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Abstract: In order to provide rigorous dosimetry for in
vitro studies, Telstra Research Laboratories has
developed a modified transverse electromagnetic cell
exposure system. The system acts as a chamber for
experiments in which a human cell culture exists as a
very thin monolayer adhered to the bottom of a plastic
culture flask under a layer of several millimetres of
RPMI nutrient medium while incubated in a controlled
atmosphere. A key to the rigour of any experiment
seeking to investigate possible effects of electromagnetic
energy on living systems is to ensure that the exposures
used are accurately known, and to achieve this,
numerical methods for the challenging task of
characterising the SAR profile in the medium have been
developed. This paper describes salient aspects of the
development and analysis of the system.
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1. Introduction

To enable the future investigation of possible
biological effects of mobile phone exposure, this paper
considers an experimental setup where a human cell
culture can be exposed to 900 MHz GSM type
radiofrequency (RF) signals. The exposure system
consists of a modified Crawford transverse
electromagnetic (TEM) cell (Crawford 1974), which is
supplied with a simulated GSM mobile phone type
signal at 20 W peak power (900 MHz RF signal pulsed
at 1/8 duty cycle for 2.5 W average power). The cell
culture is placed in the TEM cell in standard Falcon™
25 cm?® plastic culture flasks and resides as a very thin
monolayer (a few microns) at the bottom of 6 mm of the
nutrient RPMI-1640 (Roswell Park Memorial Institute)
while incubated in a 37 °C CO, atmosphere. This setup
is similar to that discussed in French and Blood 2002
which investigated possible gene expression changes in
live human astrocytes.

For this situation, the specific energy absorption rate
(SAR) (W/kg) is commonly accepted to be the most
appropriate metric for determining RF exposure. SAR
can be determined at any point in a medium from the
E-field (V/m) at that point:

ol

e

SAR = (1)

where o is the conductivity (S/m) and p is the mass
density (kg/m’).

Many RF exposure systems rely on measurements
of average absorption within the target material to
determine the SAR. In a TEM cell, the actual SAR at
any given point in the exposed medium will differ
markedly from the average value. The geometry used
here, where the height (%) of the medium coincides with
the direction of the incident electric (E) field, ensures
that there is the essential uniformity in SAR on the
bottom layer of the RPMI medium where the cell culture
resides. However, it also means that SAR typically
varies quadratically with 4 within the medium (see
Burkhardt et al. 1996, Guy et al. 1999, Samaras et al.
2000, and Schonborn et al. 2001). This makes it critical
that accurate computational techniques are used to
provide a good estimate of SAR (especially on the
bottom layer).

2. Choice and Design of Exposure Chamber

To achieve well controlled and characterised RF
exposures has been a concern in many previous studies.
References Guy et al. 1999, Kuster and Schonborn 2000,
and Schonborn et al. 2000 and 2001, discuss exposure
requirements and the merits of various exposure systems.
Such systems include waveguides, radial transmission
lines (RTL), TEM cells, Gigahertz TEM (GTEM) cells,
and free-field exposure in anechoic chambers.

Based on considerations of physical size,
experimental needs, and required field characteristics, a
TEM cell was chosen. A TEM cell provides uniform
incident plane wave exposure conditions, useful for
simplifying analysis, as long as each culture flask is
placed in a central position and the absorbing medium is
not too thick (see Crawford and Workman 1979,
Burkhardt et al. 1996, Popovic et al. 1998, and
Schonborn et al. 2001) (Figure 1). Modifications
included provision of adequate ventilation in the 37 °C
CO, incubator (Figure 2); access ports and inserts to
allow placement of the two flasks at the midpoint of the
top half of the TEM cell (Figure 3); and fixtures to allow
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ingress and accurate location of fluoroptic temperature
probes (Figure 4). The measured return loss of the input
signal was greater than 30 dB. To ensure CO, diffusion
and suitable power efficiency the height of the RPMI
was chosen to be 6 mm. Total absorbed power with the
TEM cell loaded with two flasks containing the RPMI
was less than 4% of forward power, indicating that the
TEM field conditions were maintained within the TEM
cell.

3. Determination of SAR

The commercially available computational software
XFDTD (Remcom 2003) was used to determine the SAR
profile in the RPMI (Figure 5). The SAR was used to
report the background energy level in which the cell
culture was placed and also to validate the setup through
the resultant temperature estimation. XFDTD uses the
finite-difference method (see, for example, Kunz and
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Luebbers 1993). A computational mesh of the 6 mm
medium was constructed with cubical cells of length
0.5 mm. The conductivity of RPMI was set at 1.8 S/m,
relative permittivity 73.2, and density 1000 kg/m®. The
incident field frequency was 900 MHz with the E-field
polarised in the vertical direction.

For the supplied plane wave signal (E-field 214 V/m
peak amplitude, equivalent to 2.5 W average power in
the TEM cell), the calculated peak SAR on the bottom of
the medium was 0.20 W/kg. The average SAR on this
level was found to be 0.18 W/kg. Figure 5 highlights the
uniformity of SAR on the bottom layer, and the non-
uniformity in the 6 mm vertical direction (this profile is
consistent with published results Burkhardt et al. 1996,
Guy et al. 1999, Pickard et al. 1999, Samaras et al. 2000,
and Schonborn et al. 2001).

Figure 2. TEM Cell placed in the incubator
(with ventilation holes shown).

Figure 1. The electric and magnetic fields within a TEM cell,
with a plane wave type structure at the midpoint of the top half.

Figure 4. The placement of fluoroptic temperature
probes. Three probes were placed at distinct regions
of one flask. Each tip was situated in the medium,
0.5 mm above the flask bottom.

Figure 3. Two culture flasks, each filled with 6 mm of RPMI,
placed in the middle of the top half of the TEM cell.
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Figure 5. SAR profile in the RPMI medium. top: Slice through the middle (note the medium in the neck of the flask on the
left). bottom: Bottom layer where cell culture resides.

An uncertainty analysis suggested the actual SAR
values should agree with these values to within £35%.
The main contributing factors to the possible error are
the input power (accurate to within + 25%; has a linear
influence on the calculated SAR), height of the medium
(accurate to within + 0.5 mm resulting in a possible
+ 17% error; quadratic), and the conductivity (+ 10%;
approximately linear). The modelling has also
highlighted the significant influence of the meniscus due
to the E-field polarisation (see also Guy et al. 1999,
Schonborn et al. 2001, and Schuderer and Kuster 2003).
The addition of the meniscus, 1 mm high and 1 mm in
from the edge, as shown in the top right of Figure 5, lead
to a 5% increase in SAR on the bottom layer.

Note that SAR has only been determined in the
nutrient medium. The method of determining SAR
without including the cell culture layer itself is consistent
with work by other investigators in this field (see, for
example, Schonborn et al. 2000 and 2001). To also
determine SAR in the actual cell culture is a difficult
task since the height of this layer is just a few microns.
If the cell culture (assumed to be human brain cells) is
included in the model as an infinitely thin planar layer at
the bottom of the medium (with conductivity 0.77 S/m
and relative permittivity 45.8 as for average brain
(Gabriel 1996)) then the peak SAR at the bottom is
reduced to 0.14 W/kg. If instead, the cell culture is
modelled by the bottom 0.5 mm layer of mesh cells, then
the peak is 0.10 W/kg. The actual value is likely to lie
somewhere in this range, so long as the dielectric values
for the cell culture have been appropriately chosen in the
models. Better consideration of this issue of the SAR at
the cell culture layer may be possible as improved
modelling techniques become available.

The efficacy of using a plane wave incident field to
simplify the analysis was confirmed by an XFDTD

model of the rectangular central portion of the TEM cell
(using a ‘TEM Excitation Plane’). The resultant
electromagnetic fields have the required plane wave type
structure at the position of the flasks.

4. Comparison with, and Application of, the
Burkhardt Formula

In Burkhardt et al. 1996, an analytical formulation is
derived that provides SAR as a function of height
(thickness), 4, of the medium (which is taken to be in the
direction of the incident field £). It is assumed that the
geometry can be simplified to that of a thin conductive
sheet. This enables a “... separation between
‘capacitive’ and ‘inductive’ coupling ... the capacitively
induced part of the E-field [E,,] is normal and the
inductively induced part [E;,,] is parallel to the surface
of the [sheet].” The formula is
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where it is assumed that the centre of the bottom of the
sheet (lying in the x-y plane) is at the origin of a
Cartesian coordinate system, and z'=z—h/2, = 27f,
is the frequency, & = & — io/& ®), and Z, = 377 Q.

SAR(z")

E cap

£(|Eind|2 +
P

To consider the accuracy of the Burkhardt formula
with 2, XFDTD models of finite sheets were constructed
at a series of values. In each XFDTD model, the sheet
was of dimensions 100 mm x 100 mm and was 12 mesh
cells high, and the material and field properties were
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identical to those above. For each method, the SAR
values at the bottom of the sheet (centrally placed in the
XFDTD model) were compared. The comparison
indicated that there was close agreement for a 4 mm high
sheet (Burkhardt 0.0648 W/kg, XFDTD 0.0634 W/kg),
around a 10% difference at 6 mm (0.138 W/kg,
0.152 W/kg), with the accuracy diminishing at 12 mm
(0.535 W/kg, 1.30 W/kg). The analysis also highlighted
that the desired uniformity over the bottom layer also
diminishes significantly as % increases.

The formula thus provides a coarse validation
method for checking the results from an XFDTD
analysis of the SAR in a flask. In particular, at 6 mm,
the Burkhardt formula gives the value of 0.138 W/kg
(the sheet is the only possible analytic geometry)
compared with the XFDTD value 0.20 W/kg (calculated
above for the flask).

However, the formula offers a very prompt method
to calculate approximate SAR wvalues (an XFDTD
calculation takes a few hours), which is useful in initial
experimental design. It can also be used to test the
sensitivity of input parameters. For example, the
formula indicates that SAR varies quadratically with 4
(closely approximating the profile of the vertical slice in
Figure 5). Since the cells reside on the bottom of the
medium, this emphasises the need to choose and
measure this parameter with great care.

5. SAR Validation through Temperature
Measurement and Modelling

The efficacy of using XFDTD to determine the SAR
profile was also confirmed through comparison of
physical measurements of the resultant thermal rise in
the medium with numerically calculated estimates based
on the predicted SAR. Thermal RF dosimetry is based
upon the equation

pc%—T = KV°T+ pSAR (3)
t

where c is the specific heat capacity, and X is the thermal
conductivity.

A standard approach in the determination of SAR is
to ignore the conduction term K V*T in equation 2 and
measure the initial rate of temperature increase JI7A
(see, for example, Rowley and Anderson 1999).
However, this approach is not possible in this case due to
the high vertical SAR gradient, unless either highly
sensitive temperature probes are used or the input power
is significantly increased (see Moros and Pickard 1999,
Pickard et al. 1999, and Samaras et al. 2000). (An
alternative is to use equation 1 and use an E-field probe
with a tip that is small enough and positioned so that it
does not disrupt the exposure (Schonborn et al. 2000).)
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In the validation measurements, the input power to
the TEM cell was set at 113.5 W. Fluoroptic immersion
temperature probes (Luxtron unit 790, probe type SFF)
were chosen, as there are no metallic components to
produce interference with the E-field. Measurements
were performed when the two flasks, each filled with
6 mm high medium were placed in the TEM cell, and
then again when the two flasks each had 12 mm of
medium. The medium consisted of RPMI in a gelled
form (using Natrosol 250 HR, 7.4% by mass) to reduce
the effect of thermal diffusion due to convection (no cell
culture was present). The measured electrical
conductivity of the gel (with added common salt, 0.21%
by mass, to obtain comparable conductivity to liquid
RPMI) was 2.05 S/m and the relative permittivity 72.6.
The measurements were performed in an environment
that was not temperature controlled. These conditions
were not sufficient to accurately determine local SAR
from JI/at alone, since the chosen temperature probes
have inadequate sensitivity at this power level.

Thermal modelling was undertaken through the
development of a finite-difference temperature
modelling environment based on equation 3 (using the
numerical formulation in Wang and Fujiwara 1999, with
the XFDTD mesh), and where, in addition, the thermal
conditions at the surface are modelled as a convective
boundary:

kL - _yr-t1,) )
on

where £ is the convection coefficient, and 7, is the
ambient temperature. For the RPMI gel, the specific
heat capacity, ¢, was set at 4174 J/(kg °C), and the
thermal conductivity, K, was set at 0.60 W/(m °C) (as for
water). The convection coefficient, 4, was set at
10.5 W/(m? °C) (see Kritikos et al. 1981, and Wang and
Fujiwara 1999). The increase in ambient temperature in
the TEM cell, T,, was accounted for (for empty flasks,
measurements showed a 0.16 °C increase over 360 s).

The input SAR profile is first calculated in XFDTD.
As well as the mesh described previously for the 6 mm
high medium, a second mesh was created for a 12 mm
high medium (with cubical cells of length 1.0 mm). The
measured values for the conductivity and relative
permittivity of the RPMI gel were used.  The
calculations found that, with an input of 113.5 W, the
peak SAR on the bottom of the 6 mm and 12 mm
medium is 9.25 W/kg and 67.59 W/kg, respectively.
The SAR profile was then input to the thermal model.

Figure 6 presents a comparison of two temperature
measurements with the temperatures calculated by the
model. The agreement between the results provides
confidence in the accuracy of the SAR values. Other
measurements gave consistent results. Due to thermal
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conduction processes, the temperature rise profile at any
given height in the medium has a similar shape over the
360 s period to that shown in Figure 6 (apart from the
deviation in the first few seconds due to the particular
SAR at that position, which cannot be resolved in our
measurements) (see also Pickard et al. 1999 and Samaras
However, this type of long term
comparison does confirm the average SAR value, and by
using this as a reference, also confirms the value of SAR

et al. 2000).

12 mm
medium

throughout the height (given our confidence in the shape
of the vertical profile as discussed above).

The temperature program was also used to confirm
that for 2.5 W input, the exposure is under what is
deemed ‘athermal’ conditions (the peak steady-state
temperature rise is estimated to be only 0.013°C).

—— measured

= model

6 mm
medium
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Figure 6. Comparison of measured and model temperature rise (0.5 mm off the bottom in the centre) for 113.5 W input

6. Conclusions

In vitro studies present a significant challenge to
researchers in ensuring that the SAR of the exposed cell
A TEM cell
exposure chamber provides a useful system for in vitro
studies due to the uniform layer in the medium where the
cell culture resides. However, due to the highly non-
uniform SAR profile in the vertical direction in the
medium, it is critical that accurate techniques are
employed to obtain an accurate estimate of the SAR.
This paper has shown how this can be provided through
the development of SAR and temperature computational
analysis methods, both in the estimation and validation

culture is accurately characterised.

process.
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