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ABSTRACT

Biological effects of electromagnetic fields are drawing concerns along with increasing usages of high
frequency electromagnetic fields. The scientific basis of these effects needs to be clarified to promote
further developments of wireless technology. Regarding their biological effects, thermal effects caused
by energy absorption are considered as a dominant effect. Current safety guidelines set limits against
thermal effects in terms of the specific absorption rate (SAR [W/kg]). However, biological effects do not
seem to be negligible in exposures to significantly high electromagnetic fields even if the temperature
rise is suppressed. The objective of this study is to investigate such possible athermal effects of intense
RF fields under isothermal conditions.

We have developed an in vitro exposure apparatus to investigate the effects of high-frequency electro-
magnetic fields (HFEMF). The SAR and thermal distributions in a culture dish are discussed based on
the numerical and experimental results. We have performed experiments on the effects of microwaves on
the expression of heat shock proteins (HSP). The result shows that the expression of HSP70 in CHO-K1
cells is explained by the thermal effects at the position of the cells.

EXPOSURE APPARATUS FOR CELLS [1]

The exposure apparatus used in this study is shown in Fig.1. This exposure apparatus employs a
cylindrical waveguide as a basic structure. This apparatus uses TM01 mode, which is the fundamental
mode of a cylindrical waveguide.

The end of the waveguide is terminated by a short circuitting metallic plate shown in Fig.2, on which
a culture dish is placed. This metallic plate makes it possible to use standing waves. Although the
culture dish is placed on the metallic plate, the TM01 mode can efficiently expose the cells in the dish
on the plate because the transversal H-field on the surface of the plate is sufficiently high to excite an
internal E-field in the bottom layer of the medium on the plate.

Electromagnetic Field Analysis

The electromagnetic field in the exposure apparatus is analyzed by means of finite-difference time-domain
(FDTD) method[2].

1This work was supported in part by the Committee to Promote Research on the Possible Biological Effects of Electro-
magnetic Fields, Ministry of Internal Affairs and Communications.
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Figure 1: The cylindrical waveguide-
type exposure apparatus using TM01

mode

Figure 2: The short circuiting metal-
lic plate (location of the culture
dish).
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Figure 3: The radial distribution of SAR on the
bottom of the medium (thickness 7 mm).
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Figure 4: The histogram of SAR distributions
on the bottom of the medium (bottom) and in
the total medium (total).

Calculations are performed in a two dimensional cylindrical coordinate system in consideration of
the symmetry of the apparatus. Continuous TM01 waves at 2.45 GHz are assumed to incident on the
culture dish along the cylindrical wave-guide toward the short circuiting plate. We assume the voxels
located in the bottom of the culture medium as the location of cells because adherent cells are used for
the experiments.

The SAR distributions on the bottom of the medium are shown in Fig.3 for the medium thicknesses
of 7 mm. The histogram of the SAR distribution is shown in Fig.4. The maximum and average SARs
in the bottom layer are 24.1 and 17.9 W/kg per 1 W incident power, respectively.

The result of the numerical calculation of the SAR distributions is confirmed by thermograph mea-
surements.

Thermal analysis

Thermal fields on the bottom of the dish are obtained by (1) assuming the SAR distributions calculated
in the previous section:

ρc
∂T

∂t
= ∇ · (k∇T ) + ρSAR, (1)

where T is the temperature, ρ is the density, c is the specific heat and k is the thermal conductivity. A
heat flux q on the boundary is determined by the boundary condition:

q = h(T − Tair), (2)

where h is heat transfer coefficient on the boundary, and Tair is fluid temperature far from the boundary.
The heat transfer coefficient is taken as 30 W/m2

·K in this calculation. For natural flow gas convection,
a typical value of heat transfer coefficient is reported 5–30 W/m2

·K[3], while the actual heat transfer
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Table 1: Constants used in the calculation. k is the thermal conductivity, ρ is the density and c is the
specific heat. Values of water[4] are used for those of culture medium.

k [W/m·K] ρ [kg/m3] c [J/K·kg]
water 6.0 × 10−1 1.0 × 103 4.2 × 103

polystyrene 8.0 × 10−2 1.1 × 103 2.0 × 103

aluminum 2.3 × 102 2.7 × 103 9.2 × 102

air 2.4 × 10−2 1.2 1.0 × 103
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Figure 5: The thermal distribution profile
on the bottom of the medium. The origin
is taken at the center of the dish. The
heat transfer coefficient is 30 W/m2

·K.

Figure 6: The comparison between the
calculation result and actual measure-
ment. The solid line is the calculation re-
sult and undulated line is the actual mea-
surement.

coefficient is uncertain in the apparatus. Values of the thermal conductivity, the density and the specific
heat of each material are shown in Table 1.

The thermal distribution profile after 3000 s exposure is shown in Fig.5. The maximum temperature
rise is about 2 ◦C at 33 mm from the center for 1 W incident power. The thermal distribution is relatively
uniform near the center of the dish and the temperature in this region is around 38.7 ◦C.

Figure 6 shows the comparison between the calculation and the actual measurement with a fluoroptic
thermometer (Luxtron) at 15 mm from the center, on the bottom of the medium. The result shows fairly
good agreement.

EXPERIMENT ON THE EFFECT ON HSP EXPRESSIONS

Using this newly developed exposure apparatus, we have examined the effects of 2.45-GHz EMF on
expression of heat shock proteins (HSP70) in Chinese hamster ovary (CHO)-K1 cells.

CHO-K1 cells were obtained from the Japanese Cancer Research Bank, Tokyo. Cells were maintained
in Ham’s F-12 medium supplemented with 10% fetal bovine serum at 37◦C in 95% air and 5% CO2.
Cells suspensions at a concentration of 1 × 106 cells/dish were seeded on the dish.

Following incubation for 1 night, CHO-K1 cells were exposed to HFEMF of 2.45-GHz for 4 h at
average SAR of 30 W/kg for 1.68 W incident power in continuous wave (CW). The effects on these cells
were compared with those in control cells. Heat treatment as a control was performed at temperature of
37, 38.5, 39.5, 40.6, 41.4 and 42.2 ◦C for 4 h. After 4-h treatment, the cells were collected and dissolved
in 30µl lysis Buffer RLT to extract total RNA from cells by using the BioRobot EZ1 (QIAGEN). The
expression ratios of HSP70 compared with the housekeeping GAPDH gene were obtained by ABI PRISM
7000 (Applied Biosystems) with the ∆∆Ct method. Figure 7 shows the result of control cells HSP70
expression ratio depending on temperature.

The regression curve f(T ) in Fig.7 is given as f(T ) = 0.195(T −37)2−0.08(T −37)2 +1.06. Based on
the assumption that the cellular distribution on the bottom layer of the dish is uniform, the expression
ratio of HSP70 is estimated by the following equation,

Rex =
2π

∫ A

0
f(Tbt(r))rdr

2π
∫

A

0
f(T0)rdr

, (3)
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Figure 7: The experiment data of gene ex-
pression ratio of HSP70 on temperature
dependance. The culture dishes were in-
cubated for 4-h at 37–42 ◦C.

Figure 8: The results of expression ratio
of HSP70. The result in case of 30 W/kg
input SAR was compared with the esti-
mated value using (3).

where T0 is the normalization temperature (here T0 = 37 ◦C), Tbr(r) is the calculated radial temperature
at the bottom layer of the dish, A is the radius of the dish.

The result is shown in Fig.8. Although the CW exposure cells show 2.5 times higher expression ratio
compared with control ones incubated in 37 ◦C, these are within the estimated ratio obtained from (3).
The result shows that the expression of HSP70 in CHO-K1 cells is explained by the thermal effect at the
position of the cells, and a non-thermal mechanism is unlikely to be involved in the expression of HSP.
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