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Abstract

Prior to this study a study on the possible cancer-promoting effects of 900 MHz radio
frequency radiation in mice was conducted in Finland. In that study the laboratory
animals were exposed to RF radiation for a period of 1.5 years in a waveguide chamber
with 25 mice in each exposure session. The average SAR of each mouse was calculated
from the measured powers (input, output and reflected) and the mass of the mice.
However, a more detailed information on the SAR distributions was needed for instance
to be able to interpret the results of histopathological studies.

In this study the SAR distributions were obtained by an electromagnetic simulation
program using the FDTD method. Numerical models of the two sizes of mice were
made by information obtained from cross sectional slices (1 mm thick) of two killed and
frozen mice. The numerical model of the waveguide chamber used in the measurements
was done in a grid of 3 x 3 x 3 mm’. Models of 25 phantom tubes, 25 small mice with

three different versions, and 25 adult mice were made in a grid of I x 1 x 1 mm”.

The phantom tubes absorbed 24 % of the power according to the calculations, but only
20 % according to the measurement. The calculated normalised absorbed powers were 9
to 12 % in the mouse cases. They differed by about — 35 % from the measured results.
The whole-body averaged SAR value of the 25 phantom tubes was 0.25 W/kg (Pin = 1
W), which differed by + 10 % from the normalised measured value, which is within the
estimated error limits. The average values of the whole-body averaged SARs of the
mouse case were calculated to be 0.225 to 0.242 W/kg (Pin = 1 W) in the small mouse
cases and 0.173 W/kg (Pin = 1 W) in the adult mouse case. The differences relative to
the measured values were about —30 % in the small mouse cases and — 36 % in the
adult mouse case. The SAR average of the small mice (16 g) was higher than that of the
adult mice (26 g) according to both the measured and the calculated results. The reason
for the differences of the SAR averages was assumed to be differences in the shape of
the numerical modelled mice and the in vivo mice, and placements in the restrainers of
the real situation.

The highest SAR values were at sharp edges, such as nose, limbs and tail. Variation of
the distribution was wide: the highest SAR in a small mouse was 24 W/kg (Pin =1 W)
and in an adult mouse 7 W/kg. SAR values inside the mice were smaller, the highest
values were in the order of 1 W/kg (Pin = 1 W). Boundaries of different tissues intro-
duced high SAR values. In the skin area the highest values were in the order of 1 W/kg.
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1. Introduction

University of Kuopio in Finland has conducted a study on the possible cancer-
promoting effects of 900 MHz radio frequency radiation in mice. In the study animals
were exposed to RF radiation for a period of 1.5 years in a waveguide chamber with 25
mice in each exposure session lasting 1.5 hours per day on 5 days a week [Heikkinen].
For better control of RF absorption, the mice were kept in small cylindrical acrylic
restrainers (inner diameter 32 mm, length adjustable). The restrainer prevented the mouse
from aligning with their longitudinal axis parallel to the electric field, which would have
increased the absorption significantly. However, the restrainers allowed a slight movement,
and the mice, except the largest one at the end of the experiment, could even turn around.
Restrainers were placed on a styrofoam holder so that each mouse was in the centre of the
cross section of the waveguide with its longitudinal axis perpendicular to the electric field
and the direction of the propagation of the radio frequency power. The separation distance
between the adjacent mice was 5 cm, which enabled to place 25 mice in a chamber. The
waveguide chamber is presented in Figure 1.

|°|| /1

=l

Mouse
Power in restrainers
] B

Figure 1  Waveguide chamber for exposing 25 mice to 900 MHz radio frequency

Load

radiation.

In the animal study the average SAR of each mouse (SAR,.) was calculated from the
measured powers (input, output and reflected) and the mass of the mice. The SAR was
controlled daily by adjusting the input power. The SAR determination based on the
power was verified with temperature rise measurements performed with the phantoms.
These SAR values give the average SAR of the mice. However, the reflections between
the mice and the attenuation of the power propagated in the waveguide due to the power
absorbed by each mouse caused variation of the SAR between the mice. This variation



was estimated with temperature rise measurements performed with liquid phantoms and
with electric field measurements performed with mice before the beginning of the
exposures. To ensure identical long-term average exposure, locations of the animals
were randomised before each exposure session. In addition to the variation between the
animals, the local SAR in the body of an individual mouse may vary. Therefore, a more
detailed information on the SAR distributions was needed for instance to be able to
interpret the results of histopathological studies.

The SAR distribution would be very difficult to measure, but it can be calculated by
using an electromagnetic modeller with numerical models of mice and the waveguide
chamber. However, no numerical models were available for mice. Numerical models
were available for rats scaled to a size of mice, but anatomical differences were too
large to be acceptable. Numerical models of large biological bodies are often based on
the cross sectional image slices produced with a magnetic resonance imaging (MRI)
technique. The mouse was, however, too small an object for an MRI technique.
Therefore, in this study numerical model of a mouse was created from cross sectional
slices of the mouse. The slices were made by a cryomicrotome cutter.

The objectives of this study were as follows:

1) To get more detailed information on local SAR distributions in mice for interpretation
obtained from histopathological studies.

2) Verification of the whole-body averaged SAR of mice determined by power
measurements.

3) Verification of the estimated variation of the whole-body averaged SAR at different
locations of mice in the waveguide chamber.

In the first phase of the study coloured cross-sectional pictures were produced in
University of Kuopio for the two mice of different sizes. This is presented in Chapter 2
“Anatomical analysis of the mouse”. In the second phase numerical models were
created in STUK by using the coloured cross-sectional pictures. This is described in
Chapter 3 “Creation of numerical models of the mice”. The third and the final phase
included the modelling and calculations of the whole waveguide exposure system. It is
described in Chapter 4 “Modelling and calculation of the mice in the waveguide”.
Calculated results are presented in Chapter 5. Analysis of the calculated results is
presented in Chapter 6 and conclusions are in Chapter 7. The final phase was made in
VTT Information Technology.
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2. Anatomical analysis of the mouse

Objective of the first phase of this study was to produce coloured cross-sectional
pictures of two mice for modelling numerically the electromagnetic properties of the
mice.

2.1 Animals

When prepairing the project it was decided to make slices of two female mice weighing
about 15-20 and 25-30 g. The smaller one would correspond to a young mouse just
entering the study and the bigger one would represent an adult animal. The starting of
the project was considered to be urgent and the work was aimed to start during the
following summer. At that time there were no suitable CBA/S female mice available so
we chose the most similar mice of different strains. Although there may be large
differences in the growth between different mouse strains, it was supposed that the
relative weighs of the organs would be fairly similar between individuals of the same
species.

Two female mice of different sizes were selected for the study. The smaller one was of
DBA/2 strain, weighed 16 g and was 11 weeks old. This represented fairly well the
characteristics of 7 weeks old CBA/S mouse with similar weight, which was used in the
exposure. The bigger one was of NIH/S strain. It weighed 26 g and was only five weeks
of age. It corresponded to weight of an average 6 months old adult CBA/S-female, kept
in a waveguide. Unexposed, freely moving CBA/S female had the same weights at the
age of 4 months. The obvious reason for the lower weight of the mice, kept in the
waveguide was the stress caused by handling and restraining. This specific individual of
NIH-strain seemed to be a rare exception. Normally, the mice of this strain weighed
about 17 g at the age of 5 weeks and less than 25 g as adults.

There is very little information available to compare the growth of different mouse
strains. However, some data is available about the males of CBA/Ca strain (close
related strain to CBA/S) [Pénzes]. Most of the organs of CBA/Ca males will grow until
two years of age. After that there seems to be a dramatic weight loss. The body weight
stays quite stable after 6 months until two years, however. For many organs, the organ
weight indexes proportioned to body weight seem to be the lowest in the 6 months old
animals. It seems obvious that the weights of organs of an individual animal correspond
strongly with the weights of the body and brain. The changes in brain and in small
intestine are relatively small compared to other organs. Considering the observations on
humans and rats, it seems that the weights of organs proportioned to the weight of body
vary partly depending on how strong demand there is by metabolism. Because the
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demands are highest when the animal is growing, the relative weights of organs are
highest in adolescence and lowest in old age. Compared to other organs the weight of
the brain stays quite stable throughout the life.

The mice used in this study should give a fairly good picture about the characteristics of
the unexposed animal even though they were not of the same strain as the exposed mice.
Given that the animals are from different strains but both still young, the comparison of
the relative size of their organs gives us some kind of view about the magnitude of
difference among strains.

2.2 Freezing and embedding the mouse

The mouse was killed with a mixture of carbon dioxide and oxygen. The tail was cut
and the animal was moistened with water. The mould made of aluminium (base) and
steel (edges) was filled partly with gel made of carboxymethyl cellulose and water. The
animal was put to the mould the right flank facing downwards. The animal was held like
this until it was completely embedded in the gel and the mould was full. The mould was
taken next to the container filled with hexane and cooled with dry ice. The mould was
held just above the liquid to prevent the gel from breaking due to fast temperature
change. As soon as the gel became non-transparent it could be sunk to the bottom of the
container. The freezing time was about 30 minutes after which the frozen block with the
base of the mould was separated from the edges and stored to the -20 °C before the
sectioning.

2.3 Cutting the animals

A cryo-microtome (PMYV, type 450P) was used to cut the mice. The cutting blade was
located in a freezer, temperature varying between -22 and -25 °C. The frozen block was
attached from the base part to the microtome. Starting from the skin level of the left
flank every 1 mm level was photographed. The photographer was on the cover deck of
the freezer and took colour photographs of the frozen block located inside the freezer.
Before every shot position marks were put over the block to help the measurement of
the actual scale and the adjustment of the resulting pictures over each other.

2.4 Photographs

Colour paper photographs were produced from the developed films. The photographs
were copied to grey shade copies using a colour photocopier to get clear copies from the
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original colour photographs. The grey shade copies were taken because they were easier
to colour manually. The magnification factor of the photocopies is 2.3 compared to the
size of original animals. This phase was a preparation phase for the classification of the
tissues because the colour differences of various tissues were not clear enough in the
original colour photographs for the classification.

2.5 Classifying the tissues types

The pictures were classified to about 30 different tissue types or other parts using the
original colour photographs and an anatomical atlas of mouse as a reference material.
The grey shade photocopies were coloured manually with different shades using colour
pencils. The classified tissue types were as follows: brain, little brain, pancreas,
Harderian gland, skin, lungs, tongue, uterus, muscle, adrenal gland, bone, stomach,
contents of stomach, liver, kidney, ovary, spleen, fat, cartilage, spinal cord, eye, walls of
intestine, contents of intestine, heart, parotid gland, vagina, blood, urinary bladder,
thymus.

Blood looked black and muscle tissue was left uncoloured in the pictures. Also some
parts of the snout (i.e. cartilage and cavities) as well as parts of legs were uncoloured
because they contained many types of tissues in so small quantities that classifying and
colouring them was impossible.

13



3. Creation of numerical models of the mice

3.1 Scanning the photographs

The coloured photocopies of Paragraph 2.5 were scanned in bitmap files by using a
colour scanner UMAX Astra 600S. The scanned bitmap files were handled by Adobe
Photoshop 4.0 software. Minor corrections were first made for the position of the
pictures. The pictures were enlarged to the size 16 points per millimetre.

3.2 Segmentation of the tissues

Enlarged pictures were segmented to 17 different tissue types. The mass densities
[ICRP 1974] and the dielectric properties [Gabriel 1996] are valid for all mammals, and
they were used in this case also for mice. The values with estimated uncertainties of the
conductivities [Puranen] for the tissues are presented in Table 1. The segmented
pictures were saved as grey-tone pictures in pex files.

3.3 Conversion of the pictures into numerical models

The grey-tone pictures were handled by using Matlab 5.1 software. The pictures were
divided into 1 mm pixels. The software converted the pictures into matrices. The
matrices were combined and modified in the format compatible with the input file for
the XFDTD electromagnetic modeller. The smaller mouse consisted of about 66 000
voxels (volume pixels) and the bigger mouse of about 150 000 voxels.
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Table 1. Mass densities and dielectric properties for the tissues

Tissue type Mass Relat. | Conduc- Ac Material
density p | permit- | tivity ¢ number
(kgm’) | tivity e’ | (S/m)
Brain, little brain, spinal cord 1030 46 0.77 +30 % 2
Pancreas, spleen 1050 57 1.27 +30 % 3
Glands 1050 45 0.92 +30 % 4
Skin 1100 46 0.84 +30 % 5
Lungs (inflated) 260 22 0.46 130 % 6
Tongue 1040 55 0.94 +30 % 7
Digestive system, uterus and 1040 40 0.90 +40 % 8
ovario
Muscle 1040 55 0.94 +30 % 9
Bone 1400 17 0.24 +30 % 10
Liver 1050 47 0.85 +30 % 11
Kidney 1050 59 1.39 +30 % 12
Fat 920 11 0.11 +50 % 13
Cartilage 1100 43 0.78 +30 % 14
Eye 1020 70 1.70 +30 % 15
Heart 1030 60 1.22 +30 % 16
Blood 1060 61 1.54 +30 % 17
Urinary bladder 1020 45 0.92 130 % 18
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4. Modelling and calculation of the mice in the
waveguide

4.1 Introduction

Calculation of SAR distribution and whole-body-averaged SAR is possible by use of
some electromagnetic modelling and calculation tool. Analysis of the mice in the
waveguide was performed with a modelling and calculation tool XFDTD, by Remcom,
Inc., Pennsylvania, USA [XFDTD]. The calculation is based on the Finite-Difference
Time-Domain (FDTD) method, which has been extensively used for electromagnetic
modelling [Kunz, Luebbers], [Taflove]. In order to calibrate the model and the
calculation results, phantom tubes were modelled. The phantom tubes in Paragraphs 4.4
and 5.2 were used for calibration of the measurement system.

General modelling principles and parameters are described in brief in Paragraph 4.2.
More detailed descriptions of the models are in Paragraphs 4.3 to 4.6. Calculation
results are collected in Chapter 5 "Results of the calculations", with error analysis of the
SAR values. Discussion of the results is in Chapter 6 “Analysis of the calculated
results”.

4.2 Modelling principles and parameters

Modelling space used in FDTD is a grid of rectangular boxes. Size of the voxel (volume
pixel) is uniform in the grid. A sub grid can be defined inside the main grid as a denser
grid of ratio 3:1 or 5:1. Different materials are defined as inserting the properties to any
of the three edges of a voxel (x-, y- and z-edge).

The waveguide chamber, its feed and the support bed of the restrainers have been
modelled in main grid with grid size of 3.0 x 3.0 x 3.0 mm’. Details of the model are
presented in Paragraph 4.3 "Waveguide chamber".

Phantom tubes and mice with their restrainers are modelled in sub grid of size 1 mm
(ratio 3:1). Details of modelling of the phantom tubes are presented in Paragraph 4.4
“Model of the phantom tubes”. Details of the mice models are presented in Paragraphs
4.5 “Model of the small mice” and in 4.6 “Model of the adult mice”.
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Wavelength in the waveguide is longer than in free space. It is called guide wavelength
(Ag) [Collin, eq. (3.95)]. In the basic wave mode TE( and in the guide with width of
248 mm, the wavelength Ag is 448 mm (frequency 902 MHz, A in free space 333 mm).

Permittivity has an effect on the cell size of the grid, because the cell size should be less
than one tenth of the wavelength in the material. The highest permittivity (|| / €() of the
tissues in Table 1 (in Paragraph 3.2) is in the tissue of eye (¢’ = 70, 6 = 1.7), where it
has a value of 78 in 0.9 GHz. The wavelength inside that tissue in the waveguide is 51
mm. That means that the grid size of 1 mm is a very safe selection with respect to the
calculation accuracy.

The basic parameters of the modelling volume are cell size in wavelengths in the
material and volume size in cell edges. Relevant material of each case is the material
with the highest permittivity. These values and number of the cells and usage of
memory are presented in Table 2.

Table 2 Cell size in wavelengths of the material, size of the volume of the model,
number of cells of the modelled cases as well as usage of memory.

Modelled case Cell size | Volume size | Number of | Usage of
in wavel. | (cell edges) cells in the RAM
in material xy,2) volume (Mbyte)
Waveguide (3 mm grid) ?\.g/149 83, 68, 571 3.14 million 94
Phantom tubes (25) in the waveguide 486
sub grid (tubes) (1 mm) kg/Sl 129, 66, 1251 | 10.3 million
main grid (wg) (3 mm) kg/149 83, 68, 571 3.14 million
Small mice (25) in the waveguide: 502
sub grid (mice) (1 mm) kg/Sl 129, 66, 1251 | 10.3 million
main grid (wg) (3 mm) kg/149 83, 68, 571 3.14 million
Adult mice (25) in the waveguide: 486
sub grid (mice) (1 mm) kg/Sl 129, 66, 1251 | 10.3 million
main grid (wg) (3 mm) kg/149 83, 68, 571 3.14 million
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A sinusoid wave has been used as source waveform in the cases. Form of the feed has
been a voltage source with amplitude of 10 V (peak). Waveguide calculations like these
require numerous time steps to acquire stabilised results. Sources and calculation
information in the steady-state calculations are presented in Table 3.

Table 3 Number of time steps, source location and direction, and calculation time of
the modelled cases.

Modelled case Source location| Number Length Calculation
(x,y, z) and of time- of one time with
direction steps timestep Sun Ultra2
Waveguide (3 mm grid) 42,67,36,y 8 000 5.78 ps 5h
Phantom tubes (25) in the waveguide: 15 000 127 h
sub grid (tubes) (1 mm) - 1.38 ps
main grid (wg) (3 mm) 42,67,36,y 4.13 ps
Small mice (25) in the waveguide: 15 000 130 h
sub grid (mice) (1 mm) - 1.38 ps
main grid (wg) (3 mm) 42,67,36,y 4.13 ps
Adult mice (25) in the waveguide: 12 000 106 h
sub grid (mice) (1 mm) - 1.38 ps
main grid (wg) (3 mm) 42,67,36,y 4.13 ps

4.3 Waveguide chamber

Waveguide chamber was modelled using the simplest model to model the physical
waveguide. The grid size in the waveguide has been 3.0 x 3.0 x 3.0 mm3. According to
Table 2 it is sufficient for the calculations, the size is only a fraction of the criterion 0.1
A. Metallic walls of the waveguides were modelled by using the ability of XFDTD,
which allows the boundaries to be electric conducting boundaries (PEC boundaries).
That will minimise the size of the volume, because then no free space is needed outside
the waveguide walls.

The actual waveguide chamber has probes on each end of the waveguide (Figure 1).
The second probe, which was not used as feed of the power but as a port for a load, was
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not included in the model. Boundary condition of that end of the waveguide was
absorbing boundary (Liao type). Because the mice are absorbing much of the power,
effect of the end part on the field distribution is not so strong in the main part of the
waveguide, where the mice are situated. In the model a free space between the modelled
geometry and the boundary (air gap) is needed. The air gap of 0.2 to 0.3 A will be
sufficient. In 0.9 GHz cases an air gap of 99 mm has been used at the end of the
waveguide, which means 33 cells in the 3.0 mm grid. Wavelength in the waveguide kg
is 448 mm (frequency 902 MHz). So the air gap of 93 mm corresponds to 0.21 A,.
Cross-section of the model of the waveguide with boundary types, feed probe and air
gap, is presented in Figure 2.

PEC (perfect electric conductor)

1

! absorbing
1 boundary
| conditions

feed probe

air gap
PEC ’

PEC (perfect electric conductor)

Figure 2 Cross section of the model of the waveguide with boundary types, feed and air gap.

Support used under the mice restrainers was modelled inside the waveguide. Its material
was styrofoam. Two cuts of the model are presented in Figure 3. Physical and modelled
dimensions of the waveguide as well as properties of the support material are presented
in Table 4.

Model of feed and feeding probe was a simple conducting pin. The pin is modelled by
row of conducting edges of the voxels. The feed source was located at the beginning of

the pin, into the edge between the conducting boundary and the pin.

Results of the calculations are presented in Paragraph 5.1 “Impedance and field
distribution of the waveguide”.
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waveguide

chamber

L.

246 mm (82 cells)

Styrofoam
support

201 mm
(67 cells)

xy plane (z=89 cells)

feed
probe

261 mm

waveguide chamber

Styrofoam support

(=

z

yz plane (x=42 cells)

Figure 3 Model of the waveguide chamber in two cross-sections. In cut of yz plane

there is only the first part

of the waveguide.

Table 4  Physical and modelled dimensions of the waveguide and feed dimensions.

Physical waveguide

Model of the waveguide

Size of the waveguide

248 x 200 x 1900 mm3

246 x 201 x 1710 mm3
=82 x 67 x 570 voxels

Styrofoam support

top: 248 x 80 x 1450 mm3
bottom: 200 x 80 x 1450 mm?3
from the forepart of the wg: 262
mm mass density 30 kg/m3
measured absorbed power 1 %

top: 246 x 81 x 1356 mm3
bottom: 192 x 81 x 1356 mm3
from the forepart of the wg: 261
mm mass density 30 kg/m3
permitt. 1.04, conduct. 4 10> S/m

Feed probes

Two probes: length: 74 mm
from the forepart of the wg:
105 and 1795 mm

One probe: length: 75 mm
from the forepart of the wg:
105 mm
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4.4 Model of the phantom tubes

The measurement system was calibrated with phantom tubes. The tubes were filled with
liquid, which presented average characteristics of a mouse. The tubes were modelled in
order to get some verification about the calculated results. The places and orientation of
the phantom tubes are better known than those of the living mice.

The waveguide presented in Paragraph 4.3 was used in the model. The tubes were
placed inside the restrainers, where the mice would be, see Paragraph 4.5. Cross-section
of the tube in sub grid is presented in Figure 4. Inside diameter of the tube is 22 mm,
length of the straight section is 79 mm, length of the cone inside the tube is 10 mm.
Volume of the liquid inside the tube is 31.7 cm3. Density of the liquid has been 1210
kg/m3, so the weight of the modelled liquid was 38.4 g. Mass of the liquid of one full
tube has been measured to be 36.1 g. Grid of the tubes is the same as in the mice: voxel
is 1.0 x 1.0 x 1.0 mm3. That is a sub grid inside the waveguide grid (3 x 3 x 3 mm3). In
this case the tube is full with liquid. Material parameters of the liquid and tube are
presented in Table 5.

Results of the calculations of the full tube are presented in Paragraph 5.2 ”Results of the
phantoms”.

SCrew can

1 liquid in the phantom

phantom tube

restrainer

Figure 4 Model of the phantom tube, one tube in the waveguide in xy-cut (z=28 cells).
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Table 5 Material parameters in the case of phantom tubes.

Model of the phantom tubes at 900 MHz

Permitt. €* | Conductivity ¢ | Mass density p | Material no

Soft polyeten (LD-PE) 2.4 0.0001 S/m 1000 kg/m3 19
(screw cap)

Acrylic restrainer 2.65 0.0011 S/m 1140 kg/m3 20
Styrofoam support 1.04 4107 S/m 30 kg/m3 22
Polycarbonate (tube) 2.65 0.0031 S/m 1140 kg/m3 23
Liquid of the phantom 54.3 1.2 S/m 1210 kg/m3 24

4.5 Model of the small mice

Model of the small mouse (weight 16 g) was obtained as a result of the work described
in Chapters 2 and 3. A mouse was inside a cylindrical restrainer. The mice were closed
into the restrainers with stoppers (PVC bulds) [Heikkinen, Fig. 3]. The mice in their
restrainers are modelled in sub grid. Grid size has been 1.0 x 1.0 x 1.0 mm3. A
restrainer was modelled around the mouse using the editor of XFDTD. PVC bulb was
included in the model. Part of the styrofoam support was inserted below the restrainer.
Waveguide and the support are in main grid, which has been described in Paragraph 4.3.
The main grid (waveguide) and the sub grid (mice) model can be seen as a cross cut in
Figure 5.

The properties of the tissues are in Table 1. Parameters of other materials of the model

are presented in Table 6. Map of the material numbers and their colour codes is
presented in Figure 6.
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'

X

Figure 5 Model of the small mice in waveguide. Main and sub grid in xy plane.

Table 6 Material parameters of the model of the small mouse (sub grid).

Model of the small mouse at 900 MHz

Permitt. €” | Conductivity ¢ | Mass density p | Material no
Acrylic restrainer 2.65 0.0011 S/m 1140 kg/m3 20
PVC bulb 2.74 0.0011 S/m 1400 kg/m3 21
Styrofoam support 1.04 410 S/m 30 kg/m3 22

The full model of one mouse and one restrainer was multiplied with merge operations of
the XFDTD to get model of 25 mice in their restrainers. The waveguide grid was
defined as a main grid (3 mm grid) and the mice grid was defined as a sub grid (I mm
grid) in a way that the mice would be in a proper position in the waveguide. Distance of
the first mouse (centre) from the source has been 28 cm. Offset of the grids has been 26
main grid cells in x-direction, 22 cells in y-direction and 120 cells in z-direction. The

model of the sub grid can be seen in Figure 7 in its main cuts.
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2 brain, little brain, spinal cord

3 pancreas, spleen

4 glands
5 skin
6 lungs (inflated)
7 tongue
8 8 digestive system, uterus and ovario
9 9 muscle
10 10 bone
- 11 liver
IT 12 kidney

- 13 fat
I 14 14 cartilage
- 15 eye

16 heart

B 17 blood

18 18 urinary bladder

19 19 -

20 acryl (restrainers)

20
BE 21 PVC (bulb)
=

22 styrofoam (support)

Figure 6 Map of material numbers and their colour codes used in mice models.

For the averaged SAR values, weights of parts of the model are important to know.

Weights of the parts in sub grid of the small mice are presented in Table 7.

In order to get some insight about effect of different tissues, all tissues were replaced
with material used in the phantom tubes: €’ = 54.3, 6 = 1.2 S/m and p = 1210 kg /m’.
Structure and shape of the model is the same as in the small mice model. That is the
homogeneous model of the small mice (25 mice, no tails).

Results of the calculations are presented in Paragraphs 5.3 ”SAR distribution within
small mice” and 5.4 "Whole-body averaged SAR of small mice”.
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Figure 7 Model of the small mice (sub grid). Cuts of yz and xz planes present two

mice out of 25.

Table 7 Weights of the parts in sub grid of the small mice model

Part in sub grid Volume Mass Weight | Number Total
of a unit density of aunit | of pieces | weight of
(cm?) (kg/m?) € the parts (g)
Acrylic restrainers 42.8 1140 49 x 25 1220
PVC bulbs 8.04 1400 11 x 25 281
Support 9906 30 297 x 1 297
Mice (without tail) 13.4 1050 14.1 x 25 352
Mice (with tails) 13.9 1050 14.6 X 25 ( 365)
Total weight (no tail) - - - - 2150
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4.6 Model of the small mice with tails

In order to study effect of tail on SAR averages, tails were added to the model of the
small mice. Length of the tail has been 6 cm and diameter about 4 mm. Tail of a mouse
in practise is in various positions. Mostly it is inside the restrainer, either in right or left
side of a mouse, more or less by the lower side of a mouse. A configuration of right side
of the mouse and straight position was selected.

Model of the small mice with tails is presented in Figure 8. Center of the tail has been
tissue cartilage (material no 14), which has been surrounded by muscle (material no 9).
The tail has been coated with skin (material no 5). Total volume of one mouse with tail
part of the model has been 13.9 cm® and weight about 14.6 g.

Results of the calculations are presented in connection with small mice results in
Paragraph 5.3 ”SAR distribution within small mice”. Whole-body averaged results are
presented in Paragraph 5.4 ”Whole-body averaged SAR of small mice”.

&

x=15

xz plane. v =27 cells | vz plane. x = 15 cells

xz plane (y = 24 cells) yz plane (x = 44 cells)

Figure 8 Model of the small mice with tails. Cuts of xz and yz planes.
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4.7 Model of the adult mice

Model of the adult mouse (weight 26 g) was obtained as a result of work described in
Chapters 2 and 3. Basics of the model are the same as those of the small mice
(Paragraph 4.5). Rotation of 30° around x-axis was needed in this model to straighten
the model along its longitudinal axis with the waveguide axis. A restrainer was
modelled around the mouse using the editor of XFDTD. PVC bulb was included in the
model. Part of the styrofoam support was inserted below the restrainer. The main grid
(waveguide) and the sub grid (mice) model can be seen as a cross cut in Figure 9.
Details of mice model are presented in Figure 10 in main cuts. The properties of the
tissues are in Table 1.

The full model of a mouse and a restrainer was multiplied to 25 mice with merge
operations of the XFDTD. After that the waveguide grid was defined as a main grid (3
mm grid) and mice grid was defined as a sub grid (1 mm grid) in a way that the mice
would be in a proper position in the waveguide. Distance of the first mouse (centre)
from the source has been 28 cm. Offset of the grids has been 22 main grid cells in x-
direction, 22 cells in y-direction and 120 cells in z-direction.

Results of the calculations are presented in Paragraphs 5.5 "SAR distribution within the
adult mice" and 5.6 "Whole-body averaged SAR of the adult mice".

For the averaged SAR values, weights of parts of the model are important to know.
Weights of the parts in sub grid of the adult mice are presented in Table 8.
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Figure 9

Table 8 Weights of the parts in sub grid of the adult mice model

Model of the adult mice in waveguide. Main and sub grid are in xy plane.

Part in sub grid Volume Density of | Weight of | Number Total
of aunit | the material | aunit(g) | of pieces | weight of
(cm3) (kg/m3) the parts (g)
Acrylic restrainer 42.8 1140 49 x 25 1220
PVC bulbs 8.04 1400 11 x 25 281
Support 9906 30 297 x 1 297
Mice 23.9 1050 25.1 x 25 627
Total weight - - - - 2 425
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xz plane (y = 30 cells) yz plane (x = 44 cells)

Figure 10 Model of the adult mice (sub grid). Cuts of yz and xz planes present two
mice out of 25.
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5. Results of the calculations

The calculated results are presented in paragraphs 5.1 "Impedance and field distribution
of the waveguide", 5.2 “Results of the phantoms”, 5.3 "SAR distribution within the
small mice", 5.4 "Whole-body averaged SAR of the small mice", 5.5 "SAR distribution
within the adult mice" and 5.6 "Whole-body averaged SAR of the adult mice". Analysis
of the results is presented in Chapter 6.

5.1 Impedance and field distribution of the waveguide

Field distributions inside the waveguide show that the proper waveguide mode (TE)
has been excited. The waveguide mode should contain only Ey component of the field.
Distribution of Ey component in transversal plane of the waveguide sections is
presented in Figure 11. The levels of Ey and E, components are 26 dB and 34 dB below
that of the E, component in the middle of the waveguide. Input impedance at the
frequency of 902 MHz has been 52.9 - j 6.4 Q, corresponding with return loss of 22.5
dB. The measured return loss values have been from 19 to 21 dB from 880 to 930 MHz.
The model includes the support described in Paragraph 4.3. Ratio of dissipated power
and input power is 1.07 %. SAR average over the support gives value 0.0151 W/kg in
Pin = 1 W. Absorbed power calculated by the mass of the support (0.705 kg) and SAR
average gives ratio of 1.06 % for Pabs / Pin. Amount of the dissipated power shows that
the conductivity of the support material (4-10~ S/m) corresponds the measured absorbed
power of 1 % in Table 4.

00C000

XL
forepart of the waveguide end section of the waveguide
Scale of Eyin dB: HEMl'=5" -= [ESliSEN

Figure 11 E-field distribution in transversal plane in a point of time, E\, component.
Forepart and end section of the waveguide are presented in the figure. The plane is xz
plane in the middle of the waveguide.

30



5.2 Results of the phantom tubes

Case of the waveguide with 25 phantom tubes has been calculated. Input impedance of
the feed probe has been 46 — j 11 Q. Total dissipated power was 27 % of the input
power. Absorbed power of the main grid was 1 %, which is the power absorbed in the
styrofoam support. For the phantom tubes the absorbed power was 26 %.

Maximum SAR value has been 0.790 W/kg at Pin = 1 W. The voxel of the maximum
SAR has been in the third tube in number 28, 34, 116 (x, y, z in cells), which is in the
front side of the tube to the feed. Distribution of SAR inside the tube is presented in
Figure 12 in the middle of the tube (xy plane) and in transversal plane (yz plane) for the
first and second tube. Transversal geometry of the tube has been presented in Figure 3.

tube no 1 tube no 2 tube no 1
.« =<—estrainer —>» W,

"' g,

I’- o

— <—vphantom tube ?_
¥ |

1iqm'mmm - g
e L "n.-_.l.!;f

y I . - n - . - L]
SRR pl

Styrofoam suppor
oB le, SPR disp. 7
odpe ¢.sseouie T2 © ESNEE

Figure 12 SAR distribution of the phantom tubes (25 tubes) in xy plane (z=26 cells)
and in yz plane (x=28 cells). The scale is dB scale.

For the calculation of SAR averages of each phantom tube it has been developed a
calculation routine for counting only the proper voxels. The routine will count SAR
values of only those voxels, which contain liquid in that phantom tube. The SAR values
are calculated in slices, in this case in xy slices. The sum of the SAR values has been
divided by the number of the voxels in the liquid.

Results of the whole-body averaged SAR values of 25 phantom tubes are presented in
Figure 13. Average absorption of the tubes can be explained by slope of the linear fit of
the SAR averages as a function of the position of a phantom tube in the waveguide.
That normalised slope describes average attenuation of the phantom. The normalised
slope was calculated according to Equation (1).

SAR;, ,#N)—SAR,, , (#1)
SAR (N -1)

aver

Slope = ) (1)
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where Slope normalised slope of the linear fit of the SAR averages (1/position),
N total number of mice or phantoms (in these cases N = 25),
SARii, fi(#n)value of the linear fit of SAR at the position number n,
SARver average SAR value of the total case (n=1 ... N).

Calculated average of the 25 tubes is 0.249 W/kg at Pin = 1 W. Measured average of the
tubes has been 0.226 W/kg at Pin = 1 W [Heikkinen 2]. The measured tubes (liquide)
weighted 36.1 g, as the model in the calculations 38.4 g. Difference between the
measured and the calculated results was + 10 %. Normalised slope of the linear fit of the
SAR averages has been — 0.012 1/position. The slope is due to absorption of the liquid
in the tubes. Variation of the SAR averages from the linear fit is = 0.014 W/kg ==+ 5.7
% (without the first and the last tube).

Whole-body averaged SAR values of the phantoms

Averages of each phantom and linear fit of the data, Pin =1 W (aver.)

Z:z:_ T ;\ r 1 - 11T 111 1T 1 T
0.28 ! \L \ |
3 A AN -
' \M [~ |

SAR of a phantom (W/kg, Pin
o o
N N
ul )]
1,
z;
/7

4
/
Iy

o

N
|
I

©
N
N

I
S
=

0.20

0.19
1 3 5 7 9 11 13 15 17 19 21 23 25

Number of phantom
Figure 13 “Whole-body” averaged SAR values of the phantom tubes. Calculated case

has 25 tubes in a waveguide. Linear fit to the results is calculated for the case of 25
tubes excluding the first and the last tube.
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5.3 SAR distribution within the small mice

Results of the small mice without tails and with tails as well as homogeneous model are
presented in this paragraph. The calculation has obtained steady state situation after
15 000 time steps even at the last mouse. Input impedance of the feed probe has been
51 —j 13 Q in the three cases. Total dissipated power has been 10 % of the input power
(11 % with tails, 12 % in homogeneous case). That includes 1 % of the absorption of the
support.

SAR distribution has been normalised to input power of 1.0 W (average level), which
corresponds with peak power of 8 W of GSM signal. The SAR values are values inside
one voxel, which contains some tissue. Volume of the voxel is 1 mm3 = 1-10-6 dm3.
The average density of the mouse is about 1050 kg/m3, which gives the average mass of
1.05 mg for one voxel. The SAR values of each voxel can be considered as local point
SAR values.

The highest SAR values were at sharp edges, such as nose, limbs and tail. Variation of
the distribution of the SAR values was wide: maximum value is 24 W/kg (23 W/kg with
tails and in homogeneous case) (hind limb), while the highest value inside the mice is
0.95 W/kg (1.0 W/kg with tails) (between muscle and lung). Inside the mice the highest
values are in mouse number 18 (no tails) and in number 10 (with tails)). SAR
distribution is presented in Figure 14 in one xy plane (one mouse) and in one yz plane
(two mice visible). There are only minor differences when tails have been added.

In the homogeneous case there are no high SAR values inside the mouse, because there
are no tissue boundaries inside the mouse. The values are high near limbs and nose, and
they decay from the surface or skin to inner part. The highest values inside the mouse
are in the order of 0.4 to 0.5 W/kg with Pin = 1 W. SAR distribution is in Figure 15 in
one xy plane and yz plane, as in Figure 14. The values in the slices in Figure 15 are nor-
malised with maximum SAR value in the “no tail” case (0.94 W/kg), although the maxi-
mum value in the xy slice is 0.73 W/kg. The SAR distribution (as well as E-field) seems
to be more smoothly distributed in the homogeneous case than in the tissue cases. In
general outlines the distributions are alike: areas with high values are in the same places
as well as areas with low values. In the tissue cases there are high local variations cau-
sed by the tissue boundaries, “hot spots” and “cold spots” within general distribution.

SAR values in the skin area are important with respect to the goal of the exposure of the
mice. The highest value at the surface of the back is 0.85 W/kg (no tails, mouse no 1,
voxel x=47, y=46, z=28 cells). With tails the highest value has been 1.54 W/kg. SAR
values at the skin can be as low as 0.01 W/kg.
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Figure 14 SAR distribution inside the small mice in dB scale. Cuts of xy plane and yz
plane. Peak of the scale (0 dB) is 0.94 W/kg (no tails) and 0.99 W/kg in the model with

tails.

Xy plane (z=24 cells) (mouse 1): small mice, homogeneous case (0 dB =0.94 W/kg)

¥y &,

yz plane (x=48) cells (mice 2 and 1): small mice, homogeneous case

Figure 15 SAR distribution inside the homogeneous model of small mice in dB scale.
Cuts of xy plane and yz plane. Homogeneous material: £'=54.3, 0=1.2 S/m. Peak of the
scale (0 dB) is 0.94 W/kg. The highest SAR value in the slice z= 24 cells, is 0.73 W/kg.
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Distribution of SAR values in the surface of skin over backbone is presented in Figure
16. Distributions of the three small mouse cases are presented in that figure. The highest
SAR in the backbone skin (z=25 cells) has been 0.41 W/kg for Pin=1 W in the case of
small mice with no tails and 0.43 with tails, but only 0.38 in the homogeneous case.
Position of the maximum SAR in the tissue cases has been x=49 cells, but 47 in the
homogeneous case. The SAR values start with value of 0.03 W/kg on the tail side and
reach the peak value of 0.41 (0.43 with tails) on the neck and they end with value of
0.06 W/kg on the head. So the variation of the distribution is wide. Average of these
SAR values is 0.18 W/kg (no tails), 0.19 W/kg with tails and 0.19 in the homogeneous
case. Effect of the tails is in the order of 5 % in these SAR values. Results in the
homogeneous case are clearly smoother than in the tissue cases.

Distribution of SAR values in the surface of skin over backbone

Small mice, no tails, with tails and homogeneous cases (mouse no 1)
05 T T T T

Small mice, mouse no 1

———  Small mice with tails, mouse no 1
=== Small mice, homogeneous case

1w

SAR (W/kg), Pin

15 25 35 45 55 65

0.0

x-coordinate (cells)

Figure 16 Distribution on SAR values in the surface of skin over backbone. The models
are small mice models with no tails, with tails and homogeneous case. Mouse is no 1
(z=25 cells). Input power Pin was 1 W.
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5.4 Whole-body averaged SAR of the small mice

SAR values averaged over each mouse (whole-body averaged SAR) are measurable
quantities. Calculated averages can be compared with the measured one. Calculated
SAR average of the sub grid (mice and restrainers) is 0.033 W/kg at P;, =1 W.

For the calculation of SAR averages of each mouse, a calculation routine for counting
only the proper voxels has been developed. The routine will count SAR values of only
the voxels of the mouse. The SAR values are calculated in slices, in this case in xy
slices. The sum of the SAR values has been divided by the number of the voxels.

The whole-body averaged SAR values of the three small mouse cases are presented in
Figure 17. The values are in numeric form in Table 9 for all the mouse cases. Average
values are 0.225 W/kg (cases with tissues) and 0.242 W/kg (homogeneous case). SAR is
higher in the homogeneous case because the ratio of conductivity and density is higher
than in the tissue cases. Slopes of the linear fits of the SAR averages as a function of the
position of a mouse (see Paragraph 5.2) have been —0.0017 1/position in the small
mouse cases with tissues and —0.0029 1/position in the homogeneous case. Variation of
the SAR averages from the linear fit is £ 0.0165 W/kg = £ 7.3 % (no tails), = 0.020
W/kg =+ 8.9 % (tails) and + 0.012 W/kg =+ 5.0 % (homogeneous case).

Whole-body averaged SAR values of small mice

Averages of each mouse and linear fit of the data, Pin = 1 W (aver.)
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Figure 17 Whole-body averaged SAR values of small mice of each mouse, cases
without tails and with tails as well as mice with homogeneous material. Linear fits of
the values are added to the graph. Input power was 1 W.
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Table 9 Whole-body averaged SAR values of the calculated mouse cases, Pin = 1 W.

Number Small mice, Small mice, Small mice, Adult mice

of mouse | no tails (W/kg) tails (W/kg) homog. (W/kg) (W/kg)
1 0.248 0.251 0.263 0.191
2 0.223 0.222 0.245 0.193
3 0.214 0.210 0.239 0.192
4 0.228 0.226 0.248 0.184
5 0.238 0.239 0.254 0.175
6 0.224 0.228 0.245 0.175
7 0.214 0.217 0.238 0.177
8 0.228 0.230 0.246 0.174
9 0.239 0.244 0.253 0.170
10 0.226 0.232 0.244 0.171
11 0.211 0.215 0.234 0.176
12 0.221 0.221 0.239 0.178
13 0.234 0.232 0.247 0.177
14 0.223 0.221 0.239 0.176
15 0.207 0.204 0.228 0.175
16 0.218 0.214 0.235 0.170
17 0.239 0.237 0.250 0.164
18 0.234 0.234 0.247 0.165
19 0.215 0.216 0.234 0.168
20 0.219 0.221 0.236 0.168
21 0.238 0.242 0.249 0.162
22 0.234 0.238 0.244 0.159
23 0.209 0.211 0.226 0.161
24 0.208 0.204 0.225 0.163
25 0.240 0.233 0.246 0.159

Average 0.225 0.226 0.242 0.173
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5.5 SAR distribution within the adult mice

The calculation has obtained steady state situation after 12 000 time steps even at the
last mouse. Input impedance of the feed probe has been 49 - j 13 Q. Total dissipated
power has been 12.6 % of the input power, which includes 1 % absorption of the
support in main grid.

SAR distribution has been normalised to input power of 1.0 W (average level), which
corresponds with peak power of 8 W of GSM signal.

Distribution of the SAR values is wide: maximum value is 7.1 W/kg (hind limb), while
the highest value inside the mice is 1.3 W/kg (between liver and lung) (mouse number
1). SAR distribution is presented in Figure 18 in one xy plane (one mouse) and in one
yz plane (two mice visible).
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Figure 18 SAR distribution inside the adult mice in dB scale. Cuts of xy plane and yz
plane. Peak of the scale (0 dB) is 0.86 W/kg. Input power Pin = 1 W.

SAR values in the skin area are as follows: The highest value at the surface of the back
is 1.1 W/kg (mouse no 3). Low SAR values at the skin are in the order of 0.01 W/kg.
Distribution of SAR values in the surface of skin over backbone is presented in Figure
19. The highest SAR in the backbone skin (z=25 cells) has been 0.42 W/kg for Pin= 1
W. The SAR values start with value of 0.01 W/kg on the tail side and reach the peak
value of on the neck and end with value of 0.18 W/kg on the head. Average of these
SAR values is 0.20 W/kg.
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Distribution of SAR values in the surface of skin over backbone

Adult mice (mouse no 3)
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Figure 19 Distribution on SAR values in the surface of skin over backbone. In the
model of “adult mice” mouse is no 3 (z=125 cells). Input power Pin = 1 W.

5.6 Whole-body averaged SAR of the adult mice

SAR values averaged over each mouse (whole-body averaged SAR) are measurable
quantities. Calculated averages can be compared with the measured one. Calculated
SAR average of the sub grid (mice and restrainers) is 0.041 W/kg at P;, =1 W.

For the calculation of SAR averages of each mouse, a calculation routine for counting
only the proper voxels has been developed. The routine will count SAR values of only
the voxels of the mouse. The SAR values are calculated in slices, in this case in Xy
slices. The sum of the SAR values has been divided by the number of the voxels in the
mouse.

The whole-body averaged SAR values of the adult mice are presented in Figure 20. The
values of the adult mice are in numeric form in Table 9. Average of the values is 0.173
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W/kg when Pin = 1 W. Normalised slope of the linear fit of the SAR averages as a
function of the position of a mouse (see Paragraph 5.2) have been — 0.007 1/position in
the adult mouse case. Variation of the SAR averages is + 0.0076 W/kg =+ 4.4 %.

Whole-body averaged SAR values of adult mice

Averages of each mouse and linear fit of the data, Pin =1 W (aver.)
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Figure 20 Whole-body averaged SAR values of small mice of each mouse, cases
without tails and with tails as well as mice with homogeneous material. Linear fits of
the values are added to the graph. Input power is 1 W.

5.7 Error terms in calculation of SAR values

Term SAR (specific absorption rate) describes energy absorption rate of an internal
electric field into an absorbing material in a spatial point. It is expressed in
electromagnetic analysis by electric field strength, conductivity and density of the
material, as equation of’

2
_ o |Et0t
SR =" 1"l @)
p
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where © is conductivity of the material (S/m),
Eot 1s the total rms (root mean squared) electric field strength (vector sum) in the
point (V/m),
p is mass density of the material (kg/ m’).

Basic error analysis gives equation for average error ASAR / SAR:

ASAR Ac . AE,,
= +2-
SAR  © |E

: 3)
P

tot

+‘A_p

where AG is uncertainty of the conductivity (S/m),
A|Ey is uncertainty of the total electric field (V/m),
Ap is uncertainty of the mass density (kg/ m).

5.7.1 Uncertainties of dielectric properties and mass density

Uncertainties or errors in the dielectric properties of the biological tissues are difficult to
be evaluated. Measurement accuracy of well-done measurements can be estimated to be
+ 10 %. If the dielectric properties of the tissues have not been measured, estimations
for relative error values of + 30 % to £ 50 % can be used (1 ¢ confidence) (Table 1)
[Puranen]. This variation is based on the living tissue parameters gathered from
literature. The variation is explained by difficulties in handling living or freshly excised
tissues during data collection. Biological tissues are inhomogeneous and include
considerable variability in structure and composition. Dielectric properties of the mouse
tissues are not measured in this campaign. Use of several mice would, however, average
the effect of individual variation at least at the SAR average values.

Dielectric properties of liquid used in phantom tubes have been measured. The phantom
tubes have been described in Chapter 4.4 “Model of the phantom tubes” and the results
are described in Chapter 5.2 “Results of the phantoms”. Uncertainties have been
estimated to be = 3 % for dielectric constant €” and £ 5 % for conductivity 6. These
values are 1- 6-values, thus the uncertainties with 95 % confidence are double: = 6 %
for e’ and = 11 % for ¢ [Puranen].

Mass densities can be measured or evaluated most accurately of these three terms.
Uncertainties of density values of Table 1 can be estimated to be within = 5 %
[Puranen]. Mass density of the phantom liquid has been measured with uncertainty of
+ 1 % (95 % confidence) [Puranen].
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5.7.2 Discussion of uncertainties of electric field values

Calculation accuracy of electric field in an FDTD analysis is estimated to be in the order
of +2.5 %, when the grid size is small enough, usually less than A/20. In these mouse
cases the grid size has been about A/50 (Table 2). Level and form of the electric field
itself is dependent on dielectric properties of the tissues, shape of the body, size of the
body, frequency, etc. Reflections and collimation inside the body depend on shape and
size of the body and have effects on the fields in the body.

An example of effect of variations of only dielectric properties on the magnitude of
electric field, is a case where a plane wave comes from free space (half space) to a
homogeneous medium (Figure 21).

, mediume’ >1.0>0
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Figure 21 Configuration of a case, where a plane wave is coming to a homogeneous
medium (€’, O).

Amplitude of the field at a distance d inside the homogeneous medium E pegiuvm Will be
obtained by basic propagation equation:

Emedium = |E0 | : T(g' s O-) : e_a(é")O')‘d s (4)
where |E| is amplitude of the incident field (V/m),
T(e’,0) is transmission coefficient in the medium,
o(e’,0) is attenuation coefficient in the medium.
. 2
T(e',0)= , (%)

! : O-
I+ |&-j-
\ W, - &,
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ae.oy=2. €. 1+(LJ 1, (6)

c, V2 £w, - &,
where g is angular frequency = 2-m-fo,
€ 1s permittivity of vacuum,
Co is speed of light in vacuum.

Variation of electric field depends on dielectric properties of the material so that electric
field will be almost independent of the variation of dielectric parameters, or it will have
strong dependence even at a distance of few centimetres. In the case of tissues with low
conductivity, such as fat (¢’ = 11, ¢ = 0.11 S/m), sensitivity of the electric field caused
by variation of the dielectric values is mainly due to the transmission coefficient. That is
why the variation of the electric field is almost independent on the distance d. Electric
field strength is sensitive on properties of tissues with high conductivity, such as eye (€’
=70, 6 = 1.7 S/m). These dielectric values are valid on frequency of 0.9 GHz (Table 1).
These values of fat and eye are used in the example case in Figure 22. In that figure
there are curves of minimum and maximum values of normalised electric ficld, when
medium of Figure 21 is either fat or eye tissue. Electric field level has been normalised
with the level at nominal dielectric value of the tissue. Variation of their dielectric
parameters has been = 30 %.

Effect of dielectric properties of the medium to electric field magnitude

Variation of dielectric parameters has been +/- 30 %, fat and eye, frequency 0.9 GHz
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Figure 22 Minimum and maximum values of variation of electric field caused by the
variation of the dielectric parameters, when a plane wave comes to a homogeneous
medium. Material of the medium is either fat or eye tissue with variation of their
dielectric parameters * 30 % frequency is 0.9 GHz.
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The curves in Figure 22 reveal that sensitivity of electric field level in absorbing
medium is dependent, besides the dielectric parameters, on how deep the point is in the
medium (d). When the distance d is 0, the variation is due to the transmission
coefficient and it is in the tissue materials between * 14 to + 17 %. The field level is
higher than nominal when the dielectric parameter values €’ and ¢ are low, and it is
lower when the values are high. Field variations at distance d = 20 mm are between + 17
to + 32 % for variation of = 30 % of the dielectric parameters.

More specific example of the field variations was calculated with set of five phantom
tubes in the waveguide. Set up for 25 phantom tubes was described in Paragraph 4.5.
Set up of five tubes is used to save the total calculation time needed in calculation of
several combinations of the dielectric parameters. Nominal dielectric parameters of the
phantom liquid have been €’ = 54.3 and ¢ = 1.2 S/m, variation of the values has been
+ 30 %, and frequency 0.9 GHz. Variations of the total electric field are calculated in a
transversal line in the middle tube with cell values x = 30 to 82 cells, y = 32 cells and z
= 116 cells. Variations of the average value of the electric field in the line are presented
in Table 9.

Table 9 Relative variations of total electric field values (AE,,/ E.») inside phantom
liquid of the set of five phantom tubes in a waveguide.

Ac /o
Age’ /e’ -30% -10% 0 % +10% | +30%
-30% -0.5% -4.7% -9.1%
-10% -1.0% -3.6%
0% +3.8% 0% -42%
+10 % +4.6 % +1.6 %
+30% +17.5% +12.0% +6.0 %

Effect of the permittivity on the field value is opposite to the case of homogeneous
medium, but effect of the conductivity is the same type as in the homogeneous medium.
Thus the shape of the case has stronger effect on the electric field than with the
dielectric parameters. Variation of the electric field is between —9 to + 17 % in this case,
when the variation of the dielectric parameters has been £30 %. If the dielectric
parameters have been measured, the variations are within &+ 10 %, and the field variation
is small (within = 5 %). These values are used in the next Paragraph to give some basis
on the use of Equation (3) on the estimate on the total error in SAR calculations.
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5.7.3 Estimation of the error in SAR calculation

The main sources of the difference of the calculated and measured SAR averages are:
- Dbasic error of the FDTD calculation

- uncertainty in the SAR averaging procedure

- uncertainties in the dielectric parameters

- non-equivalence of the shapes of the actual in vivo mice and the model obtained by
the slices

- non-equivalence of the actual test set-up and its placement with the numerical model.

The calculation accuracy in the FDTD calculation is about + 2.5 % causing an error of
*+ 5 % on the SAR values (2-A|E|, Paragraph 5.7.2).

One error source is the averaging procedure of the whole-body SAR averages. Until
November 1999 the cases were calculated with versions of XFDTD which calculated
the SAR values of a voxel from three field components. Version 5.0.4.9 XFDTD has
started to use the calculation of 12 field components. Various algorithms were dealt
with in an article by Caputa et. al [Caputa]: “The twelve-field component approach
correctly places all field components in the center of the voxel. The power distribution
is thus defined at the same locations as the tissue mass.” Preliminary test of the new
version of XFDTD were made with the case of five phantom tubes in the waveguide,
which were used to get the results of the latter part of Paragraph 5.7.2. The effect of
using twelve components on maximum SAR values of individual voxels is evident: it
will filter out the high peaks and low valleys. The effect on the maximum value in this
case was about - 20 %. The dissipated power differed by + 2 %, the total SAR average
differed by + 8 %, and the whole-body SAR average calculated by the routine differed
by - 7 % from the old calculations. An explanation for this difference is how the edge
voxels were treated in the three component algorithm. The phantom tubes are not large
in wavelengths and they have a lot of boundary voxels. Because the new results are
regarded to be more accurate, a value between 0 to + 10 % can be used as an estimation
of this systematic error source in the phantom tube cases.

The sensitivity of the SAR on the dielectric parameters and electric field will be
estimated by calculating an example case of five phantom tubes in a waveguide, which
has been described in the previous Paragraph. With calculated electric field, SAR and
absorbed power values, it is possible to evaluate the validity of Equation (3) in this case.
Nominal dielectric parameters of the phantom liquid have been €’ = 54.3 and 6 = 1.2
S/m, variations of the values have been £ 30 %, and frequency 0.9 GHz. Variations of
the calculated dissipated power should be the same as variations of the SAR averaged
values, because dissipated power is proportional to 6+|E*. The calculated results of
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relative variations of the SAR averages are in Table 10, relative errors of the SAR
according to Equation (3) are in Table 11, and calculated results of relative variation of
the dissipated power (Pdiss/Pin) are in Table 12.

The relative results in the tables show the consistency of the three results obtained from
different calculations. Comparison of the results of Table 11 with Tables 10 and 12
reveal that it is reasonable to use the form of Equation (3) as error model of the SAR

value.

Table 10 Calculated results of relative variations of SAR averages (ASAR,, / SAR ) in

the case of five phantom tubes in the waveguide.

Ac /o
Ag’ /e’ -30% -10 % 0 % +10% +30 %
-30% -26 % -13 % +3%
-10% -10% -4%
0% -23% 0% +11%
+ 10 % -3% +13%
+30 % +2% +23 % +46 %

Table 11 Relative errors of the SAR values according to Equation (3) in the case of five

phantom tubes in the waveguide.

Ac /o
Ag’ fe° -30% -10% 0 % +10% +30%
-30 % -31% -10% +12 %
-10% -12% +3 %
0% -22% 0 % +22 %
+10 % -1% +13 %
+30% +5% +24 % +42 %
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Table 12 Calculated results of relative variations of the dissipated power (A(Pdiss/Pin)
/ (Pdiss/Pin)) in the case of five phantom tubes in the waveguide.

AG/c
Ag’ e’ -30 % -10% 0 % +10% | +30%
-30 % -24 % -9% +3%
-10% -10% +0 %
0 % -19% 0% + 15 %
+10 % +0% +12 %
+ 30 % +3% +27 % +44 %

These results show the sensitivity of the SAR values to changes in tissue parameters.
Deviations of = 10 % of permittivity and conductivity values can generate an error of
the order of - 10 % to + 15 % for the SAR value, and deviations of & 30 % can generate
an error of — 30 % to + 50 %.

Some estimation of the effect of shape of the mice in the restrainers on SAR value will
be obtained from test results made in Kuopio [Heikkinen 2]. Mice of about 25 g were
anaesthetised and put into the waveguide to their places in the restrainers as “long
shape” or “short shape”. The long shape represents the shape of the mice in the
numerical model cases better than the short shape. Also effect of the hairy coat has been
tested with these mice. The measured SAR averages results normalised with mput
power of 1 W, have been:

- anaesthetised mice, long 0.21 W/kg anaesthetised, short ~ 0.31 W/kg
- anaesthetised mice, long, no coat 0.22 W/kg
- mice in normal conditions 0.28 W/kg.

The results of the short shape correspond with that of the case of the mice in the normal
conditions. The difference was + 11 %. The difference between the long mice and the
normal mice was — 25 %, which will be used as a systematic error source in mouse
cases.

Dimensional difference between the test set-up and the numerical model is one error

sopurce, because field and SAR distribution depend on dimensions. Magnitude of that
error is difficult to estimate, but some estimation can be obtained by variation of the
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results in several measurement and assembly cases. Variation of the measured SAR
averages in the mouse cases were 4 to 5 % [Heikkinen 2]. It includes measurement
accuracy (within £ 5 %), effect of various orientations and placements of the mice and
the restrainers in the waveguide. In the case the phantom tubes that variation were
within 3 % (standard deviation).

5.7.4 Estimation of the error of the SAR calculation
in the case of the phantom tubes

In the case of the phantom tubes the proper shape of the object is known and it has been
modelled with sufficient accuracy, because the grid size has been dense enough (1 mm
= M51). The main sources of the difference of the calculated and measured SAR
averages are: basic accuracy of the FDTD calculation, uncertainties in the SAR
averaging procedure, uncertainties in the dielectric parameters, and non-equivalence of
the actual test set-up and its placement with the numerical model.

Contribution of the basic accuracy of the electric field in FDTD calculation on SAR is
about = 5 %. Systematic error caused by the SAR averaging procedure was estimated to
be + 7 % in the case of the phantom tubes (Paragraph 5.7.3). Uncertainties in the
measured dielectric parameters were = 3 % for permittivity and =5 % for conductivity
(1o-values) (Paragraph 5.7.1). Contribution of these values on SAR according to the
example used in the tables of Paragraph 5.7.3, is =5 %. The fourth error source is
difference of the dimensions and placement of the test set-up used in the measurement
from the numerical model used in the calculation. In the case of the phantom tubes
estimation of + 3 % for that variation can be used (Paragraph 5.7.3).

The total error is dominated by the systemic error of the SAR averaging procedure. The
other terms are independent and are summed as root sum of squares. The total error was
estimatedtobe + 7% 8 % =-1%to + 15 %.

5.7.5 Estimation of the error of the SAR calculation
in the mouse cases

The mouse cases were modelled in sufficiently dense grid (I mm = A/51), but the proper
shape of the object is not sufficiently known. The main sources of the difference of the
calculated and measured SAR averages are the sources described in Paragraph 5.7.3.

Contribution of the basic accuracy of the electric field in FDTD calculation on SAR is
about =5 % (2-AlE|, Paragraph 5.7.2). Effect of the averaging procedure on the results
of the new XFDTD version has not yet been tested with a mouse shape. Value of 0 % is
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used for this error source. Uncertainties in the measured dielectric parameters were + 30
% (lo-variation) for the permittivity and the conductivity (Paragraph 5.7.1). Because of
use of several mice (50 pieces), effect of the tissue parameters will be averaged and this
error source should not be so high. One third of the variation of the dielectric parameters
is estimated to be counted for the averaged case. Contribution of these values on SAR
according to the example used in the tables of Paragraph 5.7.3, is — 10 to + 13 %. Some
estimation of the effect of the shape of the mice on the accuracy can be obtained by the
measurement results described in Paragraph 5.7.3. The uncertainty of the SAR averages
of — 25 % can be used as a systematic error source. The last error source is the
difference of the dimensions and placement of the test set-up used in the measurement
from the numerical model used in the calculation. In the case the mice estimation of + 5
% for that variation can be used (Paragraph 5.7.3).

Error analysis is dominated by the systematic error of the effect of the shape of mice.
The other terms are independent and are summed as root sum of squares. The total error
is estimated to be —25 % £ 15 % =—-40 % to - 10 %.
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6. Analysis of the calculated results

The calculated results are compared with the measured values of absorbed power and
whole-body averaged SAR. Comparison of relative absorbed power is presented in
Table 13, whole-body averaged SAR values are compared in Table 14. In Table 15
there are values of slope of the whole-body SAR averages as well as deviation of the
SAR averages from the linear fit. The measured results are based on the work done in
the FGF report of Heikkinen et al. [Heikkinen] including results, which were not re-
ported in that report [Heikkinen 2]. The measured results were normalised to Pin=1 W.

Table 13 Comparison of the calculated and measured relative absorbed power.

Case Pabs / Pin
Measured Calculated Difference

Phantom tubes (calculated) - 0.26 (38.4 g) -
Phantom tubes (calculated normalised) | 0.20 (36 g) | 0.24 (36 g) +19 %
Small mice (16 g) 0.15 0.09 (no tails) -40 %
Small mice (16 g) 0.15 0.10 (tails) -33%
Small mice (16 g), 0.15 0.11 (homogen.) -27%
Adult mice (26 g) 0.18 0.12 -36 %

Table 14 Comparison of the calculated and measured the whole-body averaged SAR.

Case Whole-body averaged SAR (W/kg),
Pin=1W
Measured Calculated Difference

Phantom tubes 0.23(36g) 10.249(38¢) +10%
Small mice (16 g) 0.33 0.225 (no tails) -32%
Small mice (16 g) 0.33 0.226 (tails) -32%
Small mice (16 g) 0.33 0.242 (homogen.) -27%
Adult mice (26 g) 0.27 0.173 -36 %
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Table 15 Comparison of the calculated and the measured slope of the SAR.

Case Normalised slope of | Deviation from the
the whole-body SAR linear fit
averages (1/position)

Measured | Calculated | Measured | Calculated

Phantom tubes (calc. 38 g) - -0.012 - +5.7%

Small mice (16 g), no tails - -0.0017 - +73%

Small mice (16 g), tails -0.0017 - +89%

Small mice (16 g), homog. - - 0.0029 - +5.0%

Adult mice (26 g) -0.012 | -0.0070 | £17% +4.4%

The difference in the phantom tubes case in the power absorption was + 19 %
(normalised value according to the weight) and in the SAR averages was + 10 %. The
difference of + 10 % was within the error estimation of — 1 to + 15 % presented in
Paragraph 5.7.4. Because the most prominent error term was the systematic error of the
SAR averaging process (+ 7 %), the results will be more accurate when the case will be
calculated with the new versions of XFDTD.

The calculated and measured results of the mouse cases differed quite a lot according to
Tables 13 and 14: the difference of the absorbed power was — 40 to - 27 %, and the SAR
averages differed — 36 to - 27 %. The differences in the both results seemed to originate
mainly from the shape of the mouse model, and they were within the error estimation of
Paragraph 5.7.5 (— 40 to — 10 %).
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7. Conclusions

Numerical models of the two sizes of mice were made by information obtained from
cross sectional slices of the killed and frozen mice. The slices were 1 mm thick and they
are made with a cryomicrotome cutter. The tissues in the slices were classified manually
using grey scale copies of the colour photographs of the slices as a base material. The
classified slices were segmented into 17 different tissue types in 1 x 1 mm’ squares and
converted into a numeric matrix to get the geometry file for an electromagnetic
modeller.

Numerical model of the waveguide chamber used in the measurements has been done
and the calculated results of return loss were compared with the measured one. Finite-
difference time-domain method (FDTD) was used as the calculation method. Excitation
was a sinusoidal wave, which had the same frequency used in the measurements, 902
MHz. Distribution of E-field were viewed to ensure that proper waveguide mode is
propagating in the waveguide. Grid of that model has been 3 x 3 x 3 mm’. Styrofoam
support, which was used in the exposure set-up, was included in the waveguide model.
That model was used in all the models of phantom tubes and small and adult mice.

Models of 25 phantom tubes, 25 small mice with three different versions, and 25 adult
mice were made in the grid of 1 x 1 x 1 mm’. The models included details of the
exposure set-up, as restrainers and PVC bulb. The model of the phantom tube included
conic part of the tube, screw cap and the liquid. The models were made with the model
editor of XFDTD.

Analysis of the model required a lot of computer memory because of size of the
problem. Calculation time was long (several days) because the stability in the field
conditions was obtained only after number of the time steps of 15 000. Normal number
of the time steps in FDTD calculations is in the order of 2 000 to 3 000.

The phantom tubes absorbed 24 % of the power according to the calculations, but only
20 % according to the measurement. The calculated normalised absorbed powers were 9
to 12 % in the mouse cases. They differed by about — 35 % from the measured results
(15 to 18 %). Reason for the differences in the mouse cases was assumed to be
originated from different shape and placements of the living mice compared with the
model.

Whole-body averaged SAR values of each phantom tube and mouse were calculated
with a calculation routine developed in the project. The average of the 25 phantom tubes
was 0.25 W/kg (Pin = 1 W), which differed by + 10 % from the measured value, which
is within the estimated error limits.
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The average values of the whole-body averaged SARs of the mouse case were
calculated to be 0.225 to 0.242 W/kg (Pin = 1 W) in the small mouse cases and 0.173
W/kg (Pin = 1 W) in the adult mouse case. The differences between the measured
values normalised to the input power of 1 W were about — 30 % in the small mouse
cases and — 36 % in the adult mouse case. The SAR average of the small mice (16 g)
was higher than that of the adult mice (26 g) according to both the measured and the
calculated results. Slope of the calculated SAR averages was not as steep as that of the
measured case. Reason for the differences of the SAR averages was assumed to be the
same as with the absorbing power: divergence of the modelled shapes and in vivo mice,
and placements in the restrainers of the real situation.

The highest SAR values were at sharp edges, such as nose, limbs and tail. Variation of
the distribution was wide: the higest SAR in the small mice was 24 W/kg (Pin =1 W)
and in the adult mice 7 W/kg. SAR values inside the mice were smaller, the highest
values were in the order of 1 W/kg (Pin = 1 W). Boundaries of different tissues
introduced high SAR values. In the skin area the highest values were in the order of 1
W/kg.

Tails of the mice used to the model were cut. Effect of the tail was tested in the case of
the small mice. The tails were added to the model inside the restrainers by the mice.
Effects of the tails were minimal in this case, because the tails were perpendicular to the
electric field of the waveguide.

Proposed themes of further study could be:
- how to get a model of an animal, which represents its living conditions and shape
- study of the effect of variations in the real situation

- dielectric properties of the tissues should be measured or known better.
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