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Abstract—In the current international guidelines and 

standards for human exposure to microwaves, the basic 
restriction is determined by the whole-body average specific 
absorption rate (SAR). The basis for the guidelines is the adverse 
effect such as work stoppage in animals for whole-body average 
SARs above a certain level. Although it is known that absorbed 
microwave energy causes the behavioral sign of thermal stress, 
the relationship of whole-body average SAR with 
temperature/temperature elevation has not been sufficiently 
investigated. In the present study, we performed experiments on 
rabbits exposed to 2.45-GHz microwaves. A total of 24 
measurements were conducted for power densities from 
approximately 100 to 1,000 W/m2. Our computational code for 
electromagnetic-thermal dosimetry was used to set the exposure 
time duration and incident power density. Our experimental 
results suggest that a core temperature elevation of 1oC is an 
estimate of the threshold inducing complex behavioral signs of 
microwave-induced thermal stress in rabbits for different 
whole-body average SARs and exposure time durations. The 
whole-body average SAR required for microwave-induced 
behavioral sign in rabbits was estimated as approximately 1.3 
W/kg for 2.45-GHz microwaves. 
 

Index Terms— Biological effects of electromagnetic radiation, 
core temperature elevation, whole-body averaged specific 
absorption rate (SAR), bio-heat equation, human safety 

I. INTRODUCTION 
HERE has been increasing public concern about the 

adverse health effects of human exposure to 
electromagnetic waves. In the microwave (MW) regions, 
elevated temperature (1oC-2oC) resulting from energy 
absorption is known to be a dominant cause of adverse health 
effects, such as heat exhaustion and heat stroke [1]. 
Microwaves of relatively low intensity absorbed in 
thermosensitive neural tissue have the potential to provoke 
immediate and dramatic changes in thermoregulatory effector 
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response systems [2]. In safety guidelines and standards [3, 4], 
the whole-body average specific absorption rate (SAR) is used 
as a metric of human protection against MW exposure. The 
threshold whole-body average SAR is 4 W/kg. According to 
the ICNIRP guidelines [3], this threshold is based on the fact 
that laboratory animals exposed to MW of at least 4-8 W/kg 
exhibit a characteristic pattern of thermoregulatory behavior 
[5]. In addition, at SAR values in the range of 1–3 W/kg, rats 
and monkeys show decreased task performance [2, 6, 7]. The 
rationale of the IEEE standard [4] is based on behavioral effects 
(work stoppage) in rodents and non-human primates for about 
1 hour at the threshold SAR (4 W/kg) associated with 
temperature elevation. 
For humans, SAR and temperature elevation for MW 

exposures have been reported [8, 9]. Even though the limit for 
public environment in the safety guidelines is not applied [10], 
some studies have discussed the SAR compliance for medical 
devices [11, 12]. Typical scenarios for microwave whole-body 
exposures also include workers near base-station antennas of 
wireless communications and broadcasting transmitters [13]. 
The human volunteer studies have demonstrated that exposure 
for up to 30 min, under conditions in which whole-body SAR 
was less than 4 W kg, caused an increase in the body core 
temperature of less than 1°C [3]. 
Animal studies for the whole-body exposures referenced in 

international guidelines were conducted in the 1970s and 1980s 
[2, 5, 6, 7, 14]. Although characteristic patterns of 
thermoregulatory behavior were observed in animals, the 
relationship between the whole-body SAR and core 
temperature elevation was not well quantified. One reason for 
this limitation is that experimental and computational 
dosimetric techniques have not been well established until 
recently. In addition, laboratory rodents were employed in most 
of the above studies [5, 6, 7, 14, 15]. However, since rodents 
are small and have limited physiological heat loss mechanisms, 
they are poor models for human beings [16]. Ebert et al. 
recently investigated thresholds for thermophysiological 
responses and thermal breakdown for mice with respect to the 
whole-body average SAR [15]. 
In these circumstances, the questions arise whether i) the 

threshold depends on the species, and ii) the behavior is 
induced by temperature or temperature elevation. As for i), the 
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threshold for thermoregulatory behavior is 1.0 W/kg for rats [6] 
and 1.1 W/kg for squirrel monkeys [2]. One study [15] 
determined that the thermoregulatory system of mice can 
compensate for the absorbed energy and achieve a stable 
condition at 2-5 W/kg. 
As for ii), several studies on similar topics have been reported. 

Cell death or degeneration is reportedly caused by a 
temperature above 41oC-42oC for a specific time duration [17]. 
The temperature above a “set” temperature is said to cause 
thermoregulatory behavior [12]. Moreover, temperature 
elevation of 0.3oC in the hypothalamus by an implanted 
thermode was found to cause a thermoregulatory response [2]. 
In computational modeling, body temperature elevation is a 
factor influencing vasodilatation (e.g., [18], [19]). 
The purpose of the present study is to perform an experiment 
involving rabbit exposure to 2.45-GHz MW far-fields to clarify 
the relationship between whole-body average SAR and the 
rectal temperature elevation in rabbits. The main reason for 
choosing rabbits is their high susceptibility to heat stress, since 
they have few sweat glands, and experience difficulty in 
eliminating excess body heat [20]. Thus acute dosimetry in a 
low heat tolerance animal experiment would provide useful 
information. The threshold for inducing a behavioral sign due 
to MW-provoked thermal stress is roughly estimated. Our 
attention here is not on the early phase of the 
thermophysiological response, in which an increase in blood 
volume due to movement of fluid from the extracellular space 
into the circulation would serve to increase heart rate and 
intraventricular blood pressure [3], but rather the complex 
behavioral sign related to thermal stress. This is because the 
rabbits are fixed in a plastic restrainer in order to conduct acute 
dosimetry, and thus proper thermoregulatory behavior and the 
early phase of the thermal response may not be observed. We 
determined the experimental conditions with our computational 
code for electromagnetic-thermal dosimetry [19]. 

II. METHODS 

A. Animal Handling 
The rabbits used in our experiment were cared for and handled 

in accordance with the Guidelines for Animal Experiments of 
Kanazawa Medical University. The average weight of young 
adult male pigmented rabbits is 2.0 kg (±10%). During 
exposure, a pigmented rabbit was immobilized in a 
polycarbonate rabbit holder [21]. In the present study, holes 
were made in the holder to maximize the heat transfer between 
air and skin. In the control case without MW exposures, the 
rectal temperature variation of the rabbit due to insertion for 30 
min or more in the holder was confirmed to be marginal. This is 
because the heat transfer between air and skin excluding ear 
lobe is not a dominant factor in the thermal balance of rabbits 
[20]. Basal metabolism and vasomotor adjustment are 
reportedly factors [16]. 

To investigate the effect of anesthesia on the core 
temperature elevation and thermophysiological response, some 
rabbits were exposed to ketamine hydrochloride (5 mg/kg)+ 

xylazine (0.23 mg/kg) injected intramuscularly. Note that the 
administration of anesthesia reduces the blood perfusion and 
basal metabolic rate together with inactivating the 
thermoregulatory response [21, 22, 23]. Not all rabbits were 
exposed to anesthesia. 

B. Experimental Condition 
The experiment was conducted in the anechoic chamber (10 m
×8 m×6.5 m). Air temperature was kept at 21oC-24oC by an 
air conditioner. The humidity during the experiment ranged 
from 28% to 31%. This condition is classified as ‘absence of 
heat stress’ [20]. The chamber is sufficiently large so that wind 
from the air conditioner does not reach a rabbit directly. For 
measuring the core temperature, a flexible thermal probe (1.6 
mm in diameter) was inserted 100 mm into the rectum. A 
fluoroptic thermometer (Anritsu FL-2000, Tokyo) was 
calibrated using a standard thermometer. The resolution of the 
probe was 0.1oC measured at intervals of 10 s. 

In addition to the rectal temperature, the eye temperature was 
measured as in our previous study [21]. Temperatures of the 
eye segments were measured with a Fluoroptic thermometer 
(Luxtron 790, Luxtron, Santa Clara, CA) according to the 
following procedure: each rabbit eye was anesthetized with a 
0.4% oxybuprocaine hydrochloride ophthalmic solution 
applied as eye drops; thermometer probes (0.5 mm in diameter) 
were then inserted into the lens nuclear part. Note that a guide 
hole for the temperature probe was made using a 20-gauge 
injection needle at 12 o’clock of pars plana. The thermo-probe 
was inserted into the hole, and the thermo-sensor part was fixed 
in the center of the pupillary area. The thermo-probe and 
eyeball were fixed with super glue at 12 o’clock. These 
procedures were performed under slit lamp microscope 
observation [21]. The tip of the thermo-probe was set on the 
optical axis in the center of the pupillary zone and measured at 
one-second intervals. In the thermal modeling, there are many 
thermal parameters. The simultaneous measurement at 
different points, especially core and local temperatures, serves 
to validate our computational modeling. 

C. Experimental Setup 
We used two different MW sources to realize different 

incident power densities. A rabbit was irradiated from the 
lateral side to maximize the whole-body average SAR at the 
same incident power density. The MW frequency was 2.45 
GHz. The experimental setup is summarized in Fig. 1.  
For incident power densities of 110 and 220 W/m2, the 

exposure system was the same as reported earlier in [19]. A 
double-ridged waveguide horn antenna (Model 3115, 
ETS-LINDGREN Inc., Cedar Park, TX) was used for the 
exposure. The 1-m distance between the rabbit and antenna was 
chosen so that fields radiated from the antenna were considered 
as far-fields. The signal generated in an electric signal 
generator (E4438C-402, Agilent Technologies, Santa Clara, 
CA) was amplified via a power amplifier (TWAL 0208-250, 
Bonn Elektronik Inc., Ottobrunn, Germany). Antenna power 
was monitored with a power sensor (Agilent, 8481A)  
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Fig. 1. (a) Diagrammatic representation of the exposure system, and (b) a 

 
throughout the measurement. 
For incident power densities of 730 and 980 W/m2, a 

waveguide horn antenna (WAN-021-20, Nihon Koshuha Co., 
Ltd., Yokohama, Japan) and a magnetron oscillator (Nihon 
Koshuha, MKN-156-3S2A) were used. As shown in Fig. 1, the 
magnetron oscillator is comprised of a generator, amplifier and 
power sensor. The 1.2-m distance between the rabbit and 
antenna was chosen for the same reason as the system for lower 
power densities. 

Since we used horn antennas, the radiated fields cannot be 
considered as a plane wave. To estimate the effective power 
incident to a rabbit, we measured the electric field in the region 
of a rabbit using a probe with a resolution of 50 or 100 mm [17]. 
The corresponding average power density was defined as the 
incident power density. This average power is expected to be 
acceptable since the reference levels in the ICNIRP guidelines 
[2], which establish the field or power density for practical 
exposure assessment, are intended to be spatially averaged 
values over the entire body of the exposed individual. 

D. Numeric Rabbit Phantom 
 We developed an anatomically-based rabbit phantom with a 

resolution of 1 mm. This was constructed on the basis of X-ray 
CT images taken at Kanazawa Medical University, Japan [24]. 

This model was comprised of 12 types of tissue: skin, muscle, 
bone, fat, brain, cerebrospinal fluid, anterior chamber, vitreous, 
retina/choroid/sclera, iris/ciliary body, lens, and cornea. 
Specifically, the model thicknesses become largest around the 
optic nerve head. In our model, the retina/choroid/sclera is 
further classified into two parts on the basis of blood perfusion. 
More detailed information of the tissue classification can be 
found in our previous studies [24, 25]. The width, depth, and 
height of the model were 123 mm, 260 mm, and 152 mm, 
respectively. The weight of the rabbit phantom was 2.5 kg. To 
match the average weight of rabbits employed in this study and 
that of the phantom, we linearly reduced the cell size of the 
rabbit phantom from 1 mm to 0.93 mm. 

E. SAR Calculation 
The finite-difference time-domain (FDTD) method [25] is 

used to investigate MW power absorbed in the rabbit phantom. 
For truncation of the computational region, we adopted 
perfectly matched layers as the absorbing boundary. To 
incorporate the rabbit model into the FDTD scheme, the 
dielectric properties of tissues were required. These were 
determined with the 4-Cole-Cole extrapolation [26]. 
For harmonically varying fields, the SAR is defined as  

2 2 2 2ˆ ˆ ˆ ˆSAR | | (| | | | | | )
2 2 x y zE E E Eσ σ

ρ ρ
= = + +                     (1) 

where ˆ
xE , ˆ

yE , and ˆ
zE  [V/m] are the peak values of the electric 

field components, σ and ρ, which denote the conductivity and 
mass density of the tissue, respectively. 

F. Temperature Calculation 
Our formula for the temperature calculation was presented in 

our previous study [19]. In that study, we applied an active 
blood perfusion model of humans [18, 27] to rabbits, together 
with a parametric study. The sweat glands in rabbits are 
virtually nonfunctional, allowing us to neglect this mechanism 
in our modeling. During heat stress, rabbits try to sustain 
homeothermy by using internal physiological measures [20], 
such as changes in breathing rates and peripheral (ear) 
temperatures. In our measurement, increased breathing rates, 
together with nose licking, were observed. It is beyond the 
scope of our study to develop a model for such responses in our 
computation, since the main purpose of the present study is to 
estimate thresholds for such behavioral signs of MW-induced 
stress. 
 
Bioheat Equation  

The bioheat equation is used to calculate temperature 
elevations in the rabbit model [28]: 

( , )( ) ( ) ( ( ) ( , )) ( ) ( ) ( )

( , )( ( , ) ( ))B

T tC K T t SAR A
t

B t T t T t

ρ ρ∂
= ∇ ⋅ ∇ + +

∂
− −

rr r r r r r r

r r
     (2) 

where ( , )T tr  [oC] and ( )BT t  [oC] denote the respective 
temperatures of tissue and blood, C is the specific heat of tissue, 
K is the thermal conductivity of tissue, A is the basal 
metabolism per unit volume, and B is the term associated with 
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blood flow. Thermal parameters used in our modeling are the 
same as listed in [19] for unanesthetized rabbits. Before 
exposure, the basal metabolism and heat transfer from the body 
to the air get balanced for a given set of parameters. When 
rabbits were anesthetized, the basal metabolic rate was reduced 
by 30-35% [23]. This reduction ratio was estimated not for 
specific tissues or body parts but over the whole body. The 
blood perfusion rate and metabolic rate are roughly 
proportional to each other [28]. Thus, the blood perfusion rate 
and basal metabolic rate of each tissue are considered to be 
reduced by 30% compared with those of unanesthetized 
rabbits. 
The blood temperature is assumed to be constant over the 

whole body, since the blood circulates throughout the human 
body in one minute or less. In rabbits, it takes far less time 
because of their smaller dimensions and higher blood perfusion 
rate. The boundary condition between air and rabbit tissue for 
(2) is given by the following equation: 

( , )( ) ( ( , ) ( ))s e
T tK r h T t T t

n
∂

− = ⋅ −
∂

r r                                               (3) 

where h [W/m2/oC], Ts  [oC], and Te  [oC] denote, respectively, 
the heat transfer coefficient, surface temperature, and air 
temperature. The heat transfer coefficient h is given by the 
summation of radiative heat loss hrad, convective heat loss hconv, 
and evaporative heat loss he. The respective values of the heat 
transfer coefficients between the skin (excluding the ear lobe) 
and air, between the internal air and tissue, and between the ear 
lobe and air are 0.65 W/m2/oC, 13 W/m2/oC, and 2.5 W/m2/oC, 
respectively [19]. 
The bioheat equation is particularly effective in the shallow 

region of the body, where modeling the vasculature system is 
not required. In other words, the temperature calculated 
becomes unreliable in proportion to the distance from the body 
surface. However, the MW power absorption or heat source is 
concentrated around the surface in a 2.45-GHz exposure 
system, since the penetration depth of the MW is a few 
centimeters. Hence, the body-core temperature elevation is 
mainly caused by the circulation of temperature-elevated blood. 
The calculation scheme for the blood temperature is thus 
essential in the computational modeling. The blood 
temperature changes according to the following equation to 
satisfy the thermodynamic laws [22, 30, 31]: 

0
( )( ) (4)

( ) ( )( ( ) ( , )) (5)

BTOT
B B t

B B B

BTOT BV

Q tT t T dt
C V

Q t B t T t T t dV

ρ
= +

= −

∫

∫ r
 

where QBTOT [W] is the rate of heat acquisition of blood from 
body tissues. CB (=4000 oJ/kg C⋅ ), ρΒ (=1050 kg/m3), and VB 
denote the specific heat, mass density, and total volume of 
blood, respectively. Note that the average blood volume per 
unit rabbit body mass is 56 ml/kg. The blood volume is set at 
110 ml, since the weight of our rabbits is 2.0 kg on average. 
 
Thermophysiological Response  
For temperature elevation above a certain level, blood 

perfusion is activated to carry away the excess heat produced. 

As for blood perfusion for all tissues except the skin, the 
regulation mechanism is governed by the local tissue 
temperature. When that temperature remains below a certain 
level, blood perfusion is equal to basal value B0. Once the local 
temperature exceeds a given threshold, the blood perfusion 
increases almost linearly with the temperature to carry away the 
heat evolved [27]. 
The variations of blood perfusion in the skin through 
vasodilatation are expressed as the temperature increase in the 
hypothalamus and the average temperature increase in the skin 
[26, 30]. These thermophysiological responses have been taken 
into acount in our computational modeling. 

G. Dosimetric Scenarios 
A rabbit is irradiated from the lateral side to maximize the 

whole-body average SAR for a given incident power density. 
The whole-body average SAR for the incident power density of 
100 W/m2 has been computed as 1.18 W/kg [19]. Based on this 
result, the whole-body average SAR for different power 
densities can be scaled linearly. Using two experimental setups, 
we chose incident power densities of 980, 730, 220, and 110 
W/m2. 

For an incident power density below a certain level, a rabbit 
is expected to compensate for the heat load due to MW 
absorption by increasing breathing rates and/or adjustment of 
its basal metabolism [2]. A heat transfer coefficient between 
internal tissue and air for rabbits with increased breathing rate 
due to heat load was derived in our previous study [19]. Then, 
the incident power density of 110 W/m2 was derived so that the 
MW energy and heat transfer from rabbit to air became 
identical for the heat transfer coefficient considering the 
increased breathing rate. In our computation, the plane wave 
was incident to the rabbit model instead of the non-uniform 
fields mentioned in Sec. II C. 

III. RESULTS 
An immobilized rabbit was exposed to 2.45-GHz MW radiated 
by the double-rigged antenna, as shown in Fig. 1. The duration 
was determined based on our computational code so that the 
core temperature elevation did not exceed 1.5oC. The main aim 
of the present study is to conduct acute dosimetry for high 
thermal loads due to MW energy. 
The experiment was first conducted on anesthetized rabbits 

for ethical reasons. After confirming the validity of our 
computational code for anesthetized rabbits, the duration of 
exposure for unanaesthetized rabbits was determined. When 
the core temperature of a rabbit without MW exposure was 
higher than 40oC, the exposure was terminated at 41.5oC. We 
made 24 measurements, 10 on anesthetized and 14 on 
unanesthetized rabbits. 

In our computation, first, the temperature distribution in the 
rabbit without MW energy was calculated by substituting the 
room temperature and blood (or rectal) temperature. Then, the 
temperature distribution for MW exposure was calculated by 
substituting SAR obtained by the electromagnetic solver into 
the bioheat equation. The temperature elevation distribution is 
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(b) 
Fig. 2. Temperature elevations in (a) rectum and (b) eye lens of rabbit. 
Incident power density was 1,000 W/m2. Subjects 2 and 3 are anesthetized, 
but not Subject 1.  
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(b) 
Fig. 3. Temperature elevations in (a) rectum and (b) eye lens of rabbit. 
Incident power density was 110 W/m2. 
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Fig. 4. Threshold temperature (a) and temperature elevation or (b) of 
rabbits at which the behavioral signs of thermal stress were observed. 
Nose, body, and ear represent licking the nose, movement in the plastic 
holder, and movement of ear lobe, respectively. 

defined as the difference between the temperature distribution 
with and without MW exposure. Different thermal parameters 
of rabbit tissue were used for the cases with and without 
anesthesia. Even though different rectal and blood temperatures 
are used in our computation, no clear difference was observed 
in core temperature. Thus, the room and blood temperature are 
assumed to be 25oC and 39.5oC, respectively, for the 
computational results presented in Figs. 2 and 3. 

A. Comparison of Computed and Measured Temperature 
Elevation in Rabbits 

In this subsection, we present the time course of temperature 
elevations at incident power densities of 980 and 110 W/m2. 
Figure 2 shows the temperature elevations in the (a) rectum and 
(b) eye lens of rabbits at the incident power density of 980 
W/m2. Rabbits 1 and 2 were anesthetized but not Rabbit 3. The 
duration of the exposures was 4 minutes for the rabbits with 
anesthesia and 3 minutes for the rabbits without it. As shown in 
Fig. 2 (a), the measured core temperature elevates slower than 
the computed ones. The measured core temperature continued 
to elevate after the exposure was terminated. However, the 
maximum temperature elevation was reasonably estimated with 
the computational code. No clear differences were observed 
between temperature variations with and without the anesthesia. 
A similar tendency was observed for the incident power density 
of 220 W/m2 [18]. As shown in Fig. 2 (b), the measured 
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Fig. 5. Relationship between (a) incident power density / (b) incident energy 
density and exposure duration required for core temperature elevation of 
1oC. Computational results for 0.5oC, 1.0 oC and 1.5oC are also plotted. 

temperature in the eye does not elevate as much as that of the 
computed temperature. This difference is discussed in the next 
section. Note that the temperature in the lens before exposure is 
not stable unlike rectal temperature. One of the main reasons 
for perturbation is attributed to blinking which made the lens 
temperature vary by 1oC or more. Some abrupt change in the 
lens during exposure is also attributed to blinking. Figure 3 
shows the temperature elevations in rabbits for the incident 
power density of 110 W/m2. For this incident power density, 
only rabbits without anesthesia were considered. The reason for 
this is that the core temperature elevation in rabbits with 
anesthesia becomes comparable to the temperature decrease 
due to the lowered basal metabolism [19]. In addition, because 
the duration of anesthesia is generally less than 30 minutes, we 
could not investigate the temperature elevation properly for 
such an anesthetized rabbit with more than 30 minutes of 
exposure. In our experiment, the duration of exposure was 
determined as 120 min. As shown in Fig. 3 (a), good agreement 
was observed between computed and measured core 
temperature elevations for Rabbit 4 but not Rabbit 5. This 
difference for Rabbit 5 is due to the thermophysiological 
response, as expected. As shown in Fig. 3 (b), reasonable 
agreement was observed on the eye temperature elevations for 
both Rabbits. The difference between the computational and 
measured results is discussed in the next section. 

B. Estimation of Threshold Inducing Sign of Thermal Stress 

in Rabbits 
Among the 14 unanesthetized rabbits, complex behavioral 

signs due to thermal stress were observed in 6 rabbits. One of 
the possible reasons for rabbits not exhibiting such signs is 
thought to be the difference in the set temperature inducing the 
thermoregulation. No anesthetized rabbit exhibited such 
behavior. Their behaviors depend on the individual rabbit and 
include increased breathing rates, repetitive movement in the 
plastic holder, nose licking, slobbering and movement of the 
ear lobe. Figure 4 shows the threshold temperature and 
temperature elevation at which rabbits exhibit repetitive 
behaviors. As shown in Fig. 4 (a), the rectal temperature at 
which rabbits showed such behavior ranged from 39.6oC to 
41.5oC, and was dependent on the individual rabbit. In contrast, 
the temperature elevation of 0.9oC-1.0oC seems to be the 
estimate of lower threshold for inducing a behavioral sign of 
thermal stress in rabbits. This estimated value of temperature 
elevation is comparable to 1oC, which corresponds to the 
international guidelines to prevent MW-induced excess 
temperature elevation in different species [1, 3, 4]. 
 
 

C. Incident Power Density and Duration Required to 
Elevate Core Temperature of 1oC 

In Sec. III B, we showed that a temperature elevation of 
approximately 1oC is the threshold for inducing a behavioral 
sign of MW-induced thermal stress. Here, we use Fig. 5 to 
investigate the relationship between the incident power/energy 
density and duration of MW required to elevate the core 
temperature by 1oC. Note that this is the incident power density 
for rabbits exposed from the lateral side, which maximizes the 
whole-body average SAR. As shown in Fig. 5 (a), the incident 
power density for the core temperature elevation of 1oC 
decreases with the exposure duration. The measured 
temperature elevations are generally in agreement with the 
computed values. In Fig. 5 (b), the energy density required for 
the temperature elevation of 1oC gradually increases with the 
exposure duration. This increase of energy with time 
corresponds to the energy discharged from a rabbit’s body 
during exposure. Rabbits are sensitive to heat stress [20], so 
they are unable to discharge much heat to the environment 
during the MW exposure. Thus, energy required to elevate core 
temperature is rather insensitive to the exposure duration. This 
figure suggests that the body core temperature elevation 
approximately represents energy stored in the body. 

IV. DISCUSSION 
Let us discuss the difference between the computed and 

measured temperature elevations. In Fig. 2 (a), the difference in 
rectal temperatures is attributed to equation (4), in which the 
blood temperature is assumed to be spatially uniform over the 
body. In addition, the temperature was measured at the rectum, 
whereas the computed value represented blood. The rectal 
temperature elevation has been reported to be delayed 
compared to the blood temperature by a few minutes [31], 
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because it takes time to elevate the tissue temperature via the 
circulation of the blood of elevated temperature, together with 
non-uniformity of the blood temperature. The second reason 
for the difference in computed and measured temperatures is 
considered to be the increased metabolism [22], which may be 
caused by stress response due to the rapid temperature 
elevation. The third is due to the uncertainty of the basal 
metabolism/blood perfusion rate of tissues, which depends on 
the individual and body parts. Note that the blood perfusion rate 
and basal metabolism of tissues are proportional to each other 
[29]. In addition, the number of tissues considered in the rabbit 
is limited to 12 in our numeric phantom. 
In Fig. 3, the measured core temperature elevation in Rabbit 4 

is smaller than the computed value and becomes saturated. Let 
us discuss this difference in terms of the heat balance equation 
given in [15, 16]: 

MW convM P P S+ − =                                                     (12) 
where M [W] is the rate at which thermal energy is produced 
through metabolic processes. PMW [W] is the MW power 
absorbed in the body, Pconv [W] is the rate of heat exchange with 
convection, and S [W] is the rate of heat storage in the body. 
Regimes exist that compensate for PMW by metabolic and 
vasomotor adjustments [15]. These adjustments correspond to 
the decrease of M and increase of breathing rates with 
temperature elevation, and so correspond to the increase of the 
value of Pconv. For the time course of the core temperature in 
Rabbit 5, we estimated the heat loss due to these mechanisms 
by assuming that the lowered basal metabolism or increased 
breathing rate compensates for the MW power absorption. 
From the computational results, the heat loss was estimated at 
0.8 W/kg, corresponding to 20% of the basal metabolic rate. 
This reduction ratio coincides with that reported in [2] for 
squirrel monkeys. 
Figure 4 suggests that, except for one rabbit, the temperature 

elevation of 0.9oC-1.1oC in the rabbit indicates a behavioral 
sign of MW-induced thermal stress, although the number of 
rabbits exhibiting the sign was limited. It should be noted that 
the threshold estimation would depend on the environmental 
condition including the restraint and behavioral sign and 
response monitored, etc. The difference in the behavioral sign 
even for the same incident power density is uncertain since the 
environmental condition is kept almost identical and the 
number of rabbits exhibiting the behavioral sign was limited. 
One of the possible reasons for this variability is the stress 
response of rabbits in the restrainer as mentioned above. 
With an incident power density of 980 W/m2, the computed 

skin temperature elevation was 3.0oC when the measured rectal 
temperature was 0.6oC. When the measured rectal temperature 
elevation was 1oC for the incident power density of 730 W/m2, 
the computed skin temperature elevation was 2.4oC. This 
difference in skin temperature occurs because the 
thermoregulatory behavior of the rabbit at rectal temperature 
elevation is less than 1oC. A lower incident power density has 
been reported more often in the infrared region than in the MW 
region owing to skin heating [2], which would be primarily due 

to temperature elevation in the skin or the thermal sensation 
[32]. 
Even though power densities tested were limited to 110, 220, 
730, and 980 W/m2, the threshold incident power density 
inducing a complex behavioral sign was approximately 110 
W/m2, which corresponds to the whole-body average SAR of 
1.3 W/kg. Since the difference in thresholds between 
thermoregulatory and breakdown regions is reportedly not 
much [14], we did not conduct further measurements with 
different power densities. Three main factors cause uncertainty 
in power density. One is the definition of incident power 
density, which was determined by averaging over the entire 
body of the exposed individual. The second is the fluctuation of 
5%-10% in the power emitted from the oscillators, while the 
third is the difference of 5%-10% in the rabbit dimensions, 
although only the average weight of the rabbits was used in our 
computation. Even with such uncertainty, the threshold 
whole-body SAR causing behavioral sign of MW-induced 
thermal stress was in reasonable agreement with the 
thermoregulatory behavior reported [14]; 1.0 W/kg for rats [6] 
and 1.1 W/kg for squirrel monkeys [2]. In contrast, the 
thermoregulatory region was determined as 2-5 W/kg for mice 
[14] and 2 W/kg for rats [26]. The threshold for mice [14] may 
be comparable to our results in terms of the ratio of 
approximately 20% for the basal metabolic rate. In addition, the 
difference may be the restraint condition for the animals during 
the experiments. Furthermore, all mice were acclimatized and 
trained to the restrainer tube [12], although such were not done 
here since it is not common for rabbits. 

V. CONCLUSION 
In current international guidelines and standards [1, 2], the 

whole-body average SAR is the basis of exposure restrictions. 
In addition to human studies, animal studies, especially on 
rodents, are referenced in these guidelines and standards. The 
rationale for the guidelines is that characteristic behavioral 
thermoregulation is observed for the whole-body average SAR 
above a certain level [3]. Acute dosimetry in animals is highly 
useful for extrapolating the guidelines for humans and for 
confirming the scientific basis of current safety guidelines for 
human protection. However, the relationship between energy 
absorption and temperature elevation has not been stated in 
detail.  
Twenty-four measurements were recorded for 2.45-GHz MW 

exposure at power densities from approximately 100 to 1,000 
W/m2. For the whole-body average SAR of 2.6 W/kg, the core 
temperature in rabbits elevates with time without becoming 
saturated. On the contrary, the temperature was elevated with 
time for one rabbit, but not for other rabbits at the whole-body 
average SAR of 1.3 W/kg. The SAR value of 1.3 W/kg for the 
behavioral sign of thermal stress is in reasonable agreement 
with thermoregulatory behavior in several previous studies [2, 
6, 8]. One of the primary differences is due to the weak 
susceptibility of rabbits to heat stress [20], in addition to the 
differences in the basal metabolism and restraint condition of 
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the experimental animals. The calculated whole-body average 
SARs required to elevate body-core temperature elevation in a 
rabbit by 1oC were 2.3 and 1.3 W/kg for 30 min. and 1 hour 
against 6.7 and 6.5 W/kg, respectively, for humans for the same 
time durations  [29]. The temperature elevation in humans 
becomes saturated within approximately one-half hour, since 
the heat in humans can become balanced due to perspiration, 
which is not possible in rabbits. These comparisons support the 
perception that humans have a thermoregulatory capability 
greater than other endotherms during MW exposure [2]. 
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