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Abstract

According to the international safety guidelines/standard, the whole-body-averaged specific
absorption rate (SAR) and the peak spatial average SAR are used as metrics for human
protection from whole-body and localized exposures, respectively. The IEEE standard (2006)
indicates that the upper boundary frequency, over which the whole-body-averaged SAR is
deemed to be the basic restriction, has been reduced from 6 GHz to 3 GHz, because radio-wave
energy is absorbed around the body surface when the frequency is increased. However, no
quantitative discussion has been provided to support this description especially from the
standpoint of temperature elevation. It is of interest to investigate the maximum temperature
elevation in addition to the core temperature even for a whole-body exposure. In the present
study, using anatomically based human models, we computed the SAR and the temperature
elevation for a plane-wave exposure from 30 MHz to 6 GHz, taking into account the
thermoregulatory response. As the primary result, we found that the ratio of the core
temperature elevation to the whole-body-averaged SAR is almost frequency independent for
frequencies below a few gigahertz; the ratio decreases above this frequency. At frequencies
higher than a few gigahertz, core temperature elevation for the same whole-body averaged SAR
becomes lower due to heat convection from the skin to air. This lower core temperature
elevation is attributable to skin temperature elevation caused by the power absorption around
the body surface. Then, core temperature elevation even for whole-body averaged SAR of 4 W
kg with the duration of 1 h was at most 0.8°C, which is smaller than a threshold considered in
the safety guidelines/standard. Further, the peak 10-g averaged SAR is correlated with the
maximum body temperature elevations without extremities and pinna over the frequencies
considered. These findings were confirmed for seven models, including models of a child and a
pregnant female. Thus, the current basic restriction for whole-body exposure in the international
guidelines is conservative. Peak spatial-averaged SAR can be used as a metric for estimating
local temperature elevation even for whole-body exposure. Our computational results also
support the description in the IEEE standard about the reduction of the upper applicable
frequency of whole-body-averaged SAR from 6 GHz and 3 GHz; the power density reference
level is more conservative than the basic restriction limit for the whole-body averaged SAR

from the standpoint of temperature elevation.



1. Introduction

Elevated temperature (1-2°C) resulting from radio-frequency (RF) absorption is known to be a
dominant cause of adverse health effects, such as heat exhaustion and heat stroke (ACGIH,
1996; Ziskin and Morrissey, 2011). In the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines (1998) and the IEEE standard (2006), the whole-body-averaged
specific absorption rate (WBA-SAR) is used as a metric for human protection from RF
whole-body exposure. In these guidelines, the basic restriction of WBA-SAR is 0.4 Wkg™ for
occupational exposure and 0.08 Wkg™ for general public exposure. These thresholds are based
on the fact that RF exposure of laboratory animals in excess of approximately 4 Wkg™ has
revealed a characteristic pattern of thermoregulatory responses (ICNIRP, 1998). Note that this
approximate threshold was estimated from the experiment in 1980s (Michaelson, 1983).

For RF localized exposures, the peak value of SAR averaged over 10 g of tissue is used as a
metric. The limit is 10 W kg™ for occupational exposure and 2 W kg for the general public
exposure. However, the upper frequency where the SAR limits are imposed is different in the
international guidelines/standard. In particular, the upper frequencies for WBA- and local SARs
are both 10 GHz in the ICNIRP guidelines (1998) and 3 GHz and 6 GHz, respectively, in the
IEEE standard (2006). According to the IEEE standard (2006), the upper boundary frequency
over which the WBA-SAR is deemed to be the basic restriction has been reduced from 6 GHz to
3 GHz because RF energy is absorbed around the body surface with the increase of the
frequency. However, the quantitative discussion provided is insufficient to support this
description. It is of interest to investigate the local maximum temperature elevation in addition
to the core temperature even for whole-body exposure.

Thermal dosimetry for RF whole-body exposure in humans was conducted computationally
(Bernardi et al., 2003; Foster and Adair, 2004; Hirata et al., 2007a; Bakker et al., 2011; Laakso
and Hirata, 2011). Some previous studies took into account the thermophysiological response
caused by the temperature elevation (Bernardi et al., 2003; Foster and Adair, 2004; Hirata et al.,
2007a; Bakker et al., 2011; Laakso and Hirata, 2011). In addition, an analytical formula to
estimate the core temperature elevation has been proposed by Hirata et al. (2009). Then, a good
correlation between the WBA-SAR and the core temperature elevations was shown for
frequencies between 30 MHz and 2 GHz. Bakker ef al. (2011) investigated the local SAR and
the temperature elevation in the human bodies exposed at the allowable incident power density
or reference level as specified by the ICNIRP guidelines for frequencies from 10 MHz to 5.6
GHz. The averaging volume considered was a cube. However, the thermophysiological response
of humans was not taken into account, assuming that the core temperature was sufficiently small
(Hirata et al., 2008a). Laakso and Hirata (2011) investigated the dominant factors affecting the

local and the core temperature elevations in a Japanese adult male model at the whole-body



resonance frequency and at 2 GHz.

In this study, local/whole-body SARs and local/core temperature elevations in human body
models were investigated at frequencies from 30 MHz to 6 GHz. Then, we discussed the
relationship between SARs and temperature elevations to clarify the rationale for the limits
prescribed in the international standard/guidelines. The averaging schemes for local SAR

prescribed in the IEEE standard and ICNIRP guidelines were considered.

2. Models and Methods
2.1. Human Body Models

In order to discuss the variability of the SAR and the temperature elevation caused by the
model morphology, seven models were considered, including Japanese male and female models
named TARO and HANAKO, respectively, (Nagaoka et al., 2004) and a three-year-old child
model developed on the basis of TARO (Nagaoka et al., 2008). All of these models were
segmented into 51 tissue types. A pregnant woman model with a gestation period of 26 weeks
was also considered, taking into account 56 tissue types.

Further, a European male model named Duke and a female model named Ella were used
(Christ et al. (2010). These models have 84 tissue types. Ar well-characterized European male
model named NORMAN (Dimbylow, 1997) consisting of 37 was also employed in this study.
The resolution of each model was set to 2 mm. The height, weight, surface-area-to-mass ratio,

and the number of tissues for these models are summarized in Table 1.

2.2. SAR Calculation

The finite-difference time-domain (FDTD) method (Taflove and Hagness, 2003) is used for
calculating the SAR in an anatomically based human model. In-house FDTD code, which was
validated via intercomparison, is used (Dimbylow et al., 2008). The total-field/scattered-field
formulation (Taflove and Hagness, 2003) was applied in order to generate an appropriate plane
wave. To incorporate the anatomically based model into the FDTD method, the electrical
constants of the tissues, which depend on the frequency, are required. These values were taken
from a formula based on the measurements by Gabriel et al. (Gabriel et al., 1996). The
computational region was truncated by applying a twelve-layered perfectly matched

layer-absorbing boundary. For harmonically varying fields, the SAR is defined as

SAR = |Ef=—(|E [ +|E [ +|E.F) (1)
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where £, E_,and Ez are the peak values of the electric field components, and o and p are
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the conductivity and mass density, respectively, of a tissue.



For calculating the peak spatial-averaged SAR, we considered two schemes based on the
description in the IEEE standard (2002) and the ICNIRP guidelines (1998). In the scheme in
IEEE (2002), the shape of the averaging volume is a cube and different tissues are allowed. The
averaging scheme is not defined clearly in the ICNIRP guidelines, and any 10 g of contiguous
tissue is allowed. Our algorithm to follow the ICNIRP guidelines is given in the paper of Hirata
et al. (2006); 1) voxel-SARs are sorted in the descending order, ii) the sorted voxels are divided
into groups in the following manner, iii) one group is defined as a cluster of voxels, in which
voxels are adjacent to each other, iv) in the descending order, a specific voxel is judged whether
its sides touch existent groups. If the voxel touches no group, a new group is assigned to the
voxel. If it touches exactly one group, the voxel is added to the group. When the voxel touches
multiple different groups, these groups and the voxel are reclassified as a new group, v) this
process is carried out to reach the mass of 10 g. As an average tissue, the skin and muscle were
considered. These two schemes differ in three primary aspects: the number of tissues allowed in
the averaging process, the shape of the averaging volume, and the pinna, the visible part of the
ear that resides outside of the head, is considered in the average volume or not. The last factor is

not crucial, as we consider whole-body exposure.

2.3. Temperature Calculation
The temperature elevation in numeric human models was calculated using the bioheat equation
(Pennes, 1948). A generalized bioheat equation is given as follows:
T(r
%:V.(K(r)VT(r,t))+p(r)SAR(r)+A(r,t) )
—B(r,o)(T'(r,1) = T,(r.1))

where 7'(r,r) and Ty(r,f) denote the temperatures of tissue and blood, respectively, C is the

C(r)p(r)

specific heat of tissue, K is the thermal conductivity of tissue, A is the basal metabolism per unit
volume, and B is a term associated with blood perfusion.

The boundary condition between air and tissue for Eq. (2) is expressed as follows (Bernardi et

al., 2003):

—K(r)@=H(r)-(7;(r,z)—1;<t))+SW(r,7;(r,t)) 3)
n

SW(r,T.(r,t)) =P, +SW,, (r.I.(r,0)) (4)

where H, T, and T, denote the heat transfer coefficient, body surface temperature, and air
temperature, respectively. The heat transfer coefficient includes the convective and radiative
heat losses. SW includes the heat losses due to perspiration, SW,.,, and insensible water loss, P;,;.
T, is chosen as 28°C, the temperature at which thermal equilibrium is obtained in a naked man

(Hardy et al., 1938). The function of SW,, is given in our previous study (Hirata et al., 2007a),



which was modified from Fiala et al. (2001). The perspiration coefficients are assumed to

depend on the temperature elevation in the skin and/or hypothalamus:

SW, ., (r,t) = W (r, ) AT (£) + Wy, (LT, (£) =Ty )y /S x 20 OHo V10 (5)
Ws (I’, [) =0y tanh(ﬂl lTs (rat) - Tso (r)) - ﬂlO) + (247} (6)
Wy (r,1) = ay, tanh(B,, T, (r, 1) — T, (1) — Bag) + @y (7

where T, Ty, Tsy, and Ty are the temperatures of the skin and hypothalamus and corresponding
initial temperatures, AT, is the average skin temperature elevation, S is the surface area of the
human body, and Ws and Wy are the weighting coefficients for perspiration rate associated with
the temperature elevation in the skin and hypothalamus. Fiala et al. (2001) determined the
coefficients of « and f for the average perspiration rate based on measurements by Stolowijk
(1971); e16=1.20, 1,=0.80, £10=0.19, £,=0.59, 0,0=6.30, ,1=5.70, =1.03, £»;=1.98.

Most thermal constants of tissues are taken from Hirata et al. (2008a), while those for the fetus
in the pregnant woman model are taken from Kikuchi et al. (2010).

In order to take into account the core temperature variation in the bioheat equation, it is
reasonable to consider the blood temperature as constant over the whole body and a variable of
time Ty(r,t)=Tg(t) with the initial blood temperature T3, of 37°C. This assumption is often
used in computational models (Fiala ef al., 2001) although it is not true in actual humans (Chen
and Holmes, 1980). This assumption is reasonable because the elevation of the blood
temperature from the thermoneutral condition, not the absolute blood temperature, is essential to
represent the thermoregulatory response as described below, and the blood circulates throughout
the human body in 1 min or less (Folkow and Neil, 1971). As is given below, the blood
temperature is changed according to the following equation (Bernardi et al., 2003; Hirata and
Fujiwara, 2009b):

T,(6)=T,, + | O (D) 4, (8)

' CypiVy

where Qv is the net rate of the heat acquisition of blood from the body tissues, Cp (=4,000
Jkg'°C) is the specific heat, p, (=1,050 kgm™) is the mass density, and V; is the total volume
of blood. Note that the time course of core temperature can be followed reasonably even for sets
of thermal parameters that do not fully get balanced when the compensation scheme of Hirata
and Fujiwara (2009b) is introduced. V3 was determined as 7.5% of the weight (ICRP, 1975).
The thermal constants (thermal conductivity K, specific heat C, the term associated with blood
perfusion rate B, basal metabolic rate A4), which depend on tissue type/organ, and the heat
transfer coefficient in the human models were approximately the same as Hirata et al. (2008a).

If a temperature elevation was above a certain level which depends on tissue, the blood
perfusion rate was increased in order to remove the excess heat evolved. Details of our

thermophysiological response modeling can be found in our previous study (Hirata et al.,



2008a). The variation of the blood perfusion rate in the skin through vasodilatation is expressed
in terms of the temperature elevation in the hypothalamus and the average temperature elevation
in the skin (Bernardi et al., 2003). The blood perfusion in all tissues except the skin was
assumed to be governed by the local tissue temperature. When that temperature remained below
39°C (Hoque and Gandhi, 1988), blood perfusion was equal to its basal value By. Once the local
temperature exceeded the threshold of 39°C, blood perfusion increased almost linearly with the
temperature in order to remove the heat evolved. The blood perfusion model described by
Bernardi et al. (2003) provides a higher temperature elevation than the other models (Laakso
and Hirata, 2011) and is thus applied for a conservative estimation.

Perspiration for the adult is modeled on the basis of the formulas of Fiala et al. (2001). The
perspiration coefficients are assumed to depend on the temperature elevation in the skin and the
hypothalamus. The point to be stressed here is that the perspiration model for the adult was
applicable even to 5—10-month-old infants when compared with the measurement for the body
temperature variation and sweating in a hot environment (Hirata et al., 2008a). This finding
implies that the perspiration rate integrated over the body is determined by the body core and
skin temperature elevations only, even for different ages and morphologies. This modeling for
children, however, has been verified for the core temperature elevation of up to 0.4°C. Thus,
computations of the core temperature elevation larger than this value may have some
uncertainty.

The computational code taking into account the thermoregulatory response was verified by
comparing the computed and measured temperatures in the skin and the body core while
changing the ambient temperature (Tsuzuki-Hayakawa et al., 1995). It was also verified by
comparing the measured and computed temperature elevations in rabbits exposed to

microwaves (Hirata et al., 2008b).

2.4 Analytic Formula to estimate temperature

In order to discuss the effectiveness of core temperature elevation computed with the FDTD
method, the following analytic formula is used, which was derived in our previous study (Hirata
et al., 2009):

T@)=T,+ L [l—exp[_ S(H,; + SW(t))tD
S(H 4 +SW(1)) w-C,,

©)
where W is the weight of the model, P is the power absorbed in the model, C,,.is the mean
value of the specific heat over the body [J kg™ °C], and Hy is the heat transfer integrated over
the body surface [W °C™']. SW(¢) is identical to (4) except for the temperature assumed to be

spatially uniform; core and skin temperature is assumed to be identical in (5).



2.5. Exposure scenario

One of the models is chosen and assumed to be standing in free space. As an incident wave, a
plane wave with a vertical polarization is considered. The plane wave is incident on the human
models from the front (along the anteroposterior direction). The reason for choosing this
incident direction is that it results in a higher WBA-SAR compared to incident directions
directly or obliquely from the sides, above, or below (Uusitupa et al., 2010; Kiihn et al., 2009).
In addition, The scenario considered here correspond to the one deriving the relationship
between the basic restriction and reference level in the international guidelines/standard
(ICNIRP, 1998; IEEE, 2006).

The duration of exposure was chosen as 1 hour. This duration was chosen so as to be longer
than the averaging time of 30 min considered in the ICNIRP guidelines (ICNIRP, 1998) and the
thermal time constant for the male with a smaller perspiration rate (40-50 min) in our previous

study (Hirata et al., 2007a).

3. Results
3. 1. Correlation between WBA-SAR and core temperature elevation

Figure 1 shows the WBA-SAR and core temperature elevation in TARO exposed at the
reference level (ICNIRP, 1998; IEEE, 2006); 2 W m™ for frequencies up to 400 MHz and /(2 X
10% W m™ for frequencies between 400 MHz and 2 GHz, and 10 W m™ for frequencies higher
than 2 GHz. From figure 1, we observe that the WBA-SAR has peaks at 60 MHz (the resonance
frequency) and 2 GHz, as suggested in previous studies (Dimbylow, 2002; Hirata et al., 2007b;
Conil et al., 2008). Note that the second peak is caused by the increase of the allowable incident
power density or the relaxation of the reference level with the increase of the frequency
(ICNIRP, 1998; IEEE, 2006). In addition, the core temperature elevation has peaks at the same
frequencies.

In order to obtain insight the above-mentioned tendency, the temperature elevation
distributions at 60 MHz, 1 GHz, and 5 GHz are presented in figure 2 for WBA-SAR of 0.4
W/kg. In addition, the time evolutions of skin and core temperatures and those of blood
perfusion rate in the skin and sweating rate integrated over the body are shown in figure 3. Note
that the exposure duration was chosen as 2 h in this figure to confirm the thermal evolution of
the temperature elevation and thermophysiological responses. As shown in figure 2, high
temperature elevations are observed inside the body at 60 MHz, while the highest temperatures
are concentrated around the body surface at 5 GHz. As shown in figure 3 (a), the skin
temperature elevation is higher and increases quicker at 5 GHz than at 1 GHz and 60 MHz. On

the contrary, the core temperature elevation becomes smaller at higher frequencies (see figure 3



(b)). At 1 h, the core temperature elevation is 83-87% of that in the thermally steady state. As
shown in figure 3 (c), the sweating rate integrated over the body increases quickly at 5 GHz
while the increase is somewhat slower at 60 MHz. This is because the sweating rate is governed
by the temperature elevations in the skin and body core, suggesting that the former temperature
elevation is dominant at 2,400 s or earlier. The blood perfusion rate in the skin averaged over
the body was smaller at higher frequency because the skin temperature in the frontal side of the
body only increased due to the exposure, in addition to smaller core temperature elevation
(figure 3 (d)).

The core temperature elevation normalized by the WBA-SAR is shown in figure 4 for the
WBA-SAR values of 0.08 Wkg™', 0.4 Wkg™', and 4 Wkg™'. Note that the WBA-SAR values of
0.08 Wkg' and 0.4 Wkg™ are the basic restriction or general public and occupational exposure
in the international guidelines (ICNIRP, 1998; IEEE, 2006), respectively, and 4 Wkg™' is the
lower threshold at which the thermophysiological behavior was observed in rodents
(Michaelson, 1983). In the same figure, the values estimated by our analytical formula (9) are
also shown for the sake of comparison. As seen from figure 4, the ratios of the core temperature
elevation to the WBA-SAR are more or less constant at frequencies lower than a few gigahertz
and then gradually decrease with an increase in the frequency. This tendency was almost
identical for different WBA-SAR values. The difference in the ratios obtained by the FDTD and
the analytical formula was at most 10% at frequencies lower than 2 GHz.

The same measure was examined for six other human body models. As seen from figure 5, a
significant difference in the core temperature elevation normalized by the WBA-SAR of 0.4 W
kg was observed between the child and the remaining adult models. Although not shown here,
the computed core temperature elevation normalized by the WBA-SAR was in good agreement
with that derived from our analytic formula(Hirata et al., 2009), as in the case of TARO (figure
4).

3. 2. Maximum temperature elevations in the whole body normalized by peak 10-g averaged
SAR

The SAR averaged over 10 g of tissue and the maximum temperature elevation in the whole
body of TARO are shown in figure 6. Local SAR was normalized by the WBA-SAR of 0.4
Wkg™'. For computing the local spatial-averaged SAR, we used the algorithm prescribed in the
IEEE standard (2006) and that developed from the description in the ICNIRP
guidelines(ICNIRP, 1998). From figure 6, we observe that the peak 10-g averaged SAR and the
maximal temperature elevation depend on the frequency of the incident electromagnetic waves.
The SAR computed with the ICNIRP guidelines is higher than that computed using the IEEE
standard over the considered frequencies (Hirata er al, 2006). For the ICNIRP averaging



scheme, the maximum temperature elevation appeared in the muscle for frequencies below 3
GHz and in the skin at frequencies higher than 3 GHz. The locations of the peak averaged SAR
computed with the IEEE and ICNIRP averaging schemes were close to each other. The same
tendency was observed for the WBA-SAR values of 0.08 and 4 Wkg™.

Figure 7 shows the maximum temperature elevations in TARO normalized by the peak 10-g
averaged SAR at the WBA-SAR values of 0.08, 0.4, and 4 Wkg'. The maximum temperature
elevation decreased when normalized by relatively high WBA-SAR values. When the
WBA-SAR was 0.4 Wkg', the maximum temperature elevation normalized by the local SAR
computed with the IEEE scheme was in the range of 0.19-0.25 °C-kgW™ at frequencies lower
than 4 GHz and then gradually increased at higher frequencies. In contrast, the maximum
temperature elevation normalized by the SAR computed with the ICNIRP scheme was
insensitive to the frequency of the incident wave: 0.14 and 0.22 °C-kgW™' over the considered
frequencies.

The local SAR averaged over 10 g of tissue and the maximum temperature elevation in the
body of TARO excluding the extremities are shown in figure 8, when normalized at the
WBA-SAR of 0.4 Wkg'. Note that an additional reduction factor of 2 is applied in the
extremities. For the data presented in figure 8, the maximum temperatures normalized by the
local SAR are shown in figure 9. As seen from figure 9, the normalized maximum temperature
elevation was in the ranges of 0.17-0.29 °C-kgW for the IEEE averaging scheme and
0.13-0.24 °C-kgW™ for the ICNIRP averaging scheme. Similar to the case including extremities,
the maximum temperature elevation decreased in the case of relatively high WBA-SAR values.

The maximum temperature elevations normalized by the 10-g SAR in different body models
including and excluding the extremities are shown in figures 10 and 11, respectively. The IEEE
averaging scheme was used here. From these figures, it can be seen that the same tendency was
observed as that for TARO. A good agreement was observed in the normalized temperature
elevation of different human body models over the considered frequencies, except in the case
including the extremities and above 4 GHz.

Figures 12 illustrate the positions where the peak SAR and the temperature elevation appeared
for TARO and the 3-year-old child model for including (a) and excluding (b) the extremities.
The WBA-SAR value of 0.4 W kg was chosen here. In these figures, we observed that the
positions where the peak SAR and the temperature elevation appeared were close to each other
in most cases. When including the extremities, the peak SARs and the maximum temperature
elevations appeared in the extremities, and when excluding the extremities, they appeared in the

head and neck.

4, Discussion



4. 1. Comparison of our computational results with those in previous studies

In order to confirm our computational results, we compared them with those obtained by
Bakker et al. (2011), in which the thermoregulatory response and the core temperature elevation
were not considered. In the study of Bakker ef al. (2011), the normalized maximum temperature
elevation averaged over 10 to 5.6 GHz was 0.26 °C-kgW™. The corresponding value obtained
herein ranged from 0.19 to 0.25 °C-kgW™ for a WBA-SAR value of 0.08 Wkg"' when the
thermoregulatory response worked marginally. One of the reasons for this difference is that 12
exposure directions were considered and their average values were presented in the paper of
Bakker et al. (2011) while only one direction (front to back) was considered in this study. The
other reason is the difference in the thermal constants used. Note that the blood perfusion rate B
in Eq. (2) is suggested to be the dominant factor affecting the local temperature elevation
((Hirata et al., 2006, Samaras et al., 2007b; Laakso and Hirata, 2011). The computed core
temperature elevation was in good agreement with that derived from the empirical equation
(Hirata et al., 2009), as shown in Fig. 4. The difference of the core temperature elevation
estimated using the analytic formula from the FDTD-derived results was 5% or less in the

frequency from 10 to 50 MHz where the difference was the smallest, as shown in Fig. 4.

4.2. Frequency dependence of WBA-SAR and temperature elevations

The core temperature normalized by the WBA-SAR decreased gradually in the gigahertz
region, as shown in figures 4 and 5. This decrease may not be explained by the analytical
formula (Hirata et al., 2009). For exposure duration of 1 h, the total sweating over the body of
TARO was 18.5 g, 19.3 g, and 20.1 g at 60 MHz, 2 GHz, and 5 GHz, respectively, for the
WBA-SAR of 0.4 W kg', and 288 g, 289 g, and 281 g at 60 MHz, 1 GHz, and 5 GHz,
respectively, for the WBA-SAR of at 4 W kg'; no clear difference is observed in the total
sweating over the frequencies. Thus, one of the primary reasons for the decrease of the
normalized core temperature elevation with frequency would be the increased convective
and radiative heat losses due to the higher skin temperature elevation at higher frequencies (see
figure 3(a)). The normalized core temperature elevation decreased with higher WBA-SAR
values. This is because of the sweating. The sweating rate is governed by the average skin
temperature and the core temperature (Fiala ef al., 2001). At a WBA-SAR value of 4 W kg™, the
normalized core temperature was rather insensitive to the frequency of the incident wave. The
sweating rate is mainly characterized by the core temperature elevation for this WBA-SAR,
because the skin temperatures at 60 MHz, 1 GHz, and 5 GHz are —0.28 °C, —0.05 °C, and 0.68
°C, respectively. Thus, the effects of convection and radiation are smaller than those at lower
WBA-SAR.

The core temperature elevations normalized by the WBA-SAR in the adult models were



almost identical. As discussed in our previous studies (Hirata et al., 2009; Laakso and Hirata,
2011), the body-surface-area-to-mass ratio is a dominant factor affecting this measure. As listed
in Table 1, the body-surface-area-to-mass ratios are almost identical to each other in all the
considered cases. There are two primary reasons for the difference in the core temperature
elevations between the adult models. One is the uncertainty of the body-surface-area-to-mass
ratios, which were roughly estimated from an empirical equation (Fujimoto et al., 1968). The
second reason is the anatomical composition of the models. Sweating is governed by the
average skin temperature. However, the model resolutions of 2 mm may not be sufficient to

represent the skin.

4.2. Frequency dependency of local SAR and temperature elevation

The maximum temperature elevation normalized by the peak SAR computed using the IEEE
scheme became large at frequencies above 4 GHz, as shown in Fig. 7. The primary reason for
this tendency is the relationship between the side length of the SAR averaging cube (~22 mm)
and the penetration depth. The penetration depth of an electromagnetic wave is 6 mm at 6 GHz.
Then, the averaged SAR became smaller with a decrease in the frequency. Further, the
maximum temperature elevation was observed in the skin of the extremities at frequencies
larger than 4 GHz. On the other hand, the maximum temperature elevation normalized by the
peak SAR computed using the ICNIRP scheme did not increase at frequencies of 4 GHz or
higher. When the extremities were excluded from the averaging region, the normalized
maximum temperature elevation by the peak 10-g SAR was not considerably affected even at
the relatively high frequencies. It was in the range of 0.17-0.29 °C-kgW™ for the IEEE standard
and 0.13-0.24 °C-kgW™' for the ICNIRP guidelines; hence, the SAR values computed using
both the averaging schemes would provide a reasonable estimate for the maximum temperature
elevation. As shown in figure 7, the normalized maximum temperature elevation increased to
around 60-100 MHz. The maximum temperature elevation decreased during normalization
using relatively high WBA-SAR values, because of the relatively high sweating rate and
increased blood perfusion as mentioned above. As illustrated in figure 11 (b), the maximum
temperature elevation appeared in the muscle of the abdomen that was surrounded by fat. Then,
the temperature elevation increased because of a low blood perfusion rate (Hirata et al., 2006;
Samaras et al., 2007b; Laakso and Hirata, 2011).

The peak 10-g averaged SAR value was shown to be an appropriate metric correlating with
the local temperature elevation (Hirata et al., 2006; Laakso, 2009; Hirata and Fujiwara, 2009a;
Razmadze et al., 2009; McIntosh and Anderson, 2010). Our computational results suggested
that this metric is still applicable for estimating the local temperature elevation while taking into

account the thermophysiological response for WBA-SAR less than 0.4 Wkg™', as suggested by



Laakso and Hirata (2011). This tendency was confirmed for different human body models.

The local temperature elevations normalized by the local SARs computed using the IEEE
scheme were not affected by the different body models. When the extremities were included, the
normalized local temperature elevation in some models increased as in the case of TARO. The
median value for the case including the extremities was 0.21 °C-kgW™ for frequencies lower
than 4 GHz, and the maximum difference was 27% (Duke at 3 GHz). The average value when
the extremities were excluded was 0.19 °C-kgW™ with a maximum difference of 29% (Duke at
500 GHz). The point to be stressed here is that the coefficient is close to those reported in our
previous study that discussed a localized head exposure of 0.20-0.22 °C-kgW™ for the IEEE

averaging scheme (Hirata and Fujiwara, 2009a).

4.3. Relationship of Results and Guidelines/Standards

In the international guidelines, the safety factor of 10 is applied to the WBA-SAR value of 4 W
kg' (ICNIRP, 1998; IEEE, 2006). For this WBA-SAR, the core temperature elevation is
suggested to be smaller than 1-2 °C, which may induce adverse health effects such as heat
exhaustion and heat stroke. From the ratio in figure 2, the core temperature elevation for
WBA-SAR at 4 W kg for 1 h duration is 0.8 °C or less. Thus the basic restriction of
WBA-SAR in the international standards/guidelines is conservative at least from the standpoint
of temperature elevation. This is because the basic restriction has been determined by
extrapolating data from experiments using small animals and monkeys. Actually, the
thermoregulatory ability in humans is far superior to that in laboratory animals (Adair and Black,
2003).

The IEEE standard changed the applicable upper frequency of WBA-SAR from 6 GHz to 3
GHz. Then, the incident power density is used as a basic restriction instead for frequencies from
3 to 300 GHz. The rationale for this change is primarily based on RF penetration depth
calculations, and thus not well discussed from the standpoint of temperature elevation. In
addition, it is commented that “While the absorbed RF energy associated with exposures at high
microwave frequencies is concentrated near the body's surface, resulting in localized SARs that
may be substantial, the shift downward of the maximum frequency at which WBA-SAR is
applicable helps emphasize a belief that the power density reference levels are extraordinarily
conservative.” Let us discuss if localized SAR becomes substantial at higher frequencies as
compared with WBA-SAR. The ratio of peak 10-g SAR to WBA-SAR and that of local
maximum temperature elevation to core temperature elevation in TARO are shown in figure 13
(a) and (b), respectively. From figure 13 (a), the ratio of local 10-g SAR to WBA-SAR increase
at frequencies from a few gigahertz, especially when including the extremity. This tendency

becomes more obvious in terms of the temperature elevation, as shown in figure 13 (b), because



local temperature becomes larger (figures 6 and 8) and core temperature becomes smaller
(figure 1) at frequencies higher a few gigahertz. It is noting that core temperature elevation in
the child is much smaller than that of the adult (figure 5). Thus, the ratio of local maximum
temperature elevation including the extremity to core elevation reached 23.5 and 63.7 at 3 GHz
and 6 GHz, respectively. Core temperature elevations for exposure at the reference level of
occupational exposure at 3 and 6 GHz are 0.08°C and 0.06°C, while those for a WBA-SAR of
0.4 W/kg are 0.12°C and 0.10°C, supporting the description of the IEEE standard that the power
density reference levels are more conservative than the basic restriction of WBA-SAR, at least

from the standpoint of the temperature elevation.

5. Conclusion

In the present study, using anatomically based human models, we computed the SAR and the
temperature elevation for plane-wave exposures from 30 MHz to 6 GHz. The thermoregulatory
response caused by tissue temperature elevation was taken into account in the thermal
computation. Our computational results suggested that the ratio of the body core temperature to
the WBA-SAR and that of the local maximum temperature to local SAR decreased with an
increase in WBA-SAR because of the thermoregulatory response. For the Japanese adult male
model TARO, the WBA-SAR value correlated well with the core temperature elevation for
frequencies of up to a few gigahertz. At relatively high frequencies (above a few gigahertz), the
core temperature elevations decreased because of increased convective and radiative heat losses
from the skin to air which are attributable to the skin temperature elevation. Note that this
higher skin temperature is caused by a decrease in the penetration depth. A similar tendency was
observed in different human body models. In particular, core temperature elevation even for
whole-body averaged SAR of 4 W kg with the duration of 1 h was 0.8°C or less. Thus, the
current basic restriction for whole-body exposure in the international guidelines is conservative.
In addition, our computational results support the description provided in the IEEE standard
(2006) for changing the upper applicable frequency from 6 GHz to 3 GHz at least from the
standpoint of the core temperature elevation; “the shift downward of the maximum frequency at
which WBA-SAR is applicable helps emphasize a belief that the power density reference levels
are extraordinarily conservative” .

The peak 10-g averaged SARs computed using the averaging schemes outlined in the IEEE
standard and ICNIRP guidelines correlated well with the maximum temperature elevations over
the considered frequencies even in the case of plane-wave exposures, except in the case when
the extremities were included at frequencies higher than 4 GHz for the IEEE averaging scheme.
Unlike the relationship between WBA-SAR and the core temperature elevation, this metric is

useful or almost identical for different human body models. The coefficient characterizing their



correlation was 0.21 °C-kgW™' and 0.19 °C-kgW' for the human models including and
excluding the extremities, respectively. These coefficient values were close to those reported in
our previous study that discussed a localized head exposure (Hirata and Fujiwara, 2009a),
suggesting that the local spatial-averaged SAR, which is a metric for localized exposure, is still
useful for estimating the maximum temperature elevation even for a whole-body exposure at
least from 30 MHz to 6 GHz.

Additional computations and discussion are needed when discussing the product safety
including magnetic resonance equipment, because the heat transfer between the body and

equipment is different from the human in free space (Samaras et al., 2007a).
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FIGURE AND TABLE CAPTIONS
Figure 1. Whole-body-averaged SAR and core temperature elevation in Japanese male model

for plane-wave exposure at the reference levels for general public.

Figure 2. Temperature elevation distributions in in Japanese male model TARO at (a) 60 MHz,
(b) 1 GHz, and (¢) 5 GHz.

Figure 3. Time evolution of (a) mean skin temperature elevation, (b) core temperature elevation,
(c) sweating rate, and (d) normalized blood perfusion rate in the skin. Whole-body averaged
SAR is 0.4 W kg™

Figure 4. Normalized core temperature elevation in Japanese male model TARO for
whole-body-averaged SARs of 0.08, 0.4, and 4 Wkg'. Estimated values using analytical

formula (Hirata et al., 2009) are also shown.

Figure 5. Normalized core temperature elevation by whole-body-averaged SAR in different
human body models (whole-body-averaged SAR of 0.4 Wkg™).

Figure 6. Peak 10-g averaged SAR and maximum temperature elevations in the whole body of
TARO at whole-body-averaged SAR of 0.4 Wkg™'. Two different averaging schemes, based on
the IEEE standard and ICNIRP guidelines, for peak-averaged SARs are considered.

Figure 7. Maximum temperature elevations in the whole body of TARO normalized by peak
10-g averaged SAR for different whole-body-averaged SARs. Peak 10-g averaged SAR values
are calculated on the basis of the IEEE standard (cubic volume) and ICNIRP guidelines

(contiguous).

Figure 8. Peak 10-g averaged SAR and maximum temperature elevations in TARO excluding
the extremities at whole-body-averaged SAR of 0.4 Wkg'. Peak 10-g averaged SAR values are
calculated on the basis of the IEEE standard and ICNIRP guidelines.

Figure 9. Maximum temperature elevations in TARO excluding the extremities normalized by
peak 10-g averaged SAR for whole-body-averaged SARs of 0.08, 0.4, and 4 Wkg.

Figure 10. Maximum temperature elevations normalized by peak 10-g averaged SAR in
different human models (whole-body-averaged SAR of 0.4 Wkg™).



Figure 11. Maximum temperature elevations in the body excluding the extremities normalized
by peak 10-g averaged SAR in different human models (whole-body-averaged SAR of 0.4
Wkg™).

Figure 12. Positions where peak 10-g averaged SAR and maximum temperature elevation
appeared in TARO and 3-year-old child model: the extremities were (a) included and (b)
excluded. The averaging scheme outlined in the IEEE standard was used. The black and red
marks correspond to the positions of the peak SAR and maximum temperature elevation,
respectively. Resonance frequencies of TARO and the 3-year-old child are 60 and 134 MHz,

respectively.

Figure 11. (a) Ratio of peak SAR averaged over 10-g of tissue to whole-body-averaged SAR
and (b) that of maximum temperature elevations to core temperature elevation for the cases

including and excluding the extremity.

Table 1 Height, weight, body-surface-area-to-mass ratio, and number of tissues for seven

human body models.
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Table 1
3-year-old Pregnant
Model TARO HANAKO . Duke Ella NORMAN
child woman
Height [m] 1.73 1.61 0.90 1.61 1.74 1.60 1.76
Weight [kg] 53 13 58 70 58 76
Surface-area-to- 7 0.029 0.043 0.028 0.026 0.028 0.025
mass ratiofm?kg ]
Number of tissue 51 51 56 84 84 37
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