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Abstract

The dominant effect of human exposures to microwaves is caused by temperature elevation
(“thermal effect”). In the safety guidelines/standards, the specific absorption rate (SAR)
averaged over a specific volume is used as a metric for human protection from localized
exposure. Further investigation on the use of this metric is required, especially in terms of
thermophysiology. The World Health Organization (2006) has given high priority to research
into the extent and consequences of microwave-induced temperature elevation in children. In
the present study, an electromagnetic-thermal computational code was developed to model
electromagnetic power absorption and resulting temperature elevation leading to changes in
active blood flow in response to localized 1.457-GHz exposure in rat heads. Both juvenile
(4-week-old) and young adult (8-week-old) rats were considered. The computational code was
validated against measurements for 4- and 8-week-old rats. Our computational results suggest
that blood flow rate depends on both brain and core temperature elevations. No significant
difference was observed between thermophysiological responses in 4- and 8-week-old rats
under these exposure conditions. The computational model developed herein is thus applicable
to set exposure conditions for rats in laboratory investigations, as well as in planning treatment
protocols in the thermal therapy.
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1. Introduction

There has been increasing public concern about potential adverse health effects of exposure to
electromagnetic fields. In the radiofrequency and microwave (MW) ranges, temperature
elevation (1-2°C) resulting from energy absorption is known to be the dominant mechanism
inducing adverse health effects such as heat exhaustion and heat stroke (ACGIH 1996). This
threshold temperature elevation is used as a basis for international safety standards/guidelines
(ICNIRP 1998, IEEE 2005). In these standards/guidelines, the 10 g averaged specific absorption
rate (SAR) and whole-body SAR are used as metrics for human protection from localized and
whole-body exposures, respectively, to prevent excess temperature elevation. For occupational
exposure limits of local and whole-body average SARs are 10 W/kg and 0.4 W/Kkg, respectively,
while a reduction factor of 5 is applied for the general public.

The whole-body SAR limits are mainly based on small animal experiments carried out in
the 1980s. According to ICNIRP (1998), laboratory animals exposed to MW at and above
4 W/kg exhibited a characteristic pattern of thermoregulatory behavior (Michaelson 1983). In
addition, at SAR values in the 1-3 W/kg range, rats and monkeys showed decreased task
performance (Stern 1979, Adair and Adams 1980, D'Andrea et al 1986). The rationale for the
IEEE standard (2005) is based on behavioral effects (work stoppage) in rodents and non-human
primates exposed for about 1 hour at the 4 W/kg SAR threshold associated with temperature
elevation (D'Andrea et al 2003). The relationship between whole-body SAR and core
temperature elevation has been investigated in humans (Foster and Adair 2004, Hirata et al
2008) and animals (Hirata et al 2010).

The local SAR limit was determined to prevent thermal ocular damage (ICNIRP 1998).
Temperature elevation from localized MW exposure was investigated via modeling in humans
and animals, and summarized in (ICNIRP 2009). However, little information is available
concerning the biological effects of local MW exposure, especially on the brain. Only a few
research groups have reported adverse health effects in rodents below the exposure limit (Alto et
al 2006, Huber et al 2005, Salford et al 2003) and other studies have failed to confirm their
findings (de Gannes et al 2009, Kuribayashi et al 2005, Masuda et al 2009, McQuade et al 2009,
Mizuno et al 2009, Tsurita et al 2000).

The rationale for the use of SAR as a metric for local exposure has been challenged,
especially with respect to local and systemic physiological responses, including changes in
blood flow (Masuda et al 2007). We recently measured local blood flow in rat brains locally
exposed to MW above 6.14 W/kg (brain averaged SAR: BASAR) and found a dose-dependent
elevation in blood flow (Masuda et al 2011). Moreover, the correlation between temperature
elevation and blood flow was observed in both cortex and rectum during exposure. Although
these findings strongly suggest a temperature-dependent variation in blood flow under local



exposure conditions, further studies are required to clarify this relationship. Thus, a physical
approach using computational modeling is a good strategy, in view of the technical difficulties
of in vivo studies, such as side effects of anesthesia (Adair et al 2004, Hirata et al 2006b) and
interference with bioinstruments subjected to high-level MW exposure.

The 2006 RF research agenda of the World Health Organization gave high priority to
research aimed at improving dosimetric models of RF deposition in animals and humans,
combined with appropriate thermoregulatory models. No computational modeling besides our
own (Hirata et al 2006, 2010) has succeeded in investigating both local and core temperatures
simultaneously in an anatomically based model, in spite of the fact there is a need to determine
the threshold inducing the thermophysiological response to local MW exposure and the
age-dependence of that threshold.

The purpose of the present study was therefore to develop a computational model to
simulate variations in temperature and blood flow rate in the rat brain under intense local MW
exposure, and to compare the thermal model in young adult rats (8-week-old) with that of
juvenile (4-week-old) ones. The key point in this model is that it considered the dependence of
blood flow rate on local and core temperatures. First, we modeled the temperature dependence
of blood flow rate in the brain. The computed temperature elevation in rats was then compared

with measurements to validate our computational models.

2. Model and methods

2.1. Animal Experiment

Animal preparation An animal experiment was conducted to measure physiological
parameters and to validate our computational model. The 4- and 8-week-old male
Sprague-Dawley rats (n=18 for each age) used in the experiment were cared for and handled in
accordance with the ethical guidelines for animal experiments at the National Institute of Public
Health, Japan. The average weights of the 4- and 8-week-old rats were 103 g +6% and 295 g
+8%, respectively. The rats were anesthetized using an intramuscular injection of ketamine (100
mg/kg) and xylazine (10 mg/kg), together with a subcutaneous injection of pentobarbital (12.5
mg/kg) and immobilized in an acrylic stereotaxic apparatus designed for this experiment (see
Fig. 1). Since anesthesia is known to reduce blood flow and basal metabolic rate and inactivate
or attenuate the thermoregulatory response (Adair and Black 2003, Hirata et al 2006), a warm
water-heated pad was inserted underneath the rat to compensate for the reduction in basal
metabolism. Water and room temperatures were kept at ca. 42°C (see Appendix) and 23°C,
respectively.

Measurement of physiological parameters Two physiological parameters, local cerebral



blood flow and temperature in two regions (parietal cortex and rectum) were simultaneously
measured using a Doppler blood flow meter (FLO-C1, OMEGAWAVE, Inc., Tokyo, Japan) and
an optical fiber thermometer (m600, Luxtron Corp., USA). The right parietal skin was locally
excised and the skull of the right hemisphere exposed. Three independent holes (0.5 mm in
diameter and 1.0 mm apart) were drilled into the skull just above the parietal cortex. The holes
were located 3-4 mm posterior to the bregma and 3-4 mm right of the midline. Two optical
fibers (0.2 mm in diameter), connected to the Doppler blood flow meter, and one optical probe
(0.5 mm in diameter), connected to the thermometer, were inserted independently through the
holes and placed on the dura mater above the parietal cortex. The other thermometer probe was
inserted into the rectum. These probes were all made of non-metallic material. The accuracy and
resolution of the thermometer were 0.1°C and 0.01°C, respectively. The blood flow and
temperature signals were recorded via an A/D converter using a 1.0 Hz sampling rate.

MW exposure The animals' heads were locally exposed to 1,457 MHz MW, which are used
for wireless communications in Japan, emitted by a figure-8 loop antenna (Arima et al 2011).
The target area is located underneath the antenna (its diameter is 7.5 mm and thickness 0.5 mm).
The ratio of the target-area SAR to the whole-body average SAR is greater than 30 in the
four-week rat model. Each rat was placed in the manipulator system fitted with the antenna,
positioned 4 mm above the parietal bone. Exposure duration was six minutes. The BASARs,
quantified using the numerical rat models (described below), were 167, 57, and 17 W/kg for
4-week-old rats (n=6 in each intensity) and 300, 150, and 75 W/kg for 8-week-old rats (n=6 in
each intensity). Two physiological parameters, temperature and cerebral blood flow, were
measured simultaneously during exposure. These exposure levels were calculated using the 4-
and 8-week-old rat models. The exposure levels were defined in terms of BASAR, since the
distance between antenna and rat was different for different-aged models. Maximum output
power were calculated from our analytical results (Hirata et al 2009a) to induce a maximum
core temperature elevation of 2°C at the end of the six-minute exposure.

2.2. Numerical rat model

Numerical models including the exposure system were developed on the basis of X-ray CT
images (Figure 1). The resolution of the models was 0.5 mm. The rat model at ages 4 and 8
weeks consisted of six tissues (skin, muscle, fat, bone, brain, and eye). The length, weight, and
brain weight used in the rat models were 142 mm, 89 g, and 1.7 g, respectively, for the
4-week-old and 212 mm, 265 g, and 1.9 g, respectively, for the 8-week-old.

2.3. SAR computation



The FDTD method (Taflove and Hagness 1995) was first used to quantify the MW power
absorbed in the rat phantom. Perfectly-matched layers were used as the absorbing boundary to
truncate the computational region. The cell size of the FDTD domain was 0.5 mm, which
coincided with the tissue model resolution. The difference in dielectric properties of tissues
between 4- and 8-week-old rats are less than 10% (Peyman et al 2001, Peyman 2011) and the
same parameters were thus used for 4- and 8-week-old rats. The dielectric properties of the
tissues were taken from the data of 4-week-old rats in Peyman et al (2001). The dielectric
properties of the fat and eye, however, were not measured in that study and thus chosen as the
values of average fat and average eye in Gabriel (1996). Note that small changes in the
dielectric properties do not affect the SAR and temperature elevation significantly (Fujimoto et
al 2006, Christ et al 2010).
Our computation considered the harmonically varying fields. SAR is defined as
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where E,, éy, and E, are the peak values of the electric field components and ¢ and p
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denote the conductivity and mass density of the tissue, respectively. In the following discussion,
BASAR is used as an index.

2.4. Temperature computation

In the present study, we considered an active blood flow model in anesthetized rats. The formula
for temperature calculation in a rabbit model was presented in our previous study (Hirata et al
2006, 2010). Rabbits are rodents animal with virtually nonfunctional sweat glands (Marai et al
2002), allowing us to neglect the heat control mechanism via sweat. In view of this feature, we
applied a human active blood flow model to rabbit skin and inner tissue. Rats are also rodents
that have no sweat glands, so it was appropriate to use the rabbit active blood flow model. In
addition, a new model simulating rat cerebral blood flow was developed and combined with the

existing model.

Bioheat equation The bioheat equation (Pennes 1948) was used to calculate the temperature
elevation in the rat model:

cwm% =V (K(VT (1, )+ p(r)SAR(r)
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where T(r,t) and Tg(t) are the tissue and blood temperatures, respectively. C is the specific
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heat and K the thermal conductivity of tissue, A the basal metabolism per unit volume, and B the



term associated with blood flow. The boundary condition between ambient air and tissue for (2)
is given by the following equation:

ot (r,t)
S

where h, Ts, and T, denote the heat transfer coefficient, surface temperature, and air temperature,

-K(r) =h-(T,(r,)-T. (1) @)

respectively. The heat transfer coefficient h is given by the summation of radiative, convective,
and evaporative heat loss.

In order to satisfy the thermodynamic laws, blood temperature varied according to the
following equation (Bernardi et al 2003, Hirata et al 2009b):
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where Qg is the rate of heat transfer from tissues to blood. Cg (4000 J/kg °C), p5 (1050 kg/m3),
and Vg denote the specific heat, mass density, and total volume of blood, respectively. Blood
temperature was assumed to be constant over the whole body in rats, in view of the fact that the
blood circulates throughout the human body in one minute or less (Follow and Neil 1971). The
average blood volume per unit of rat body mass was 64 ml/kg (Lee and Blaufox 1985). The
blood volume was thus set at 5.6 ml and 17.2 ml for the 4- and 8-week-old rats, respectively. It
should be noted that Qg in equation (6) was substituted for Qg in equation (4) to evaluate the
net heat transfer rate from body tissues to blood as follows:

Qg (1) = Qgr (1) — Qg (0). (6)

It should also be noted that equation (6) is essential, as the result of equation (4) is not zero
even at time t = 0, due to some computational simplifications or assumptions, including a
discretized anatomically-based model with finite resolution, uniform distribution of blood
temperature over the body, and uncertainty in the basal metabolism rate of tissues depending on
individual and body parts (Hirata and Fujiwara 2009).

Thermoregulatory response  Blood flow regulation, modulated by tissue temperature, was
modeled as a thermoregulatory response. To consider the tissue-dependence of this
thermoregulatory response, three regulation models were developed, for skin, brain, and other
tissues, and introduced into equations (2) and (5).

Skin blood flow is known to be modulated by hypothalamus temperature as well as local
skin temperature. Blood flow regulation in the skin is expressed in terms of temperature
elevation in the hypothalamus T,, —T,, and average temperature elevation in the skin ATs :
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where Ty is the temperature under steady-state without heat load. Fs and Fsg are the weighting
coefficients, characterizing the feedback signal between blood flow and temperatures in the
hypothalamus and skin, respectively. The previous study reported that Fus and Fsg were
17500 W/(m? °C) and 1100 W/(m? °C), respectively (Bernardi et al 2003). In a pilot study using
4- and 8-week-old rats, local brain exposure of MW did not elevate blood flow in the foot skin,
up to temperature elevations of 1.5°C in the foot skin at maximal BASAR (data not shown).
Thus, the blood flow in the skin is assumed to be constant in the model over the body during
exposure.

Blood flow regulation in the brain was considered in a different manner, based on measured
blood flow rates in the animal experiment using rats. Specifically, the blood flow rate in the
brain was expressed by the following equation, analogous to equation (7), i.e., the blood flow
rate was assumed to depend on rectum and brain temperature elevations.

B(r,T(r,1) = (B, (r) + Feg (T, (1) =T, (0)) - 20700 Fee )
where Frg and Fgg are the weighting coefficients, characterizing the feedback signal between
blood flow and rectum and brain temperature, respectively.

The regulation of blood flow in tissues other than skin and brain was simplified and
governed by the local tissue temperature. When the temperature remained below a certain level,
blood flow was equal to its basal value Bo. Once the local temperature exceeded the threshold,
blood flow elevated almost linearly with temperature in order to eliminate excess heat.
Temperature regulation in humans is expressed by the following equations (Hoque and Gandhi

1988):

B(r,T(r,t)) =B,(r), T(r,t) <T,(r) (20)
B(r,T(r,t))= Bo(r)[1+(a—1)W} T,(r) <T(r,t) <T,(r)+4T (11)
B(r,T(r,t)) =aB,(r), T(rt)>T,(r)+4T (12)

where AT denotes the threshold temperature elevation at which the blood flow saturates.
Equations (10)-(12) were slightly modified from the original equations given by Hoque and
Gandhi (1988). The threshold temperature at which the blood flow is activated was chosen as
the set temperature, instead of the constant temperature of 39°C. This is because temperature
elevation is more essential than absolute temperature in inducing the thermoregulatory response
(Hirata et al 2010). The coefficient & must be larger than 1. The uncertainty in Tae, Ts and «
may not affect computed brain and rectal temperatures, which are of interest in the present study.



This is because the computed brain temperature is dominantly affected by the blood flow in the
brain, which has been modeled by (9) using measured blood flow. In addition, rectal
temperature is well estimated based on the heat balance of the body (Hirata et al 2009a). In this
study, this effect was neglected based on the parametric study given in Appendix B, even though
the blood flow in the inner tissue except for the brain was not measured.

In our blood flow regulation models, temperature elevations in the hypothalamus and rectum
were assumed to be identical to those in the blood, in view of the high blood flow rates in these

regions.

2.5. Thermal constants

Table 1 lists thermal constants of tissues, which were adapted to our rat model. The specific heat
and thermal conductivity of tissues were extrapolated on the basis of tissue water content
(Cooper and Trezek 1971, ICRP 1975). Blood perfusion removes the heat developed and carries
it over to the surrounding tissues. The effective thermal conductivity was proposed to
compensate for that effect (Creeze et al 1990). However, that effect was considered in part in
Egs. (4) and (5), in addition that the blood circulates throughout the rats in a time shorter than
one minute, which is that for the human body (Follow and Neil 1971). Thus, the thermal
conductivities shown in Cooper and Trezek (1971) are used. The basal metabolic rate was
estimated by assuming that it was proportional to blood flow (Gordon et al 1976). The terms
associated with blood flow for tissues except the brain were extrapolated from the data for
different animals, considering the correlation between body mass and basal metabolic rate
(Tuma et al 1985). The term associated with brain blood flow was derived from our measured
data. The maximum difference between 4- and 8-week-old rats was 10%. We used the following
heat transfer coefficients: 0.5 W/m?/°C between skin and air/heating pad and 8.1 W/m*°C
between inner air and lung as in Hirata et al (2010). The basal metabolism and heat transfer
from the rat body to the air were balanced using these thermal parameters.

2.6. Definition of the brain region studied in the rat model

Temperature elevations and blood flow variations were evaluated in a defined brain region of
the rat model. A rectangular area (12 mm x 6.1 mm for 4-week-old, 12 mm x 7.2 mm for
8-week-old) within the brain surface was chosen as the defined region (Figure 2). The reference
point at the center of the rectangular area was positioned just under the center of the 8-shaped

loop antenna.

3. Results
3.1. Derivation of parameters associated with the blood flow rate in the brain



It was necessary to determine the Frg and Fgg parameters in equation (9) to compute the
temperature elevations in the brain, allowing for the thermoregulation. The parameters were
estimated using a least-squares regression between the time course of cerebral blood flow and
the temperatures in the rectum and brain during 6-min MW exposure. Frg and Fgg Were equal to
0.054 and 19, respectively in 4-week-old rats (n=6) at 167 W/kg, and 0.050 and 31, respectively
in 8-week-old rats (n=6) at 300 W/kg.

3.2. Computation of the SAR and temperature distributions in the numerical rat model

Figures 3(a) and 4(a) illustrate the SAR distribution under MW exposure in the 4- and
8-week-old rat models, respectively. The maximum SAR in both models was calculated to be
around the top of the head, corresponding to the position immediately underneath the figure-8
loop antenna. BASARS in the 4- and 8-week-old models were 11 and 19 times larger than the
whole-body average SARs (WBSAR), respectively. These results suggest that MW power was
mainly absorbed around the top of the head. In addition, the inter-age difference in the
BASAR/WBSAR ratios seemed to be directly linked to body dimensions.

Figures 3(b) and 4(b) show the distribution of temperature elevations after 6-min exposure
in the 4- and 8-week-old models, respectively. The distribution patterns were similar to those of
the SAR, but much smoother. The maximum temperature elevations in the brain of 4- and
8-week-old rat models were 8.1°C and 10.8°C. The maximum temperature elevation in the
8-week-old rat model was 10.9°C, around the throat, similar to that observed in the brain.

3.3. Temperature elevation in live rats vs. numerical rat model

The temperature elevation computed using the rat model was compared with the measurement
in live rats in order to validate the computational model (Fig. 5). In the parietal cortex, the time
course of the computed temperature in the 4-week-old model was similar to the measured values.
In addition, the time courses of the three temperatures measured fitted the values computed for
each area.

However, in the 8-week-old model, only the maximum change in the computed temperature
had a similar time course to the measured values. Measured temperatures were 1-2°C higher
than the temperature computed at the reference point at the end of MW exposure.

Rectum temperature elevated linearly during exposure. The computed temperature was 40%
higher than the measured value in 4-week-old rats and 10% in 8-week-old animals.

3.4. Blood flow elevation in live rats vs numerical rat model
The blood flow variation computed using the rat model was compared with measurements in
live rats (n=3 for each age) in order to validate the computational model (Fig. 6). The measured



blood flow varied widely, due to variations in vasomotion or arterial pressure. The median blood
flow was comparable with the computed values. In 4-week-old rats, the time course of the blood
flow in the model was quite similar to the measured values. The results were similar for
8-week-old rats, except that the measured blood flow elevated almost linearly.

3.5. Evaluation of the intensity-dependence of brain temperature elevations

Computed and measured temperature elevations in the brain were compared in order to evaluate
the effectiveness of the computational model at different power input levels. As shown in Fig. 7,
a good agreement was observed for 4-week-old rats, but not for 8-week-old rats at 150 or 300
W/kg.

4. Discussion

There are few computational models for simulating temperature variations and blood flow rates
in the brain under intense local exposure. In the present study, we modeled these parameters for
rats and validated the model by comparing our data with measurements in live rats.

4.1. Experimental conditions

Specific experimental conditions were set up in this in vivo study to focus on physiological
changes caused by local MW exposure of the rat brain. First, the duration of the measurement,
including the MW exposure, was determined to allow for the detection of changes in
physiological parameters, and limited to 18 min under anesthesia. To assess the reversibility of
parameter changes, we used three periods of 6 min each: pre-measurement, MW exposure, and
post-exposure.

Second, temperature stabilization in each part of the body was achieved under
sham-exposed conditions: the set temperatures of the heating pad (42°C) and room (23°C) were
found to be optimal for this study and the mean temperature elevation above the initial rectal
temperature was <0.1°C over the 6-min period of sham exposure. Therefore, the temperature
stabilization enabled us to measure a small temperature change due to MW exposure.

Third, reproducible changes in local cerebral blood flow were observed at the BASAR
levels used in this study. Observable thermophysiological responses may not be detected at local
exposure levels within the exposure limit range (ICNIRP 1998, IEEE 2005). Thus, very intense
local exposure was needed to induce a response. The BASAR levels were based on a pilot study
with a wide range of exposure intensity (0-300 W/kg BASAR). The exposure intensities at
which irreversible changes were observed in local cerebral blood flow were eliminated from this
study to investigate a relationship between blood flow and local temperatures.



4.2. Relationship between SAR and temperature elevation

In living organs/tissues, the presence of heat diffusion and transfer via blood flow affects local
temperature elevations caused by local MW exposure. It was, therefore, suggested that the
distributions of SAR and temperature elevations during exposure differed. These differences in
distribution patterns were observed in our computational models. Although the temperature
elevation distributions were similar to those of SAR, the former were much smoother than the
latter, possibly due to heat diffusion.

In addition, the largest temperature elevation was observed around the throat, whereas the
SAR in that area was lower than in the parietal region. This was apparently due to the fact that
the blood flow rate in the throat (skin and fat) was lower than in the brain (See Table 1). In our
previous experiment using rabbits, blood flow rate was the dominant factor influencing
MW-induced temperature elevations (Hirata et al 2006).These previous findings concerning the
role of heat diffusion and transfer were confirmed by this rat model.

4.3. Brain temperature elevation
Our models, allowing for the thermoregulatory response of cerebral blood flow (Eg. (9)), gave
estimates of brain temperature elevations in good agreement with measured data, particularly at
all SAR levels in the 4-week-old rat model. Under local exposure conditions, the estimation of
temperature and blood flow is known to be strongly dependent on the computation location.
Indeed, variations were observed in the computed time course of these parameters within the
defined area of the parietal region. However, the variations in computed data were very similar
to those in the measured values. Therefore, our findings suggest that the thermoregulatory
response observed in the live rat brain was efficiently modeled, at least for 4-week-old rats.
However, in the case of 8-week-old rats, a good agreement was found only at the lowest
intensity exposure. The computed brain temperature elevations tended to be smaller than the
measured values (Fig. 5b). One of the reasons for this discrepancy may be an elevation in air
temperature between the figure-8 antenna and the rat’s head, as the difference increased with the
BASAR or brain hyperthermia (Fig. 7(b)). Taking this elevation in air temperature into account
should give a better agreement between measured and computed temperature elevations.
However, inserting an additional probe in this small gap may result in additional uncertainty.
The main purpose of this study was to investigate the variations in blood flow rate due to
localized exposure. Thus, further investigation into the role of air temperature in the gap will be
included in the next study.

4.4. Rectal temperature elevation
The rectal temperature computed in both the model and the measured data elevated linearly (Fig.



5). However, the computed temperatures were 40% higher than the measured values for
4-week-old rats and 10% for 8-week-old animals.

One reason for these small differences may be an adjustment in the basal metabolic rate due
to anesthesia. In the present study, the temperature change was measured in anesthetized rats.
Anesthesia is known to influence the basal metabolism in rodents and the depth of anesthesia
depends on the time after administration (Mishra 2002). Therefore, rectal temperature was
regulated using a heating pad to offset the reduction in basal metabolism under anesthesia.
However, the temperature change was not totally simulated in this model where the metabolic
rate was fixed. It would be useful to reflect the dynamic change in basal metabolism in a future
version of the model.

Another reason for the difference between measured and computed temperatures may be the
difference in body weights between the voxel models and live rats. In the present study, only
one numerical model consisting of a limited number of tissues was used for computation. It did
not allow for variations in body weight at each age. In contrast, the standard deviations in body
weights were 6% and 8% for the 4- and 8-week-old rats, respectively. Therefore, including
weight variation factors should improve the accuracy of the rectal temperature computations.

4.5. Age-dependence in the thermoregulatory response model

In the present study, 4- and 8-week-old rats were used as juveniles and young adults, respectively,
to investigate the age-dependence of thermophysiology. Frs Was not age-dependent, while Fgg
was 40% smaller for 4-week-old than 8-week-old rats. However, it is noted that the contribution
of Fgg to brain blood flow was much smaller than that of Fgrg. The large contribution of Fgg was
confirmed as shown in Fig. 7. We have so far focused on two age groups to evaluate the
age-dependence of physiological change in the brain (Kukley et al 2001, Kuribayashi et al
2005). However, further studies using neonatal or aged rat are required to investigate whether
the model developed here is valid for any age, since the lifespan of rat is about 24 months.

4.6. Extrapolation to human

The model developed here will help interpreting the physiological effects caused by local MW
exposure and perform health risk assessment. However, there are still several issues pending,
such as the extrapolation of the present model to the human thermophysiological. In this study,
the effects of local MW exposure was assessed for less than 2 g of rat brain tissue while the
basic restriction value for local exposure to MW in the ICNIRP guidelines is 2 W/kg (general
public exposure) or 10 W/kg (occupational exposure) over 10 g of human brain tissue.
Distribution of SAR and heat conduction during local MW exposure varies between rats and
humans because of differences in body size and shape. However, the thermophysiological



relationship between local blood flow regulation and local temperature changes, which was

found in the rat brain, might be similar in small regions of the human cortex.

5. Conclusions

In the present study, an electromagnetic-thermal computational code with an active blood flow
model was developed to simulate electromagnetic power absorption and the resulting
temperature elevations due to localized 1.457-GHz exposure of the rat brains. This modeling
was motivated by the research need expressed by WHO. The computational model was
validated by comparing its outcomes with data measured in 4- and 8-week-old rats. Despite
some limitations in modeling active blood flow: i) administration of anesthetics was needed to
measure blood flow rate and temperature in the brain and ii) temperature was only measured at
the brain surface, due to the lack of space for inserting additional probes, the temperature
elevations estimated by the model were in good agreement with measured data, especially for
4-week-old rats. Furthermore, the blood flow rate was found to depend on both rectal and brain
temperature elevations. There were no obvious differences in the model between 4- and
8-week-old rats, under the exposure conditions used, though further validation of computational
modeling (Neufeld et al 2009, Bakker et al 2010) and measurements may be needed.

The computational code developed here will be helpful in defining experimental conditions
for further investigation of MW-induced thermophysiological changes. In addition, the model
may be used in therapeutic application of hyperthermia and thermal ablation (Wust et al 2002,
Franckena et al 2010, Fuentus et al 2011).

Appendix
A. Determination of Heating Pat
In the present study, a heating pad (42°C) was used to avoid a reduction in basal metabolism
under anesthesia. Pad temperature was designed to maintain a constant rectal temperature in
sham-exposed animals to compensate for the reduced basal metabolic rate induced by anesthesia.
The main purpose of this study was not to develop the thermal model over the entire rat body
but to estimate temperature variations in the brain due to localized exposure. The blood flow
rate in the parietal region was also measured. For these reasons, the reduction in basal metabolic
rate due to anesthesia was assumed to be uniform over the body.

The heat balance in the rat during MW exposure is given by the following equation:

M + PRF - Pconv + I:)pad =E (13)

where M is the rate at which thermal energy is produced through metabolic processes, Prr the
MW power absorbed in the body, P, the rate of heat exchange via convection, E the rate of



heat storage in the body, and Py, the rate of heat transfer from the pad. Rge and E were not
included for sham-exposed rats. Specifically, M and Py, are identical to the parameters listed in
Tables 1 and 2. Thus, the basal metabolic rate and blood flow rate are reduced to satisfy the heat
balance in the rat. Py, is estimated using the following equation:

I:)pad = Peony —aM (1 4)

Ppad = h(Ty ~Tpad )S (15)

where « is the reduction rate in the basal metabolic rate and S the contact area between the rat
model and the heating pad. The S values were 42.23 mm? and 60.90 mm? for 4- and 8-week-old
rats, respectively, so the equation was balanced by reducing the metabolic rate by 33% and 38%,
respectively.

B. Validity of Equations Introduced in Our modeling

In order to confirm our computational modeling with respect to a conventional study, the brain
and core temperature elevations were also computed in the following two cases: (i) the blood
flow in the tissues is assumed to be constant which means that vasodilatation governed by Eqg.
(9) is neglected, and (ii) the blood temperature is assumed to be constant which means that Egs.
(4) and (5) can be ignored. As a computational example, the 8-week-old rat model was exposed
at a BASAR of 300 W/kg. In the case (ii), the blood temperature was not computed and thus the
temperature in the position corresponding to the rectum was plotted for reference. As shown in
Fig. 8, the brain temperature computed by neglecting the vasodilatation in the brain was twice
as large as the measured one. The brain temperature computed by neglecting blood temperature
variation was somewhat lower than the measured temperature. As shown in the measurement,
the brain temperature continued to elevate along with the blood temperature. In the same figure,
the core temperature was marginally affected even when neglecting vasodilatation in the brain.
In addition, the temperature elevation in the rectum was much smaller than the measured value.

The variation in temperature in inner tissues, except for the brain tissue, was assumed to be
constant as mentioned in Sec 2.4, even though the blood flow in the inner tissue was not
measured. The blood flow in the remaining tissue would be affected by vasodilatation in the
brain. The AT and o coefficients in Egs. (11)-(12) were changed in order to quantify the
uncertainty caused by our simplification. The 8-week-old rat model exposed at BASAR of 300
W/kg was again considered. As shown in Fig. 9, the brain temperature was best fitted for the
parameter values of AT=1 and a=1, corresponding to an absence of thermoregulatory response.
As presented in the previous study (Hirata et al 2006b), the thermoregulatory response in the
remaining part of the body may be weaken due to the effect of anesthesia. As shown in Fig. 9,



further fine tuning of AT and o may not affect the temperature and blood flow in the brain.
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FIGURE AND TABLE CAPTIONS
Table 1. Dielectric properties of rats. The same constants were used for 4- and 8-week-old rats.

Table 2. Thermal conductivity K, specific heat C, blood perfusion rate B,, and basal metabolism
A, of tissues in anesthetized rats; (a) 4- and (b) 8-week-old rats.

Figurel. Schematic diagram of the rat exposure system. The figure-8 antenna was located
above the rat’s head. The heating pad was inserted under the rat body to compensate for the
temperature decrease due to anesthesia.

Figure 2. Defined area for calculating the temperature elevation in the parietal region of (a) 4-
and (b) 8-week-old rat models.

Figure 3. Distributions of voxel SAR (a) and temperature elevation (b) in the 4-week-old rat
model. Brain averaged SAR: 167 W/kg. Exposure duration: six minutes.

Figure 4. Distributions of voxel SAR (a) and temperature elevation (b) in the 8-week-old rat.
Brain averaged SAR: 300 W/kg. Exposure duration: six minutes.

Figure 5. Temperature elevations in the parietal region and rectum during MW exposure. The
brain averaged SARs for 4- and 8-week-old rats were 167 W/kg and 300 W/kg, respectively.
The temperature elevation in the parietal region was calculated at each voxel within the defined
area. The minimum and maximum temperature elevations in the area are indicated as broken
lines. A solid line shows the elevation at the reference point. Typical temperature changes
measured in the parietal region and rectum of live rats (n=3 for each age) are plotted for
comparison with computed values. (a) 4-week-old rat and (b) 8-week-old rat.

Figure 6. Blood flow increases in the parietal region during MW exposure. The brain averaged
SARs for 4- and 8-week-old rats were 167 W/kg and 300 W/kg, respectively. The blood flow
increase in the parietal region was calculated at each voxel within the defined area. The
minimum and maximum increases in blood flow in the area are indicated as broken lines. A
solid line shows the increase at the reference point. Typical blood flow changes measured in the
parietal region of live rats (n=3 for each age) are plotted for comparison with computed values.
(a) 4-week-old rat, (b) 8-week-old rat.

Figure 7. Temperature elevation in the parietal region at different BASARs. The solid line is the



computed temperature at the reference point. Median values of measured temperatures (n=6 for
each intensity) are plotted for comparison with computed values. (a) 4-week-old rat and (b)
8-week-old rat.

Figure 8. Temperature elevations in the parietal region and rectum of 8-week-old rat during
MW exposure at BASAR of 300 W/kg for different computational modeling; i) the blood
perfusion rates of tissues and ii) the blood temperature are assumed to be constant over the body

Figure 9. Temperature elevations in the parietal region of 8-week-old rat during MW exposure
at BASAR of 300 W/kg for different parameters characterizing the blood perfusion rate in the

inner tissues.



Table 1

Tissue Relative Conductivity
Permittivity [S/m]
Skin 335 0.94
Muscle 47.4 1.38
Fat 111 0.16
Bone 23.8 0.65
Brain 46.7 1.15
Eye 68.7 1.89
Table 2
(a)
Tissue K[W/(m°C)] C[i(kg°C)] Bo[W/(m*°C)] Ao [W/m’]
Skin 0.42 3600 17163 10008
Muscle 0.50 3800 562 2484
Fat 0.25 3000 9316 5432
Bone 0.37 3100 12317 10622
Brain 0.57 3800 18216 12936
Eye 0.58 4000 0 0
Blood 0.58 3900 - -
(b)
Tissue K[W/(m°C)] C[i(kg°C)] Bo[W/(m*°C)] Ao [W/m’]
Skin 0.42 3600 11605 7486
Muscle 0.50 3800 380 1858
Fat 0.25 3000 6299 4063
Bone 0.37 3100 12317 7945
Brain 0.57 3800 16800 10837
Eye 0.58 4000 0 0
Blood 0.58 3900 - -
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