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Exposure to a radiofrequency (RF) signal at a specific absorption rate (SAR) of 4 W/kg can increase
the body temperature by more than 1 °C. In this study, we investigated the effect of anesthesia on
the body temperature of rats after exposure to an RF electromagnetic field at 4 W/kg SAR. We also
evaluated the influence of body mass on rats’ body temperature. Rats weighing 225 and 339 g were
divided into sham- and RF-exposure groups. Each of the resulting four groups was subdivided into
anesthetized and non-anesthetized groups. The free-moving rats in the four RF-exposure groups
were subjected to a 915 MHz RF identification signal at 4 W/kg whole-body SAR for 8 h. The rectal
temperature was measured at 1-h intervals during RF exposure using a small-animal temperature
probe. The body temperatures of non-anesthetized, mobile 225 and 339 g rats were not significantly
affected by exposure to an RF signal. However, the body temperatures of anesthetized 225 and
339 g rats increased by 1.9 °C and 3.3 °C from baseline at 5 and 6 h of RF exposure, respectively.
Three of the five 339 g anesthetized and exposed rats died after 6 h of RF exposure. Thus, anesthesia
and body mass influenced RF exposure-induced changes in the body temperature of rats.
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INTRODUCTION

Mobile wireless telecommunication services
have expanded dramatically over the last decade,
and the levels of radiofrequency electromagnetic field
(RF-EMF) irradiation and energy in the environment
have increased as a consequence [World Health
Organization, 2010; Kim et al., 2015, 2018]. This
has increased public concerns regarding the potential
detrimental health effects of exposure to RF-EMF
[ICNIRP, 1998].

RF exposure can increase body temperature in a
dose-dependent way, the so-called thermal effect. The
predominant consequence of the thermal effect, which is
typically induced by RFs more than 100 kHz, is increased
body temperature. An increase in body temperature more
than 1 °C can result in heat exhaustion and heat stroke,
which may be fatal [ICNIRP, 1998; IEEE, 2006]. If body
temperature increases by a physiologically significant

amount, thermoregulatory mechanisms (sweating and
increased peripheral blood flow) may delay, reduce, or
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prevent a measurable increase in temperature. EMF
exposure-induced heating is typically distributed
throughout the body, and the heat is eventually lost to
the environment due to thermoregulatory responses.
However, if prolonged, the excess heat generated by
RF-EMF exposure can impair these responses and result
in hyperthermia [D’ Andrea, 1999].

Heat generation in exposed tissue [Jia et al.,
2007] and organs [Kojima et al., 2004] was observed
following the exposure to a high-intensity RF signal,
which may affect physiological functions in animals.
Indeed, whole-body [Jauchem and Frei, 1997] and
local [Masuda et al., 2011] exposure to a high-
intensity RF signal reportedly increased the body
temperature in animals. Also, RF-exposed rats
exhibited marked changes in various physiological
parameters, including cardiovascular and respiratory
responses, as well as increased body temperature
[Jauchem and Frei, 1997; Jauchem et al., 2000].
Prolonged exposure to an EMF at more than 4 W/kg
specific absorption rate (SAR) can overwhelm the
thermoregulation response [Lu et al., 1987; D’ Andrea,
1999; Ohtani et al., 2016]. Also, 1 h of exposure to a
1,439-MHz time-division multiple access fields at
a brain-average SAR of 7.5 W/kg (peak SAR of
11 W/kg or whole-body average SAR of 1.7 W/kg)
did not alter the body temperature in rats, but such
exposure at a brain-average SAR of 25 W/kg (peak
SAR of 39W/kg or whole-body average SAR of
5.7 W/kg) raised the body temperature by 2 °C
[Yamaguchi et al., 2003]. However, in another study,
exposure to an EMF at an average of 4 W/kg whole-
body SAR did not significantly alter the body
temperature [Kim et al., 2013a,b, 2015, 2018; Paik
et al., 2016; Wyde et al., 2018].

We hypothesized that rat core temperature would
not be affected by RF exposure when the rats were
awake and mobile, as a normal thermoregulatory
function would work, but the body temperature of
anesthetized rats would be elevated during exposure to
RF irradiation, due to disrupted thermoregulation.
Thus, we investigated the effect of anesthesia on the
body temperature of 225 and 339 g rats after RF
exposure to 4 W/kg whole-body SAR for 8 h.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Dea-Han Biolink,
Seoul, ROK; n=102) were used. The rats were
allowed to adapt to the new environment for 1 week
according to applicable guidelines [Balcombe, 2006].
They were housed in an air-conditioned room at
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22 + 2 °C under a 12/12-h light/dark cycle with access
to food (Dea-Han Biolink, Seoul, Republic of Korea)
and water ad libitum.

The rats weighed on average 225 g (6 weeks old)
and 339 g (9 weeks old) at the beginning of the study.
The animal experiments were approved by the
institutional ethics committee for animal experiments
(110405-25).

Whole-Body RF Exposure System

We used a reverberation chamber with a RF
identification (RFID) signal source operating at
915MHz as an RF-EMF exposure system [Kim
et al., 2013a,b], specifically, a whole-body exposure
system (IRETEC, Anyang, ROK) for animal experi-
ments [Jung et al., 2008; Wu et al., 2010]. The internal
dimensions of the reverberation chamber were
22x2.1x1.5m’. A wooden table (1.4m in length,
1.0 m in width, and 0.7 m in height) was placed in the
center of the chamber. Eight cages (each
390 x 235 x 180 mm?) could be placed on the table,
and each cage could contain two rats without affecting
the field uniformity. The field distribution and
uniformity in the reverberation chamber were mea-
sured using a three-axis isotropic probe (HI-6105;
ETS-Lindgren, Cedar Park, TX).

The whole-body average SAR of a rat model
(US Air Force Research Laboratory—AFRL, Dayton,
OH) was calculated for the measured electric field
strength using a commercial finite-difference time-
domain tool (XFDTD version 6.5; Remcom, State
College, PA) for the incident plane waves in six
orthogonal directions with two polarizations. Electro-
magnetic waves came from all directions at equal
amplitudes in the experimental region of the rever-
beration chamber. To calculate the variation in SAR,
we used a scaled rat model modified from an Air
Force research laboratory (AFRL, Dayton, OH) adult
rat model (221 mm). This model has 36 tissues, a mass
of 339 g, and a voxel size of 0.39 X 0.39 x 0.42 mm".
The maximum output power of the system was 60 W,
and the exposure level and exposure time were
established using a computer. An 11-bit digital
personal identification number diode attenuator
(Model 349; General Microwave, Farmingdale, NY)
was used to control the output power level, and the
amplified RFID signal was supplied to the chamber.

Experimental Design and RFID Exposure

To assess the effect of RF-EMF exposure at
4 W/kg whole-body SAR on temperature, we mon-
itored the rats’ rectal temperature at 1-h intervals.
Also, the effect of RF exposure on the temperatures of
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225 and 339ml volumes of water in 500 ml
polyethylene terephthalate glycol bottles (Thermo
Fisher Scientific, Waltham, MA) was assessed. A
0.9% normal saline solution was used as the one-
component fluid.

The rats were divided into sham-exposed and RF-
exposed groups; these were further subdivided into 225
and 339 g groups. In addition, to assess the effect of
consciousness on body temperature after RF exposure,
the rats were subdivided into anesthetized and non-
anesthetized groups. Therefore, the 225 and 339 g rats
were randomly assigned to the following eight groups:
two non-anesthetized sham-exposure groups (n =20
per group) and two anesthetized sham-exposure groups
(n=6, 225g rats; n=5, 339g rats); two non-
anesthetized RF-exposure groups (n=20 per group)
and two anesthetized RF-exposure groups (n =6, 225 g
rats; n =13, 339 g rats). For RF exposure, two rats were
placed in a cage (390 x 235 x 180 mm?) in a reverbera-
tion chamber. The rats were divided into sham-exposed
and RF-exposed groups; these were further subdivided
into 225 and 339 g groups. In addition, to assess the
effect of consciousness on body temperature after RF
exposure, the rats were subdivided into anesthetized
and non-anesthetized groups. Therefore, the 225 and
339 g rats were randomly assigned to the following
eight groups: two non-anesthetized sham-exposure
groups (n=20 per group) and two anesthetized
sham-exposure groups (n =06, 225 g rats; n=35, 339¢
rats); two non-anesthetized RF-exposure groups
(n =20 per group) and two anesthetized RF-exposure
groups (n=6, 225¢g rats; n=35, 339 g rats). For RF
exposure, two rats were placed in a cage
(390 x 235 x 180 mm3) in a reverberation chamber
regardless of the rats' weights.

The RF exposure was maintained for 8 h, with
short breaks at 1-h intervals for measurement of body
temperature. To minimize the time lag of temperature
measurements, only four rats were examined in each
experiment; the experiments were repeated as neces-
sary to achieve the required number of rats.

Non-anesthetized rats in the sham- and RF-
exposure groups were allowed free movement without
restraint. Anesthetized rats in the sham- and RF-
exposure groups were anesthetized by intraperitoneal
injection of 400 mg/kg of 10% chloral hydrate (Sigma,
St. Louis, MO) in phosphate-buffered saline. The rats
were immobilized by the effect of the anesthesia and
maintained in a ventral recumbent position to maintain
airway patency during RF exposure.

The mean time for induction of anesthesia was
less than 5 min (data not shown), and its duration was
about 3 h post-dosing (data not shown). The level of
anesthesia was monitored for 8 h after RF exposure.
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The anesthetized rats in the sham-exposure group
were transferred to a reverberation chamber for 8 h.
The RF input power was set to 56 W for 339 g rats and
to 499W for 225g rats to maintain a whole-body
average SAR of 4 W/kg. The rats did not have access
to food or water during RF exposure. After comple-
tion of the experiment, a cotton blanket was applied
for rats that exhibited a decrease in body temperature
more than 1 °C.

Measurement of Body Temperature

Rats’ body temperatures (°C) were measured at
1-h intervals beginning 1 h before and ending 8 h after
RF exposure using a small-animal thermometer (Test
925; Testo, Lenzkirch, Germany) during a short
(<90s) interruption of RF exposure. To minimize
any variability in body temperature due to interruption
of RF-EMF exposure, the procedure was carried out
by an experienced scientist.

The temperatures of 225 and 339 ml volumes of
water in 500ml; bottles were monitored at 1-h
intervals using a Luxtron 812 two-channel fiberoptic
thermometer (LumaSense Technologies, Santa Clara,
CA) during the 8-h exposure to an RF signal of a
power identical to that used for the rats.

According to the ICNIRP guideline, the health-
relevant increase of body core temperature is approxi-
mately 1 °C [ICNIRP, 1998]. On the basis of this
guideline, we defined changes in core temperature of
more than 1 °C as clinically significant. Therefore,
although temperature increases were induced by RF
exposure, they were not clinically significant because the
temperatures were within the normal physiological range.

Statistical Analysis

Values are mean =+ standard deviation. One-way
repeated-measures analysis of variance (ANOVA)
was performed to compare the values. A P <0.05
was considered indicative of statistical significance.
Data were analyzed using SPSS ver. 23.00 (SPSS,
Chicago, IL).

RESULTS

Effect of RF Exposure on Body Temperature in
225 g Rats

Before RF exposure, the average body temperature
of non-anesthetized 225 g rat (n=20, 10 each in the
sham- and RF-exposure groups) was 37.9+0.2 °C,
compared with 37.3 + 0.4 and 37.8 + 0.2 °C, respectively,
at 8 h after RF exposure. The body temperatures of non-
anesthetized 225 g rats in the sham- and RF-exposure
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TABLE 1. Rectal Temperatures of 225 g Rats Following Exposure to RF-EMF Were Measured for 8 h at 1 h intervals Using an

Animal Rectal Probe

Non-anesthetized

Anesthetized

Sham RF

Sham RF

225¢g Average +SD AT

Average +SD AT

Average +SD AT Average +SD AT

pre 37.9 0.0 37.9 0.0

Oh 37.9 0.2 0.0 379 0.3 0.0 38.0 0.0 0.0 38.0 0.1 0.0

lh 37.4 0.4 -0.5 37.8 0.1 —0.1 37.1 0.0 0.0 37.4 0.1 0.1

2h 373 0.5 —0.6 37.4 0.2 —-0.5 36.8 0.1 —0.8 377 0.1 -0.5
3h 37.2 0.5 -0.7 37.6 0.1 -0.3 36.4 0.1 -1.2 38.1 0.2 —0.2
4h 36.8 0.5 -1.1 37.6 0.2 -0.3 359 0.1 -1.5 38.0 0.1 0.2

5h 37 0.4 -0.9 37.7 0.1 -0.2 359 0.2 2.0 37.8 0.1 0.1

6h 37.1 0.3 -0.8 37.7 0.2 -0.2 36.2 0.2 -2.0 37.8 0.1 —0.1
7h 373 0.3 —0.6 37.8 0.3 —0.1 36.5 0.1 -1.7 37.6 0.1 —0.1
8h 37.2 0.4 —0.7 37.8 0.2 —0.1 36.9 0.0 —-14 37.9 0.1 —0.3

Data are mean =+ standard deviation of 10 rats (non-anesthesia) and 6 rats (anesthesia); “ave” represents the average rectal temperatures
measured every 1 h from 18h after onset of RF-EMF exposure. AT indicates the difference between the baseline temperature and

temperature during exposure.

RF =radiofrequency; RF-EMF = radiofrequency electromagnetic field; SD = standard deviation.

groups were significantly different (F(1,18)=17.377,
P=0.007; one-way repeated-measures ANOVA;
Table 1). However, after completion of 8h of RF
exposure, the body temperature of non-anesthetized 225 g
rats in the RF-exposure group was maintained within less
than 1 °C (F(1,10=3.283), P=0.027, n =06, one-way
repeated-measures ANOVA; Fig. 1A). Therefore, the
temperature changes induced by RF exposure were not
clinically significant because they were still within the
normal physiological range. Before anesthesia, the body
temperatures of anesthetized 225 g rats in the sham- and
RF-exposure groups were 37.9 +0.1 and 38.0 +0.3 °C,
respectively. After 1h of anesthesia, the body tempera-
tures of anesthetized rats in the sham- and RF-exposure
groups decreased to 37.1+0.2 and 374+0.5 °C,
respectively. The body temperatures of anesthetized
225¢g rats in the sham-exposure group decreased to
35.8+0.7 °C after Sh of anesthesia, plateaued for 1h,
and subsequently recovered to 36.9 +0.1 °C, but not to
the pre-anesthetic value (Fig. 1B). After completion of the
experiment, a cotton blanket was applied to any
anesthetized rat whose body temperature had decreased
by more than 1 °C; this rapidly restored the body
temperature (not shown). The body temperatures of
anesthetized rats in the RF-exposure group decreased by
less than 1 °C after 1h of anesthesia and recovered to
38.1+0.1 °C at 2h after RF exposure. The body
temperatures of anesthetized rats in the RF-exposure
group was 0.05 °C higher after RF exposure compared
with baseline (F(1,8)=2.884), P=0.15, one-way
repeated-measures ANOVA; Fig. 1B). When the baseline
rectal temperature of the sham-exposed rats was
compared with the rectal temperature of the anesthetized
rats, the latter was up to 1.9 °C higher with RF exposure

(at 5 h after anesthesia) compared with the baseline value
(F(1,10) =16.879, P = 0.002, one-way repeated-measures
ANOVA; Fig. 1B). Thus, anesthesia significantly reduced
the body temperature of 225 g rats, and the decrease was
restored by RF exposure.

Effect of RF Exposure on the Body Temperature of
339 g Rats

Before RF exposure, the body temperatures of
the non-anesthetized 339 g rats in the sham- and RF-
exposure groups (n=10 each) were 37.9 + 0.4 and
38.0 + 0.4 °C, respectively. After 8 h of RF exposure,
the body temperatures of non-anesthetized rats in the
sham- and RF-exposure groups (n=10 each) were
369+0.2 and 373+03 °C, respectively.
The differences in body temperature between sham-
and RF-exposed rats were not significant
(F(1,18)=0.305, P=0.588, n=10, P>0.05, one-
way repeated-measures ANOVA; Table 2). During
RF exposure for 8 h, the body temperature of non-
anesthetized 339 g rats in the RF-exposure group was
maintained within less than 1 °C (F(1,10)=3.277,
P=0.030, n=6, one-way repeated-measures
ANOVA; Fig. 2A). The body temperatures of the
339 g anesthetized rats in the sham- and RF-exposure
groups were 37.9+0.6 and 38.1 £ 0.3 °C, respec-
tively, before anesthesia. The body temperature of
anesthetized 339 g rats gradually decreased to
34.4 + 0.5 °C after the initial 3 h of anesthesia and
recovered thereafter, albeit not to the pre-anesthetic
value. Therefore, after completion of the 8-h
experiment, the body temperature was rapidly
restored using a cotton blanket (data not shown).
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Fig. 1. Rectal temperatures of 225 g rats following exposure
to RF-EMF were measured for 8 h at 1 h intervals using an
animal rectal probe. (A) In the absence of anesthesia, the
body temperature of rats in the RF-EMF- and sham-
exposure groups differed by less than 1 °C. (B) Under
anesthesia, the body temperature increased by 1.6 °C after
6 h in the RF-EMF-exposure group compared with the sham-
exposure group. Data are mean + standard deviation of 10
rats (non-anesthesia) and six rats (anesthesia). RF-EMF,
radiofrequency electromagnetic field; RFID, radiofrequency
identification. Significant at P < 0.01.

The body temperature of anesthetized 339 g rats
in the RF exposure group (n=15) increased gradually
during RF exposure and reached 41.6 °C at 6 h of RF
exposure in three rats. Therefore, RF exposure was
immediately stopped at 6h to avoid an extreme
increase in body temperature. However, the body
temperature did not drop, and the three rats died
within 1 h. The body temperature in the remaining two
rats also increased to 39.2 °C and 39.4 °C, but their
temperatures eventually returned to normal. The body
temperature of anesthetized 339 g rats increased by
3.3 °C after 6 h of RF exposure, compared with a 2.3
°C decrease in anesthetized sham-exposed 339 g rats
(F(1,8) =65.550, P=0.00, n =15, one-way repeated-
measures ANOVA; Fig. 2B). After completion of the
experiment, the body temperature was rapidly restored
using a cotton blanket (data not shown).

Bioelectromagnetics

Effect of RF Exposure on Water Temperature

During RF exposure, the temperatures of the 225
and 339 ml volumes of water increased by 4.1 +0.1
and 4.1 + 0.1 °C, respectively (data not shown). There
were no differences between the bottles in the
magnitude or pattern of the RF exposure-induced
changes in temperature (F(1,4)=2.179, P=0.177,
n =3, one-way repeated-measures ANOVA).

DISCUSSION

We report that exposure to an RF signal at
4 W/kg whole-body SAR caused a statistically
significant increase in body temperature; however, it
was not clinically significant in awake and mobile 225
and 339 g rats as the change in core temperature was
still within the normal range. Also, the body
temperature of anesthetized 225 g rats fluctuated by
less than 1 °C during RF exposure. Under RF
exposure, the core temperature significantly increased
in RF-exposed rats compared with sham-exposed rats;
however, the increase was less than 1 °C. According
to the ICNIRP guideline, regardless of statistical
significance, a temperature increase within 1 °C is still
within the normal physiologic range. The body
temperature of typical adult rats varies between 37.5
°C and 38.5 °C, and the normal rectal temperature is
typically 37.5-37.8 °C. However, the body tempera-
ture of three of five anesthetized 339 g rats increased
gradually to 41.6 °C after 6 h of exposure to an RF
signal at 4 W/kg whole-body SAR. These rats died
despite cessation of the scheduled 8-h RF exposure 2 h
earlier. The body temperature in the remaining two
rats returned to normal, and they recovered. There-
fore, we suggest that both anesthesia and body mass
influence RF exposure-induced changes in the body
temperature of rats.

Body temperature in live animals, including
humans, is tightly regulated and the range of
fluctuations is always limited to less than 1 °C [Adair
and Black, 2003]. The regulation of body temperature
is a critical function of the nervous system [Tan and
Knight, 2018], more specifically, of the hypothalamus
[Imrie and Hall, 1990]. At typical ambient tempera-
tures, thermal balance can be achieved without energy
expenditure. Under severe conditions, several thermo-
regulatory mechanisms including alteration of vaso-
motor tone may be activated [Lin and Lin, 1981;
Roberts, 1988].

General anesthesia can impair thermoregulation.
Under anesthesia, rats’ body temperatures decreased
markedly, from 36-37 °C to 32-33 °C (3.54.5 °C
below baseline) [Kiyatkin and Brown, 2005]. This
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TABLE 2. Rectal Temperature of 339 g Rats Following Exposure to RF-EMF Was Measured for 8 h at 1 h Intervals Using an

Animal Rectal Probe

Non-anesthetized

Anesthetized

Sham RF

Sham RF

339¢ Average +SD AT

Average +SD AT

Average +SD AT Average +SD AT

pre 37.9 0.6 38.1 0.3

Oh 37.8 0.4 0 37.8 0.2 375 0.6 —-04 37.1 0.4 -1
lh 373 0.2 -0.5 38.1 0.1 0.3 35.7 0.6 2.2 37.6 0.3 -0.5
2h 36.9 0.2 -0.9 37.8 0.2 34.8 0.5 -3.1 38.2 0.3 0.1
3h 36.9 0.0 -0.9 37.7 0.2 —0.1 34.4 0.5 =35 39.1 0.7 1
4h 36.9 0.3 -0.9 37.7 0.2 —0.1 34.7 1.0 -32 39.5 0.7 1.4
5h 36.8 0.2 -1 37.7 0.1 —0.1 35.0 1.0 29 404 0.8 23
6h 36.8 0.2 -1 37.7 0.4 —0.1 35.6 0.9 2.3 40.6 0.9 2.5
7h 36.9 0.3 -0.9 375 0.4 -0.3 36.2 0.8 -1.7

8h 36.9 0.3 -0.9 373 0.3 —-0.5 36.5 0.6 —-14

Data are mean =+ standard deviation of 10 rats (non-anesthesia) and 6 rats (anesthesia); “ave” represents the average rectal temperatures
measured every 1 h from 1 to 8 h after onset of RF-EMF exposure. AT indicates the difference between the baseline temperature and the

temperature during exposure.

RF =radiofrequency; RF-EMF = radiofrequency electromagnetic field; SD = standard deviation.

finding may explain why body temperature increased
only in anesthetized rats during exposure to RF-EMF.
The body temperatures of awake rats were maintained
within the normal range, even during exposure to RF-
EMF at 4 W/kg whole-body SAR. Under anesthesia,
several factors can perturb thermoregulation, including
a reduction in or cessation of behavioral responses and
attenuated hypothalamic function, metabolic rate, and
effector responses [Imrie and Hall, 1990].

General anesthesia-induced hypothermia is
caused by core-to-peripheral redistribution of body
heat, resulting in a 1-1.5 °C decrease in core
temperature during the first hour. After anesthesia
for 3-5 h, the core temperature reaches a steady-state
[Sessler, 2008]. In this study, the body temperature of
225 and 339 g rats decreased gradually for 4h and
recovered slowly thereafter, although not to the pre-
anesthesia level. These rats needed blankets to
maintain their body temperatures.

In the guidelines of ICNIRP [1998], a whole-body
SAR of 0.4 W/kg was set as the safety standard for
humans. In this study, rats were exposed to RF-EMF at
4 W/kg SAR, 10-fold more than the safety standard for
humans. This safety standard was developed using data
from several animal studies performed in the 1970s and
1980s [de Lorge, 1979, 1984]. Exposure to RF-EMF at
4W/kg SAR was reported not to alter the core
temperature of rats [Kim et al.,, 2013a, 2015]. Our
results may explain the discrepancies in the RF-EMF
exposure-associated changes in body core temperature
in awake compared with anesthetized rats. Heat
exposure, diseases, drugs, and immobilization can
induce hyperthermia in live animals. Several animal

studies cited in the ICNIRP guidelines [1998] were
carried out under anesthesia using restraints. Under
general anesthesia, the heat absorbed during RF-EMF
exposure cannot be readily monitored and adjusted
properly.

In a prior study, male rhesus monkeys were
exposed frontally to 2,450-MHz microwaves at 4, 16,
32,42,52,62, and 72 mW/cm? [de Lorge, 1979] while
they performed a vigilance task in a Styrofoam
restraint chair. In these monkeys, the vigilance
behavior was not significantly affected at power
densities of 4-62 mW/cm?; however, at 72 mW/cm?,
the performance decreased significantly and the
average rectal temperature increased by 1 °C above
the control level within 1h. The increases in body
temperature were generally highly correlated with
behavioral decrements [Ghassemi Nejad and Sung,
2017]. Also, a power of 50-70 mW/cm? was required
to increase the body temperature by more than 1 °C
[de Lorge, 1979]. Thus, at 2.45 GHz and a power
density of 67 mW/cm?, a whole-body SAR of 4-5 W/
kg was required to increase the rectal temperature by
1 °C [de Lorge, 1984]. Thus, exposure to an RF-EMF
at 4 W/kg whole-body SAR increased the body
temperature by 1 °C and induced behavioral abnorm-
alities. In a mouse study to determine the thermal
regulatory and thermal breakdown thresholds, in-tube
restrained mice were exposed to 905 MHz RF-EMF at
whole-body SARs of 2, 5, 10, 12, 16, and 20 W/kg for
2 h [Ebert et al., 2005]. They used B6C3F1 mice with
a mass of 20, 24, or 29 g and NMRI mice with a mass
of 36 g. They measured the rectal temperature under
anesthetic conditions. The SAR levels between 2 and

Bioelectromagnetics

85U8017 SUOWILIOD A1) 8ot [dde 8y Aq peuseno a1e Seoile O ‘8sN JO Sa|nJ Joj Akeid18UljUO AB|IM UO (SUOTIPUOO-PUB-SWLBIL00" AB 1M Aeid| Ul [UO//SdhLy) SUORIPUOD pue swie 1 8y} 89S *[9202/0T/0T] uo Akid)Tauluo A8|1m eiquinjod usiug JO AIseAIUN A 98222 Wed/Z00T 0T/I0p/Wod A8 im Aelq1juluo//:sdny wo.y pepeojumod ‘g ‘0202 X98TTZST



110 Kim et al.

—
Z

N

o

7 -o-Sham -e-RFID

=

-

%L

w w
> [e)]
1 1

w
N
1

Rectal temperature (°C)

w
o

0 1 2 3 4 5 6
Exposure duration (h)

~
©

C

N
N

7 -o-Sham --RFID

D
o

38 ¢

Rectal temperature (°C)
w w
H [o)]

w
N

Chloral hydrate
¥

w
o

o 1 2 3 4 5 6 7 8
Exposure duration (h)

1
=N

Fig. 2. Rectal temperature of 339 g rats following exposure to
RF-EMF was measured for 8 h at 1 h intervals using an animal
rectal probe. (A) In the absence of anesthesia, the body
temperature of rats in the RF-EMF- and sham-exposure groups
differed by less than 1 °C. (B) Under anesthesia, the body
temperature increased by 5.0 °C after 6h in the RF-EMF-
exposure group compared with the sham-exposure group. Data
are mean =+ standard deviation of 10 rats (non-anesthesia) and 5
rats (anesthesia). RF-EMF =radiofrequency electromagnetic
field; RFID =radiofrequency identification. ~Significant at
P <0.01.

5 W/kg were determined as the thermal regulatory
threshold, whereas the breakdown of regulation was
observed at 10.1 +4 W/kg for B6C3F1 mice and at
7.7+ 1.6 for NMRI mice. They suggested that the
thresholds depended on body mass and metabolic rate
[Ebert et al., 2005]. These results in mice support our
findings in rats. Exposure to EMF at more than 4 W/
kg SAR has been shown to induce thermal effects and
perturb the behavior of rodents and nonhuman
primates [Lu et al., 1987; D’Andrea, 1999; Adair
and Black, 2003; D’Andrea et al., 2007; Lai, 2008;
Ohtani et al., 2016]. Our findings demonstrated
similar results in anesthetized animals.

Several factors influence homeostatic mechan-
isms in live animals; for example, restrained rats
frequently exhibit hyperthermia, likely due to im-
paired heat dissipation. Chloral hydrate is commonly
used to induce anesthesia in rats and to immobilize
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them [Rodrigues et al., 2006]. In this study, we
administered 400 mg/kg chloral hydrate intraperitone-
ally to anesthetize and immobilize the rats for 3 h.
This dose ensured gentle emergence from anesthesia.
The body temperature of anesthetized animals may be
affected by the ambient temperature, age, disease,
pregnancy, heart rate, and body size and type [Aydin
et al., 2011; Kim, 2016; Wyde et al., 2018].

After RF exposure, the body temperature of
225-g rats decreased (<1 °C) after 1h of anesthesia
and subsequently recovered to the pre-anesthetic level
at 8 h. Thus, RF-EMF exposure helped to restore the
body temperature of anesthetized 225 g rats.

RF-EMF exposure following anesthesia report-
edly promotes recovery from hypothermia in rats [Lai
et al., 1984]. Also, the duration of pentobarbital
anesthesia in rat was shortened by attenuation of the
hypothermia following exposure to 2,450 MHz
RF-EMF [Lai et al., 1984]. These findings agree
with our results showing faster recovery to normal
temperatures in 225 g rats after RF exposure. The rats
in the control group, but not those in the RF-exposure
group, required a cotton blanket to restore their body
temperature.

After completion of RF exposure, the body
temperature of the anesthetized RF-exposed, but not
of the control 339 g rats, increased by more than 4 °C.
These findings suggest that exposure of awake rats to
a 4 W/kg RF signal did not have an adverse thermal
effect. The anesthetized 339 g rats were also more
vulnerable to RF exposure than the 225 g rats. Indeed,
larger rats are reportedly more sensitive to RF
exposure-induced increases in body temperature than
the smaller rats [Wyde et al., 2018]. The smaller
surface-to-mass ratio of large rats is advantageous at
low temperatures, and the reverse is true for small rats
[Riesenfeld, 1981]. Therefore, the ratio of body mass
to the surface area, in conjunction with other factors,
modulates thermoregulation.

This study has several limitations. We measured
the rectal temperature at 1-h intervals using a small-
animal thermometer, which may have induced stress
in the rats. Stress, in addition to anesthesia, causes a
rise in body temperature in laboratory animals
[Dallmann et al., 2006]. Therefore, a less stressful
method of measuring body temperature is needed.
Although the procedures were performed by experi-
enced staff, measuring body temperature is time-
consuming. Thus, a better method of measuring body
temperature is needed. To overcome these limitations,
three to four rats were enrolled in each trial; therefore,
the total number of rats was reached by repeating the
experiments. We did not investigate the whole-body
SAR RF-EMF exposure level that caused an increase
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of body temperature of 1 °C in awake rats. We did not
evaluate the behavioral changes because simultaneous
monitoring of changes in behavior and body tempera-
ture was not feasible. Finally, we used only a
900 MHz RF signal; thus, further investigation using
signals of other frequencies and strengths is needed.

CONCLUSION

The body temperature of awake, mobile rats
following exposure for 8 h to an RF signal at 4 W/kg
whole-body SAR varied by less than 1 °C. Also, body
mass may influence body temperature after RF
exposure. However, we do not claim that RF-EMF
exposure at more than 4 W/kg SAR is safe, and our
findings should not influence the ICNIRP safety
guidelines. Further studies are needed to examine
the effect of exposure to RF signals on body
temperature in more detail.
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