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Abstract

The electromagnetic energy associated with microwave
radiation interacts with the biological tissues and
consequently, may produce thermo-physiological effects in
living beings. Traditionally, Pennes’ bioheat equation (BTE)
is employed to analyze the heat transfer in biological
medium. Being based on Fourier's Law, Pennes’ BTE
assumes infinite speed of propagation of heat transfer.
However, heat propagates with finite speed within biological
tissues, and thermal wave model of bioheat transfer
(TWBHT) demonstrates this non-Fourier behavior of heat
transfer in biological medium. In present study, we
employed Pennes’ BTE and TWMBT to numerically
analyze temperature variations in human abdomen model
exposed to plane microwaves at 2450 MHz. The numerical
scheme comprises coupling of solution of Maxwell's
equation of wave propagation within tissue to Pennes” BTE
and TWMBT. Temperatures predicted by both the bioheat
models are compared and effect of relaxation time on
temperature variations is investigated. Additionally, electric
field distribution and specific absorption rate (SAR)
distribution is also studied. Transient temperatures
predicted by TWMBT are lower than that by traditional
Pennes” BTE, while temperatures are identical in steady
state. The results provide comprehensive understanding of
temperature changes in irradiated human body, if microwave
exposure duration is short.

1. Introduction

Microwaves are widely utilized in a number of applications
including RADAR, communication, medical machines,
navigation equipment, microwave oven and industrial
heating devices [1-3]. Increasing use of microwaves has
attracted researchers to quantify the health risks due to
microwave exposure. International safety agencies such as
ICNIRP, IEEE, FCC, etc. have set safety standards for
microwave radiation exposure in terms of specific
absorption rate (SAR), which is the measure of the rate of
electromagnetic (EM) energy absorbed by the body exposed
to radiation [4-6]. The biological effects caused by
absorption of EM energy depend upon intensity, frequency,
waveform and duration of exposure [7]. The EM energy
carried by microwaves is transferred to the biological tissue,

which results in ion acceleration and collisions among
molecules. Consequently, the local temperature of the tissue
rises [8]. An increase of 1-5°C in human body can cause
many malformations including male infertility, brain lesions,
and blood chemistry changes [9]. Even a very small
temperature change of 0.2-0.5°C may cause altered
thermoregulatory responses [10]. Considering the hazards
of temperature rise in biological tissue, it is important to
assess the temperature alterations in human body caused by
microwave exposure.

Many researchers have investigated temperature rise within
various biological tissues exposed to -electromagnetic
radiation using Pennes' bioheat transfer equation (BTE) [11-
14]. Gandhi et al. determined the temperature elevation in
pinna and brain exposed to radiofrequency (RF) radiation
[15]. Wessapan et al. employed BTE to study temperature
rise in brain, eye and human trunk due to RF waves
exposure [16-18]. Pennes' BTE assumes that the thermal
wave propagates with infinite speed inside the tissue, and
any thermal disturbance in the tissue is instantaneously felt
by the body [19, 20]. However, in heterogeneous biological
media such as human body, relaxation time (t) is required
for accumulation of enough energy to transfer it to the
nearest element [21, 22]. Thermal wave model of bioheat
transfer (TWMBT) incorporates relaxation time to account
for the lag time it takes for the EM wave to respond to heat
propagation through biological tissue [23, 24]. Few studies
employed TWMBT to determine the risk that
electromagnetic waves have when skin tissues are exposed
to them [19, 22-25]. Data reporting the value of relaxation
time for heat transfer in living beings is limited in the
literature. Xu et al. [26] examined heat transfer in skin tissue
with relaxation time range 0-15 s, while some experimental
studies have shown that relaxation time ranges from 15 to 30
s [27-29].

In present study, we have investigated the temperature
variations in human abdomen exposed to plane microwave.
Previously, Wessapen et al. [18] employed Pennes’ BTE to
determine thermal variations in human trunk, but they did
not consider relaxation time in their analysis. Relaxation
time is a significant parameter for heat propagation in
heterogeneous biological tissues, since it characterizes the
interaction of inner structural elements of non-homogeneous
medium during process of heat transfer [30]. In our analysis,
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we have included both Pennes' BTE and TWMBT model to
study temperature distribution and effect of relaxation time
on the heat propagation within the human abdominal cavity.

A two-dimensional vertical cross sectional model of human
abdomen is used for numerical simulation using finite
element method (FEM). The frequency of microwave
exposure is 2450 MHz and power densities taken for
analysis are the safety limits set by ICNIRP i.e. 1 mW c¢m™
for general population and 5 mW cm™ for the occupational
population [4]. Although, most applications utilize low
power microwaves, but heating and drying industry and
military applications use high powers [18]. The leakage or
accidental exposure to high power microwaves may be
hazardous, therefore, power density of 50 mW cm™ is also
considered in investigation. The electric field distribution,
SAR and temperature variations are numerically analyzed in
this study.

2. Mathematical models

2.1. Pennes' bioheat transfer equation (BTE)

Pennes’ BTE is the pioneer mathematical model for
analyzing heat conduction in biological tissues. It is
expressed as:

pCI = V.(KVT) + pyCowy(Ty = T) + Qu + Q@ (1)
Where p, C and k are the density (kg m™), specific heat (J
kg'K™), and the thermal conductivity (W m'K™) of tissue,
respectively. p, and Cpare the density (kg m™) and specific
heat (J kg'K™") of the blood, respectively. w), is the blood
perfusion rate (s'); T and T, are tissue and blood
temperatures (°C), respectively. @, is metabolic heat
generation in the tissue (W m~) and Q, is the external heat
source term (electromagnetic heat-source density) (W m™).
The term V.(kVT) in Equation (1) represents the heat
conduction inside the human body and is based on Fourier's
law:

q(r,t) = —kVT(r,t) 2)
This law implies that any thermal disturbance is
instantaneous within the body [26]. The term py, C, wy, (T}, —
T) describes the heat caused by convection inside the
body. Q, represents the resistive heat generated by the
electromagnetic source and is expressed as [16]:

Qr:§a|E|2 3)
where ¢ is the conductivity (S m™) of the tissue and E is the
electric field (V m™) within the tissue exposed to
microwaves. Q,, is neglected and assumed zero in the
analysis, since we aim to evaluate the effect of
electromagnetic energy associated with microwaves only .

As the resistive heat generated by the microwave exposure
( Q- ) propagates through the human body, the
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electromagnetic energy is absorbed by the tissues. The
energy absorbed is denoted in terms of SAR as [31]:

SAR =0 IE 1*/p (4)

2.2. Thermal Wave Model of Bioheat Transfer
(TWMBT)

Fourier's law defined by Equation (2), successfully explains
the heat conduction in homogeneous materials [30].
However, non-homogeneous structures such as biological
mediums exhibit a higher microscale thermal response.
Therefore, a non-Fourier model should be considered for
heat propagation in biological tissues [32]. The concept of
thermal lag is formulated in the Fourier's law with addition
of relaxation time ' 7' in Equation (2) [33-34].
qr,t + 1) = —kVT(r,t) %)
where T = a/C? is defined as the thermal relaxation time
with a being the thermal diffusivity (m® s™), and C, being
the speed of thermal wave in the medium (m s™) [24].
Substituting the first order Taylor expansion of Equation (5)
in Equation (1), a new TWMBT is obtained:

9%T 5 oT
pCTW = kV°T — ,Dbe(UbT - (prwab + ,DC)E
90
+ppCp0pTy + Qm + Qr +T—=
90,
+7 T

(6)

Since @, is assumed zero in our analysis, Equation (6) can
be re-written as:
9T aT

,DCTW = kV?T — p, C,w, T — (tp, Cpwp, + pC)E
90,

+prbwab + Q‘r +7 at

O]

Due to presence of two double derivative terms in Equation
(7), TWMBT is also known as hyperbolic model of heat
transfer.

3. Numerical Method

A two dimensional vertical cross sectional model of human
abdomen (Fig. 1) is obtained by reconstructing the human
model used by Shiba and Higaki [35]. Vector graphics editor
INKSCAPE is utilized to reconstruct the abdomen model.
This is an anatomically based human body model, which
contains 9 abdominal organs. The thermal and dielectric
properties of different organs are listed in Table 1. The
Model is exposed to transverse electric (TE) plane wave of
frequency 2450 MHz, propagating in positive X direction
with a specific power density. For numerical analysis, FEM
based simulation software COMSOL™ Multiphysics is
used. The investigation is executed in two steps, i.e.



propagation of electromagnetic waves and bioheat transfer

analysis inside the body.
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Figure 1: Vertical cross section of human abdomen

obtained from Shiba and Higaki [35]

3.1. Propagation of electromagnetic waves

Maxwell's equations govern the propagation of
electromagnetic waves inside the human body and electric
field intensity (E) can be determined by equation:

V X ! VXE k? J E=0
yr( ) o(er wso)
()

where , is relative magnetic permeability, €, is relative
permittivity, e, = 8.8542x10"2 F m™, kg is the free space
wave number (m") and w is angular frequency (Hz). Using
the value of E at any point, local SAR can be computed at
that point by utilizing Equation (4). In electromagnetic
analysis, scattering boundary condition is applied on outer
edges of the calculated domain (Fig. 2), as

nX (VX E)—jkn x (E Xn)
—n x (Ey % jk(n —k))expi—jk.r)
(€))

where k is the wave number (m™), n is normal vector,
j =+/—1, and E, is the incident plane wave (V m™).

Table 1 : Thermal and dielectric properties of tissues at 2450 MHz [36, 37]

Thermal Specific heat, Density, p Blood Conductivity, Relative
conductivity, C (Jkg' K (kgm®) perfusion c permittivity,
k h rate, o, (s')  (S/m) €
(Wm' K"
Bladder®  0.56 3900 1040 0 0.68532 18.001
Blood 0.52 3617 1050 -- 2.54 58.3
Bone 0.32 1313 1908 436%10™ 0.394 11.4
Fat 0.21 2348 911 4.58%10™ 0.10452 5.2801
Large 0.54 3655 1088 1.39%10°* 2.0383 53.879
intestine
Liver 0.52 3540 1079 1.7201¥10"*  1.6864 43.035
Muscle 0.49 3421 1090 8.69%10 " 1.7388 52.729
Skin 0.37 3437 1109 0.02 1.464 38.007
Small 0.49 3653 1030 1.74¥107 3.1731 54.425
intestine
Stomach ~ 0.53 3553 1088 7%10 " 2.2105 62.158
‘[18]
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3.2. Bioheat transfer analysis

The temperature distribution within the human trunk is
determined using Pennes' BTE (Equation (1)) and TWMBT
(Equation (7)). Both the equations are coupled to the
solution of Maxwell's equation. Substituting values of E, Q,
is calculated (using Equation (3)) and temperature rise is
determined using Equation (1) and Equation (7).

The temperature of human body is assumed uniform and its
initial value is 37 °C. Therefore, initial condition for bioheat
transfer is:

T=37°Catt=0and 5-=0 at t=0 (10)
No heat is exchanged between the calculated domain and the
outer region. Hence, thermal insulation boundary condition
is employed on the outer boundaries of the model (Fig. 2).

n.(kVT) =0 (1D

3.3. Procedure for simulation

Finite element method (FEM) is used for numerical
simulation, since FEM models provide quick and accurate
solution for the system of multiple differential equations
[38]. The electromagnetic heat source term (Q,) of heat
transfer equations (Equation (1) and Equation (7)) is
determined by using the electromagnetic calculations.

Scattering boundary condition

Themmal nsution —+ [

=

Incident plane wave

-
i .
CRRAL I T Lt
L2998 “mmmw -
. .t

Figure 2: Boundary conditions for numerical

analysis
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The temperature at every point within domain is calculated
using electromagnetic field at that point and the steps are
repeated until the steady state of temperature is reached.
The domain is discretized using tetrahedral elements with a
total number of 101805 elements (Fig. 3a). A mesh
convergence test is performed to approximate the number of
elements above which the solution is independent of mesh
elements (Fig. 3b). The mesh independence is attained for
the number of elements more than 60000. Higher numbers
of elements are not tested due to lack of computational
memory and performance.

370712
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37.064 -

0 20000 40000 60000 80000 100000 120000 140000 160000

Number of elements

(@)

Figure 3: (a) Tetrahedral mesh and (b) mesh convergence for
FEM analysis

4. Results

Electromagnetic and temperature variations are evaluated in
the human abdomen exposed to plane wave of microwave
frequency. The frequency of the exposure is 2450 MHz and
power densities are | mW ¢cm™, 5 mW cm?, and 50 mW cm’
*. First two power densities mentioned are the exposure
limits set by ICNIRP for general and occupational
population respectively, and a special case of leakage
radiation from high power microwave devices with power
density 50 mW cm™ is considered. The electric field
distribution is determined using Maxwell's equation, while
TWMBT and Pennes' BTE are employed to investigate the
temperature distribution within human body. In TWMBT,
the relaxation time of 0 s, 10 s, 20 s and 30 s is used in
analysis.

4.1. Validation
Measuring the electric field and temperature distribution

directly inside human body to wvalidate the numerical
solution is not possible due to ethical considerations. To



validate the accuracy of numerical simulation used in this
study, a simple case of simulated results is verified against
the results with the human trunk model studied by
Nishizawa and Hashimoto [39]. They have analyzed local
SAR in a three-layer human abdomen model exposed to
plane microwaves at 1300 MHz and power density 1 mW
cm™. Fig. 4a shows two-dimensional schematic geometry of
human abdomen used in validation case. The model consists
of three layers viz. skin, fat and muscle. The plane wave E
(TM) of frequency 1300 MHz and power density 1 mW cm’
?, propagating along positive X-direction is incident on left
side of model. In validation test case, we have set the
exposure conditions as employed by Nishizawa and
Hashimoto. The local SAR is plotted along cross sectional
line through the abdomen; the graph (Fig. 4b) shows good
agreement in SAR values between present solution and that
of Nishizawa and Hashimoto. Small deviations occurring
between two results may be due to different numerical
scheme used and input dielectric properties of the tissues.
This encouraging comparison gives confidence in accuracy
of the simulation used in present study.

4.2. Electric field and SAR distribution

Fig. 5 illustrates the electric field distribution within the
exposed human body. The maximum electric field is
predicted beneath the exposed surface of skin and its
magnitude decreases rapidly with distance from the surface.
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This behavior of electric field can be result of small
wavelength and hence, small penetration depth of
microwaves. Therefore, electric field does not penetrate
deep inside the body. The power of microwaves influences
the electric field significantly; for greater values of power
densities, electric field has higher values. The maximum
electric field calculated is 46.062 V m™, 104.67 V m™' and
330.82 V m’ for exposure power densities 1 mW c¢cm?, 5
mW cm™, and 50 mW cm™ respectively. The existence of
electric field within body conveys that EM energy is
deposited in the tissues. The energy absorbed by the tissues
is expressed in terms of SAR.

Fig. 6 shows local SAR distribution within the exposed
human trunk. Since SAR at a point is proportional to the
electric field at that point, local SAR distribution pattern is
similar to the electric field distribution. The maximum
values of SAR are obtained in the skin layer for all the
incident power densities; SAR.x 18 2.895 W kg'l, 14.447 W
kg and 144.45 W kg for power density | mW cm™, 5 mW
cm?, and 50 mW cm? respectively. The safety limits on
local SAR within trunk set by ICNIRP for general and
occupational population are 2 W/kg and 10 W/kg,
respectively; the predicted SAR,,. values have exceeded
these limits in all the exposure cases.

Nishizawa and Hashimoto

----- presentwork

(a)

0.05 0.10 0.15 0.20
Arclength (m)
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Figure 4: (a) 2-dimensional geometry for validation of model from Nishizawa and Hashimoto [39] (b) comparison of
local SAR distribution calculated by present numerical simulation and that by Nishizawa and Hashimoto



4.3. Temperature distribution

The temperature variations are analyzed using Pennes' BTE
and TWMBT. The transient temperature predictions by both
bioheat equations are significantly different (Fig. 9). When
steady state is reached, both the equations produce similar
results. Fig. 7 portrays the steady state temperature
distribution inside human body. Since most of the energy
carried by microwaves is absorbed in skin layer, maximum
temperature rise is in the skin layer of abdomen. Maximum
temperature change is 0.015 °C, 0.073 °C and 0.735 °C for
power density | mW cm? 5 mW cm?, and 50 mW cm™
respectively.
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4.3.1. Effect of relaxation time

Relaxation time 't is an important parameter of TWMBT,
which is time needed for accumulating the heat energy
required for its transfer to the nearest element within the
non-homogeneous body. In present analysis, the temperature
deviations are studied for t values 0 s, 10 s, 20 s and 30 s.
Temperature changes are investigated at the point within the
skin where maximum change in temperature has occurred
(Fig. 8). To study the changes in temperature along
horizontal distance within the abdomen, an extrusion line
passing through five organs is considered (Fig. 8).
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Figure 5: Electric field distribution in human trunk exposed to 2450 MHz plane wave at (a) 1 mW cm?, (b) 5 mW

em™ and (c) 50 mW cm™
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Figure 6: SAR distribution in human trunk exposed to 2450 MHz plane wave at (a) 1 mW cm, (b) 5 mW cm™ and (c)

50 mW cm™
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Figure 7: Steady state temperature distribution in the human trunk exposed to 2450 MHz plane wave at (a) | mW cm?, (b) 5

mW cm™ and (c) 50 mW cm™

Extrusion line

Extrusion point

Figure 8: Extrusion line and point where temperature
variations are analyzed

Fig. 9 shows the temperature variations w.r.t. duration of
exposure for different values of relaxation time. These
changes are studied at extrusion point for exposure power
densities of ] mW cm™, 5 mW cm?, and 50 mW cm™. The
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temperature profiles predicted by Pennes’ BTE and
TWMBT (tr = 0 s) are identical for all power densities,
which implies that for relaxation time, T = 0 s, both thermal
models yield same temperatures. Therefore, Pennes' BTE
can be considered as a special case of TWMBT.

Pennes' BTE and TWMBT predict different transient
temperatures; however, the steady state temperatures
predicted by both the models are identical. Temperature
curves estimated by Pennes' BTE and TWMBT witht=0s
reach the steady state more quickly than the curves
predicted by larger relaxation times. In each exposure case,
all the temperature curves merge in steady state. During the
transient state, temperature estimated by Pennes' BTE is
highest, which is same as that by TWMBT with t =0 s. The
greater values of relaxation time (t) predict lower
temperatures; lowest temperature curve is projected by
TWMBT with T = 30 s. It is also clear from Fig. 9 that
temperature rises more quickly for smaller relaxation time
values than the temperatures predicted with larger
relaxation times. The difference between the estimated
temperatures decreases as the exposure duration increases.
At 30 s of exposure the temperaure precicted by Pennes'
model is greater than that predicted by TWMBT with T =30
s by 250% and at 60 s, this difference reduces to 135%,
finally at around 300 s of exposure the difference in the
predicted temperatures vanishes. This result is especially
significant for higher power densities if exposure duration is
short, because transient temperatures differ considerably for
different values of relaxation time Since, relaxation time
characterizes the heterogeneous structure of human body;



the temperature transitions predicted by TWMBT may be
more realistic than that by Pennes’ BTE.
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Figure 9: Variations in maximum temperature in skin versus
time at (a) 1 mW cm?, (b) 5 mW cm™ and (c) 50 mW cm™

Fig. 10 portrays the temperature distributions at 1 minute of
microwave exposure for various power densities along the

71

extrusion line. The extrusion line runs through skin, fat,
muscle, large intestine and bone within human trunk.
Temperature curves for Pennes' BTE and TWMBT with
=0 s overlap, and predict highest temperature along
extrusion line.

Steep temperature rise occurs in skin layer; and maximum
temperature is observed at skin-fat interface. The
temperature decreases sharply with linear distance along the
extrusion line. Greater values of relaxation time predict
lower temperatures. It is observed that the difference
between temperature profiles is more near skin surface, it
decreases as distance from surface increases and finally the
difference vanishes and curves merge at around 0.035 m
away from exposed surface. Since the abdomen model is
non-homogeneous, small peaks in temperature curves may
be due to heterogeneous structure of considered domain.
Fig. 11 shows the temperature distribution at different
exposure times determined by Pennes' BTE along extrusion
line at 1 mW cm'z, 5 mW cm'z, and 50 mW cm? The
temperature rises as exposure time increases, the rise is
trivial after 300 s of exposure and steady state is achieved at
540 s of microwave exposure. At 30 s of exposure, the
highest temperature peak exists in skin layer. As the time
progresses, peak is shifting from skin layer towards fat layer.
This behavior indicates onset of blood perfusion with time,
which transmits the heat from skin to fat layer. In addition,
the small peaks in temperature curves smoothen as time
advances; only major peak at skin-fat interface is present in
steady state curve. The reason for disappearance of minor
temperature peaks within muscle layer may be blood
perfusion in muscle, which sweeps the heat accumulated, as
time passes. Very low blood perfusion rate of fat layer
(4.58x10%) may be held responsible for presence of
temperature peak in this layer.

5. Conclusions

In present study, electric field distribution, SAR and
temperature variations are numerically analyzed in a two-
dimensional human abdomen model exposed to microwaves.
The exposure frequency is 2450 MHz with power densities 1
mW cm?, 5 mW cm?, and 50 mW cm™. Electric field and
local SAR have similar distribution pattern and their
maximum values are determined in skin layer. The
magnitude of electric field falls rapidly with linear distance,
therefore, the electric field intensity and hence local SAR
approach to zero within inner organs of abdomen. The
maximum values of local SAR are above the ICNIRP safety
limits for all the exposure power densities.

Pennes' BTE and thermal wave model TWMBT are
employed to study the temperature changes in human trunk.
Pennes' BTE assumes infinite speed of heat propagation
inside the body while TWMBT is based on finite
propagation speed. Hence, the temperature predicted by
Pennes' BTE rises quickly and reaches steady state faster
than that by TWMBT. Relaxation time is an important
parameter in bioheat propagation; for greater values of
relaxation time, temperature attains steady state more



slowly. During transient state, there is significant difference more important in the conditions where exposure duration is
between temperatures predicted by Pennes' BTE and thermal short.

wave model TWMBT. Transient temperatures estimated by

TWMBT are lower than that by Pennes’ BTE This result is
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Figure 10: Temperature distribution at 1 minute of exposure for different relaxation times along the
arc length at (a) 1 mW c¢cm™, (b) 5 mW cm™ and (c) 50 mW cm™. 1:skin, 2:fat, 3:muscle, 4: large
intestine, 5:bone
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Figure 11: Temperature distribution at different times along arc length at (a) I mW cm™, (b) 5 mW cm™ and (c) 50
mW cm™. 1:skin, 2:fat, 3:muscle, 4: large intestine, 5:bone
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The rise in temperature depends directly on the power
density of microwave exposure; for greater power density,
temperature predicted is higher. Besides power density,
other factors influencing temperature distribution includes
relaxation time, blood perfusion, dielectric and thermal
properties of tissues. This study may provide a detailed
knowledge of thermal changes in human body exposed to
microwave EM fields from various sources, since it explains
the temperature variations estimated by traditional Pennes’
BTE in addition to those by TWMBT. For more accurate
and realistic assessment of electric field, SAR and thermal
distribution, three-dimensional model of human body can be
used for numerical analysis.
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