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Abstract
International guidelines/standards for humanprotection from electromagnetic fields have been
revised recently, especially for frequencies above 6 GHzwhere newwireless communication systems
have been deployed. Above this frequency a newphysical quantity ‘absorbed/epithelial power density’
has been adopted as a dosemetric. Then, the permissible level of external field strength/power density
is derived for practical assessment. In addition, a newphysical quantity, fluence or absorbed energy
density, is introduced for protection frombrief pulses (especially for shorter than 10 s). These limits
were explicitly designed to avoid excessive increases in tissue temperature, based on electromagnetic
and thermalmodeling studies but supported by experimental datawhere available. This paper reviews
the studies on the computationalmodeling/dosimetry which are related to the revision of the
guidelines/standards. The comparisonswith experimental data as well as an analytic solution are also
been presented. Future research needs and additional comments on the revisionwill also be
mentioned.

1. Introduction

In 2019, a newwireless communications systemnamed ‘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’ from24 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 fromuplink (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 IEEEC95.1-2005 (2005)7, 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 dosimetricmeasure 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 IEEEC95.1-2019 (2019) have adopted a common ‘transition
frequency’ of 6 GHz. Below this frequency, the SAR remained the basicmeasure of internal exposure. Above this
frequency a newmetric 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
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electromagnetic and thermalmodeling 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 electromagneticmodeling of exposure at
frequencies>6 GHz. It comments also on the strengths andweaknesses of thermalmodels to predict the rise in
temperature of RF-irradiated tissues.

2. Background

2.1. Characteristics of human interactionwith 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 tissuewith dielectric properties of dry skin (Hasgall et al 2015).

The dosimetry and thermalmodeling 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, themost relevant tissues for dosimetry are skin and cornea. Ziskin
et al (2018) reviewed the anatomy and electrical and thermal properties of skin that are relevant to assessments
exposed tomm-wave (figure 2). The stratum corneum (outer layer) has comparatively lowwater 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) andZiskin et al (2018).
Some of themostwidely used data are fromGabriel et al (1996), whomeasured the dielectric properties of 56
different human and animal tissues between 10 Hz and 20 GHz. The investigatorsfitted 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, theGabriel dataset has significant limitations. It was derived from a relatively
small number ofmeasurements on a limited number of tissue samples,many of them autopsy specimens or
excised animal tissues, and the datasetmay not accurately reflect the range of tissue properties in vivo. The
highestmeasurement frequencywas 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 (ε′ and ε″
respectively) and twoderived quantities (the power transmission coefficient into tissue (Ttr) and power
penetration depth (L) of (rabbit) cornea at 30 and 100 GHz from theGabriel dataset withmeasured data by
Sasaki et al (2015). The properties agree verywell. It is not clear, however, how large the normal background
variability in these properties will be. Skin is anatomically amultilayer structurewhose layers vary significantly in

Figure 1.Power transmission coefficient and power penetration depth into tissue estimatedwith the dielectric properties inGabriel
et al (1996). Power transmission coefficients are for planewaves 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 uniformhalf plane of tissuewith dielectric properties of dry skin.
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water content and thickness, and consequently the bulk dielectric propertiesmeasured across the full thickness
of skinwill vary considerably (Ziskin et al 2018).

Several studies have directlymeasured the dielectric properties of skin above 6 GHz (table 3).Most of these
studies have used coaxial probes or open-endedwaveguides placed against the skin or, at THz frequencies,
measuredwave reflection properties of the skin surface. Thesemethods 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 scatteringmodels. Sasaki and his group (Sasaki et al 2014, 2017) extendedmeasurements
up to 1 THz by using a combination of coaxial probe andwave reflection techniques. That group has also
reported dielectric properties of rabbit and porcine ocular tissues up to 110 GHz (Sasaki et al 2015).

Figure 2.Thickness andwater 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) andZiskin 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

ε′ 20.9 19.5

ε″ 20.5 20.3

L (mm) 0.39 0.38

Ttr 0.50 0.50

100 GHz

ε′ 8.0 13.1

ε″ 10.3 7.0

L (mm) 0.15 0.20

Ttr 0.63 0.63
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Gao et al (2018) reported an extensive set ofmeasurements of the dielectric properties of skin (26.5–40 GHz),
using an open-endedwaveguide 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 scatteringmodel. In addition, they provided an extensive analysis of
experimental uncertainties inmeasuring dielectric properties of skin in themm-wave range. The study found
that the permittivity of skin at 30 GHz varies bymore than a factor of 3 in different sites of the body, reflecting
variations in skin thickness; in addition, therewas considerable intersubject variability (table 3).

Despite these several studies, there remains limited data from skin and ocular tissues. The currently available
data are sufficient formany electromagneticmodeling studies, but the data remain insufficient atmm-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 frommm-wave exposure, RF-induced temperature increases in skin and cornea are of
principal interest, thoughwhole-body exposure will bementioned briefly in the discussion section. Several
studies have combined electromagnetic and thermalmodeling to estimate the increase in tissue temperature due
tomm-wave exposure. Nearly all thermalmodeling studies have used thefinite difference time domainmethod
for electromagneticmodeling, with solution of Pennes’ bioheat equation (BHTE) (Pennes 1948) for thermal

Table 2.Comparison of dielectric properties of skin, 35 °C–37 °C:
Gabriel et al (1996) (extrapolated) and Sasaki et al (2014) (measured).

Dry skin inGabriel et al

(1996)
Dermis in Sasaki et al

(2014)

30 GHz

ε′ 17.7 17.6

ε″ 16.5 15.4

L (mm) 0.43 0.47

Ttr 0.54 0.54

100 GHz

ε′ 7.2 6.6

ε″ 8.3 8.0

L (mm) 0.18 0.17

Ttr 0.7 0.68

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

References Animal/tissue (frequency range) Comments

Sasaki et al (2014) Porcine epidermis and dermis in vitro at frequencies

from0.5 to 110 GHz

Combination of dielectric probe (0.5−50 GHz) and free
field techniques (50−110 GHz)

Sasaki et al (2015) Porcine and rabbit ocular tissues in vitro at frequencies

from0.5 to 110 GHz

Dielectric probewas used.Dielectric properties of the cor-

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

Sasaki et al (2017) Porcine dermis, subcutaneous tissue fat,muscle in vitro

at frequency ranges of 100 GHz−1 THz, 1 GHz

−1 THz, and 1−100 GHz, respectively

Combination of dielectric probe (1 GHz−100 GHz) and
free field techniques (100 GHz−1 THz). Study also
included extensiveMonte Carlo dosimetricmodeling

Gao et al (2018) Human skin in vivo at frequencies from26.5 to 40 GHz Reflectionmeasurements using open-endedwaveguide

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

palm 6.4, 9.2 GHz

4

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



analysis. The BHTE equation can bewritten:
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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 andmay be different from those of blood;Tb 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 (cb) is the specific heat of the
tissue (blood) (J kg−1 K−1); ρ (ρb) is the density of the tissue (blood) (kg m

−3); k is the thermal conductivity of the
tissue (Wm−1 K−1);M is the rate ofmetabolic heat generation (Wm−3);ωb is the rate of blood perfusion per kg
of tissuemass (m3 s−1 kg−1); SAR is the SAR (Wkg−1); and t is time. The initial conditionT(r, t=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 fourmainmechanisms: convective cooling by air,
flowing past the body, evaporation of skinmoisture, thermal conduction to surroundingmaterials, and
radiation from the body surface back into space. Thefirst of these processes is the dominantmechanismunder
ordinary conditions. It can bemodeled through boundary condition at the skin-air interface:

( ) ( ( ) ) ( )-
¶

¶
= -

=
k
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n
h T t T
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r

,
, , 2air

r r
0

0

where n is the outward normal vector to the interface, r0 is the surface temperature,Tair 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 surfacemoisture 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
is lost back into the surrounding environment.

Equation (1) is readily solved numerically as an extension to FDTD electromagneticmodeling, and thermal
modeling programs are included in severalmajor electromagneticmodeling programs (e.g. SemcadX, Schmid
and Partner Engineering AG, Zurich, andXFdtd, Remcom, State College PA). A variety of high-resolution
image-basedmodels of the human body are also available.Most thermalmodeling 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 (aminute
or less), effects of the blood perfusion termon the computed temperature increase areminor 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 termon 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 et 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−1 kg
below 3 GHz and 0.018 °CW−1m2 at higher frequencies (Funahashi et al 2018b).

2.4. Baselinemodel
Foster and colleagues (Foster et al 2016, 2018a, 2018b, Ziskin et al 2018) have developed simplified ‘baseline’
one-dimensionalmodels formm-wave heating of tissuewhich provides insights into the thermal response. The
model is intended to provide a highly simplified ‘baseline’ approximation that can be compared tomore detailed
numerical simulations using anatomically realisticmodels and a fuller heat transfermodel. A simplified version
of equation (1)with assumption of ρb=ρ and cb=c can bewritten in form

( )wr r r
¶
¶

- + =
¶
¶

k
T

z
cT c

T

t
SAR , 3

2

2
2*

*
*

whereT* 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 increaseT* produced by the exposure. Scott (1988) has
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shown that the heat equation can bewritten in terms of the difference between pre- and post-exposure
temperatures (T*). The boundary condition at the skin-air surface can bewritten approximately as

( ) ( )-
¶
¶

¢
=

k
T

n
h T , 2

r r0

*
*

where h is the same for both equations (2) and (2′) (in the range of 1–10Wm−2 °C−1). For themoderate
increases in skin temperature presently considered (T*≈ 1 °C) at an incident power density of 100Wm−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 themodel is to let h=0. The
resulting simplifiedmodel agreeswith experimentallymeasured temperature increases frommm-wave exposure
towithin 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 approximationwill 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) usedwith the larger bioheat equationmodel (equation (1)) is also physically
incomplete since it ignores evaporative cooling of surfacemoisture and radiative losses fromblack 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 simplifiedmodels can be useful by examiningwhere they fail.

In the simplest 1D case, themodel consists of an insulated half-space ofmaterial with thermal and electrical
properties characteristic of skin (homogeneous tissue), exposed to normally incident planewave energy. In this
1D ‘baseline’model, the initial temperature is chosen as 0 and the temperature is fixed at 0 as z→∞. In 1D, the
Laplacian∇2 is replaced simply by d2/dz2. For a planewave of intensity Io(t) incident on a planar surface, the
absorbed power density (SAR) at z is

( )/

r
= -I T

L
eSAR , 4z L0 tr

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

( )t
w r
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, 5
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1

( )t
r

=
L c
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2

Thefirst of these (τ1) characterizes the rate of removal of heat from tissues beneath the regionwheremost of
the energy is absorbed to the central core of the body by blood perfusion, and is≈500 s for typically reported
values of skin bloodflow (Hasgall et al 2015). The second (τ2,<2 s atmm-wave frequencies) represents the rate
of thermal diffusion from the exposed layer of tissue into deeper tissues. The increase in surface temperature
T*sur is determined by the interplay between the rate of heat generation in the layer near the surfacewheremost
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 amore anatomically realisticmodel, convective heat transfer occurs inmicrovascular
in the dermis and deeper tissues.Heat rapidly diffuses from the thin layer wheremost RF energy atmm-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 ofmm-waves at highfluence 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 themathematics greatly.

Foster et al (2018b)have developed approximate solutions for the increase in surface temperature that apply
atmm-wave frequencies. An extensive discussion of these approximations and the conditions underwhich they
apply is in the appendix to Foster et al (2020). They are applied to the simplified 1Dplanarmodel.

Surface heating approximation (L→0). The increase in surface temperatureT*
sur can bewritten:

⎜ ⎟
⎛
⎝

⎞
⎠

( )t
t t

=*T
I T L

k

t
erf , 6o

sur
tr 1

2 2

where erf is theGauss error function. Taking the limit t→∞ and substituting equations (5a), (5b) yields the
steady-state temperature increase at the surface
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For τ2= τ1 this is 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 (ωb)

−1/2. However, thismodel behaves poorly for calculating early transient temperature
increases from intense pulses (inmathematical terms, its impulse response diverges). Physically, this is a
consequence of pushing afinite amount of energy into an infinitesimally thin tissue layer.However this
approximationworks quite well for exposure timesmore than a few seconds formm-waves (Foster et al 2020).

Conduction onlymodel (ωb=0), which applies at short times after exposure has begunwhere heat
conduction in the skin layer is the dominantmode of heat transfer:
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The full analytical solution to themodel asymptotically approaches equation (8) as t→0.Numerical
simulations (Foster et al 2017, figure A1) show that equation (8) is closely approximates the full solution for the
first hundred seconds or so of the step response formm-waves. A comparison of the step response of the surface
temperature of themodel withωb=0 (i.e. the heat conduction equation)with that of the full bioheat equation at
94 GHz is shown infigure 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 mmand 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 themainmode of heat transfer as time
progresses, equation (8) does not have a finite steady-state solution in the 1Dmodel using a semi-infinite plane
of tissue.However, any realisticfinite-sizedmodel would impose boundary conditions that would result in a
finite steady-state temperature increase.

Equation (8) suggests that for exposure timesmuch shorter than the thermal time constant τ2 in (5b) the
increase is particularly sensitive to the product ρck (the thermal inertia of the tissue) (equation (8))while for
longer times (several seconds ormore atmm-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 (ωb)

−1/2 (equation (7)).
These results apply to the simplified 1D ‘baseline’model but give an approximate picture of the behavior ofmore
detailedmodels as well. For highly localized exposures a 2Dor 3Dmodel would be needed.Major differences
compared to the 1Dmodel include shorter times to approach the steady state, and a larger contribution of heat
conduction to convection fromblood perfusion in heat transfer.

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

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 andAnderson 2010b) (see also the review by
Foster et al 2018a). The revised IEEE and ICNIRP limits introduced amore 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 RFwave, 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 squarewith area 4.8 cm2 (assuming that the
density of the tissue is 1000 kg m−3. To interface smoothly with the limits below 6 GHz, this suggests a choice of
averaging area of about that size. IEEEC95.1-2019 specifies that ‘the choice of 4 cm2 (for ERL between 6 GHz and
300 GHz) and 1 cm2 (for high-power pulsed RF exposures) for the spatial peak averaging areawas influenced by
several factors. First, there is general agreement with other guidelines and standards including ICNIRP andANSI
Z136.1-2014. Second, the smaller averaging area (1 cm2) provides an additional level of conservatism for brief, high-
power pulsesK’. The ICNIRP guidelines specify as follows: ‘K ICNIRP uses a square averaging area of 4 cm2 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 cm2 is used to ensure that the operational adverse health effect thresholds
are not exceeded over smaller regionsK’ for a limit 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 skinmodel
whose thermal parameters are inHasgall et al (2015). This area is smaller than the 10 cm2 (frequency
independent) used in previous international guidelines and standards (ICNIRP 1998). The averaging area of
approximately 4 cm2was suggested fromFDTDcomputations (Hashimoto et al 2017). For beam exposure
smaller than 4 cm2, those investigators proposed a compensation scheme to estimate the skin temperature,
based on Foster et al (2017). He et al (2018), using FDTDanalysis for realistic antennas for the 5th generation
wireless communications, proposed a similar averaging area.

Neufeld et al (2018) derived an averaging area to limit the temperature rise to 1 °C for a spatially nonuniform
incident power density whose averaged intensity was 10Wm−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 densitymust be
averaged over tissue areas of 4 cm2 above 6 GHz. Atmm-wave frequencies, where beams smaller than 4 cm2 in
areamay be feasible, a smaller averaging areamight be better correlatedwith the spatial-peak temperature rise.
However, extreme exposure situations such as considered byNeufeld et al (2018)may require different choices
of averaging area. Those aremost likely to occurwhen a small antenna operating atmm-wave frequencies is in
close proximity (a fewmm to nearly in contact with) the skin.

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

4.1. Review of computational dosimetry
Studies reporting on computational studies and specificmetrics 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 (ωb)

−1/2. Theremay be a different dependence onωb for highly
localized exposures The criteria for paper selection can be found in the appendix (to be listed; currently only for
search strategy).

Gustrau andBahr (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 detailedmodel of the human eye
subject to exposure to planewaves at 77 GHz. Thermalmeasurements in 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
fromexposure at an incident power density of 100Wm−2, whichwere consistent with simulation results ‘in view
of the natural variability of themeasurement dataK and reduced complexity of themodel’ (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, andmuscle) one-dimensionalmodel exposed to a planewave at frequencies from
30 to 300 GHz. ADebye-type approximationwas introduced tomodel the dielectric properties of the tissues
between 30 and 300 GHz. The authors concluded that the effects of variations in dielectric properties on skin
heatingwere smaller than from variations in the assumed thermal parameters and thickness of the tissue layers.
Skin heating correlatedwith 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, andmuscle)model for planewave exposure at
frequencies 30–300 GHz (Kanezaki et al 2010). The peak temperature was 1.1 °Cat 30 GHz and 1.9 °Cat
300 GHzwith an incident power density of 50Wm−2. The surface temperature rises in the three-layermodel
were 1.3–2.8 times greater than those in the one-layermodel due to the thermal resistance of the fat layer. The
heat transfer coefficient h (see equation (2))was themost dominant parameter in the change of the surface
temperature rise in the three-layermodel.

Morimoto et al (2016) computed the SAR and steady state temperature rise in the head and brain from1 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 pinnamust be usedwhen 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-layermodel (epidermis, dermis, subcutaneous tissue, andmuscle) exposed to
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planewave RF energy at 10GHz–1 THz.Using aMonte-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 surfacewas generally<0.02 °C for an incident
power density of 1Wm−2 at frequency below 300 GHz. From themodels, the investigators determined the
maximum incident power density versus frequency that would result in steady-state temperature rises within
specified limits.

Table 4.Computational studies on temperature rise: steady-state exposures.

References

Study design frequency,

exposure Majorfindings/comments

Gustrau andBahr (2002) Analyticmodel for SAR in

skin, 3–100 GHz; FDTD

calculation of SAR in skin

and eye at 77 GHz in vitro

(eye) and in vivo (forearm
of 2 subjects)

The results of the thermalmeasurements and simulations provide

consistent results for the assessment of thermal effects. Used

literature values for skin blood perfusion, experimental temperature

increase in rough agreement withmodel

Kanezaki et al (2009)
and (2010)

Analytical/numericalmodel

(SAR in skin and skin lay-

ers and temperature

increase in skin and eye

using BHTE),
30–300 GHz

The incident power density of 50 W m−2 causes temperature increase of

0.6 °C–0.9 °C.The fat causes higher computed steady-state

temperature increases due to the adiabatic nature

Morimoto et al (2016) FDTD simulation,

1–30 GHz, dipole antenna

The computed steady-state temperature rises in the head (skin) increase
with the increase of the frequency. The SAR averaged over 10 g of tissue

depend on the averaging schemes

Laakso et al (2017b) FDTD calculation in anato-

mical humanheadmod-

els, 1–12 GHz,

independently determined

tissue blood perfusion

Variability of peak computed steady-state temperature rise in the skin

due to individual and regional variations in the bloodflowwas less than

±15%

Leduc andZhadobov (2017) 60 GHz phantom in vitro and

1Dmodel of surface

heating

50 W m−2 causes computed steady-state temperature increase of

0.6 oC–0.9 oC. Comparison to analytical solutions of heat conduction

equation

Sasaki et al (2017) Simulation study, skin heat-

ing (steady state) 10 GHz–

1 THz, DetailedMonte

Carlomodel

For variation of human tissue composition, the computed steady-state

temperature rise at the skin surface for different tissue thickness is generally

0.02 °Cor less for an incident power density of 1 W m−2 at a frequency

below 300 GHz

Funahashi et al (2018b) and
(2018c)

FDTD simulation,

0.3–300 GHz, dipole,

patch antennas

The absorbed power density is a goodmetric of computed steady-state

temperature rise in the skin from30 to 300 GHz, and provides a less accurate

but still conservative estimate down to 10 GHz,whereas the SAR is a good

metric below 3 GHz. The heating factor for planewave exposure is

0.15 °CW−1 kg below 3 GHz and 0.018 °CW−1m2 above 10 GHz

Kodera et al (2018a) FDTD simulation 300MHz–

10 GHz, head and brain

heating, includes vasodila-

tion inmodel

The effect of vasodilation is significant, especially at higher frequencies where

the highest increase in tissue temperature occurs in the skin. Its effects

becomenotable at an SAR>10 W kg−1

Ziskin et al (2018) Simulation study at

6–100 GHz, skin heating.

BHTE incorporating

bloodflow rate-dependent

thermal conductivity

The computed steady-state temperature increase at the skin surface is

determined by the thermal resistance of subcutaneous tissues, bloodflow

in the dermal andmuscle layers, and thickness of subcutaneous fat

Li et al (2019) Human skin exposure to

obliquely incident electro-

magnetic waves at fre-

quencies from6 GHz to

1 THz.Monte Carlo

analysis

The absorbed power density provides an excellent estimate of computed

steady-state skin temperature elevation through themillimeter-wave band

(30–300 GHz) and a reasonable and conservative estimate down to

10 GHz,whereas the SAR is a goodmetric below 3 GHz

Nakae et al (2020) FDTD simulation at 28 GHz.

Cubicmodel, 4 and 8 ele-

ment dipole arrays.

The enhancement of the ratio of the computed steady-state temperature

increase to incident power density was observed around the Brewster’s angle

Christ et al (2020) Simulation study, skin heat-

ing (steady state) 6 GHz–

100 GHz

When the stratum corneum and related layers serve asmatching layer that

increases the power absorption and the resulting computed temperature

increases in the tissue
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Ziskin et al (2018) developed a simplifiedmodel for skin that incorporates anatomic detail, using a series of
planar structures representing the skin and subcutaneous fat. Themodel 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 ametric 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 themillimeter-wave band (30–300 GHz) and provided a less accurate but conservative estimate down
to 10 GHz, whereas the SAR is a goodmetric below 3 GHz. They reported that the heating factor for planewave
exposure is 0. 15 °CW−1 kg below 3 GHz and 0.018 °CW−1m2 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 beamdiameters an averaging area smaller than 4 cm2 is needed
above 30 GHz.

Li et al (2019) analyzed the temperature rise in the thermal steady state in skin exposed to planewaveswith
oblique incidence at frequencies from6GHz to 1 THz, using the four-layer planemodel 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 andwave polarization. For transverse electric wave exposure, the
largest electromagnetic enhancement appears in vertical incidence, whereas the different tendency is observed
for incident waveswith transversemagnetic polarization because of the Brewster effect. The computed
temperature rise produced bywaveswith oblique incidence never exceeded that of normally incident waves of
the same power density. Theymentioned 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 et 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 thatwere 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 tissuewith normal incidence.

Christ et al (2020) computed the steady-state temperature rise inmultilayer skinmodels including the
stratum corneum and the viable epidermis, over a frequency range from6 to 100 GHz.Under ‘worst case’
assumptions, i.e. that the thickness and dielectric properties of the tissue layers adjusted tomaximize
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
10Wm−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 from1 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 ICNIRPwould 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 aworst-case scenario, in which the thickness and dielectric properties of cutaneous and
subcutaneous tissue layers had been chosen tomaximize the fraction of absorbed power, and is unlikely to
represent a realistic exposure situation.

Equation (6) predicts that an incident wave of 100Wm−2 will produce steady-state temperature increases
ranging from0.74 °C (10 GHz) to 1.58 °C (300 GHz) in a uniform 1Dbaselinemodel.More complexmodels
produce similar results. For amultilayermodel for the forearm and abdomen, (Sasaki et al 2017) calculated
temperature increases (scaled to an incident power density of 100Wm−2) 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
experimentalmeasurements 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 2080Wm−2 onfinger and forearmof
human subjects. The IPD averaged over 4 cm2 estimated from the IPDdistribution on the skin surface was
347.6Wm−2. The value plotted infigure 3was estimated as 69.5Wm−2 infinger and 37.8Wm−2 in forearm,
respectively, assuming theGaussian 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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area to 4 cm2. The corresponding incident power density over 4 cm2would be 795.6Wm−2 with a factor of
0.44. The plots infigure 3would be lowered by a factor of 0.44 from the original value; 159Wm−2 infinger and
86Wm−2 in forearm, respectively, which are in good agreement with other computational analysis.

Other studies have been reported by Japanese groups funded byMinistry 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 experimentallymeasured and computed temperature
rises were in good agreement, considering the effects of vasodilatation (Masuda et al 2011, Rakesh et al 2013)
predicted by a thermoregulatorymodel. Straightforward comparison of these results with other studies is not
feasible, because the rats’ brain is 2 gwhich ismuch smaller than 10 g, which is used in the averagingmass of
SAR. Further investigation is needed on how to extrapolate thefindings of small animals to humans.

Kojima et al (2018) exposed the eyes of rabbits tomillimeter waves at 40, 75, and 95 GHz (extended in 2020
to 162 GHz) and documented damage to the eyes (aswell as eyelids) depending on exposure (Kojima et al 2020).
Those authorsmeasured increases in corneal temperature during the exposure; the initial temperature was
34.5 °C and then reached 37.6 °Cat 6 min for exposure with 500Wm−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 timesmuch shorter than the thermal time constant τ2 in (5b), the surface
temperature increases almost linearly with time in accordancewith equation (8)while for longer times (several
seconds ormore atmm-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-
dimensionalmodel 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 themicrowave and laser
standards differ in their formulation, particularly with respect to thermal averaging time. (This early study has
largely been supplanted bymore recent andmore detailed studies by Foster et al cited elsewhere in this review.)

Nelson et al (2000) calculated the temperature rise in a spherical four-layermodel of the body produced by
exposure to intense RF pulses (100 GHz) of duration 3 s (10–30 kWm−2) and 30 s (1–3 kWm−2). In both cases,
the applied energy densities (pulsefluences)were 30–90 kJ cm−2. The calculated increase in skin temperature
was 22 °C–24 °C from a 3 s pulse and 7 °C–12 °C froma 30 s pulse, in each case with afluence of 90 kJ m−2.

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.
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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 τ1 in (5a)), 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 fromdifferent power penetration depths. Deep tissues (e.g. brain)have a slower thermal response than
superficial tissues due to the fact thatmost 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 planewave pulses shorter
than 10 s at frequencies from6 to 100 GHz. The time constants that characterize the rate of temperature rise
depended on the three-dimensional distribution of energy absorption, withmore localized absorption near the
body surface resulting in amore rapid initial increase in temperature and shorter thermal response times. Laakso
et al (2017a) showed that the peak temperature rise was below 1.5 °C for a pulses of<0.1 s duration andfluence
of 1 kJ m−2.

Foster et al (2018b) compared the temperature rise produced by a single RF pulse or pulse trainwith a pulse
duration of 0.57 ms to 1000 s at frequencies 1–300 GHz frompredictions of the 1Dbaselinemodels andmore
detailed calculations based on an anatomical human headmodel. 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

Table 5.Computational studies including temperature increase: brief exposures.

Study Study design Majorfindings

Foster et al (1998) Analyticalmodeling 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-

dimensionalmodel provides conservative estimation

for extreme heating situation (exposure to brief high
fluence pulses)

Nelson et al (2000) Modeling study only (layered sphericalmodel for head

ofmonkey) 100 GHz, up to 30 kW m−2 for 3 s or

3 kW m−2 for 30 s. Studied effects on: (1) surface con-
vection coefficient; (2) surface evaporation rate (i.e.
sweating); (3) blood-flow rate to the scalp/surface

tissue

The peak surface temperature is affected by environ-

mental conditions (convection coefficient, sweat rate).
Subsurface temperature increases are considerably

lower than increases in surface temperatures

Alekseev et al (2005) Experimental study, forearm andmiddle finger skin

exposed fromopen endedwaveguide at 42.25 GHz.

Two-dimensional computationalmodeling based on

BHTEwith effective thermal conductivity

Local heating of the skinwas greatly reduced by elevated

blood perfusion occurring in the forearm and in the

finger. The relationship between bloodflow and the

effective thermal conductivity was linear

Morimoto et al

(2017)
Modeling (FDTD) 1–30 GHz, layered plane andhead

models, effects of beamdiameter, up to 2000 s

Calculated temperature elevation at the skin surface for

short pulse exposure (<10 s, beamof 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 min at 1 and 30 GHz)

Laakso et al (2017a) Modeling (FDTD), 6–100 GHz, pulses<10 s.Human

facemodel. Consideredmaximum-fluence pulses

consistent with earlier IEEE and ICNIRP limits

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

Foster et al (2018b) Analyticalmodeling study based on simplified BHTE The impulse response tomillimeter 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) Modeling (FDTD) 0.1–6 GHz, layered plane and human

headmodels, exposure from0.01 s to 6 min and pulse

train at frequencies 0.1–6 GHz

Maximum temperature rise (brief intense exposurewith
a total fluence corresponding to themaximumallow-

able SAR averaged over a 6-min averaging time) excee-
ded the steady-state temperature above 400 MHz

(continuous exposurewith the same time-aver-

aged SAR)
Neufeld and

Kuster (2018)
Analytical approach applied to peak temperature

increase in the skin for plane-wave and localized

exposures (<600 min)

Estimation of amaximumaveraging 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
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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. Themaximum transient temperature
rise produced by amaximally intense pulse (with themaximumfluence 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 400MHz. These authors subsequently extended their studies to
the frequency range from6 to 300 GHz inKodera andHirata (2019). Similar results have been reported by Foster
et al (2019, 2020).

Neufeld andKuster (2018) carried out aworst-case thermal analysis of thermal response of tissue using the
surface heating approximation for pulse-train exposures. They suggested amaximumaveraging time of 240 s for
mm-waves to limit themaximum 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) andNeufeld andKuster (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. Themeasured temperature increases in 10 subjects (7males, 3 females) on
their backs to 3 s 94 GHz pulses with incident power densities ranging from9 to 17.5 kWm−2 were in reasonable
agreementwith predictions based on the 1Dbaselinemodel described above equation (3) using values for
thermal and electrical parameters taken from the literature without further adjustment. The authors suggested
that a consistent residual error of about 20%between the data and predictions of the 1Dmodel were within the
range of uncertainty in the literature values for themodel parameters. Similarmodeling 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 tomm-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
muchmore difficult tomodel 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 kJ m−2 for
different pulse widths. The analytical solution of the 1Dbaselinemodel agree well numerical solution (FDTD
method) for themodel. 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 ismuchmore 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

Figure 4. Instantaneous temperature rises in a 1Dmodel for skin, comparing analytical results for themodel, the surface heating
approximation, and a detailed numerical solution using the 3DFDTDmethod. Thisfigure shows the large errors introduced for short
pulses (<1 s) using the surface heating approximation.
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large, e.g. 182 times for 10μs, 18 times for 1 ms. Thus, while the surface heating approximation results in simple
analytic results for the increase in surface temperature atmm-wave frequencies, its limitations for short pulses
should be considered as commented in Foster (2019).

5.3. Comparison of computation andmeasurement
Perhaps themost extensivemeasurements of the temperature increase frompulsedmm-waves were done under
support of theUSDepartment of Defense beginning in the late 1990s as part of a program to develop an (as yet
unused)nonlethal weapons system, called the ActiveDenial system (Zohuri 2019). Theweapon beams brief
(about 3 s duration) pulses of high intensitymm-waves (94 GHz) at targets with the aimof eliciting cutaneous
thermal painwithout causing thermal burns.

Figure 5 shows themeasured temperature increase in rhesus cornea (Chalfin et al 2002, Parker et al 2020)
and skin fromhuman subjects (Walters et al 2000, Parker et al 2016) exposed to 2–4 s pulses of 94 GHzRF energy
versus calculated results from the 1Dmodel. The calculations were done using the 1Dbaselinemodel with no
adjustable parameters: the thermal parameters for dry skin and corneawere taken from the IT’IS dataset
(Hasgall et al 2015) and the electrical parameters were calculated fromdielectric data inGabriel 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) infigure 5 agree well with the predictions of
the simple 1Dmodel (equation (3)), while the other (Parker et al 2016) diverges from themodel. 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 thewhole cornea, whichwere strongly affected by standingwave 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 themodeling 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 aswell as reflection of energy from a
tissue surface. There are, however, a number of important sources of uncertainty in these parameters.

Figure 5.Calculated versusmeasured transient temperature increase in rhesus cornea (blue, red dots) and skin of human subjects
(black circles, squares) frombrief (2–4 s) pulses of 94 GHz radiation. Each point represents a singlemeasurement. Calculations for the
1Dmodel used literature values for dielectric and thermal parameters for skin and corneawithout further adjustement.
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Variabilities in tissue composition (in particular tissue inhomogeneity andwater content) contributes the
variability in the tissue dielectric properties. In particular, the variabilities in tissuewater content tends to be
large in the tissues with lowwater 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 ismarked, because of the strong effects of
temperature on dielectric dispersion of water (themain constituent of tissue) in this range (Andryieuski et al
2015).Most thermalmodeling 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 typicallymeasured in excised animal tissues thatmay 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 thewater content of stratum corneumdiffers considerably
from that of epidermis, and the relative thickness of the stratum corneum is highly variable across the body (Gao
et al 2018). Consequently, the use of a lumped 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 inmaterial thermal properties
Thematerial thermal properties of tissues (thermal conductivity, heat capacity, thermal diffusivity)used in
modeling studies aremainly based on a few sources (Bowman et al 1975, Duck 1990,Mcintosh and
Anderson 2010a,Hasgall et al 2015). These properties weremostlymeasured in excised animal tissues. The
transient thermal response of skin can vary by 50%ormore 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 bymore than a factor of 4with 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 upwith 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
bymore than an order ofmagnitude depending on thermoregulatory status of an individual (ILO 2012). Under
ordinary room conditions, skin blood flow in humans varies by factors of 2–4 ormore depending on the part of
the body and themeasurement technique (Hertzman andRandall 1948). Skin blood flow in the head under
resting conditionsmay 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 et al 2017b). Since the steady state temperature
scales asωb

−1/2 this could lead to uncertainties of a factor of two ormore in calculated temperature rises in skin,
particularly in the steady state. Increasing skin temperature will cause other changes aswell, such as filling
eccrine sweat glandswith 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 thermalmodeling
studies. Sasaki et al (2017) reported that variations in thickness of subcutaneous tissue layers among different
individuals contributedmore to variability in calculated steady-state temperature increases thanmeasurement
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
absorbedRF 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 theoreticalmodels that have been proposed for heat transfer in
vascularized tissues, all of which are approximations (Baish 2000,Hristov 2019). The BHTEwas 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 from80 μmto 1mm (Baish 2000). Smaller vessels, e.g.
capillaries, are thermally equilibratedwith 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 thermalmodel for RF dosimetry (e.g. Kotte et al 1996 and
Flyckt et al (2007), that would greatly complicate the problem andmay requiremore 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 encompassesmany
thermally significant vessels, andwhich is not close to larger blood vessels. The blood flowparameter in the
BHTE is conceptually different from tissue perfusion that ismeasured by laserDoppler flowmetry, for example
(whichmeasures velocity of red blood cells as opposed to volumetric flow). As Baish (2000) pointed out, ‘As long
asωb (the blood perfusion parameter) and Ta (arterial temperature, identified as Tb in equation (1)) are taken as
adjustable, curve-fitting parameters rather than literally as the perfusion rate and arterial blood temperature, the
modelmay 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 thermalmodeling studies discussed abovewere based on
blood perfusion and other parameters taken from the literature, whichwill 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 BHTEdoes 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 inwhich a representative group of human subjects were
exposed to RF energy in the presently considered frequency rangewithmeasurements 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 thermalmodeling studies have employed standard literature values for
thermal parameters, few have experimentally validated themodel 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, aMonte Carlo analysis to calculate a distribution of temperatures over
different combinations of parameters (e.g. Sasaki et al 2017, Li et al 2019) but ultimatelymore data are needed.

6.3. Thermoregulation
Except one study (Kodera et al 2018a), thermoregulationwas 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 from32 °C to 40 °Cat an ambient temperature of 22 °C results in a>10-fold increase in skin
bloodflow (Song et al 1989, Charkoudian 2003). (However, local cutaneousmicrovascular responsiveness is
impaired in patients with type 2 diabetesmellitus,making themmore susceptible to heat stress
Charkoudian 2003.)A thermalmodel that does not take into account the increase in skin blood flowwith skin
temperaturewill overpredict temperature increases in skin, increasing safetymargin. Conversely, cool ambient
temperatures will lead to lower skin temperatures and reduce skin blood flow (Milan (1961)) andwill cause a
model to under-predict the RF-induced rise in skin temperature, although such errors are probably of secondary
importancewhen designing RF safety limits. However, the effects of thermoregulatory responses onRF-induced
increases in skin temperature have not yet beenwell studied and remain to be clarified.

6.4.Whole-body exposures
The IEEEC95.1 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 onwhole-body exposure are designed to take into account the total heat load on the
human body from exposure at these frequencies. Only two studies considered here have reported changes in
core body temperature fromwhole 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 amodeling 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 clothingmust beworn.One scenario assumed
exposure toRF 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 252.5Wm−2 (whole body average SARof 0.4 W kg−1) increased local
temperature by only 0.3 °C in the eyes and the testes, with smaller and physiologically insignificant rises in skin,
bonemarrow, brain and core. These exposure levels are considerably higher than IEEE and ICNIRP
occupational exposure limits (50Wm−2). Clearlymorework needs to be done in this area, although at this
stage, it would appear that the effects of addedRFwill beminor 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 newwireless communication systemswere 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 a limited 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 strategywas developed to retrieved usingWeb of Science database covering the period from1990 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 inGoogle Scholar engine and included if theywere
of high relevance.

The papers were excluded on the basis that theywere 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 developedwere summarized in tables A1 andA2, respectively. If the
reviewers found technical weakness and limitation, points werementioned.

TableA1. 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$)
ANDTS=(‘Heating’OR ‘ThermalModel*’ORBioheatOR ‘Bio-heat’OR ‘Power density’)
ANDTS=(‘Millimet*Wave$‘ORmmW$OR ‘Millimet*Band$‘OR ‘5 G’OR ‘5th generation’)
ANDTS=(eye$OR skinORPhantom$)

Identified from

database

56 Excluded (not relevant) 46 Relevant 10 Identified fromother

sources

4

Included in analysis 14

TableA2. Search strategy (brief exposure). The term ‘relevant’ indicates the number of studies identified from the database that were not
excluded.

Search data TS=(temperature$)
ANDTS=(‘Heat* ’OR ‘ThermalModel*’ORBioheatOR ‘bio-heat’)
ANDTS=(Microwaves$ORMillimet*ORmmW$ORRadiofrequencyOR ‘Radio-frequency’)
ANDTS=(Eye$ORSkinORTissue$)
ANDTS=(Brief OR ‘Short-Duration’ORTrainOR ‘s Exposure$’OR ‘TimeConstant$’OR ‘Fewminutes’OR

‘Few seconds’OR ‘heating kinetics’)
Identified from

database

43 Excluded (not relevant) 37 Relevant 6 Identified fromother

sources

3

Included in analysis 9
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