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Abstract—Biological effects due to whole-body radio-frequency
exposure may be induced by core temperature elevation. According
to the international safety guidelines/standards for human protection,
the whole-body averaged specific absorption rate (WBA-SAR) is
used as a metric. In order to understand the relationship between
WBA-SAR and core temperature elevation, a theoretical solution
or a closed formula for estimating core temperature elevation is
essential. In the present study, we derived a formula for simply
estimating core temperature elevation in humans and animals due
to whole-body radio-frequency exposure. The core temperature
elevation estimated with the formula is found to be in reasonable
agreement with the computational results of finite-difference time-
domain computation incorporated in anatomically-based models Based
on the formula, the WBA-SAR is found to be a good metric for
estimating core temperature elevation. The main factors influencing
the core temperature elevation are the perspiration rate and the body
surface area-to-weight ratio.

1. INTRODUCTION

There has been increasing public concern about the adverse health
effects of human exposure to electromagnetic waves. In radio-
frequency (RF) regions, elevated temperature (1-2°C) resulting from
energy absorption is known to be a dominant factor inducing
adverse health effects such as heat exhaustion and heat stroke [1].
Thermophysiological response, such as perspiration, vasodilatation,
etc., is induced mainly by temperature elevation in the body core.
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Typical scenarios for RF whole-body exposures are patients in a
magnetic resonance diagnostic device and workers at basestation
antennas of wireless communications and broadcasting transmitters.

In the international safety guidelines/standards [2,3], the whole-
body averaged specific absorption rate (WBA-SAR) is used as a
metric of human protection for RF whole-body exposure. The
threshold of the WBA-SAR is noted as 4-8 W /kg. This threshold is
based on the fact that RF exposure of laboratory animals in excess
of approximately 4 W/kg has revealed a characteristic pattern of
thermoregulatory response [4]. In addition, decreased task performance
by rats and monkeys has been observed at WBA-SAR in the range
of 1-3W/kg [5] According to Adair and Black [6], the physiological
heat loss mechanisms are different for different species. In particular,
small animals would be poor models for human beings. However,
the relationship between WBA-SAR and core temperature elevation
in humans for RF whole-body exposures has not been discussed
sufficiently, nor has the difference due to species. Although the limit
of WBA-SAR in the international standards/guidelines is not applied
to patients in magnetic resonance diagnostic devices, the relationship
between SAR and core temperature elevation is of interest. For
example, some criteria have been regulated by the Food and Drug
Administration in the USA [7].

We have developed an electromagnetic-thermal simulation code
based on a finite-difference time-domain (FDTD) scheme with
anatomically-based body phantoms for humans [8] and rabbits [9]. The
unique aspect of our computational code is that it can take into account
the time evolution of core or blood temperatures. A theoretical solution
or a closed-form expression for estimating core temperature elevation
is essential for a greater understanding of the relationship between
WBA-SAR and core temperature elevation, since such computational
schemes take a long time to analyze the time course of core temperature
elevation Semi-analytical expressions of the thermoregulatory response
in humans have been proposed in several studies (e.g., [10,11]) and
its applicability for RF exposures has been discussed by comparative
measurements [12]. In these models, the human body is divided
into several parts and their corresponding parameters are required.
Although these models can be extensively applied, a simpler formula
can be derived by focusing on the estimation of core temperature
elevation from RF energy absorption.

In the present study, we derive a formula for simply estimating
the core temperature elevation in humans by RF whole-body exposure.
The validity of the formula is confirmed by comparing to the results
with the FDTD scheme. Based on the obtained formula, we discuss
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the main factors influencing core temperature elevation due to RF
exposure, together with its applicable range.

2. MODELS AND METHODS

2.1. Computational Phantoms

The computational phantoms used in the present study are illustrated
in Fig. 1, together with their dimensions in Table 1. Whole-body
voxel phantoms for a Japanese adult male and a Japanese adult female
were developed by Nagaoka et al. [13]. Volunteers were selected whose
dimensions were close to the average values of Japanese. The male
volunteer was 22 years old, 1.73 m tall and weighed 65.0 kg; the female
volunteer was 22 years old, 1.6 m tall and weighed 53.0 kg. The numeric
phantoms were developed based on the magnetic resonance images of
these volunteers. The resolution of the phantoms was 2 mm segmented
into 51 anatomical regions. A phantom for children three years of
age was developed by applying a freeform deformation algorithm to
the male phantom [14]. In this model, a total of 66 body dimensions
were taken into account, and then shrunk with different scaling factors.
Manual editing was applied in order to maintain their anatomical
validity. The resolution of these phantoms was kept to 2mm. The
height and weight of the child phantom are 0.9 m and 13 kg.

A voxel phantom for a rabbit has been developed in [15]. The
resolution of the phantom was 1 mm segmented into 12 anatomical
regions. This was constructed on the basis of X-ray CT images taken

22 years 22 years 3years

Female Male Rabbit

Figure 1. Anatomically-based human and rabbit phantoms.
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Table 1. Parameters of human and rabbit models.

Female Male Rabbit
22 years 22 years 3 years
Tissues 51 51 51 12
Height [m)] 1.60 1.73 0.90 -
Weight [kg] 53 65 13 2.0
Surface area[m?]  2.30 2.85 0.90 0.21

at Kanazawa Medical University, Japan. The width, depth, and height
of this model were 123 mm, 260 mm, and 152 mm, respectively The
weight of the rabbit phantom was 2.0kg.

2.2. Electromagnetic Dosimetry

The FDTD method [16] is used for investigating the RF power
absorbed in the numeric phantoms. For a truncation of the
computational region, we adopted perfectly matched layers as the
absorbing boundary. To incorporate the numeric phantoms into the
FDTD scheme, the dielectric properties of tissues were required. These
properties were determined by 4-Cole-Cole extrapolation [17]. For
harmonically varying fields, the SAR is defined as

2

)

where Ex, E’y, and E, are the peak values of the electric field
components, ¢ and p, which denote the conductivity and the mass
density of the tissue, respectively.
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2.3. Thermal Dosimetry

Our FDTD code for the temperature calculation was given in our
previous studies for humans [8] and rabbits [9], which validate our
code by comparison with measurements. Note that heat exposure only
was considered for humans [8], unlike [9] in which RF exposure was
considered. This is due to ethical reasons. As expected from [12], core
temperature elevation in humans exposed at the allowable limit in the
safety guidelines/standards is comparable to a fluoroptic thermometer
resolution of 0.1°C.

The computational method of our thermal dosimetry is given
briefly, since it is based on our formula. The air temperature is 28°C
as a thermoneutral condition, and thus we do not need to consider



Progress In Electromagnetics Research, PIER 99, 2009 57

metabolic adjustments [6]. Note that computational thermal dosimetry
in humans has been conducted extensively for whole-body exposures
in different scenarios [18-20].

2.3.1. Bioheat Equation

For calculating temperature elevations in the numeric phantoms, a
bioheat equation was used [21]:

C’(r)p(r)aTgi’t) = V- (K(r)VT (r,t)) + p(r) SAR(r) + A(r)

—B(r,t)(T'(r,t) — Tp(t)) (2)

where T'(r,t) and Tp(t) denote the respective temperatures of tissue
and blood, C' represents the specific heat of tissue, K represents the
thermal conductivity of tissue, A represents the basal metabolism
per unit volume, and B represents the term associated with blood
perfusion. The blood temperature is considered to be spatially
constant over the whole body since the blood circulates throughout the
human body in one minute or less [22]. Thus, the blood temperature
could be simplified as Ts(r,t) = Tp(t) as shown in (2). In rabbits, it
takes far less time due to their smaller dimensions and higher blood
perfusion rate than those of humans. The boundary condition between
air and tissue Eq. (2) is given by the following equation:
kD ey e -y s @
where h, T, and T, 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 h,qq and convective
heat loss heony. SW represents the perspiration rate which will be
discussed in the next subsection. The thermal constants of tissue used
in the present study have also been summarized [8,9]. Different heat
transfer coefficients between the tissue and air are used depending
on the body part. Specifically, the heat transfer coefficient between
the skin and air and that between tissue and internal air for human
models are 4.0 W/m?/°C and 13W/m?/°C. On the other hand, for
the rabbit model, the respective values of the heat transfer coefficients
between the skin (excluding ear lobe) and air, that between internal
air and tissue, and that between ear lobe and air are 0.65 W/m?/°C,
13W/m?/°C, and 2.5 W/m?/°C, respectively [23].
The blood temperature changes with time according to the
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following equation in order to satisfy thermodynamic laws [8, 18, 24]:

B Qpror(t)
Tp(t) = Tpo + t mdt (4)
Quror(t) = /V B(t)(T5(t) — T(r,1))dV (5)

where Q) gror is the rate of heat acquisition of blood from body tissues.
Cp (= 4000J/kg-°C), pp (= 1050kg/m?), and V3 denote the specific
heat, mass density, and total volume of blood, respectively. In the
following discussion, the blood temperature is considered as the core
temperature. It has been shown that the blood temperature elevation
in computation is reasonably considered as the core temperature,
rather than the rectum and hypothalamus [8,9]; the difference of the
temperature elevations in blood and the hypothalamus was 5% or less.
Since our interest concentrates on the temperature elevation in the
body core that may induce a thermophysiological response, see the
temperature distribution [8, 9] for RF whole-body exposures Note that
the thermal modeling for localized exposure can be found in [25-27].

2.4. Thermoregulatory Responses

For a temperature elevation above a certain level, blood perfusion was
activated in order to carry away the excess heat produced [20,28]. As
to the blood perfusion for all tissues except the skin, the regulation
mechanism was governed by the local tissue temperature. Blood
perfusion was equal to its basal value when that temperature remained
below a certain level. Omnce the local temperature exceeded a
given threshold, blood perfusion increased almost linearly with the
temperature in order to carry away the heat produced. The formula
proposed in [29] was applied in our model. The variations of blood
perfusion in the skin through vasodilatation are expressed in terms
of the temperature increase in the hypothalamus and the average
temperature increase in the skin as given in [30].

The main difference between humans and rabbits in the
thermoregulatory response is that the sweat glands in rabbits are
virtually nonfunctional, allowing us to neglect this mechanism [31].
Then, the perspiration rate in (3) was simplified to be zero
in the rabbit. The perspiration coeflicients in the humans are
assumed to depend on the temperature elevation in the skin and/or
hypothalamus [10, 30]:

agrtanh (811 (Ts(t) —Ts,0) — Bro)t+aro)(Ts(t) —Ts,
SWe)= {[4-1[2421 tal(lhl(lﬂgjgffzf(t) E%21{,0)1—0)520):?]052(ng (t)S_O)TH :0)}/5
(6)
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where S is the surface area of the human body, and « and 3 are the
coefficients associated with perspiration, whose values can be found in
our previous study [7]. Ts and Ty are the temperatures at the body
surface and at the hypothalamus, respectively, and their subscript
0 corresponds to those at the thermally-steady state without heat
load. The hypothalamus is located around the center of the head,
and one of the main functions of the hypothalamus is to control the
thermophysiological response. In (6), the coefficient of the perspiration
rate associated with the temperature elevation in the hypothalamus
is much larger than that for the body surface temperature [10,30].
The difference in the perspiration rate between adults and children is
marginal, as has been reported in [7].

3. FORMULA DERIVATION

In this section, we derive a formula for simply estimating the core
temperature elevation with WBA-SAR. Let us consider the heat
balance of a biological body as given in [6, 32]:

M+ Prp — P, = P (7)

where M is the rate at which thermal energy is produced through
metabolic processes, Prp is the RF power absorbed in the body, P; is
the rate of heat transfer at the body surface, and Pg is the rate of heat
storage in the body. From (7), the total heat balance between the body
and air is essential to characterize the core temperature elevation.

More specific expression for (7) is given in the following equation
based on (2) and (3).

// (r,7) = Ao(r) dVdT—i—//SAR r)dVdr
{// T(r,7) — To(r ))deT+//sw deT}

_ /V (T(x,7) = To(r))- plr)-C(r)dV (8)

where T, and A, are the thermal steady temperature and basal
metabolic rate without RF exposures. The first term of (8) represents
the energy due to the metabolic increment caused by the temperature
elevation. In the present study, this term is ignored for simplicity, since
that energy evolves secondarily via the temperature elevation due to
RF energy absorption [11].

Then, we obtained the following equation, as (7) suggests that the
SAR and temperature distributions can be assumed to be uniform over
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the body:
(T(t)—=To)-W-Cwbave

— SARywpape Wot — /0 (T(r)—Ty)dr- /S (h(r) + sw(t)dS  (9)

where W = pwpaye-V is the weight of the model [kg], SAR wBave 18
the WBA-SAR [W/kg], and Cypgpe is the mean value of the specific
heat [J/kg °C]. sw(t) is a coefficient identical to SW (t) except that the
temperature is assumed to be uniform. Thus,

SW(t) = sw(t)(T(t) — To) (10)
where

«11 tanh Tt) —To) — «
sw(t) = {Lﬁm ok E%; ((T)(w _O)TO) fl%»)zj) ;3}20] } /S. (1)

By diﬁ"erentiating (9), the following equation is obtained:

d(T( fs r)+sw(t))dS
dt w- CWB(we

From this equation, the temperature elevation is obtained as

— W SARWBave -fS dS"’fS S’LU dS
) = T0+js (r)dS+ [g sw(t)dS (1—eXp( W-Cwpave (13)

~ gy W SARwBwe ([ S(Hegt+ sw(t))
= Pt S+ sw(®) (1 e""( W - Cowtone t)) (14)

The difference between (13) and (14) is that an effective heat transfer
coefficient was introduced for the surface area of the human body
model, since the area of the body that is close to the internal air
is difficult to define. The surface area integral of the heat transfer
coefficient in (13) can be estimated from [33]. Table 2 lists the
parameters for the numeric phantoms in the present study.

(T(t) _TO) =SARwBawe W-t (12)

Table 2. Parameters calculated for the formula (13).

Female Male Rabbit
22 years 22 years 3 years
f H(r)dS [W/°C] 13.2 16.2 7.3 0.97

CWBave [J/kg-°C] 3440 3510 3460 3570
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4. FORMULA EFFECTIVENESS AND DISCUSSION

In this section, we discuss the effectiveness of formula (13) derived
in the above section. We chose three values of WBA-SAR: 4.0 W /kg
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Figure 2. Time course of core temperature elevation in human and
rabbit models: (a) 4 W/kg, (b) 0.4 W/kg, and (c) 0.08 W/kg.
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which approximately induces core temperature elevation of 1°C [7],
0.4 and 0.08 W/kg which are the basic restriction for occupational
exposure and public exposures in the standards/guidelines [2, 3].
Figure 2 shows the time course of the core temperature elevation
for different WBA-SARs in adult male and female models, and 3-year-
old child model. The RF frequency is 2 GHz. From Fig. 2, the FDTD-
derived and estimated core temperature elevations in less than a few
minutes are in good agreement for the different models and/or WBA-
SAR values. On the other hand, some difference can be observed from
a few minutes until reaching the thermally-steady state. The main
reason for this difference can be attributed to our assumption that
the temperature elevation in the body is spatially constant over the
whole body. Specifically, the perspiration rate is determined by the
temperature elevations in the skin and hypothalamus, although they
are assumed to be the same. The point to be stressed here is that the
core temperature elevates almost linearly in the rabbit model although
it becomes saturated in the human models. This difference is due
to the difference in the perspiration rate. Heat dissipation due to
the perspiration rate is not sufficient in the rabbit, leading to excess
temperature elevation. This result coincides with the claim in [6].
Figure 3 shows the difference in the core temperature elevations
between FDTD results and results with (13) at 6, 30, and 60 mins.
The reason for choosing these durations is that 6 min and 30 min
are the times over which WBA-SAR should be averaged in the
safety standards/guidelines [2,3]. Note that the averaging time in [3]
depends on the situation and frequency. The duration of 60 min
is the time when the core temperature elevation almost reaches the
thermallysteady state. The time courses of the core temperature
elevations between these two schemes roughly coincides with each
other. The differences between the two schemes at arbitrary times
were within 30%. In particular, the formula (13) is relatively effective
for higher WBA-SARs since the perspiration rate becomes almost
saturated, and thus (10) becomes reasonable. Core temperature
elevation due to (13) is larger than that by the FDTD method at
6 min. As seen in Fig. 2, the main reason for the former is caused
by the thermal time constant which is governed by the specific heat
of tissue. In the formula (13), the average specific heat of 3400
3500 J /kg/°C was used, while those in the body core and blood are
3800-4100J/kg/°C [8,9]. On contrary, core temperature elevation
due to (13) becomes closer to or smaller than that by the FDTD
method with time. The reason for this would be the total amount
of sweat. As mentioned in Sec. 2.4.2, the coefficient of the perspiration
rate associated with the skin temperature elevation is smaller than
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Figure 3. Difference of core temperature elevation between human
and rabbit models at (a) 4 W/kg, (b) 0.4 W/kg, and (c) 0.08 W /kg.
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that in the body core. Thus, the perspiration rate in the formula
becomes larger than that in the FDTD method, resulting in a lower
temperature elevation. When compared to the rabbit model, the
difference between the FDTD results and the estimated values in the
human model is rather large since the sweat glands in the rabbit are
virtually nonfunctional.

We discuss the effect of the RF frequency on the core temperature
elevation estimated with (13) in the human models. In this discussion,
we chose respective resonance frequencies in the human models and
2GHz [34]. The reason for this choice is that the WBA-SAR has
two peaks for plane-wave exposure at the ICNIRP reference level;
more precisely, it becomes maximal at 60 MHz and 2 GHz in the adult
male phantom; 70 MHz and 2 GHz in the adult female phantom and
130 MHz and 2 GHz in the 3-year-old child phantom. The point to be
stressed here is that the SAR distributions at these frequencies have
been reported to be quite different. A human behaves like a half-wave
dipole at the resonance frequency and thus the SAR distribution at the
frequency is relatively uniform over the body as compared with 2 GHz.
At 2 GHz, the skin depth of the electromagnetic wave is at most a few
centimeters and thus the SAR distribution is concentrated at the body
surface. Fig. 4 shows the time course of the core temperature elevation
at WBA-SAR of 4.0 W /kg for adult male and child. Note that the core
temperature elevation in the adult male model was comparable to that
of the female and thus not shown here to avoid complexity. From this
figure, the time course of the core temperature estimated with (12)
and computed with the FDTD method are in better agreement with
each other at the respective resonance frequencies than those at 2 GHz.

— Simplified Eq.
------ FDTD (70 or 130 MHz)
0.8 | —— FDTD (2000 MHz)

Temperaturerise [° C]
S
=

0 1000 2000 3000
Time [s]

Figure 4. Time course of core temperature elevation in human models
at respective resonance whole-body resonance frequency and 2 GHz.
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The reason for this is that the differences between the core and skin
temperature elevations at resonance frequencies are smaller than those
at 2 GHz, which is mainly caused by the SAR distribution. Therefore,
the approximation of (10) is relatively reasonable at the resonance
frequencies. For WBA-SARs of 0.4 and 0.08 W/kg, the maximum
difference was less than 30% compared to the FDTD computed values.

Figure 5 shows the frequency dependence of the difference in
core temperature elevation between values estimated with (13) and
FDTD-computed values. The time duration is 60 min. As is evident
from this figure, the difference between the estimated and FDTD-
computed values is less than 30% over RF. This frequency dependency
is caused by the SAR distribution. At 500 MHz, the difference becomes
maximal in the adult male, since the SAR in the brain or hypothalamus
is relatively larger than the other frequencies, and therefore, the
assumption of (10) is not sufficient.

Finally, let us discuss the dominant factors influencing the core
temperature elevation based on (14), which is further approximated
from (13). In that formula, there are the terms associated with
perspiration in the coefficient and decay factor. Therefore, the heat loss
is due to the perspiration influences the steady-state core temperature
elevation and the thermal time constants. This is confirmed from
the comparison of the core temperature elevations between the human
phantoms and the rabbit phantom since the sweat gland of the latter
is virtually nonfunctional (see Fig. 3). This tendency can also be
confirmed from the results computed with the FDTD method.

From (14), the steady-state core temperature elevation is largely
influenced by the body surface area-to-weight ratio S/W [m?/kg]. Note

Difference [%]

(=}

20 -0- 4 W/kg -0- 4 W/kg g
2 0.4 W/kg ~Male -A- 0.4W/kg Rabbit
[|+ 0.08 W/kg -0- 0.08 W/kg il

-40

0.01 0.1 1 10
Frequency [GHz]

Figure 5. Frequency dependency of the difference in core temperature
elevation when estimated with (13) and FDTD result.
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that the body surface area-toweight ratio was 0.041m?/kg for the
adult male, 0.043 m? /kg for the adult female, and 0.060 m?/kg for the
three-year-old child. The dominant factor influencing the thermal time
constant is also the same as that of the steady-state core temperature
elevation, since the specific heat marginally depends on the human
models of different genders and/or ages (see Table 1). These can be
confirmed in Fig. 2, in which the steady-state temperature elevation
and thermal time constant in the three-year-old child model are smaller
than those of the adult models. The FDTD-computed results given
in these figures also support the conclusion based on the proposed
formula.

5. SUMMARY

In the present study, we proposed a formula which estimates the core
temperature elevation in the human models with the WBA-SAR. As
a result, the core temperature elevations estimated with the formula
are in reasonable agreement with the results obtained with the FDTD
computation (at most 30%), which takes much longer. Based on the
formula, the WBA-SAR, which is a metric of international safety
standard/guidelines, is shown to be a good measure for estimating
core temperature elevation. However, it depends on the species, as
pointed out in [6]. We clarified the main factors influencing the
core temperature elevation as the body surface area-to-weight ratio
and perspiration rate. The difference between the estimated value
with the formula and the FDTD computation was mostly 10% for
the frequencies in the RF region. The difference is caused by our
precondition that the total heat balance between the body and air is
essential to characterize the core temperature elevation

From the formula derived, one can estimate the core temperature
elevation in different human models, such as children and pregnant
woman as suggested in [35]. This formula would give reasonable
estimate for such human beings.
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