vasomo
tor: a dilatation with increase, and a constriction with decrease in 
temperature. This mechanism plays an important, but not exclusive role 
in the effect of temperature upon the blood ftow through an organ. 

All the partial mechanisms of heat regulation are integrated by 
hormonal and nervous control as weIl as by a direct temperature effect of 
the blood supplying the "highest" center of integration of the nervous 
temperature regulation, located in the anterior part of the hypothalamus. 
The hypothalamic center can be inftuenced experimentally by direct 
heating. The threshold for direct heat activation is an increase in 
temperature of 0.5 to 0.6°C (Fischer and Solomon, 1965). 

Mammals, as homeothermic animals, maintain an almost constant 
body temperature. The variation from species to species is not great, 
being only a few degrees at most. However, mammals have developed 
means by which they can compensate for or regulate these temperature 
changes. These compensations can be either physiologieal, as in the case 
of the human, or partly anatomical, as in the case of fur-covered animals. 

The physiological basis of the temperature-regulating mechanism is 
generally the same for all homeotherms. Usually overheating is pre
vented by evaporation of water or sweating. Not all animals are able to 
do this, and therefore some animals accomplish evaporation of water by 
panting, which consists of the evaporation of water from the tongue and 
upper respiratory tract (Gilstrap et al., 1964). 

For humans, when the ambient temperature exceeds 31°C, air 
convection and thermal radiation are inadequate to supply the required 
cooling, and the evaporation of water, produced by sweating, is the only 
cooling mechanism available. In addition, when the ambient temperature 
exceeds 34°C, radiation and convection cease to cool and begin to warm 
the body. This accounts for the rapid rise of evaporative cooling 
necessary to maintain cooling at temperatures above 31°C to 34°C. At 
these elevated temperatures, the body sends as much blood as possible to 
the skin to become cooled. In addition, physical activity involving work 
output increases the metabolie rate which, to maintain regulation, is 
generally compensated for by sweating. Sweating is a particularly 
effective cooling mechanism: working humans can maintain a sweat rate 
of approximately 2litres/hr for 5 hr or more, which is a cooling power of 
approximately 1400 W Ihr (Bullard, 1971). 

In the ambient temperature range of approximately 25 to 33°C, 
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blood flow, as controlled by vasomotor mechanisms, is usually adequate 
to achieve regulation without cooling by sweating or heating, by 
increased metabolic activity. At ambient temperatures below about 25°C, 
radiation and convection cause increasing he at loss. Regulation is then 
maintained by increased metabolic activity and stored heat. The in
creased metabolic activity may be maintained by voluntary physical 
activity, or by involuntary physical activity, such as shivering. 

The net result of the summed chemieal and physieal reactions to 
temperature stress is the regulation of core temperature despite varying 
thermal gradients between body and environment. Impulses from tem
perature receptors ascend via lateral spinothalamie tracts and the 
thalamus to the hypothalamus, from whieh various autonomie reflex 
responses are activated. The various heating and cooling mechanisms are 
then activated to achieve regulation. In the human, as weIl as some other 
species, the aggregate temperature control mechanisms are dynamic; 
approaching the sensitivity of an engineered system (Gilstrap et al., 
1964). 

The mechanisms of heat regulation are activated in two ways: by 
thermal receptors in the skin, and by direct stimulation of the hypothala
mus by changes in blood temperature. Thermal receptors are distributed 
in a definite pattern in the skin; some may be encapsulated, but many are 
free nerve endings. Much sensory summation occurs so that the threshold 
for stimulation decreases as the size of the area stimulated increases. The 
density of temperature receptors of the skin varies for different surface 
areas of the body and also from subject to subject. Results of tempera
ture differentiation studies over the human body indieate that the 
following degrees of difference can be registered: eyelids, O.05°C; lips, 
O.lO°C; outside surface of arm, O.25°C; palm of hand, OSC (Gilstrap et 
al., 1964). 

Under normal conditions, the main vascular reactions to heat 
application are elicited from the temperature receptors of the skin by 
segmental reflexes; but reflexes involving larger parts of the spinal cord, 
when the full mechanism of heat regulation acts, are elicited by reflex 
mechanisms involving the medullary and, especially, the hypothalamie 
vasomotor centers. The spreading of vascular dilatation elicited by local 
he at application into deeper tissues and remote skin areas (consensual 
re action) is due to true spinal reflexes elicited by the thermoreceptors of 
the skin (Fischer and Solomon, 1965). 

There are some indieations that the local vascular response of the 
skin depends not only upon its temperature, but also can be altered by 
the speed and the direction of temperature changes. Vasodilatation of the 
skin, elicited by local heating of the heat-regulating area in the 
hypothalamus, is brought about mainly by stimulation in that area of 
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inhibitory neurons acting upon the lower vasoconstrictor centers in the 
medulla and spinal cord, which dimininishes their vasoconstrictor tone 
and results in vasodilatation (Fischer and Solomon, 1965). 

When heat is applied to certain areas of the body, the vascular beds 
increase and blood flows through them at highly increased speeds, while 
in other areas only minor decreases in vascular beds and in blood flow 
occur, resulting in considerable shifts of blood from one region of the 
body to others and an increase in circulating blood volume. In the 
human, this type of shift, in which blood from an organ is released for 
use where it is needed, occurs mainly in the lungs, liver, and the 
extensive subpapillary plexuses of the skin (Fischer and Solomon, 1965). 

An increase in temperature leads to an increase in capillary 
permeability as well as increased capillary hydrostatic pressure and 
dilation, which increases capillary surface area. If the heat-induced 
permeability increase is great enough, plasma protein can escape into the 
interstitial space, resulting in an increased local fluid retention. 

Ambient temperature changes also result in shifts in the volumes of 
fluid compartments. Hemodilution, the plasma dilution evidenced by a 
decrease in blood solids, plasma protein concentration, and hemoglobin 
concentration, is one such shift resulting from increased ambient tem
perature. Hemodilution is generally less than 5%. If the ambient 
temperature is adequate to induce sweating, hemodilution occurs only 
during the first 30 min of exposure before sweating occurs. As might be 
expected, copious perspiration results in hemoconcentration. It has been 
further shown that with prolonged heat exposure, there occurs a 
secondary increase in red cell volume. How much the increased red cell 
volume represents an increased mobilization of cells from hemopoietic 
tissue or a mobilization of blood reserves has not been established. If 
hyperpyrexia is great enough to produce shock, marked decrease in 
blood volume occurs, as in any type of shock (Adolph, 1947). 

For prolonged exposure to heat, fluid shifts playamajor role in 
"heat acclimatization." As defined by Bass and Henschel (1956), "heat 
acclimatization" is a dramatic increase in ability to do work. Tbis 
improvement is associated with disappearance of subjective discomfort 
and reduction of physical strain during work. Tbe physiological adapta
tions are (1) reduction in cardiovascular strain, (2) improved main
tenance of body temperature, and (3) increased secretion of a more 
dilute sweat. Acclimatization results in an expansion of extracellular fluid 
and plasma volume. 

Adolph (1947) observed that a consistent sign of lethality for 
different mammalian species is a rectal temperature in the range of 
41.7-43.4°C. Deep body temperature above 42°C leads rapidly to 
irreversibly damage and irrecoverable hyperthermia. 
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Local temperature may profoundly affect the ftow resistance of the 
various skin vessels. Local application of heat causes increased blood ftow 
due to arteriolar and capillary dilatation. The rate of filtration and of 
diffusion across biological membranes is also increased. There may be a 
greater capillary membrane permeability with a resulting escape of 
plasma proteins. Vigorous heating may result in cellular responses 
associated with an inflammatory reaction, ranging in degree from mild to 
severe. Tissue metabolism is initially increased, as a result of the 
temperature elevation; if temperatures are elevated extensively and 
maintained for a prolonged period of time, tissue metabolism may be 
decreased (Lehmann, 1971). 

A consensual response is usually observed in areas distant from the 
site of local tissue temperature elevation. This action is always less 
pronounced than the local response to heat application, and its mag
nitude is dependent on the size of the area heated. If the skin is heated, 
the vessels of the musculature beneath show no increase in diameter or 
may even show a vasoconstriction. If the skin of the abdominal wall is 
heated, it has been observed that a blanching of the gastric mucosa 
occurs. Relaxation of the smooth musculature of the gastrointestinal tract 
(decrease in peristaisis) during superficial heat application, has also been 
observed (Fischer and Solomon, 1965). 

Clinically, it has been noted that heating of the superficial tissues 
produces marked relaxation of the striated skeletal muscles, and even 
protective muscle spasms may result. It is conceivable that the re action is 
reftex in nature and is triggered by the effect on the temperature 
receptors in the skin. It is also conceivable that this effect may have a 
strong psychological component (Lehmann, 1971). 

Reactions occurring distant from the site of tissue temperature 
elevation are reflex in nature. Some of them may be produced by an 
elevation of the core temperature of the body, which in turn produces 
those reactions that are commonly apart of the mechanism regulating the 
body temperature. 

Jahns (1976) demonstrated the presence of midbrain raphe (MRP) 
neurons responding to serotal skin temperature with positive thermal 
coefficients. Since many of the thermosensitive neurons in other parts of 
the brain respond to peripheral temperature and the majority of such 
neuronshave the same type of thermal coefficients to both local and 
peripheral temperatures (Bligh, 1973; Boulant and Hardy, 1974), it is 
highly probable that some MRP neurons have dual thermosensitivities to 
both local and peripheral temperatures (Hori and Harada, 1976). 

An organism's physiological response to heat is determined by the 
level, duration, and rate of rise of temperature elevation of the pertinent 
itissues. All tissues exhibit threshold responses: below a certain tempera-
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ture no reactions are observed, while above these thresholds any minor 
change in tissue temperature may produce a major change in physiologi
cal response. 

The duration and rate of rise are interdependent quantities. For 
temperature elevations that are noninjurious, duration of elevation 
determines the extent of reaction. The minimum effective duration of 
exposure is approximately 3 to 5 min, whereas complete reactions are 
obtained after exposure of approximately 30 min. The rate of rise to an 
elevated temperature is important in two respects. First, for a given 
period of time, the rate of rise effectively determines the duration of 
exposure to the elevated temperature involved. Second, all biological 
systems respond to changes in a manner similar to mathematical 
integration altered by compensating and adaptive mechanisms. These 
factors mean that a modality that raises temperature rapidly will have a 
more pronounced effect than one that effects a slower rise, provided that 
both are applied over the same period of time (Lehmann, 1971). 

The "relative heating" or relative amount of energy converted into 
heat at any given point throughout the tissues, determines the pattern of 
the tissue temperature distribution. The temperature distribution is also 
modified by the tissue thermal conductivity if heating extends over a 
period of time long enough for heat ftow to occur. The final temperature 
distribution in live tissues is then modified by physiological factors, such 
as the temperature distribution in the tissues prior to the application of 
heat and blood ftow changes. Any temperature elevation produced by 
application of heat is superimposed upon the existing physiological 
temperature distribution. As heat is applied, the local blood ftow may 
increase in response to the tissue temperature elevation. This may result 
in cooling, because blood temperature is usually lower than that of the 
heated tissue. The temperature distribution may be modified .in this 
fashion (Lehmann, 1971). 

The stabilization of temperature after an initial rise can be ascribed 
to an adjustment of the local circulation, with vasodilatation, and to the 
eventual equilibrium of heat loss and heat gain. The time taken for 
equilibrium to occur depends upon the area exposed (Boyle et al., 1950, 
1952). 

9.4. ADAPTATION 

There are data suggesting an adaptive or physiological adjustment to 
the thermal effects of microwave exposure. Kalyada (1973), in the book 
The Problem 0/ Adaptation in Labor Hygiene, has stressed the adapta
tion of the body to "radiowave" exposure. She noted that extremely 



THERMOREGULA TION 339 

modest attention is being devoted to research on adaptive possibilities of 
the body to RF irradiation, and yet experimental research in animals has 
demonstrated the possibility for adaptation of the body to superhigh
frequency fields of rather high thermogenic intensity (Subbota and 
Svetlova, 1972). 

Kalyada quotes Petrov (1970) as saying the function of the 
hypophysial-adrenal axis is the earliest and most generaIly nonspecific 
adaptive reaction in response to various stimuli, inc1uding microwaves. 
Apparently, such reactions can be interpreted as the first phase of 
development of adaptive changes. 

Czerski (1975), in describing his studies on lymphocytes, noted that 
after aperiod of response, the animals become adapted to the rnicro
waves. The phenomenon of physiological adaptation or diminished 
responsiveness, as a result of repeated exposure to microwaves, has also 
been reported by Michaelson et al. (1967), Michaelson (1974b), Phillips 
et al. (1975), Gordon (1966), Baranski and Czerski (1976), and Petrov 
(1970). 

9.5. THERMAL STRESS 

PhysiologicaIly, thermal stresses to which homeothermic animals are 
subjected may be c1assified in terms of wh ether or not the thermoregula
tory system can cope with the heat involved. If the system cannot cope 
and regulation fails, adverse symptoms appear. If the system can cope 
and continues to regulate, the organism may or may not exhibit 
behavioral maneuvers in response to the imposed stress. The symptoms 
of exceeding heat tolerance limits are physiologically and c1inically weIl 
documented. The effects of thermal stresses within tolerance limits are 
less weIl understood. 

Locally produced heat dissipates rapidly throughout the body 
without causing high local tissue temperatures (Stolwijk, 1975). The body 
has a great tolerance for additional endogenous heat (Hastings and 
Harmison, 1969). In order to define limits on tolerance of added 
endogenous heat from an internal source, using blood as a coolant, 
electrically energized heaters were surgically implanted in the deseending 
thoracie aorta of miniature swine and power levels of 0 to 60 W 
(0-4.7W/cm2 flux, 0-1.1 W/kg body wt) applied for periods up to and 
exceeding 12 months (Gillis and Walkup, 1969). High ambient tempera
ture (> 27-30°C) or pyrexie states produeed severe hyperthermia at the 
higher power levels, necessitating diseontinuance of power to prevent 
death. Otherwise, no alteration of physiological function was observed. 
Whole-body exposure of dogs to 2880-MHz pulsed (360 pps, 2 to 3 f.tsec 
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FIGURE 9-1. Response of dogs exposed to microwaves. 
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pulse width) mierowave fields at an average power density of 1 kW 1m2 

(SAR = 3.7 W/kg) for 6 hr or 1.65 kW/m2 (SAR = 6.1 W/kg) for 2 to 
3 hr produces a eharaeteristie triphasie change in internal body tempera
ture (Fig. 9-1): (1) an initial inerease in eore temperature, (2) a plateau 
phase at the hyperthermie level, and (3) thermoregulatory faHure. 
Presumably, specifie heat loss meehanisms (e.g., panting) mobilized by 
these exposures are able to counterbalance partially the thermalizing 
energy absorbed by the animal, but only temporarily. The strain plaeed 
upon the thermoregulatory system ultimately exhausts the heat loss 
eapabilities of the dog and death ensues due to hyperpyrexia unless the 
animal is removed from the field (Michaelson, 1974, 1983; Miehaelson et 
al., 1961). 

The environmental temperature at whieh the exposure occurs is also 
very important. Thus, dogs ean tolerate exposures at SARs of 3.7 and 
6.1 W/kg when T = HOC and exposures at 3.7W/kg when T = 22°C 
without beeoming hyperthermie. However, at T = 40.5°C, dangerous 
hyperthermia ean oeeur within 20 min at SAR = 6.1 (a value roughly 
twiee the resting metabolie heat produetion of the dog) (Fig. 9-2). 
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Hydration during microwave exposure permits an extended tolerance at 
high SARs, presumably through an increased capacity for respiratory 
evaporative heat loss (panting). One notable finding was the develop
ment of tolerance to RF exposure at SAR = 6.1 W /kg as the number of 
such exposures increased; e.g., it took 60 min on the first day, but 
220 min on the 34th day, for dogs to generate a rise in rectal temperature 
of 1. 5°C. This phenomenon resembles acc1imatization to hot environ
ments as described by Goldman (1983). 

In short-term experiments in which respiratory frequency, respira
tory evaporative heat loss, and certain body temperatures were measured 
in dogs, it was confirmed that no significant thermoregulatory responses 
could be elicited in 25-kg dogs subjected to additional endogenous heat 
loads of 0.6-0.7 W/kg in a neutral or warm environment (Rawson, 1969). 
In 50- to 6O-kg sheep, a 0.5-0.6 W/kg heat input was immediately 
followed by a significant increase in panting in the absence of a rise in 
temperature of skin or brain thermoreceptors. This was interpreted as 
evidence of the operation of unknown deep body temperature receptors. 
These studies by Rawson (1969) indicate that an additional heat load of 
up to 0,6 W /kg in dogs in neutral or slightly warm environments is easily 
dissipated in the conscious animal by increased respiratory heat loss. 
Unshom sheep, in a 38°C environment, underwent a body temperature 
increase that leveled off at about 0.5°C higher than basal level. Also, in 
short-term sheep experiments, it was c1early demonstrated that the 
respiratory mechanism could be overdriven to cool the cerebral circula
tion and decrease the hypothalamic temperature-a phenomenon prob
ably dependent upon unknown deep body thermoreceptors. 

Studies by Norman et al. (1969) have shown that the temperature 
regulation mechanisms of dogs adjust to dissipate additional endogenous 
heat loads of up to 0.8W/kg (corresponding to a heat flux of 1 W/cm2 

and a maximum blood temperature rise of 4°C). The additional en
dogenous heat was tolerated without apparent ill effects for periods of 
up to 13 months. Serial hematological, endocrine, hepatic, and renal 
function tests were within normal limits. 

The question quite often asked is whether individuals with cardiac 
problems can tolerate increased body heat. An interesting paper in this 
respect is that of Sancetta et al: (1958), who reported on a study in which 
16 patients, 8 with and 8 without left ventricular failure, were subjected 
for 2 hr to an ambient temperature of 98°P. "Neither group of subjects 
showed any significant change in minute ventilation, oxygen consump
tion, arteriovenous oxygen difference, and cardiac output. Both groups 
showed significant decreases in brachial and pulmonary artery pressure, 
systemic and total pulmonary resistances, and left ventricular work." The 
authors "speculated that the short-term exposure to a warm, dry 
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environment u,!der circumstances which produce the above changes is 
not deleterious, but may actually be beneficial to certain patients with Ieft 
ventricular failure." 

9.6. RESPONSE TO ABSORBED RF ENERGY 

The amount of incident electromagnetic energy absorbed by an 
exposed body depends on the frequency, geometry, and polarization of 
the incident electromagnetic field, the orientation of the body with 
respect to the field, and body geometry and dielectric properties. 

The basic physical principle of conservation of energy demands that 
all the electromagnetic energy absorbed by any physical body must be 
converted into another form of energy or be reradiated. Because animals 
are mostly water, they are poor electromagnetic reradiators, and almost 
all the electromagnetic energy they absorb is converted into heat. 

Animal and human modeling data for electromagnetic absorption 
have been obtained (Beischer and Reno, 1974; Allen, 1975; Guy, 1975). 
Under physically "ideal" conditions, an exposed body may absorb up to 
50% of the aggregate incident microwave energy; the remainder is either 
retlected or scattered. It is this absorbed energy that is available for 
conversion into heat in body tissue, and hence must be considered as an 
externally applied heat load. 

The responses evoked by externally applied heat loads depend on 
their area of application and their magnitude. For humans, the applica
tion may be local and unintentional, such as is the case for most 
accidental exposures; local and intentional such as for therapeutic uses; 
or whole-body. These three application categories will be discussed in the 
following. The aggregate effect of a thermal insult depends on its 
magnitude relative to the ongoing activity of the thermoregulatory system 
or its various physiological mechanisms. For instance, for whole-body 
exposure at 10 mW Icm2 , an average human of frontal area approximately 
3000 to 5000 cm2 would absorb a maximum of 15 to 25 W, which is of the 
order of one-third the minimum metabolic rate. 

Schwan (1958) noted that the human body's he at turnover, deter
mined at a caloric uptake of about 2000 kcall day, corresponds to an 
energy tlux of about 0.05 W Icm2 body surface. Local applications of 
comparable energy tlux values can be taken care of by the body's heat 
regulation mechanism without noticeable general or local rise in body 
temperature. Based on the assumption of an effective depth of penetra
tion of between 2 and 5 cm (2450 MHz) and if values for the heat capacity 
of tissue similar to those of water are introduced, a tissue volume of 5-cm 
depth should heat up with a speed of about 0.2°C/min, if supplied with 
an energy of 0.1 W/cm2 • 
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The basal metabolic rate (BMR) of 1800-2000 cal/day may be 
increased threefold under conditions of sustained heavy work. Higher 
metabolic rates can be sustained for shorter periods of time, i.e., the 
average metabolic rate for a long-distance runner competing for an hour 
is about 10 times the BMR. Typical values for incident radiation in bright 
sunlight at the earth's surface is about 600 caIlm2 per hr (Leden et al., 
1947). About half of this is absorbed in the skin. A human with typically 
a 1.9-m2 surface area would thus absorb energy at a rate of about 
8000 cal/day through the skin (with appropriate allowance for reradia
tion) when standing unclothed in bright sunlight. Such an individual 
would thereby absorb 4 times as much energy as his BMR. 

The thermal and physiological properties of the body tissues 
successively exposed to an external electromagnetic energy insult are also 
vital in determining the character of the final thermal stress. For instance, 
fatty tissue has a considerably lower heat conductance than muscular 
tissue. As a consequence, the subcutaneous fat layer tends to establish a 
temperature barrier between inside and outside of the human body. If 
heat is developed predominantly in the skin or the fat itself, the resulting 
temperature rise in these tissues will establish heat conduction to the 
outside even though the internal body temperature does not rise much 
(Schwan, 1958). 

Depth of penetration in the muscular tissues is only a rough guide as 
to the eventual temperature distribution, except during the linear 
transient period. After heat conductance starts to effectively contribute to 
the final temperature distribution, "effective" depth of penetration may 
often be larger than "primary" depth of penetration. Hence, once heat 
has been successfully delivered beyond the subcutaneous fat layer, blood 
flow and heat conductance will help to establish a deep-reaching, but still 
localized, temperature elevation. 

It has been shown that in heating due to microwave exposure, 
musele blood flow increases, but the musele temperature increase affects 
musele blood flow much less than a comparable skin temperature 
increase affects skin blood flow (Fischer and Solomon, 1965). An increase 
in blood flow that is closely related to the increase in tissue temperature 
has been measured during microwave exposure. Investigations by Leh
mann (1971) suggest that during microwave application, the resulting 
blood flow changes are most marked in the skin and subcutaneous 
tissues. The blood apparently has a lower temperature than the heated 
tissues and thus acts as a cooling agent, selectively decreasing the 
temperature in the superficial tissues, therefore providing for a relatively 
better depth heating. Heated tissues cool more slowly with the blood flow 
occluded than when it is intact, thus illustrating the role of blood flow in 
cooling. 

Gersten et al. (1949) determined the effect of various power densities 
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and ditIerent periods of exposure to microwave diathermy (2450 MHz) on 
the peripheral circulation and tissue temperature in the exposed limb of 
human volunteers. The duration of exposure varied from 1 to 30 min. 
Significant increases in blood ftow and in temperature of the tissues were 
produced in the exposed extremities. Changes in body temperature, heart 
rate, and blood ftow in the unexposed extremities were insignificant. The 
average temperature rise in muscle was significantly greater than that of 
the subcutaneous tissues, while the average subcutaneous temperature 
increase was greater than that of the skin. After 20 min of exposure, the 
blood ftow continued to increase and reached a maximum after 30 min of 
exposure, at which time the average total increase was 65%, After 30 min 
of heating, the dec1ine in tissue temperature from the peak attained at 
20 min was directly proportional to the increased blood ftow during the 
same period. 

The physiological etIects observed to result from shortwave 
(27 MHz) diathermy applications are also due to heating (Kottke et al., 
1949). Changes in blood ftow due to 27-MHz exposure have been 
investigated (Wise et al., 1949). Abramson et al. (1957, 1960) found, in 
human volunteers, that associated with the increase in circulation was a 
definite increase in local oxygen uptake with the maximal rise being more 
than twice the control level. The response was observed to extend into 
the postexposure period for an average of approximately one-half hour. 
At a higher exposure, vasospasm and decrease in blood ftow were 
observed. When kidney and blood ftow function were tested, either no 
change in the "majority of the subjects" (Lehmann, 1971) or a decrease 
was observed (Kottke et al., 1949). The sodium c1earance in skin and 
musc1e was greatly increased during exposure (Millard, 1961). 

Silverman and Pendleton (1968) compared the etIect of CW and 
pulsed 27-MHz exposure on peripheral circulation by exposing volunteers 
for 20 min. A significant increase in circulation was found with each 
modality but no significant ditIerence in the etIect of pulsed versus 
continuous output was seen. No threshold reactions were observed that 
might be attributed to the high pulse peak power. 

9.7. ACUTE LETHALITY 

The duration of irradiation by RF /MW of various frequencies and 
intensities sufficiently to kill an animal (immediately or within a few days 
after exposure) has been studied (Michaelson et al., 1967; Deichmann et 
al., 1959a,b,c; Mirutenko, 1964a; Tyagin, 1957; Lobanova, 1960; Adding
ton et al., 1961; Fukalova, 1964; Solov'ev, 1963; Schrot and Hawkins, 
1974). 



THERMOREGULA TION 345 

Deichmann et al. (1959c) investigated the thermal stress effects of 
exposure to an interrupted microwave field (simulating the continuous 
360° sweeping action of a radar scanner). Using rats subjected to a 
constantly rotating microwave frequency of 24,000 MHz, 300mW/cm2 , 

they found that the ratio of exposure time to nonexposure time in the 
field, as the scanner completed its full cirde was critical to the length of 
total safe exposure. When compared with continuous exposure (0.30 W / 
cm2), which killed a rat in 15 min, intermittent whole-body exposure to 
50% of this energy per unit of time over aperiod of 31 min (generator-
1 min on, 1 min off) killed in 16 min of actual exposure time, while 17% of 
the above microwave energy (1 min on, 5 min off) killed in 34 min of 
actual exposure time. These results suggest the animals had a chance to 
dissipate some of the absorbed heat during the nonexposure intervals. 

Prausnitz and Süsskind (1962) and Süsskind (1958) have reported 
similar findings with mice exposed to 10,000 MHz, but note that when the 
mice are removed from the microwave field, the slight latency period 
before body temperature decreases indicates their inability to dissipate 
heat if the exposure-nonexposure cyde is too rapid. This would result in 
a situation similar to almost-continuous exposure. 

Exposure of rats and mice to 24,000 MHz indicates that there is an 
inverse relationship between power density and exposure duration for 
lethality from total-body exposure. For the following power densities 
(W/cm2), the minimum lethal exposure periods were as follows: 0.15-
rats 35 min, mice 5 min; O.08-rats 56 min, mice 13 min; O.05-rats 
80 min, mice 35 min; O.O~rats 135 min, mice 140 min. Within the limits 
of these experiments, the survival time was directly related to body 
weight (Deichmann, 1966; Deichmann et al., 1959a,b, 1964; Deichmann 
and Stephens, 1961). 

Tolerance to microwave exposure decreases as the ambient tempera
ture increases (Michaelson et al., 1959; Michaelson, 1974a,b). Rats 
subjected to 24,000 MHz, 250 m W / cm2 , showed a twofold increase in 
survival time when the environmental temperature was reduced from 
35°C to 15°C. Increased air circulation also resulted in a prolongation of 
survival time (Deichmann et al., 1959a). 

In mice exposed to 10,000 MHz, the median survival (LDso) could be 
obtained by exposure to 0.100W/cm2 for 12min; to 0.270W/cm2 for 
3.75 min (Prausnitz and Süsskind, 1962). Whole-body exposure to 
microwaves caused a rise in the body temperature of the animal; death 
could be correlated with the maximum body temperature reached, so that 
50% of the mice died if their body temperature reached 44.1°C, or 6.7°C 
above normal. (Treatment with chlorpromazine, which lowers body 
temperature by several degrees, permitted correspondingly larger tem
perature rises.) All deaths were found to occur within 24 hr of irradia-



346 CHAPTER 9 

tion. In another study, the LD50 for mice was reported to be 5 mW/cm2 

(10,000MHz) for 188min or 8.6mW/cm2 for 33min of exposure. At 
10,000 MHz, 400mW/cm2 , rats died in 13-14min (Mirutenko, 1964a,b). 
For irradiation at 200mW/cm2 , survival time was 25-30min (Hyde and 
Friedman, 1968). 

When anesthetized dogs were exposed to 2450 MHz CW at a 
ca1culated power density of 0.8 W/cm2 localized to the head, damage 
threshold (42.5°C) for the skin of the scalp was approached but not 
exceeded (Imig and Searle, 1962; Searle et al., 1961). The survival time 
ranged from 180 to 390 min (mean = 311 min). Heart rate increased 
steadily throughout the exposure period. The diastolic pressure was 
significantly higher than the initial level at the half and three-quarter 
marks, then fell. The systolic pressure did not change significantly until 
the terminal quarter of the period. No marked change occurred in the 
cerebrospinal fluid pressure throughout. The fatal termination appeared 
to be one of circulatory collapse. The rapid pulse and the falling pulse 
pressure could have been the result of peripheral vasodilation set in 
motion to maintain normal limits of body temperature. Panting, which 
was seen almost from the beginning of the exposures, was inadequate to 
control the body temperature increase. 

At 3000 MHz, l00mW/cm2 , 100% lethality occurred in rabbits after 
103 min and in rats after 25 min of exposure (Tyagin, 1957; Lobanova, 
1960). Lethality in rats occurred after 15min at 2450 MHz, 70mW/cm2 

(Richardson, 1958). 
Samaras et al. (1971) exposed male rats weighing 275 to 325 g to 

approximately 100 m W / cm2 microwaves at 2450 MHz for as long as 3 hr 
while maintaining normal body temperature by means of external 
convection. Animals exposed with no cooling air flowing through the 
chamber died within 17 ± 2 min with colonic temperatures reaching 45 to 
47°C at the time of death. None of the animals exposed with cooled air 
flowing showed visible distress during or immediately after irradiation, 
and their colonic temperatures remained stable at about 38°C. No lesions 
or other signs of stress were noted during the 30-day postirradiation 
observation period nor at necropsy following that time. Specimens of 
lung, ovary, eye, brain, liver, kidney, thyroid, and adrenal gland were 
normal on microscopic examination. 

Exposure to 400 MHz resulted in death in rabbits after 30-40 min at 
50mW/cm2 (Boyle et al., 1950) and in rats after 30min at 100-
200mW/cm2 (Lubin et al., 1960). At 200MHzCW, one dog died after 
31 min at 200 m W I cm2 ; in guinea pigs, death occurred after exposure to 
432,500, or 680mW/cm2 for 28,40, or 18min, respectively (Addington 
et al., 1959). 

An approximate median lethal dose for dogs was obtained with 
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15 min exposure to 200 MHz CW, 330 m W Icm2 , with perpendicular 
orientation (Addington et al., 1961). Markedly lower rates of lethality 
were produced with slightly longer durations of exposure at 220 and 
194mW/cm2 , and no deaths resulted from exposures of 0.5 to 1.0hr at 
power densities of 165 mW Icm2 and less (all at perpendicular polariza
tion). All of the dogs that died had colonic temperature increases of 
4.0°C or more. Because of the small number of animals used, the data 
have little statistical significance; they do, however, give some idea of the 
range of lethality for 200 MHz. 

Rats died after 100 min exposure to 2000 V Im of 69.7 MHz or 
5000V/m of 14.88 MHz; 5min exposure to 5000V/m of 69.7 MHz was 
lethal (Fukalova, 1964). The LD50 for mice exposed to 500 Hz was 
650,000 V Im for 90 min; for 50 Hz, the LDso was 650,000 V Im for 
270 min (Solov'ev, 1963). 

Schrot and Hawkins (1974), in aseries of experiments, confirmed the 
earlier theoretical study by Hoeft (1965), which indicated that at a given 
power density, small animals die sooner than larger ones. 

It is weil recognized that lethality is a function of higher power 
density-exposure duration relationships. In areport by Polson et al. 
(1974), lethality for rats exposed to different frequencies (0.95-
7.44 GHz) was studied. They noted that for the most lethal frequency, 
the lethal energy constant was 36.643 mW-sec/cm2 or 10.2 mW-hr/cm2• 

This is a factor of 10 or greater than the ANSI (1973) radiation protection 
guide of 1 mW-hr/cm2• This, of course, has to be related to the small 
body size of the rat in contrast to larger animals. Thus, for the human, 
this factor of 10 could be increased considerably. In addition, by 
comparing energy density and exposure duration. Polson et al. (1974) 
determined a function designated as "tissue power dissipation" or the 
ability of the organism to dissipate the absorbed energy. On this basis, 
the minimum "tissue power dissipation" value (at the most lethai 
frequency) was 78 mW/cm2 • Here again, when one considers scaling 
factors for differences in body size, for the human the "tissue power 
dissipation" value would be considerably greater than for the rat. 

Review of these reports reveals that lethality depends on a number 
of conditions of irradiation, on the dimensions of the animal, and on the 
combined conditions. For a given intensity, a shorter exposure will kill 
the animal when the temperatures of the body and the environment are 
higher, and when the dimensions of the animal are smalI. 

That death of animals from exposure to an exceedingly high power 
density of certain microwave frequencies can occur, is incontrovertible. 
Body temperature rather than power density is, however, the determin
ing factor as to when death will occur. This generalization, however, has 
to be placed in its proper context. It is known that if body temperature is 
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raised by more than 5 to 10°C, macromolecular denaturation occurs and 
irreversible effects result. Tbere are no substantiated reports 01 human 
deaths from exposure to microwave-generating equipment under normal 
conditions of operation or even at levels in excess of prevailing standards. 

9.8. RESPONSE TO LOCAL EXPOSURE TO MW/RF ENERGIES 

Some consideration has been given in animal experiments and man 
to the temperature rise in various organs and tissues as functions of 
incident energy wavelength, thickness of the subcutaneous fatty layer, 
rate of blood circulation, and other factors. Tbe increase in temperature 
of tissues during local exposure is linear for short periods (1-3 min) and 
proportional to the magnitude of the microwave energy absorbed. With 
exposures in excess of 3 min, the extent of the thermal effect and 
distribution of heat in tissues is determined by heat-regulating mechan
isms (Mirutenko, 1962, 1964b). Worden et al. (1948) reported that the 
thermal effect depends on exposure duration and that deep-Iying muscles 
are heated to a greater extent only during the first 20 min of exposure. 
When the thigh region is exposed to microwaves, there is a greater 
temperature rise in the muscles than in the skin and subcutaneous fatty 
layer (Cook, 1952; Herrick and Krusen, 1953; Krusen et al., 1947; Rae et 
al., 1949). Tbe distribution of temperatures among the various tissues 
depends on the rate of blood circulation. Tbus, rapid heating of all tissues 
was observed in rabbit thighs during microwave exposure when the local 
blood supply was occluded. When the paws of rabbits were exposed to 
2450 MHz, the temperature rise in the deep tissues of the leg could vary 
substantially with repeated local exposures. While the temperature in the 
thigh muscles rose 4°C after the first 10-min exposure at 120-150mW/ 
cm2 , the rise was only about 2°C after the sixth or seventh treatment, 
suggesting that adaptive reactions had come int play. Adaptive reactions 
were also noted on the opposite unexposed leg after daily conditioning 
exposures to microwaves. After denervation of the rear extremity, the 
temperature rise in the thigh muscles remained the same regardless of the 
number of exposures (Semenov, 1965). 

Engle et al. (1960), Gersten et al. (1949), and Rae et al. (1949) 
exposed the hindlegs of dogs and the forearms of human volunteers and 
found that increments in temperature of muscle were slightly higher than 
those of subcutaneous fat. Lehmann et al. (1962a,b) noted that con
sideration of the thickness of the subcutaneous tissues involved may 
explain apparent differences in results of various investigations. Exami
nation of the hindleg of a dog reveals that the subcutaneous layer is 
usually only a few millimeters thick, and in many cases contains little fat. 
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Similarly, the human forearm has a comparatively thin layer of sub
cutaneous fat in most cases. Thus, one explanation for the greater 
increments in temperature of muscle than of fat in some studies might be 
that, under the particular conditions of the experiments, relatively small 
amounts of energy were absorbed in the thin layer of subcutaneous fat. 

9.9. COMPARISON OF EXPOSURE TO MICROWAVES AND 
INFRARED 

According to some investigators (Gordon, 1960; Gordon and Loba
nova, 1960; Tyagin, 1957), hyperthermia develops much more efficiently 
with microwaves than with infrared exposure. With 2450 MHz, 50 m W / 
cm2 , 30min exposure of the spinal region in rabbits, a 1-1.5°C rectal 
temperature rise was observed, while 350 m W / cm2 was necessary to 
produce the same effect with infrared. 

Several studies, notably those of Lehmann et al. (1964, 1965, 1966), 
have compared the heating patterns and temperature distributions 
resulting from 2450- and 91S-MHz microwave exposure to those resulting 
from infrared exposure, using volunteers. The highest temperature 
distributions with infrared application were obtained in the most superfi
cial tissues, while the highest temperatures from microwave application 
were obtained dose to the subcutaneous fat-musde interface. Microwave 
application produced somewhat high er temperatures in all cases in the 
deep tissues. A marked difference was found between temperature 
distributions produced by the two microwave frequencies prior to the 
blood flow changes resulting from temperature increases in the tissues. 
The 91S-MHz exposure produced a greater increase in the temperature of 
the deeper musculature. This difference was much less pronounced after 
blood flow changed, about 10 min after the start of the exposure, since 
the increased flow cooled the skin and subcutaneous tissues specifically. 
Thus, after blood flow increased, the difference in the deep-heating 
properties between the two frequencies diminished. 

Lehmann et al. (1964) suggested that there are no major modifying 
factors in live tissues beyond the blood flow change and the physiological 
initial temperature distribution, which may alter the temperature dis
tribution obtained during microwave exposure. 

9.10. THERAPEUTIC APPLICATION OF RF/MW ENERGIES 
(DIA THERMY) 

Diathermy is the therapeutic induction of he at in the tissue beneath 
skin and subcutaneous fat. The temperature elevation results in increased 
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metabolie activity and in the dilation of blood vessels, causing increased 
blood ftow. The increased blood ftow increases the oxygen supply to the 
treated areas and accelerates the removal of carbon dioxide and 
metabolic products. In addition, mieroscopic thrombi may be unclogged 
or removed when constricted vessels are opened. 

Diathermy has proven partieularly useful in the treatment of arthritie 
and rheumatie diseases. The clinieal aspects of diathermy are beyond the 
scope of this book; the texts by Krusen et al. (1971) and Lehmann (1982) 
are recommended as sources of more complete information for the 
interested reader. 

There are three diathermy modalities currently in use: ultrasonic, 
shortwave, and microwave. All are similar in that an applicator is placed 
over the area to be treated and incident power density and exposure time 
are adjusted to achieve the effect considered necessary. They differ, 
however, in the mechanism of heating involved. In ultrasonie diathermy, 
an applicator comprising a piezoelectric transducer focuses a beam of 
high-frequency acoustie energy, whieh penetrates into deeper tissue 
layers. Shortwave and microwave diathermy are similar in that they both 
involve application of electromagnetic energy. However, as their fre
quencies are different, usually 13.56 MHz for shortwave diathermy and 
2450 MHz for microwave diathermy, their depths of penetration and 
hence methods of application differ. Shortwave diathermy relies more on 
induced fields, while microwave diathermy relies more on a focused beam 
of electromagnetic energy to achieve the final desired conversion into 
heat. The present discussion will be limited to microwave diathermy. 

Most microwave diathermy units consist of a microwave generator 
feeding an applicator through a length of waveguide or coaxial cable. The 
generator usually has controls for varying the applied power level and the 
duration of exposure. The applicator is simply a mierowave antenna 
designed for transferring a maximum amount of energy to a body in 
contact with its surface. 

The exposure factors utilized in microwave diathermy include: 

• Dose rate: The total power, or energy applied per unit time, in 
watts. 

• Energy ftux: The power density, or dose rate per unit body 
surface, in watts per square centimeter of body surface. 

• Dose: The total energy applied in watt-seconds, or joules. It is 
equal to the energy ftux times the surface area exposed tim es the 
exposure duration. 

• Specific absorption rate (SAR): The rate at which microwave 
energy is imparted to a material per unit mass of the material. The 
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SAR is obtained from the relationship: 

SAR = 4.19 x 103cT 
t 
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where c is the specific heat of the material (kcal/kg per °C), T is 
the temperature rise in the material COC), t is the time of energy 
deposition in the material (seconds), and SAR is the specific 
absorption rate (W /kg). 

The total heat developed in the body, due to microwave exposure, is 
determined by the total energy uptake. 

In diathermy treatment, while total applied dosage increases some
what with the area exposed treatment, it rarely exceeds 1000 W-min. 
The energy flux is generally kept beneath 1 W/cm2 , and the dose rate 
seldom exceeds 100 W. Time of treatment varies from 3 to 30 min 
According to Schwan (1958), the above figures cannot be exceeded 
significantly without danger of overheating and burning. On the other 
hand, these figures cannot be lowered by much more than about a factor 
of 10, without reducing heat development to an insignificant amount. It is 
difficult to estimate more accurately the lowest flux level that can bring 
about significant effects. Aside from energy flux, quantities such as depth 
of penetration, configuration of tissues, and physiological factors (e.g., 
dilatation of blood vessels) determine temperature rise. 

Several studies have yielded experimental results defining those 
physical properties of the tissues that determine microwave energy 
propagation and absorption, and hence are useful in diathermy (Cook, 
1951; England, 1950; Herrick et al., 1950; Schwan, 1957, 1958, 1960; 
Schwan and Carstensen, 1953). Determination has also been made of the 
patterns of relative heating and temperature distributions produced in 
specimens by exposure to 2450 and 900 MHz (Lehmann et al., 1962a,b). 
It has been documented that heating of the superficial tissues produces 
relatively few mild physiological and therapeutic reactions. On the other 
hand, certain beneficial biological and therapeutic effects can be obtained 
readily by heating the deep tissues directly (Lehmann, 1971). 

Lehmann et al. (1965) have shown that in order to produce vigorous 
physiological and therapeutic reactions to heat, it is necessary to elevate 
temperatures close to tolerance levels in those tissues where the desired 
effect is to be obtained. It is important that the peak value of the 
distribution is in the tissues to be treated, in order to avoid destructive 
effects from exceeding the tolerable temperature elsewhere. The assump
tion that microwaves may heat muscle selectively is based on muscle 
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having a high coefficient of absorption because of its high water content 
(Schwan, 1958). The studies by Lehmann et al. (1982a,b) indicate that 
microwave energy produced by commercially available 2450-MHz dia
thermy equipment and applied by a commonly used applicator, results in 
a distribution of temperature with the highest level in subcutaneous fat, if 
this layer is of a thickness of approximately 1 cm or more. It appears, 
based on studies conducted by Lehmann et al. (1978), that 238 W Ikg 
would result in a temperature of 42-43°C over the course of a 15 to 
30-min treatment. 

Of considerable interest is the possibility of using microwaves to 
induce local or whole-body hyperthermia in the treatment of cancer. 

9.11. SUMMARY 

The conversion of any form of physical energy into heat is 
determined by the physical properties of the absorbing matter. Heat 
development may occur at either localized sites (specific heating) or 
involve more or less uniformly the total medium (volume heating). A 
closer examination of the mode of energy transfer into heat shows that 
molecular friction is responsible for the generation of heat. Hence, heat 
is developed at the boundaries that separate the molecule responsible for 
heat production from its environment. It is difficult to describe mechan
isms that do not include some energy transfer into heat (Schwan, 1958). 

The membranes that surround tissue cells have no inftuence on the 
electrical properties of tissues at ultrahigh frequencies. This means that 
electromagnetic waves and fields proceed without being affected by the 
cell membranes. Hence, the cell interior and exterior are exposed equally 
to the electric field and warmed to nearly the same extent, since their 
electrical characteristics are quite similar (Schwan, 1957). As a conse
quence, electromagnetic waves and fields cause "volume" heating, not 
only on a macroscopic, but also on a microscopic level. This volume 
heating is completely due to the movement of ions of the tissue 
electrolytes with the electrical field (Schwan, 1958). 

Thermal responses are the most thoroughly investigated and docu
mented effects of exposure to microwaves. The absorbed energy is 
transformed into increased kinetic energy of the absorbing molecules, 
thereby producing a general heating of the tissue. The heating results 
from both ionic conduction and vibration of the dipole molecules of 
water and proteins. The temperature rise is a function of the thermo
regulatory capacity of the body in relation to the thermal properties of 
the tissues and neurocirculatory mechanisms. 

Frequencies greater than 3000 MHz approach those in which surface 
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heating predominates. Since the skin contains most of the body's nerve 
endings or sensory elements, heating of this layer is perceived 
immediately. 

Schwan (1958) has described the sequence of events following 
exposure of tissues to microwaves: 

1. Primary process-the radiant or electrie energy, in its interaction 
with the moleeules of the various tissues, is ultimately "ab
sorbed. " That is, it is transformed from radiant or electric energy 
into heat. The details of this transformation are determined by 
the electrieal properties of the biological substances. Hence, a 
determination of these properties is needed to understand the 
primary processes. 

2. Following the primary proeess of heat development, heat eondue
tion will occur from sites of higher to sites of lower temperature. 
Heat development and heat eonduction together determine 
ultimately the temperature rise that occurs at any specific 
loeation. 

3. Temperature rise will have physiological consequenees. Metabolie 
aetivity is inereased, since ion transfer processes are accelerated 
at higher temperatures. With sufficient temperature inerease, 
blood ftow often inereases due to dilatation of blood vessels. 
Vasodilatation in turn further supports inereased metabolie 
aetivity. 

The human body is weIl adapted to withstand surface heating. The 
basal metabolie rate (BMR) may rise in individuals engaged in certain 
activities. Although sueh inereased rate eannot be sustained indefinitely, 
it does indicate there is a large heat tolerance reserve in healthy 
individuals so that even allowing for diminution of this reserve in certain 
individuals, there is still areserve for extra heat loading. 

In the final analysis, research on metabolie rate and heat develop
ment in the human for various work loads, suggests that an added heat 
input, comparable to the BMR, is easily tolerated. In faet, the human 
body is often exposed to eonsiderably higher loads without ill effects. 

An exeessive inerease in body temperature produces damage 
indistinguishable from hyperthermia of other origin. When the thermo
regulatory eapability of the body or portion of the body exposed is 
exceeded, tissue damage ean result. Sueh injury occurs at absorbed 
power levels far above the metabolie output of the body. Intermittent 
exposure ean be better tolerated for longer periods than constant 
exposure at comparable power levels, owing to processes of heat 
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dissipation. Heat produced is diffused from the irradiated portions of the 
body by the vascular system and conduction. 
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