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Microwave Diathermy for Deep Heating Therapy of Knee Joint

Asmaa E. Farahat® *, Heba M. Kahil?, and Khalid F. A. Hussein!

Abstract—This study proposes the idea of a thermotherapy device for the treatment of human knee
joint disorders by the thermal effect of microwave radiation. The device is composed of a circular array
of dipole antennas operating at 2.45 GHz. A high resolution three dimensional geometric, electric, and
thermal model for a human right knee is constructed. Electromagnetic simulations are performed to
calculate the specific absorption rate (SAR) distribution within the tissues of the human knee using the
finite difference time domain (FDTD) method. The SAR distributions are calculated for four and eight
elements circular arrays. The FDTD is applied to calculate the rise in temperature within different
tissues of the human knee due to the exposure to different levels of heating microwave power. The
effect of the tissue thermoregulatory response on the temperature rise is investigated for each individual
tissue type. Moreover, the dependence of the induced steady state rises in tissue temperatures on the
absorbed SAR is studied in the case of the SAR at a point in the muscle tissue (local SAR), and the
SAR averaged over 1g (SAR;,) and over 10g (SAR1gg). The rise in temperature distribution due to
radiation from the circular array of dipoles is calculated at different cross sections.

1. INTRODUCTION

Thermotherapy is a deep heating modality that increases the blood flow in tissues through blood vessels
dilation. This dilation will in turn increase the pressure of the capillaries, the permeability of the cell
membrane, and the rate of metabolism, causing a rapid transfer of more nutrients from the blood across
cell membranes. These actions can reduce the pain and promote healing [1]. Microwave-thermotherapy
and the health effects of human exposure to electromagnetic waves have attracted electromagnetic
researchers for the last two decades and up till now [2-7]. It has been shown that deep heating
therapy via microwave diathermy relieves pain and improves physical function in patients with knee
osteoarthritis [8].

The heat induced within tissues due to electromagnetic exposure is governed by the specific
absorption rate (SAR) at each tissue. SAR is the rate at which the electromagnetic energy is deposited
in the biological tissue expressed in watts per kilogram (W /kg). Each tissue type absorbs a specific
amount of energy according to its electric conductivity and density.

Many studies in the past applied the finite difference time domain (FDTD) method for calculating
the power absorbed in a human body exposed to electromagnetic fields in terms of SAR. The FDTD
method is simple to formulate, has a wide frequency response for one calculation, can simulate different
types of materials, and is suitable for composite geometries. Biological tissues are lossy, heterogeneous,
and have finite conductivities. They are also dispersive as their electric conductivity and relative
permittivity vary with the frequency. The level of the microwave power decreases as the electromagnetic
wave penetrates deeper in the biological tissue because it loses its power in the form of heat dissipation.

The relation between the absorbed power and the temperature rise in the tissue concerned is not
straightforward. Temperature distributions in tissue during radio frequency exposure can be measured
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by solving the equation of bio-heat transfer [9-11]. Firstly the electric field distribution due to the
external source of radiation is calculated. The electric and thermal parameters are assigned to the cells
of the model, and the SAR distribution is obtained. The suitable boundary conditions are then applied
to calculate the tissue temperature distribution.

Knee joint is subjected to many disorders which are frequently treated by microwave
hyperthermia [12,13]. In this part of the human body, many types of biological tissues are confined to
a relatively small region. This arrangement allows the study of the response of different tissue types to
electromagnetic radiation.

The present study calculates the SAR distributions within the tissues of the human right knee
due to electromagnetic radiation from a single dipole and circular array of four and eight dipoles. The
temperature rise in each tissue of the knee due to a single dipole is calculated for different SAR, values
using the Bio-Heat equation (BHE). Using a single dipole in the study of the temperature rise in tissues
is because a wide range of SAR values is obtained for the same tissue type in a single simulation. If
more than one dipole is used, SAR values will almost be homogenous or vary in small range, and hence
more simulations are needed at different input power levels to get a wide variety of SAR values. The
parameters that influence the temperature rise, namely, the absorbed power by the concerned tissue
and by the surrounding area, the thermal characteristics of the considered and neighbouring tissues,
the different heat exchange mechanisms, and finally the thermoregulatory response, are considered.

2. CONSTRUCTION OF THE GEOMETRIC MODEL OF THE KNEE

Three dimensional model for the knee is constructed from two dimensional images representing
photographs of a human male right knee adopted from the US National Library of Medicine. The
images of the US National Library of Medicine are in JPEG format. Each image is converted into
bitmap (BMP) image and then discretized into 100 x 100 cells. A total of 100 sections are used to
construct the 3D model. From the human adult male anatomy for the right knee, the FDTD cell size
is set to 0.1289 x 0.1289 x 0.1289 cm®. The model is built up of eight tissue types, namely, skin, bone,
muscle, tendon, fat, connective tissue, body fluid (synovial fluid), and cartilage. An axial cross section is
presented in Figure 1(a) showing the femur condyle, patella, plantaris semimembranosus muscle, biceps
femoris, sartorious and vastus medialis muscle. The constructed FDTD cross section corresponding to
the anatomy section in Figure 1(a) is shown in Figure 1(b).

o Dipole antenna
(a) (b)

Figure 1. (a) Axial anatomical cross section for the knee. (b) The constructed FDTD cross section
corresponding to that in Figure 1(a).

In Figure 2(a), an anatomical sagittal cross section of the knee is illustrated, and in Figure 2(b),
the corresponding constructed FDTD section is presented.
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Figure 2. Sagital anatomic cross section and the corresponding representation in the FDTD model of
the knee. (a) Sagittal anatomic cross section. (b) FDTD gemetric model of the sagittal cross section.

The electric properties, namely the relative permittivity and the electric conductivity, and the
density for each tissue type are given in Table 1 [14].

The FDTD method is applied to the computation of the electric fields, and then the SAR is
calculated inside the knee tissues due to electromagnetic exposure. The FDTD lattice is formed of
cubic cells; 121 cells in the z-direction, 121 cells in the y-direction, and 121 cells in the z-direction.

Table 1. Electric properties and density for each tissue type in the knee.

Tissue type p (kg/m?) €r o (ohm~'m™1!)
Bone 1900 18.548 0.805
Body fluid 1000 68.208 2.47
Cartilage 1100 38.77 1.7559
Connective tissue 923 10.820 0.2679
Fat 918 5.280 0.104
Muscle 1040 52.729 1.7338
Skin 1050 38.007 1.464
Tendon 1040 43.121 1.684

Perfectly conducting wall

<
A b Absorping layer
Free space —

Human knee model

Figure 3. FDTD model for the SAR computation in the knee tissues.
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The cell side length is 0.1289 cm. The boundaries of the FDTD volume are terminated with uniaxial
perfectly matched layer (UPML) [15] composed of eight layers. The volume outside the knee model
is assumed to be free space. Each FDTD cell in the model is assigned specific electric conductivity,
permittivity, and mass density, given in Table 1 for the knee tissues or assigned the values of the free
space. The FDTD model is shown in Figure 3.

The source of the electromagnetic radiation involved here is an array of half wavelength dipole
antenna elements operating at 2450 MHz, and each array element is represented by a thin wire model [16].
The dipole is excited across an infinitesimal gap at the dipole center by a sinusoidal voltage signal. The
dipoles are placed parallel to the sagittal axis of the knee in a vertical position.

3. SAR CALCULATION USING FDTD

The SAR is the quantity responsible for the temperature rise in biological tissues due to electromagnetic
exposure. In order to calculate the SAR, the internal fields at each point inside the knee tissues are
obtained, and the SAR is evaluated directly from the steady state electric field as,

ol E”

SAR = %

1)
which can be written in discrete form as
olisiob) (| Bati 0]+ [Bytiqo| + [Eidm)])
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where E (4,4, k) is the amplitude of the steady state total electric field at the cell with the indices (3, j, k),
o(1,7, k) the conductivity, and p(i, j, k) the mass density of the tissue filling the same cell.

4. EVALUATION OF THE TEMPERATURE RISE IN THE KNEE TISSUES

Explicit formulations of the BHE have been developed to study the thermal responses in anatomically
accurate body models [17,18]. In these studies, only limited body regions were considered, and
thermoregulation mechanisms were neglected. In the present work, convection, radiation, and
evaporation boundary conditions are applied, and thermoregulatory responses are considered. In solving
the thermal problem, we attempted to apply the most realistic initial boundary conditions. A complete
thermal model of the human knee has been implemented. The Pennes BHE is employed to calculate
the temperature rise within the knee tissues [19]. Convection, radiation, and evaporation boundary
conditions are applied [20-22]. The effect of the thermoregulatory system has been considered as well.
The FDTD method is used to solve the BHE in its discrete form. The three dimensional space is
discretized into cuboidal voxels, each of size Ax, Ay, Az. The discrete form of the BHE is given as,
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where, T ;. is the instantaneous tissue temperature (°C); m; .k is the mass of the tissue for the voxel
i,J,k (kg) which can be computed from the product of the density p; ;. and the voxel volume V; ; :
Ci jx is the specific heat of the tissue (J/°C kg); k; j 1 is the thermal conductivity of tissue (W/°C-m).
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A cubic voxel is used in the simulations such that Az = Ay = Az = A, V ;1. is the volume of the voxel
(m3) (equal to the product of Az x Ay x Az, the FDTD cell size in the z, y, z directions, respectively;
Hpga D; i 18 the radiation heat loss per unit volume from peripheral tissue (W/ m3); Heo NV, . 18 the
convection heat loss per unit volume from peripheral tissue (W/m?); Hgy 4 P, ;. is the evaporation heat
dissipation per unit volume (W/m?); T}, is the temperature of arterial blood entering the tissue (°C). It
should be noted that B is the constant which is defined as a term associated with blood flow (J/s-m3.°C)
equal to the product of by, ., and Cj, where by, ., is the blood flow rate kg/m3s, and Cj, is the specific
heat of the blood (J/°C-kg).

4.1. Calculation of the Parameters of the BHE

The radiation heat loss per unit volume from peripheral tissue, Hrap, is calculated from the Stefan-
Boltzman formula [20]

Hpap = €'6 Aoy [Topin + 273" — [Tair + 273]* (4)

where § = 5.67 x 1078 W/(m2K*) is the Stefan-Boltzman constant; ¢’ a~ 0.98 is the emissivity of the
skin; A.g is the area of the skin that is effective in radiating heat (m?); Tipin is the temperature of the
skin (°C); and Ty, is the ambient air temperature (assumed to be 25°C for current calculations).

The convection heat loss, Hcony, from the body is given by

Hconv = hconvAeg (Tokin — Tair) (5)

where hcony = 2.7W/(m? °C) is the convection heat transfer coefficient.
The evaporation heat loss, Hgyap, due to insensible perspiration from the surface voxel is given
by [23].
Hevap = kgvap AN (P skin — Puw,air) (6)

where kgyap = 0.35 W/ m?- mmHg is the evaporation coefficient; Py skin and Py, 4 are vapor pressures
of water at skin and air, respectively expressed in mmHg; Ay is the area of the voxel exposed to air
(m?).

The vapour pressure of water over the range of roughly 27°C-37°C can be presented well by

Pw,skin = 192Tskm -5 (7)

where S is a constant equals to 2.53 mmHg.
The Von Neumann’s stability criterion correlates the time step to the space step and other tissue
constants to guarantee the stability of the numeric solution [24].

2pC A?
L —
At = 12K + BA? (®)
Equation (8) can be simplified according to [25],
A2
ar< P 9)

The Von Newman stability criterion Equation (9) is applied to yield a time step of 0.3 seconds.

4.2. Simulating the Tissue Thermoregulatory Control

The blood flow rate supplying a certain tissue is a function of the tissue temperature; it increases to
cool the heated tissue by convection. The dependence of the temperature dependent constant related
to blood flow rate B(r,T') on the tissue temperature T is proposed in [26], where B(r,T') is expressed
as follows.

B(r,T(r)) = B(r), T(r)<39°C (10)
B(r,T(r)) = B(r)[1+ Sp (T(r) — 39)], 39°C < T(r) < 44°C (11)
B(r,T(r)) = B(r)[1+5S5], T(r)>44°C (12)
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where B(r) is the tissue dependent constant related to blood flow rate stated in Table 2 and Sp is a
constant equal to 0.8°C~1.

Each FDTD cell in the model is assigned specific thermal parameters. The coefficient of thermal
conductivity K, the specific heat C, a constant related to blood flow B, and the basal metabolic rate
A, [27-30] are given in Table 2.

Table 2. Knee tissues thermal parameters.

Tissue type C (J/kg°C) | K (J/s-m3°C) | 4, (J/s-m3) | B (J/s-m?°C)

Bone 1300 0.4 289.5 1000
Body fluid 4200 0.62 0 0

Cartilage 3500 0.47 1600 9000
Connective tissue 2500 0.25 300 520
Fat 2500 0.25 300 520
Muscle 3600 0.5 703.5 2700
Skin 3500 0.42 1620 8652
Tendon 3300 0.41 1600 9000

5. NUMERICAL RESULTS AND DISCUSSIONS

The electric field inside the knee tissues is calculated using the FDTD method, and the SAR distribution
is obtained due to radiated electromagnetic fields from a single dipole antenna and from a circular array
of four and eight dipole elements. In the following sections, the electric field and SAR distributions are
obtained due to microwave radiation from a single dipole and a circular arrays of four and eight dipole
antennas placed surrounding the knee. In all cases, the distribution of the electric field and SAR is
drawn in two main planes, the axial and sagittal cross-sections. The two planes are shown in Figure 4
relative to the knee model. The induced temperature rise as a result of microwave exposure from one
dipole is investigated taking into consideration the thermoregulatory mechanism.

. Axial

. Cross-Section
Sagittal

Cross-Section

Knee model

Figure 4. Definition of the axial and sagittal cross sections.

5.1. E-Field and SAR Distributions due to a Single Dipole

A single dipole is placed in front of the knee in the location indicated in Figure 1(b). A unit voltage
is applied across an infinitesimal gap at the dipole centre. The electric field distributions in the middle
axial and sagittal cross sections are shown in Figure 5. The corresponding SAR distributions are shown
in Figure 6.
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Figure 5. Electric field distribution in the middle (a) axial and (b) sagittal, cross sections of the knee
model due to a single dipole placed in front of the patella.
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Figure 6. SAR distributions in the middle (a) axial and (b) sagittal, cross sections of the knee model
due to a single dipole placed in front of the patella.

5.2. E-Field and SAR Distributions due to Radiation from Circular Array of 4 Dipoles

This section presents the plots for the electric field and SAR distribution inside the knee tissues due to
electromagnetic exposure from a circular array of four dipole antennas. The circular array surrounds
the knee with the dipoles placed parallel to the sagittal axis of the knee as shown in Figure 7. Each two
adjacent dipoles are separated by 90°, i.e., the dipoles are placed at angles (0°, 90°, 180°, and 270°) on
the circumference of a circle of diameter 11.6 cm. Each dipole is excited by a unit voltage sinusoidal
signal applied across the infinitesimal gap at the dipole centre. The operating frequency is 2.45 GHz.

The electric field distributions in the middle axial and sagittal cross section of the model are
presented in Figure 8(a) and Figure 8(b), respectively. The computed SAR distributions in the same
cross sections are shown in Figures 9(a) and 9(b).

5.3. E-Field and SAR Distributions due to Radiation from Circular Array of 8 Dipoles

The source of microwave radiation is a circular array of eight dipoles arranged equally on the
circumference of a circle with diameter 11.6 cm, placed around the knee model. Each two adjacent
dipoles are separated by an angle 45°; i.e., the dipoles are placed at angles (0°, 45°, 90°, 135°, 180°,
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Figure 7. Circular array of four dipoles surrounding the knee.
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Figure 8. Electric field distributions in the middle (a) axial and (b) sagittal, cross sections of the knee
model due to a circular array of four dipoles placed around the knee.

Figure 9. SAR distributions in the middle (a) axial and (b) sagittal, cross sections of the knee model
due to a circular array of four dipoles placed around the knee.
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Figure 10. Electric field distributions in the middle (a) axial and (b) sagittal, cross sections of the
knee model due to a circular array of eight dipoles placed around the knee.

dB (Watt/Kg)
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Figure 11. SAR distributions in the middle (a) axial and (b) sagittal, cross sections of the knee model
due to a circular array of eight dipoles placed around the knee.

225°,270°, 315°). The excitation for each dipole is a unit voltage sinusoidal signal across an infinitesimal
gap at the centre of the dipole. The electric field distributions in the middle axial and sagittal cross
sections are shown in Figures 10(a) and 10(b), respectively. The corresponding SAR distributions in
the same sections are shown in Figures 11(a) and 11(b).

5.4. Steady State Initial Temperature Distribution

Solving the BHE to obtain the rise in temperature due to the exposure to electromagnetic energy requires
the knowledge of the initial tissue temperature. The BHE Equation (3) is solved for 4000 time steps
(total exposure time is 20min). Air temperature is assumed to be 25°C, arterial temperature 36°C,
and initial tissue temperature 36.2°C. Figure 12 shows the initial steady state temperature distribution
with the skin excluded from the figure scale to enhance the resolution to show the minor differences in
temperature between different tissue types. The skin temperature is far lower. It is in the range of 27.7
to 30.09°C. This low initial temperature is attributed to the fact that the skin is in contact with air
(25°C) with which it exchanges heat by convection, radiation, and evaporation in addition to the rest
of heat exchange mechanisms available for all tissues.
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Figure 12. Initial temperature distribution in the cross section in the knee presented in Figure 2(b)
excluding skin.

5.5. Effect of Thermoregulatory Response on the Tissue Temperature Rise

The effect of thermoregulatory response on the tissue temperature rise as stated by Equations (11)—(13)
is investigated in this section. Figure 13 depicts the relation between the rise in tissue temperature
(the difference between the instantaneous temperature 7 ; ; and the initial tissue temperature stored
in the computer memory) and the exposure time for muscle tissue exposed to electromagnetic radiation
from a dipole antenna placed outside the knee and close to the skin parallel to the knee sagittal axis
in the position shown in Figure 1(b). The dotted curve in Figure 13 represents the temperature rise
under the assumption of the absence of the thermoregulatory response. In this case, there is a linear
dependence of temperature rise on time for short exposure duration. The solid curve represents the rise
in tissue temperature with time in the presence of thermoregulatory response. First, the two curves
coincide, showing a linear rise in temperature with time. When the temperature rises to 39°C which
is the threshold to trigger thermoregulatory response, it is found that the solid curve tends to have a
lower slope and reaches steady state temperature after a time that depends on the tissue type and the
exposure conditions.
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0 20 40 60 80 100 120
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Figure 13. Effect of the thermoregulatory response on the temperature rise in muscle tissue.

The case in which thermoregulatory response is considered is a more realistic case, and hence it is
applied onwards.
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5.6. Temperature Rise with Time for Various Tissue Types

Under the effect of electromagnetic field and using the BHE, the temperature T} ; ;. is calculated for each
voxel of the knee as a function of time for exposure durations ranging from 120 to 240 min for different
levels of radiated powers which correspond to different values of SAR. Figure 14 shows the variation
of the temperature with time inside the knee for the muscle tissue by placing a dipole antenna in the
position indicated in Figure 1(b). Using a single dipole in the study of the temperature rise in tissues is
because a wide range of SAR values is obtained for the same tissue type in a single simulation. If more
than one dipole is used, SAR values will almost be homogenous or vary in small range, and hence more
simulations are needed at different input power levels.

- = SAR =7.06 (W/Kg)
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Figure 14. Temperature rise with time for muscle tissues subjected to different values of SAR.

The temperature-time relations shown in Figures 15 to 20 are obtained for different tissue types in
the human right knee, due to a dipole antenna placed at the position indicated in Figure 1.
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Figure 15. Temperature rise with time for tendon tissues subjected to different values of SAR.

It can be noticed from the results presented in Figures 14-20 that the six tissue types — muscle,
tendon, fat, skin, cartilage, and bone — reach steady state temperature after a corresponding period
of time depending on the tissue type. The steady state temperature is reached after different exposure
durations for different SAR values. In the six plots, the transient temperature rise shows a linear
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rise with time for skin tissues subjected to different values of SAR.

4

—SAR = 1.47 W/Kg
- - SAR=13.2 W/Kg
........ SAR = 23.5 W/Kg
--—-SAR = 44.5 W/Kg

i i

60 80 100 120

Time (min)

Figure 18. Temperature rise with time for cartilage tissues subjected to different values of SAR.

dependence on SAR for short exposure duration.

After a certain time that depends on the tissue

parameters and exposure conditions, the temperature stabilizes at a certain steady state value. Tissues
lose the excess heat by conduction to neighbouring tissues, radiation, evaporation to air, and convection
with blood. When the temperature reaches 39°C, the threshold to trigger thermoregulatory response,
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Figure 19. Temperature rise with time for bone tissues subjected to different values of SAR.
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Figure 20. Temperature rise with time for synovial fluid subjected to different values of SAR.

the increased rate of blood flow tends to increase the cooling rate of the tissue.

In the cases of bone, muscle, fat, cartilage, and ligament, the cooling mechanisms utilized by the
tissue to reach a steady state temperature are convection via blood and conduction to neighbouring
tissues. For skin, the rise in tissue temperature in all the cases investigated is not enough to trigger
thermoregulatory response (the skin initial temperature is lower than the rest of the tissues), but heat
loss by radiation, convection with blood and air, and evaporation could efficiently cool the skin under
the selected exposure conditions.

In the case of body fluid, there is no blood supply to the fluid; therefore, the fluid does not lose heat
to blood by convection. Radiation and evaporation are blocked by the surrounding tissue. Conduction
to the surrounding tissue is the only mechanism available for heat dissipation. Thus, body fluid does
not reach steady state in any of the applied exposure conditions. This can be clearly seen in Figure 20,
for the synovial fluid.

5.7. Steady State Temperature Rise versus SAR

This section depicts the relationship between the absorbed SAR and the steady state rise in tissue
temperature (ATy) for each tissue type individually. The source of microwave radiation (the dipole) is
located at the position indicated in Figure 1(b), and the values of SAR and temperature are evaluated.
Figure 21 shows the relationship between the steady state rise in tissue temperature and the local SAR
at a point in the muscle tissue. Cartilage and tendon are found to have the same behaviour.
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Figure 21. The relationship between (ATs) and local SAR inside a point in the muscle tissue

The steady state temperature rise versus the SAR in the skin is presented in Figure 22.
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Figure 22. Steady state rise in tissue temperature versus SAR for skin.
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Figure 23. Linear relation between steady state rise in tissue temperature and SAR for tendon,
cartilage, skin, bone, fat and muscle.

From the results presented so far, the relationship between the steady state rise in tissue
temperature and SAR is always linear for temperatures below 39°C. Above this temperature, the linear
relationship is disturbed. However for the skin, the relationship is linear throughout the entire range
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of SAR values because the skin initial temperature is low (as mentioned earlier), thus, the final steady
state temperature does not exceed 39°C in any of the investigated exposure conditions.

The slope (x) between the SAR and the rise in temperature measured in (°Ckg/W) is of crucial
importance for the linear part of the relation. It can be considered as a measure of the susceptibility
of tissue to be heated by electromagnetic radiation at the applied frequency. Figure 23 compares the
linear part of the relationship between the steady rise in tissue temperature and the SAR for the muscle,
tendon, skin, cartilage, fat, and bone in one plot. The value of x for a specific tissue may be affected
by the structure of the surrounding tissue. The bone and fat are the tissue types with the highest
susceptibility to heating, and this is why during diathermy treatment, hot spots may arise inside the
fat tissue when the covering skin is still at a safe temperature. Tissues are arranged according to values
of the slope, x, and shown in Table 3.

Table 3. The values of y for different tissue types.

Tissue | Slope x (°C kg/W)
Bone 1.653
Fat 1.320
Muscle 0.373
Cartilage 0.1211
Tendon 0.114
Skin 0.0661

5.8. Steady State Temperature versus Averaged SAR for Muscle Tissue

The SAR values averaged over 1g (SARi,) and over 10g (SAR1gg) have been computed considering
tissue masses in the shape of a cube. To obtain the relationship between the steady state temperature
at a point and each of the SAR averaged over 1g and 10g, a cubic volume is taken in the tissue with
its centre at the point of calculation. Cubes weighing 0.9 grams for SAR;, and 9 grams for SAR¢,
have been examined. It should be noted that the applied input powers to the antenna are small enough
to ensure that thermoregulatory responses are not triggered inside the tissue. The dipole is located as
indicated in Figure 1(b). Examples for the relationship between the steady state temperature rise and
the averaged SAR are shown in Figure 24 for the muscle tissue.

AT gpay (°C)
o

0.5 e _ o |—SAR
19

P : - - SAR
0 i i i i i 109
0 1 2 3 4 5 6 7 8

SAR (W/kg)

Figure 24. The relation between (ATyg) and each of SAR;, and SARip, for low SAR values in the
muscle tissue of the knee.
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At the thermal steady state, it could be appropriate to express the maximum temperature increase
in biological tissue as a function of the averaged SAR by the following equation:

ATy, < aSARqy,e (13)
where SARavg, ATy, and a denote the SAR averaged over 1 or 10g of the tissue, the maximum
temperature rise, and the slope of the line in units of (°C - kg)/W, respectively. Note that no temperature
increase in the knee is induced without electromagnetic power absorption. Slope « can be denoted as the
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Figure 25. Temperature rise distribution in the middle axial cross section (left column) and middle
sagittal cross section (right column) due to (a) single dipole, (b) circular array of four dipoles, (c)
circular array of 8 dipoles.
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normalized heating factor [24]. For SAR,, slope « is obtained from the simulations, and Equation (13)
is written as,

AT, < 0.3345SAR;, (14)
and for SAR g, Equation (13) is written as,
AT, < 0.4208SAR;, (15)

Slope o computed in either relation is not a constant value for the muscle tissue. The slope depends
greatly on the selected part of the muscle tissue for evaluation, i.e., on the intervening and surrounding
tissues. Omn the basis of these results, it is necessary to specify a more accurate value of slope «
correlating the maximum temperature increase with the averaged SAR. This would be accomplished by
using much more samples for the averaged SAR values and the maximum temperature increase.

The work of [31] stated that the correlations between the maximum temperature increase and the
averaged SAR are not dependent on the EM wave frequency, although the electrical constants of tissues
are largely dependent on the frequency.

5.9. Distribution of Temperature Rise

This section is concerned with the presentation and discussion of the steady-state temperature rise
distribution in the different tissues around the knee joint as a consequence of being subjected to
electromagnetic exposure from single dipole antenna and circular arrays of four and eight dipoles. Color
scale plots for the temperature rise distribution in the axial and sagittal cross sections of the knee are
presented. The plots summarize the results concerned with the temperature rise in the different tissue
types around the knee joint which is extensively discussed in the previous sections. Figures 25(a), (b),
and (c) show the temperature rise distribution due to radiation from a single dipole, circular array of
four dipoles, and circular array of eight dipoles, which correspond to the steady-state SAR distributions
presented in Figures 6, 9, and 11, respectively. Each dipole is excited with a sinusoidal voltage signal of
magnitude 10V and frequency 2.45 GHz applied across an infinitesimal gap at the dipole centre. It can
be seen in the figures that with increasing the number of dipoles the temperature rise globally increases,
and its distribution becomes more homogeneous. Also, it can be seen that the maximum temperature
rise is about 5°C in the case of circular array of eight dipoles, which is still in the safe range (< 42°C)
that will not affect the tissues negatively or cause burning or hot spots.

6. CONCLUSION

In this work, a thermotherapy device composed of a circular array of dipoles is proposed for the
treatment of the human knee disorders. A three-dimensional model of the knee is constructed using
two-dimensional images for a number of cross sections taken regularly along the knee. The FDTD is
applied to calculate the SAR distribution within the knee tissues due to electromagnetic radiation from
the circular array. The maximum SAR has increased in the case of 8 dipoles. The temperature rise
in the different tissues is obtained by applying the FDTD method to the BHE. In solving the thermal
problem, we attempt to apply the most realistic boundary conditions. A complete thermal model of the
human body has been implemented. The forward divided difference and centered divided difference are
used to solve for the first and second order derivatives of the BHE, respectively. Convective, radiative,
and evaporative boundary conditions are applied. The effect of the thermoregulatory system has been
considered as well.

The relationship between the temperature rise and the SAR value is studied for each tissue type
in the knee using a single dipole radiating at different power levels. The results of temperature increase
due to microwave exposure show that the presence of the thermoregulatory system strongly limits the
temperature elevations. If thermoregulation is inhibited, a relevant increase in the blood temperature
is induced. Therefore, even if power absorption is limited to one body region, temperature elevations
will occur throughout the body.

The time taken for the electric field to reach steady state inside biological tissue is rather short, in
the order of 1079 sec in the examined exposure conditions, whereas the time required for the tissue to
reach steady temperature is about 20 min for the applied boundary conditions. Many parameters are
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computed based on the values of the steady state rise in tissue temperature (ATy). It should be noted
that the steady state temperature is often reached after prolonged exposure duration for many exposure
conditions; for example during a diathermy session or a mobile phone call. It is therefore interesting to
consider the time evolution of the temperature. The local and averaged SAR values deposited in the
muscle tissues are linearly dependent on the average power incident on the knee. The results also reveal
the linear dependence of the rise in tissue temperature (up to 39°C) on the averaged power incident on
the knee.
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