10

Computational Methods for Predicting Field Intensity
and Temperature Change

James C. Lin and Paolo Bernardi

CONTENTS
10.1  INtrOdUCHON c.vviii s 294
10.1.1 Induced Field Intensity and Dosimetric Quantities...........c.ccccceeveiircannes 295
10.1.2  Characterizing EMFES .........ccccooiiiiiiiiiiiiiicccccccccccccenes 296
10.2  Planar Tissue MoOdels ........coocuiiiiiiiiiiiniiiiiiicccreeeceece et 297
10.2.1 Thick or Semi-Infinite Layers .........c.cocoooeoiiriiiiiiiicc 297
10.2.2  Multiple Layers ... 301
10.3  Bodies of ReVOIULION ......c.cviiiiiiiiiiiiii s 304
10.3.1 Spherical Models..........ccccoiiiiiiiiiiiiiiiiiiccicc e 304
10.3.2  Prolate Spheroidal Models...........ccccoviiiiiiiiiniiiiiiiiiiicccccce 308
10.4 Anatomically Based Models ..........ccccoiiiiiiiiiiiiiiicccce 311
10.4.1 Brief Survey of Numerical Methods............ccooooiii 311
10.4.1.1 Quasi-Static Impedance Method ...........cccooiviiiiin 311
10.4.1.2 Volume Integral Equation MoM .........ccccccovviniiniiiiininiiiiinans 312
10.4.1.3  SMOM ..ottt 313
10.4.1.4  FEM .o 314
10.4.1.5 FDTD Method......ccccoeuviiiiiiiiiiiiiicciniiiesaes 314
10.4.2 Human Bodies Exposed to EMFs .........ccccccocoviininniiccnes 318
10.4.2.1 Realistic Models of the Human Body.........ccccooeeiiiniiiiinnnaes 318
10.4.2.2 Currents Induced in the Human Body
by Low-Frequency EMFs........ccccoooiiiiiiiiiiiiicccccce, 319
10.4.2.3 Absorption in Human Bodies Exposed
to Far Field of RF SoUICeS .......cccccoovviiiiiiiiiiiiiccccc, 327
10.4.2.4 Human Exposure to the Field Radiated
by Transceiver Base-Station Antennas..........ccccccoevvvvnieicnnnnnnes 335
10.4.2.5 Coupling of Transient EM Pulses into the Human Body......... 340
10.4.2.6 Absorption in the Head of Cellular Phone Users ...................... 343
10.5 Temperature Elevations Induced in Biological Tissues
by EM Power ADSOIPHON........cooiiiiiiiiiiiiiiiiciiiciiccceee 348
10.5.1  INErOAUCHON .ttt 348
10.5.2 Bio-Heat EQUAation........ccooiiiiiiiiiic 348
10.5.2.1 Initial CoNditions ........ccccovvviiuiiiiiiiiiiiiicccccc e 350
10.5.2.2 Boundary Conditions ..........cccoceuiiirieiiiicieiiiicieec 350
10.5.3 Thermoregulatory RESPONSES .........cccovviviiiiiiiiiiiiii e 351
10.5.4 Numerical Methods for Solving the Thermal Problem............ccccccccccec... 353
10.5.4.1 Explicit Finite Difference Formulation.........c.cccccooviiiiiinnaes 353
10.5.4.2  ADI Formulation.........cccccoeuiucioinniieiinicicciseececieceeeee e 355

© 2006 by Taylor & Francis Group, LLC.
y lay’ P,



10.5.5 Temperature Elevations in Subjects Exposed to EM Fields ...................... 357
10.5.5.1 Temperature Increments in the Human Body Exposed

to the Far Field of Radiating RF Sources.........c.ccccccovciiicncnnes 357
10.5.5.2 Temperature Increments in the Head of a

Cellular Telephone User...........cccovviiinininiiiiiiniiicicccccccenes 359

10.6 Thermal Therapeutic Applications of Microwave Energy .........cccccoevvviinnnnnn 361
10.6.1 Ablation for Cardiac Arrhythmias........c.cccoooeiiiiii 362

10.6.2 Ablation for Endometrial DiSOrders.........coeevveeevieciieiieecieecieeie e 363

10.6.3 Microwave Interstitial Hyperthermia for Cancer Treatment.................... 364

10.7  Concluding Remarks...........cocoiiiiiiiiiiiiiiiiicccc s 366
AckNOWledgment ..o e 368
RELEIOICES ..ttt ettt ettt e et e e eaeeetseeateeabeeeaseebeeesaeeaseeteeeaseeaseenses 368

10.1 Introduction

Electromagnetic energy at both high and low-frequencies can be transmitted into
biological materials through the use of antennas or applicators. Antennas launch
the electromagnetic energy into the medium. They serve to couple the generating source of
electromagnetic energy into the medium, which surrounds it. The spatial distribution
of electromagnetic energy from an antenna is directional and varies with distance from
the antenna. At distances sufficiently far from an antenna, so that local field distribution
changes predictably and varies mostly with distance, the region is called a far field or
radiation zone. In the near field or near zone close to the antenna, the electromagnetic
energy distribution varies as a function of both angle and distance. Moreover, the
behavior of electromagnetic fields (EMFs) and their coupling and interaction with bio-
logical systems are very different, depending on whether they are in the near or far zone.
In fact, these differences constitute the major variances between radio frequency (RF) and
low-frequency energy deposition into biological systems. As shown in subsequent
sections, the induction of electric and magnetic fields, deposition of electromagnetic
power, absorption of electromagnetic energy, and their penetration into tissue, all are
functions of the source and its frequency or wavelength. In general, when considering the
interaction of EMFs with biological systems, it is necessary to account for the frequency or
wavelength and its relationship to the physical dimensions of the body.

In addition, the interaction of EMFs with biological systems is characterized by the
electromagnetic properties of tissue media, specifically, dielectric permittivity. Biological
materials have magnetic permeability values close to that of free space and are independ-
ent of frequency. In a medium such as biological tissue with a finite electrical conductivity
o, a conduction current, J] = ¢E, can be induced to flow, giving rise to energy loss by joule
heating. Clearly, fields must be coupled into tissues, and energy must be deposited or
absorbed in the biological systems, regardless of the mechanism that is accountable for an
effect, for the system to respond in some manner. Thus, to achieve any biological
response, the electric field, magnetic field, or EMF that is exerting its influence must be
quantified and correlated with the observed phenomenon.

The purpose of this chapter is to present an account of electromagnetic interactions in
biological media, with special emphasis on the energy coupling and distribution charac-
teristics in models of biological structures. Such information is essential for analyzing the
interrelationships among various observed biological effects, for separating known and
substantiated effects from those that are speculative and unsubstantiated, for assessing
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the therapeutic effectiveness of electromagnetic waves, and for extracting diagnostic
information from field effects.

There exist a wide variety of methods for quantifying fields in biological bodies. The
extent of computer usage varies, depending on the specific information sought and the
complexity of tissue geometry. This chapter outlines a number of techniques that have
been successfully employed to analyze the propagation and absorption characteristics of
electromagnetic energy in tissue structures. There are two general approaches: one
involves extensive use of analytical development and the other relies more heavily on
numerical formulation. Analytical computations are most suited for calculation of the
distribution of absorbed energy in simplified tissue geometries such as plane slabs,
cylinders, and spheroids, whereas numerical methods offer the opportunity of analyzing
the coupling of electromagnetic energy to animal and human bodies, which is difficult, if
not impossible, to approach analytically. The advantages and limitations of various
methods for field computations, along with representative results, are provided in this
chapter. In some cases, for additional details, the reader is referred to previous editions of
this handbook [1,2]. This chapter will begin with a brief introduction to the concepts of
induced field and power deposition and the characteristics of field intensities and dosi-
metric quantities.

10.1.1 Induced Field Intensity and Dosimetric Quantities

The quantities of import to characterize coupling of electromagnetic energy into biological
systems include the incident field, induced field, power deposition, and absorbed energy.
The metrics of specific absorption rate (SAR) and specific absorption (SA) in biological
systems or tissue models have been adopted as the dosimetric quantities, especially at RF
frequencies. The metric SAR (in W/kg) is defined as the time derivative of the incremental
energy absorbed by (or dissipated in) an incremental mass contained in a volume of a given
density. SA (in ] /kg) is the total amount of energy deposited or absorbed and is given by the
integral of SAR over a finite interval of time. Information on SA and SAR is of interest
because it may serve as an index for comparison and extrapolation of experimental results
from tissue to tissue, from animal to animal, from animal to human, and from human to
human exposures. It is also useful in analyzing the relationships among various observed
biological effects in different experimental models and subjects. This is in clear contrast to
incident field or any other external measures of exposure, which often do not provide the
same field inside biological systems of different sizes, species, or constitutions.

Moreover, determination of the induced field would be preferred because it (1) relates
the field to specific responses of the body, (2) facilitates understanding of biological
phenomena, and (3) is independent of mechanisms of interaction. Once the induced
field is known, quantities such as SAR (in W/kg) can be derived from it by a simple
conversion formula. For example, from an induced electric field E (in V/m), the SAR can
be derived as

2
sAR = 7F (10.1)
Pm

where ¢ is the bulk electrical conductivity (5/m) and py, is the mass density (kg /m?) of
tissue. However, at present, a small, isotropic, implantable electric field probe has yet to be
developed with sufficient sensitivity for practical use. Consequently, a common practice in
experimental dosimetry relies on the use of temperature elevation produced under a short-
duration (<30 sec), high-intensity exposure condition. The short duration is not enough for
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significant convective or conductive heat contribution to tissue temperature rises. In this
case, the time rate of initial rises in temperature (slope of transient temperature response
curve) can be related to SAR through a secondary procedure, that is,

cAT
SAR = Ar (10.2)

where AT is the temperature increment (°C), c is the specific heat capacity of tissue
(J/kg °C), and At is the duration (sec) over which AT is measured. Thus, the rise in tissue
temperature during the initial or a transient period of RF energy absorption is linearly
proportional to the value of SAR. It is important to distinguish the use of SAR and its
derivation from temperature measurement. The quantity of SAR is merely a metric for
energy deposition or absorption, and it should not be construed to imply any mechanism
of interaction, thermal or otherwise. However, it is a quantity that pertains to a macro-
scopic phenomenon by virtue of the use of bulk electrical conductivity in its derivation
(Equation 10.1).

It is of particular significance to emphasize the use of bulk electrical conductivity, the
specific heat capacity, and the mass density (kg/m?) of tissue in the derivation of SAR
from electric field strength or temperature elevation. Their use in the definition means
that a volume of tissue mass must be selected over which SAR is determined. It is self-
evident that the numerical value of SAR would be the same, regardless of what volume is
chosen, if the induced field or power deposition is uniform in a tissue medium. A
difficulty arises when the absorption is not uniform or when tissues with differing
properties and conductivities are within the same volume. Thus, in general, a smaller
averaging mass or volume would allow SAR—as a metric—to provide a closer represen-
tation of its variation inside the body or tissue medium.

10.1.2 Characterizing EMFs

The space surrounding a source antenna can be divided into near and far zones as a
function of distance from the antenna [3]. The demarcating boundary occurs at a conser-
vative distance of R = 2D?/A, where D is the largest dimension of the antenna. Further-
more, the near zone can be divided into two subregions: the radiative region and the
reactive region. In the radiative region, the region closer than 2D?/A, the radiated power
varies with distance from the antenna. The vicinity of the antenna where the reactive
components predominate is known as the reactive region. The precise extent of these
regions varies for different antennas. For most antennas, the transition point between
reactive and radiative regions occurs from 0.2 to 0.4D?/\. For a short dipole antenna, the
reactive component predominates to a distance of approximately A /2w, where the radia-
tive and reactive components are equal to each other. However, the outer limit is on the
order of a few wavelengths or less in most cases.

A typical wavelength in free space at extremely low-frequencies (ELF between 3 Hz and
3kHz) is ~5000 km. The A /2w distance is about 800 km for the induction and radiation
fields to have equal amplitudes. Therefore, for most purposes, ELF transmission line
fields are not radiative but are inductive and quasi-static in nature. This fact governs
the coupling and induced field characteristics of ELF and other low-frequency electric
and magnetic fields in biological tissue. In particular, (1) the electric field is enhanced at
the surface of the biological body and is nearly perpendicular to the surface of the body,
(2) electric and magnetic fields are decoupled inside a biological body, (3) the electric field
applied through air is weakened by a large dielectric permittivity (by about 10~¢) upon
penetration into biological tissues, (4) the magnetically induced electric field encircles the
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magnetic field and produces an eddy current whose magnitude increases with distance
from the center of the body, and (5) an eddy current appears in each region inside the body
with a different conductivity and behaves as a unit with its own body center and radius or
an equivalent radius. These observations apply to all frequencies where the wavelength is
high or the largest dimension of the body is small compared with the wavelength [2]

In contrast, the 2D*/A distance is approximately 6 cm for a 10-cm RF antenna operating at
900 MHz in free space. Clearly, both near-zone reactive and far-zone radiative interactions
are encountered in the vicinity of wireless RF telecommunication systems. In the near zone,
the coupling of RF energy into the human head is substantial. As much as 40% to 50% of
the radiated RF power is transferred back and forth between the radiating antenna and the
head. SAR will vary with specific antenna configuration and its placement next to the head.
The bulk of power deposition is on the side of the head nearest to the radiating structure of
the cellular mobile telephone and follows an exponential trend away from the antenna
side. The anatomy of the head and tissue inhomogeneity can influence the maximum value
and distribution of SAR in the head of a mobile telephone user. However, the integrated
SAR in the head is similar for a homogenous or inhomogenous model. Some of the major
features of near-zone field are that (1) RF electric and magnetic fields are decoupled and
are not uniform, (2) wave impedance varies from point to point, (3) beam width from the
antenna is divergent and is small compared with the head or human body, (4) electric
field ffect is weaker since dielectric permittivity of tissue is relatively high, and (5) inductive
coupling of antenna-current-generated magnetic field dominates power deposition.

In the far field, coupling is characterized by plane wave RF field interaction and is
independent of source configurations. Electric and magnetic fields are uniquely defined
through the intrinsic impedance of the medium. Thus, determination of the electric field
behavior is sufficient to characterize the interaction. The coupling of RF power from air into
planar tissue ranges from 20% to 60% at wireless communication frequencies. However,
enhanced coupling can occur at a greater depth in bodies with curved surfaces. In fact, RF
energy is resonantly absorbed by the head at 400 to 1500 MHz, and SAR peaks or hot spots
may occur near the center of the head. The interaction of RF energy with biological systems
depends on electric field polarization for elongated bodies whose height-to-width ratio is
large. It is significant to observe that the integrated SAR or total absorption in the biological
body is similar for a homogenous and inhomogenous model.

10.2 Planar Tissue Models

When the radius of curvature of the body surface is large compared to the wavelength
and beam width of the impinging radiation, planar tissue models may be used to estimate
the absorbed energy and its distribution inside the body. As a first-order approximation,
the plane wave configuration is often used for its simplicity to assess EMF interaction
with planar biological tissues. This section presents a summary of specific results that
have been obtained, using analytical approaches, for thick or semi-infinite layers and for
multilayered planar models of biological tissue structures.

10.2.1 Thick or Semi-Infinite Layers

The reflection and transmission of a plane wave at a planar tissue interface depend on the
frequency, polarization, and angle of incidence of the wave and on the dielectric constant
and conductivity of the tissue. For a linearly polarized plane wave impinging normally on
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a boundary separating two semi-infinite media, the reflection and transmission coeffi-
cients are given by

r=T2"—m (10.3)
N+ M
and
__2m (10.4)
M+t m

respectively, where 1; and 7, are the intrinsic impedances (= /(u/¢)) of media 1 and 2. If
intrinsic impedances of the two media are approximately equal or if the dielectric
permittivities are comparable, most of the energy is transmitted into the second medium,
and the reflected field is relatively small. Conversely, if intrinsic impedances differ
greatly, or if the dielectric permittivities are very different, the transmitted field is
small, and the quantity of reflected energy is large.

Table 10.1 summarizes the magnitude of the reflection coefficient at the boundary
separating various tissues. The fraction of normally incident power reflected by the

TABLE 10.1

Reflection Coefficient (Magnitude in %) between Biological Tissues at 37°C

Frequency (MHz) Air Fat (Bone) Lung Muscle (Skin) Blood Saline

Air 433 0 46 76 82 81 83
915 0 43 73 78 79 80

2,450 0 41 71 76 77 79

5,800 0 39 70 75 76 78

10,000 0 37 70 74 76 78

Fat (bone) 433 0 46 56 56 60
915 0 43 52 54 57

2,450 0 42 50 53 57

5,800 0 42 50 53 56

10,000 0 45 52 54 58

Lung 433 0 14 13 19
915 0 12 14 18

2,450 0 10 15 19

5,800 0 10 14 19

10,000 0 10 13 18

Muscle (skin) 433 0 4 6
915 0 4 7

2,450 0 5 10

5,800 0 4 9

10,000 0 3 9

Blood 433 0 6
915 0 4

2,450 0 5

5,800 0 5

10,000 0 6

Saline 433 0
915 0

2,450 0

5,800 0

10,000 0
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discontinuity is given by I'">. Clearly, about one half of the incident power is reflected at
these boundaries. Further, the reflection coefficient for tissue-tissue interfaces generally is
smaller than for air-tissue interfaces. The percent reflected power for tissue-tissue inter-
faces ranges from a low of 5 for muscle-blood to a high of 50 for bone-biological fluid
interfaces. This suggests that the closer are the dielectric properties on both sides of the
interface, the smaller is the power reflection.

The fraction of power transmitted is related to the power transmission coefficient, T Tt
is readily apparent from Table 10.1 that the power transmitted at air-tissue interfaces is
quite substantial at RF and microwave frequencies. Moreover, Figure 10.1 shows that the
power transmission coefficient is highly frequency dependent, especially at lower fre-
quencies.

As the transmitted wave propagates in the tissue medium, energy is extracted from the
wave and absorbed by the medium. This absorption will result in a progressive reduction
of the power density of the wave as it advances in the tissue. This reduction is quantified
by the depth of penetration, which is the distance in which the power density decreases
by a factor of e 2. Table 10.2 presents the calculated depth of penetration in selected
tissues using typical dielectric constants and conductivities. A graphical representation of
penetration depth vs. frequency for blood, muscle, and fat is given in Figure 10.2. It is seen
that the penetration depth is frequency dependent and takes on different values for
different tissues. In particular, the penetration depth for fat and bone is nearly five
times greater than for higher-water-content tissues.

TABLE 10.2
Depth of Penetration of an EMF in Biological Tissues as a Function of Frequency
Tissue
Frequency (MHz) Saline Blood Muscle (Skin) Lung Fat (Bone)
Depth of Penetration (cm)
433 2.8 3.7 3.0 4.7 16.3
915 25 3.0 25 45 12.8
2,450 1.3 1.9 1.7 23 7.9
5,800 0.7 0.7 0.8 0.7 47
10,000 0.2 0.3 0.3 0.3 2.5
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A wave of general polarization usually is decomposed into its orthogonal linearly
polarized components whose electric or magnetic field parallels the interface. These com-
ponents can be treated separately and combined afterward. Figure 10.3 and Figure 10.4
illustrate the magnitude and phase of the reflection coefficients of representative tissue
interfaces at a temperature of 37°C for irradiation at 2450 MHz. The figures clearly show the
difference between E and H polarization. E polarization, also called perpendicular polar-
ization, and H polarization, also referred to as parallel polarization, are defined in
Chapter 1. For E polarization, there is only a slight variation in magnitude and phase of
the reflection coefficient with incidence angle. For H polarization, however, there is a
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FIGURE 10.3
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pronounced dependence on incidence angle. The reflection coefficient reaches a minimum
magnitude and has a phase angle of 90° at Brewster’s angle. Thus, the H polarized wave is
totally transmitted into the muscle medium at Brewster’s angle.

10.2.2 Multiple Layers

When there are several layers of different tissues, the reflection and transmission character-
istics become more complicated. Multiple reflections can occur between the skin and sub-
cutaneous tissue boundaries, with a resulting modification of the reflection and transmission
coefficients [4-7]. In general, the transmitted wave will combine with the reflected wave to
form standing waves in each layer. This phenomenon becomes especially pronounced if the
thickness of each layer is less than the penetration depth for that tissue. Plane waves
impinging on the human body, considered as consisting of parallel layers of subcutaneous
fat and more deeply lying muscle, have been studied in detail by Schwan and Li [5,6].

For the tissue model depicted in Figure 10.5, the electric field strength in the fat layer is
given by

1 Air 2 Fat 3 Muscle

FIGURE 10.5
Plane wave impinging on a composite fat-muscle layer.
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E¢ = FiEg[e (@227 | [ypeleatio)] (10.5)
and the electric field in the underlying muscular tissue is given by
Epn = FiEge (@B (10.6)

where a5, 8> and a3, B3 are the attenuation and propagation coefficients in fat and muscle,
respectively. The layer function F; and the transmission function F; are given by

Trz

b= e T Tl e @) (10.7)
T, T,

F, 12123 108)

= e@HB) 4 [y ['gpe—(@2+iBa)!

where T1, and T,3 are the transmission coefficients at the air—fat and fat-muscle bound-
aries, respectively. I';; and I3, denote the reflection coefficients at these boundaries,
respectively; [ is the thickness of the fat layer. The power deposition in a given layer
can be obtained from Equation 10.1.

Figure 10.6 shows the results of SAR distribution obtained using the dielectric data
given in part 1. The values are normalized to the SAR in muscle at the fat-muscle
boundary. Note that the absorbed energy is much lower in fat than in muscle. The
standing-wave maximum becomes bigger in fat, and the penetration into muscle becomes
less as the frequency increases.

The electromagnetic energy absorbed in models composed of planar layers of skin, fat,
and muscle can be analyzed in a similar manner [5-8], except that the distribution of
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FIGURE 10.6
SAR (absorbed power density) in plane fat-muscle layers.
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absorbed energy becomes more complex. Figure 10.7 shows that in addition to frequency
dependence, the peak SAR exhibits considerable fluctuation with thickness of the sub-
cutaneous fatty layer. The incident power density is, in this case, 10 W/m?, and the skin
layer is 0.2 cm thick. Note that the peak SAR is always higher in the skin layer for planar
models at microwave frequencies. The depth of penetration for 10 GHz radiation in skin is
less than 0.5 mm—the transmitted energy is almost completely absorbed in the skin, and
the SAR is rather unaffected by changing fatty layer thickness. The fact that SAR is highest
in the skin is significant, since skin is populated with thermosensitive free nerve endings,
which may be excited along with cutaneous pain receptors when the absorbed energy
exceeds the normal range that can be handled by thermoregulation.

Figure 10.8 shows the distribution of induced electric field strength in a layer of muscle
beneath layers of fat, muscle, and bone for two frequencies [5-8]. It is seen that in addition
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to frequency dependence, the electric fields exhibit considerable fluctuation within each
tissue layer. While the standing-wave oscillations are larger at 2450 than at 915MHz,
microwave energy at both frequencies penetrates to deeper tissues. This result, together
with Figure 10.6 and Figure 10.7, implies that at frequencies between 300 and 3000 MHz,
sufficient energy may be transmitted and reflected to allow examination of organs within
the body. Furthermore, at these frequencies, electromagnetic energy can penetrate into
more deeply situated tissues, making it especially desirable for therapeutic applications.
They also call for special attention for safety considerations since electromagnetic energy
in this frequency range can produce higher SAR at greater depth compared to superficial
tissues.

10.3 Bodies of Revolution

Although depth of penetration and reflection and transmission characteristics in planar
tissue provide considerable physical insight into the coupling and distribution of electro-
magnetic energy, biological structures generally are more complex in form and exhibit
substantial curvature that can modify electromagnetic energy transmission and reflection.
For bodies with complex shapes, the propagation characteristics depend critically on polar-
ization and on orientation of the incident wave with respect to thebody, as well as on the ratio
of body size to wavelength. These complications place severe limitations on calculations of
reflected and transmitted energy for bodies of arbitrary shape and complex permittivity.
This section presents a summary of results for homogenous and multilayered models based
on bodies of revolution that approximate certain mammalian tissue structures.

10.3.1 Spherical Models

Some representative calculations of the SAR are shown in Figure 10.9 for four different-
sized models at 918 and 2450 MHz [7,8]. The 6-cm diameter sphere approximates a cat or
rhesus monkey brain, and the 10-cm diameter sphere approximates the head of a child,
while the 14- and 18-cm diameter spheres are more typical of human adult heads. The
figures illustrate the SAR distributions along the three perpendicular axes whose origin
coincides with the center of the sphere. An incident plane wave power density of 10 W/m?
is assumed. The plane wave is propagating in the positive z direction and is polarized
along the x axis. It is seen that for 918 MHz, maximum absorption occurs near the center
or inside of all the brain spheres. When the frequency is increased to 2450 MHz, the
location of peak SAR for the cat-size brain sphere remains near the center, whereas that
for a human-size brain sphere is moved to an anterior location.

In general, standing-wave patterns with many oscillations are observed. Note that
while peak and average SARs in the cat brain are larger by a factor of 2 than in the
human brain at 918 MHz, at 2450 MHz the peak absorption is four times and the average
absorption is three times greater in the cat brain than in the human brain. Other studies
[9-12] indicate that the peak absorption may be as much as five times greater than the
average, and the enhanced absorptions near the center of these brain models may be two
to three orders of magnitude greater than that expected from the planar tissue models.
The increased absorptions are due to a combination of high dielectric constant and
curvature of the model, which produces a strong focusing of energy toward the interior
of the sphere that more than compensates for the transmission losses through the tissue.
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The peak absorption per unit volume, average absorption per unit volume, and average
absorption per unit surface area as functions of frequency and radius of the spherical brain
model are illustrated in Figure 10.10. It can be seen that the absorbed energy varies widely
with sphere size and frequency. In general, the absorption increases rapidly with increasing
radius and is then followed by some resonant behavior. The peaks of these resonant
oscillations are related to the maxima, or hot spots, in the distribution of absorbed energy
inside the head model, as shown in Figure 10.9. Therefore, for (2ma/A¢) <0.4, where a is the
sphere radius and A is the wavelength in vacuum, hot spots do not occur inside the sphere.
However, for some combinations of irradiation frequency and radius, hot spots will occur,
for example, in spheres with radii between 2 and 8 cm at 918 MHz and between 0.9 and 5 cm
at 2450 MHz. For spheres whose radii exceed the size ranges mentioned above, the max-
imum absorption appears at the anterior portion (exposed surface) of the sphere, and the
penetration depth at the surface becomes a dominating factor for exposures at frequencies
in this range. The planar model discussed previously may be applied to obtain a theoretical
estimation of the absorbed energy in this case.

The frequency dependence of energy absorption is illustrated in the upper graphs in
Figure 10.10 for the head of a small animal, such as a cat or rhesus monkey, and a sphere the
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size of a human head. Besides the occurrence of resonant peaks, with increasing frequency,
energy is absorbed in a decreasing volume as a result of shortened penetration depth.

The effects of skin, fat, bone, dura, and cerebrospinal fluid on the absorption of RF
radiation by the brain have been investigated in several laboratories [9,13-15], using more
complex spherical structures where the spherical core of brain is surrounded by five
concentric shells of tissues. It is interesting to note that if brain sizes remain unchanged,
but the overall sphere diameter is increased to account for the outer tissue layers,
absorption in brain tissues may be increased by 25% for human- and cat-size heads at
918 MHz or decreased by 70% or more in the case of 2450 MHz. Moreover, surface
absorption is greatly increased in the case of layered models, while fat and bone always
absorb the least amount of energy.

If the outer diameter of the sphere remains the same, while the tissue layers are allowed
to be either layered or homogenous, the peak and average SARs show very little change
except when the radius of the spherical head is between 0.1 and 1.0 times the wavelength
in air. The peak and average SARs for layered models may be several times greater than
for homogenous models. Enhancement is apparently the result of resonant coupling of
energy into the sphere by the outer tissue layers.

A study also has been made of the interaction of circularly polarized plane electromag-
netic waves with six-layered spherical models of the mammalian head [15]. The approach
is a classic one; Mie equations were modified to account for the two polarizations that are
orthogonal in space. For example, calculations at 918 and 2450 MHz for a 7-cm diameter
sphere representing a cat or monkey head and a 20-cm diameter sphere typical of a
human adult head indicated that the maximum absorption for 918 MHz occurs near the
center of a cat-size head, whereas the maximum absorption for a human-size head is at
the surface, as in the case of linearly polarized plane waves. However, at 2450 MHz the
location of maximum absorption for both the smaller and the larger spheres shifts to the
leading surface. The distribution of absorbed energy for circularly polarized waves is
more uniform compared with the linearly polarized case. In fact, the absorbed energy
distribution in the planes transverse to the direction of propagation is rotationally sym-
metric, that is, it is independent of angular variation. Note also that the maximum energy
absorbed in the spherical head models varies only slightly between these two frequencies.
However, a greater quantity of energy is deposited in the inner sphere (representing the
brain of a human head) for 918- than for 2450-MHz radiation.

Spherical models of muscle [16,17] have been used as a first-order approximation for the
extrapolation to human beings of results obtained from laboratory animals and as an index
of whole-body absorption of electromagnetic energy as a function of frequency. The spher-
ical model is attractive since exact solutions for absorbed energy can be obtained for all
frequencies and body sizes. While in this case the peak absorption is of very limited utility,
the average absorption per unit surface area is related to the time and power required to
overload the thermoregulatory capacity of an exposed subject. The absorptions for homo-
genous muscle spheres, whose volumes correspond to small animals, such as a rat, and
standard man, computed as functions of frequency, showed that the average absorption for
the rat model is at least ten times higher than for a muscle sphere representing a human
body at frequencies greater than 500 MHz. The absorption increases rapidly with frequency
until the free space wavelength of the impinging radiation approaches the diameter of the
sphere. A number of resonant oscillations appear that tend to increase the amount and
nonuniformity of absorbed energy. Above this range the absorption falls off slowly, indi-
cating that details of body surface curvature are of little significance.

We have, thus far, dealt mainly with situations where the diameter of the sphere is
comparable to or larger than the wavelength in air. It is interesting to note that when the
sphere is small compared with the wavelength, the absorbed energy distribution varies
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almost as the square of the radius or distance from the axis parallel to the direction of the
magnetic field vector. If the sphere is extremely small compared with the wavelength, the
absorbed energy distribution becomes nearly uniform in the transverse directions but
decreases continuously with distance from the exposed surface. This behavior can be
explained by a quasi-static field theory [16]. The electric component of the incident field
couples to the object in the same fashion as an electrostatic field. This gives rise to a constant
induced electric field inside the sphere that has the same direction but is reduced by 3/&
from the applied electric field for biological materials and is independent of sphere size.
Similarly, the magnetically induced electric field inside the body is identical to the quasi-
static solution whose magnitude is given by E = wfurH, where fis the frequency, u is the
permeability, 7 is the radius, and H is the magnetic field component. Thus, the magnetic
component of the incident field produces an internal electric field that varies directly with
distance from the axis and in proportion to the frequency. This magnetically induced
electric field encircles the magnetic axis and gives rise to an eddy current whose magnitude
increases with distance from the y axis. It indicates that while the H-induced energy
absorption in a mouse or larger animal is much greater than the E-induced component,
electrically and magnetically induced absorption may be equally significant in smaller
animals at lower frequencies (below 30 to 40 MHz). Moreover, for a small insect or pupae
the electric field will be the predominant factor.

The variation of average and maximum energy absorption with frequency for a human-
size sphere is illustrated in Figure 10.11. In the frequency range from 1 to 20 MHz, the
maximum absorption rate is only 10~° to 10~ (W/kg)/(W/m?) of incident power. Inspec-
tion of the maximum absorption rate induced by a plane wave, a quasi-static electric field,
and a quasi-static magnetic field shows that absorption at frequencies below 20 MHz is
primarily due to the magnetically induced eddy current and is characterized by a square-
of-frequency dependence. The approximate frequency dependence of average or
total energy absorption throughout the frequency range from 1 MHz to 10 GHz is indi-
cated by the dashed line. For frequencies below 20 MHz the average absorption varies as
the square of the frequency. In the frequency range of 20 to 200 MHz, the average
absorption increases directly in proportion to frequency and attains a maximum of
about 2 x 1073 (W/ ke)/(W/ m?) of incident power at 200 MHz. The average absorption
rate remains fairly constant with increasing frequency. (Its slow variation is inversely
proportional to frequency for higher frequencies.) There is thus little doubt that electro-
magnetic energy absorption varies both with frequency and with body size, and in a
predictable manner.

10.3.2 Prolate Spheroidal Models

Since the bodies of humans and experimental animals are seldom spherical in shape, a
better geometric model is needed to analytically and numerically describe the induced
fields and absorbed energy inside experimental subjects. A prolate spheroid emulates
more closely the shape of mammalian bodies, but most analyses have been restricted to
homogenous models for humans and experimental animals [18-22]. As in the case of
spherical models, for frequencies below resonance, long-wavelength formulations [19,20]
and quasi-static approximations [22] have been used to obtain absorption information.
Geometric optics approximations also have been developed for computation of absorp-
tion characteristics of prolate spheroidal models of humans at frequencies whose wave-
lengths are short compared with body size [21].

Three orientations of the impinging plane wave with respect to the body must be
distinguished: E-polarization, in which the electric field is parallel to the major axis of
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the spheroid; H-polarization, in which the magnetic field vector is parallel to the major
axis; and K-polarization, in which both electric and magnetic field vectors are perpen-
dicular to the major axis of the spheroid. In general, E-polarization produces the highest
energy absorption for frequencies up to and slightly beyond the resonance region.

For a plane wave with long wavelength, that is, A > a, where a is the semimajor axis of
the prolate spheroid, the induced fields within the spheroid are uniform and independent
of size when the external field is uniform. For &, > 1, the field inside the spheroid is
weaker than the applied field. Moreover, the whole-body energy absorption depends not
only on the strength of impressed fields but also on the orientation of the field with
respect to the major axis of the body. As in the case of spherical models, the absorption is
produced by an electrically induced current in the direction of the applied E-field vector,
combined with a circulating eddy current induced by the incident magnetic field [16].
One would therefore expect the electrically induced absorption to be uniform, whereas
the absorption due to the circulating eddy current would be zero at the center of the body
and increase as the square of the distance from the center.

Note that for a given incident field orientation, the average SAR for humans may be
either higher or lower than for rats, depending on the frequency. For example, at 70 MHz,
the average SAR is the highest for humans, having a value of 0.25W/kg for an incident
power density of 10 W/m?; the average SAR for a rat is only 0.0125 W/kg. In contrast, the
average SAR of 0.8 W/kg at 700 MHz is the highest for rats; the corresponding value for
humans is less than 1/25. It is thus extremely important to take into account the body size
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and operating frequency to draw any relationship between the biological effects that arise
in the laboratory and the corresponding effects that might occur in humans at a given
incident power density [1,2].

The frequency for maximal absorption (resonance frequency) depends on the subject
and its orientation with respect to the incident field. In general, the shorter the subject, the
higher the resonance frequency and vice versa. Further, the frequency dependence of
whole-body or average absorption may be partitioned into three regions. This may be
illustrated using the orientation that is most efficient in energy coupling, E-polarization.
For frequencies well below resonance such that the ratio of the longest body dimension
(L) to free space wavelength (A) is less than 0.2, the average SAR is characterized by an
f? dependence. The average absorption goes through a resonance in the region where
0.2 <L/A <1.0.Inthis case, the average SAR rapidly increases to a maximumnear L/A = 0.4
and then falls off as 1/f. At frequencies for which L/A > 1.0, the whole-body absorption
decreases slightly but approaches asymptotically the geometrical optics limit of about one
half of the incident power (1 — power reflection coefficient).

It should be noted that the resonant absorption length of 0.4A is in good agreement with
results from antenna analysis. In addition, whole-body absorptions for H- and K-polar-
izations are totally different. The resonances are not nearly as well-defined as for E-
polarization. In fact, the whole-body absorption curve for H-polarization gradually
reaches a plateau and stays at that plateau for higher frequencies.

At 10 MHz, the size of the spheroidal model approximating an average human body—
height equals 1.75m with a major-to-minor axis ratio of 6.34 and a 70-kg mass—is small
compared with the wavelength. The distribution of absorbed energy in the spheroidal
model is qualitatively similar to that for spherical models. But quantitatively, the differ-
ence could be as much as one order of magnitude. As expected, the absorbed energy is
highest for E-polarization. There is a strong coupling of the applied electric field into the
interior of the prolate spheroid, and a relatively weak eddy current contribution due to a
smaller cross section for intercepting the magnetic flux. The current distribution along the
direction of incident field indicates that the electrically and magnetically induced field
components are nearly equal. The electric polarization field and the circulating eddy
current add at the front side and subtract on the back side of the spheroid to render an
absorption pattern that peaks at the front surface and is reduced to almost zero deeper
inside the spheroid.

For H-polarization, the electrically induced current flows along the x axial direction of
incident E field, and the eddy current field encircles the z axial direction of incident H
field. The relatively low power on the z axis comes solely from the incident electric field.
The combination of E- and H-induced components generates a displaced parabolic energy
absorption pattern along both the x and the y axes. Clearly, the magnetically induced
eddy current predominates in this case, and the absorption is highest along the transverse
circumference at the middle of the prolate spheroid. For K-polarization, both the electric
and the magnetic components of the incident field are along the minor axes of the
spheroid: the electrically induced current flows along one axis, and the incident magnetic
field induces an eddy current electric field that encircles another axis. The absorption is
lowest at the center. Whereas in both E- and H-polarization cases, the peak absorption
occurs at the front surface of the spheroid irradiated by the incident field, this is not the
case for K-polarization. Maximum absorption appears at the surface of the narrow cross
section, and the absorbed energy varies parabolically. This is the result of the large
quantity of magnetic flux intercepted by the broad cross section (and the resulting
concentration of eddy current). It should be noted that the results match very well with
experimental measurements [23]. Moreover, the peak absorptions may be two orders of
magnitude higher than those for dielectric spheres of equal mass.
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10.4 Anatomically Based Models

We have summarized above some of the computational approaches to quantify the
absorbed energy in simple models of biological objects. It should be recognized that
while spheres and spheroids are good models of some animal bodies and certain body
parts, they may not always be adequate for humans and experimental animals under a
variety of exposure situations. More realistic models, such as models of human bodies
formed from small-sized, computational-cell volumes have been developed to account for
the irregular shapes [24-28]. These models, based on numerical techniques have been a
great asset in efforts to accurately predict energy absorption and its distribution in
biological objects exposed to EMFs and RF radiation. In what follows we shall summarize
a number of computer techniques that have been applied with some success in solving
electromagnetic energy absorption and SAR distribution problems. We shall also describe
some results obtained using these methods.

10.4.1 Brief Survey of Numerical Methods

The numerical methods used to predict induced fields in biological bodies of realistic
shape and composition include the quasi-static impedance method, the method of mo-
ments (MoM), the finite element method (FEM), and the finite difference time domain
(FDTD) method. Note that the quasi-static impedance method is restricted to lower
frequencies (<30 to 40MHz for the human body), but the MoM, the FEM, and the
FDTD method may be used for any frequency of interest. In addition, both the finite
element and the FDTD methods involve solving Maxwell’s equations in the differential
form for the computation of induced fields.

10.4.1.1 Quasi-Static Impedance Method

For low-frequency situations, where the dimensions of the biological body are small
compared to the wavelength, the impedance method has been found to be highly
efficient as a numerical procedure for calculating internal current densities and
induced electric fields [29-33]. In this method, the biological body or the exposed part
thereof is represented by a three-dimensional (3-D) network of impedances whose
individual values are obtained from the complex conductivities o + jwe for the various
locations of the body. The impedances for various directions for the 3-D network can be
written as

O

Zi/j/k — : T
m — —
5n5p(0':1/1], +]W8:1/1], )

(10.9)

where i, j, k indicate the cell index; m is the direction in x, y, or z for which the impedance
is calculated; and o, and jwe,, are the conductivities and the dielectric permittivities for
the cell (ij,k). 6,, is the thickness of the cell in the mth direction, and §,, and &, are the
widths of the cell in directions at right angles to the mth direction.

In the impedance method formulation, it can be seen that the cells need not be identical
so that fairly thin features of the body can be modeled as well as the interfaces between
the various tissues and organs. Also, the conductivity for a given cell can be directionally
dependent. This feature will be useful in allowing for the highly anisotropic conduc-
tivities of the tissues that have been reported for low-frequencies including the power-line
frequencies [34,35].
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Employing anatomically based models of the human body, the impedance method has
been used for the following applications:

1. Calculation of SAR distributions for operator exposure to spatially variable fields
of induction heaters [31]

2. SAR distributions for linearly or circularly polarized RF magnetic fields represen-
tative of magnetic resonance imagers [32]

3. SAR distributions due to capacitive-type electrodes used for hyperthermia [33]
4. SAR distributions for interstitial RF needle applicators for hyperthermia [36]

Some calculations using the impedance method are listed below:

1. Internal electric fields and current densities induced in the human body by
exposure to magnetic fields of high-voltage power transmission lines [37]

2. Electric fields and current densities induced in the human head by magnetic fields
of a hair dryer [38]

3. Current densities induced in the arm and the body by magnetic fields of an
electric hand drill [39]

4. Currents induced in the anatomically based model of the human body by the
electric and magnetic fields of electric blankets [40].

In the section that follows, the use of the impedance method is described for calculating
currents in models of the human body exposed to electric and magnetic fields of both the
conventional (pre-1990) electric blanket and the new low-magnetic-field electric blanket.

10.4.1.2 Volume Integral Equation MoM

The MoM [41] is used in conjunction with either the volume integral equation method or
the surface integral equation method for finding solutions to the unknown fields inside
the body. The approaches differ, however, in specifics, in that the surface integral
equation MoM (SMoM) finds the unknown currents on the body surface and calculates
the interior fields from the surface currents, the reciprocity theorem, and a ““measurement
matrix.” In contrast, the volume integral equation MoM (VMoM) requires determination
of unknown fields throughout the volume of the body using the volume equivalence
principle and the MoM.

The numerical technique that has been adopted for most of the early field intensity
computations is the VMoM, employing the volume equivalence principle [26,27,42,43].
The MoM is used to transform the integral equation into a matrix equation by subdividing
the body into N simply shaped cells. This is accomplished with the aid of an appropriate
set of expansion functions, chosen to satisfy the boundary conditions, and a set of
weighting (testing) functions to reduce the matrix fill-in time. The total electric field in
each of the N cells is given by matrix inversion. A more detailed description of the volume
integral equation method is included in the next section.

However, it should be noted that a fundamental limitation of this method is the use of
full or nearly full matrices and, therefore, the requirement of extensive computer storage
and long running time. Even with the availability of larger and faster computers, this
difficulty is not completely resolved. The need for excessively large numbers of mathemat-
ical cells to render a more accurate representation of the body will give rise to an equally
large and full matrix. The inversion of large, full matrices often leads to numerical instabil-
ities in the solution. Nevertheless, the method does allow the use of inhomogenous models
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with up to 1000 cells. In fact, this method has been employed, successfully, to calculate
whole-body averaged absorption and to obtain regional distribution of absorbed RF energy
using inhomogenous block models composed of rectangular cells [29-28,44]. This method
also has been used to study the interaction of the near-zone field of an antenna with
biological bodies [45,46].

10.4.1.3 SMoM

Another approach for predicting the distribution of absorbed electromagnetic energy is
the SMoM [47-50]. This method makes use of two coupled integral equations, that is,
the electric field and magnetic field integral equations for the tangential components of the
field on the surface separating the biological body from air. The unknown surface currents
are found by Fourier decomposition and the moment method. The fields inside the
biological body are calculated using the previously computed surface currents, the reci-
procity theorem, and the concept of measurement matrix [48,51-53].

The method begins with the matrix representation of the coupled integral equations. If
the body is assumed to be rotationally symmetric, the incident wave and the induced
current could then be expanded in a Fourier series expansion in the angle of rotation. This
reduces the problem to that of solving a system of orthogonal modes. The method further
expands the surface components in terms of triangular expansion or basis functions and
allows the testing functions to be the complex conjugate of the basis functions taking
advantage of the orthogonality property. Thus, the major advantage of introducing the
Fourier series is to enable each mode to be treated completely independently of all other
modes. This results in a much smaller-size, manageable matrix equation to be evaluated
for the unknown expansion coefficients that determine the surface currents. It should be
noted that for biological bodies, triangular expansion and testing functions are preferred
over flat pulse expansion functions [47,48]. In fact, an expansion function with a continu-
ous first derivation may constitute an even better choice for the expansion basis function.
In any event, once the surface currents are obtained, the fields everywhere, or SAR at each
point inside the body, can be calculated using the reciprocity theorem [52,53]. The total
absorption can be found by integrating the surface Poynting vector.

The validity of SMoM has been substantiated by using a dielectric sphere [47]. Calcula-
tions for a human torso modeled by a homogenous muscle body of revolution with a height
of 1.78 m at 30, 80, and 300 MHz showed enhanced absorption in the neck region for all three
frequencies and both vertical and horizontal polarizations [48]. Note that the vertical
direction is aligned with the long dimension of the torso and serves as the axis of symmetry.
The strongest absorption in the torso model was found to occur with vertical polarization
and near the first resonance frequency of the torso (80 MHz). In general, the surface integral
equation method is applicable to any arbitrarily shaped homogenous body of revolution.
The method can be used not only with incident plane waves but also with a wide variety of
other field exposure conditions, including direct contact situations and near-zone sources.

Since both the surface and volume integral equation methods for field intensity pre-
diction rely on the MoM for implementation, it is instructive to compare the relative
advantages of these two techniques. For simplicity, consider a homogenous cube with N
samples on each side: the computer storage requirements are N* and N° for the surface
and volume integral methods, respectively [48]. For sufficient sampling to ensure accurate
description of field variations, N is usually a large number. Thus, the surface integral
equation method requires significantly fewer unknowns for homogenous models. More-
over, in cases where permittivity and conductivity values are large, such as in biological
bodies, the wavelength becomes contracted inside the body, and a much larger number of
cells than that indicated above may actually be needed. If the model is inhomogenous,
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then the volume integral equation would prove to be more suitable. It is possible,
however, to generalize the surface integral equation technique to account for inhomo-
geneities by employing the invariant imbedding procedure [54].

10.4.1.4 FEM

The FEM has been a preferred numerical algorithm in many fields of application. How-
ever, its use and popularity in predicting field intensities in biological systems have been
modest until recent progress in mesh generation, boundary conditioning, and large
matrix solvers. The FEM method is a near-neighbor, volume method for solving Max-
well’s differential equations and is associated with a sparse system of equations [55,56].
Aside from the low memory requirement (on the order of N), an inherent attraction of
FEM is its adaptability in modeling inhomogeneities and complex geometries. The feature
of conforming and the variable-sized cell elements of the computational volume are
extremely important in bioelectromagnetics.

The basic approach of the FEM method for predicting EMF distributions inside bio-
logical bodies starts by subdividing the physical space and biological body of interest into
meshes of small volumes or cells of tetrahedral elements. This step is very important since
the manner in which the volume is subdivided will dictate the computational resources
required and the speed of the computation and accuracy of the results. Each cell element
and node location will have to be systematically numbered and described. Once the
volume has been subdivided, labeled, and the appropriate property values ascribed, the
unknown field within each element is then approximated using linear extrapolation. A
major step in FEM is the formulation of the system of linear equations using either
the Ritz or the Galerkin algorithm with proper boundary conditions. There are two
approaches to solve the system of linear algebraic equations: the direct method of
Gaussian elimination or the iterative method that starts with an initial guess. In practice,
either method can produce an approximate solution to the unknown field intensity with a
prescribed accuracy.

It should be noted that a large region exterior to the biological body is often encoun-
tered in bioelectromagnetic situations, where the biological body, or portion of it, is part
of a region into which electromagnetic energy is radiated and scattered. The region of
space exterior to the biological body and applicator must be truncated with an artificial
boundary to limit the volume elements and the number of unknowns. Consequently, an
appropriate boundary condition needs to be established at this artificial boundary for a
unique finite element determination of the induced fields inside the body. The most
common boundary conditions selected for this purpose are the absorbing boundary
conditions that minimize the nonphysical reflections from the artificial boundaries by
making boundaries transparent to the scattered field.

Fairly large-scale calculations, on the order of 200,000 elements, have been conducted
effectively in the workstation-computing environment. Specifically, detailed power
deposition patterns have been simulated in full and partial models of the human body
undergoing electromagnetic hyperthermia treatment for cancer [57]. In this case, the cell
elements were generated from computerized tomographic data obtained on human
patients.

10.4.1.5 FDTD Method

The FDTD approach is an attempt to solve Maxwell’s curl equations by directly modeling
propagation of waves into a volume of space containing the biological body. By repeat-
edly implementing a finite difference representation of the curl equations at each cell of
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the corresponding space lattice, the incident wave is tracked as it first propagates to the
body and then interacts with it through surface current excitation, transmission, and
diffraction. This wave tracking process is completed when the steady-state behavior is
observed at each lattice cell. Considerable simplification is achieved by analyzing the
interaction of the wavefront with a part of the body surface at a time, rather than
attempting a simultaneous solution of the entire problem.

The FDTD method has become one of the most successful methods for SAR calcula-
tions. The method was first proposed by Yee [58] and later developed by Taflove [59-61],
Holland [62], and Kunz and Lee [63]. Several books [64-66] are devoted to the
FDTD method and some of its applications. For bioelectromagnetic applications the FDTD
method has been found to be extremely versatile and has been used for whole-body or
partial-body exposures due to spatially uniform or nonuniform fields (far or near fields),
sinusoidally varying EMFs, and transient fields such as ultra-wide-band (UWB) and
electromagnetic pulses (EMPs) [67-71]. Accordingly, some details of FDTD are included
in this section.

10.4.1.5.1 The Traditional FDTD Method
In this method, the time-dependent Maxwell’s curl equations

OH

VXE:—ME

(10.10)

and

V x H=0’E—|—aaa—lj (10.11)

are implemented for a lattice of subvolumes or Yee “cells’” that may be cubical or
parallelepiped with different dimensions, &, §,, and &, in the x-, y-, or z-directions,
respectively. The components of E and H are positioned about each of the cells as
shown in Figure 10.12 and calculated alternately with half-time steps where the time
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Unit cell of Yee lattice indicating positions
X for various field components.
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step 6t = 8/2c. Here & is the smallest of the dimensions used for any of the cells, and c is
the maximum phase velocity of the fields in the modeled space. Since some of the
modeled volume is air, ¢ corresponds to the velocity of EM waves in air.

In the FDTD method, it is necessary to represent not only the scatterer or absorber, such
as the human body or a part thereof, but also the EM sources, including their shapes,
excitations, etc., if these sources are in the near-field region [70,71]. The far-field sources,
on the other hand, are described by means of incident plane wave fields prescribed for a
“source” plane [68,69], typically six to ten cells away from the exposed body. The source—
body interaction volume is subdivided into Yee cells of the type shown in Figure 10.12.
The interaction space consisting of several hundred thousand to a few million cells is
truncated by means of absorbing boundaries. The prescribed incident fields are tracked in
time for all cells of the interaction space. The solution is considered completed when
either the fields have died off or, for sinusoidal excitation, when a sinusoidal steady-state
behavior for E and H is observed for the interaction space.

The body of interest is mapped into the lattice space by first choosing the lattice
increment and then assigning values of permittivity and conductivity to each cell.
The boundary conditions at media interfaces are naturally generated by the curl equa-
tions. Thus, once a computer program is developed, the basic routines need not be
changed for different model geometries. In fact, inhomogeneities and fine structural
details could be modeled with a maximum resolution of one unit cell.

Time stepping for the FDTD method is accomplished by an explicit finite difference
procedure [58,64]. For a cubic-cell lattice space, this procedure involves positioning the
electric and magnetic field components about a unit cell of the lattice and then evaluating
the components at alternate half-time steps. In this manner, centered difference expres-
sion can be used for both the space and the time increments without solving simultaneous
equations to compute the fields at the latest time step.

The explicit formulation of the FDTD method is particularly suited for execution with
minimum computer storage and run time using current array-processing computers. The
required computer storage and run time increase only linearly with N, the number of
cells. In fact, it has been shown that the FDTD method is capable of solving for more than
1 million unknown field components within a few minutes on an array-processing
computer. Field intensities have been predicted to within 2.5% accuracy relative to
known analytical and experimental bench marks. Recently, this FDTD technique has
been improved to allow solutions for field penetration and absorption in large, complex,
inhomogenous, and irregularly shaped biological bodies in three dimensions, with milli-
meter range spatial resolution. With the exception of a few early attempts with lossy
biological objects [59,67], a majority of early efforts have been directed toward application
of the FDTD method to electromagnetic interaction in time-varying inhomogenous media
[60], and with metallic bodies of revolution [61]. However, during the last decade, the
FDTD method has become the most extensively used numerical procedure for bioelec-
tromagnetic computations.

10.4.1.5.2  Frequency-Dependent FDTD Formulation

For short pulses where wider bandwidths are generally involved, a frequency-dependent
FDTD or (FD)*TD method is needed. Two general approaches have been used for the
(FD)*TD method. One approach is to convert the complex permittivity from the frequency
domain to the time domain and convolve this with the time domain electric fields to obtain
time domain fields for the dispersive material. This discrete time domain method may be
updated recursively for some rational forms of complex permittivity, which removes the
need to store the time history of the fields and makes the method feasible. This method has
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been applied to materials such as water, for which the permittivity may be described by a
first-order Debye relaxation equation [72-74] or more complex materials with dielectric
properties given by a second-order Lorentz equation with multiple poles [75].

A second approach is to add a differential equation relating the electric flux density
D to the electric field E and solve this new equation simultaneously with the
standard FDTD equations. This method has been applied to 1-D and 2-D examples
with materials described by a first-order Debye equation or second-order single-pole
Lorentz equation [76], and to a 3-D sphere and homogenous two-thirds muscle-equiva-
lent man model with properties described by a second-order Debye equation [77,78].
In the following we describe this differential equation approach, which has now been
used for induced current and SAR calculations for a heterogenous model of the human
body [79].

The time-dependent Maxwell’s curl equations used for the FDTD method have already
been given as Equation 10.10 and Equation 10.11. The curl H can also be written as follows:

V xH= aa—]t) (10.12)

where the flux density vector D is related to the electric field through the complex
permittivity £*(w) of the local tissue by the following equation:

D = &*(w)E (10.13)

Since Equation 10.10 and Equation 10.12 are to be solved iteratively in the time domain,
Equation 10.13 must also be expressed in the time domain. This may be done by choosing
a rational function for £*(w), such as the Debye equation with two relaxation constants
(see Chapter 1):

Es1 —€x €2 T E€xo

&) = &o| &0 + 7 R (10.14)
Rearranging Equation 10.14 and substituting in Equation 10.13 gives
D(w) = £*(@)E(®) = a9 > ’f‘ﬁ;ﬁffﬁ;ﬂ;ﬁ: 21:12723* E(w) (10.15)
where the static (zero frequency) dielectric constant is given by
& = &1 T 82 — € (10.16)

Assuming ' time dependence, Equation 10.15 can be written as a differential equation
in the time domain:
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ot o

For the (FD)?TD method, Equation 10.10 and Equation 10.12 need to be solved subject to
Equation 10.17. These equations can be written in the difference form [77,78] and solved
to find E, H, and D at each cell location. The E — H — D loop is then repeated until the
pulse has died off.
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10.4.2 Human Bodies Exposed to EMFs

Computational algorithms based on numerical techniques described in the previous
section have been applied to predict field intensities and SAR distributions in anatom-
ically realistic models of human bodies. However, the use of a given numerical method
and the number of computational cells involved in the models typically dictate the
applicability of the techniques, how real the model is, the degree of accuracy attainable,
and its domain of applicability. In the following sections, a few of the models will
be described, and they will be followed by some representative results obtained using
the models.

10.4.2.1 Realistic Models of the Human Body

Models proposed as better representations of the complex geometry and composition of
the human body include constructions using small-volume cubic cells or cell meshes and
anatomically based models generated from computerized tomographic and magnetic
resonance image data.

10.4.2.1.1 Cubic-Cell Models

Models of the human body consisting of 200 to 1000 cubic cells that account more
realistically for the gross anatomic and biometric characteristics of human bodies have
been used by several investigators [24-28]. The models are 1.75m tall and can be made
either homogenous or inhomogenous by choosing an equivalent or a volume-weighted
complex permittivity for each cell. The cubic-cell model has been employed successfully
to calculate whole-body averaged absorption. It is important to note that for subdivision
with less than three cells per wavelength, the magnitude and phase resolutions would be
such that even with convergence the reliability of the MoM-computed SAR would
be questionable. Therefore, if the interest is primarily in whole-body SAR, this model
may provide quite adequate results for frequencies lower than 30 MHz. To achieve more
accurate structural representation of the human body, anatomically based models have
been offered in recent years.

10.4.2.1.2  Millimeter-Resolution Model Based on Magnetic Resonance Imaging Scans
of the Human Body

A new millimeter-resolution model of the human body has been developed from the
magnetic resonance imaging (MRI) scans of a male volunteer of 176.4-cm height and 64-
kg weight [80,81]. The MRI scans were taken with a resolution of 3 mm along the height of
the body and 1.875 mm for the orthogonal axes in the cross-sectional planes. Even though
the height of the volunteer was quite appropriate for an average adult male, the weight
was somewhat lower than an average of 71 kg, which is generally assumed for an average
male. This problem can, to some extent, be ameliorated by assuming that the cell dimen-
sions for the cross sections are larger than 1.875 mm by the ratio of (71/64)!/? = 1.053. By
taking the larger cell dimensions of 1.053 x 1.875 = 1.974 mm for the cross-sectional axes,
the volume of the model can be increased by (1.053)* = 1.109, that is, by about 10.9%,
which results in an increase of its weight by approximately the same percentage, that is, to
a new weight of approximately 71kg. The MRI sections were converted into images
involving 29 tissue types whose electrical properties can then be prescribed at the
exposure frequency. The tissue types are fat, muscle, bone, cartilage, skin, brain, nerve,
cerebrospinal fluid (CSF), intestine, spleen, pancreas, heart, blood, eye, eye humor, eye
sclera, eye lens, ear, liver, kidney, lung, bladder, stomach, ligament, compact bone,
testicle, spermatic cord, prostate gland, and erectile tissue. As described above, this
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model has been used to calculate the electromagnetic absorption in the human head, neck,
and shoulders for cellular telephones operating at frequencies of 800 to 900 MHz. Because
of the localized nature of EMFs, it was possible to use the model corresponding to the top
42 cm of the body for SAR calculations.

10.4.2.1.3 The “Visible Human’' Model

The Visible Human (VH) Project, developed by the National Library of Medicine, is a 3-D
digital image library representing an adult human male and female [82]. The dataset for
both male and female includes photographic images obtained through cryosectioning of
human cadavers and digital images obtained by computer tomography and MRI of the
same cadavers. In particular, the photographic images represent a highly accurate and
realistic counterpart of the anatomical cross sections contained in human anatomy atlases.
The male dataset, the first to be constructed, consists of 1871 digital axial images obtained
at 1.0-mm intervals, with a pixel resolution of 1 mm, while the female one contains 5189
digital axial images, obtained with a finer spatial step of 0.33 mm. While these digital
datasets represent a unique tool to explore human anatomy, their direct use for compu-
tational electromagnetic dosimetry is limited by the fact that images cannot be directly
used as an input for a numerical electromagnetic tool but must be converted to a so-called
“segmented”” version. A segmented model is a model where every pixel, usually called in
such models “voxel,”” does not contain information about the color (like in digital images)
but rather a label that is uniquely associated to a given tissue. In such a way, it is possible
to know which tissue fills each of the model voxels and hence assign the correct complex
permittivity values to be used in numerical simulations.

Segmentation of the original image sets is a complex and time-consuming activity,
which is difficult to carry out making exclusive use of automatic procedures, such as
contour recognition algorithms, but inevitably requires intervention by experts in human
anatomy. The segmentation procedure has been carried out for the male model by
researchers at the Air Force Research Laboratory, Brooks Air Force Base, TX [83]. The
final segmented model, made freely available to the scientific community, comprises
586 x 340 x 1878 voxels with a resolution of 1 x 1 x 1mm, and is segmented in about
40 different tissue types [84]. The model has been widely used to study both whole-body
and localized human exposure to EMFs radiated by different types of sources and is now
being included in many commercially available electromagnetic simulation tools with
capabilities for dosimetric evaluation.

10.4.2.2 Currents Induced in the Human Body by Low-Frequency EMFs

This section reports the results obtained for low-frequency EMF. Specifically, it includes
the use of the impedance method to calculate currents induced in the human body by the
EMFs of electric blankets. It also includes the use of the FDTD method for calculations of
internal E and H fields and induced current densities for exposure to electric, magnetic, or
combined electric and magnetic fields at power-line frequencies. The results given below
were obtained using a 1.31-cm resolution, anatomically based model of the human body.
Since the term jwe can be neglected as compared to o for the various tissues at ELF
including electric power frequencies (50/60 Hz), the impedances for the various cells of
the model given by Equation 10.9 can be replaced by resistances. It is recognized that the
conductivities of various tissues, for example, skeletal muscle, heart, and bone, are
anisotropic for power-line frequencies [34,35,85]. This has been neglected in this case,
however, and average values of conductivities given in Table 10.3 have been taken for the
various tissues for the calculations.
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TABLE 10.3

Tissue Conductivities Used for Calculations
at the Power-Line Frequency of 60 Hz

Tissue Type o (S/m)
Air 0

Muscle 0.52 or 0.11
Fat, bone 0.04
Blood 0.6
Intestine 0.11
Cartilage 0.04
Liver 0.13
Kidney 0.16
Pancreas 0.11
Spleen 0.18
Lung® 0.04
Heart 0.11
Nerve, brain 0.12

Skin 0.11

Eye 0.11

®The dielectric properties of the lung consist of 33%
lung tissue and 67% air.

10.4.2.2.1 Electric Blankets

To illustrate the use of the impedance method, currents induced in the human body by
the EMFs of two types of electric blankets have been calculated [1,2]. The two models
used for the blanket are (a) a low-magnetic-field blanket and (b) a conventional (pre-1990)
electric blanket. The low-magnetic-field blanket uses two parallel leads carrying equal
and opposite currents to reduce the net magnetic field around the conductors. The two
leads are separated typically by 1.5mm and are embedded in a positive temperature
coefficient (PTC) conductive polymer and insulated by polyvinyl chloride (PVC). The
PTC conductive polymer surrounding the two leads may be represented by a set of
distributed resistors, which would result in linearly decreasing equal but opposite cur-
rents flowing through the two leads over the length of the wiring used for the blanket. By
comparison, the conventional electric blanket uses a resistive alloy wire wrapped on a
nylon cord and insulated with PVC. Because of the distributed resistance of the wire, this
blanket would therefore have a linearly diminishing voltage and identical magnitude of
current over the length of the wiring used for the blanket.

The validity of the calculated results has been established by comparing the results
obtained using the impedance algorithm and those reported by others. The calculated
fields are in excellent agreement with the data given by Florig et al. [86] and Hayashi
et al. [87].

Currents are induced in the body by the following sources:

1. Time- and spatially varying magnetic fields of the blanket induced voltages in the
various resistance loops of the body.

2. Currents launched into different subareas at the body surface by means of the
capacitively coupled currents from the various conductors of the blanket.

The spatial variations of the magnetic fields were calculated from Biot-Savart’s law for a
short current-carrying conductor [2]. By integrating it over the entire length of the
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current-carrying conductors, one can obtain the vector magnetic fields at the centers of the
cells representing the model of the human body or any of the other points in space. From
the vector magnetic fields thus calculated for each of the cell centers for the impedance
model of the human body, the induced voltages for each of the faces of the cells can be
written [32]. This information is then used to calculate the induced currents for the
various impedances, that is, resistances. The average current densities J, J,, and ], for
each of the cell centers can be obtained by taking the average of the currents through the
resistances representing each of the four edges of the cell in the respective directions and
dividing the same by the cross-sectional area 8° (=1.31 x 1.31 cm).

To calculate the electric field distribution in air, a 3-D impedance model consisting of
capacitors representing the space between the various faces of the cells was used. For
cubic cells of dimension 8 = 1.31 cm, the capacitances used are &, 8°/8 = 0.116 pF.

For currents induced in the human body due to electric fields, it should be recognized
that the energized conductors of the blanket are capacitively coupled to the body. The
capacitance between a given conductor and the highly conducting human body can be
obtained by using an expression similar to that for a conductor at a distance S from the
ground plane. Capacitance per unit length C of a wire of diameter d parallel to but
separated at a distance S from the ground plane is given by

C = (2.73sex)/[log,, (45/d)], pF/m (10.18)

For a spacing S = 5mm and a wire diameter d = 0.8 mm, and for &, = 2.5&9, which is
a value intermediate between the permittivity &y for air and 4¢, for the material of the
blanket, we can calculate C = 43.1pF/m. For a cell length d = 1.31 x 10~2m, the
coupling capacitance C. between the wire and the cell can be calculated to be 0.565 pF.
Since the interconductor spacing of 1.5 mm for a PTC blanket is fairly small as compared
to the cell size, a proportionately smaller resistance is taken for the tissue-equivalent
cells immediately underneath the conductors for the direction parallel to the intercon-
ductor spacing. Capacitances of 0.565pF are taken from each of the conductors of the
PTC blanket to the appropriate points on the impedance model of the human body. In
the presence of an electrical grounding surface, the space underneath the model is
represented by a 3-D network of capacitors, each of value 0.116 pF, representing the
air space between the various faces of the cubic cells of dimension d = 1.31 cm for each
of the sides.

For the PTC low-magnetic-field blanket, a constant voltage of 110 V AC is taken between
the conductors of the twin-lead wiring for calculation of currents induced or injected into
the human body as a result of electric fields. For calculating the magnetic fields, an input
current of 1 A is taken. On account of the conductive polymer surrounding the parallel
wires, this current diminishes linearly to zero at the end of the PTC wiring. This assumes a
blanket input power of 110 W under normal operating conditions. If magnetic fields or
induced current densities due to higher input powers are desired, the numbers calculated
for 1 A input current may then be multiplied by the appropriate factor.

The conventional blanket, on the other hand, uses a resistive conductor for which the
voltage diminishes linearly from 110 to 0 V over the length of the wiring. For this blanket
the current throughout the length of the wiring is the same as at the input, that is, 1A,
which is assumed for the calculation of magnetic fields.

The magnetically induced, section-averaged magnitudes of the total current densities
from head to feet for the two types of blankets are shown in Figure 10.13a and b,
respectively. For these calculations, the wiring of the blanket was taken to be 0.5cm
from the surface of the body. Nearly identical current densities were also obtained for a
grounding plate underneath the body at distances of 0.25, 0.5, and 1.0 m. It is interesting to
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FIGURE 10.13

Section-averaged magnitudes of total current densities for the various sections of the body for magnetic fields of
the blankets. Nearly identical current densities were obtained also for a grounding plate at distances of 0.25, 0.5,
and 1.0m underneath the body. Input current = 1A.

note that the induced current densities are larger by a factor of about 500 for the
conventional blanket vis-a-vis those for the low-magnetic-field blanket.

The calculated section-averaged magnitudes of the total current densities due to electric
fields of both the blankets in the absence of a grounded plane are shown in Figure 10.14a
and b, respectively. It should be noted that while the current densities induced by the
electric fields of a low-magnetic-field blanket (Figure 10.14a) are considerably higher than
those due to magnetic fields (Figure 10.25a), the converse is true for a conventional
blanket. For this blanket, the current densities induced by the magnetic fields (Figure
10.13b) are higher than those due to electric fields (Figure 10.14b). In fact, while the
current densities due to magnetic fields are fairly small for a low-magnetic-field blanket
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FIGURE 10.14
Section-averaged magnitudes of total current densities for the various sections of the body for electric fields of
the blankets. No ground plane underneath the body.

as compared to those for a conventional blanket, the current densities due to electric fields
of a low-magnetic-field blanket are even higher than those for a conventional blanket (see
Figure 10.14a and b). The reasons for these observations can be seen from the values of
magnetic and electric fields given in Table 10.4 for the two types of blankets, respectively.
While fairly small magnetic fields are calculated for the low-magnetic-field blanket as
compared to those for the conventional blanket, the converse is true for the electric
fields created by these blankets. As seen in Table 10.5, somewhat higher electric fields
are created by the low-magnetic-field blanket as compared to those for the conventional
blanket. This is likely due to the higher potential difference between the twin-lead
conductors that are used for the low-magnetic-field blankets.
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TABLE 10.4

Comparison of the Calculated and Measured Magnetic Field (.. T) and
Electric Field (V/m) Close to a Flat Blanket [2]

Grid Size (cm) Calculated Measured
Low-magnetic-field blanket®
Magnetic field
Average 1.31 x 1.31 0.056 —
10.5 x 10.5 0.072 0.09
Peak — 0.20 0.26
Electric field
Average 1.31 x 1.31 103.7 —
10.5 x 10.5 144.6 111.2
Peak — 159.7 176.0
Conventional electric blanket®
Magnetic field
Average 1.31 x 1.31 2.16 —
10.5 x 10.5 2.45 2.18
Peak — 3.52 3.94
Electric field
Average 1.31 x 1.31 57.3 —
10.5 x 10.5 70.1 95.4
Peak — 176.1 167.2

“For this blanket, the magnetic-field results are normalized for a blanket input current
of 1.227 A, that is, a power input of 135W.
PFor this blanket, an input current of 1 A is assumed.

10.4.2.2.2 Power Transmission Lines

The FDTD method has been used for calculations of internal E and H fields and induced
current densities for exposure to electric, magnetic, or combined electric and magnetic
fields at power-line frequencies [37]. While recognizing that the conductivities of many
biological tissues (skeletal muscle, bone, etc.) are highly anisotropic for power-line fre-
quencies, however, the effect of anisotropy is neglected for the sake of simplicity. They
could be included in more complex models by separately identifying these tissues.

Both sinusoidal and prescribed time-varying incident fields can be used with the FDTD
procedure—hence the method is well suited also for transient exposures that are often of
interest at power-line-related frequencies. For sinusoidally varying fields, the solution is
completed when a sinusoidal steady-state behavior for E and H fields is observed for each
of the cells. For lossy biological bodies this typically takes a time step on the order of three
to four time periods of oscillation. Since At is fixed for a given cell size, a larger number
of iterations are therefore needed at lower frequencies. Because of the large number of
iterations, the FDTD procedure would be clearly inapplicable for calculations at power-
line frequencies were it not for the quasi-static nature of the coupling at low-frequencies
[16,88,89]. Thus, the field outside the body does not depend on the internal tissue
properties, but it depends only on the shape of the body so long as the quasi-static
approximation holds, that is, the size of the body is a factor of 10 or more smaller than
the wavelength, and | ¢ + jwe | > &), where o and ¢ are the conductivity and the
permittivity of the tissues, respectively; w = 27f is the radian frequency; and & is the
permittivity of the free space outside the body. Under these conditions, the electric fields
in air are normal to the body surface, and the internal tissue electric fields can be obtained
from the boundary conditions in terms of fields outside:
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TABLE 10.5
Reported SAR Values, Averaged over the Whole Body (SARwsg), for Plane Wave Exposures

SAR (W/kg)
Grounded Isolated Isolated
Frequency Shoes Grounded  Isolated  (resolution 3mm)  (resolution 5mm)  Grounded
(MHz) [98] [102] [102] [103] [103] [105]
10 0.027 0.045
20 0.102 0.182 0.021
30 0.180 0.313 0.054
40 0.291 0.348 0.114
50 0.230 0.293 0.199
60 0.177 0.231 0.288
70 0.152 0.188 0.302 0.270 0.290
80 0.130 0.162 0.251
90 0.107 0.195
100 0.092 0.118 0.155 0.123°
200 0.062 0.081 0.080 0.048 0.051 0.078"
300 0.054
400 0.060 0.063 0.063 0.064 0.060
500 0.058 0.060
600 0.057 0.063 0.067 0.066
700 0.059
800 0.061 0.064 0.063
900 0.061 0.062 0.064
1000 0.063 0.061 0.057
1400 0.063
1800 0.057 0.058 0.056 0.060
2000 0.055 0.060
“The frequency considered is 120 MHz.
PThe frequency considered is 210 MHz.
jw30E0 = (U + ng)Etissue (1019)

A higher quasi-static frequency f', at 5 to 20 MHz, may therefore be used for irradiation
of the E model, and the internal fields E thus calculated may be scaled back to frequency f
of interest, for example, 60 Hz. Since in the FDTD method, one needs to calculate in the
time domain until convergence is obtained, this frequency scaling to 5 to 20MHz for f
reduces the required number of iterations by over five orders of magnitude. From
Equation 10.19 we can write

o' (0 + jwe)Egissue(f ) = 0(0” + jwe")Efosue( f) (10.20)
or
Etssue( f) = (f0'/f'0)Essuc f) (10.21)

assuming that o + jwe ~ o' at both f’ and f [2,90]. To validate the use of a higher
frequency f to obtain induced E fields at ELF frequencies, test cases involving homo-
genous and layered spheres have been used. Excellent agreement between the numerical
and analytical results lends support to the validity of the FDTD method for calculating
internal E fields and current densities at power-line-related frequencies. It should be
noted that incident E and H fields of any orientation and relative magnitudes can be
prescribed in the FDTD method, allowing the possibility of calculations for realistic
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exposure conditions. Also, the choice of a considerably higher frequency such as 5 to
20 MHz reduces the number of iterations needed to obtain converged results by five to six
orders of magnitude as compared to those that would be needed at ELF frequencies of 10 Hz
to 1 kHz.

Some calculated results using a 16-tissue, 1.31-cm resolution, anatomically based model
of the human body are given in Figure 10.15. A frequency f’ of 5 to 10 MHz was used to
reduce the computation time. At the higher irradiation frequency f/, 0/ = o was assumed,
that is, conductivities of the various tissues at 60 Hz. Furthermore, the incident E field,
Ei(f') = 60Ei(f)/f’, was used to obtain Eyse(f) at, say, Ei(f) = 10kV/m. The incident
magnetic field H;(f’) has similarly been taken to be considerably lower (=60H;(f)/f’) to
account for the fact that the induced current densities and internal electric fields are
proportional to the frequency of the incident fields and would therefore be higher at the
assumed frequency f'. Recognizing the anisotropy in the conductivity of skeletal muscles,
two different values of muscle conductivities are taken for curves (1) and (2). For these
curves a higher conductivity of 0.52S/m is taken for the skeletal muscle, and an average
value of 0.11S/m is taken for the muscle in the interior of the body. For curves (3) and (4),
however, a lower conductivity of 0.11S5/m is taken for all of the muscle, interior or
skeletal. The results shown in Figure 10.15, curves (1), (3), and (4) are for E;,. = 10kV/m
(vertical) and Hine = 26.5A/m (Bin = 33.3 nT) from side to side of the model. To point out
the preponderance of the induced currents due to incident electric field, Hi,. = O is
assumed for the calculations shown in curve (2). It is interesting to note that the layer
currents due to E-field exposure alone are almost 98% to 99% of the currents calculated for
the combined electric and magnetic fields. It is also interesting to note that the calculated
foot currents of 155 to 160 wA are in excellent agreement with 165 wA that would be
projected from the measurements of Deno [91] for the human body. The variations of the
induced currents calculated along the height of the body have been checked against the
results by DiPlacido et al. [92]. The agreement with the results of these two authors who had
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FIGURE 10.15

Calculated layer currents for anatomically based grounded and ungrounded models exposed to EMFs at 60 Hz.
For curves (1) and (2), s = 0.525/m for skeletal muscle, and s = 0.11S/m for the interior muscle. For curves (3)
and (4), s = 0.11S/m for all of the muscle. E = 10kV/m (vertical), H = 26.5 A/m from side to side for all of the
curves except for curve (2), for which only E-field exposure is assumed.
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used a vertical electric field such as that under a high-voltage power line was found to be
very good [37].

10.4.2.3 Absorption in Human Bodies Exposed to Far Field of RF Sources

As noted, the configuration and frequency of the electromagnetic source and the geom-
etry and composition of the biological body will influence the induced field and power
absorption and distribution inside the body. Moreover, the field emitted from a source is
dictated by the frequency, size, and configuration of the source. Near an antenna, the
radiated energy is in the form of a spherical wave in which the wave fronts are concentric
shells. The spheroidal wave front expands as the wave propagates outward from the
source. At distances far from the source, the radius of curvature of the spherical shells
becomes so large that the wave front would essentially appear as a plane. They are
therefore referred to as plane waves. Plane waves are important since their behavior is
well quantified; the fields are uniform in planes normal to the direction of propagation,
and the power density varies only in the direction of propagation. In this case, both
electric and magnetic fields of the propagating wave are orthogonal in space and lie in the
plane of the wave front, and are related through the intrinsic impedance of the medium.
In other words, in the far or radiation zone, the electric and magnetic fields have only
transverse components.

In this section, we shall briefly summarize some of the efforts devoted to field compu-
tation using various models of the human body, which consists of large quantities of
numerical cells, and present some results obtained for plane wave exposures. Note that
some, especially the simpler, models are of interest primarily for whole-body SAR and
can provide quite adequate results for frequencies lower than 30 MHz. To achieve more
accurate structural representation of the human body, anatomically based models are
needed.

10.4.2.3.1 SAR Induced in Cubic-Cell Models

The VMoM for field computation has been used for models of the human body consisting
of 200 to 1000 cubic cells. These models account for the gross anatomic and biometric
characteristics of human bodies and have been used by several investigators [24-28]. The
models are 1.75m tall and can be made either homogenous or inhomogenous by choosing
an equivalent or a volume-weighted complex permittivity for each cell. The cubic-cell
model has been employed, successfully, to calculate whole-body averaged absorption. It
is important to note that for subdivision with less than three cells per wavelength, the
magnitude and phase resolutions would be such that even with convergence the reliabil-
ity of the MoM computed SAR would be questionable.

According to the MoM, the body may be partitioned into N cubic subvolumes or cells
that are sufficiently small for the electric field and dielectric permittivity to be constant
within each cell. The integral equation is then transformed into a system of 3N simultan-
eous linear equations for the three orthogonal components of the electric field at the center
of each cell. The simultaneous equations may be written in matrix form as

[GI[E] = —[E] (10.22)

where [G] is a 3N x 3N matrix and [E'] and [E] are column matrices representing incident
and induced electric fields at the center of each cell. The elements of [G] can be evaluated
as shown in Liversy and Chen [24]. In particular, the diagonal elements of the [G] matrix
may be evaluated exactly by approximating each subvolume with a sphere of equal
volume centered at the position of an interior point. If the actual shape of the cell differs
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appreciably from that of a sphere, this approximation may lead to unsatisfactory numer-
ical results [36]. In such cases, a small cylindrical volume may be created around an
interior point. It may also be necessary to evaluate these terms by numerical integration
throughout the cubic subvolume for increased accuracy. The evaluation of off-diagonal
elements of the [G] matrix is considerably simplified since it does not involve principal
value operations. Therefore, for a given applied field configuration, the induced electric
fields inside the body are obtained by matrix inversion. That is,

[E] - [G]'[E]] (10.23)

Factors that influence the computational accuracy include frequency, body size, cell
dimensions, and computer memory. It has been found that reliable numerical results can
be obtained if the linear dimensions of the cell do not exceed a quarter free-space
wavelength [24]. For a computer with sufficient capacity to invert a 120 x 120 matrix,
the maximum number of cells is limited to 40. If we assume, for simplicity, symmetries
between the right and the left half and the front and the back of a 1.7-m-tall adult human
body, this computer would handle approximately a cell size around 10~°>m®. Once the
10°-m® cell size is adopted, 750 MHz would be the highest frequency that can be
considered for field intensity calculation without violating the criterion that the linear
dimension of the cell not exceed a quarter free-space wavelength.

The computational resources necessary to obtain even a regional SAR using this MoM
approach are quite extensive. A relatively full complex matrix, 3N x 3N in dimensions, is
required for a model with N cells. The computation time required for a noniterative
solution of the matrix equation is therefore proportional to a value between N* and N°,
which increases rapidly as N increases. The faithfulness with which a cubic-cell model
approximates the detailed structure of a biological body and the maximum usable
frequency increases with the number of cells. In fact, substantial errors will occur if

N < (2wL)/(A'6'/?) (10.24)

where L/A’ is the ratio between the linear dimension of the body and the wavelength in
the body.

The accuracy of the numerical method can be verified by comparison with known
results from exact analytic solutions based on well-characterized geometric bodies, such
as spheres. It should be noted that perfect agreement between the exact solution, based on
Mie theory, and the numerical method, based on the volume integral equation, is not
expected unless a large number of cubic cells are used to simulate the sphere. Figure 10.16
shows one eighth of a sphere approximated by one eighth of a “cubic model of a sphere,”
which is constructed from 73 cubic cells. Clearly, a better approximation can be achieved
by a larger number of smaller cubic cells. Nevertheless, for a brain sphere constructed
from 40 cubic cells at a frequency of 918 MHz, the computed maximum field intensity
deviated from the exact solution by less than 9% [93].

A model of a human body consisting of 180 cubic cells that accounts for the anatomic
and biometric characteristics of human beings is shown in Figure 10.17. The model is
1.75m tall and can be made either homogenous or inhomogenous by using an equivalent
or a volume-weighted complex permittivity for each cell [94]. The average absorption or
whole-body SAR for the model of the human body shown in Figure 10.17 as a function of
frequency is illustrated in Figure 10.18. The electric field vector is along the height of the
body, and the plane wave 2propagates from front to back of the model with an incident
power density of 10W/m”. A homogenous complex permittivity approximately two
thirds of that for muscle is used in the calculations. Note that the whole-body SAR
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FIGURE 10.16
Approximation of one eighth of a sphere by an equivalent
cubic-cell-formed structure.
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FIGURE 10.17
A cubic-cell representation of the human body.
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FIGURE 10.18
Average SARs for a homogenous 180-cell model of the human body exposed to a vertically polarized, 80-MHz
plane wave. The incident power density is 10 W/m?.

increases with frequency until it reaches a maximum of about 0.23 W/kg at 77 MHz
(resonance frequency), and it then decreases as 1/frequency. The experimental data
shown in Figure 10.19 are obtained from a saline-filled scale model of the human body.
It can be seen that the calculated absorption is in good agreement with that found
experimentally [27,95], except for the resonant frequency, which is somewhat lower
(70MHz) in the experimental case. It should be mentioned that whole-body SAR, given
in Figure 10.18, is typically within 10% of that estimated from prolate spheroidal models
of the same height and dielectric property. Further, when inhomogenous complex per-
mittivities are used with the model, the whole-body SAR changes less than 2% from that
depicted in Figure 10.18. Thus, if one is primarily concerned with average absorption over
the body, a homogenous prolate spheroidal model may be quite adequate.

While the MoM based on the volume integral equation has been a useful numerical
procedure for computation of average SAR and SAR distribution in complex tissue
geometries, the requirement of a full 3N x 3N matrix presents severe limitations. The
computation times required to provide even regional SAR distribution of sufficient
resolution to delineate the resonant frequency for the head region are enormous. A
minimum of 340 cells was needed, increasing the computation time by a factor of 4
over the 180-cell models [95,96].

Matrix inversion operations consume the largest block of time in moment method
solutions for the cubic-cell models. The computer time required is proportional to the
cube of the number of cells. However, the matrix generated is usually diagonally dom-
inant and well-conditioned. For a human-size body, iterative procedures for matrix
inversion are practical at frequencies below about 60MHz. The convergence rate
decreases with increasing frequency and fails above 90 MHz. This is most likely caused
by the decrease in the degree of diagonal dominance with increasing frequency. A number
of approaches have been investigated to alleviate this difficulty. A semi-iterative procedure
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FIGURE 10.19
Whole-body averaged absorption for a homogenous cubic-cell model of humans exposed to vertically polarized
plane in free space. The incident power density is 10 W/m?.

called band approximation method appears to be an efficient algorithm that can be
profitably used to invert large matrices generated by the number of cells for human
models at arbitrarily high frequencies, and converges significantly faster than standard
iterative algorithms [96].

10.4.2.3.2 SAR Induced in Fine Resolution Anatomical Models

To accurately evaluate the SAR induced in the human body, the FDTD method was
introduced during the late 1980s, when the limitations of the MoM due to its memory
requirements were reached. The capability of FDTD to take into account heterogeneities
in models of the human body was first demonstrated using a model of the isolated human
torso [69]. Later, a complete model of the human body was considered [97], and results for
an isolated homogenous man model standing in free space were compared with results
for an inhomogenous man model, under both isolated and grounded conditions [97]. The
incident field was a plane wave propagating parallel to the ground plane and with the
electric field vertically polarized (parallel to the long axis of the human body), at frequen-
cies of 100 and 350 MHz. The human body model was obtained from cross-sectional
diagrams and had a resolution of 2.62cm at 100 MHz. The total occupied volume was
23 x 12 x 68 cubic cells. At 350 MHz, the resolution was 1.31 cm for a total volume of 45 x
24 x 135 cubic cells. The result, depicted as layer-averaged SAR or organ-averaged SAR,
demonstrated the importance of considering inhomogenous models of the human body.
For example, the homogenous model was not able to predict the peak SAR obtained in the
eyes at 350 MHz, or the difference in absorption among the different organs.

Since these first works on power absorption, several papers have been published using
anatomical models of the human body with finer resolutions.
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The VH body model has been used to evaluate power absorption and temperature
increase as a function of frequency of the incident plane wave, by considering a grounded
male, either barefoot or with shoes [98]. The model had a resolution of 5 mm, a total height of
180 cm, and weight of about 103 kg. The large mass was due to the use of the VH model,
which is far from the so-called “‘reference man,” as defined by International Commission on
Radiological Protection (ICRP). The reference man weighs 73 kg and has a height of 176 cm
[99]. In the referenced paper [98], for the frequency range between 10 and 900 MHz, SARs
averaged over the whole body (SARwg) and locally, that is, averaged over 1.0 g (SAR; ;) and
10 g (SAR1ogz), were evaluated. In particular, it has been found [98] that when the incident
power density is equal to the reference levels set in the exposure standards, the basic
restrictions on SARwg and on local SARs are never exceeded. Moreover, it has been shown
[98] that the ratio, SAR 0, /SARwg was about the same (either 25 or 50 according to the body
part considered) as the value used in the safety guidelines to convert basic restrictions on
SARwsp to basic restriction on local peak SAR [100]. On the other hand, the SAR;;/SARwsz
ratio was found to be always higher than the value of 20 adopted in the safety guideline [101].

Figure 10.20 gives the SARwg as a function of frequency in a grounded male for an
incident plane wave with a power density of 10 W/m? for two different human body
models [98,102]. The SARs are slightly different because the two body models were differ-
ent in height, weight, and tissue composition. The influence of the human body model on
electromagnetic power absorption is further illustrated in Figure 10.21, where a comparison
among the SARyp values obtained with the heterogenous VH model and a homogenous
VH model consisting either of muscle or fat is reported. The frequencies considered are
from 10 to 200 MHz to highlight the differences in power absorption at resonance.

It can be seen from the figures that a higher peak appeared at resonance in the
homogenous muscle model, and lower absorptions were obtained in the homogenous
fat model. Moreover, data from a lighter model (65.8 kg) obtained by reducing the cell
dimension on the horizontal plane suggested that the lighter body absorbed more elec-
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FIGURE 10.20
SAR as averaged over the whole body as a function of the frequency.

© 2006 by Taylor & Francis Group, LLC.



0.4

—— SARWB_nonhomogenous

————— SARWB_nonhomogenous light
' N SARWB_homogenous fat :

03 [-+--% e mm——— SARWB_homogenous muscle |-i--

0.35

0.25

0.2

0.15

0.1

0.05

10 40 80 120 160 200
Frequency (MHz)

FIGURE 10.21
SAR as averaged over the whole body as a function of the frequency for different VH body models: nonhomo-
genous, nonhomogenous with a lighter weight (65.8 vs. 103 kg), homogenous fat, and homogenous muscle.

tromagnetic power than the heavier one. The frequency dependence of power absorption
is clearly evidenced by Figure 10.20 and Figure 10.21. Indeed, this frequency dependence
was the basis of the different limits imposed on the reference levels for different frequen-
cies in the safety guidelines [100,101].

In Table 10.5 some literature data are summarized for the SARwg as a function of
frequency (10MHz to 2 GHz) for a grounded and isolated man model exposed to an
incident power density of 1.0 mW/cm®.

The first two columns refer to data in Figure 10.20, while the successive columns report
data from published literature. Note the resonant frequencies of 40 vs. 70MHz for
grounded or isolated bodies. Moreover, the data in Table 10.5 show nonsignificant
differences in SAR averaged over the whole body by changing the model resolution
from 3 to 5mm [103]. For the same reason the cubic-cell model described in the previous
section had been employed, successfully, to calculate whole-body averaged absorption.
The SARwg has a weak dependence on model resolution.

Likewise, a study on the SAR dependence on permittivity values [104] showed that
uncertainty in permittivity values does not substantially affect the SAR as averaged over
the whole body, while the same uncertainties have a greater effect on local SAR. In particu-
lar, considerations of different frequencies and orientations of the incident plane wave, or
higher or lower permittivity values, showed that the maximum difference in SARwg was
within +20% [103]. Larger differences were found in local SAR, particularly when the
permittivity of muscle, representing about 42% of the whole-body mass, was changed [103].

The data in the last column of Table 10.5 were obtained from a human body model [105]
that was developed by using a new, semiautomatic procedure to construct numerically a
frequency-dependent, dielectric anatomy model, starting from MRI images. The main
difference between this human body model and the models usually considered in FDTD
calculations is that in this model permittivity and conductivity can vary, even for the
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same tissue, thus reflecting the realistic spatial inhomogeneity of such parameters. The
semiautomatic procedure requires a short time to construct the model; thus, it could be
used for dosimetry studies based on the model of specific persons.

A high-resolution human body model (1.974 x 1.974 x 3.0mm) and a coarser one
(5.922 x 5.922 x 6.0 mm), both for isolated and grounded conditions, were employed to
determine the power absorption in the head and neck region and to evaluate the frequen-
cies at which the absorption may be maximized [106]. It was observed that under isolated
conditions two resonant frequencies occurred for the head and neck, one associated with
the whole-body resonance and the other with a local resonance of the head and neck.
Under grounded conditions, three resonances were observed; the additional resonance
was attributed to a torso resonance.

Some studies were conducted to evaluate power absorption in models of women and
children. Specifically, a 10-year-old child and a 5-year-old child were considered by
scaling the adult human body model [106]. It should be noted that simply scaling the
adult human body model to the children’s dimensions does not produce an accurate
model since the different organs scale differently; however, the general features in terms
of height and weight are fulfilled, thus allowing for the determination of general proper-
ties of electromagnetic power absorption. In this way, resonant frequencies of 104 MHz
for the isolated model and 65MHz for the grounded 10-year-old child were obtained,
while for the 5-year-old model, they were 126 and 73 MHz, respectively.

In a different study, power absorption in scaled versions of the adult human body
model representing 10-, 5-, and 1-year-old children was evaluated for both grounded and
isolated conditions [102]. Figure 10.22 gives the SARwg obtained for the three child
models under isolated conditions and an incident power density of 1 mW/cm? A shift
in the resonant frequency with the height of the model—the taller the model, the lower
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FIGURE 10.22
SAR as averaged over the whole body as a function of the frequency for different child body models: 10, 5, and 1
year old. Incident power: 1 mW/ cm?. (Data from Dimbylow, P.J., Phys. Med. Biol., 47, 2835, 2002.)
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the resonance frequency—can be observed from the figure; note also the higher absorp-
tion in the smaller child body model [102].

The potential differences between SAR induced in man and woman have been explored
using slightly different models [107,108]. In one study, 2-mm resolution models were
developed for evaluating power absorption in Japanese males and females. Note that the
use of the 2-mm resolution body models had led to an overestimation of the skin weight by
50% or more than the average value for the Japanese reference body [107]. The computed
results showed that the difference in SARwg between male and female models was small,
within 1.1 dB. The authors concluded that gender does not affect SARwg. Similarly, they
obtained no significant differences between the male and female models with regard tolocal
SARs. However, the overestimation of skin weight, and perhaps other tissues, in the 2-mm
resolution body models could have influenced their results and conclusions.

In contrast, a clear difference in power absorption was reported [108] between Cauca-
sian male and female models. The two Caucasian body models were developed using the
semiautomated procedure previously cited [105]. In particular, considerably greater
SARywp was obtained in the female model than in the male one (about 40% higher in the
frequency range between 500 MHz and 2.0 GHz and 25% higher in the frequency range
between 2.0 and 4.0 GHz). The difference in local SARs (both SAR;; and SAR;qz) were
insignificant between genders for up to 3.0 GHz, while above this frequency, say up to
4GHz, the SAR;; and SAR;g in the female model became larger than those in the male
model. The authors observed that this result could be explained by the difference in
subcutaneous fat between man and woman. It was noted that a better identification and
modeling of the skin layer could influence the results. Clearly, further studies are needed
to assess the similarities and differences in power absorption between male and female
body models exposed to EMFs of radiating sources.

In summary, available data on electromagnetic power absorption in human body
models exposed to plane wave fields show that the choice of the human body model
affects the results obtained. The observed differences among the published data are
usually more pronounced in local SARs than in SARs averaged over the whole body.
The body height, mass, tissue distribution and composition, including fat and muscle, are
important factors in power absorption and can explain some differences among the
published data. Another fundamental aspect is the value assigned to the dielectric
properties of different tissues or organs identified in the body model. In the case of
children, the variation in tissue dielectric properties with age also may influence the
computed results. It is noteworthy that the above publications have used dielectric
properties from the same sources [109,110].

10.4.2.4 Human Exposure to the Field Radiated by Transceiver Base-Station Antennas

The enormous growth in the number of subscribers of mobile telecommunication systems
during the past few years has pushed upward the system’s capacity. As a result, more
and more base stations have been installed on the rooftop of existing buildings in densely
populated areas, and many more are expected to be set up as the next-generation mobile
networks (UMTS, IMT2000, etc.) are deployed. These installations are giving rise to
widespread concerns among the population about possible deleterious effects on
human health from exposure to the EMFs radiated by the base-station antennas. Recently,
increasing attention has been paid to the topic of numerical exposure and compliance
assessment for base-station installations.

A great deal of work has been done in the area of field intensity prediction in the
vicinity of base-station antennas to determine the so-called free-space compliance bound-
ary. The studies were aimed toward a direct comparison with reference levels suggested
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by international exposure guidelines [100,101]. They generally have neglected both the
influence of the environment in which the antennas operate and the dosimetric problem
of SAR evaluation inside an exposed subject. In particular, considerable efforts have been
spent on determining simplified and efficient analytical [111,112] and numerical [113,114]
models to evaluate field levels near base-station antennas. Starting from the theory of
collinear dipole arrays, typically employed in base transceiver station (BTS) antennas,
practical analytical formulas have been derived to predict average power density falloff as
a function of distance from the antenna. The space surrounding the antenna is often
divided into a cylindrical-wave region, closest to the antenna, and a spherical-wave
region, further away [111]. A complementary formulation also has been proposed, on
the basis of an exact asymptotic solution for the radiated field, to derive approximate
analytical formulas that allow a conservative prediction of equivalent peak power density
as a function of the distance from the antenna [112].

Besides the aforementioned practical analytical formulations, simplified numerical
models are often used, by subdividing the antenna into elementary radiators [113,114].
Under the hypothesis of weak coupling between the subelements, the near field can be
quickly computed through a superposition of the fields independently radiated by the
different elements. Once the radiation pattern of the subelements is known, the field is
derived using the antenna gain-based formula [113,114]. For better accuracies in the
vicinity of the antenna, an MoM simulation of the subelement can be invoked [114].
These simplified approaches represent extremely fast tools for field intensity prediction,
but they are limited by a minimum distance from the antenna where they can be applied
in order to maintain an acceptable computational accuracy. On the other hand, when field
computations within a distance of a few wavelengths from the antenna have to be done,
full-wave numerical techniques, such as FDTD, must be adopted. The accuracy of FDTD
models for evaluating the near field of base-station antennas has been investigated and
validated through a comparison with measurements carried out in a fully anechoic
chamber [115].

Full-wave approaches require knowledge of the internal structure of the antenna,
which is not always available. Cylindrical- and spherical-wave expansion techniques
have been proposed to evaluate the near field, starting from measurements performed
on a surface enclosing the antenna [116-118]. The basic approach consists of performing
field measurements on a spherical surface surrounding the antenna and describing the
measured field as a superposition of spherical modes [115]. Once the spherical-wave
expansion coefficients have been determined, the near field can be extrapolated for all
points lying outside the minimum sphere enclosing the antenna. This technique also has
been improved to allow extrapolation of the field inside the minimum sphere [117]. To
this end, the spherical-wave expansion coefficients are derived for each of the antenna
subelements. This approach extends the range of applicability of the formulation to all
points outside the minimum sphere of a single subelement, which is much closer to the
antenna than the minimum sphere of the overall array. Recently, an alternative solution to
extend field extrapolation close to the antenna was proposed, which consists of spherical-
wave expansion outside the minimum sphere of the antenna and cylindrical-wave
expansion for the region close to the antenna, with an appropriate matching of the two
expansions [118].

The effect of the surrounding environment must be taken into account to some extent in
dealing with the problem of evaluating induced SAR in a subject exposed to the field
radiated by BTS antennas, since the antenna is not operating in a free-space condition. A
very interesting approach, applicable to on-site evaluations, consists of using mixed
experimental and numerical procedures [119-121]. One procedure is based on on-site
measurement of the amplitude and phase of the exposure field distribution over a surface
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surrounding the antenna. The measurement is then used to numerically evaluate induced
SAR distributions inside a phantom. The measured fields are used to excite the FDTD
domain via the equivalence principle [119]. A much faster and efficient procedure uses
previously stored FDTD-computed E-field distributions inside a phantom exposed to
spatially impulsive electric fields, the equivalent spatial impulsive responses of the
phantom or Green’s functions. The on-site measurement of amplitude and phase of the
exposure field is made over an equally spaced grid of points placed on an appropriately
chosen surface [120]. The procedure has recently been enhanced and made faster by
substituting the spatial impulse response with responses to spatial harmonic components
[121]. In this way, good accuracy is achieved using only six to ten spatial harmonic
components, as opposed to the 54 spatial impulse responses needed previously.

The aforementioned hybrid experimental-numerical procedures have the great advan-
tage of allowing easy characterization of environmental perturbations to the exposure
field by directly including them in the measured field. On the other hand, they require the
antenna to be already installed and operating at the time of measurement. The last point
makes such procedures not suitable for a priori compliance assessment evaluations during
the planning stage of a cellular network. For such evaluations, a thorough numerical
dosimetric analysis is required. Once again, a possible approach, when the environment
can be neglected and the antenna can be supposed to operate under free-space conditions,
consists of performing full-wave FDTD simulations and modeling both the BTS antenna
and a numerical phantom of the exposed subject. The applicability of such an approach
has also been demonstrated, through a comparison with SAR measurements, for expos-
ure locations in close proximity to the antenna [122]. The main drawback of full-wave
FDTD analysis is the large amount of memory required to discretize the simulation space
for phantom locations not in the close proximity of the antenna. This problem can be faced
by exploiting parallel computer architectures with parallelized versions of the FDTD code
[123]. Parallel FDTD also has the potential to allow SAR computations for large antenna—
phantom distances.

More efficient techniques have been developed that combine two different techniques,
one to model BTS antenna and propagation in free space and the other, SAR inside the
phantom [124,125]. In particular, if the antenna—phantom distance is such that mutual
coupling can be neglected, a hybrid ray-tracing (RT)-FDTD approach can be used [124].
RT is used to model field propagation from the BTS antenna to an equivalent surface
surrounding the phantom, and FDTD is employed to study absorption inside the phantom,
using RT-derived exposure fields for excitation. For closer antenna—phantom distances,
where the mutual coupling cannot be neglected, a hybrid FEM-MoM technique has been
proposed [125]. In this case, MoM is used to model the BTS antenna, while FEM is used to
study absorption inside the phantom. The MoM and FEM formulations are coupled
together and are solved iteratively. These hybrid approaches allow very efficient SAR
computation for different antenna-phantom distances and are well suited for evaluating
free-space compliance distances, on the basis of SAR restrictions. They do not require the
use of derived exposure field reference levels. For example, the RT-FDTD technique has
been applied to a common 14-dBi-gain GSM900 antenna using the VH phantom. It was
shown that for a total radiated power of 30 W, typical for urban area installations, SAR basic
restrictions for the general population may be exceeded at distances of 2m or less. Note
that, at these distances, only occupational personnel are allowed [124].

The RT-FDTD hybrid technique also has been successfully employed to study human
exposure to the field radiated by a BTS antenna in an urban scenario, including the effect
of environmental perturbations to the exposure field [126]. In this case, image sources
have been introduced to represent corner-reflector-like urban scenarios. Three different
exposure conditions have been considered for a rooftop-mounted 14-dBi-gain BTS
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TABLE 10.6

Spatial Maximum (Ejpax) and Spatial Average (Eiave) of the Incident Field (rms Value);
Maximum SAR Values Averaged over 1g (SAR,) and over 10 g (SARyog), and SAR Value
Averaged over the Whole Body (SARwg) for Three Exposure Conditions

EiMAX (V/m) EiAVE (V/m) SAng (mW/kg) SARIUg (mW/kg) SARWB (mW/kg)

Rooftop 42 2.8 53 3.0 0.12
Balcony 8.1 5.5 13.2 8.5 0.46
Street 13 1.1 0.26 0.17 0.01

antenna, radiating 30 W in the GSM900 frequency band: (1) a subject standing on the
rooftop, near the antenna mast; (2) a subject standing on a balcony of a building facing the
antenna at a distance of 30 m, within the antenna main beam; and (3) a subject standing in
the street below the 30-m tall building on which the BTS antenna was mounted. The
computed results for the incident electric field and SARs, under these exposure condi-
tions, are given in Table 10.6.

From Table 10.6, because of the high directivity over the vertical plane of base-station
antennas, it appears that the highest field levels are not obtained on the rooftop of
the building where the antenna is located. Instead, they are on the nearby building, in
the direction of the maximum antenna radiation. As expected, the lowest field levels are
experienced by a subject standing in the street, as a result of the large distance from the
antenna and the off-axis position with respect to the antenna pointing direction. In all
cases, the computed SARs are at least two orders of magnitude lower than the basic
restrictions, confirming the expected low exposure levels for people living near a BTS
installation in urban areas.

More recently, some hybrid techniques have been developed, with enhanced capabil-
ities in modeling complex urban environments, by taking into account diffraction phe-
nomena [127-129]. One such technique uses FEM to model the BTS antenna, the uniform
theory of diffraction (UTD) to model the effects of the environment on field propagation,
and FDTD to study power absorption in the exposed subject [127]. The technique has been
employed to study exposure of a subject standing inside a room with a microcell BTS
antenna mounted on the external wall. Another possible hybrid solution exploits time
domain physical optics, instead of UTD, to model field scattering from the environment
and FDTD to study absorption inside the exposed subject [128].

Finally, a hybrid UTD-FDTD technique has been developed to highlight some key
points related to compliance assessment procedures for cellular base-station antennas, in
a realistic urban environment [129]. The scenario analyzed consists of a room in one
building where the field, radiated by a GSM900 or a UMTS BTS antenna installed on a
facing building, penetrates through the room’s external wall and window. The relation
between SAR in an exposed subject and ambient field in the absence of the subject has
been investigated for the complex scenario. As expected, the ambient field showed a
highly nonuniform distribution resulting from the many reflections and diffractions that
took place. The results showed that whole-body averaged SARs (SARwg) are closely
correlated with the exposure field value averaged over the volume that would be occu-
pied by the exposed subject. In particular, it has been estimated that assessing SARwg on
the basis of volume-averaged field values yields an average error of approximately 6%.
Peak 1-g and 10-g averaged SARs, instead, show a rather complex and difficult-to-predict
relation with reference to the exposure field. Analysis of the results has revealed that the
use of the volume-averaged exposure field value, in the absence of the subject, can lead to
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an underestimation of the peak local SARs, up to 36%. On the contrary, using the
maximum volumetric value yields an overestimation of peak local SAR (up to approxi-
mately four times). The conclusion was that peak local SAR showed a good correlation
(15% average error) with the maximum average exposure field value obtained by varying
the position of a vertical averaging plane, having a surface equivalent to the projected
human body area, inside the volume occupied by the subject.

10.4.2.4.1 Human Exposure to the Fields Produced by Coexisting Wireless
Communication Systems

The discussions thus far have dealt with the problem of human exposure to fields
radiated by a single base-station antenna from the cellular mobile communication sys-
tems (i.e., GSM, UMTS, etc.). However, as the development of communication systems
making use of wireless technology expands, new exposure scenarios are encountered in
everyday life. Following the enormous growth in the number of base stations in densely
populated areas, one of the most promising systems in the near future may be the
so-called Wi-Fi system, namely, wireless LAN adopting the IEEE 802.11b communication
standard. Wi-Fi is characterized by completely different coverage ranges. Unlike base-
station antennas of cellular systems, which are installed almost entirely in outdoor
locations, access points (APs) of Wi-Fi systems would operate essentially inside buildings.
Nonetheless, the EMFs radiated by the two systems will coexist in indoor environments,
particularly if buildings located in front of a rooftop-mounted base-station antenna are
considered. This poses new questions about human exposure in such environments.
It becomes important to assess typical exposure levels attributable to each system.

The problem has been recently addressed by considering exposure of a subject standing
inside a room with a Wi-Fi AP and facing a dual-band GSM900/GSM1800 BTS antenna
mounted on the rooftop of a nearby building [130]. The AP radiates a power of 100 mW at
2.44 GHz, while the GSM BTS employs an antenna with a 18-dBi gain, radiating a total
power of 30 and 20 W in the GSM900 and GSM1800 frequency bands, respectively. The
computed results for exposure field values and SAR levels are summarized in Table 10.7
and Table 10.8. Specifically, the first two columns of Table 10.7 show the peak (Eyo peak)
and average (Eyol ave) YOOt mean square (rms) exposure field values over the entire
parallelepiped volume where the subject will be placed, while the third column reports
the average (Esup ave) TMs exposure field values over vertical sections of the parallelepiped
volume. In particular, the minimum and maximum field values are given because the
averages depend on where exactly the surface is placed. Table 10.8 presents whole-body,
peak 1-g and 10-g averaged SARs inside the exposed subject.

It can be seen from Table 10.7 that the highest contribution to the total field level inside the
room is not due to the indoor source but to the outdoor one. In particular, the average E-field

TABLE 10.7

Exposure Field (rms Values) for the Indoor Scenario (Coexisting Outdoor GSM BTS
and Indoor Wi-Fi AP)

Eyol peak (V/m) Eyo1 ave (V/m) Esup aver min.—max. (V/m)
GSM900 5.57 3.13 2.73-3.44
GSM1800 3.61 1.70 1.62-1.91
Total GSM 6.18 3.56 3.19-3.93
Wi-Fi 2.51 1.13 1.05-1.19
Total 6.30 3.74 3.40-4.09
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TABLE 10.8
SAR Values for the Indoor Scenario (Coexisting Outdoor GSM BTS and Indoor Wi-Fi AP)
SARwg (mW/kg) SAR;z; (mW/kg) SAR;g (mW/kg)

GSM900 0.109 241 1.08
GSM1800 0.027 1.31 0.58

Total GSM 0.136 3.07 1.46

Wi-Fi 0.014 0.79 0.35

Total 0.150 3.66 1.60

value attributable to the Wi-Fi system is as low as 1 V/m. The computed data also demon-
strate that coexistence of the two systems (GSM and Wi-Fi) is possible without exceeding the
reference levels for the exposure field, as averaged over the volume occupied by the body or
over an equivalent surface, even if the particularly stringent limits issued by some national
regulations (e.g., 6 V/m) are considered. Finally, the SARs presented in Table 10.8 suggest
that a typical exposure scenario results in RF absorption that is two orders of magnitude
below the basic restrictions, both for whole-body and for locally averaged SAR.

10.4. 2.5 Coupling of Transient EM Pulses into the Hum an Body

Electromagnetic transient radiations are widely used for studying the susceptibility of
test objects to broadband EMPs, and increasingly, pulsed fields are being explored for
telecommunication purposes. The main characteristics of these pulse fields are wave-
forms that include high peak powers, fast rise times, and a narrow pulse width. Earlier
investigations on their interaction with biological systems relied on mathematical ana-
lyses of canonical shapes of dielectric equivalent bodies, such models as planar tissue
layers and bodies of revolution [131-134]. The well-known effect of microwave hearing
from pulse-induced thermoelastic pressure in the human head have been investigated
both analytically [135-140] and numerically [141-143]. More recently, major strides have
been made in the development of UWB systems for wireless telecommunications
[144,145]. It promises a powerful combination of low power, high throughput, greater
range, and better inherent security, using nanosecond pulses. This section presents
predictions of fields and power depositions, which have been obtained from the fre-
quency-dependent FDTD formulations described in Section 10.4.1.5, for models of the
biological body.

10.4.2.5.1 Modeling of Tissue Properties with the Debye Equation

For UWB calculations using the (FD)*TD method, the measured properties for the various
tissues may be fitted to the Debye equation (Equation 10.14) with two relaxation constants
[77-79]. For the results shown here, the measured properties of biological tissues (muscle,
fat, bone, blood, intestine, cartilage, lung, kidney, pancreas, spleen, lung, heart, brain/
nerve, skin, and eye) were obtained from the literature. Optimized values for &4, €5, €oos
71, and 7, in Equation 10.14 were obtained by nonlinear least squares matching to the
measured data for fat and muscle (Table 10.9), with 7; and 7, being the average of the
optimized values for fat and muscle. All other tissues have properties falling roughly
between these two types of tissues. This was done to facilitate volume averaging of the
tissue properties in cells of the heterogenous human model. Having 7; and 7, constant for
all tissues, allowed linear (volume) averaging of the & values for each tissue in a given cell
to calculate ¢ values for that cell.
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TABLE 10.9

Debye Constants for Tissues, 71 = 46.2 x 10 %sand 7, = 091 x 10 1% (Average of Optimum for
Fat And Muscle)

Tissue F= €51 Esn

Muscle 40.0 3948 59.09
Bone/cartilage 34 312.8 7.11
Blood 35.0 3563 66.43
Intestine 39.0 4724 66.09
Liver 36.3 2864 57.12
Kidney 35.0 3332 67.12
Pancreas/spleen 10.0 3793 7391
One-third lung 10.0 1224 13.06
Heart 38.5 4309 54.58
Brain/nerve 325 2064 56.86
Skin 23.0 3399 55.59
Eye 40.0 2191 56.99

10.4.2.5.2 Induced Currents and SAs

The (FD)*TD formulation has been used to calculate coupling of an ultrashort pulse to the
heterogenous model of the human body. From the calculated internal fields, the vertical
currents passing through the various layers of the body are calculated by using the
following equation:

L(t) = & Z agt z (10.25)
ij

where & is the cell size (=1.31 cm), and the summation is carried out for all cells in a given
layer. The layer-averaged absorbed energy density or SA and the total energy W absorbed
by the whole body can be calculated using the following relationships:

8t < E(ijkt) ODGjkt)
SA = — 10.26
|layerk Ny 1,]; p(l,],k) ot ( )
. OD(ijkt)
_ 3
w =5 EGjkf) =5 (10.27)

i/]l/klt

In Equation 10.26 and Equation 10.27, 6t is the time step (=6/2c = 0.02813 nsec) used for
the time domain calculations, Ny is the number of cells in layer k of the body, and p (i j,k) is
the mass density (in kg/m?) for each of the cells in the corresponding layers.

A typical time domain, UWB pulse with a peak amplitude of 1.1V/m is shown in
Figure 10.23. It is interesting to note that the pulse has a rise time of about 0.2nsec and a
total time duration of about 7 to 8 nsec. The Fourier spectrum of the pulse is shown in
Figure 10.24. Most of the energy in the pulse is concentrated in the 200- to 900-MHz band
with the peak of the energy being at about 500 MHz.

For purposes of illustration, the results that follow assume the incident fields to be
vertically polarized, since this polarization is known to result in the strongest coupling
for standing individuals [146]. Also, a uniform plane wave illumination of the whole body
is assumed by the incident fields. The (FD)*TD procedure is used to calculate the temporal
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variations of total vertical currents for the various sections of the body for both the shoe-
wearing grounded and ungrounded exposure conditions of the model. The current vari-
ations for a couple of representative sections such as those through the eyes and the bladder
are given in Figure 10.25a and b, respectively. The calculated peak currents for the various
sections are on the order of 1.1 to 3.2mA/(V/m). It is interesting to note that there is very
little difference in the induced currents, whether the model is grounded or not. This is due
to the fact that most of the energy in the pulse is at frequencies in excess of 300 MHz, where
the effect of the ground plane on the induced currents or the SARs is minimal.

In Figure 10.26, the peak current for each section of the body is plotted with a section
resolution of 1.31 cm. The maximum peak sectional current of 3.5mA, which is equal to
3.2mA/(V/m), occurs at a height of 96.3 cm above the bottom of the feet. A very similar
result also had been observed for calculations using isolated and grounded models of the
human body for plane wave exposures at frequencies of 350 to 700 MHz, where the
highest induced currents on the order of 3.0 to 3.2 mA /(V/m) were calculated for sections
of the body that are at heights of 85 to 100 cm relative to the feet.

The SA and the total absorbed energy for exposure to the UWB pulse can be calculated
using Equation 10.26 and Equation 10.27. The total energy absorbed by the body exposed
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a. Section through the eyes (height above the bottom of the feet = 168.3 cm)
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b. Section through the bladder (height above the bottom of the feet = 91.0 cm)
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FIGURE 10.25

Currents induced for the various sections of the body for shoe-wearing grounded and ungrounded conditions of
exposure. Epeac = 1.1 V/m.

to a single pulse of the type shown in Figure 10.23 is 2.0 and 1.91 p] for isolated and shoe-
wearing grounded conditions, respectively.

10.4.2.6 Absorption in the Head of Cellular Phone Users

The widespread use of cellular mobile telephone systems has brought about an increased
concern for possible adverse health effects from the RF field emitted by the handset.
Indeed, exposure standards have been mandated by various national bodies to limit
human exposure to cell phone radiations. These RF exposure standards provide specifi-
cations in terms of power deposition per unit mass, that is, SAR induced in the user’s
head, with which cell phones must comply [100,101].
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FIGURE 10.26
Peak currents induced for the various sections of the body for shoe-wearing grounded and ungrounded
conditions of the model. Epeac = 1.1 V/m.

Laboratory procedures for compliance testing of mobile phones are based on experi-
mental measurements, performed according to published protocols [147,148]. In these
tests, real phones and phantom head models, shells filled with a material with dielectric
properties equivalent to those of the brain tissue at the frequencies of interest, are used.
Clearly, the phantom is a simplified model of the human head and is specifically designed
for compliance testing. Consequently, it is not suited for an accurate analysis of the SAR
distribution in various tissues and organs of the head. A detailed analysis of the distri-
bution of the power absorption would be required to obtain a better understanding of
SARs inside the head. Such information is needed for the necessary extrapolation
of results from in vivo and in vitro experimental studies devoted to investigating the
effects of RF radiation on humans. They would provide the exposure data needed in
epidemiological studies aimed at evaluating any possible dose—effect relations.

Increasingly, advances in computational bioelectromagnetics have made detailed
evaluation of SAR distribution inside the human head possible through the use of
accurate and realistic models of the human head and the source, that is, the mobile
phone, and the use of suitable numerical methods such as the FDTD technique.

The first numerical studies were performed by simulating the phone radiating element
as a half-wavelength dipole or a quarter-wavelength monopole mounted on a box [149-
154]. These antenna models, and the last in particular, can only be used as a rough model
of the retractable antenna, which at the beginning was in nearly all cell phone handsets.
However, at present, the need for more and more compact terminals and for dual-band
operation has given rise to new antenna types. In particular, two types of antennas have
been developed: planar integrated antennas and helical antennas. While half-wavelength
dipoles and monopoles can be easily implemented inside an FDTD code, modeling of
helix or planar antennas can become a rather difficult task.

The difficulties in modeling helical structures with the FDTD method were revealed in
some recent studies. For example, only rather large structures have been studied employ-
ing a pure FDTD scheme [155,156]. For smaller structures, published reports had either
employed equivalent sources [157] or a hybrid MoM-FDTD technique [158,159]. While
these reports show some problems and drawbacks, investigations using FDTD, properly
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modified through the use of a graded mesh, have obtained good agreement with MoM
and experimental results [160,161]. In these studies, both near-field and radiation patterns
of dual-band cell phones equipped with a helical antenna have been reproduced. More-
over, the SAR distributions inside the VH model of the head have been computed,
showing a higher penetration depth at 900MHz and higher superficial SARs at
1800 MHz. Moreover, approximately 80% and 50% of the radiated power was absorbed
inside the head at 900 and 1800 MHz, respectively. For a phone in contact with the ear and
tilted to bring its axis along the ear-mouth direction (the so-called cheek position),
radiating an average power of 250 mW at 900 MHz and 125 mW at 1800 MHz, peak 1-g
SARs of 1.65 and 1.08 W/kg were obtained in the head at 900 and 1800 MHz, respectively.
In the same examples, the peak 1-g SARs in the brain were 0.13 and 0.06 W/kg at the two
considered frequencies, respectively.

Planar antennas can be mounted on the top, lateral, or back sides of the phone [162—
165]. Shorted patch antennas typically have a 10-dB bandwidth between 5% and 10% that
can be increased to about 12% by parasitically coupling another printed radiator in the
vertical direction (stacked patch). For comparison, the bandwidth is about 30% for the
monopole antenna [163]. In this case, an important consideration is the influence of
the hand wrapped around the handset. For a cell phone equipped with a planar antenna,
the hand has a detuning effect on the antenna resonant frequency and causes a reduction
of the bandwidth; both are evident where the hand masks the antenna. About 30% of the
radiated power was absorbed by the hand, while for the monopole the hand absorption
was only 15% [162]. For a radiated power of 250 mW at the frequency of 900 MHz and a
head-handset separation of 2cm, the computed peak 1-g SAR was 0.95W/kg for a
laterally mounted planar inverted F antenna (PIFA), and the result was 0.49 W/kg for
a monopole antenna [162]. When a phone equipped with a side-mounted PIFA was kept
in contact with the ear, the peak 1-g SAR increased to 1.4 W/kg [164]. Note that the back-
mounting configuration gave rise to a substantial (up to three times) reduction in the peak
SAR [162].

Another important task for an accurate evaluation of the power absorption in the head
is the model adopted for the phone case. The typical approach, followed in the literature,
consists of representing the case as a box, that is, a plastic-coated metal parallelepiped
[149-165]. In order to model the correct shape of cell phones, both CAD files [166] and
topometric sensors [167] have been used. However, in most previous studies, the internal
structures of the phone have been modeled simply as a homogenous perfect conductor.
Recently, CAD files have been used also to model the internal structures (printed circuit
board, battery, keypad and buttons, etc.) of the phone [168]. An alternate approach to a
suitable numerical model of the mobile phone was proposed by Pisa et al. [169]. It starts
with a simplified model, which includes only the main phone parts (antenna, keyboard,
internal box, plastic coating, etc.) having “realistic’” dimensions and electric properties.
The realistic parameters are then tuned by using an optimization procedure, which
minimizes a functional that depends on the differences between the measured and
simulated electric and magnetic fields in front of the phone and on the SAR inside a
cubic phantom. As an example for the applicability of the proposed optimization method,
a numerical model of a commercial phone, operating at 900 MHz, was implemented, and
the power deposition in the VH model of the human head was computed for various
phone-head distances. The results in terms of peak SAR in various head organs and
tissues and for various phone-head distances are presented in Table 10.10. The SAR;; and
SAR;0g show a monotonic decrease when the phone-head distance increases, while the
peak SARs inside the head tissues reach their maxima when the phone is kept at specific
distances from the head. This behavior is due to the fact that with the telephone pressed
against the head, the power absorption is confined to a limited region in front of the
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TABLE 10.10

Peak SAR Averaged over 1g (SAR;z) and 10g (SAR;g) and Peak SAR as Averaged over 1g in
Various Organs and Tissues, for Different Distances between the Phone and the Visible Human
Phantom for a Radiated Power of 250 mW at 900 MHz

SAng SAR]Og SARI brain SAR] eye SAR] skin SARI muscle SARl fat SAR] gland
(W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg)

d = 0mm 1450  0.600 0.125 0.0102 0.504 0.223 0.142 0.448
d = 2mm 0.740  0.500 0.123 0.0101 0.504 0.244 0.162 0.493
d = 6mm 0.670 0470 0.174 0.0100 0.482 0.278 0.165 0471
d = 8mm 0.630  0.450 0.109 0.0103 0.460 0.280 0.160 0.445
Cheek position

(d = 0mm)

optimized 0.810 0410 0.088 0.0360 0.171 0.447 0.301 0.420
Cheek position

(d = 0mm)

nonoptimized ~ 2.568  0.888 0.177 0.0578 0.315 0.721 0.400 0.664

antenna feed point, whereas by moving the handset away from the head, a greater portion
of the head is exposed. When the distance was further increased, the SAR decreased
monotonically as a result of the decay in field intensity. This study also showed that the
use of inaccurate phone models (last row in Table 10.10) could give rise to SARs, averaged
over 1g, up to three times higher than those computed for the optimized model [169].

Faced with a rapid saturation of the cellular phone market, many cell phone manufac-
turers and service providers are turning their attention toward youths in promoting
handsets that are cheap, with inexpensive service plans, or both [170]. An issue of
particular interest is the possible difference in power absorption between children and
adults. To answer this question, the first problem to be addressed is the realization of an
accurate numerical model of a child’s head. Because of ethical concerns, the availability of
anatomical models of children has been limited. The common approach for obtaining a
model of the child has been the reduction of the dimensions of the voxel size of adult
models. Sometimes, this reduction was performed by employing different scaling factors
for the different parts of the head. It appears that dielectric constants for children may be
considerably higher than adults [171]. However, since the detailed data for the dielectric
properties of tissues in children are scarce, they are usually assumed to be equal to those
of adults or generically increased by a constant factor in most models. Nevertheless, using
these models, some papers have reported increases of up to 50% in the peak 1-g SARs in
the child head, compared to an adult head, for exposure to cell phones operating at
frequencies around 835 and 1900 MHz [151,172]. A similar increase has been observed
in the peak 1-g SARs obtained in the brain. A possible explanation of these results is the
larger depth of penetration of power in the child models as compared to the adult one
[151,172]. Other papers devoted to the investigation of differences between child and
adult exposure to cellular phones have shown no significant difference in peak 1-g SAR
between adults and children [173,174]. There are several possible explanations for the
discrepancy. It has been suggested that the contradictory results may be due to the
different phone excitation schemes used by different authors [175]. The disparity in
distances of separation between the antenna and the head also was suggested as a pivotal
factor in determining the reported discrepancies [170].

In an effort to help resolve the discrepancies, the SAR distributions induced in
two child’s head models, an isotropic scaling of the VH head (child size, CS) and an
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TABLE 10.11

Peak SAR Averaged over 10g (SAR;¢z) and Peak SAR as Averaged over 1g in Various
Organs and Tissues, for Radiated Powers of 250 mW at 900 MHz and 125 mW at 1800 MHz
in Children and Adults

SARIOg SARI skin SARl muscle SARl bone SARI csf SARI brain

(W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg)
900 MHz VH 0.67 2.00 0.67 0.20 0.34 0.16
CSs 1.18 4.02 1.03 0.31 0.45 0.25
CL 1.03 1.15 041 0.14 0.23 0.20
1800 MHz VH 0.39 0.99 0.30 0.08 0.12 0.08
CS 0.29 0.87 0.30 0.08 0.13 0.09
CL 0.27 0.91 0.30 0.06 0.15 0.10

tanisotropic scaling of the VH head (childlike, CL), have been computed and compared
with SAR distributions induced in the VH by a mobile phone equipped with a back-
mounted dual-band patch antenna [176]. Some of the results are presented in Table 10.11.
It can be seen that the peak SAR;(z showed an increase of about 50% and a reduction of
about 25% for the child models compared to the adult model at 900 and 1800 MHz,
respectively. Moreover, as the brain is closer to the mobile phone in the case of CS and CL
heads, the SAR; in the brain of children is slightly more significant than that for the adult.

Other exposure scenarios also have been investigated, including head exposure inside a
car and cell phones not placed in contact with the ear. In some studies, the influence of the
metallic and dielectric structures of a car on SAR induced by a cellular phone inside an
adult head was analyzed [155,177-179]. Studies performed by modeling the whole car
have shown that the main influence on SAR distribution was due to structures that were
very close to the head [178,179]. In particular, the presence of a vertical glass wall in
parallel with the antenna axis did not significantly influence the SAR distribution, while a
metallic wall can cause up to an 80% increase in the peak 1-g SAR [155,177]. The presence
of a reflecting wall placed horizontally over the head, simulating the roof of a car,
rendered the SAR distribution more uniform, increasing the lower values and reducing
the higher ones [155].

Cellular phones commonly are used in contact with the ear. However, when they are
used with a headset, they can be positioned at different body locations. Moreover,
unintentional exposures also might occur for a subject standing close to someone
using a cellular phone, for example, in a crowded environment. The peak SAR produced
by a phone placed slightly above the navel of the VH model has been calculated by
using the FDTD method, and the results have been compared to those of a flat
phantom—modeled as a multilayered transmission line—whose thickness was varied
statistically [180]. The exposure of a human subject to a half-wavelength dipole placed at
various positions at a distance of 9 mm from the body surface also has been investigated
[181]. In particular, 11 different locations have been considered, that is, in front of the
right ear and left ear, the nose, eye, heart, lung, shoulder, stomach, hip, lower back, and
the groin. The computed results showed that the maximum values of SAR;; and SARg
occurred, in all cases, when the phone is close to the ear. For all other positions,
corresponding to possible locations of the phone when used in conjunction with a
headset, peak 1-g SAR values were at least 30% lower than those obtained in the
common ear position.
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10.5 Temperature Elevations Induced in Biological Tissues
by EM Power Absorption

10.5.1 Introduction

EM energy impinging on the human body induces currents and fields inside the body.
A major biological response from absorption of EM energy in the RF and microwave
frequency range is the elevation of tissue temperature. Consequently, most internation-
ally recognized guidelines for limiting human exposure to EMFs in the RF and microwave
range use SAR as the basic dosimetric metric [100,101]. Likewise, the vast majority of
studies available in the literature, addressing the topic of human exposure to EMFs, focus
their attention on the dosimetric problem of quantifying induced power absorption inside
the exposed subject. A central premise of these exposure guidelines is to protect exposed
subjects against temperature increases exceeding the threshold for induction of adverse
thermal effects. Therefore, an increasing number of investigators are beginning to
address the problem of human exposure to EMFs with a thermal analysis to estimate
the temperature increment induced inside the exposed subject.

Another domain in which a thermal analysis can be very useful, or even essential, is
that of therapeutic applications where EMFs are deliberately used to cause predefined
temperature increases in specific target tissues in the body. Some of the applications
include hyperthermia cancer treatment and microwave tissue ablation. In such cases,
performing a numerical electromagnetic and thermal study of the applicator in its in-
tended operating environment, inside the body, can be a valuable aid in designing the
applicator, in establishing the clinical protocol (i.e., power to be delivered, time of
application, etc.), and for treatment planning purposes.

In the following, an overview of the available analytical formulations to characterize
heating induced by EMFs is presented. Some numerical implementations, suitable to
study the thermal problem in realistic situations, are summarized with specific examples.

10.5.2 Bio-Heat Equation

The bio-heat equation (BHE) was originally proposed by Pennes in 1948 to analyze
temperature distributions in a resting forearm [182]. Subsequently, it has been modified
to study phenomena of heat transport and exchange for the whole body [183,184]. It is an
analytical model that describes the temperature distribution T = T(r,t) inside the body.
One of the more general formulations of the BHE is given here for temperature rises
associated with exposures to EMFs:

V- (K@VT) + A, T) + Qu(r) — Re(r) — B(r, TN(T — Tp) = C(r)p(r)%{(w/ng) (10.28)

The five terms on the left side of Equation 10.28 represent heat accumulation (or loss) per
unit time and per unit volume at a point inside the body. Specifically, the various ways
through which heat is transferred, produced, or removed from the tissue are:

— Heat transfer through internal conduction, where K (W/(m°C)) is the tissue
thermal conductivity

— Metabolic heat production (A [W/m?))
— Electromagnetic power deposition (Q, [W/m®])
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— Respiratory heat losses in the lungs (Rp [W/m?)

— Heat exchange due to capillary blood perfusion, which is proportional to blood
flow and is represented by the parameter B (W/(°Cm?), and the difference
between blood and tissue temperature (Tg — T); note that Tg is a function of
time (i.e., Ty = Tg(t))

The right side of Equation 10.28 denotes the temperature increase (or decrease) per unit
time. The thermal capacitance per unit volume is given by the product between the tissue
specific heat, C (J/(kg°C)) and density, p (kg/m?>).

It should be mentioned that the BHE assumes that heat exchange with blood takes place
exclusively via capillary perfusion. In reality, heat exchange also occurs with large blood
vessels. This mechanism does not take the form of a distributed exchange throughout the
tissue volume, like the B(T — Tg) term in the BHE, but instead, the form of a localized
exchange at the blood vessel walls. To account for it would require the introduction of an
additional term in the BHE [185,186]. Moreover, it would require precise knowledge of
the structure of the vasculature inside the biological body, which is not always available.
However, this mechanism only alters temperature distribution near large blood vessels
and does not significantly affect the overall temperature distribution, especially the
maximum temperature increases elsewhere in an exposed body [187]. Therefore, this
mechanism can generally be neglected without significant loss of accuracy, if the principal
purpose is to assess safety compliance of a given exposure situation, from the thermal
point of view. On the other hand, proper inclusion of large blood vessels may be
important when planning hyperthermia or ablation treatments. The presence of a large
blood vessel in the target region may cause temperature elevations to remain below the
minimum threshold required for effective treatment.

A first step in using the BHE to compute the temperature increases induced by
exposure to EMFs is the evaluation of SAR or local power deposition. In fact, Q, = p
SAR is the exogenous heat source responsible for the alteration in temperature profiles
inside the exposed subject. Once the Q. term is determined, the BHE would provide the
time evolution of temperature, provided that appropriate initial and boundary conditions
are imposed, as discussed later. In this manner, the BHE allows assessment of both the
transient response and steady-state temperature increases.

An implicit assumption in the above discussion is that the electromagnetic and thermal
problems are independent and can be investigated sequentially. This is equivalent to
assuming that electromagnetic transients are irrelevant and therefore the steady-state
SAR distributions can be used as the input for the thermal analysis, and that changes in
tissue temperature do not alter the field distribution inside the tissue. Concerning the first
assumption, the time constants of the electromagnetic and thermal processes are of orders
of magnitude different, with the EMF reaching steady state at most after a few microsec-
onds, while thermal constants inside living biological tissues are of the order of a few
minutes under usual circumstances. This means that electromagnetic transients can indeed
be neglected for the thermal analysis. The second assumption, instead, deserves some more
attention. In fact, dielectric constants of biological tissues are temperature dependent, and
therefore, the EMF distribution could change as heating proceeds and temperature in-
creases. However, this effect may be neglected so long as the temperature elevation is small,
that is, on the order of a few degree Celsius, as is expected for common EMF exposures. If
temperature increase is large and the induced variation in dielectric constants is no longer
negligible, for example, when heating food in a microwave oven, the electromagnetic and
thermal problems must be solved in a coupled manner, iteratively updating the electro-
magnetic solution as heating progresses [188-190].
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10.5.2.1 Initial Conditions

The BHE is a partial differential equation in time and space; its solution requires the
specification of both initial and boundary conditions. For studies involving RF- and
microwave-induced heating inside the human body, the initial temperature distribution
typically is set to the physiological norm, computed as the steady-state solution of
Equation 10.28 in the absence of external power deposition (Q, = 0). Thus, the resulting
equation is

V - (K(H)VT) + Ag(r) — Ri(r) — Bo(t)(T — Tgo) = 0 (W/m®) (10.29)

In this case, thermal parameters do not depend on temperature and are set to their
physiological values at approximately 37°C. Similarly, the physiological value at rest is
used for blood temperature. Note that Equation 10.29 does not contain time derivatives
and, therefore, does not require any initial condition to be solved.

10.5.2.2 Boundary Conditions

Boundary conditions are needed to account for the heat exchange between the body
surface, namely, the skin, and the external environment, in both the general and the
steady-state formulations of the BHE as represented by Equation 10.28 and Equation
10.29, respectively. The simplest boundary conditions that can be applied are the adia-
batic condition, that is, a thermally insulated surface, or the Dirichelet boundary condi-
tion, that is, an enforced surface temperature. Adiabatic conditions can be used to model
tissue surfaces in close contact with highly insulating materials, such as the catheters used
to insert antennas employed in hyperthermia or ablation treatment. In contrast, Dirichelet
boundary conditions can be used for surfaces in close contact with a circulating fluid kept
at a constant temperature (forced convection).

Adiabatic and Dirichelet boundary conditions are rather simple but they are not
suitable for representing the general heat exchanges that take place at the skin. A general
boundary condition, obtained by imposing the continuity of the heat flow perpendicular
to the surface of the body, can be expressed as [191]:

—K@)(VT - ng)g = H(Ts — Ta) + SW(T)(W/m?) (10.30)

where S is the skin surface and ng is the outward unit vector normal to S. The terms on the
right side of Equation 10.30 represent the two ways in which heat is exchanged with the
environment. In particular, the first term describes heat loss due to convection, and it is
proportional to the difference between skin temperature (Ts) and ambient air temperature
(T») through the convection coefficient H (W/ (m*°C)). The last term represents heat loss
due to sweating (SW).

A few words are needed about radiative heat exchange. If one assumes the body
surface is surrounded by objects that are all at the same ambient temperature T,, the
expression for heat exchange through radiation from the body surface to the environment,
per unit area, is given by [192,193]:

Qr = ea(TS = TA)(W/m?) (10.31)

where e is the surface emissivity, ¢ is Stefan-Boltzmann’s constant, and the temperatures
are expressed in degrees Kelvin (K). Under normal conditions, Ts and T4 do not differ
significantly from about 300K, and Equation 10.31 can be approximated as [193]:
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Qr = Hy(Ts — Ta)(W/m?) (10.32)

where H, is an equivalent convection coefficient. Therefore, the convective term in
Equation 10.32 can effectively model both convective and radiative heat exchanges, by
using an overall convection coefficient that also takes into account the equivalent convec-
tion parameter H, in Equation 10.32. There are cases, however, in which the surrounding
objects are at different temperatures. In such circumstances, the problem becomes very
complex and a possible solution, based on the use of an RT method to connect mutually
visible surfaces and consider radiant heat transfer between them, has been proposed
[194]. However, the simple approach of an equivalent convection is generally sufficient
for an accurate analysis of the thermal problem.

It is worthy of mention that the convective boundary condition also can be used to
represent an adiabatic condition by simply setting the convective coefficient to zero. It can
also represent an approximate Dirichelet boundary condition, by using a very high
convective coefficient and setting T, equal to the imposed surface temperature.

10.5.3 Thermoregulatory Responses

The temperature of the human body is regulated to within a narrow range of about 37°C, in
its core. Under normal circumstances, this is accomplished through an exquisite thermo-
regulatory mechanism involving sweating and vasodilatation (see Chapter 5 by Black for
more details on thermoregulation [285]). The thermoregulatory mechanism is activated
whenever the temperature T(r) in specific parts of the body, where thermal sensors are
placed, shifts from its basal value Ty(r). In particular, the basal temperature distribution
To(r), which corresponds to a state of “thermal comfort,” is the one obtained in a naked
subject when the external air temperature T4 is about 30°C (in a dry environment) [184,195].

Since a part or all of the absorbed electromagnetic energy is converted into heat inside
the human body, computations of tissue temperature must take into account the thermo-
regulatory mechanisms in response to the heat input from RF and microwave absorption,
starting from a state of thermal comfort [195]. Specifically, the presence of thermoregulatory
mechanisms causes some of the terms in Equation 10.28 and Equation 10.30 to vary
with body temperature. The first term that shows a dependence on temperature in
Equation 10.28 is metabolic heat production, which may be characterized by the following
equation [196]:

A1, T(v)) = Ag(r)(1.1)TO-To@) (10.33)

where Ay is the basal metabolic rate in the tissue. Equation 10.33 shows that metabolic
heat production depends only on local tissue temperature. It must be noted that this
dependence is not related to thermoregulation but rather to the fact that metabolic
processes are slightly accelerated when the temperature increases.

With regard to the variation of blood flow, there are two different, but essential, phe-
nomena: one for internal tissue perfusion and the other for peripheral (skin) perfusion. For
blood perfusion to the internal tissues, the regulation depends only on local tissue tem-
perature [196,197]. Thus, in a simple model, blood perfusion could be assumed to be at its
basal value By until the local temperature reaches 39°C. When the local temperature exceeds
39°C, the blood perfusion starts to increase linearly with temperature in order to enhance
the local heat removal process, until the local temperature rises to above a value of about
44°C. At this point, the increasing rate of blood perfusion arrives at a maximum. Accord-
ingly, the internal blood perfusions are modeled by the following expressions:

© 2006 by Taylor & Francis Group, LLC.



B(x,T(r)) = Bo(r) T(¥) < 39°C (10.34)
B(x,T(r)) = Bo(r)[1 + Sg(T(r) — 39)] 39°C < T(r) < 44°C (10.35)

B(x,T(x)) = Bo(r)(1 + 5Sp) T(r) > 44°C (10.36)

The above model of the internal temperature regulation mechanism is rather simple. A
more complex temperature control model, instead, would include regulation of blood
perfusion in the skin through vasodilatation. In particular, two different signals are used
as feedback to regulate vasodilatation: one is the hypothalamic temperature increase
(T — Trp), used as an indicator of the elevation of the body core temperature, and the
other is the average skin temperature increase AT, defined as follows:

éf (T(x) — To(r))dS

AT, =
S

(10.37)

where S is the skin surface of the body. The two feedback signals are assigned different
weights, with a greater importance given to the hypothalamic temperature, and then
used, together with local skin temperature, to regulate skin blood flow according to
[183,184]:

B(x,T(v)) = [Bo(r) + Frs(Tsr — Tro) + FspATg)2T®-To®)/6 (10.38)

where Fyp and Fgp are the weights of the hypothalamic and skin temperature signals,
respectively.

From the above discussion, it can be noted that blood acts as a heat transfer agent,
taking heat away from the inner body parts, whose temperature is higher than that of the
blood, and bringing this heat to the body periphery. There, heat is passed to the skin
layers, whose temperature is lower than that of the blood, and dissipated through sweat-
ing and evaporation. During microwave irradiation, the net heat exchange, between
blood and the various body tissues, is different from zero, and consequently the blood
temperature Tj varies according to the following equation:

aT
QBTOT = CBPB VB B—tB (W) (1039)

where Qpror is the net rate of heat acquisition of the blood from the body tissues, Cg and
pp are the blood specific heat and mass density, respectively, and Vp is the total blood
volume, assumed equal to about 5L [198]. When the thermal equilibrium is reached, the
net heat exchange is null, and therefore blood temperature stays at a constant value,
slightly higher than the basal one.

The feedback mechanism that regulates sweating (SW in Equation 10.30) is very similar
to that regulating peripheral blood flow and can be described as follows [183,184]:

SW(r,T(r)) = [PI + Fus(Ty — Tyo) + FssA—TS}Z(T(r)_TU(r))/w (10.40)

where PI represents perspiratio insensibilis (insensible perspiration), that is the basal
evaporative heat loss from the skin.
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In fact, this model still represents a simplification of the thermoregulatory system of
the human body, which is very complex. For example, the skin from different parts of the
body does not have the same sweating behavior, as implied by Equation 10.40, and there
exist other internal temperature sensors, besides the hypothalamus. Notwithstanding
these limitations and the great variability in thermoregulatory behavior among different
subjects, the model can be considered a good starting point to assess thermal responses in
a human subject exposed to an EMF. It must also be observed that in most practical
situations, induced thermal elevations are very small and thermoregulatory responses
may not be invoked, so that basal physiological values for thermal parameters may be
assumed for the BHE.

10.5.4 Numerical Methods for Solving the Thermal Problem

The combination of the BHE and the thermal boundary condition represent a complicated
problem, which can become nonlinear if thermoregulatory mechanisms are considered.
Analytical solutions of this problem, neglecting thermoregulation, can be obtained only
for simplified body geometries and exposure conditions, which allow an analytical
determination of the SAR distribution. For example, an analytical solution in stratified
media may be obtained as an expansion in eigenfunctions, which are applicable to planar,
cylindrical, and spherical multilayer geometries [199,200]. Also, an analytical solution for
the case of a multilayer slab has been investigated in terms of Green’s functions [201].
More complicated solutions, able to take into account thermoregulatory mechanisms,
have also been developed, based on a simplified cylindrical segment approximation of
the human body [183,184,202,203]. In particular, the thermal behavior of the human body
is simulated by means of two systems: a controlling system and a controlled one. The
controlled system, modeled by the BHE, determines the temperature distribution inside
the body, while the controlling system provides feedback signals able to modify the
thermal parameters of the controlled one in order to maintain a constant body core
temperature (thermoregulation). The principal limitation of this approach stems from
modeling the body as a few homogenous cylindrical segments, each having a uniform
SAR and temperature distribution.

When studying more realistic and detailed geometries, like an anatomically based body
model, analytical or cylindrical segment solutions are no longer feasible, and a numerical
approach becomes necessary. One possibility is the development of a finite element
solution of the BHE [204,205]. However, the most common approach is to use a finite
difference scheme, which will be discussed in some detail in the following. One of the
main reasons for preferring a finite difference solution, besides its computational effi-
ciency, is that it allows a very simple link with the FDTD method, which is the most
popular numerical method for SAR computations. Earlier finite difference solutions of the
BHE, used in conjunction with cubic-cell models of the human body, comprised only a
few hundred voxels. They used an implicit formulation to avoid the restrictions on the
size of the time step. Since these solutions required matrix inversions, they were compu-
tationally intensive [16]. As more detailed body models, comprising thousands of voxels,
became available, new finite difference solutions were developed. These techniques, based
either on explicit or on alternate direction implicit (ADI) formulations, are discussed in
the following.

10.5.4.1 Explicit Finite Difference Formulation

One approach to obtain a finite difference explicit formulation of the BHE is based on the
thermal balance approach [98]. The body under consideration is divided into cubic cells of
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side 8, and the temperature is evaluated at the center of each cell. Temperatures are
computed at equal-time steps, 6t. In the following, the expression T"(i,jk) represents
temperature computed at time 16t in the (ij,k) cell. The finite difference formulation is
derived by imposing the thermal balance to each cell [192], such that

v NG k) = DTG k) — T"(ii,0) () (10.41)

where Q¢! is the total heat accumulated (positive) or lost (negative) in the cell
during the time interval [nét — (n+1)6t], (T"™ — T") is the variation of the cell temperature
in the same time interval, and I' = Cpd’ is the thermal capacitance of the cell. The heat

w1 is accumulated (or lost) in the cell through the five mechanisms present in the BHE,
and, for boundary cells, also through convection to external air and sweating (Equation
10.30).

Heat transfer through internal conduction is governed by Fourier’s law. For the (i,j k)
cell, the heat Q""" entering the cell through conduction from the (i — 1,j,k) cell in the
time interval [n6t — (n+1)6t] can be derived by exploiting the well-known analogy
between heat conduction and electrical current conduction [185,192]. In particular, if K;
and K, are the thermal conductivities of the two cells under examination, heat flows
through the series connection of two thermal conductances, equaling K162/ (6/2) and
K»8%/(8/2), respectively. Therefore, heat flowing from the center of the (i — 1,j,k) cell to
the center of the (ij,k) cell, through the boundary face, experiences an overall thermal
conductance equal to 2K1K»82/((K; + K»)8). As a result, we obtain:

2K:1K; 52 (i —1,j,k) —T"(,j,k) st
Ki + Ky o

W, k) = (10.42)

An expression similar to Equation 10.42 holds for heat exchanged with the other neigh-
boring cells.

The contributions of metabolic heat production and electromagnetic power deposition
are volumetric heat sources, and therefore the contribution they give to Qi can

be immediately derived and is expressed by Equation 10.43 and Equation 10.44, respectively:

Qi K) = Al j k)65t (10.43)
Gl @k = Qulifk)s%st (10.44)

Respiratory losses in the lungs are taken into account by subtracting the volumetric loss
Ry, from the metabolic heat production A in the corresponding cells for the lung.

Finally, the contribution to Qi+l due to capillary blood perfusion takes the form of a
volumetric term and can be represented, as in metabolic heat production and exogenous
heat deposition, as:

Q" (i jk) = B(i,j k) (T — T"(i,j k))5°5t (10.45)

For boundary cells in contact with air, heat flow through the face is governed by
convection rather than conduction. For a generic cell (ij k), considering a face in direct
contact with air, the heat QI'ZI’"H entering the cell through convection in the time interval

[n6t — (n+1)6t] is:
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1K) = H(TA — T k)6t (10-46)

Heat losses due to sweating at the skin surface (SW) are converted to a volumetric heat loss
term and are directly subtracted from the metabolic heat production term A in the skin cells.

Note that in Equation 10.42, Equation 10.45, and Equation 10.46, the temperature has
been referred to the time instant néf in order to obtain, at the end, an explicit formulation.
Starting from the equations given above, general explicit formulations that hold for each
cell can be derived. (See the paper by Bernardi et al. [98] for additional details)

10.5.4.1.1 Stability Criterion

Explicit finite difference formulations are straightforward to implement and are compu-
tationally efficient, but they have a limitation on the maximum time step 6t that can be
used without incurring numerical instability.

The stability criterion for the previously mentioned finite difference scheme can be
obtained through Fourier’s analysis, which yields the following restriction on 6t, derived
for internal cells (no convective contributions) [206]:

ot < 1
6(K/Cp5?) + (Bo/2Cp)

(10.47)

Because of the typical values of thermal parameters and convection coefficients for the
human body, the stability criterion for the peripheral voxels, where some of the faces
exchange heat through convection rather than conduction, is less stringent than that of
Equation 10.47. Consequently, Equation 10.47 may be safely assumed as the stability
criterion for the overall scheme.

10.5.4.2 ADI Formulation

While the explicit finite difference formulation of the BHE has been applied to many
simulations, it becomes computationally unaffordable when very small cell sizes are used
or when high thermal conductivity materials are present in the domain under study. This
stems from the extremely small time steps 6t that would be required according to
Equation 10.47. In such cases, the ADI formulations can be used [207]. ADI is a general
method, developed for numerical solution of parabolic equations. It combines uncondi-
tional stability, typical of implicit methods, with the computational efficiency due to the
tri-diagonal nature of the resulting matrices [208-210]. Note that the Fourier heat conduc-
tion equation is a typical parabolic equation. While the BHE is no longer parabolic,
because of the presence of the term related to blood flow, ADI can still be applied, but
it loses its unconditional stability. In any case, for time steps on the order of a few seconds,
the scheme has proved to be stable in typical applications. It can yield reductions on the
order of tenfold or more [207] in execution time, over the classical explicit formulation.

The basic idea behind the ADI technique is to extend to the 3-D case the 1-D
Crank-Nicolson’s scheme, which averages the outcome from the explicit and the implicit
formulations to obtain second-order accuracy both in space and in time variables [192].
In particular, Crank-Nicolson’s scheme can be extended to the full 3-D case, by using a
sequence of approximate Crank-Nicolson solutions along the three axes, indicated as
T*(i,j k), T**(i,j,k), and T***(i,j,k), the last one being used as the final estimate for T"H(i,j,k).

The first approximate solution is obtained using Crank-Nicolson’s scheme along the x
axis only, while backward differencing is used along y and z:
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K1 (T*(i —1,7,k)—2T*(i,j, k) + T*(i+1,j, k) n T'i—-1,j,k)—2T"G, 1, k) +T'Gi+1,], k))

pC 2 (62)° (6x)*
K T'(G,j—1,k) —2T"G,j, k) + T"(G,j+ 1, k)
+—= 2
pC (dy)
K T"(,j, k—1) = 2T"(i, j, k) + T"(i, j, k+ 1)
pC (52)°
_ T*(i/ j/ k) - Tn(i/ j/ k) _ AO + QV + BOTB
N ot pC
4 Bo TG j K + TG j, K) (10.48)
pC 2

Extending subsequently Crank—Nicolson’s solution along the y axis and the z axis, the
following expressions are obtained for the second and third estimates:

K 1/T*i—1,j,k)—=2T*G,j, k) + T*(+1,j,k) T"G—1,j,k)—2T"(G,j, k) + T"(i+1,j,k)
,C2 < (ox) " (6x) >
K 1[T*G,j—1,k)—2T%G,j,k)+ T*G,j+1,k) T"G,j—1,k) —2T"G,j,k)+ TG, j+1,k)
pC2 ( (®y)’ i By) )
L K T k=1) = 2T j k) + TG j e +-1)
pC (62)
_ T**(i,j, k) B T"(i,j, k) _AO + Qv + BOTB
ot pC
L B TR+ TG, j K) (10.49)
pC 2
K1 (T*(i ~ LK) =2 R+ T+ 1K) | T = 1,j,K) = 2T"(j )+ TG+ 1,j, k))
pC2 (%) (8x)?
K 1(T*G,j—1,k) —2T*,j,k) + T*G,j+1,k) TG, j—1,k)—2T"G,j, k) +T"(,j+1,k)
oC2 ( % ’ @)’ )
K 1 (T, j,k—1) = 2T G, j, k) + TG, j,k+1) TG, j,k—1)—2T"G,j, k) + T"(i, j, k+1)
pC2 ( (62) " (62)° )
TGk~ Tj k) Ag+Qy+BoTs
ot pC
LB TG, j, k) + T (i, j, k) (10.50)
pC 2

Starting from the above expressions, it is possible to derive the general ADI formulation
that holds for each internal cell. (See the paper by Pisa et al. [207] for additional details.)
The formulation can also be adapted to boundary cells, where convective heat exchange
must be considered, by introducing a fictitious external node.
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10.5.5 Temperature Elevations in Subjects Exposed to EM Fields

When an EM field impinges on the biological body, a fraction of the incident power is
absorbed by the body and is converted into heat in the body tissue. Thus, the absorbed
energy can cause temperature increases in various body organs and tissues. If the
temperature increase is small, it has little effect and is controlled by the thermoregulatory
mechanisms of the body. However, if the temperature increment is large, it can produce
irreversible biological damage. For example, a temperature increase of about 4.5°C for
more than 30 min would produce neuronal damage [211]. Experiments performed on the
rabbit eye indicated that a threshold increase of 3°C to 5°C in the lens can induce cataract
formation [212,213]. The temperature increase necessary to induce thermal damage to the
skin is about 10°C [214,215], while it is 8°C for muscle tissues [216]. Also, experiments
performed using laboratory animals have shown various physiological and beha-
vioral effects when the body core temperature rises more than 1°C to 2°C [100]. (See
also Chapter 5 by Black [285].)

Moreover, most RF protection standards have adopted basic restrictions in order to
keep the thermal increments below some agreed upon level. In particular, the value of
4 W/kg averaged over the whole body (SARwg) had been adopted by exposure guide-
lines as the threshold for the induction of adverse thermal effects associated with an
increase of the body core temperature of about 1°C in animal experiments. Restrictions
on local SAR were introduced in order to limit local temperature increments, since the
ratio of the local peak to whole-body averaged SAR can be as high as 20:1 for exposure
to a uniform plane wave [217]. However, it is important to note that tissue heating
during EM exposure is strongly influenced not only by the power dissipated in the
local tissue volume, but also by the way in which absorption is distributed in the
surrounding area, by the thermal characteristics of the tissue and its neighbors, and,
finally, by the heat exchange with the external environment. The correlation between
local SAR values and temperature increases and between SAR and temperature distri-
butions is not straightforward. There have been many studies dealing with thermal
increments due to exposures both to the far field of radiating sources and to the near
field of cellular phones. In the following some of these studies will be summarized and
discussed.

10.5.5.1 Temperature Increments in the Human Body Exposed to the Far Field
of Radiating RF Sources

In the past, temperature elevations due to EM power absorption in the human body have
been evaluated using several models. The earlier studies were based on a simplified
cylindrical segment approximation of the human body [183,184,202,203]. In these studies,
the thermal behavior of the human body was simulated by means of two systems: a
controlling system and a controlled one. The controlled system, modeled by the BHE,
determines the temperature distribution inside the body, while the controlling system
provides feedback signals able to modify the thermal parameters of the controlled one in
order to maintain a constant body core temperature (thermoregulation). These studies are
limited to modeling the body as few homogenous cylindrical segments, each one having a
uniform SAR and temperature distribution. A subsequent study [197] used a cubic-cell
model with tissue inhomogeneity and took into account the thermoregulatory mechan-
isms in the BHE. In this case, the BHE was solved using an implicit formulation, which
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avoided the restriction in the size of the time step. The explicit formulation requires a
computationally intensive matrix inversion. Lately, explicit formulations of the BHE have
been developed to study thermal responses in anatomically accurate body models
[196,218,219]. In most of these studies, only limited body regions were considered, and
thermoregulation mechanisms were neglected.

More recently, the electromagnetic and thermal problems have been combined in a
detailed anatomical model of the human body (5-mm resolution) [98]. The FDTD
method was used to compute the EMF distribution inside the exposed body, while an
explicit finite difference formulation of the BHE, together with an accurate model of
the human thermoregulatory system, were developed to compute the corresponding
temperature increase.

For an incident power density equal to the maximum permissible value in the Inter-
national Commission on Non-lonizing Radiation Protection (ICNIRP) exposure guide-
lines for the general public [101], Figure 10.27 shows the maximum temperature increase
ATax obtained inside the body and in the blood as a function of frequency for a subject
wearing shoes, both with and without thermoregulation [98]. It can be seen that the
highest AT values are obtained at 40MHz. It is also interesting to note that when
thermoregulation is considered, the increase in blood temperature is practically zero,
while the maximum temperature rise in the body can reach 0.72°C. This happens since
blood temperature is very close to the body core temperature, which thermoregulation
tends to keep as constant, while the maximum temperature increments are usually found
in the superficial tissue layers.

It is worth noting that at 40 MHz, the maximum temperature increase (i.e., 0.72°C in the
presence of thermoregulation) is found in the muscle tissues of the ankle. The threshold
for the induction of thermal damage in muscle is about 45°C [216], which corresponds to a
temperature increase of about 8°C. This temperature differential coincides with the safety
factor of 10 promulgated by ICNIRP [100] for occupational exposure in limiting the power
density from inducing a thermal effect. Moreover, a safety factor of 50 can be deduced
from the temperature increase obtained at 10 MHz and in the frequency range between
100 and 900 MHz, where the maximum temperature increases are less than 0.16°C.

Figure 10.28 shows the distribution of the maximum temperature increase for each
horizontal layer of the body at 40 MHz (a) and 900 MHz (b), for an incident power density
of 1 mW/cm.*> At 40 MHz, the maximum temperature increases are obtained at the level
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of the ankles, where the maximum local SARs also are located. The result showed that
the presence of the shoes could influence temperature change. Since shoes are isolators
from the thermal point of view, they prevent heat flow from going to the ground through
them and provoking higher heating within the body. The only exception is in the ankle
section, where heating was higher in the barefoot model because of the higher SAR
values, at 40 MHz.

Also, the presence of the thermoregulatory mechanisms reduced the temperature in-
crease almost uniformly along the body. Figure 10.28 illustrates clearly the role of blood
convection in heat exchanges. In fact, even without active thermoregulation, heat could be
spread from the point where its deposition is relatively high (e.g., the ankle at 40 MHz) to
the rest of the body, by an increase in the temperature of the circulating blood. Therefore,
even if power absorption is limited to one body region, temperature elevations may occur
throughout the body. This is clearly visible at 40 MHz, where, although power absorption is
mainly confined to the ankle region, in the absence of thermoregulation significant tem-
perature elevations (about 1.4°C, Py, = 1.0 mW/ cm?—see Figure 10.28a) can be observed
in the brain. The corresponding elevation in blood temperature elevation is about 1.46°C. It
is interesting to note that at 900 MHz, in the absence of active thermoregulation, the brain
temperature elevation (0.5°C, Pip. = 1.0mW/ cm’—see Figure 10.28b) is higher than blood
temperature elevation (0.35°C), as a result of power deposition inside the brain.

10.5.5.2 Temperature Increments in the Head of a Cellular Telephone User

One consequence of RF power absorption in the human head exposed to the field emitted
by a cellular phone is temperature increase in the head. In practical situations, in addition
to RF power deposition, there are two other causes for temperature increase. The first one
is the contact between the phone case and the user’s head (ear and cheek, in particular),
which blocks the convective heat exchange between the skin layers and the air. It causes

© 2006 by Taylor & Francis Group, LLC.



the temperature to rise in tissues around the contact zone. Obviously, this heating is
independent of the radiated power, and indeed it was observed also for a wired phone.
The second cause for temperature increase is the heating of the phone itself, because of the
power dissipated in the internal circuitry, especially the power amplifier. This heating is
transferred to the head tissues via thermal conduction.

Studies on temperature rises in the human head, associated with the field emitted by the
cell phone, are usually conducted by using anatomically based head models, a numerical
solution of the electromagnetic problem, and finite difference formulations of the BHE
[161,164,172,187,220-223]. For example, the dissipation in the power amplifier was simu-
lated by adding a power deposition of 250 mW at 900 MHz and 125 mW at 1800 MHz,
uniformly distributed inside the upper part of the phone with a 50% efficiency [161]. The
heating effects due to SAR, phone contact, and power dissipation in the amplifier were
considered separately and were subsequently added together in order to obtain the tem-
perature elevation. The maximum temperature elevations obtained in the ear and in the
brain of a user’s head are given in Table 10.12 for 900 and 1800 MHz. The ambient air
temperature was assumed to be 24°C and a time interval of 15min, approximating the
duration of a long phone call. Although a steady state would not have been reached, the
temperature elevation after 15 min is expected to be very close to the steady-state value [164].

The data shown in Table 10.12 reveal some interesting aspects. First, the temperature
elevation induced inside the brain by SAR alone was less than 0.1°C, especially when the
phone was kept in the “cheek” position. This configuration resulted in a marked reduc-
tion in power deposition inside the brain. Table 10.12 also shows that the mere contact of
the cellular phone with the ear and cheek, even in a standby mode, in which no RF power
is radiated, can cause a temperature elevation in the ear reaching as high as 1.5°C. This is
due to the highly insulating properties assumed for the phone plastic shell. A negligible
maximum temperature elevation of about 0.01°C, instead, is obtained in the external brain
region. If the contribution from power dissipation in the amplifier is included, the
induced temperature elevations are not significantly altered. It must be noted, however,
that this result arises from consideration of power dissipation in the power amplifier
alone. In the real situation, additional power dissipation is present in the internal circuitry
of the handset, besides the power amplifier, and hence slightly higher temperature
elevations may be observed [221].

Note: Results are for visible human (VH) adult, isotropically reduced child size (CS), and anisotropically
reduced child-like (CL) numerical phantoms.

TABLE 10.12

Temperature Elevations Induced in the User’s Head, after 15min, by a Phone Equipped with
a Dual-Band Monopole-Helix Antenna (Average Radiated Power: 250 mW at 900 MHz
and 125 mW at 1800 MHz)

Frequency (MHz) Position Heating Cause ATy (CC) AT maxbrain (O)
900 Vertical SAR 0.221 0.061
Cheek SAR 0.136 0.0237
Contact 1.543 0.012°
Contact + power dissipation 1.544 0.012°
Contact 4 power dissipation + SAR 1.581 0.023°
1800 Vertical SAR 0.155 0.036
Cheek SAR 0.085 0.0117
Contact 1.543 0.012°
Contact + power dissipation 1.543 0.012°
Contact + power dissipation 1.549 0.012°

© 2006 by Taylor & Francis Group, LLC.



G e B e i s o S ML e e e L

335 |

325 | /’
32 \
FIGURE 10.29

315 Lo v v v by b ] Time evolution of the temperature at a
0 5 10 15 point on the ear in direct contact with a
Time (min) nonradiating phone.

T(°C)

The effect of the phone contact on the temperature evolution in the ear region is shown
in Figure 10.29. It can be seen that when the phone was put in contact with the ear, the ear
temperature experienced a quick decrease. This is because the phone was initially at
ambient temperature (24°C), which was lower than the ear temperature. However, soon
afterward, the heat supplied by the blood and conducted from the neighboring tissues
stopped the decrease. Indeed, the temperature started to elevate, going beyond the initial
value, because of the suppressed convective exchange with air.

When all heating sources are considered simultaneously, the results indicate that the
maximum temperature elevation in the ear was almost entirely due to the contact effect,
with only a very slight contribution due to SAR deposition in the ear region. However, the
situation was completely different in the brain region. In fact, the heating effects due to
SAR and phone contact tend to heat different parts of the brain. The contact-effect heating
occurred in the lower external brain region, and the SAR-induced heating appeared
mostly in the upper external brain region. Therefore, these two heating effects are not
additive in the brain, and when they are simultaneously present, as opposed to the case
when only one is considered, the result is that the portion of the brain affected by heating
becomes larger. The peak temperature increase in the brain is therefore governed by the
more significant of the two heating causes. At 900 MHz, SAR is more dominant, while at
1800 MHz, because of the lower radiated power, the two heating effects are comparable.
Note that the ANSI/IEEE safety guidelines, which restrict the 1-g averaged spatial peak
SAR to 1.6 W/kg, are associated with maximum temperature rises in the brain between
0.03°C and 0.09°C. These values are about 50 times lower than the threshold for thermal
damage. The ICNIRP safety guideline of a 10-g averaged spatial peak SAR equal to 2 W/kg,
results in maximum temperature rises in the brain between 0.1°C and 0.2°C, which is about
25 times lower than the threshold value.

10.6 Thermal Therapeutic Applications of Microwave Energy

Recent advances in technological development and in the understanding of EMF inter-
action with biological materials and systems have launched a broad range of biomedical
applications. The following is a brief overview of computational techniques involved in
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the development of ablative and hyperthermia therapies, including microwave cardiac
ablation, endometrial ablation, and hyperthermia treatment of cancer. All of these thera-
peutic applications involve the use of microwave technologies to produce localized
depositions of electromagnetic energy and, as a result, a rise of the local temperature in
biological tissues. The target tissue temperature for the ablative treatments is about 65°C
[224,225], whereas for the hyperthermia treatments, it is about 43°C [226]. The ablation
treatments include the treatment for cardiac arrhythmias and for endometrial disorders
such as menorrhagia. In all cases, the distribution of temperature increase must be
carefully controlled in order to avoid excessive temperature increase in the surrounding
healthy tissue. (See also Chapter 12 by Chou [284].)

10.6.1 Ablation for Cardiac Arrhythmias

Cardiac arrhythmias are mainly due to the presence of abnormal electrical sources or
current paths in the cardiac tissues and are usually treated by destroying the tissue
substrate where the electrical anomaly is localized [227-230]. This was performed by
surgical resection initially, and later on by delivering a high-intensity DC shock with a
defibrillator [227,230]. However, the high voltages and currents associated with the DC
shock resulted in uncontrollable cardiac damages and severe complications. Subse-
quently, the use of RF EMFs to heat and destroy the arrhythmic tissue was proposed
[230], and the advantages of microwave technology were demonstrated [228,229].

The RF ablation of cardiac tissue is usually performed using a unipolar arrangement, in
which a catheter electrode placed into the heart delivers RF current to a large dispersive
ground electrode on the skin surface of the patient. The RF current that flows from the
catheter to the ground electrode following radial paths generates heat. While flowing
from the catheter, the RF current density decreases as the second power of distance;
consequently, the heat generation decreases according to the fourth-power law with the
distance from the electrode. With this arrangement, the lesion (ablated tissue) is restricted
to a small region (usually about 2 to 3mm in diameter) contiguous to the catheter
electrode, and the lesion dimensions cannot be extended by increasing the delivered
power [225,227,229-231]. In microwave ablation, a catheter antenna is inserted into the
cardiac chamber and is used to deliver MW power [225,228]. Since MW power deposition
inside tissue decays with distance by following a second-power law, deeper lesions can be
obtained compared to RF ablation [229,232-234].

In cardiac ablation treatments the lesion is usually defined as the region where tem-
perature exceeds 65°C, which represents the threshold for irreversible damage of this
tissue. This region must be large enough to ablate all the abnormal tissue responsible for
the arrhythmia. Catheter antennas used for MW ablation have included monopoles
[235,236], dipoles [229,237,238], and helices [232,239]. The design of a MW catheter
antenna is a crucial point in MW ablation treatments and requires a complete study of
the performance of the antenna imbedded in blood and in contact with the cardiac tissue.
Performance parameters usually analyzed include the radiation pattern in the tissue;
antenna impedance, which governs the bandwidth of the antenna; surface current sup-
pression, in order to prevent heating of tissue along the catheter feeding cable; and
dimensions of the induced lesion [240,241].

The design and performance evaluation of the microwave ablation antennas can be con-
ducted by using computational tools and tested through in vitro or in vivo experimental
studies [229,233,238,242]. Numerical tools allow the analysis of antenna performances
under different operating conditions, and the evaluation of both electromagnetic power
deposition and temperature increase in the tissue. In particular, the numerical evaluation of
temperature increase induced inside the cardiac tissue allows the evaluation of blood flow
influence on the induced lesion. This evaluation is of fundamental importance since the
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presence of high blood flow rates inside the heart chambers provides a very effective heat
removal process at the heart tissue surface so that the blood flow strongly limits the efficiency
of both RF and MW ablation systems. Several numerical studies of SAR and temperature
increase have been performed with the FEM [236,243-245] as well as the FDTD [246].

Figure 10.30 shows a cap-choke antenna mounted on an RG/178BU flexible coaxial cable
operating at 2450 MHz [238]. The structure was realized by connecting an annular cap to the
inner conductor of the cable, and a cylindrical coaxial choke to the outer conductor. A
junction, filled with high-temperature epoxy resin, was used to separate the cap from the
choke. Figure 10.31 shows the same antenna inserted in a two-layer cylindrical model of the
heart. The heart model was used to study the influence of antenna position (touching or
pressed into the cardiac muscle) and of blood flow (high or low) on the induced lesion. As an
example, some computed results are presented in Table 10.13 for the amount of power to be
delivered to the cardiac tissue to obtain lesions of different depths, under four operating
conditions for an exposure duration of 60 sec [246].

10.6.2 Ablation for Endometrial Disorders

While still in the beginning stage, microwave and RF thermal ablation of the endometrium
have been suggested recently as efficient and cost-effective alternatives to surgical resec-
tion as a treatment for dysfunctional uterine bleeding [247-251]. Techniques presently in

Feed _—| (
section
70 mm
Blood
120 mm
Cardiac
muscle
80 mm FIGURE 10.31
Cross section of the two-layer numerical model. The
antenna’s radial dimensions are not in scale.
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AT maxbrain located in the upper external brain region.
PAT maxsraN located in the lower external brain region.

TABLE 10.13

Microwave Power Required to Produce a Given Lesion Depth for Different Operating Conditions
(Exposure Duration: 60 sec)

Power (W)
Touch Low Touch High Pressed Low Pressed High
Lesion Depth (mm) Perfusion Perfusion Perfusion Perfusion
1 25 4.0 2.0 2.5
3 6.2 10 5.0 6.2

use include electrosurgery resection and Nd:YAG laser coagulation under direct hystero-
scopic visualization [247,248,252-256]. The reported rates of complete amenorrhea are
between 25% and 70% [253,256]. The variability arises principally from the unpredictable
nature of induced thermal injury and perforation of the uterine wall [253]. Quantitative
measures and patients’ subjective reports of microwave endometrial ablation suggest a
higher rate of satisfaction, acceptability, and life quality improvement [257,258].

In endometrial ablation, as in cardiac ablation, the design of the catheter antenna should
be carefully tested to ensure the desired temperature increase (up to an increase of about
40°C in this case) in the tissue of interest. A sleeved-slot antenna designed for endometrial
ablation operation at 915 MHz is depicted in Figure 10.32. The antenna configuration is
similar to that of the catheter antenna for cardiac ablation, and is mounted on an RG8U
coaxial cable. Figure 10.33 shows a comparison of the axial SAR distribution obtained from
an FDTD analysis and from temperature measurements made in a cylindrical phantom
filled with a muscle-equivalent material [259]. Two radial distances from the antenna axis,
2.5 and 7.5mm, are shown. The SAR data obtained experimentally were normalized to the
ones obtained from the FDTD simulation with 1.0 W of radiated power.

Figure 10.34 presents the lesion depth, defined as the region around the antenna where
the temperature increase was greater or equal to 38°C (final temperature 75°C), as a
function of the time of the exposure at different radiated powers. The curves were obtained
by considering an antenna inserted in a cylindrical phantom filled with muscle-equivalent
material. They simulate an antenna touching the endometrial tissue to be ablated. The
lesion dimensions were evaluated as the depth from the antenna outer conductor. These
curves can serve as guides in clinical trials where the antenna feeding power and time of
exposure are key parameters to be chosen for a desired lesion dimension.

10.6.3 Microwave Interstitial Hyperthermia for Cancer Treatment

Hyperthermia cancer therapy is a treatment procedure in which tumor temperatures are
elevated to above 43°C [226]. Investigations performed on cell cultures, tumor-bearing
animals, and human patients have clearly shown that hyperthermia affords preferential

+ o
L L L
FIGURE 10.32
A microwave catheter antenna for endometrial D=12mm, D; =9.8 mm, D, =7 mm, D; =2.6 mm
ablation. Ly=45mm, L,=10 mm, Ly =7 mm,
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killing of malignant cells, enhances the cytotoxic effects of many anticancer drugs, and
potentiates the cell-killing ability of ionizing irradiation [260-266].

An important aspect of the development of applicators for microwave hyperthermia is
the production of required temperature distributions in superficial and deep-seated
tumors, that is, to produce temperatures in excess of 43°C in the tumor tissue, in order
to guarantee the destruction of the malignant cells, while maintaining the temperature in
the healthy tissue below 42°C to avoid thermal damage. In microwave hyperthermia, the
antenna must provide efficient power delivery, good impedance matching at the fre-
quency of operation, and a uniform SAR distribution in the tumor region. However, if the
region to be treated is large compared to the field penetration depth, the required SAR
uniformity cannot be achieved with a single microwave antenna, and the use of antenna
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FIGURE 10.34
Endometrial lesion depth as a function of exposure duration for different radiated powers.
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arrays becomes necessary. The following paragraphs present some computational results
for thin catheter antennas designed for interstitial hyperthermia treatment of brain tumors.

Many investigations have been conducted on electromagnetic power deposition with
regard to hyperthermia treatment for cancer. Most earlier studies were conducted ana-
lytically, modeling the catheter dipole antenna and surrounding tissue with a lossy
transmission line [267-270]. Later, numerical and experimental studies were conducted
on several antenna types, with the aim of optimizing antenna performances [270-274].
Considerable attention was devoted to arrays of antennas that have been studied both
experimentally [275-277], by measuring the rate of temperature change caused by the
radiated power, and theoretically, using antenna theory approaches [275,276,278] or
approximate numerical procedures [277,279]. Indeed, antenna arrays have proved to be
more suitable for increasing the region of uniform SAR deposition. More recent studies
calculated, besides the electromagnetic power deposition, also the corresponding tem-
perature increase. In fact, thermal analysis is a fundamental step in evaluating the
effectiveness of the microwave applicator since it allows the assessment of the region
where the temperature is above the threshold, and estimation of the required input
power. Temperature distributions produced by interstitial antennas in tumor tissues
have been experimentally evaluated by using microwave radiometry [277] and computed
by using finite difference explicit solutions of the BHE [280,281]. A numerical solution of
the BHE allows the analysis of the influence of different parameters such as blood flow on
the temperature increase [280] and the development of clinical protocols [281].

Recently, an ADI solution of the BHE has been developed to study a 3-D array of
catheter antennas inserted into a brain-equivalent phantom [282]. The antenna considered
(Figure 10.35) was a sleeved-slot antenna mounted on a UT-34 coaxial cable [259,283].
An equilateral triangular array of the sleeved-slot antennas was studied in a phantom of
brain-equivalent tissue in order to assess its capability in heating tumor regions of various
dimensions [282]. Figure 10.36a shows the SAR distribution for 15-mm spacing among the
antennas in the array; while in Figure 10.36b, contour plots at AT = 6°C for various
radiated powers and for a 15-mm spacing are presented. The graphs shown in Figure 10.36a
and b are for a horizontal plane passing through the antenna slot [282].

Results such as those in Figure 10.36 can provide guidance to clinical protocols regard-
ing the input power and optimal geometry (array spacing) for achieving an efficient
tumor heating. For example, there is a minimum input power below which three separ-
ated regions around the three interstitial antennas constitute the region with temperatures
above 43°C. Once this power is exceeded, a simply connected domain is obtained.

It is interesting to note that blood flow is remarkably low in the necrotic core of tumor
tissues compared to normal tissue. Moreover, the rate of blood flow in normal tissue
increases during hyperthermia. These phenomena may be investigated by varying the
blood perfusion parameter in the BHE. Computer simulations, performed by varying
the blood perfusion parameter from 5% to 200% of the nominal value, showed that the
heat removal mechanism becomes less efficient as the blood flow is decreased, and
the effective region of hyperthermia therapy is enlarged [282]. Consequently, the reduced
blood flow in the necrotic tumor core and the increase in blood flow in normal tissue can
serve to facilitate hyperthermia therapy.

10.7 Concluding Remarks

Knowledge of internal electric and magnetic fields, induced current densities, and SARs is
fundamental in the study of biological responses, health effects, and medical applications
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of EMFs. Complexities of biological tissues and of the incident fields make closed-form
analytical solutions impractical, and computer methods are needed to predict the internal
fields and their distributions. Great strides have been made during the past decade in the
area of numerical dosimetry using anatomically based models of the human body.
Among the most valuable of the numerical methods for predicting field intensities and
SAR calculations are the impedance method for use at lower frequencies, where quasi-
static approximations may be made (<~40 MHz for the human body), and the FEM and
FDTD methods, which may be used at any frequency of interest. For numerical calcula-
tions, the FDTD method requires a computer memory and computation time that is
proportional to N. This is a considerable advantage over the computing methods, such
as MoM or MoM-FFT. This chapter described the salient features of these methods and
the many bioelectromagnetic exposure conditions for which they have been applied.
Because of the limitations on the length of the chapter, only a few of the important recent
applications of some of these methods were presented in some detail.

Note that numerical methods have matured to a level that they are being increasingly
used by researchers in many laboratories for dosimetric calculations for important and
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FIGURE 10.36
SAR distribution (a) and contour plots at AT = 6°C for various radiated powers (b), on a horizontal plane
passing through the antenna slot, for 15-mm spacing among the antennas in the array.

© 2006 by Taylor & Francis Group, LLC.



meaningful bioelectromagnetic problems. Some of the future developments will involve
improving the efficiencies of the various codes by techniques such as use of the expand-
ing grid rather than the regular grid, elimination of the relatively shielded interior
regions of the modeled space at higher frequencies, and use of truncated models of
the body at microwave frequencies where there is a lack of coupling between the
various regions of the body. Because of accurate modeling of the tissue heterogeneities
and shapes, these models have and will continue to play an important role in emerging
technologies with bioelectromagnetic concerns. Some of the likely applications are
personal wireless and mobile communications systems, automotive devices such as
electric automobiles and collision avoidance systems, medical devices such as MRIs,
implantable pacemakers and defibrillators, applicators for hyperthermia, and other
minimally invasive therapeutic and surgical procedures.
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