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Abstract—A 1800 MHz transverse electromagnetic wave (TEM) cell
is introduced for experiments investigating effects on biological samples
caused by the exposure from mobile communications. To characterize
and quantify the exposure environment in the setup for standardized
in vitro experiments, we evaluate the dosimetry and the exposure-
induced temperature rise in cultured cells. The study is numerically
based on the finite-difference time-domain (FDTD) formulation of the
Maxwell equations and the finite-difference formulation of the bioheat
transfer equation, with all algorithms and models strictly validated for
accuracy. Two sample formations of cells are considered including
the cell layer and the cell suspension cultured in the 35mm Petri
dish. The TEM cell is designed to establish standing waves with
the maximum FE field and the maximum H field, respectively, at
the position of the Petri dish. The Petri dish is oriented to F,
—FE, H, k, and —k directions of the incident field, respectively, to
receive the exposure. The specific absorption rate (SAR) is calculated
in cells for 10 exposure arrangements combined from the maximum
fields and Petri dish orientations. A comparison determines the
best arrangement with the highest exposure efficiency and the lowest
exposure heterogeneity. The dosimetry and the exposure-induced
temperature rise in cells are evaluated for the selected arrangement.
To avoid thermal reactions caused by overheating, the maximum
temperature rises in cells are recorded during the exposure. Based
on the records, the temperature control is performed by setting limits
to the exposure duration. We introduce a method to further reduce
the exposure heterogeneity and evaluate the influence of the Petri dish
holder on the dosimetry and temperature rise. The study compares
the TEM cell to the waveguide, as well as the standing wave exposure
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to the propagating wave exposure. The TEM cell and the selected
arrangement of the standing wave exposure improve the exposure
quality over the traditional methods, with increased efficiency and
decreased heterogeneity of the exposure.

1. INTRODUCTION

The transverse electromagnetic wave (TEM) cell and the waveguide
are two typical exposure setups used to study in vitro and in vivo
effects of electromagnetic irradiation at mobile frequencies centered at
900 MHz and 1800 MHz [1]. Compared to the widely used waveguide,
the TEM cell generates a uniform, planar wave in the sample space
for experiments fulfilling the suggested exposure standards, so that the
results are comparable to those from other experiments under the same
exposure protocol [2,3]. Successful dosimetry studies are available in
the literature regarding to TEM cells loaded with biological samples
at frequencies around 900 MHz [4].

At mobile frequencies, the exposure dosimetry is traditionally
quantified as the specific absorption rate (SAR), which is defined as the
absorbed electromagnetic power divided by the mass of the biological
sample. For in vivo experiments on the whole body, the dosimetry
usually uses the body-averaged SAR. In view of the inhomogeneous
power absorption, 10-g SAR is used to quantify the power absorbed
in every 10g of the tissue. 10-g SAR is also the unit used by safety
standards to describe the exposure on the head and brain, etc. [5,6].
However, for in vitro experiments on cultured cells, the biological
sample is far less than 10g. Therefore, the SAR is quantified as its
distribution in cells. Based on the mean and standard deviation (SD)
of the SAR distribution, the exposure efficiency and heterogeneity are
determined to describe the exposure quality [7].

In direct proportion to the mean SAR, the exposure efficiency
is the ratio of the absorbed power in the cell culture to the input
power of the setup. Higher efficiency means fewer burdens on the
power source. To maximize the count of cells subjecting to the same
exposure intensity, low exposure heterogeneity is desired in cells. For
in vitro experiments, the heterogeneity is suggested to be no more
than 30%, as measured by the SAR SD [8]. Due to the inherent SAR
distribution in cells, it is difficult to change the exposure efficiency
and heterogeneity by tunable devices. However, the SAR distribution
changes greatly with different arrangements of the exposure, such as
making use of various exposure setups, using the standing wave and
the propagating wave, selecting different sample containers, adjusting
the sample position, and changing the volume of the culture medium,
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etc. [9]. This makes it possible to comparatively select the desired
arrangement of the best exposure quality with the highest efficiency
and the lowest heterogeneity. The temperature rise in the cell culture
is more significant with increased exposure efficiency. In order to
inhibit possible thermal effects for the observation of purely nonthermal
effects, as well as to experimentally measure the SAR by temperature
detection, a tight temperature control and evaluation are necessary
supports to the experiment quality [10].

The influence of the exposure arrangement on the mean SAR
and SAR SD has been thoroughly studied for the waveguide at
1800 MHz [11]. However, for the 1800 MHz TEM cell, a systematic
solution to the dosimetric and thermal problems is still in request.
Previous studies are limited to the exposure of propagating and
standing waves at lower frequencies around 900 MHz [12-14].

In this paper, we study the dosimetry and temperature rise in cells
cultured in the 35mm Petri dish mounted in a designed 1800 MHz
TEM cell. 10 exposure arrangements are analyzed systematically,
including the standing wave exposures with the maximum FE field
and the maximum H field, as well as E, —E, H, k, and —k
orientations of the Petri dish. The SAR in cells is calculated by using
the finite-difference time-domain (FDTD) method for each exposure
arrangement. The mean SARs and SAR SDs in the cell layer and
cell suspension are derived from the SAR distribution and the best
exposure arrangement is selected by comparing the exposure efficiency
and heterogeneity. For the selected arrangement, we characterize
the SAR in cells for dosimetric quantification of the exposure in the
TEM cell. Using the finite-difference method of the bioheat transfer
equation, we calculate the exposure-induced temperature rise and
quantify the limits to the input power for the temperature control
of the in vitro environment. Double-source exposure and selected cell
sampling are proposed for the experimental application to improve the
exposure quality. Recommendations about the holder of the Petri dish
are provided to minimize its influence on the dosimetric and thermal
environments. The TEM cell is compared to the waveguide on the
dosimetric and thermal performances. Another comparison is made
with respect to the exposure efficiency and heterogeneity between the
standing wave exposure and the propagating wave exposure.

2. EXPOSURE SETUP

The geometry of the TEM cell is shown in Fig. 1(a). The thickness of
the plates is 2.0 mm. The setup is designed to work at the frequency of
1800 MHz. The propagation distance from the source to the load is two
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Figure 1. Exposure setup. (a) 1800 MHz TEM cell with two Petri
dishes E and —FE orientated, respectively. (b) Detailed geometry of
the 35 mm Petri dish and culture medium.

Source

wavelengths to build a standing wave with 4 loops. The transversal
dimensions of the rectangular section are calculated to hold the Petri
dish in the area of quasi-uniform exposure and to avoid the excitation
of TEjp and other higher-order modes [15].

The source and load are added to both ends of the TEM cell.
The source is a sinusoidal voltage at the frequency of 1800 MHz.
The internal resistance is 50€). The source generates the forward
propagating wave. A standing wave is established with the backward
propagating wave fully reflected from the load. There are two types
of load to perform the full-wave reflection, namely, an open end and a
short end. The reflected waves are 180° out of phase between the two
loads and the standing waves are shifted by a quarter of the wavelength
in the field distribution along the axis of the TEM cell. Since the
length of the TEM cell is designed for 4 loops, the open end produces
a standing wave with the maximum F field at the center, whereas the
short end produces a standing wave with the maximum H field at the
center.

The limited space of the 1800 MHz setup allows for cell containers
of small sizes, such as the 35mm Petri dish or small culture plates.
The 35mm Petri dish (Corning 430165, USA) is used in the study,
as shown in Fig. 1(b). The Petri dish is originally filled with 2.68 ml
culture medium [Dulbecco’s modified eagle’s medium (DMEM)]. The
size of the Petri dish and the volume of the culture medium are selected
because they are used by a majority of experimental studies reported in
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Figure 2. E, —E, H, k, and —k orientated Petri dishes at both
centers of the upper and lower half-spaces of the TEM cell. Directions
of E, H, and k vectors of the incident wave are shown.

the literature. We consider the meniscus geometry by using its profile
equation since previous studies have proved the strong influence of the
meniscus surface of the liquid on the dosimetry [16]. The dielectric and
thermal properties of cells and the culture medium are very close and
assumed as identical. Dosimetric and thermal results at the bottom of
the culture medium represents those of the cell layer, whereas results
of the cell suspension are collected from the entire medium.

As shown in Fig. 2, two Petri dishes are mounted into the TEM
cell for simultaneous exposure. Each Petri dish is placed by positioning
the center of the cell culture (that without the meniscus) at the center
of the upper or lower half-space of the cavity, where the maximum
field of the standing wave is established. Five directions of the Petri
dish are selectable, namely, E, —E, H, k, and —k orientations. The
orientation is defined by considering the largest surface of the cell
culture with respect to the directions of the fields and the power flux
of the incident wave. The maximum fields and Petri dish orientations
combine into 10 exposure arrangements for dosimetry comparison.

3. NUMERICAL METHODS

The standing wave and the SAR distribution in cells are calculated
by the FDTD method, with mesh models of the TEM cell and the
Petri dish [17]. The exposure-induced temperature rise in the cell
culture is calculated by using the bioheat transfer equation [18].
The temperature rise is assumed to happen after the transient
establishment of the SAR distribution.  Therefore, the FDTD
calculation is performed first to provide the SAR data for the following
bioheat calculation of the temperature rise.
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Figure 3. Cross section of the FDTD model where the voxel dimension
varies between 0.2mm and 1.0mm from the inside to the outside of
the Petri dish. This dish lies in the upper half-space of the TEM cell
and orientated in the E direction.

3.1. FDTD Calculation

The FDTD mesh model of the TEM cell is made by 1.0mm voxels.
The staircase effect is neglected since the voxel size is only 1/167 of
the wavelength in the air. 0.2mm voxels are used to fit into the fine
structure of the Petri dish. The voxel size shifts exponentially from
0.2mm to 1.0mm around the Petri dish, as shown in Fig. 3. The
TEM cell is made of copper plates and has the property of the perfect
electric conductor. Dielectric parameters of other materials are listed
in Table 1. The permittivity and conductivity of the cell culture and
those of the Petri dish are assigned to 12 edges of each corresponding
voxel. The mass density of the cell culture is 1.0 x 103 kg/m?3. That of
the Petri dish is 1.1 x103 kg/m3.

After the field distribution of the standing wave is completely
stable, the SAR in cells is calculated by using the magnitude of the E
field, Enax, the material conductivity o, and mass density p:

_ 0 2
SAR = 2,0Emax' (1)

The calculation gives the SAR averaged in each voxel. The mean SAR
and SAR SD of the cell layer and those of the cell suspension are
statistically derived from voxels at the bottom and those of the entire
cell culture.

The absorbed power is calculated by multiplying the mean SAR
and the mass of cells. The input power of the TEM cell is calculated
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Table 1. Dielectric and thermal parameters of materials at 1800 MHz
and room temperature.

. Permittivity Conductivity Specific heat
Material
Er o (S/m) C [J/(kg-°C)]
Cell culture 71 2.5 4200
Petri dish 2.5 0 1200
Material Thermal conductivity Convection coefficient
K [W/(m-°C)] H [W/(m*°C)]
Cell culture 0.6 7.1
Petri dish 0.12 41

by using the same source and a 50 2 matching load with the absence of
Petri dishes. The difference between the input power and the absorbed
power is the reflected power. The exposure efficiency is defined as
the ratio of the absorbed power to the input power. The exposure
heterogeneity is measured by the relative SD of the SAR distribution,
i.e., the SAR SD divided by the mean SAR.

3.2. Bioheat Calculation

The bioheat transfer equation relates the local temperature rise to the
heat conduction from the surroundings and the power absorption due
to the exposure:

oT

where C' [J/(kg-°C)] is the specific heat, K [W/(m-°C)] is the thermal
conductivity, @, ~ SAR - p (W/m3) is the power absorption density.

At the interface between the cell culture and the air, as well as
the interface between the Petri dish and the air, the problem space is
enclosed by using the convective boundary condition:

oT
_KE - H(Ts - Te)a (3)

where H [W/(m?.°C)] is the convection coefficient determined by
both media across the interface, T is the surface temperature of the
cell culture or the Petri dish, and T, represents the temperature of
the surrounding air. Thermal parameters of materials are listed in
Table 1 [19].

Equations (2) and (3) can be incorporated into one finite-
differential formula for the numerical simulation [20]. The same voxel
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model of the Petri dish and cell culture is used to calculate the
temperature rise. The thermal parameters are assigned to each voxel
where the voxel-averaged SAR is ready. The original temperature in
the problem space is set to zero so that the result is the temperature
rise.

4. ALGORITHM VALIDATION

The numerical study is supported by theoretical examinations of all
algorithms and models involved in the complete exposure process.
From the initial field generation to the final stabilized temperature
rise in the biological sample, the validation is performed by three
comparative tests on the calculation accuracy of the standing waves
in the TEM cell, the SAR, and the temperature rise in cells.

4.1. Field Establishment

Prior to the placing of the Petri dish, the standing waves in the TEM
cell are calculated and shown in Fig. 4. The peak fields in the pyramidal
sections are not included to show up the field in the exposure area.
Each pattern exhibits the 4-loop field distribution, as well as the
maximum or minimum field generated at the position of the Petri
dish. In the exposure area, the calculated field distributions of the F-
field-maximum and H-field-maximum exposures are compared to the
theoretical field distribution [21]. Close matches are found between the
numerical results and the theoretical result in Fig. 5.

Source :[xjpen end Source HShort y

E field of the E,,, exposure H field of the H,,,, exposure
Source mpen end Source msmn end
H field of the E\,,x exposure E field of the H,,,x exposure
(a) (b)
Minimum field NSNS 1 Maximum field

Figure 4. Field patterns across the axial section of the TEM
cell. (a) E and H field distributions of the E-field-maximum (Epayx)
exposure. (b) E and H field distributions of the H-field-maximum
(Hmax) exposure.
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Figure 5. Contour plots of the normalized field distributions in the
exposure area, where the direction of the propagation constant k refers
to that of the incident wave from the source. The planes cross the
center of the cell culture if the Petri dish was placed.

The results also indicate that, in the area of the Petri dish, the
maximum field varies less than 30% from the value at the center.
Although the variance is large as compared to the uniform plane wave
exposure in the free space, it is to be proved that the nonuniform
field has no dominant influence on the SAR heterogeneity. The field
uniformity is better for smaller cell containers. However, the SAR
heterogeneity increases quickly as the container size is reduced, due
to the wave diffraction caused by the geometry variance in limited
dimensions, such as the meniscus of the liquid surface. The 35 mm Petri
dish is also a compromise selection to reduce the SAR heterogeneity
in view of the field uniformity and the container geometry.

4.2. SAR Solution

The voxel size of 0.2mm is far less than the wavelength of 19.8 mm
and skin depth of 7.50mm in the cell culture. Therefore, the SAR
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accuracy is mainly influenced by the inherent numerical dispersion of
the FDTD calculation, which is a complicated combined error from
the voxel dimensions, time increment, the volume of the problem space,
material geometry and dielectric parameters, etc. We examine the SAR
solution by using a sphere of cell culture with a diameter of 33.0 mm
exposed to the 1800 MHz plane wave. The sphere is dimensionally
comparable to the cell culture in the Petri dish. The numerical SAR
is calculated in the sphere by the FDTD program. The theoretical
SAR in the sphere is obtained by using the Mie theory of the plane-
wave scattering problem [22]. In both cases, the power density of the
plane wave is 1.0mW /cm?. The comparison in Fig. 6 shows a good
agreement between the numerical and theoretical results of the SAR
distributions through the sphere.

4.3. Temperature Solution

The same cell-culture sphere is used to test the accuracy of the
temperature solution. The exposure-induced heating and the heat
convection from the sphere to the surrounding air finally result in
a stabilized distribution of the maximum temperature rise. With
a homogeneous SAR distribution of 0.1 W/kg, the temperature rise
along the diameter of the sphere is calculated numerically and
analytically [23]. The results are compared in Fig. 7 with a good match.
Since the accuracy of the numerical temperature solution is sensitive to
the staircase effect at the sphere-air interface, we additionally reduce

X
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Figure 6. SAR distributions along three orthogonal axes through the
33.0mm cell-culture sphere exposed to 1.0mW /cm? plane wave.
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Figure 7. Distributions of the temperature rise through the sphere,
cylinder, and plate with 0.1 W/kg homogeneous SAR distribution.

the 3-D problem into 2-D and 1-D problems to strengthen the test. The
2-D model is a cylinder with the same material, diameter, and SAR
distribution as those of the sphere. In the 1-D model, the diameter
turns into the thickness of a plate. In the additional problems, the
numerical and analytical results still match well with each other, as
shown in Fig. 7.

5. RESULTS

The FDTD calculation continues for 360 periods of the 1800 MHz
sinusoidal wave before the SAR data are collected upon a stable
field distribution of the standing wave in the TEM cell. The field
stabilization is a transient process of less than 0.2 pus. Therefore, the
bioheat calculation directly uses the stabled SAR data to simulate
the exposure-induced heating process. The exposure continues for 5
minutes and ends before the temperature distribution becomes steady
and the maximum temperature rise is reached in the cell culture.

5.1. Dosimetry Evaluation

The SAR statistics, exposure efficiency and heterogeneity of the 10
exposure arrangements are summarized in Table 2, where the input
power of the TEM cell is normalized to 100 mW. The result clearly
shows up the dosimetry differences among the arrangements. It
is apparent that the exposure with the maximum H field and H
orientation of the Petri dish achieves the highest exposure efficiency
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Figure 8. SAR characterization of the selected arrangement with
100 mW input power. (a) Exposure with the maximum H field and H
orientation of the Petri dish. (b) Histograms of the voxel count versus
the SAR level. (c) SAR distributions in the cell layer and two cuts
through the cell suspension.

and the lowest heterogeneity for the cell layer and cell suspension. The
exposure efficiency is still good in three other arrangements, namely,
the E-field-maximum exposure with the Petri dish orientated in H, k,
and —k directions. However, the exposure heterogeneities are too high
and not acceptable. For experiments on the cell layer, the exposure
heterogeneity is the lowest in the arrangement of the E-field-maximum
exposure and FE orientated Petri dish, but the exposure efficiency is too
small. The cell suspension inherently absorbs more power and gains
higher exposure efficiency than the cell layer. Whereas, the exposure
heterogeneity of the cell suspension is generally larger than that of the
cell layer because of the complex geometry of the entire liquid.

In an overall view of the exposure efficiency and heterogeneity, the
best arrangement is the exposure with the maximum H field and H
orientation of the Petri dish. In Fig. 8, the dosimetry is characterized
for the selected arrangement with histograms of the voxel count versus
the SAR level and images of the SAR distributions in the cell layer
and cell suspension. For experiments with this arrangement, the
dosimetry evaluation may refer to the shown results with SAR values
proportionally adjusted to match input powers other than 100 mW.
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Table 2. Comparison of the SAR statistics, exposure efficiency and
heterogeneity among various standing wave exposure arrangements
with 100 mW input power in the TEM cell.

Exposure on the cell layer with the maximum FE field
Petri dish orientation E —FE H k —k
Mean SAR (W /kg) 0.0406 | 0.0243 | 9.19 | 7.18 8.05
SAR SD (W/kg) 0.0143 | 0.0224 | 4.77 | 4.24 4.66
Efficiency (%) 0.00733 | 0.00438 | 1.66 | 1.30 1.45
Heterogeneity (%) 35.2 924 | 51.9 | 59.1 | 57.9
Exposure on the cell layer with the maximum H field
Petri dish orientation E —-E H k —k
Mean SAR (W/kg) 0.233 0.147 | 10.1 | 0.873 | 0.153
SAR SD (W/kg) 0.167 0.105 | 3.59 | 0.416 | 0.107
Efficiency (%) 0.0421 | 0.0266 | 1.83 | 0.158 | 0.0276
Heterogeneity (%) 71.4 71.1 | 354 | 476 | 704
Exposure on the cell suspension with the maximum FE field
Petri dish orientation E —-FE H k —k
Mean SAR (W /kg) 0.0532 | 0.0411 | 9.42 | 7.76 7.7
SAR SD (W /kg) 0.0737 | 0.0640 | 5.18 | 4.83 4.85

Efficiency (%) 0.141 0.110 | 25.3 | 20.8 20.9
Heterogeneity (%) 139 156 549 | 62.2 | 624
Exposure on the cell suspension with the maximum H field

Petri dish orientation E —-FE H k —k

Mean SAR (W/kg) 0.161 0.0722 | 11.2 | 0.477 | 0.480
SAR SD (W/kg) 0.147 | 0.0735 | 3.77 | 0.358 | 0.343
Efficiency (%) 0.426 0.194 | 30.0 | 1.28 1.29
Heterogeneity (%) 91.6 102 33.8 | 75.1 | 71.3

5.2. Temperature Evaluation

Figure 9(a) records the time-varying temperature rises in the cell
layer and the cell suspension. Due to the nonuniform temperature
distribution, the records give the maximum values found in the cell
culture. The input power of the TEM cell is 40 mW and the selected
arrangement is the exposure with the maximum H field and H
orientation of the Petri dish. Fig. 9(b) shows distributions of the
temperature rise over the cell layer and through the cell suspension at
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Figure 9. Characterization of the temperature rise of the selected
exposure arrangement. (a) Real-time recording of the maximum
temperature rises (ATpax) in the cell layer and the cell suspension
with 40 mW input power. (b) 5-minute exposure-induced temperature
rise (AT) in cells with 40mW input power. (c) Limits to the
exposure duration with various input powers to prevent cells from being
overheated.

the end of the 5-minute exposure. The patterns of the temperature rise
are very close to those of the SAR distribution, indicating a limited
heat transfer by ways of conduction and convection. The dominant
factor in the temperature accumulation is the heat generation due to
the energy absorption. The temperature rise is in direct proportion to
the input power with the dielectric and thermal parameters of materials
remaining constant. Therefore, in a limited range of the temperature
variance, e.g., 0.1°C, temperature results from other input powers can
be derived from the shown data proportionally.

The temperature rise is a significant concern due to the
high exposure efficiency of the selected arrangement. For most
bioelectromagnetic experiments interested in nonthermal effects, there
is a critical 0.1°C standard of the temperature variance in cells
to restrict possible thermal reactions within an undetectable level.
Therefore, the exposure duration is to be limited in the experimental
protocol to avoid the overheat. Fig. 9(c), for example, gives the
maximum exposure duration with respect to the input power for
the temperature control with the selected exposure arrangement. If
the exposure continues for more than 5 minutes, the temperature
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environment will be stable at 520s, regardless of the various input
powers. At the end of the 520s exposure, the ratios of the maximum
temperature rises to the input power in the cell layer and cell
suspension are 1.82°C/W and 2.43°C/W, respectively. Therefore,
input powers lower than 54.9mW and 41.2mW can be used for the
cell layer and cell suspension, respectively, with no restriction to
the exposure duration while the maximum temperature rise does not
exceeds 0.1°C.

5.3. Improvement of the Exposure Quality

Although the exposure with the maximum H field and H orientation
of the Petri dish has the best exposure quality among the 10
arrangements, the exposure heterogeneity is still slight higher than
the required 30%, being 35.4% and 33.8% in the cell layer and
the cell suspension, respectively. Nonstandardized cell containers of
smaller dimensions may reduce the exposure heterogeneity but are not
recommended for replication studies in different laboratories. Another
practical method to improve the exposure quality is to use cells sampled
in selected sections in the Petri dish. To facilitate the administration,
a ring-shaped plastic film is added to the Petri dish before the cell
planting. The cell culture is divided into two sections. In view of the
nearly rotational symmetry of the SAR distribution across the middle
layer of the cell culture as shown in Fig. 10(a), it is observed that the
outer section of the cell culture has higher SAR and lower SAR SD
levels. Therefore, the cell sample is taken from this section for better
exposure quality. In practice, the cells are seeded in the outer section
and the inner section only contains the culture medium.

Because of the power absorption by the cell culture, the reflected
wave from the short end is smaller than the wave from the source.
Therefore, the SAR distribution in the cell culture is not totally
symmetrical along the axis of the TEM cell. The SAR distribution
can be improved by using a second source instead of the short end.
The second source has the same amplitude as the first source but is
180° out of phase. By this way, the field along the TEM cell axis is
totally symmetrical. The SAR distribution in the cell culture from the
double-source exposure is shown in Fig. 10(b). The improvement of the
SAR symmetry helps to reduce the exposure heterogeneity. However,
the double-source exposure uses twice the incident power as that of
the single source, so that the exposure efficiency is cut nearly by half.

The exposure quality is tightly related to the size of the outer
section containing the cell sample. In Fig. 10(c), the exposure
heterogeneity in the cell layer and that in the cell suspension are
calculated with respect to the inner radius of the cell samples. The
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mean SAR is also provided for each case. A comparison is made
between the double-source and single-source exposures. Either for
the cell layer or the cell suspension, the double-source exposure is
always better than the single-source exposure with lower exposure
heterogeneity and higher mean SAR, regardless of the radius. The
exposure heterogeneity is mainly caused by the small SAR near the
center of the cell samples. With the double-source exposure, the
cell layer with the inner radius larger than 2.8 mm fulfills the 30%
heterogeneity requirement. The critical radius of the cell suspension is
2.2mm. For the cell layer with the inner radius of 9.8 mm, the exposure
heterogeneity is the lowest as 11.2% and the mean SAR is nearly the
highest. For the cell suspension, the best exposure quality with the
exposure heterogeneity of 14.4% is found at the radius of 9.6 mm.
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Figure 10. Improvement of the exposure quality. (a) SAR
distribution in the middle layer of the cell culture with 100 mW input
power from the single-source exposure. (b) SAR distribution in the
middle layer of the cell culture with 200mW input power from the
double-source exposure. (c) Exposure heterogeneities and mean SARs
versus the inner radius of the cell layer and cell suspension with the
single- and double-source exposures.
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5.4. Influence of the Holder

Above analysis has neglected the holder of the Petri dish to simplify the
problem and address major factors affecting the results. Practically,
the Petri dish is positioned in the exposure area by a holder. The holder
should have minimum influence on the field distribution, the airflow,
and the heat conduction, so that above results of the dosimetry and
temperature rise are still valid. This is an important consideration
because the holders are nonstandardized components in the exposure
setup and various designs may be applied. Low loss material and thin
structures are suggested for the holder to minimize the disturbance on
the field distribution. The main plate of the holder should be parallel
to the axis of the TEM cell to smooth the airflow. At the same time,
the holder should grip the Petri dish using the smallest contacting area
to reduce the heat conduction as much as possible.

As an example, we have designed a holder according to the above
three recommendations. Shown in Fig. 11(a), the holder consists of
a shelf adhered by a couple of brackets to the outer conductor of the
TEM cell. The material is the same plastic as that of the Petri dish and
the thickness is 2.0mm. The hole in the shelf helps to grip the Petri
dish by the ring on its base panel. The contour plots in Fig. 11(b) give
the SAR results from the model with the holder and that without the
holder when the input power is 200 mW from the double sources. The
stabilized temperature rises in both models under 80 mW exposure
are shown in Fig. 11(c). The maximum SARs and the maximum
temperature rises in the cell layer and cell suspension are listed in
Table 3. The comparisons indicate limited variances in the dosimetric
and thermal environments caused by the holder.

Table 3. Comparison of the maximum SARs and temperature rises
in cells between models with and without the holder.

Cell sample Cell layer Cell suspension
Exposure With Without With Without
setup holder holder holder holder
Maximum
SAR (W /ke)® 17.3 16.4 19.8 19.0
Maximum
temperature 0.0709 0.0705 0.0921 0.0941
rise (°C)P

“Exposure with the incident power of 200 mW from the double source.
bExposure with the incident power of 80 mW from the double source.
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Figure 11. Influences of the holder on the SAR and temperature rise.
(a) Geometry of the holder. (b) SAR distributions in the cell layer and
two cuts through the cell suspension with 200mW input power from
the double sources. (c) Stabilized temperature rises in cells induced by
80mW exposure. In (b) and (c), the solid and dashed lines are results
from the models with and without the holder, respectively.
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6. DISCUSSION

The proposed exposure setup is featured by the combination of
the TEM cell and the standing wave exposure. Besides the
above dosimetry and temperature rise evaluations to quantify and
characterize the setup, the following comparisons demonstrate the
exposure quality improvement of the novel design over traditional ones.

6.1. Comparison between the TEM Cell and the Waveguide

At frequencies above 1 GHz, most exposure setups use the waveguide
as the microwave applicator. Relatively little dosimetric work about
the TEM cell in the frequency range around 1800 MHz is available
in the literature [24]. In Table 4, we made a comparison between
the 1800 MHz TEM cell and the waveguide on the dosimetry and
temperature results. Both the TEM cell and the waveguide use the
standing wave exposure on the 35mm Petri dish. Dosimetry and
temperature data from the waveguide are obtained from the literature
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Table 4. Comparison of the dosimetry and temperature environments
between the TEM cell and the waveguide.

Cell sample Cell layer Cell suspension
Exposure setup TEM Waveguide TEM Waveguide
cell cell
Normalized
mean SAR 101 196°¢ 112 230¢
[(W/kg)/ W]
Heterogeneity a5 33 a4 117¢
(%)
Normalized
Hasmim 0.018 | 0.022¢ | 0.022 0.11°
temperature rise
°C/(W k)]

#Data are normalized to the incident power of 1 W.

"Dara are normalized to the mean SAR in the cell sample.

“Value from 1950 MHz H-field-maximum exposure on a single H-orientated Petri
dish.

4Value from 1800 MHz H-field-maximum exposure on multiple E-orientated Petri
dishes.

°Value from 1800 MHz E-field-maximum exposure on multiple E-orientated Petri
dishes.

at the frequencies of 1950 MHz and 1800 MHz loaded with single or
multiple Petri dishes [25,26]. The dosimetry data are adjusted to
comply with the 2.68 ml cell culture used in this study, according to
the relation between the SAR and the culture volume [27].

The normalized mean SAR is a unified measure to compare the
exposure efficiency among different exposure setups. The TEM cell
has the normalized mean SAR about half that of the waveguide.
However, it is noticed that the TEM cell exposes double Petri dishes
simultaneously, while the waveguide in the comparison contains one
dish. Therefore, the exposure efficiency is overall the same between
the TEM cell and the waveguide. For experiments on the cell layer,
the exposure efficiency of the TEM cell is a slight higher than that
of the waveguide, but the exposure heterogeneity is also higher. On
the contrary, in the case of cell suspension, the TEM cell has a
lower exposure efficiency and lower heterogeneity than those of the
waveguide. The temperature control with the TEM cell is easier since
the temperature rise is less sensitive to the SAR accumulation than
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that of the waveguide, as indicated by the maximum temperature
rise normalized to the mean SAR. In the comparison, the maximum
temperature rise is obtained upon the stabilization of the thermal
environment.

The dosimetry and temperature differences between the cell layer
and cell suspension are obviously smaller in the TEM cell than those in
the waveguide. Therefore, the TEM cell has a better performance with
less positional variance of the exposure condition. This is a beneficial
quality for experiments in which the cell position is uncertain in the
culture medium.

6.2. Comparison between the Standing Wave Exposure and
the Propagating Wave Exposure

Applications of the TEM cell to in vitro experiments have used the
propagating wave exposure. In the exposure area where the Petri dish
is absent, the power flux density (PFD) of the propagating wave varies
over the cross section but keeps constant along the axis of the TEM cell.
Whereas the PFD of the standing wave changes from its peak value to
zero along the axis over 1/8 of a wavelength. Therefore, an exposure
with a lower heterogeneity is achieved by using the propagating wave
in the empty TEM cell. However, with the presence of the Petri
dish, the exposure quality is not only determined by the incident field,
but mainly refers to the total field in the cell culture. In Table 5,
we list the dosimetry data for the propagating wave exposure. The
data are obtained by using previous models revised by using a 50 (2
matching load instead of the open end or short end. In any case of
the Petri dish orientations and the cell formations, the efficiency of
the propagating wave exposure is much lower than the standing wave
exposure as the above selected one, whereas the exposure heterogeneity
of the propagating wave is significantly higher.

The power absorption is described as the inductive coupling
between the H field and the cell culture, as well as the capacitive
coupling between the E field and the cell culture [28]. In this study,
the selected arrangement has the maximum H field and the minimum
FE field in the exposure area. Therefore, the inductive coupling is
dominant in the cell culture. With the nearly uniform H field, the
coupled E field increases from the center to the border of the cell
culture. The H orientation of the Petri dish provides the largest area
for the increase and reduces the overall gradient of the F field, which
benefits the reduction of the exposure heterogeneity.

The TEM cell with the standing wave exposure has a very limited
exposure area. Cell containers of larger sizes, such as the T25 flask,
is not applicable. Enlarging the cross section of the TEM cell could
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Table 5. SAR statistics, exposure efficiency and heterogeneity among
various propagating wave exposure arrangements with 100 mW input
power in the TEM cell.

Exposure on the cell layer

Petri dish
orientation
Mean SAR (W/kg) | 0.0703 | 0.0431 | 6.07 | 2.83 | 3.00
SAR SD (W/kg) 0.0414 | 0.0308 | 3.29 | 1.57 | 1.81
Efficiency (%) 0.00634 | 0.00389 | 1.10 | 0.256 | 0.270
Heterogeneity (%) 58.9 71.5 | 54.3 | 55.5 | 60.6
Exposure on the cell suspension

E —-F H k -k

Petri dish
orientation
Mean SAR (W/kg) | 0.0546 | 0.0282 | 6.41 | 2.91 | 3.00
SAR SD (W/kg) 0.0517 | 0.0276 | 3.55 | 1.85 | 1.81
Efficiency (%) 0.072 0.0380 | 17.2 | 3.91 | 4.03
Heterogeneity (%) 94.7 98.0 | 55.3| 63.6 | 60.3

E —-F H k -k

lead to the generation of other modes and is not suggested. However,
the TEM cell can be extended along the axis and so is the standing
wave. For experiments with a large volume of the cell sample, 4, 6, and
more 35 mm Petri dishes can be used and placed periodically along the
extended TEM cell at H maximum positions to receive the exposure.
The study of multiple exposed objects is in succession.

7. CONCLUSION

We have introduced a 1800 MHz exposure setup for bioelectromagnetic
studies. The setup is characterized by the standing wave exposure
in the TEM cell. Based on the numerical quantification and
characterization of the dosimetry and temperature rise in cells cultured
in the Petri dish, the study searches for the best exposure quality with
the highest exposure efficiency and the lowest exposure heterogeneity.
We compare the results from the TEM cell and the waveguide, those
from the standing wave exposure and the propagating wave exposure,
as well as the results among various standing wave exposures combined
from the maximum fields and the orientations of the Petri dish. The
systematic comparison concludes that the TEM cell with the maximum
H field exposure of the standing wave and the H orientation of the
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Petri dish is the optimal exposure setup for in vitro experiments at
1800 MHz.
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