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Abstract

Background: Two international guidelines/standards for human protection from
electromagnetic fields define the specific absorption rate (SAR) averaged over 10 g of
tissue as a metric for protection against localized radio frequency field exposure due to
portable devices operating below 3-10 GHz. Temperature elevation is suggested to be
a dominant effect for exposure at frequencies higher than 100 kHz. No previous studies
have evaluated temperature elevation in the human head for local exposure consider-
ing thermoregulation. This study aims to discuss the temperature elevation in a human
head model considering vasodilation, to discuss the conservativeness of the current
limit.

Methods: This study computes the temperature elevations in an anatomical human
head model exposed to radiation from a dipole antenna and truncated plane waves

at 300 MHz-10GHz. The SARs in the human model are first computed using a finite-
difference time-domain method. The temperature elevation is calculated by solving
the bioheat transfer equation by considering the thermoregulation that simulates the
vasodilation.

Results: The maximum temperature elevation in the brain appeared around its
periphery. At exposures with higher intensity, the temperature elevation became larger
and reached around 40 °C at the peak SAR of 100 W/kg, and became lower at higher
frequencies. The temperature elevation in the brain at the current limit of 10 W/kg is at
most 0.93 °C. The effect of vasodilation became notable for tissue temperature eleva-
tions higher than 1-2 °C and for an SAR of 10 W/kg. The temperature at the periphery
was below the basal brain temperature (37 °C).

Conclusions: The temperature elevation under the current guideline for occupa-
tional exposure is within the ranges of brain temperature variability for environmen-
tal changes in daily life. The effect of vasodilation is significant, especially at higher
frequencies where skin temperature elevation is dominant.

Keywords: Human safety, Safety guidelines, Computational dosimetry, Vasodilation,
Bioheat equation

Background

There are two international guidelines [1, 2] for human protection from electromag-
netic fields, which have been set forth by the World Health Organization (WHO). In
the guidelines, the metric for human protection is the specific absorption rate (SAR)
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averaged over 10 g of tissue for localized exposure to electromagnetic fields with fre-
quencies ranging from 100 kHz to 3 GHz [2] or 10 GHz [1]. The International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) and IEEE have been discussing
revisions to the new guideline, including revisions on the averaging volume and transi-
tion frequency of SAR.

In the current ICNIRP guidelines [1], the averaging volume of SAR corresponds to
contiguous tissue, while the IEEE standard [2] specifies a cube. The limit is 10 W/kg
for occupational exposure or in restricted areas, and a reduction factor of 5 is applied
for general public general public or in unrestricted areas. SAR averaging over contigu-
ous tissue is feasible in computation, but is not practically feasible as later noted by the
ICNIRP [3]. Thus, a cubic averaging volume is used in the international standard for
product safety when ensuring product compliance [4, 5]. Considering the 1998 ICNIRP
guidelines [1], the compliance procedure at frequencies from 6 to 10 GHz has been dis-
cussed in the IEC Technical Committee 106.

The averaging mass of the SAR has been discussed by different research groups (e.g.,
[6-8]). The main conclusion drawn by international experts is that the averaging mass of
10 g, corresponding to a cube with a side length of approximately 22 mm, is a good met-
ric to correlate with the local temperature rise [9]. A few studies discussed the rationale
of the limit for an occupational exposure of 10 W/kg.

The point SAR measurement and local temperature elevation in anesthetized rabbit
eyes has been cited in the ICNIRP guidelines [1]. The SAR threshold value estimated
with a probe finite dimension was 137 W/kg [10]. The temperature elevation computed
in the brain is listed on Table C.2 in Annex C of the IEEE standard C95.1 [2]. The tem-
perature elevation at a peak 10-g SAR is approximately 1-2 °C. In the IEEE standard [2],
the temperature elevation in the eye without anesthesia has been reported to be smaller
[11]. Later, Hirata reported that this is caused by the effect of thermoregulation in non-
anesthetized rabbits [12]. No computational study listed therein considered the effect
of thermoregulation, which is inherent in homeotherms such as humans, on the human
temperature elevation for localized exposures.

After the publication of IEEE C95.1 [2], the authors investigated temperature eleva-
tions in rat brains due to localized radio-frequency exposure. We demonstrated that
the temperature elevation in heat-sensitive tissues of small animals becomes smaller
than that when thermoregulation is ignored [12, 13]. No previous studies evaluated
the temperature elevation in human head models for local exposure while considering
thermoregulation. It should be noted that several studies computed the temperature ele-
vation for whole-body exposures [14-18].

The abovementioned limit is intended to prevent excessive heating, especially in
internal tissue (e.g., brain and eye). The heating factor, which is defined as the ratio of
temperature elevation to the SAR, was introduced and discussed extensively [19]. After
obtaining this factor, temperature elevation can be estimated in the regime where ther-
moregulation can be neglected. As one of the drawbacks of this concept, the temper-
ature under thermoneutral conditions depends on the body part and is not directly
related to thermal damage. For example, the information of the location where the maxi-
mum temperature appeared is missed. When thermoregulation is ignored, the heating
factor value becomes conservative when the tissue temperature becomes large enough
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to activate thermoregulation. Thermoregulation, especially for vasodilation, can move
heat away and maintain homeostasis.

Many researchers developed a thermoregulatory response model that included vaso-
dilation. These models are based on the measurements of internal tissues during ani-
mal studies. Some of these studies used an invasive approach with anesthesia (e.g., [20]).
Even though a limited amount of data on thermoregulation is available for internal tis-
sues in humans, it is known that thermoregulation in humans is superior to that of other
species [21]. In this study, we investigate brain temperature elevation for excessive SAR
exposure levels to find out how vasodilatation can affect the temperature elevation and
how it relates to the exposure limits.

Methods

Our bioheat modeling has been mentioned in our previous studies [22]. The vasodilation
model was coupled with the bioheat modeling. Vasodilation modeling of the brain and
skin was based on local exposure measurements in rats [23] and cutaneous veins of a
dog with local warming [24], respectively. Our computational model has been validated
for different exposure scenarios including the partial-body exposure [25], where human
legs are immersed in hot water [22].

SAR computation
A finite-difference time-domain (FDTD) method was used to calculate the absorbed
microwave power [26]. The SAR is defined as
o(r) 2

SAR(r) = 2p(r)|E(r)| , (1)
where |E(r)| denotes the peak value of the electric field at position r. The parameters ¢
and p denote the conductivity and mass density of the tissue, respectively. The dielectric
properties of each tissue type were determined with a 4-Cole—Cole dispersion model
[27]. Convolutional perfectly matched layer absorbing boundary conditions was used for
absorbing outgoing scattered waves to simulate an infinite space [28].

To calculate the spatially averaged SAR over 10 g of tissue, contiguous tissue and 10 g
of tissues in a cube shape were used as specified by the ICNIRP guidelines [1] and the
IEEE C95.3-2002 standard [5], respectively. In [1], no detailed algorithm has been pre-
scribed. Thus, the algorithm we developed in [29] is used in this study.

Temperature computation
The Pennes bioheat transfer equation considers heat exchange mechanisms, including
heat conduction, blood perfusion, and resistive heating, as follows [30]:

AT (r, t)

Copr)—

= V-(K@)VT(r, 1))+ p(r)SAR(x) + A(r, ) — B(x,t)(T(x,t) — Ta(x, 1)),
()

where r and ¢ denote the position vectors of tissue and time, respectively, and 7(r, t) and
T4(r, t) denote the temperatures of tissue and blood, respectively. In addition, C denotes
the specific heat of the tissue, K denotes the thermal conductivity of the tissue, A(r, £)
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denotes the metabolic heat, and B(r, £) denotes the factor related to blood perfusion. The
SAR(r, t) determined from Eq. 1 is substituted into the bioheat equation as a heat source.
The boundary condition between tissues and external air is

aT (r,t)

—K(r) o

=H(r) (T(r,t) — T,) +EV(r,2), (3)

where T, (= 27 °C), H, and n denote the ambient temperature, heat transfer coefficient,
and a vector normal to the body surface, respectively. EV denotes the evaporative heat
loss function.

The volume-averaged blood temperature is changed such that the first law of thermo-
dynamics is satisfied. The change in blood temperature is defined as [14]

Qpr(t) — Qr(0) dt,

Tp(t) = Tgo +
¢ CpppVp

(4)

Qpr(t) = /‘/B(t)(TB(t) —T(r,0)dV (5)

where Qg(t) denotes the total heat transferred from tissues to blood. In addition,
Cp = 4000 J/(kg °C), pp = 1058 kg/m?, Ty, and V; denote the specific heat of blood,
mass density of blood, initial blood temperature, and total volume of blood, respectively.
The blood temperature Ty(r, t) was fixed at 37 °C in this study (see subsection “Compu-
tational setup of thermoregulatory modeling”).

The blood perfusion parameter B in skin depends on both the hypothalamus tempera-
ture and local skin temperature [24]. Skin blood perfusion is regulated by the hypothala-
mus temperature. The average skin temperature can be expressed as

B(r,t) = [Bo(r) 4+ FypATw(t) 4+ FspATs] - 2T @0 =To)/6, (6)

where B, denotes the basal blood perfusion of each tissue, AT() denotes the average
skin temperature elevation, S denotes the skin area, and AT,(t) denotes the core (hypo-
thalamus) temperature elevation. Fyz = 17,500 W/(m? °C) and Fgz = 1100 W/(m? °C)
also correspond to coefficients for determining the changes in the blood perfusion char-
acteristics over time [31].

Blood perfusion in the brain is influenced by the core and brain local temperature ele-
vations and is expressed as [13]

B(r,t) = Bo(r) - (1 + Fyp - ATy (¢)) - 28T ®0/Fee, 7)

where Fp (= 0.053 °C™!) and Fpp (= 13.9 °C) denote weighting coefficients relating to
the variations in the core and brain temperature elevations, respectively [23]. Note that
the terms associated with core temperature elevation in (4) and (5) do not affect the
results in this study because core temperature elevation is small enough for localized
exposure, as will be discussed in “Results” section.

Blood perfusion regulation in tissues (except for the skin and brain) is defined as [32,

33]
B(r,t) = Bo(r), T(r,t) <39°C
B(r,t) = Bo(r)[1 + Sp(T(r,t) — 39)], 39°C < T(r,t) < 44°C
B(r,t) = Bo(r)[1 +5-Sp], 44°C < T(x,t), (8)
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where B(r) is based on the blood perfusion in each tissue, and Sy (= 0.8 °C™") denotes a
coefficient defining changes in the blood perfusion characteristics over time.

The thermal parameters used in the present study were the same as those in [34]. The
heat transfer coefficient H was 8 W/(m? °C) between the skin and air, and 20 W/(m? °C)
between the eye and air [35].

Evaporative heat loss is assumed to depend on the temperature elevation on the skin
and in the hypothalamus. This relationship is defined as [36]

EV(r,t) = {Ws(r,t)ATs(t) + Wi (r,t) ATy (¢) + PI} - Frv /S, 9)
Ws(r,t) = ai1 tanh(B11 ATs(E) — B1o) + 10, (10)
W (r,t) = an1 tanh(B21 AT (t) — Ba0) + a0, (11)

where Fp,, (= 40.6 W min/g) is a conversion coefficient, and S is the surface area of
the human body. The parameter of P/ (= 0.63 g/min) is insensible water loss, and the
coefficients are defined as a;, = 1.20 g/(min °C), @;; = 0.80 g/(min °C), 5;, = 0.19,
B = 059 °C} ayy = 6.30 g/(min °C), ay; = 570 g/(min °C), By, = 1.03, and
By =1.98°C 1.

Core temperature elevation is one of the essential parameters in sweating. For the
maximum output power of the dipole antenna, corresponding to an SAR of 100 W/kg,
the total power absorbed in by the human body is less than 30.3 W, which is a quarter of
the basal metabolism of the human. Note that a whole-body averaged SAR of 4—-6 W /kg
(260-390 W for a 65-kg adult) results in a core temperature elevation of 1 °C. As will be
discussed in the “Results” section, the effect of core temperature elevation on sweating is
not dominant for the scenarios considered here.

Numerical human head model

A realistic anatomical model of a Japanese adult male (TARO) [37] was considered.
This computational anatomical model had a resolution of 2 mm. The model was seg-
mented into 51 anatomical regions, such as the skin, muscle, bone, and brain. The head
model was truncated at the bottom of the neck.

A major source of computational error in FDTD methods is discretization error. In
electromagnetic simulations, this depends on the ratio between the cell size and the
wavelength in biological tissue. A well-known rule for suppressing numerical dispersion
error in FDTD simulations is that the maximum cell size should be smaller than one-
tenth of the wavelength. Therefore, the model resolution was divided into 0.5 mm cells
to satisfy this criterion at 10 GHz, which is the highest frequency used herein.

Figure 1 illustrates the exposure scenarios. As shown in Fig. 1, the separation between
the dipole antenna and the surface of the head model, excluding the pinna, was set to
25 mm (14-16 mm from the pinna). For comparison, a vertically polarized truncated
plane wave incident from the side of the head was also calculated. The frequencies con-
sidered in this study were 300 MHz—10 GHz. The length of the antenna was set to be
equal to half the wavelength in each scenario. For comparison, the output power of the
antenna was adjusted so that the 10 g averaged SAR was 2 (limited for general public

and unrestricted environments), 10 (limited for restricted environments or occupational
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Unit : [mm]

Fig. 1 Exposure scenarios using the head part of the numeric Japanese male model

exposures), 50, and 100 W/kg. The SAR was averaged in a cubic shape following the IEEE
standard [5]. Even though the SAR is not used at frequencies above 6 GHz according to
IEEE [2], the same metric is used even at 10 GHz to facilitate a proper comparison.

A vertically polarized truncated plane wave, as a far-field source, was also consid-
ered for comparison. The effect of polarization is marginal at frequencies higher than
the GHz region, where the penetration depth is a few centimetres or less. Temperature

simulations were run for 65 min.

Heating factor in the brain
The heating factor is an approximation that expresses the temperature elevation due to
microwave exposure, as follows [38—40]:

o« = Albainfgap, (12)

where a [°C kg/W] denotes the heating factor, /A T},,;, [°C] denotes the maximum tem-
perature elevation in the brain, and SAR,,,; [W/kg] denotes the peak SAR in the head.
Note that several heating factors have been introduced for different locations of peak
SAR and peak temperature elevation [38].

Results

SAR distribution

Figure 2 shows the SAR distribution from the dipole antenna and truncated plane wave
at 1, 3, and 10 GHz, respectively. The reason for choosing three frequencies will be given
below. As shown in the figures, the distribution of SAR concentrates on the surface layer
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as the frequency increases or as the penetration depth decreases. The penetration depth
into muscle is 40.7 mm at 1 GHz and 3.3 mm at 10 GHz [41]. The penetration depths of
the dipole antenna and the truncated plane wave are nearly the same. The exposure from
truncated plane waves has a wider area than that from the dipole antenna. These tenden-
cies are most evident, at 1 GHz.

Table 1 shows the peak SAR averaged over the cubic and contiguous regions. The aver-
age SAR over a contiguous region was larger than in a cube shape for both the dipole

Table 1 Computed specific absorption rate (SAR) averaged over 10 g using two averaging
algorithms prescribed in the IEEE standard and ICNIRP guidelines

300 MHz 1GHz 3 GHz 6 GHz 10 GHz
Dipole antenna
Cube 0.75 2.59 3.20 267 3.83
Contiguous 1.02 6.04 10.82 830 12.70
Plane wave
Cube 8.07 443 6.18 4.66 415

Contiguous 13.34 7.85 14.15 25.77 23.80
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antenna and truncated plane wave exposure. For comparison, the dipole antenna output
power was chosen as 1 W, and the truncated plane wave incident power density was
100 W/m? As seen from the table, the differences between SARs calculated from the
different algorithms are obvious at higher frequencies. Unlike the ICNIRP guidelines,
the IEEE standards treat the pinna as the extremity. For the dipole antenna in close prox-
imity to the pinna, most of the power is absorbed in the pinna [38]. A more detailed
discussion on the effect of the averaging algorithm on the relation between SAR and
temperature elevation can be found in our previous study [38]. The temperature eleva-
tion for a contiguous tissue can be estimated from the results presented in the table. As
mentioned above, the cubic shape is commonly used and thus in the following discus-
sion the SAR is averaged over a cubic shape.

The output power from the dipole antenna is 1 W. The incident power density of the
truncated plane wave is 100 W/m?.

Computational setup of thermoregulatory modeling
The initial temperature distribution 7, was determined using Eqgs. 2 and 3 with
SAR = 0 W/kg. Then, for the maximum exposure level in this study (10 g averaged
SAR = 100 W/kg), the blood perfusion rate and sweating were considered in ther-
moregulation to compute the elevated temperature in the whole-body model for dipole
antenna exposure at 1 GHz. The averaged skin and core temperature elevation (whole-
body) were at most 0.3 and 0.1 °C, respectively, over 1 h duration, which is sufficient to
reach the thermal steady state. The maximum temperature elevation difference in the
skin between these two scenarios was 5% (11.3 and 11.9 °C in the whole-body model
considering thermoregulation with sweating and in the truncated head model consider-
ing thermoregulation but without sweating and core temperature change, respectively).
These results suggest that the temperature elevation computation in the head model
without considering sweating was sufficient for computing the local temperature eleva-
tion and vasodilation for local exposures. Thus, in the following discussion, the blood
temperature Tg(r, £) was fixed at 37 °C and sweating was ignored. In addition, the trun-
cated head model was used.

Temperature elevation and blood perfusion rate in the skin and brain

Tables 2 and 3 show the maximum temperature elevations in the brain for dipole
antenna and truncated plane wave exposure, respectively. It took 64, 34, 44, 45, 49 min
at 0.3, 1, 3, 6, 10 GHz, respectively to the thermal steady-state. The time needed for skin
to reach the steady state was shorter than that for the brain. This occurs because of the
heat conduction from the surface to the brain. The time needed to reach the steady state
becomes shorter as the peak averaged SAR increased. This is because the blood perfu-
sion effect becomes obvious, resulting in shorter thermal time constant.

The maximum SAR value appeared in the skin of the head surface at frequencies rang-
ing from 1 to 10 GHz and in fat at 0.3 GHz. The maximum temperature elevation pre-
sented in the head appeared in the skin at frequencies of 3—10 GHz while in the muscle
at 0.3 and 1 GHz. The maximum temperature elevation in the brain appeared in gray
matter for all the frequencies. However, their points did not coincide with each other
because of the complicated SAR distribution.
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Table 2 Spatial maximum (voxel) temperature elevation in the brain due to exposure
from the dipole antenna

Peak SAR 2W/kg 10 W/kg 50 W/kg 100 W/kg

Toin (€1 AT[C]  Tpain[°Cl AT[°Cl  Tpmin[°Cl1  AT[°Cl]  Tp.in[°C1  ATI[°C]

300 MHz 36.77 +0.17 3748 + 0.87 39.80 +3.19 41.62 +4.76
1 GHz 36.75 +0.18 3749 +0.93 40.00 + 346 41.67 +5.14
3GHz 36.71 +0.14 3730 +0.73 39.21 + 2.64 40.40 +3.83
6 GHz 36.66 + 0.09 37.04 + 046 3832 +1.74 39.19 + 261
10 GHz 36.66 +0.07 36.85 +037 37.79 +1.23 38.26 +1.70

Temperature computations including thermoregulation. The SAR was averaged over a cubic shape following the IEEE
standard

Table 3 Spatial maximum (voxel) temperature elevation in the brain for exposure from the
truncated plane wave

Peak SAR  2W/kg 10 W/kg 50 W/kg 100 W/kg

Toin Q1 ATECl Tyn°Cl ATEC  Tpo Q1 ATEC] Ty [°C1 ATIC]

300 MHz 37.22 +0.16 37.89 +0.83 40.16 +3.08 41.85 +4.79
1 GHz 36.76 +0.14 37.38 +0.76 39.90 +3.28 42.07 +525
3GHz 36.81 +0.13 37.36 + 0.68 39.34 +2.75 40.56 +3.97
6 GHz 36.74 +0.15 37.24 +0.75 3935 +2.86 40.55 + 4.06
10 GHz 36.61 +0.14 37.21 + 0.68 38.90 + 246 40.00 + 352

Temperature computations including thermoregulation. The SAR was averaged over a cubic shape following the IEEE
standard

For peak SAR equal to 100 W/kg, the differences between the exposure from the
dipole antenna and the truncated plane wave were 0.6, 2.1, 13.8, 55.5 and 107.5% at 0.3,
1, 3, 6 and 10 GHz. For SAR averaged over a contiguous tissue, the maximum tempera-
ture elevations in the brain were 0.45 and 0.11 °C at 1 and 10 GHz, respectively. These
values occur at a peak SAR of 10 W/kg. These values were a half to one-third of the SAR
averaged over a cube. The main reason for the SAR difference is attributable to the inclu-
sion of the pinna in the averaging volume.

Figure 3 shows the SAR distribution, temperature elevation, and blood perfusion rate
along the center axis (see Fig. 2) for peak 10 g averaged SAR values of 2, 10, 50, and
100 W/kg. The wave source was the dipole antenna. As shown in Figs. 2 and 3a—c, the
penetration depth decreases as the frequency increases. As shown in Fig. 3d—f, the tem-
perature elevation becomes larger for higher SARs. The common temperatures around
the periphery of the brain (19-33 mm from the surface) are lower than the brain basal
temperature of 37.3 °C. The steady-state peripheral brain temperature without exposure
was 36.6 °C, which is consistent with the tendency in [42]; the peripheral temperature
is approximately 0.5—0.6 °C smaller than the central temperature in the brain. The tem-
perature around the brain surface increases and reaches around 40 °C at a peak SAR of
100 W/kg at 1 GHz. The temperature also reduces with increasing frequency.

In addition, the figures show that the elevation in skin temperature is dominant, espe-
cially at 10 GHz. As seen from Fig. 3g—i, the blood perfusion rate becomes large with
the local temperature elevation. This is characterized by Egs. 6, 7, 8, or governed by the
tissue type and local temperature elevation. The brain blood perfusion rate at 1 GHz
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Fig. 3 Distributions of SAR, temperature, and blood perfusion rate from the dipole antenna. The axis passes
through the cross section center in Fig. 2. SAR at a 1 GHz, b 3 GHz, and ¢ 10 GHz. Temperature elevation at d
1 GHz, @ 3 GHz, and f 10 GHz. Blood perfusion rate at g 1 GHz, h 3 GHz, and i 10 GHz. The output power was
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increased by 0.58, 3.1, 12.6, and 19.5% for peak SARs of 2, 10, 50, and 100 W/kg, respec-
tively. The skin blood perfusion rate at 1 GHz increased by 4.2, 26.8, 157.8, and 309.8%
for peak SARs of 2, 10, 50, and 100 W/kg, respectively. The increase in the other tissues

was not notable, which is attributed to the formula we used in this study.

Figure 4 shows the distribution of the SAR, temperature, and blood perfusion rate
along the same axis of Fig. 3 due to plane-wave exposure. Comparing Figs. 3 and 4, the
difference in the SAR distribution between the dipole antenna and the truncated plane

wave is significant at 1 GHz.

Effect of thermoregulation and heating factor

Figure 5a—c shows a comparison of the temperature elevation in the head with and
without thermoregulation [B(r, ) = B,(r) in Eq. 2 over the model]. The difference in
the temperature with and without thermoregulation is marginal at a peak SAR below
10 W/kg, while it is obvious at 50 and 100 W/kg. For peak SAR equal to 100 W/kg, the
temperature elevation on the skin surface was 6.0, 10.6, and 11.4 °C at 1, 3, and 10 GHz,
respectively. This corresponds to suppression of temperature elevation by 54.2, 53.3, and
53.6%, respectively. For 100 W/kg peak SAR, temperature elevations in the brain were
suppressed by 2.5, 2.5, and 1.5 °C at 1, 3 and 10 GHz, respectively, each corresponding to

a suppression of 58.9, 53.5, and 45.1%, respectively.

Page 10 of 17
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Figure 5d—f shows the blood perfusion rate normalized by the basal blood perfusion
rate B, for the dipole antenna. The tendency of Fig. 5a—f are similar due to an increase in
blood perfusion with local temperature elevation, as shown in Egs. 6, 7, 8. The increased
blood perfusion is noticeable only in skin for a peak SAR equal to 10 W/kg. The blood
perfusion increase is significant in the skin, fat, and muscle at 50 and 100 W /kg.

Table 4 shows the heating factors with thermoregulation for the peak 10 g SAR. The
heating factors at 2 and 10 W/kg are relatively constant. However, they decrease by 30.6
and 52.7% at peak SARs of 50 and 100 W/kg at 10 GHz when considering thermoregula-
tion from the dipole antenna. These results are confirmed to have a nonlinear relation-
ship, as mentioned above.

Discussion

We computed the temperature elevation in the human head while accounting for vaso-
dilation. Vasodilation is the most significant parameter that influences the temperature
elevation due to local exposure (see also [29]). In the worst case, temperature elevation
at the thermal steady state was investigated. It takes more than 30 min of constant expo-
sure for the steady state to be reached [43]. The main contribution of this study revealed
the limitation of the approach in terms of the heating factor in the regime where thermal
damage may occur. Specifically, the local temperature cannot be well estimated in terms
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Fig. 5 Comparison of temperature elevations with and without thermoregulation (a-c) and normalized
blood perfusion (d—f). Frequencies are (a, d) 1 GHz, (b, ) 3 GHz, and (c, f) 10 GHz. The heat source is the
dipole antenna. The solid line indicates temperature with thermoregulation through the cross section center
in Fig. 2. (AT, are the same data in Fig. 3). The broken line indicates the temperature without thermoregula-
tion (ATy,0)

Table 4 Heating factor in the brain from exposure to the dipole antenna and the trun-
cated plane wave

Heating factor (°C kg/W)

2W/kg 10 W/kg 50 W/kg 100 W/kg

Dipole antenna

1 GHz 0.092 0.093 0.069 0.051

3GHz 0.072 0.073 0.053 0.038

10 GHz 0.036 0.037 0.025 0.017
Plane wave

1 GHz 0.072 0.076 0.066 0.052

3GHz 0.065 0.068 0.055 0.040

10 GHz 0.068 0.068 0.049 0.035

of the heating factor at the steady-state temperature. The inaccuracy arises due to ignor-
ing thermoregulation (vasodilation).

The SAR and temperature elevation distributions were different for different wave
sources, whereas the influence of internal tissues such as the brain on the temperature
were marginal (Figs. 3 and 4). This is due to the heat diffusion length in biological tissue
[44]. The effect of vasodilation becomes notable for tissue temperature elevations higher
than 1-2 °C, which is consistent with a previous study [45]. For localized exposure in the
head, averaged skin and core temperature elevations were smaller than 0.3 and 0.1 °C,
respectively. Thus, thermoregulation was dominated by local temperature elevation or
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vasodilation. A significant difference in the temperature elevation considering ther-
moregulation was found in the skin and brain. In addition, for all the cases considered
here, the temperature elevation was mainly induced by heat conduction of the power
absorption in the outer layer of the head (skin and skull). Considering the linearity of
the bioheat equation without thermoregulation [36], we can estimate the contribution of
SAR in the brain to the temperature elevation in the brain. Although detailed data is not
shown, its contribution at peak SAR of 2 W/kg was 25% or less at 1 GHz and becomes
smaller at higher frequencies.

With increasing frequency, the SAR distributions and resulting temperature eleva-
tions were shifted to more peripheral locations in the head. At the current occupational
exposure limit of 10 W/kg peak 10 g SAR in the head, the peak temperature elevation
in the brain is at most 0.93 °C (see Table 2). In comparison, using a statistical approach
considering more than 30 cases [38], the maximum brain temperature was observed at
1.25 °C at 10 W/kg (1.06 °C as the 95%ile value), corresponding to the maximum brain
temperature of 37.8 °C. In such cases, standing wave was observed around the pinna or
most energy was absorbed in the pinna. The result may change due to slight difference
of the antenna position. Exposure limits for the general public are 20% of those for occu-
pational groups, resulting in a correspondingly lower peak temperature increase at the
margins of the brain.

The local brain temperature at 39—43 °C may be close to the threshold of tissue dam-
age, however it depends on the exposure duration, etc. [46]. As shown in Table 2, the
temperature may reach this 43 °C threshold at more than 100 W/kg. From the Table 2,
as well as a previous study [38], the brain temperature elevation decreases as the fre-
quency increases. The temperature elevation, however, does not decrease significantly at
higher frequencies because heat is conducted away from the surface of the human head.
Instead, the temperature elevation in the skin reached approximately 50 °C at 10 GHz.
This is attributable to the SAR averaging algorithm. In the IEEE standard, the pinna is
not included in the averaging volume. Instead, in the ICNIRP guidelines, the SAR values
are averaged over single tissues that include the pinna. Thus, a straightforward compari-
son is not available. However, additional consideration is needed when extending SAR in
a cube up to 10 GHz.

The maximum temperature elevation is in the periphery of the brain. It is generally
0.5 °C cooler than the core of the brain due to thermal interactions with the environ-
ment [42], as is apparent from Figs. 3 and 4. The peak temperature in the brain induced
by RF exposure, even at occupational exposure limits, is anticipated to be comparable to
the baseline temperature in the core of the brain. The peak temperature elevation in the
brain at exposure limits for the general public are anticipated to be well within the diur-
nal variation in brain temperature (about 1 °C peak to peak) [47].

As shown in Fig. 5, the temperature elevation reduced significantly due to the
increased blood perfusion rate in the skin and muscle. In contrast, the increase of blood
perfusion in the brain was marginal. As mentioned above, the SAR in the brain contrib-
utes slightly to the brain temperature elevation, and the suppressed brain temperature
with thermoregulation mainly is attributable to thermoregulation in the surface tissues.

The main limitation of this study is that thermoregulation modeling was based on ani-
mal studies [23]. It is difficult to determine the similarity of the thermoregulation details
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between humans and rats or how the results can be extrapolated to humans. However,
human thermoregulation is known to be superior to that of other species, especially
rodents [21]. Thus, the actual temperature elevation is expected to be lower in healthy
young adults, as thermoregulation in the elderly becomes weak because of degradation
of the periphery sensor. Moreover, Philips et al. [48] noted the vasomotor is positively
correlated with body mass. Gordon et al. [21] explained that even though there is a large
difference in the body masses between human and rat, the values of the different ther-
moregulatory variables are very close. In fact, our computational modeling has been
demonstrated to be useful for human leg exposure to hot water (42 °C) [22]. In addi-
tion, we reviewed the thermoregulation modeling and compared our results to their per-
formance for the whole-body exposures [45]. The validation for vasodilation localized
microwave exposure discussed for only rats [23] and rabbit [12]. The exposure scenario
is not feasible for invasive temperature measurement in the human.

Another factor that can influence our results is the initial blood perfusion rate. We
computed the temperature elevation using the basal blood perfusion in McIntosh et al.
[49, 50]. The maximum temperature elevations in the brain due to dipole antenna expo-
sure at 1 GHz appeared gray matter; these values were 3.19 and 4.76 °C for peak SAR
values of 50 and 100 W/kg, respectively. The difference was less than 10%. The difference
of basal blood perfusion may affect the temperature in white matter. The temperature
elevation is approximately estimated by volume averaged blood flow as in [34]. Thus, the
value of our skin blood is different from the value in the review, but the difference in the
computed temperature was at most 25% [51].

We chose a model of inner tissue where the vasodilation works only at 39 °C (Eq. 6)
for more strict temperature elevation. However, a recent study suggested the possibility
of working with smaller temperature elevations (estimation to the muscle and fat) [52].
If we used such a model, the temperature elevation reduces by 20% or more at higher
whole-body SAR [45]. Thus, the actual temperature elevation would be even lower in
healthy young adults. As in [52], the parameters are not well validated by the blood flow
measurement and thus further discussion is not given in this study.

Head models commonly used in dosimetry have a less detailed structure of the brain.
There are many tissues between the skull itself and the brain in a real head (e.g., superior
cerebral veins). The vasculature is considered to be a source of heat transfer [53], which
is not considered in this study. Due to the finite resolution of the anatomical models, the
anatomy of dura and cerebrospinal fluid etc. cannot be modeled accurately. The tem-
perature elevation would be different between a plane wave applied to the whole body
and the truncated head model.

Finally, if the heating factor is used to set the limit in the international standards, the
location of the maximum temperature elevation is not considered. It is the nature of
electromagnetic fields to decay exponentially from the body surface, especially for near
field exposures from portable devices (see Fig. 2). Thus, the limit derived based on the
heating factor may provide conservative limits. Instead, this study showed that the effect
of thermoregulation is not significant for a local temperature elevation of ~ 1 °C because
thermoregulation has not been activated.
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Conclusions

This study investigated temperature elevations in the brain considering vasodilation for
microwave exposure at the limits prescribed in the international guidelines/standards.
We computationally estimated the temperature elevation in the brain for excessive SAR.
The current limit of 10 W/kg has the margin of more than 10 when compared to the
thermal damage of threshold [46]. This margin is caused by thermoregulation and is
not be expected from the linear model that ignores thermoregulation. Note that dam-
age is characterized by the duration of the exposure, which has not been significantly
addressed in this paper. Temperature elevation in the brain at the current guideline limit
for occupational exposure (i.e., 10 W/kg averaged over 10 g) was comparable to the vari-
ability from daily environmental changes and/or diurnal changes.
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