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Abstract

International guidelines/standards for human protection from electromagnetic fields have been
revised recently, especially for frequencies above 6 GHz where new wireless communication systems
have been deployed. Above this frequency a new physical quantity ‘absorbed/epithelial power density’
has been adopted as a dose metric. Then, the permissible level of external field strength /power density
is derived for practical assessment. In addition, a new physical quantity, fluence or absorbed energy
density, is introduced for protection from brief pulses (especially for shorter than 10 s). These limits
were explicitly designed to avoid excessive increases in tissue temperature, based on electromagnetic
and thermal modeling studies but supported by experimental data where available. This paper reviews
the studies on the computational modeling/dosimetry which are related to the revision of the
guidelines/standards. The comparisons with experimental data as well as an analytic solution are also
been presented. Future research needs and additional comments on the revision will also be
mentioned.

1. Introduction

In 2019, a new wireless communications system named ‘5G’ (5th generation) began to be deployed. The
technology is presently defined to operate in three bands; ‘low’ and ‘mid’ which are similar to presently used
cellphone bands, and a ‘high band’ from 24 to 28 GHz that is higher than conventional wireless communication
systems, e.g. 4G (2 GHz 3.5 GHz), wireless LAN (5.8 GHz) etc. This creates the need to assess human exposure to
radiofrequency (RF) energy, both from uplink (handsets) and downlink (base station) and possibly the need to
refine RF exposure limits and compliance assessment procedures at these higher frequencies.

In the previous version of the ICNIRP (1998) and the IEEE C95.1-2005 (2005)’, the specific absorption rate
(SAR) was the dosimetric or internal physical quantity for assessing exposure below 3 or 10 GHz, depending on
the limit. At higher frequencies, the dosimetric measure changed to the incident power density, because of the
shorter power penetration depth in tissue. This introduced a discontinuity in the exposure limits across the
transition frequency (Colombi et al 2015).

The recently updated limits, ICNRP (2020) and IEEE C95.1-2019 (2019) have adopted a common ‘transition
frequency’ of 6 GHz. Below this frequency, the SAR remained the basic measure of internal exposure. Above this
frequency a new metric for internal exposure has been adopted, ‘absorbed/epithelial power density’. Both sets of
limits were explicitly designed to avoid excessive increases in tissue temperature, based in large part on

7 T Corridalirac® i ¢ > : Qi :
ICNIRP refers to its limits as ‘guidelines’ while IEEE uses the term ‘standard’. For conciseness the term ‘limit’ is used to refer to either
guideline/standard.
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Figure 1. Power transmission coefficient and power penetration depth into tissue estimated with the dielectric properties in Gabriel
et al (1996). Power transmission coefficients are for plane waves normally incident on the surface. The power penetration depth is
defined as the distance beneath the surface at which the power density has fallen to 1/e of that transmitted across the surface. The
model is based on a uniform half plane of tissue with dielectric properties of dry skin.

electromagnetic and thermal modeling studies but supported by experimental data where available
(Foster et al 2016, Ziskin et al 2018, Hirata et al 2019).

This review summarizes recent advances in thermal and electromagnetic modeling of exposure at
frequencies >6 GHz. It comments also on the strengths and weaknesses of thermal models to predict the rise in
temperature of RF-irradiated tissues.

2.Background

2.1. Characteristics of human interaction with biological tissues

Microwave energy at frequencies >6 GHz is absorbed close to the surface of the body. Figure 1 summarizes the
power penetration depth and power transmission coefficient, calculated from a simplified one-dimensional
model (Foster et al 2018b) for tissue with dielectric properties of dry skin (Hasgall et al 2015).

The dosimetry and thermal modeling problems extend over two different distance scales: exposure to RF
energy is limited to tissues close to the body surface, whereas heat propagates into subcutaneous tissues and
eventually is dissipated in the body core.

In the frequency range of present interest, the most relevant tissues for dosimetry are skin and cornea. Ziskin
etal (2018) reviewed the anatomy and electrical and thermal properties of skin that are relevant to assessments
exposed to mm-wave (figure 2). The stratum corneum (outer layer) has comparatively low water content and
varies in thickness in different parts of the body but is generally <0.02 mm thick. The epidermis and dermis have
much higher water content, and their combined thickness can exceed 2 mm. The deepest layer, the hypodermis,
consists of subcutaneous fat and it also varies considerably in thickness among individuals.

2.2. Dielectric properties of tissue

For a comprehensive review of the dielectric properties of tissue; see Foster et al (2018a) and Ziskin et al (2018).
Some of the most widely used data are from Gabriel et al (1996), who measured the dielectric properties of 56
different human and animal tissues between 10 Hz and 20 GHz. The investigators fitted the data to cole—cole
equations, and reported properties extrapolated to 100 GHz. With over 3700 citations (Google Scholar,
September 2020), and a readily accessible online version, this dataset has become the de facto standard for
dielectric properties for numerical dosimetry studies. It has been incorporated into commercial electromagnetic
modeling programs.

Despite its widespread use, the Gabriel dataset has significant limitations. It was derived from a relatively
small number of measurements on a limited number of tissue samples, many of them autopsy specimens or
excised animal tissues, and the dataset may not accurately reflect the range of tissue properties in vivo. The
highest measurement frequency was 20 GHz and entries at higher frequencies, up to 100 GHz, are extrapolated
from lower frequencies, which is a potential source of error.

Tables 1 and 2 compare the real and imaginary parts of the complex relative permittivity (¢’ and £”
respectively) and two derived quantities (the power transmission coefficient into tissue (Ty;) and power
penetration depth (L) of (rabbit) cornea at 30 and 100 GHz from the Gabriel dataset with measured data by
Sasaki et al (2015). The properties agree very well. It is not clear, however, how large the normal background
variability in these properties will be. Skin is anatomically a multilayer structure whose layers vary significantly in

2



I0OP Publishing Phys. Med. Biol. 66 (2021) 08TR01 A Hirata et al

(A)
90
80
b
70 T
§ = I [
E'=60
S .2 50
o L
o = 40
2 e 30
© o~ -
= = 20
10
0 [ |

(B)
30 T
~ T
g€ 3 ¢
g ’ ¢
A 03
v T
_E !
2 0.03 :
= L4
=
0.003
Stratum  Stratum  Viable  Dermis Fat Fat
Comeum Corneum epidermis (Non-obsese) (Obsese)

(thin skin) (thick skin)

Figure 2. Thickness and water content of skin layers. The range of both quantities are indicated by the bars. In the case of thickness, the
typical value is indicated by a gray circle. Thick skin refers to sole and palm regions. The data are based on those presented in ICRP
(1975), Anderson et al (2010) and Ziskin et al (2018).

Table 1. Comparison of dielectric properties of rabbit
cornea, 35 °C-37 °C: Gabriel et al (1996) (extrapolated)
and Sasaki et al (2015) (measured).

Gabriel et al (1996) Sasaki et al (2015)

30 GHz
¢ 20.9 19.5
e 20.5 20.3
L (mm) 0.39 0.38
Ty 0.50 0.50
100 GHz
¢ 8.0 13.1
e 10.3 7.0
L(mm) 0.15 0.20
T 0.63 0.63

water content and thickness, and consequently the bulk dielectric properties measured across the full thickness
of skin will vary considerably (Ziskin et al 2018).

Several studies have directly measured the dielectric properties of skin above 6 GHz (table 3). Most of these
studies have used coaxial probes or open-ended waveguides placed against the skin or, at THz frequencies,
measured wave reflection properties of the skin surface. These methods are sensitive to the dielectric properties
of skin averaged over tissue volumes exposed to the field, typically including the stratum corneum, epidermis,
and parts of the dermis. Some investigators have estimated properties of individual skin layers from such data
using electromagnetic scattering models. Sasaki and his group (Sasaki et al 2014, 2017) extended measurements
up to 1 THz by using a combination of coaxial probe and wave reflection techniques. That group has also
reported dielectric properties of rabbit and porcine ocular tissues up to 110 GHz (Sasaki et al 2015).
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Table 2. Comparison of dielectric properties of skin, 35 °C-37 °C:
Gabriel er al (1996) (extrapolated) and Sasaki et al (2014) (measured).

Dry skin in Gabriel et al Dermis in Sasaki et al
(1996) (2014)
30 GHz
e 17.7 17.6
e’ 16.5 15.4
L (mm) 0.43 0.47
Te 0.54 0.54
100 GHz
e 7.2 6.6
e’ 8.3 8.0
L (mm) 0.18 0.17
T 0.7 0.68

Table 3. Selected studies on dielectric properties of tissues at frequencies >6 GHz.

References Animal/tissue (frequency range) Comments
Sasakietal (2014)  Porcine epidermis and dermis in vitro at frequencies Combination of dielectric probe (0.5—50 GHz) and free
from0.5to 110 GHz field techniques (50—110 GHz)

Sasakietal (2015)  Porcine and rabbit ocular tissues in vitro at frequencies Dielectric probe was used. Dielectric properties of the cor-
from 0.5to 110 GHz nea, lens cortex, lens nucleus, aqueous humor, vitreous

humor, sclera, and iris were reported. Rabbit tissues were
typically used, but porcine tissue was used for the aqu-
eous humor. The dielectric properties of vitreous and
aqueous humor are almost equivalent to those of pure
water at frequencies over around 10 GHz

Sasakietal (2017)  Porcine dermis, subcutaneous tissue fat, muscle in vitro  Combination of dielectric probe (1 GHz—100 GHz) and

at frequency ranges of 100 GHz—1 THz, 1 GHz free field techniques (100 GHz—1 THz). Study also
—1 THz, and 1—-100 GHz, respectively included extensive Monte Carlo dosimetric modeling
Gaoetal (2018) Human skin in vivo at frequencies from 26.5t040 GHz ~ Reflection measurements using open-ended waveguide
probe

3 human subjects in several locations: forearm, shoulder,
abdomen, thigh, calf, and palm. Error analysis consider-
ing effects of thicknesses of skin layers. The reported rela-
tive permittivity of skin at 30 GHz (average of
measurements on 3 subjects): forearm 17.1, shoulder
20.2,abdomen 20.5, thigh 16.7, calf 16.1, 2 sites on the
palm6.4,9.2 GHz

Gao etal (2018) reported an extensive set of measurements of the dielectric properties of skin (26.5-40 GHz),
using an open-ended waveguide placed against the skin of three human subjects in several locations (forearm,
shoulder, abdomen, thigh, calf, palm). The investigators estimated the dielectric properties of different skin
layers using an electromagnetic scattering model. In addition, they provided an extensive analysis of
experimental uncertainties in measuring dielectric properties of skin in the mm-wave range. The study found
that the permittivity of skin at 30 GHz varies by more than a factor of 3 in different sites of the body, reflecting
variations in skin thickness; in addition, there was considerable intersubject variability (table 3).

Despite these several studies, there remains limited data from skin and ocular tissues. The currently available
data are sufficient for many electromagnetic modeling studies, but the data remain insufficient at mm-wave
frequencies to explore the variations introduced by interpersonal and intrapersonal variations in RF absorption
in skin and subcutaneous tissue.

2.3. Bioheat transfer equation

To assess thermal hazards from mm-wave exposure, RF-induced temperature increases in skin and cornea are of
principal interest, though whole-body exposure will be mentioned briefly in the discussion section. Several
studies have combined electromagnetic and thermal modeling to estimate the increase in tissue temperature due
to mm-wave exposure. Nearly all thermal modeling studies have used the finite difference time domain method
for electromagnetic modeling, with solution of Pennes’ bioheat equation (BHTE) (Pennes 1948) for thermal
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analysis. The BHTE equation can be written:

V- (k(m)VT(r, 1)) + p()SAR(, 1) + M(x, 1) — wy(r, 1) ppycp(T(x, 1) — Tp)

, 1
— ) p®) oT (x, t) 1
ot

where r is the position vector, T'is temperature of a volume of tissue that is sufficiently small that the temperature
throughout the volume can be considered to be uniform for the purposes of the analysis. Thermal properties for
the tissue are considered to be averaged over this control volume and may be different from those of blood; T}, is
temperature of the perfusing blood (more precisely, the temperature of the arterial blood supply to a region of
tissue, which is assumed to be constant and equal to the core body temperature); c (¢,) is the specific heat of the
tissue (blood) (J kg ' K™ 1); p (pp) is the density of the tissue (blood) (kg m ); k is the thermal conductivity of the
tissue (W m™~ ' K '); M is the rate of metabolic heat generation (W m); wj, is the rate of blood perfusion per kg
of tissue mass (m> s~ ! kgfl); SARis the SAR (W kgfl); and tis time. The initial condition T(r, ¢ = 0) is typically
defined as the solution to equation (1) when both SAR and the right-hand term are zeros.

Heat exchange at the body surface proceeds through four main mechanisms: convective cooling by air,
flowing past the body, evaporation of skin moisture, thermal conduction to surrounding materials, and
radiation from the body surface back into space. The first of these processes is the dominant mechanism under
ordinary conditions. It can be modeled through boundary condition at the skin-air interface:

9T 1)

on = h(T(I‘(), t) - T;lir)) (2)

r=r,

where n is the outward normal vector to the interface, r is the surface temperature, Ty, is the ambient
temperature, and h is a convective heat exchange coefficient that depends on air velocity and temperature. This
formulation neglects heat transfer across the skin surface from evaporation of surface moisture and radiation
back into space, which under ordinary environments are small compared to convective heat exchange. For the
presently considered frequency range, heat transport near the skin surface is dominated by thermal conduction
into the tissue due to the high temperature gradients at the skin, and only a small fraction of the absorbed energy
islost back into the surrounding environment.

Equation (1) is readily solved numerically as an extension to FDTD electromagnetic modeling, and thermal
modeling programs are included in several major electromagnetic modeling programs (e.g. Semcad X, Schmid
and Partner Engineering AG, Zurich, and XFdtd, Remcom, State College PA). A variety of high-resolution
image-based models of the human body are also available. Most thermal modeling studies discussed below
computed the steady state increase in temperature (from equation (1) with the right-hand term in dT/dt set to
zero) while a few studies computed the time-dependent increase in tissue temperature. For short times (a minute
or less), effects of the blood perfusion term on the computed temperature increase are minor and equation (1)
can be replaced by a simple heat conduction equation. Steady state is reached after several hundred seconds and
the temperature increase is dominated by tissue blood perfusion (fourth term on the left side of equation (1))
which is highly variable.

Extensive tables of thermal properties of tissues can be found at (Bowman et al 1975, Duck 1990, Diller et al
2000, Hasgall er al 2015). However, these values are subject to considerable variability as discussed below.

In assessing thermal impacts of exposure to RF energy, a useful concept is heating factor, defined as the
increase in temperature in the steady state per unit of exposure, with typical values of about 0.15 °CW ™' kg
below 3 GHzand 0.018 °C W™ m” at higher frequencies (Funahashi et al 2018b).

2.4. Baseline model

Foster and colleagues (Foster et al 2016, 2018a, 2018b, Ziskin et al 2018) have developed simplified ‘baseline’
one-dimensional models for mm-wave heating of tissue which provides insights into the thermal response. The
model is intended to provide a highly simplified ‘baseline’ approximation that can be compared to more detailed
numerical simulations using anatomically realistic models and a fuller heat transfer model. A simplified version
of equation (1) with assumption of p, = pand ¢, = ¢ canbe written in form

2k *
o _ wpcT*+pSAR = pcaT , (3)
022 ot

k

where T" is the temperature increase above the baseline (pre-exposure) value, and z is the depth beneath the
surface. As the heating is localized and does not significantly increase the body core temperature, both the
metabolic heat generation and blood temperature are assumed not to change from their pre-exposure values.
Consequently, they vanish from (3).

The ‘baseline’ model is developed in terms of the temperature increase at the skin surface above pre-
exposure temperature, i.e. in terms of the temperature increase T produced by the exposure. Scott (1988) has
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shown that the heat equation can be written in terms of the difference between pre- and post-exposure
temperatures (T"). The boundary condition at the skin-air surface can be written approximately as
oT*

—k— h(T*), !
o (™) 2"

r=ry

where h is the same for both equations (2) and (2') (in the range of 1-10 W m ™2 °C™1). For the moderate
increases in skin temperature presently considered (T*~ 1 °C) at an incident power density of 100 W m 2, the
energy loss from the skin due to convective cooling by surrounding air is a small fraction of that supplied to the
skin surface by the RF energy. Consequently, a reasonable simplification of the model istoleth = 0. The
resulting simplified model agrees with experimentally measured temperature increases from mm-wave exposure
to within about 20% (figure 5 in section 5.3). It overpredicts computed temperature increases in a stratified
model for tissue by about 30% (Christ et al 2020). The approximation will show larger errors under unusual
environmental conditions (e.g. strong convective cooling of the skin by high air velocity). It is noted that the
boundary condition equation (2) used with the larger bioheat equation model (equation (1)) is also physically
incomplete since it ignores evaporative cooling of surface moisture and radiative losses from black body
radiation from the skin, which are likewise relatively small effects. This ‘baseline’ model was developed to reduce
the tissue heating problem to its simplest essentials, by setting convective cooling of the skin surface to zero as
well. Such highly simplified models can be useful by examining where they fail.

In the simplest 1D case, the model consists of an insulated half-space of material with thermal and electrical
properties characteristic of skin (homogeneous tissue), exposed to normally incident plane wave energy. In this
1D ‘baseline’ model, the initial temperature is chosen as 0 and the temperature is fixed at 0 as z — oco. In 1D, the
Laplacian V?*is replaced simply by d*/dz>. For a plane wave of intensity I(f) incident on a planar surface, the
absorbed power density (SAR) at zis

SAR = I‘)—?e—zﬂ, 4)
p.

where L is the power penetration depth (one half of the field penetration depth) in tissue and T, is the power
transmission coefficient into tissue. Equation (3) has two intrinsic time scales:

n=-1, (50)
Wy P
2
= P kf’f, (5b)

The first of these (7;) characterizes the rate of removal of heat from tissues beneath the region where most of
the energy is absorbed to the central core of the body by blood perfusion, and is /2500 s for typically reported
values of skin blood flow (Hasgall et al 2015). The second (7,, <2 s at mm-wave frequencies) represents the rate
of thermal diffusion from the exposed layer of tissue into deeper tissues. The increase in surface temperature
T"qur is determined by the interplay between the rate of heat generation in the layer near the surface where most
of the RF radiation is absorbed, the rate of diffusion of heat out of the region of high SAR (a relatively fast process
due to the small thickness of this layer), and the rate of removal of heat to the body core by blood perfusion (a
much slower process). In a more anatomically realistic model, convective heat transfer occurs in microvascular
in the dermis and deeper tissues. Heat rapidly diffuses from the thin layer where most RF energy at mm-wave
frequencies is absorbed, but if energy is pushed into it sufficiently rapidly (i.e. if the incident power density is
high), significant temperatures increases can develop. Short (<1 s) pulses of mm-waves at high fluence induce
large transient increases in surface temperature (Foster et al 2018b) and large temperature gradients near the
surface.

The simple 1D ‘baseline’ model yields analytical solutions for simple cases, but in general these are unwieldy.
Assuming an insulated surface (adiabatic boundary conditions) simplifies the mathematics greatly.

Foster et al (2018b) have developed approximate solutions for the increase in surface temperature that apply
at mm-wave frequencies. An extensive discussion of these approximations and the conditions under which they
apply s in the appendix to Foster et al (2020). They are applied to the simplified 1D planar model.

Surface heating approximation (L — 0). The increase in surface temperature T*,,, can be written:

Ts*ur — IOT‘J E er(( i ), (6)
k V P V )

where erfis the Gauss error function. Taking the limit t — oo and substituting equations (5a), (5b) yields the
steady-state temperature increase at the surface
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For 7, < 7 thisis very close to the steady state increase in surface temperature provided by the full analytical
solution to equation (3) for the adiabatic plane. In this approximation, the increase in surface temperature in the
steady state scales as (w,) '/ However, this model behaves poorly for calculating early transient temperature
increases from intense pulses (in mathematical terms, its impulse response diverges). Physically, thisis a
consequence of pushing a finite amount of energy into an infinitesimally thin tissue layer. However this
approximation works quite well for exposure times more than a few seconds for mm-waves (Foster et al 2020).

Conduction only model (w;, = 0), which applies at short times after exposure has begun where heat
conduction in the skin layer is the dominant mode of heat transfer:

T* (1) = M[2 L & (herfe(JT/m) — 1)] mUTt,(z It _ 5) t> 1) )
k Ty wpck k

IoTtrt
v

ast/m — 0.
kLpc /™

The full analytical solution to the model asymptotically approaches equation (8) as t — 0. Numerical
simulations (Foster etal 2017, figure A1) show that equation (8) is closely approximates the full solution for the
firsthundred seconds or so of the step response for mm-waves. A comparison of the step response of the surface
temperature of the model with w, = 0 (i.e. the heat conduction equation) with that of the full bioheat equation at
94 GHzis shown in figure A1 of Foster et al (2020), showing close agreement for times below about 300 s. At

94 GHz, the power penetration depth is <0.2 mm and the step response for short times chiefly reflects heat
conduction out of the thin layer with high SAR.

Because it neglects effects of blood perfusion, which becomes the main mode of heat transfer as time
progresses, equation (8) does not have a finite steady-state solution in the 1D model using a semi-infinite plane
of tissue. However, any realistic finite-sized model would impose boundary conditions that would resultin a
finite steady-state temperature increase.

Equation (8) suggests that for exposure times much shorter than the thermal time constant 7, in (50) the
increase is particularly sensitive to the product pck (the thermal inertia of the tissue) (equation (8)) while for
longer times (several seconds or more at mm-wave frequencies) the surface temperature increases as the square
root of time. Close to the steady-state, the temperature increase at the surface scales as (wy)~V? (equation (7)).
These results apply to the simplified 1D ‘baseline’ model but give an approximate picture of the behavior of more
detailed models as well. For highlylocalized exposures a 2D or 3D model would be needed. Major differences
compared to the 1D model include shorter times to approach the steady state, and a larger contribution of heat
conduction to convection from blood perfusion in heat transfer.

3. Physical quantities for local exposure below and above 6 GHz

3.1. Guidelines and standard

In the guidelines/standard, first, a physical quantity related to exposure to RF energy (including averaging
region) is derived to correlate with the temperature rise, and then the corresponding limit/restriction is derived.
At frequencies below 3—10 GHz, the SAR averaged over 10 g of tissue is an approximate surrogate of local
temperature rise (Hirata et al 2006, Razmadze et al 2009, McIntosh and Anderson 2010b) (see also the review by
Foster et al 2018a). The revised IEEE and ICNIRP limits introduced a more useful surrogate for local
temperature rise for use at frequencies >6 GHz, the absorbed/epithelial power density (i.e. the power density
absorbed in tissue from an incident RF wave, in terms of watts of power per unit area of skin). This power density
is to be averaged over a specific area (averaging area) (ICNIRP 2020, IEEE-C95.1 2019).

To derive an appropriate averaging area, we note that the side length of the cube corresponding to 10 g tissue
(the averaging volume below 6 GHz) is 2.2 cm, corresponding to a square with area 4.8 cm” (assuming that the
density of the tissue is 1000 kg m . To interface smoothly with the limits below 6 GHz, this suggests a choice of
averaging area of about that size. IEEE C95.1-2019 specifies that ‘the choice of 4 cm® (for ERL between 6 GHz and
300 GHz) and 1 cm? (for high-power pulsed RF exposures) for the spatial peak averaging area was influenced by
several factors. First, there is general agreement with other guidelines and standards including ICNIRP and ANSI
Z136.1-2014. Second, the smaller averaging area (1 cm®) provides an additional level of conservatism for brief, high-
power pulses...”. The ICNIRP guidelines specify as follows: ... ICNIRP uses a square averaging area of 4 cm” for
>6 to 300 GHz as a practical protection specification. Moreover, from >30 to 300 GHz (where focal beam exposure
can occur), an additional spatial average of 1 cm® is used to ensure that the operational adverse health effect thresholds
are not exceeded over smaller regions. .. for alimit relaxed by a factor of 2.
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3.1.1. Review of studies on averaging area of absorbed power density

This section reviews studies on the relationship between the power-density averaging area and the peak increase
in tissue temperature for exposures above 6 GHz, including the rationale of averaging area. Foster et al (2017)
suggested a distance where the temperature increase is removed by blood flow is 7 mm, approximately
corresponding to a circle with a diameter of 14 mm. This distance is derived for a homogeneous skin model
whose thermal parameters are in Hasgall et al (2015). This area is smaller than the 10 cm® (frequency
independent) used in previous international guidelines and standards ICNIRP 1998). The averaging area of
approximately 4 cm” was suggested from FDTD computations (Hashimoto et al 2017). For beam exposure
smaller than 4 cm?, those investigators proposed a compensation scheme to estimate the skin temperature,
based on Foster et al (2017). He et al (2018), using FDTD analysis for realistic antennas for the 5th generation
wireless communications, proposed a similar averaging area.

Neufeld eral (2018) derived an averaging area to limit the temperature rise to 1 °C for a spatially nonuniform
incident power density whose averaged intensity was 10 W m 2. Those authors defined the averaging area as
functions of frequency and distance from the transmitter to the body. Unlike other studies, Neufeld et al (2018)
considered near-field exposures.

In sum, the latest versions of both IEEE and ICNIRP limits specify that the absorbed power density must be
averaged over tissue areas of 4 cm” above 6 GHz. At mm-wave frequencies, where beams smaller than 4 cm” in
area may be feasible, a smaller averaging area might be better correlated with the spatial-peak temperature rise.
However, extreme exposure situations such as considered by Neufeld ef al (2018) may require different choices
of averaging area. Those are most likely to occur when a small antenna operating at mm-wave frequencies is in
close proximity (a few mm to nearly in contact with) the skin.

4. Steady-state temperature rise in skin above 6 GHz

4.1. Review of computational dosimetry

Studies reporting on computational studies and specific metrics for (quasi-)steady-state temperature rise (e.g.
incident power density) were included. In total, 14 studies were reviewed. As presented in equation (7), the
temperature increases at the surface scales as (wy,) /2 There may be a different dependence on wy, for highly
localized exposures The criteria for paper selection can be found in the appendix (to be listed; currently only for
search strategy).

Gustrau and Bahr (2002) measured the dielectric properties of eye and skin tissues between 75 and 100 GHz
and conducted electromagnetic and thermal simulations in for skin and a detailed model of the human eye
subject to exposure to plane waves at 77 GHz. Thermal measurements i# vivo in skin (in the forearms of two
volunteers) and in vitro in excised porcine eyes, respectively, showed steady-state temperature increases of 0.7 °C
from exposure at an incident power density of 100 Wm ™%, which were consistent with simulation results ‘in view
of the natural variability of the measurement data... and reduced complexity of the model’ (Gustrau and
Bahr 2002).

Kanezaki et al (2009) derived an approximate expression for thermal steady state temperature rise in the skin
layer of a three-layer (skin, fat, and muscle) one-dimensional model exposed to a plane wave at frequencies from
30 to 300 GHz. A Debye-type approximation was introduced to model the dielectric properties of the tissues
between 30 and 300 GHz. The authors concluded that the effects of variations in dielectric properties on skin
heating were smaller than from variations in the assumed thermal parameters and thickness of the tissue layers.
Skin heating correlated with the power density absorbed in the skin rather than the SAR at the skin surface or the
incident power density on the skin.

The same group derived the temperature rise in the thermal steady state in the skin layer of a one-
dimensional one-layer (skin) and three-layer (skin, fat, and muscle) model for plane wave exposure at
frequencies 30-300 GHz (Kanezaki et al 2010). The peak temperature was 1.1 °C at 30 GHzand 1.9 °C at
300 GHz with an incident power density of 50 W m ™2, The surface temperature rises in the three-layer model
were 1.3-2.8 times greater than those in the one-layer model due to the thermal resistance of the fat layer. The
heat transfer coefficient & (see equation (2)) was the most dominant parameter in the change of the surface
temperature rise in the three-layer model.

Morimoto et al (2016) computed the SAR and steady state temperature rise in the head and brain from 1 to
30 GHz. As the frequency increases, the computed temperature rise in the head increase, and in the brain
decrease, due to absorption of energy progressively closer to the body surface. Morimoto et al (2016) noted that
SAR averaging algorithms excluding the pinna must be used when correlating the peak temperature elevation in
the head excluding the pinna.

Sasaki et al (2017) measured the dielectric properties of tissue and computed the steady-state temperature
rise in a one-dimensional four-layer model (epidermis, dermis, subcutaneous tissue, and muscle) exposed to
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Table 4. Computational studies on temperature rise: steady-state exposures.

Study design frequency,
References exposure Major findings/comments
Gustrau and Bahr (2002) Analyticmodel for SARin  The results of the thermal measurements and simulations provide
skin, 3-100 GHz; FDTD consistent results for the assessment of thermal effects. Used
calculation of SAR in skin literature values for skin blood perfusion, experimental temperature
and eye at 77 GHz in vitro increase in rough agreement with model
(eye) and in vivo (forearm
of 2 subjects)
Kanezaki et al (2009) Analytical /numerical model The incident power density of 50 W m ™ causes temperature increase of
and (2010) (SAR in skin and skin lay- 0.6 °C-0.9 °C. The fat causes higher computed steady-state
ers and temperature temperature increases due to the adiabatic nature
increase in skin and eye
using BHTE),
30-300 GHz
Morimoto et al (2016) FDTD simulation, The computed steady-state temperature rises in the head (skin) increase
1-30 GHz, dipoleantenna  with the increase of the frequency. The SAR averaged over 10 g of tissue
depend on the averaging schemes
Laakso etal (2017b) FDTD calculationin anato- ~ Variability of peak computed steady-state temperature rise in the skin

Leduc and Zhadobov (2017)

Sasaki et al (2017)

Funahashi et al (2018b) and
(2018¢)

Koderaetal (2018a)

Ziskin et al (2018)

Lietal (2019)

Nakae et al (2020)

Christetal (2020)

mical human head mod-
els, 1-12 GHz,
independently determined
tissue blood perfusion

60 GHz phantom in vitro and
1D model of surface
heating

Simulation study, skin heat-
ing (steady state) 10 GHz—
1 THz, Detailed Monte
Carlo model

FDTD simulation,
0.3-300 GHz, dipole,
patch antennas

FDTD simulation 300 MHz—
10 GHz, head and brain
heating, includes vasodila-
tion in model

Simulation study at
6-100 GHz, skin heating.
BHTE incorporating
blood flow rate-dependent
thermal conductivity

Human skin exposure to
obliquely incident electro-
magnetic waves at fre-
quencies from 6 GHz to
1 THz. Monte Carlo
analysis

FDTD simulation at 28 GHz.
Cubic model, 4 and 8 ele-
ment dipole arrays.

Simulation study, skin heat-
ing (steady state) 6 GHz—
100 GHz

due to individual and regional variations in the blood flow was less than
+15%

50 W m ™2 causes computed steady-state temperature increase of
0.6 °C-0.9 °C. Comparison to analytical solutions of heat conduction
equation

For variation of human tissue composition, the computed steady-state
temperature rise at the skin surface for different tissue thickness is generally
0.02 °C or less for an incident power density of 1 W m ™2 at a frequency
below 300 GHz

The absorbed power density is a good metric of computed steady-state
temperature rise in the skin from 30 to 300 GHz, and provides aless accurate
but still conservative estimate down to 10 GHz, whereas the SAR is a good
metric below 3 GHz. The heating factor for plane wave exposure is
0.15°CW ' kgbelow 3 GHzand 0.018 °CW ' m? above 10 GHz

The effect of vasodilation is significant, especially at higher frequencies where
the highest increase in tissue temperature occurs in the skin. Its effects
become notableatan SAR >10 W kg™*

The computed steady-state temperature increase at the skin surface is
determined by the thermal resistance of subcutaneous tissues, blood flow
in the dermal and muscle layers, and thickness of subcutaneous fat

The absorbed power density provides an excellent estimate of computed
steady-state skin temperature elevation through the millimeter-wave band
(30-300 GHz) and a reasonable and conservative estimate down to
10 GHz, whereas the SAR is a good metric below 3 GHz

The enhancement of the ratio of the computed steady-state temperature
increase to incident power density was observed around the Brewster’s angle

When the stratum corneum and related layers serve as matching layer that
increases the power absorption and the resulting computed temperature
increases in the tissue

plane wave RF energy at 10 GHz—1 THz. Using a Monte-Carlo simulation, they studied the variations of
temperature rise due to variations in thickness of the tissue layers obtained from statistical data from the human
body. The computed steady state temperature rise over the skin surface was generally <0.02 °C for an incident
power density of 1 W m™*at frequency below 300 GHz. From the models, the investigators determined the
maximum incident power density versus frequency that would result in steady-state temperature rises within

specified limits.




10P Publishing

Phys. Med. Biol. 66 (2021) 08TR01 A Hirata et al

Ziskin et al (2018) developed a simplified model for skin that incorporates anatomic detail, using a series of
planar structures representing the skin and subcutaneous fat. The model shows that the thermal resistance of
subcutaneous fat contributes significantly to the steady-state increase in computed skin temperature.

Funahashi et al (2018a) studied both analytically and computationally the effectiveness of the absorbed
power density at the skin as a metric to estimate the steady-state rise in skin temperature at frequencies above
6 GHz. They concluded that the absorbed power density provided an excellent estimate of skin temperature rise
through the millimeter-wave band (30-300 GHz) and provided a less accurate but conservative estimate down
to 10 GHz, whereas the SAR is a good metric below 3 GHz. They reported that the heating factor for plane wave
exposureis 0. 15 °C W' kgbelow 3 GHzand 0.018 °CW ™' m* above 10 GHz. Funahashi et al (2018c¢)
confirmed the effectiveness of the absorbed power density for use in estimating the skin temperature rise even
for a realistic antenna but noted that for small beam diameters an averaging area smaller than 4 cm? is needed
above 30 GHz.

Lietal (2019) analyzed the temperature rise in the thermal steady state in skin exposed to plane waves with
oblique incidence at frequencies from 6 GHz to 1 THz, using the four-layer plane model described in Sasaki et al
(2017). The investigators studied the variations in computed temperature rise and total power transmittance
into the skin as functions of angle of incidence and wave polarization. For transverse electric wave exposure, the
largest electromagnetic enhancement appears in vertical incidence, whereas the different tendency is observed
for incident waves with transverse magnetic polarization because of the Brewster effect. The computed
temperature rise produced by waves with oblique incidence never exceeded that of normally incident waves of
the same power density. They mentioned that the evaluation surface for oblique incidence scenarios needs to be
standardized.

Nakae et al (2020) computed the temperature rise in the thermal steady state for dipole arrays at 28 GHz. The
investigators reported an increased ratio of the temperature increase to incident power density for incidence
angles of radiation agrees with Li er al (2019), but for only the angle range close to the Brewster’s angle appear
disagreement. For the dipole antenna arrays, is the distances between the antenna and body that were large (e.g.
45 mm) for large incident angle, which is not realistic for compliance assessment of transmitters operated near
the body. This study presented for a given output power, the highest absorption, consistent with Li et al (2019), is
when the beams impact the tissue with normal incidence.

Christ et al (2020) computed the steady-state temperature rise in multilayer skin models including the
stratum corneum and the viable epidermis, over a frequency range from 6 to 100 GHz. Under ‘worst case’
assumptions, i.e. that the thickness and dielectric properties of the tissue layers adjusted to maximize
transmission into the skin and adiabatic boundary conditions at the air-surface boundary, the authors reported
that the calculated steady-state temperature rise at the surface is 0.4°C for an incident power density of
10 W m 2. For other exposure scenarios, the same incident power density produced calculated temperature
increases of 0.1 °C—0.2 °C (for a thin stratum corneum) and 0.1 °C—0.3 °C for a thick stratum corneum (table 4).

4.2. Power density and temperature rise

Figure 3 summarizes the required power densities from 1 to 300 GHz reported in several studies to increase
skin/cornea temperature in the steady state by 0.5 °C; virtually all of these studies found that exposure levels
exceeding occupational limits of IEEE and ICNIRP would be required. Only one study (Neufeld et al 2018)
reported that incident power densities below international limits could cause a 0.5 °C increase in the steady state.
That result was from a worst-case scenario, in which the thickness and dielectric properties of cutaneous and
subcutaneous tissue layers had been chosen to maximize the fraction of absorbed power, and is unlikely to
represent a realistic exposure situation.

Equation (6) predicts that an incident wave of 100 W m ™2 will produce steady-state temperature increases
ranging from 0.74 °C (10 GHz) to 1.58 °C (300 GHz) in a uniform 1D baseline model. More complex models
produce similar results. For a multilayer model for the forearm and abdomen, (Sasaki et al 2017) calculated
temperature increases (scaled to an incident power density of 100 W m™ %) of 0.74 °C and 1.76 °C, respectively,
for the forearm at 10 and 300 GHz, and 0.84 °C and 1.90 °C for the abdomen.

All of the results discussed above are from computational studies. Only one study in table 5 reported
experimental measurements of temperature increases in human subjects from exposures to RF energy at
frequencies above 6 GHz. Alekseev et al (2005) measured the rise in skin temperature exposed to RF energy at
42.25 GHz, from a rectangular waveguide antenna. In that study, the antenna produced a circularly symmetric
Gaussian exposure pattern on the skin. A peak incident power density was 2080 W m ™~ on finger and forearm of
human subjects. The IPD averaged over 4 cm” estimated from the IPD distribution on the skin surface was
347.6 W m™ 2. The value plotted in figure 3 was estimated as 69.5 W m 2 in finger and 37.8 W m™ * in forearm,
respectively, assuming the Gaussian field distribution. Based on the theory in Foster et al (2016), Hashimoto et al
(2017) suggested an equivalent power density for a smaller beam in terms of the root of the ratio of the exposure
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Figure 3. Incident power density needed to increase the skin/cornea temperature by 0.5 °C in the steady state, as computed by thermal
modeling programs.

area to 4 cm®. The corresponding incident power density over 4 cm® would be 795.6 W m ™ * with a factor of
0.44. The plots in figure 3 would be lowered by a factor of 0.44 from the original value; 159 W m ™2 in finger and
86 W m™*in forearm, respectively, which are in good agreement with other computational analysis.

Other studies have been reported by Japanese groups funded by Ministry of Internal Affairs and
Communications, Japan. Kodera et al (2017) conducted FDTD analysis for rat brain exposed to RF radiation at 6
and 10 GHz from antennas near the body surface. The experimentally measured and computed temperature
rises were in good agreement, considering the effects of vasodilatation (Masuda et al 2011, Rakesh et al 2013)
predicted by a thermoregulatory model. Straightforward comparison of these results with other studies is not
feasible, because the rats’ brain is 2 g which is much smaller than 10 g, which is used in the averaging mass of
SAR. Further investigation is needed on how to extrapolate the findings of small animals to humans.

Kojima et al (2018) exposed the eyes of rabbits to millimeter waves at 40, 75, and 95 GHz (extended in 2020
to 162 GHz) and documented damage to the eyes (as well as eyelids) depending on exposure (Kojima et al 2020).
Those authors measured increases in corneal temperature during the exposure; the initial temperature was
34.5 °C and then reached 37.6 °C at 6 min for exposure with 500 W m ™2 at 75 GHz. So far, no detailed thermal
modeling of this exposure situation has been reported.

5. Temperature rise after brief exposures

5.1.Review of computational dosimetry

Studies that have investigated the effects of brief pulses or sequences of brief pulses incident on skin have are
reviewed in this section. For exposure times much shorter than the thermal time constant 7, in (5b), the surface
temperature increases almost linearly with time in accordance with equation (8) while for longer times (several
seconds or more at mm-wave frequencies) the surface temperature increases as the square root of time. Nine
papers were included in the review.

Foster et al (1998) proposed an equation for an upper-limit increase in skin temperature assuming a one-
dimensional model that applies in extreme heating situations, e.g. if all of the exposure during the averaging time
occurs in one brief pulse, and estimated thresholds for perception or pain for plane-wave irradiation as a
function of frequency (1-300 GHz) and exposure duration. They also discussed how the microwave and laser
standards differ in their formulation, particularly with respect to thermal averaging time. (This early study has
largely been supplanted by more recent and more detailed studies by Foster et al cited elsewhere in this review.)

Nelson et al (2000) calculated the temperature rise in a spherical four-layer model of the body produced by
exposure to intense RF pulses (100 GHz) of duration 3 s (10-30 kW m ™) and 30 s (1-3 kW m ™). In both cases,
the applied energy densities (pulse fluences) were 30-90 kJ cm . The calculated increase in skin temperature
was 22 °C—24 °C froma 3 s pulse and 7 °C—12 °C from a 30 s pulse, in each case with a fluence 0of 90 kJ m 2.
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Study Study design Major findings
Foster et al (1998) Analytical modeling study based on simplified BHTE Experimental agreement with estimated threshold for
perception or pain for plane-wave irradiation as a
function of frequency and exposure duration. One-
dimensional model provides conservative estimation
for extreme heating situation (exposure to brief high
fluence pulses)
Nelsonetal (2000) ~ Modeling study only (layered spherical model for head The peak surface temperature is affected by environ-
of monkey) 100 GHz, up to 30 kW m 2for3 sor mental conditions (convection coefficient, sweat rate).
3 kW m ™2 for 30 s. Studied effects on: (1) surface con- Subsurface temperature increases are considerably
vection coefficient; (2) surface evaporation rate (i.e. lower than increases in surface temperatures
sweating); (3) blood-flow rate to the scalp/surface
tissue
Alekseevetal (2005)  Experimental study, forearm and middle finger skin Local heating of the skin was greatly reduced by elevated

Morimoto et al
(2017)

Laakso etal (2017a)

Foster et al (2018b)

Koderaetal (2018b)

Neufeld and
Kuster (2018)

exposed from open ended waveguide at 42.25 GHz.
Two-dimensional computational modeling based on
BHTE with effective thermal conductivity

Modeling (FDTD) 1-30 GHz, layered plane and head
models, effects of beam diameter, up to 2000 s

Modeling (FDTD), 6-100 GHz, pulses <10 s. Human
face model. Considered maximum-fluence pulses
consistent with earlier IEEE and ICNIRP limits

Analytical modeling study based on simplified BHTE

Modeling (FDTD) 0.1-6 GHz, layered plane and human
head models, exposure from 0.01 s to 6 min and pulse
train at frequencies 0.1-6 GHz

Analytical approach applied to peak temperature
increase in the skin for plane-wave and localized
exposures (<600 min)

blood perfusion occurring in the forearm and in the
finger. The relationship between blood flow and the
effective thermal conductivity was linear

Calculated temperature elevation at the skin surface for
short pulse exposure (<10 s, beam of 20 mm) is at
least twice higher (15-30 GHz) compared to that pro-
duced by continuous exposure. Shorter thermal time
constant with higher radiation frequency (16 and
5 minat 1 and 30 GHz)

Areas of enhanced absorption near edges of eye and nose,
due to complexity of the surface (<10 s). Effect of
pulsed exposure duration diminishes as the frequency
decreases

The impulse response to millimeter wave radiation
(30-300 GHz) showed a sharp peak temperature rise
due to short term accumulation of heat near the
surface

Maximum temperature rise (brief intense exposure with
atotal fluence corresponding to the maximum allow-
able SAR averaged over a 6-min averaging time) excee-
ded the steady-state temperature above 400 MHz
(continuous exposure with the same time-aver-
aged SAR)

Estimation of a maximum averaging time of 240 s for
mm-waves based on surface heating theory to limit the
maximum local temperature increase to 1 °C for pul-
ses of duty cycle >0.1

Morimoto et al (2017) computed the thermal time constant, defined in that study as the time for the peak
temperature increase to fall by a factor of 1/e (approximately 7 in (54)), in anatomically detailed image-based
models of the human body for exposure frequencies up to 30 GHz. They showed that the thermal time constant
declines with increase in frequency to reach 16 min at 1 GHz and 5 min at 30 GHz, respectively. These changes
result from different power penetration depths. Deep tissues (e.g. brain) have a slower thermal response than
superficial tissues due to the fact that most of the RF energy is deposited outside of the skull in the scalp and the
deposited heat has to be conducted through the skull into brain tissue, which increases the thermal response
time of the brain to 10-30 min.

Laakso et al (2017a) computed the temperature rise in the human face produced by plane wave pulses shorter
than 10 s at frequencies from 6 to 100 GHz. The time constants that characterize the rate of temperature rise
depended on the three-dimensional distribution of energy absorption, with more localized absorption near the
body surface resulting in a more rapid initial increase in temperature and shorter thermal response times. Laakso
etal (2017a) showed that the peak temperature rise was below 1.5 °C for a pulses of < 0.1 s duration and fluence

oflTkkm~2.

Foster et al (2018b) compared the temperature rise produced by a single RF pulse or pulse train with a pulse
duration of 0.57 ms to 1000 s at frequencies 1-300 GHz from predictions of the 1D baseline models and more
detailed calculations based on an anatomical human head model. The RF radiation consisted of both plane
waves incident on the head, and radiation from a dipole antenna close to the head. The impulse response to
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Figure 4. Instantaneous temperature rises in a 1D model for skin, comparing analytical results for the model, the surface heating
approximation, and a detailed numerical solution using the 3D FDTD method. This figure shows the large errors introduced for short
pulses (<1 s) using the surface heating approximation.

millimeter wave radiation (30-300 GHz) showed a sharp peak temperature rise due to short term accumulation
of heat near the surface.

Kodera et al (2018b) investigated the transient temperature rise from exposure to pulses of 0.01 s—6 min,
considering individual pulses and pulse trains, at frequencies 0.1-6 GHz. The maximum transient temperature
rise produced by a maximally intense pulse (with the maximum fluence permitted by the exposure limit times
the 6 min averaging time) exceeded the steady state temperature rise produced by continuous exposure with the
same time-averaged SAR, at frequencies above 400 MHz. These authors subsequently extended their studies to
the frequency range from 6 to 300 GHz in Kodera and Hirata (2019). Similar results have been reported by Foster
etal (2019,2020).

Neufeld and Kuster (2018) carried out a worst-case thermal analysis of thermal response of tissue using the
surface heating approximation for pulse-train exposures. They suggested a maximum averaging time of 240 s for
mm-waves to limit the maximum local temperature increase to 1 °C for pulses of duty cycle >0.1. The validity of
the surface heating approximation for simulations of transient heating by brief intense pulses has been discussed
Foster (2019) and Neufeld and Kuster (2019) (see section 4.2).

Foster et al (2020) calculated transient temperature increases in the backs of human subjects exposed to
high-fluence 3 s RF pulses at 94 GHz. The measured temperature increases in 10 subjects (7 males, 3 females) on
their backs to 3 s 94 GHz pulses with incident power densities ranging from 9 to 17.5 kW m ™ were in reasonable
agreement with predictions based on the 1D baseline model described above equation (3) using values for
thermal and electrical parameters taken from the literature without further adjustment. The authors suggested
thata consistent residual error of about 20% between the data and predictions of the 1D model were within the
range of uncertainty in the literature values for the model parameters. Similar modeling of the transient
temperature rise in the corneas of rabbits exposed to similar RF pulses (Foster et al 2003) was less successful due
to the high variability in the temperature rises in the cornea, which is attributable to the presence of standing
waves caused by scattering of RF energy from the eyelid. The overall conclusion from these studies is that the
thermal response of tissue to mm-waves over short time periods (seconds to tens of seconds) is chiefly
determined by thermal conduction, a relatively simple process, and that effects of blood perfusion (which are
much more difficult to model with accuracy) only become significant for longer times.

5.2. Comparison of computation and analytic solution

Figure 4 compares the transient temperature rise in skin for RF pulses with constant fluence of 36 k] m ™~ for
different pulse widths. The analytical solution of the 1D baseline model agree well numerical solution (FDTD
method) for the model. However, the surface heating approximation overestimates the transient temperature
increase for short pulses of duration <1 s) due to the singularity in its transient response as discussed above. (The
surface heating approximation is much more accurate for pulse widths >1 s and particularly for the steady-state
temperature increase.) For short pulses the errors introduced by the surface heating approximation can be very
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Figure 5. Calculated versus measured transient temperature increase in rhesus cornea (blue, red dots) and skin of human subjects
(black circles, squares) from brief (2—4 s) pulses of 94 GHz radiation. Each point represents a single measurement. Calculations for the
1D model used literature values for dielectric and thermal parameters for skin and cornea without further adjustement.

large, e.g. 182 times for 10 ys, 18 times for 1 ms. Thus, while the surface heating approximation results in simple
analytic results for the increase in surface temperature at mm-wave frequencies, its limitations for short pulses
should be considered as commented in Foster (2019).

5.3. Comparison of computation and measurement

Perhaps the most extensive measurements of the temperature increase from pulsed mm-waves were done under
support of the US Department of Defense beginning in the late 1990s as part of a program to develop an (as yet
unused) nonlethal weapons system, called the Active Denial system (Zohuri 2019). The weapon beams brief
(about 3 s duration) pulses of high intensity mm-waves (94 GHz) at targets with the aim of eliciting cutaneous
thermal pain without causing thermal burns.

Figure 5 shows the measured temperature increase in rhesus cornea (Chalfin et al 2002, Parker et al 2020)
and skin from human subjects (Walters et al 2000, Parker et al 2016) exposed to 2—4 s pulses of 94 GHz RF energy
versus calculated results from the 1D model. The calculations were done using the 1D baseline model with no
adjustable parameters: the thermal parameters for dry skin and cornea were taken from the I'T’IS dataset
(Hasgall et al 2015) and the electrical parameters were calculated from dielectric data in Gabriel et al (1996).
Under the exposure conditions (short pulses) of these experiments, the conduction-only approximation
(equation (7)) closely agrees with the full solution to the bioheat equation.

Three of the sets of results (Walters et al 2000, Chalfin et al 2002) in figure 5 agree well with the predictions of
the simple 1D model (equation (3)), while the other (Parker et al 2016) diverges from the model. A larger scatter
in the earlier set of data from the rhesus cornea results (Chalfin et al 2002) because that study recorded
temperature increases across the whole cornea, which were strongly affected by standing wave effects, while the
more recent study (Parker et al 2020) analyzed temperatures only from in the central 1/3 of the cornea to avoid
interference effects (Foster et al 2020). The outlying data points for skin (Parker et al 2016) have no apparent
explanation and dosimetry errors cannot be excluded.

6. Discussion

From the review presented above, the following comments address remaining uncertainties in the modeling that
should be addressed by future studies.

6.1. Parameter uncertainty

6.1.1. Uncertainties in dielectric properties

The dielectric properties of tissue determine the absorption of RF energy as well as reflection of energy from a
tissue surface. There are, however, a number of important sources of uncertainty in these parameters.
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Variabilities in tissue composition (in particular tissue inhomogeneity and water content) contributes the
variability in the tissue dielectric properties. In particular, the variabilities in tissue water content tends to be
large in the tissues with low water content, and that to fat contributes by a factor of 3 of the tissue dielectric
properties (Gabriel and Peyman 2006, Sasaki et al 2017, Pollacco et al 2018). In addition, the variation of tissue
dielectric constant with temperature in the range 6-100 GHz is marked, because of the strong effects of
temperature on dielectric dispersion of water (the main constituent of tissue) in this range (Andryieuski et al
2015). Most thermal modeling studies use parameter values for the dielectric properties of tissues taken from a
few sources, which contributes to the consistency of results across studies but not necessarily to generalizability
of results. These data were typically measured in excised animal tissues that may not accurately reflect the
dielectric properties of human tissue in vivo. Moreover, most studies used a constant set of dielectric properties
for skin. However skin is a heterogeneous tissue, and the water content of stratum corneum differs considerably
from that of epidermis, and the relative thickness of the stratum corneum is highly variable across the body (Gao
etal 2018). Consequently, the use of alumped parameter to represent dielectric properties of ‘skin’ will
introduce considerable uncertainty. The variation of tissue dielectric properties by animal species and
physiological condition needs further clarification.

6.1.2. Uncertainties in material thermal properties

The material thermal properties of tissues (thermal conductivity, heat capacity, thermal diffusivity) used in
modeling studies are mainly based on a few sources (Bowman et al 1975, Duck 1990, Mcintosh and

Anderson 2010a, Hasgall et al 2015). These properties were mostly measured in excised animal tissues. The
transient thermal response of skin can vary by 50% or more depending on the values for the individual
parameters that are chosen in the literature, which show considerable variability (Hasgall et al 2015). Lipkin and
Hardy (1954) reported that the thermal inertia of skin increased by more than a factor of 4 with vasodilation.
Those investigators obtained values for ‘thermal inertia’ by fitting heating curves for skin exposed to infrared
radiation over short (20 s) time periods to an equation equivalent to the present equation (8). Whether this
reflects a change in the bulk thermal properties of skin, perhaps related to eccrine glands filling up with sweat, or
some other factor is unclear:

6.1.3. Physiological variability

Reflecting its thermoregulatory function, skin is well supplied with blood vessels, and skin blood flow can vary
by more than an order of magnitude depending on thermoregulatory status of an individual (ILO 2012). Under
ordinary room conditions, skin blood flow in humans varies by factors of 2—4 or more depending on the part of
the body and the measurement technique (Hertzman and Randall 1948). Skin blood flow in the head under
resting conditions may vary by a factor of 3 and also depends on the direction relative to the skin surface because
of the geometry and orientation of the capillary bed (Laakso ef al 2017b). Since the steady state temperature
scales as w[l/ 2 this could lead to uncertainties of a factor of two or more in calculated temperature rises in skin,
particularly in the steady state. Increasing skin temperature will cause other changes as well, such as filling
eccrine sweat glands with sweat, that will affect its electrical and bulk thermal properties (Mayrovitz 2020).

6.1.4. Anatomical variability

Variability in tissue segmentation is another comparatively unexplored source of variability in thermal modeling
studies. Sasaki et al (2017) reported that variations in thickness of subcutaneous tissue layers among different
individuals contributed more to variability in calculated steady-state temperature increases than measurement
uncertainties of dielectric properties. Subcutaneous fat acts as a layer of thermal insulation and greatly affects the
steady state increase in skin temperature (Ziskin et al 2018), and its thickness varies greatly among individuals
and in different parts of the body. Individual features of the face or other body parts affect the distribution of the
absorbed RF energy due to reflection and interference effects (Laakso et al 2017b). Their effects on inter-
individual variability of temperature increases have not yet been studied.

6.2. Validity of BHTE

The BHTE (equation (1)) is one of several theoretical models that have been proposed for heat transfer in
vascularized tissues, all of which are approximations (Baish 2000, Hristov 2019). The BHTE was initially
formulated under the assumption that heat exchange occurs in the capillary bed. In fact, most heat exchange in
tissue occurs in larger vessels of diameter ranging from 80 m to 1 mm (Baish 2000). Smaller vessels, e.g.
capillaries, are thermally equilibrated with surrounding tissue and do not transport heat through tissue, while
larger vessels are too few in number to transport a significant amount of heat in tissue (but they do create
temperature gradients in their vicinity and set up different heat transfer processes such as counter current heat
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flow). While such vessels can be included explicitly in a thermal model for RF dosimetry (e.g. Kotte et al 1996 and
Flyckt et al (2007), that would greatly complicate the problem and may require more data than is available.

While this does not invalidate the use of the BHTE, it points to the need for caution in its interpretation. In
the BHTE, the ‘temperature’ has to be interpreted as an average over a control volume that encompasses many
thermally significant vessels, and which is not close to larger blood vessels. The blood flow parameter in the
BHTE is conceptually different from tissue perfusion that is measured by laser Doppler flowmetry, for example
(which measures velocity of red blood cells as opposed to volumetric flow). As Baish (2000) pointed out, ‘As long
aswy, (the blood perfusion parameter) and T, (arterial temperature, identified as T, in equation (1)) are taken as
adjustable, curve-fitting parameters rather than literally as the perfusion rate and arterial blood temperature, the
model may be used fruitfully, provided that the results are interpreted accordingly.” For an example of a successful
use of curve-fitting the blood perfusion parameter for hyperthermia treatment planning, see (Verhaart et al
2014, DeFord et al 1990). By contrast, nearly all of the thermal modeling studies discussed above were based on
blood perfusion and other parameters taken from the literature, which will provide a representative value of the
temperature increase in an actual subject but the results are hardly exact.

In spite of these caveats, limited comparisons with data show that the BHTE does an excellent job of
predicting transient temperature increases, and a reasonable job of predicting long-term (steady state)
temperature increases in RF-exposed tissues over a wide range of exposures (Kanezaki et al 2010, Foster et al
2018a). No studies, however, have been reported in which a representative group of human subjects were
exposed to RF energy in the presently considered frequency range with measurements of the resulting increase in
skin temperature; the few available studies (e.g. Alekseev et al 2005) employed very few subjects and a limited
range of exposure parameters. Nearly all thermal modeling studies have employed standard literature values for
thermal parameters, few have experimentally validated the model results, and only a few studies have used
subject- specific values of blood flow (Laakso et al 2017b). Uncertainties could be partly assessed through the use
of a sensitivity or, more elaborately, a Monte Carlo analysis to calculate a distribution of temperatures over
different combinations of parameters (e.g. Sasaki et al 2017, Li et al 2019) but ultimately more data are needed.

6.3. Thermoregulation

Except one study (Kodera et al 2018a), thermoregulation was not considered in the computational evaluation of
the local temperature rise. Skin blood flow is controlled by both core body and local skin temperature. Raising
skin temperature from 32 °C to 40 °C at an ambient temperature of 22 °C results in a >10-fold increase in skin
blood flow (Song et al 1989, Charkoudian 2003). (However, local cutaneous microvascular responsiveness is
impaired in patients with type 2 diabetes mellitus, making them more susceptible to heat stress

Charkoudian 2003.) A thermal model that does not take into account the increase in skin blood flow with skin
temperature will overpredict temperature increases in skin, increasing safety margin. Conversely, cool ambient
temperatures will lead to lower skin temperatures and reduce skin blood flow (Milan (1961)) and will cause a
model to under-predict the RE-induced rise in skin temperature, although such errors are probably of secondary
importance when designing RF safety limits. However, the effects of thermoregulatory responses on RF-induced
increases in skin temperature have not yet been well studied and remain to be clarified.

6.4. Whole-body exposures
The IEEE C95.1 standard and ICNIRP guideline have extended the frequency range of exposure reference level
(IEEE) and reference level and basic restrictions ICNIRP up to 300 GHz, versus 100 GHz in previous versions of
the guidelines. Limits on whole-body exposure are designed to take into account the total heatload on the
human body from exposure at these frequencies. Only two studies considered here have reported changes in
core body temperature from whole body exposures, and only up to 6 GHz (Hirata et al 2013, Moore et al 2017).
As in comments in section 5.3, most of the computational studies reported here assume an ambient (or
environmental) temperature of around 22 °C-28 °C (room temperature). In a modeling study, Moore et al
(2017) investigated the effects of exposure to RF energy in environments with elevated temperatures and high
relative humidity, considering situations where heavy protective clothing must be worn. One scenario assumed
exposure to RF energy at 6 GHz in an environment with ambient temperature of 38 °C and relative humidity of
60% (nearly an intolerable environment, with a ‘heat index’ value on the threshold of ‘extreme danger’). In this
environment, whole body exposure at 252.5 W m ™2 (whole body average SAR of 0.4 W kg ') increased local
temperature by only 0.3 °C in the eyes and the testes, with smaller and physiologically insignificant rises in skin,
bone marrow, brain and core. These exposure levels are considerably higher than IEEE and ICNIRP
occupational exposure limits (50 W m ™ ?). Clearly more work needs to be done in this area, although at this
stage, it would appear that the effects of added RF will be minor in comparison to the effects of altered ambient
conditions.
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7.Summary

This paper reviewed the dosimetric/analytic studies for human exposure to radio frequencies above 6 GHz
where new wireless communication systems were deployed. Systematic review has been conducted for the
studies on steady-state temperature for sinusoidal wave exposures and transient temperature rise for short pulse
or pulse-train exposures. Though alimited number of studies have been reported on experimental studies, fair
agreement between analytical, computational, and experimental temperatures was observed. The research
necessity, especially for experimental studies, has been outlined for quantifying the uncertainty of
computational results as well as improving the rationale of the limits in the international guidelines/standards.

Appendix

A search strategy was developed to retrieved using Web of Science database covering the period from 1990 to
2020. All the retrieved papers are screened to assess soundness based on the title and abstract by two reviewers.
Then, the full contents of the papers that passed the initial screening are revised and classified as ‘relevant’ or
‘excluded’ by one reviewer. Additional papers were screened in Google Scholar engine and included if they were
of high relevance.

The papers were excluded on the basis that they were no computational dosimetry studies, review/
commentary papers without any new results, or not relevant for dosimetries at frequencies above 6 GHz. In
sections 4.1 and 5.1, search strategies developed were summarized in tables A1 and A2, respectively. If the
reviewers found technical weakness and limitation, points were mentioned.

Table Al. Search strategy (skin and eye above 6 GHz). The term ‘relevant’ indicates the number of studies identified from the database that
were not excluded.

Search data TS = (Temperature$)
ANDTS = (‘Heating’ OR ‘Thermal Model™ OR Bioheat OR ‘Bio-heat’ OR ‘Power density’)
ANDTS = (‘Millimet” Wave$ OR mmW$ OR ‘Millimet™ Band$‘ OR ‘5 G’ OR ‘5th generation”)
ANDTS = (eye$ OR skin OR Phantom$)

Identified from 56 Excluded (not relevant) 46 Relevant 10 Identified from other 4
database sources
Included in analysis 14

Table A2. Search strategy (brief exposure). The term ‘relevant’ indicates the number of studies identified from the database that were not
excluded.

Search data TS = (temperature$)
AND TS = (‘Heat”” OR ‘Thermal Model”” OR Bioheat OR ‘bio-heat’)
ANDTS = (Microwaves$ OR Millimet” OR mmW$ OR Radiofrequency OR ‘Radio-frequency’)
ANDTS = (Eye$ OR Skin OR Tissue$)
AND TS = (Brief OR ‘Short-Duration’ OR Train OR ‘s Exposure$’” OR ‘Time Constant$” OR ‘Few minutes’ OR
‘Few seconds’ OR ‘heating kinetics’)
Identified from 43 Excluded (notrelevant) 37 Relevant 6 Identified from other 3
database sources
Included in analysis 9

17



10P Publishing

Phys. Med. Biol. 66 (2021) 08TR01 A Hirata et al

ORCIDiDs

Akimasa Hirata ® https://orcid.org/0000-0001-8336-1140
Sachiko Kodera ® https://orcid.org/0000-0001-6595-0742
Jose Gomez-Tames @ https://orcid.org/0000-0003-1917-8979
Ilkka Laakso ® https://orcid.org/0000-0002-8162-1356

References

Alekseev S, Radzievsky A, Szabo I and Ziskin M 2005 Local heating of human skin by millimeter waves: effect of blood flow
Bioelectromagnetics 26 489-501

Anderson V, Croft Rand McIntosh RL 2010 SAR versus Sinc: what is the appropriate RF exposure metric in the range 1-10 GHz?: I. Using
planar body models Bioelectromagnetics 31 45466

Andryieuski A, Kuznetsova S M, Zhukovsky S V, Kivshar Y Sand Lavrinenko A V 2015 Water: promising opportunities for tunable all-
dielectric electromagnetic metamaterials Sci. Rep. 5 13535

Baish J W 2000 Microvascular heat transfer The Biomedical Engineering Handbook vol 2 (Berlin: Springer) ch 98 pp 98-11

Bowman HF, Cravalho E G and Woods M 1975 Theory, measurement, and application of thermal properties of biomaterials Annu. Rev.
Biophys. Bioeng. 4 43—-80

Chalfin S, D’AndreaJ A, Comeau P D, Belt M E and Hatcher D ] 2002 Millimeter wave absorption in the nonhuman primate eye at 35 GHz
and 94 GHz Health Phys. 83 83-90

Charkoudian N 2003 Skin blood flow in adult human thermoregulation: how it works, when it does not, and why Mayo Clinic Proc.
(Amsterdam: Elsevier) pp 603—12

Christ A, Samaras T, Neufeld E and Kuster N 2020 RF-induced temperature increase in a stratified model of the skin for plane-wave
exposure at 6-100 GHz Radiat. Prot. Dosim. 188 350-60

Colombi D, Thors B and Tornevik C 2015 Implications of EMF exposure limits on output power levels for 5G devices above 6 GHz IEEE
Antennas Wireless Propag. Lett. 14 1247-9

DeFord], Babbs CF, Patel U, Fearnot N, Marchosky ] and Moran C 1990 Accuracy and precision of computer-simulated tissue
temperatures in individual human intracranial tumours treated with interstitial hyperthermia Int. J. Hyperth. 6 755-69

Diller KR, Valvano ] W and Pearce ] A 2000 Bioheat transfer CRC Handbook of Thermal Engineering4 114-215

Duck F A 1990 Physical Properties of Tissues: a Comprehensive Reference Book (New York: Academic)

Flyckt V, Raaymakers B, Kroeze H and Lagendijk ] 2007 Calculation of SAR and temperature rise in a high-resolution vascularized model of
the human eye and orbit when exposed to a dipole antenna at 900, 1500 and 1800 MHz Phys. Med. Biol. 52 2691-701

Foster KR 2019 Comments on Neufeld and Kuster,‘systematic derivation of safety limits for time-varying 5G radiofrequency exposure
based on analytical models and thermal dose’ Health Phys. 117 67-9

Foster KR, D’Andrea] A, Chalfin S and Hatcher D J 2003 Thermal modeling of millimeter wave damage to the primate cornea at 35 GHzand
94 GHz Health Phys. 84 764-9

Foster KR, Lozano-Nieto A, Riu P Jand Ely T S 1998 Heating of tissues by microwaves: a model analysis Bioelectromagnet 19 420-8

Foster KR, Ziskin M C and Balzano Q 2016 Thermal response of human skin to microwave energy: a critical review Health Phys. 111 528-41

Foster KR, Ziskin M C and Balzano Q 2017 Thermal modeling for the next generation of radiofrequency exposure limits: commentary
Health Phys. 113 41-53

Foster KR, Ziskin M C, Balzano Q and Bit-Babik G 2018a Modeling tissue heating from exposure to radiofrequency energy and relevance of
tissue heating to exposure limits: heating factor Health Phys. 115 295-307

Foster KR, Ziskin M C, Balzano Q and Hirata A 2018b Thermal analysis of averaging times in radio-frequency exposure limits above 1 GHz
IEEE Access 6 74536—46

Foster KR, Ziskin M C, Balzano Q and Hirata A 2020 Transient thermal responses of skin to pulsed millimeter waves IEEE Access 8
130239-51

Funahashi D, Hirata A, Kodera S and Foster K R 2018a Area-averaged transmitted power density at skin surface as metric to estimate surface
temperature elevation IEEE Access 6 77665—74

Funahashi D, Hirata A, Sachiko K and Foster K R 2018b Area-averaged transmitted power density at skin surface as metric to estimate
surface temperature elevation IEEE Access 6 77665-74

Funahashi D, Ito T, Hirata A, Iyama T and Onishi T 2018c Averaging area of incident power density for human exposure from patch antenna
arrays IEICE Trans. Electron. 101 644—6

Gabriel Cand Peyman A 2006 Dielectric measurement: error analysis and assessment of uncertainty Phys. Med. Biol. 51 6033

Gabriel S, Lau RW and Gabriel C 1996 The dielectric properties of biological tissues: III. Parametric models for the dielectric spectrum of
tissues Phys. Med. Biol. 41 2271-93

GaoY, Ghasr M T, Nacy M and Zoughi R 2018 Towards accurate and wideband in vivo measurement of skin dielectric properties IEEE
Trans. Instrum. Meas. 68 512—-24

Gustrau F and Bahr A 2002 W-band investigation of material parameters, SAR distribution, and thermal response in human tissue IEEE
Trans. Microwave Theory Tech. 50 2393-400

Hasgall P, Di Gennaro F, Baumgartner C, Neufeld E, Gosselin M, Payne D, Klingenbock A and Kuster N 2015 IT’IS Database for thermal and
electromagnetic parameters of biological tissue

Hashimoto Y, Hirata A, Morimoto R, Aonuma S, Laakso I, Jokela K and Foster KR 2017 On the averaging area for incident power density for
human exposure limits at frequencies over 6 GHz Phys. Med. Biol. 62 3124-38

He W, Xu B, Gustafsson M, Ying Z and He S 2018 RF compliance study of temperature elevation in human head model around 28 GHz for
5G user equipment application: simulation analysis IEEE Access 6 830—8

Hertzman A B and Randall W C 1948 Regional differences in the basal and maximal rates of blood flow in the skin J. Appl. Physiol. 1 234—41

Hirata A, Fujimoto M, Asano T, WangJ, Fujiwara O and Shiozawa T 2006 Correlation between maximum temperature increase and peak
SAR with different average schemes and masses IEEE Trans. Electromagn. Compat. 48 56977

Hirata A, Funahashi D and Kodera S 2019 Setting exposure guidelines and product safety standards for radio-frequency exposure at
frequencies above 6 GHz: brief review Ann. Telecommun. 74 17-24

18


https://orcid.org/0000-0001-8336-1140
https://orcid.org/0000-0001-8336-1140
https://orcid.org/0000-0001-8336-1140
https://orcid.org/0000-0001-8336-1140
https://orcid.org/0000-0001-6595-0742
https://orcid.org/0000-0001-6595-0742
https://orcid.org/0000-0001-6595-0742
https://orcid.org/0000-0001-6595-0742
https://orcid.org/0000-0003-1917-8979
https://orcid.org/0000-0003-1917-8979
https://orcid.org/0000-0003-1917-8979
https://orcid.org/0000-0003-1917-8979
https://orcid.org/0000-0002-8162-1356
https://orcid.org/0000-0002-8162-1356
https://orcid.org/0000-0002-8162-1356
https://orcid.org/0000-0002-8162-1356
https://doi.org/10.1002/bem.20118
https://doi.org/10.1002/bem.20118
https://doi.org/10.1002/bem.20118
https://doi.org/10.1002/bem.20578
https://doi.org/10.1002/bem.20578
https://doi.org/10.1002/bem.20578
https://doi.org/10.1038/srep13535
https://doi.org/10.1146/annurev.bb.04.060175.000355
https://doi.org/10.1146/annurev.bb.04.060175.000355
https://doi.org/10.1146/annurev.bb.04.060175.000355
https://doi.org/10.1097/00004032-200207000-00009
https://doi.org/10.1097/00004032-200207000-00009
https://doi.org/10.1097/00004032-200207000-00009
https://doi.org/10.4065/78.5.603
https://doi.org/10.4065/78.5.603
https://doi.org/10.4065/78.5.603
https://doi.org/10.1093/rpd/ncz293
https://doi.org/10.1093/rpd/ncz293
https://doi.org/10.1093/rpd/ncz293
https://doi.org/10.1109/LAWP.2015.2400331
https://doi.org/10.1109/LAWP.2015.2400331
https://doi.org/10.1109/LAWP.2015.2400331
https://doi.org/10.3109/02656739009140823
https://doi.org/10.3109/02656739009140823
https://doi.org/10.3109/02656739009140823
https://doi.org/10.1201/9781420050424.ch4.4
https://doi.org/10.1201/9781420050424.ch4.4
https://doi.org/10.1201/9781420050424.ch4.4
https://doi.org/10.1088/0031-9155/52/10/004
https://doi.org/10.1088/0031-9155/52/10/004
https://doi.org/10.1088/0031-9155/52/10/004
https://doi.org/10.1097/HP.0000000000001090
https://doi.org/10.1097/HP.0000000000001090
https://doi.org/10.1097/HP.0000000000001090
https://doi.org/10.1097/00004032-200306000-00009
https://doi.org/10.1097/00004032-200306000-00009
https://doi.org/10.1097/00004032-200306000-00009
https://doi.org/10.1002/(SICI)1521-186X(1998)19:7<420::AID-BEM3>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-186X(1998)19:7<420::AID-BEM3>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-186X(1998)19:7<420::AID-BEM3>3.0.CO;2-3
https://doi.org/10.1097/HP.0000000000000571
https://doi.org/10.1097/HP.0000000000000571
https://doi.org/10.1097/HP.0000000000000571
https://doi.org/10.1097/HP.0000000000000671
https://doi.org/10.1097/HP.0000000000000671
https://doi.org/10.1097/HP.0000000000000671
https://doi.org/10.1097/HP.0000000000000854
https://doi.org/10.1097/HP.0000000000000854
https://doi.org/10.1097/HP.0000000000000854
https://doi.org/10.1109/ACCESS.2018.2883175
https://doi.org/10.1109/ACCESS.2018.2883175
https://doi.org/10.1109/ACCESS.2018.2883175
https://doi.org/10.1109/ACCESS.2020.3008322
https://doi.org/10.1109/ACCESS.2020.3008322
https://doi.org/10.1109/ACCESS.2020.3008322
https://doi.org/10.1109/ACCESS.2020.3008322
https://doi.org/10.1109/ACCESS.2018.2883733
https://doi.org/10.1109/ACCESS.2018.2883733
https://doi.org/10.1109/ACCESS.2018.2883733
https://doi.org/10.1109/ACCESS.2018.2883733
https://doi.org/10.1109/ACCESS.2018.2883733
https://doi.org/10.1109/ACCESS.2018.2883733
https://doi.org/10.1587/transele.E101.C.644
https://doi.org/10.1587/transele.E101.C.644
https://doi.org/10.1587/transele.E101.C.644
https://doi.org/10.1088/0031-9155/51/23/006
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.1109/TIM.2018.2849519
https://doi.org/10.1109/TIM.2018.2849519
https://doi.org/10.1109/TIM.2018.2849519
https://doi.org/10.1109/TMTT.2002.803445
https://doi.org/10.1109/TMTT.2002.803445
https://doi.org/10.1109/TMTT.2002.803445
https://doi.org/10.1088/1361-6560/aa5f21
https://doi.org/10.1088/1361-6560/aa5f21
https://doi.org/10.1088/1361-6560/aa5f21
https://doi.org/10.1109/ACCESS.2017.2776145
https://doi.org/10.1109/ACCESS.2017.2776145
https://doi.org/10.1109/ACCESS.2017.2776145
https://doi.org/10.1152/jappl.1948.1.3.234
https://doi.org/10.1152/jappl.1948.1.3.234
https://doi.org/10.1152/jappl.1948.1.3.234
https://doi.org/10.1109/TEMC.2006.877784
https://doi.org/10.1109/TEMC.2006.877784
https://doi.org/10.1109/TEMC.2006.877784
https://doi.org/10.1007/s12243-018-0683-y
https://doi.org/10.1007/s12243-018-0683-y
https://doi.org/10.1007/s12243-018-0683-y

10P Publishing

Phys. Med. Biol. 66 (2021) 08TR01 A Hirata et al

Hirata A, Laakso I, Oizumi T, Hanatani R, Chan K H and Wiart ] 2013 The relationship between specific absorption rate and temperature
elevation in anatomically based human body models for plane wave exposure from 30 MHz to 6 GHz Phys. Med. Biol. 58 90321

Hristov ] 2019 Bio-heat models revisited: concepts, derivations, nondimensalization and fractionalization approaches Front. Phys. 7 189

ICNIRP 1998 Guidelines for limiting exposure to time-varying electric, magnetic, and electromagnetic fields (up to 300 GHz) Health Phys.
74494-521

ICNIRP 2020 Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz) Health Phys. 118 483-524

ICRP 1975 Report of the Task Group on Reference Man vol 23 (Oxford: Pergamon)

IEEE-C95.1 2005 IEEE Standard for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz
(NY, USA: IEEE)

IEEE-C95.1 2019 IEEE Standard for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 0 Hz to 300 GHz
(NY, USA: IEEE)

ILO 2012 Encyclopedia of Occupational Health and Safety (ILO) https:/ /www.ilo.org/global /topics/safety-and-health-at-work /resources-
library/publications/WCMS_113329 /lang—en/index.htm online edition 2012

Kanezaki A, Hirata A, Watanabe S and Shirai H 2009 Effects of dielectric permittivities on skin heating due to millimeter wave exposure
Biomed. Eng. Online 8 20

Kanezaki A, Hirata A, Watanabe S and Shirai H 2010 Parameter variation effects on temperature elevation in a steady-state, one-dimensional
thermal model for millimeter wave exposure of one-and three-layer human tissue Phys. Med. Biol. 55 464759

Kodera S, Gomez-Tames ] and Hirata A 2018a Temperature elevation in the human brain and skin with thermoregulation during exposure
to RF energy Biomed. Eng. Online 17 1-17

Kodera S, Gomez-Tames J, Hirata A, Masuda H, Arima T and Watanabe S 2017 Multiphysics and thermal response models to improve
accuracy of local temperature estimation in rat cortex under microwave exposure Int. . Environ. Res. Public Health 14 358

Kodera S and Hirata A 2019 Permissible SA and radiant exposure for brief exposure in GHz region Int. Symp. Electromagn. Compat.
(Piscataway, NJ: IEEE) pp 1020—4

Kodera S, Hirata A, Funahashi D, Watanabe S, Jokela K and Croft R ] 2018b Temperature rise for brief radio-frequency exposure below 6
GHz IEEE Access 6 6573746

Kojima M, Suzuki Y, Sasaki K, Taki M, Wake K, Watanabe S, Mizuno M, Tasaki T and Sasaki H 2018 Ocular effects of exposure to 40, 75, and
95 GHz millimeter waves J. Infrared Millim. Terahertz Waves 39 912-25

Kojima M, Suzuki Y, Tasaki T, Tatematsu Y, Mizuno M, Fukunari M and Sasaki H 2020 Clinical course of high-frequency millimeter-wave
(162 GHz) induced ocular injuries and investigation of damage thresholds J. Infrared Millim. Terahertz Waves 41 834—45

Kotte A, van Leeuwen G, de Bree J, van der Koijk J, Crezee H and Lagendijk ] 1996 A description of discrete vessel segments in thermal
modelling of tissues Phys. Med. Biol. 41 86584

Laakso I, Morimoto R, Heinonen J, Jokela K and Hirata A 2017a Human exposure to pulsed fields in the frequency range from 6 to 100 GHz
Phys. Med. Biol. 62 698092

Laakso I, Morimoto R, Hirata A and Onishi T 2017b Computational dosimetry of the human head exposed to near-field microwaves using
measured blood flow IEEE Trans. Electromagn. Compat. 59 739-46

Leduc C and Zhadobov M 2017 Thermal model of electromagnetic skin-equivalent phantom at millimeter waves IEEE Trans. Microwave
Theory Tech. 65 103645

LiK, Sasaki K and Watanabe S 2019 Relationship between power density and surface temperature elevation for human skin exposure to
electromagnetic waves with oblique incidence angle from 6 GHz to 1 THz Phys. Med. Blol. 64 065016

Lipkin M and Hardy ] D 1954 Measurement of Some Thermal Properties of Human Tissues J. Appl. Physiol. 7 212—7

Masuda H, Hirata A, Kawai H, Wake K, Watanabe S, Arima T, De Gannes F P, Lagroye I and Veyret B 2011 Local exposure of the rat cortex to
radiofrequency electromagnetic fields increases local cerebral blood flow along with temperature J. Appl. Physiol. 110 1428

Mayrovitz HN 2020 Effects of local forearm skin heating on skin properties Clin. Physiol. Funct. Imaging 40 36976

Mcintosh R Land Anderson V 2010a A comprehensive tissue properties database provided for the thermal assessment of a human at rest
Biophys. Rev. Lett. 5 129-51

MclIntosh R L and Anderson V 2010b SAR versus Sinc: what is the appropriate RF exposure metric in the range 1-10 GHz?: II. Using
complex human body models Bioelectromagnetics 31 467—78

Milan F A 1961 Thermal Stress in the Antarctic (Wainwright, AK: Arctic Aeromedical Lab Fort)

Moore SM, McIntosh RL, Iskra S, Lajevardipour A and Wood A W 2017 Effect of adverse environmental conditions and protective clothing
on temperature rise in a human body exposed to radiofrequency electromagnetic fields Bioelectromagnetics 38 35663

Morimoto R, Hirata A, Laakso I, Ziskin M C and Foster KR 2017 Time constants for temperature elevation in human models exposed to
dipole antennas and beams in the frequency range from 1 to 30 GHz Phys. Med. Biol. 62 1676-99

Morimoto R, Laakso I, De Santis V and Hirata A 2016 Relationship between peak spatial-averaged specific absorption rate and peak
temperature elevation in human head in frequency range of 1-30 GHz Phys. Med. Biol. 61 540625

Nakae T, Funahashi D, Higashiyama J, Onishi T and Hirata A 2020 Skin temperature elevation for incident power densities from dipole
Arrays at 28 GHz IEEE Access 8 2686371

Nelson D, Nelson M, Walters T and Mason P 2000 Skin heating effects of millimeter-wave irradiation-thermal modeling results IEEE Trans.
Microwave Theory Tech. 48 2111-20

Neufeld E, Carrasco E, Murbach M, Balzano Q, Christ A and Kuster N 2018 Theoretical and numerical assessment of maximally allowable
power-density averaging area for conservative electromagnetic exposure assessment above 6 GHz Bioelectromagnetics 39 617-30

Neufeld E and Kuster N 2018 Systematic derivation of safety limits for time-varying 5G radiofrequency exposure based on analytical models
and thermal dose Health Phys. 115 705-11

Neufeld E and Kuster N 2019 Response to professor Foster’s comments Health Phys. 117 70—1

Parker J E, Beason C W, Sturgeon S P, Voorhees W B, Johnson S S, Nelson K S, Johnson L R and Whitmore ] N 2020 Revisiting 35 and 94
GHZ millimeter wave exposure to the non-human primate eye Health Phys. 119 206-15

Parker J E, Eggers ] Sand Tobin P E 2016 Thermal Injury in Human Subjects Due to 94-GHz Radio Frequency Radiation Exposures (San
Antonio TX: General Dynamics Information Technology Inc Joint Base)

Pennes H H 1948 Analysis of tissue and arterial blood temperatures in the resting human forearm J. Appl. Physiol. 193122

Pollacco D A, Farina L, Wismayer P S, Farrugia L and Sammut C V 2018 Characterization of the dielectric properties of biological tissues and
their correlation to tissue hydration IEEE Trans. Dielectr. Electr. Insul. 2521917

Rakesh V, Stallings ] D, Helwig B G, Leon L R, Jackson D A and Reifman J 2013 A 3D mathematical model to identify organ-specific risks in
rats during thermal stress J. Appl. Physiol. 115 182237

19


https://doi.org/10.1088/0031-9155/58/4/903
https://doi.org/10.1088/0031-9155/58/4/903
https://doi.org/10.1088/0031-9155/58/4/903
https://doi.org/10.3389/fphy.2019.00189
https://doi.org/10.1097/HP.0000000000001210
https://doi.org/10.1097/HP.0000000000001210
https://doi.org/10.1097/HP.0000000000001210
https://www.ilo.org/global/topics/safety-and-health-at-work/resources-library/publications/WCMS_113329/lang--en/index.htm 
https://www.ilo.org/global/topics/safety-and-health-at-work/resources-library/publications/WCMS_113329/lang--en/index.htm 
https://doi.org/10.1186/1475-925X-8-20
https://doi.org/10.1088/0031-9155/55/16/003
https://doi.org/10.1088/0031-9155/55/16/003
https://doi.org/10.1088/0031-9155/55/16/003
https://doi.org/10.1186/s12938-017-0432-x
https://doi.org/10.1186/s12938-017-0432-x
https://doi.org/10.1186/s12938-017-0432-x
https://doi.org/10.3390/ijerph14040358
https://doi.org/10.1109/ACCESS.2018.2878149
https://doi.org/10.1109/ACCESS.2018.2878149
https://doi.org/10.1109/ACCESS.2018.2878149
https://doi.org/10.1007/s10762-018-0497-z
https://doi.org/10.1007/s10762-018-0497-z
https://doi.org/10.1007/s10762-018-0497-z
https://doi.org/10.1007/s10762-020-00714-1
https://doi.org/10.1007/s10762-020-00714-1
https://doi.org/10.1007/s10762-020-00714-1
https://doi.org/10.1088/0031-9155/41/5/004
https://doi.org/10.1088/0031-9155/41/5/004
https://doi.org/10.1088/0031-9155/41/5/004
https://doi.org/10.1088/1361-6560/aa81fe
https://doi.org/10.1088/1361-6560/aa81fe
https://doi.org/10.1088/1361-6560/aa81fe
https://doi.org/10.1109/TEMC.2016.2633326
https://doi.org/10.1109/TEMC.2016.2633326
https://doi.org/10.1109/TEMC.2016.2633326
https://doi.org/10.1109/TMTT.2016.2638816
https://doi.org/10.1109/TMTT.2016.2638816
https://doi.org/10.1109/TMTT.2016.2638816
https://doi.org/10.1088/1361-6560/ab057a
https://doi.org/10.1152/jappl.1954.7.2.212
https://doi.org/10.1152/jappl.1954.7.2.212
https://doi.org/10.1152/jappl.1954.7.2.212
https://doi.org/10.1152/japplphysiol.01035.2010
https://doi.org/10.1152/japplphysiol.01035.2010
https://doi.org/10.1152/japplphysiol.01035.2010
https://doi.org/10.1111/cpf.12653
https://doi.org/10.1111/cpf.12653
https://doi.org/10.1111/cpf.12653
https://doi.org/10.1142/S1793048010001184
https://doi.org/10.1142/S1793048010001184
https://doi.org/10.1142/S1793048010001184
https://doi.org/10.1002/bem.20574
https://doi.org/10.1002/bem.20574
https://doi.org/10.1002/bem.20574
https://doi.org/10.1002/bem.22048
https://doi.org/10.1002/bem.22048
https://doi.org/10.1002/bem.22048
https://doi.org/10.1088/1361-6560/aa5251
https://doi.org/10.1088/1361-6560/aa5251
https://doi.org/10.1088/1361-6560/aa5251
https://doi.org/10.1088/0031-9155/61/14/5406
https://doi.org/10.1088/0031-9155/61/14/5406
https://doi.org/10.1088/0031-9155/61/14/5406
https://doi.org/10.1109/ACCESS.2020.2970219
https://doi.org/10.1109/ACCESS.2020.2970219
https://doi.org/10.1109/ACCESS.2020.2970219
https://doi.org/10.1109/22.884202
https://doi.org/10.1109/22.884202
https://doi.org/10.1109/22.884202
https://doi.org/10.1002/bem.22147
https://doi.org/10.1002/bem.22147
https://doi.org/10.1002/bem.22147
https://doi.org/10.1097/HP.0000000000000930
https://doi.org/10.1097/HP.0000000000000930
https://doi.org/10.1097/HP.0000000000000930
https://doi.org/10.1097/HP.0000000000001091
https://doi.org/10.1097/HP.0000000000001091
https://doi.org/10.1097/HP.0000000000001091
https://doi.org/10.1097/HP.0000000000001216
https://doi.org/10.1097/HP.0000000000001216
https://doi.org/10.1097/HP.0000000000001216
https://doi.org/10.1152/jappl.1948.1.2.93
https://doi.org/10.1152/jappl.1948.1.2.93
https://doi.org/10.1152/jappl.1948.1.2.93
https://doi.org/10.1109/TDEI.2018.007346
https://doi.org/10.1109/TDEI.2018.007346
https://doi.org/10.1109/TDEI.2018.007346
https://doi.org/10.1152/japplphysiol.00589.2013
https://doi.org/10.1152/japplphysiol.00589.2013
https://doi.org/10.1152/japplphysiol.00589.2013

10P Publishing

Phys. Med. Biol. 66 (2021) 08TR01 A Hirata et al

Razmadze A, Shoshiashvili L, Kakulia D, Zaridze R, Bit-Babik G and Faraone A 2009 Influence of specific absorption rate averaging schemes
on correlation between mass-averaged specific absorption rate and temperature rise Electromagnetics 29 77-90

Sasaki K, Isimura Y, Fujii K, Wake K, Watanabe S, Kojima M, Suga R and Hashimoto O 2015 Dielectric property measurement of ocular
tissues up to 110 GHz using 1 mm coaxial sensor Phys. Med. Biol. 60 6273—88

Sasaki K, Mizuno M, Wake K and Watanabe S 2017 Monte Carlo simulations of skin exposure to electromagnetic field from 10 GHz to 1
THz Phys. Med. Biol. 62 6993-7010

Sasaki K, Wake K and Watanabe S 2014 Measurement of the dielectric properties of the epidermis and dermis at frequencies from 0.5 GHz to
110 GHz Phys. Med. Biol. 59 4739—47

Scott ] A 1988 The computation of temperature rises in the human eye induced by infrared radiation Phys. Med. Biol. 33 2437

Song CW, Chelstrom L M, Levitt S H and Haumschild D J 1989 Effects of temperature on blood circulation measured with the laser Doppler
method Int. J. Radiat. Oncol. Biol. Phys. 17 10417

Verhaart RF, Rijnen Z, Fortunati V, Verduijn G M, van Walsum T, Veenland J F and Paulides M M 2014 Temperature simulations in
hyperthermia treatment planning of the head and neck region Strahlentherapie Onkologie 190 1117-24

Walters T J, Blick D W, Johnson L R, Adair E R and Foster K R 2000 Heating and pain sensation produced in human skin by millimeter
waves: comparison to a simple thermal model Health Phys. 78 259-67

Ziskin M C, Alekseev S I, Foster K R and Balzano Q 2018 Tissue models for RF exposure evaluation at frequencies above 6 GHz
Bioelectromagnetics 39 173-89

Zohuri B 2019 Directed-Energy Beam Weapons (Berlin: Springer) pp 377-96

20


https://doi.org/10.1080/02726340802530088
https://doi.org/10.1080/02726340802530088
https://doi.org/10.1080/02726340802530088
https://doi.org/10.1088/0031-9155/60/16/6273
https://doi.org/10.1088/0031-9155/60/16/6273
https://doi.org/10.1088/0031-9155/60/16/6273
https://doi.org/10.1088/1361-6560/aa81fc
https://doi.org/10.1088/1361-6560/aa81fc
https://doi.org/10.1088/1361-6560/aa81fc
https://doi.org/10.1088/0031-9155/59/16/4739
https://doi.org/10.1088/0031-9155/59/16/4739
https://doi.org/10.1088/0031-9155/59/16/4739
https://doi.org/10.1088/0031-9155/33/2/004
https://doi.org/10.1088/0031-9155/33/2/004
https://doi.org/10.1088/0031-9155/33/2/004
https://doi.org/10.1016/0360-3016(89)90153-3
https://doi.org/10.1016/0360-3016(89)90153-3
https://doi.org/10.1016/0360-3016(89)90153-3
https://doi.org/10.1007/s00066-014-0709-y
https://doi.org/10.1007/s00066-014-0709-y
https://doi.org/10.1007/s00066-014-0709-y
https://doi.org/10.1097/00004032-200003000-00003
https://doi.org/10.1097/00004032-200003000-00003
https://doi.org/10.1097/00004032-200003000-00003
https://doi.org/10.1002/bem.22110
https://doi.org/10.1002/bem.22110
https://doi.org/10.1002/bem.22110
https://doi.org/10.1007/978-3-030-20794-6_7
https://doi.org/10.1007/978-3-030-20794-6_7
https://doi.org/10.1007/978-3-030-20794-6_7

