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Abstract 
In the current international guidelines and standards with regard to human exposure to 

electromagnetic waves, the basic restriction is defined in terms of the whole-body average 
specific absorption rate. The rationale for the guidelines is that the characteristic pattern of 
thermoregulatory response is observed for the whole-body average SAR above a certain level. 
However, the relationship between energy absorption and temperature elevation were not well 
quantified. In this study, we improved our thermal computation model for rabbits, which was 
developed for localized exposure on the eye, in order to investigate the body-core temperature 
elevation due to whole-body exposure at 2.45 GHz. The effect of anesthesia on the body-core 
temperature elevation was also discussed in comparison with measured results. For the 
whole-body average SAR of 3.0 W/kg, the body-core temperature in rabbits elevates with time, 
without becoming saturated. The administration of anesthesia suppressed body-core temperature 
elevation, which is attributed to reduced basal metabolic rate.  

 
Keywords  Microwave exposure，body-core temperature rise，whole-body averaged SAR，
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1. Introduction 
There has been increasing public concern about the adverse health effects of human exposure 

to electromagnetic waves. In the radio-frequency and microwave (MW) regions, elevated 
temperature (1-2oC) resulting from energy absorption is known to be a dominant factor inducing 
adverse health effects such as heat exhaustion and heat stroke (ACGIH 1996). In safety standard 
and associated documents in 1980s (ANSI 1982, Elder and Cachill 1983), the whole-body 
average specific absorption rate (SAR) was used as a measure of human protection for MW 
whole-body exposure. The threshold whole-body average SAR is 4-8 W/kg in the ANSI 
(American National Standards Institute) standard (1982) and 1-2 W/kg in the review by the EPA 

(Environmental Protection Agency) (Elder and Cachill 1983). These thresholds are based 
on the fact that MW exposure of laboratory animals in excess of approximately 4 W/kg has 
revealed a characteristic pattern of thermoregulatory response (Michaelson 1983). In addition, 
decreased task performance by rats and monkeys has been observed at SAR values in the range 
of 1–3 W/kg (Stern et al 1979, Adair and Adams 1980, D’Andrea 1986). Because the 
physiological heat loss mechanisms are limited, however, these small animals would be poor 
models for human beings (Adair and Black 2003). 

Even in the current international guidelines and standards (ICNIRP 1998, IEEE 2006), the 
basic restriction is defined in terms of whole-body average SAR, as is the same in the standard 
in the 1980s (ANSI 1982, Elder and Cachill 1983). Its limit is 0.4 W/kg for occupational 
exposure. According to the ICNIRP guidelines (1998), the rationale of this limit is that human 
exposure for less than 30 min. caused a body-core temperature elevation of less than 1 oC under 
the conditions in which the whole-body average SAR was less than 4 W/kg. Then, a safety 
factor of 10 has been applied to the above value to provide adequate human protection. Only 
limited cases, especially for partial-body exposures, were considered in these studies: i) 
localized exposure to the legs (Hoque and Gandhi 1988) and ii) clinical data for magnetic 
resonance imaging (Shellock and Crues 1987), e.g. 

The animal studies for the whole-body exposures referenced in the international guidelines 
were conducted in the 1970s and 80s (Adair and Adams 1980, Stern et al 1979, Michaelson 
1983). Although a characteristic pattern of thermoregulatory response was observed in animals, 
body-core temperature elevation due to MW energy was not quantified. The main reason for 
this is that until recently experimental and computational dosimetric techniques were not well 
established. Ebert et al (2005) determined thermal regulatory and breakdown thresholds for 
mice with respect to whole-body average SAR. However, thermal analysis was not conducted, 
and no anesthesia was used in that study. Additionally, in these studies (Adair and Adams 1980, 
Stern et al 1979, Michaelson, 1983, Ebert et al 2005), laboratory rodents were employed. The 
effect of species on temperature elevation due to MW energy was not well investigated. Hirata 



et al (2006) succeeded in developing a computational code for temperature variation in the 
rabbit eye for intense localized MW energy, considering body-core temperature variation. Thus, 
it is worth extending this computational code to examine the body-core temperature elevation 
for whole-body MW exposures.  

 The purpose of this study is to develop and validate the computational code for clarifying the 
relationship between incident electromagnetic fields, whole-body average SAR, and rectal 
temperature elevation in the rabbits. First, we retuned the thermal constants of rabbit tissues, 
which were validated for the dosimetry of localized exposure to the eye (Hirata et al 2006). As a 
far-field MW source, a double-ridged waveguide horn antenna was used. In the computation, a 
plane wave was considered for simplicity. The time courses of computed and measured 
temperature elevations are compared in order to validate our computational model. The effect of 
anesthesia on body-core temperature elevation was also discussed with comparison of the 
computational and measured results. 
 

2. Model and Methods 
2.1 Experimental Setup  

In order to validate our computational model, we conducted an experiment. The rabbits used in 
this experiment were cared for and handled in accordance with the Guidelines for Animal 
Experiments at Kanazawa Medical University. The average weight of young adult male 
pigmented rabbits was 2.0 kg (±10%).  During exposure, the pigmented rabbit was 
immobilized in a polycarbonate rabbit holder (Kojima et al 2004). In case without microwave 
exposures, the temperature variation due to rabbit insertion for 30 min or more in the holder was 
confirmed to be marginal. This would be because the heat transfer between air and skin is not 
dominant in the thermal balance of rabbits (Marai et al 2002).  

The rabbit is exposed under anesthesia (ketamine hydrochloride (5 mg/kg)+ xylazine (0.23 
mg/kg) injected intramuscularly) or without anesthesia in order to investigate the effect of 
anesthesia on the body-core temperature elevation. Note that the administration of anesthesia 
reduce the blood perfusion and basal metabolic rate together with inactivating thermoregulatory 
response (Adair et al 1984, Hirata et al 2006). 

For measuring the body-core temperature (Kojima et al 2004), a flexible thermal probe (1.6 
mm in diameter) was inserted 100 mm into the rectum. The Fluoroptic thermometer (Anritsu 
FL-2000, Tokyo, JAPAN) was calibrated using a standard thermometer. The resolution of the 
probe is 0.1 oC and measured at each 10 s.  

Added to the rectal temperature, the eye temperature was measured in this study. In the thermal 
modeling, there are many thermal parameters. This simultaneous measurement at different 
points would validate our computational modeling definitely. The reason for choosing the lens is 



that it is stable to fix the probe. In addition, the eye is located around the surface. The modeling 
around the eye for localized exposures is generally succeeded in our previous study (Hirata et al 
2006). 

Temperatures of the eye segments were measured with a Fluoroptic thermometer (Luxtron 790, 
Luxtron, Santa Clara, CA) according to the following procedures: 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. 
The tip of thermal probe was set on an optical axis in the center in the pupillary zone, and 
measured at each second. Room temperature was kept to 24-25 oC by an air conditioner. 

As a MW source, a double-ridged waveguide horn antenna (ETS-LINDGREN Inc., Model 
3115, ETS-LINDGREN, Cedar Park, TX) was used. The MW frequency was 2.45 GHz. A 1-m 
distance between rabbit and antenna was chosen so that fields radiated from the antenna are 
considered as far-fields. The signal generated in an electric signal generator (Agilent, 
E4438C-402, Agilent Technologies, Santa Clara, CA) was amplified via a power amplifier 
(BONN Elektronik Inc., TWAL 0208-250, BONN Elektronik, Ottobrunn, Germany). The power 
fed to the antenna was monitored with a power sensor (Agilent, 8481A) throughout the 

measurement in order to confirm that radiated power is kept constant to 140±6 W. The 
experimental setup is given in Fig. 1. Note that rabbits were irradiated from the lateral side to 
maximize the whole-body average SAR at the same incident power density. 

Since we used the horn antenna, the radiated fields cannot be considered as a plane wave. In 
order to estimate 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, as illustrated in Fig. 2. From 
our measurement, the corresponding average power density was 252 W/m2 with a deviation of 
±35%. This average power is expected to be reasonable since the reference levels in the ICNIRP 
guidelines (1998), which are field or power density for practical exposure assessment, are 
intended to be spatially averaged values over the entire body of the exposed individual. 

 
2.2 Numeric Rabbit Phantom 

We have 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 
(Wake et al 2007). This model is comprised of 12 tissues: skin, muscle, bone, fat, brain, CSF, 
anterior chamber, vitreous, retina/choroid/sclera, iris/ciliary body, lens, and cornea. Specifically, 
their 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 the blood perfusion. 
Further discussion on the tissue classification can be found in Hirata et al (2006). The width, 
depth, and height of this model were 123 mm, 260 mm, and 152 mm, respectively. The weight 



of the rabbit phantom was 2.5 kg. In order to match the average weight of rabbits employed in 
this study and that of the phantom, we reduce linearly the cell size of the rabbit phantom from 1 
mm to 0.93 mm. 

 
2.3 SAR Calculation  

The FDTD method (Taflove and Hagness 1995) is used for investigating MW power absorbed 
in the rabbit phantom. For a 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. They were determined with the 
4-Cole-Cole extrapolation (Gabriel 1996). 

For harmonically varying fields, the SAR is defined as  
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where xÊ , yÊ , and zÊ  are the peak values of the electric field components, σ and ρ, 

denoting the conductivity and the mass density of the tissue, respectively. 

 
2.4 Temperature Calculation 

Our formula for the temperature calculation was given in our previous study (Hirata et al 2006). 
In that study, we applied an active blood perfusion model of human to rabbits (Hoque and 
Gandhi 1988), 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 using internal physiological measures (Marai et al 2002), 
such as changes in breathing rates and peripheral (ear) temperatures. In our measurement, the 
increased breathing rates, together with licking the nose, were observed. Although these 
responses were not fully taken into account in our modeling, the effect of these responses on the 
temperature elevation will be commented in Sec. 3.2. 

 
2.4.1 Bioheat Equation 
For calculating temperature increases in the rabbit model, the bioheat equation was used [23]: 
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where ),r( tT  and )(tTB  denote the respective temperatures of tissue and blood, C the 

specific heat of tissue, K the thermal conductivity of tissue, A the basal metabolism per unit 
volume, and B the term associated with blood flow. 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 due to the smaller dimensions and higher blood 
perfusion rate than in human. The boundary condition between air and tissue for Eq. (2) is given 
by the following equation: 
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where H, Ts, and Te 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 bioheat equation is particularly effective in the shallow region of the body where the 
vasculature system is not required to model (Wissler 1998). In other words, the temperature 
calculated becomes unreliable with the distance from the body surface. However, the 
microwave power absorption or heat source is concentrated around the surface at 2.45 GHz 
exposure system, since the penetration depth of the microwave is at a few centimeters. 
Therefore, the body-core temperature elevation would be mainly caused by the circulation of 
temperature-elevated blood. Therefore, the calculation scheme for the blood temperature is 
essential in this computational modeling. The temperature of blood is changed according to the 
following equation in order to satisfy the thermodynamic laws (Bernardi et al 2003, Hirata et al 
2006, 2007): 
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where QBTOT is the rate of heat acquisition of blood from body tissues. CB (=4000 CJ/kg o⋅ ), 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 put at 110 ml, since the weight of our rabbits averaged around 2.0 kg. It should 
be noted that Eq. (6) was introduced and substituted into Eq. (4) instead of QBTOT for evaluating 
the net rate of heat acquisition of blood from body tissues as follows: 

)0()()( BTOTBTOTBN QtQtQ −=                                                   (6) 
Eq. (6) is necessary because Eq. (4) is not zero even at time t=0, which is attributed to some 
computational simplification or assumption, including a discretized anatomically-based model 
with finite resolution, uniform distribution of blood temperature over the body, and uncertainty 
in the basal metabolism of tissues depending on the individual and body parts. 

  
2.4.2 Thermoregulatory responses 

For a temperature elevation above a certain level, the blood perfusion was activated in order to 



carry away the excess heat produced. As to blood perfusion for all tissues except the skin, the 
regulation mechanism was governed by the local tissue temperature. When that temperature 
remained below a certain level, blood perfusion was equal to its basal value B0. Once the local 
temperature exceeded a given threshold, the blood perfusion increased almost linearly with the 
temperature in order to carry away the heat produced. For humans, these mechanisms are 
expressed by the following equations (Hoque and Gandhi 1988): 
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where TA [oC] and TB [oC] denote the threshold temperatures at which the blood perfusion 

activates and saturates, respectively. The coefficient α must be larger than 1. For our parametric 
study on rabbit, it was found to be reasonable that TA is initial rectal temperature, TB- TA=5 oC, 

and α=5 (Hirata et al 2006). 
The variations of blood perfusion in the skin through vasodilatation are expressed in terms of 

the temperature increase in the hypothalamus 0HH TT −  and the average temperature increase in 

the skin ΔTS : 
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where T0, FHB, and FSB are the steady-state temperature without heat load and the weighting 
coefficients of signal from the hypothalamus and skin, respectively. These values were taken 
from (Bernardi 2003). 
 In addition to these responses, the breathing rates were increased for the temperature elevation 
above a certain level. This change would influence the heat transfer coefficient between internal 
air and tissues. This coefficient will be determined in Sec. 3.1. 

 
2.4.3 Thermal Constants of Tissues 

Table 1 lists specific heat, thermal conductivity, basal metabolic rate, and the term associated 
with blood perfusion for rabbit tissues. The specific heat and thermal conductivity of tissues 
(Cooper and Trezek 1971) were extrapolated on the basis of their water content (ICRP 1975). 
The blood perfusion rate except for eye tissues were extrapolated from the data for sheep, rats, 
etc., together with the correlation between the body mass and the basal metabolic rate. The basal 
metabolic rate was estimated by assuming that it was proportional to the blood perfusion 
(Gordon et al 1976). For a more detailed discussion, see our previous study (Hirata et al 2006). 



We used the heat transfer coefficient between the cornea and air from our previous study: 

30 C/W/m o2 (Hirata et al 2006). Furthermore, the heat transfer coefficient between tissue and 
internal air was set at 55 C/W/m o2  (Taflove and Brodwin 1975). Heat transfer coefficients 
between the skin and the air and between the ear lobe and skin will be discussed in the next 
section. 

 

3. Results 
3.1 Computation of Heat Transfer Coefficients 

We discussed the heat transfer coefficient between the skin and air. We subdivided the skin into 
two parts: ear lobe and the other parts. In Marai et al (2002), the average temperature of skin 
and ear lobe were reported to be 38.6 oC and 33.8 oC, respectively, at the air temperature of 25 

oC. At that time, rectal temperature was 39.5 oC. For these values, we determined 0.65 W/m2 ⋅ oC 
and 2.5 W/m2 ⋅ oC as the respective values of the heat transfer coefficient between the skin and 
the air and between the ear lobe and the air. These values are equivalents including the effect of 
stair-casing approximation of numeric rabbit phantom. Therefore, the actual heat transfer 
coefficients would be larger than these values by a factor of 1.4 or less (Samaras et al 2006). 
Since it would influence our computational results marginally, we avoid further discussion on 
this problem. We estimated the heat transfer coefficient between skin and air as 2-3 W/m2/oC by 
comparing measured and computed temperatures on the scalp (Hirata et al 2006). This value is 
higher than the value obtained in the present study. This difference would be caused by the 
blood temperature in the scalp which is lower than in the other parts. The blood temperature was 
assumed to be constant over the whole body in our calculation (see Eq. (1)). 

 

3.2 Temperature Elevation in Unanesthetized and Anesthetized Rabbit 
Immobilized rabbit was exposed to 2.45-GHz far-field energy radiated by the double-rigged 

antenna, as shown in Fig. 2. Two cases were considered: with and without anesthesia. Our 
measurements were conducted for five unanesthetized and six anesthetized rabbits. However, 
rabbits move slightly even in the plastic holder, resulting in unstable temperature evolution for 
both cases. Note that the resolution of temperature probe is 0.1 oC, and abrupt change in the 
temperature was 0.2 oC or more. Therefore, we will show the results for two rabbits without 
anesthesia and four rabbits with anesthesia whose time courses of the temperature elevation 
were stable. Then, the mean average values of temperatures over 20 sec. will be plotted in the 
following figures. 

In the initial state, the rectal temperature for two rabbits without anesthesia was 40.2 oC, 
while that for five rabbits with anesthesia was in the range between 39.7 and 40.8 oC. MW 
exposures were terminated before rectal temperature elevation reaches 42 oC. Thus, the purpose 



of this study is not to discuss the rabbit breakdown threshold but to discuss the relationship 
among the incident electromagnetic field, whole-body average SAR, and body-core temperature 
elevation.  

Figure 3 illustrates the SAR distributions in the numeric rabbit phantom when exposed to 
2.45-GHz plane wave with the power density of 252 W/m2. The whole-body average SAR was 
3.0 W/kg. High SAR is observed around the ear lobe. However, the total amount of power 
absorbed in the ear lobes was at most 3%, suggesting that the modeling around ear lobe is not 
essential. With this SAR distribution, we calculated the temperature elevation in the blood (or 
body core) and eye lens.  

Figures 4 (a) and (b) show the time variation of blood temperature in case without and with 
anesthesia, respectively. In Fig. 4 (b), the calculation when neglecting the vasodilatation 
(neglecting temperature-dependent blood perfusion rate in rabbits, or not considering Eqs. 
(7)-(10)) is also shown. This is because the administration of anesthesia inactivates 
thermoregulatory response (Adair et al 1984, Kojima et al 2004). From Fig. 4(a), calculated and 
measured temperature elevations are in good agreement. Some abrupt changes were observed in 
measured temperatures due to the rabbit moving slightly in the holder, which also altered the 
probe position (Kojima et al 2004). After 1200 sec. (20 min.) passed, increased breathing rates 
with licking the nose were observed for the two rabbits. However, it is clear from the figure that 
this response does not work effectively to cool down the body. The rectal temperature at 1200 
sec. was 41.4-41.5oC. At 2000 sec. the rectal temperature reached 42 oC, and we then stopped 
our experiment. For the first few ten minutes, good reproducibility was obtained in the time 
course of the temperature elevation for other rabbits. From Fig. 4 (b), the measured rectal 

temperatures are generally smaller than that of calculation, since anesthesia is suggested to 
reduce the basal metabolism (Adair et al 1984, Hirata et al 2006). Note that anesthetic 
depth depends on individuals and body parts (Tuma et al 1981). For our measurements 
for five rabbits, the reduction of basal metabolism was in the range of 8-36% except for 
one sample.  

Figures 5 (a) and (b) show the temperature in the lens with and without anesthesia. From Fig. 5 
(a), good agreement is observed in the first 5 min, as well as that as the blood temperature. In 
the first several minutes, the temperature elevation is mainly caused by the EM power 
absorption. Some differences are observed over time. This would be caused by rectal or blood 
temperature. Elevated body-core or blood temperature elevates tissue temperature, as can be 
seen from Eq. (2).  

 
4. Discussion 
4.1 Heat Balance in Rabbits 



Let us consider the heat balance given in Ebert et al (2005) based on Adair and Black (2003): 
SPPM convRF =−+                                           (12) 

where M is the rate at which thermal energy is produced through metabolic processes, PRF the 
RF power absorbed in the the body, Pconv the rate of heat exchange with the convection, and S 
the rate of heat storage in the body. 

Increased breathing rates were observed in the rabbits without anesthesia, corresponding to the 
increase of the value Pconv in Eq. (12). For our computational fitting, the heat transfer coefficient 
between internal air and tissue increased by a factor of 3, or became 150 W/m2/oC. However, the 
increased value of Pconv would be marginal as compared with the other factors. 

The basal metabolism in the rabbits with anesthesia is reduced (Tuma et al, 1981). From Eq. 

(12), the effect of reduced basal metabolism on the rate of heat storage is linear. Therefore, the 
effect of anesthesia can be included in our computational code by simply reducing the basal 

metabolism by 5-35%, based on our measurement. The reduction of basal metabolism 
was confirmed in the rabbits without microwave exposures. Note that the measured 
body-core temperature elevation was larger than calculated ones for the one sample of 
exception. The reason for this is not clear, but we suppose that it is caused by the increased 
basal metabolism due to increased rabbit tension when the anesthetic depth becomes shallower 
with time.  

No clear difference was observed between calculated temperatures with and without the 
thermoregulatory response in the rabbit with anesthesia. This marginal difference is because the 
blood perfusion rate does not significantly influence the heat balance between rabbit and air 
significantly, as is evident from Eq. (12). Namely, this marginal difference is caused by the 
change in the blood perfusion rate or different skin temperature, leading to a small difference in 
heat transfer between air and skin (Eq. (3)). 
 
4.2 Temperature Elevation in the Eye with Revised Thermal Parameters 

The thermal parameters in the present study were revised from those in our previous study 
(Hirata et al 2006). In the present study, there were some differences between computed and 
measured temperatures in the lens. In order to discuss the reason for this difference, we applied 
the revised thermal parameters to the condition for localized exposure in Hirata et al (2006). The 
difference of temperature in the lens with original and revised parameters was less than 3%. 

As shown in Fig. 5, measured and computed temperatures in the first several minutes were in 
good agreement in case with and without anesthesia, while some differences were observed with 
time. From comparison between Figs. 5 (a) and (b), the measured temperature with anesthesia is 
closer to the computed one than that without anesthesia. Note that thermoregulatory response is 
inactivated for rabbits with anesthesia. Thus, the difference between measured and computed 



temperatures would be caused by the rabbit thermophysiology, such as the tears and a blink of 
the eye. The time course of the samples of 6 and 7 are in good agreement with the computed 
results till 1200 sec. The duration of anesthesia is generally less than 30 minutes. Therefore, the 
difference after 1200 sec. is considered to be caused by anesthetic depth. 

The effect of anesthesia on the computed temperature elevations in the lens was marginal from 
Fig. 5 (b), unlike in Hirata et al (2006). This is because the temperature elevation even in the 
lens or at the shallow region is at most 1.5 oC, which is much smaller than the 6 oC or so which 
was observed for localized exposures. Namely, thermoregulatory response works marginally for 
whole-body exposures. 

 
4.3 Comparison with Previous studies on rodents and humans 

For the whole-body average SAR of 3.0 W/kg, the body-core temperature in rabbits elevates 
with time, without getting saturated. This SAR value is much smaller than that of mice 
determined by Ebert et al (2005): whole-body average SARs of thermal regulatory and 
breakdown thresholds for mice were 2-5 W/kg and 6-14 W/kg, respectively, for 2 h exposure. 
This difference would be because of the weak susceptibility of rabbits to heat stress (Marai et al 
2002), in addition to the difference in the basal metabolism (Ebert et al 2005). 

The calculated whole-body average SARs required to elevate body-core temperature elevation 
in a rabbit by 1 oC were 2.3 and 1.3 W/kg for 30 min. and 1 h, respectively, against 6.7 and 6.5 
W/kg for human (Hirata et al 2007). The temperature elevation in a human became saturated 
within a half hour or so, since the heat can become balanced in a human due to sweating, unlike 
a rabbit. These comparisons support the notion that the human has a thermoregulatory ability 
greater than other endotherms during RF exposure (Adair and Black 2003). 

 
4. Summary 

In the current international guidelines and standards (ICNIRP 1998, IEEE 2006), the basic 
restriction is defined in terms of whole-body average SAR. In addition to the human studies, 
animal studies especially on rodents were referenced in these guidelines and standards. The 
rationale for the guidelines is that a characteristic pattern of thermoregulatory response is 
observed for the whole-body average SAR above a certain level. However, the relationship 
between energy absorption and temperature elevation were not stated in detail. The relationship 
in animals is highly useful to extrapolate the human, or helpful to confirm the scientific basis of 
current safety guidelines for human protection. 

In this study, we improved our thermal computation model for rabbits, which was developed 
for localized exposure, to consider the body-core temperature elevation due to whole-body 
exposure at 2.45 GHz. The effect of anesthesia on the body-core temperature elevation was also 



discussed with the computational code developed in this study. 
For the whole-body average SAR of 3.0 W/kg, the body-core temperature in rabbits elevates 

with time, without becoming saturated. The time course of body-core temperature was different 
from mice (Ebert et al 2005) and humans (Hirata et al 2007). The main reason for this difference 
would be the thermoregulatory response. The administration of anesthesia suppressed body-core 
temperature elevation, which is attributed to reduced basal metabolic rate. When reviewing the 
findings in animal studies and then extrapolating to humans, the difference in the 
thermophysiology and the administration of anesthesia should be considered. 

For lower MW power density than used in this study, we found that the body-core temperature 
elevation in rabbits with anesthesia becomes comparable to the temperature decrease due to the 
reduction of basal metabolism. In addition, the duration of anesthesia is generally less than 30 
minutes, and thus we could not investigate the temperature elevation for lower MW power 
density. This new computational model would be helpful to design experiments. In future, we 
plan to investigate experimentally the dependence of body-core temperature elevation in rabbit 
on MW power absorption conditions, i.e., strength and duration, as Ebert et al (2003) did in 
mice.  
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FIGURE AND TABLE CAPTION 
Table 1. Thermal parameters of rabbit tissues.  

 
Figure1. (a) Diagrammatic representation of the exposure system, and (b) its photograph. 
 

Figure 2. Probe positions to estimate an equivalent power density of microwave incident to 
rabbits. 
 

Figure 3. SAR distributions in the numeric rabbit phantom when exposed to 2.45-GHz plane 
wave with the power density of 252 W/m2: (a) bird’s eye view and (b) on the cross section 
across the ear lobe. 
 

Figure 4. Body-core temperature elevation under the condition (a) with and (b) without 
anesthesia. Calculations with and without thermoregulatory response (TR) are given in case of 
(b). The power density of microwave was 252 W/m2. 

 
Figure 5. Temperature elevation in the lens under the condition (a) with and (b) wihtout 
anesthesia. Calculations with and without thermoregulatory response (TR) are given in case of 
(b). The power density of microwave was 252 W/m2. 
 
 



 
Fig. 1 (a) 

 

 

Fig. 1 (b) 
 

 
 

Fig. 2 
 

Power
Sensor Coupler

Amplifier

Signal
Generator

Horn Antenna

1 m

1 m

Absorber

Styrofoam
Rabbit

Thermometer

300 [mm]

150 [mm]

200 [mm]

100 [mm] 50 [mm]

100 [mm]

: probe positions

Microwave

rabbit



 
Fig. 3 

 

 

(a) 

 
(b) 

Fig. 4  

(b)

(3.9×10-3[W/kg])

2n×1.93[W/kg]
n = 6

(124[W/kg])
n=-9

SAR

(a)

500 1000 1500 20000
Time [s]

-0.2

0.2
0.4
0.6
0.8
1.0
1.2

0

1.4
1.6
1.8

Te
m

pe
ra

tu
re

 ri
se

 [℃
]

2
1
Calculated w/o TR

Measured

500 1000 1500 20000
Time [s]

-0.2

0.2
0.4
0.6
0.8
1.0
1.2

0

1.4
1.6
1.8

Te
m

pe
ra

tu
re

 ri
se

 [℃
] 3

4
5
6
7

Measured

Calculated w/o TR
Calculated w/ TR



 
(a) 

 
(b) 

 
Fig. 5 
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