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Effects of electromagnetic field exposure due to Wi-Fi frequency were presented. A total of 72
unrestrained Swiss albino mice were used as surrogate and were divided into two groups of sham
exposed and 2.46 GHz exposure group. The exposure duration was for 7 h/day, 7days/week for 4
consecutive weeks. Thermographic pictures of both groups were taken to obtain the body temperature
of the mice before and after the exposure. A Signal %enerator was connected to an omnidirectional
antenna to generate average field strength of 1.1 x 10° mW/cm? and specific absorption rate (SAR) of
1.82 x 10™ for the exposure purpose. A statistical analysis performed shows a significant difference at a
= 0.05 for the temperatures before and after exposure. The mice body mass was found to decrease with
prolonged exposure in the 2.46 GHz exposure group. This however, is contrary for mice in sham
exposed group. The death rate for exposure group was found to be 28% as compared to 6% of the sham
exposed group.

Key words: Electromagnetic exposure, radio frequency-electromagnetic field (RF-EMF), thermography, far
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INTRODUCTION

One of the recent technological advancement in today’s
world is in Wireless Fidelity (Wi-Fi). This technology was
developed on IEEE 802.11 standards operating in 2.4
and 5 GHz bands. It provides wireless access to
applications and data across a radio network. Wi-Fi
enables users to communicate to internet from any place
such as offices, homes, in space and any place without
the hassles of plugging wires. Locations where users are
able to connect to wireless networks are called Wi-Fi
hotspot. The most popular Wi-Fi technology, such as
IEEE 802.11b operates at frequency range of 2.40 to
2.4835 GHz. The network devices that provide the Wi-Fi
air interface between the broadband network and the

*Corresponding author. E-mail: aliyu_d _usman@yahoo.com.
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user terminal is called Wi-Fi access point (Wi-Fi AP),
which is a radio transceiver itself. The use of Wi-Fi
services for private purposes is covered by an exemption
order, but the provision of it to public in some countries is
permissible under a class of license, provided that the
services do not cross the public streets. For these public
purposes, a fixed carrier license is required (Ross, 2008).

Regulations were given by international bodies and
scientific communities in terms of maximum exposure
allowed (Australian Radiation Protection and Nuclear
Agency (ARPANSA), 2002; Institute of Electrical and
Electronics Engineering (IEEE), 2005; International
Commission on Non-lonizing Radiation Protection
(ICNIRP), 1998). However, with these regulations, people
exercise fears on the possible effects that might be
associated with usage of these technologies with time. To
date, studies on effect of exposure to Wi-Fi frequency
were scanty, but similar studies on the frequencies
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around the frequencies of operation of Wi-Fi results in
complicated results as in (Charles and Elliot, 1995; Fritze
et al., 1997; Golberg, 2002; Lai and Sing, 1995, 1996,
1997; Malyapa et al., 1997; Michaelson and Lin, 1987
Moulder et al., 1999, 2005; Narayanan et al., 2009;
Norton et al., 1992; Philips et al., 1998; Sakar et al.,
1994; Sareesh et al., 2010; Usman and Wan Ahmad,
2008; Usman et al., 2011; Valberg et al., 2007). Yet
attempts were made by some countries to turn some of
their cities to e-cities with Wi-Fi technologies thereby
exposing greater population to more radio frequency
radiation (RFR).

In frequency range of mobile communication, universal
mobile telecommunication system (UMTS) as well as Wi-
Fi, one of the relevant interactions of radio frequency-
electromagnetic field (RF-EMF) with biological tissue is
the absorption and conversion of EMF energy into
thermal energy. Thermal effects are those caused by rise
in temperature produced by the energy absorbed from
oscillating electric field. The force produced by an electric
field on charged objects, such as mobile ions in the body
causes them to move, resulting in electric currents and
resistance of the materials in which the currents are
flowing result in heat. This heat input causes temperature
to rise and may result in damaging molecules and
altering metabolic function. According to ICNIRP
guidelines, as long as the exposure is below the
recommended level of 0.98 mW/cm® no adverse
biological effects can be expected. The basis for the
exposure guidelines is thermal effects and does not
guarantee for long term exposure. Hence, in order to
address the possible health risk associated with long
term EMF exposures from Wi-Fi technologies a number
of approaches are possible. In this study, thermal effect
due to long term exposure to Wi-Fi frequencies were
investigated using infrared thermo graphic camera
(IRTC). The IRTC was found suitable, because it is non
invasive and can be used to detect temperature increase
in both human and animal without being in contact with
the subject.

MATERIALS AND METHODS

The study was designed to measure the whole body surface
temperature of mice after exposure to RF-EMF at the typical Wi-Fi
frequency of 2.46 GHz for four weeks.

Animal care and handling was carried out according to Malaysian
animal handling code of conduct adopted from National Research
Council guide for the care and use of laboratory animals (National
Research Council (NRC), 1996). The RF-EMF design and exposure
set-up were done according to Electronic Communication
Commission (ECC) protocol (EEC, 2003). A total of 72 male Swiss
albino mice (Musmusculus) about 4 weeks age on arrival and
weighing between 34 to 45 g were obtained from Veterinary
Research Institute (VRI) Ipoh, Perak, Malaysia. The mice were
grouped into sham exposed and 2.46 GHz exposed group. The
sample size in each group is made up of 36 mice. The mice in each
group was randomly selected and housed in 2 cages of 18 mice
each and were then allowed to acclimatize for a week before the

exposure started (Shahryar et al., 2009; Warn et al., 2003; Weinert
and Waterhouse, 1999). The cages were made of metal with plastic
coating and the dimensions were 0.6 x 0.42 x 0.24 m. The floors of
the cages are made of removable plastic cover and are covered
with wooden chips. One cage is capable of accommodating 25
unrestrained mice (NRC, 1996). Hence, with only 18 mice in each
cage the mice are able to move around freely. Both the sham
exposed and the 2.46 GHz exposure group’s ambient temperature
and humidity were maintained throughout the experiment at 27 *
2°C and 65 + 5%, respectively. The experiments were conducted in
an environment shielded from EMF sources. The water bottle and
the food container were made of plastics and assorted mixed food
and water were available to the mice ad libitum. Wooden chips
beddings were used to supply comfort and absorb mice waste. The
beddings were changed regularly to avoid infection.

Pulse modulated direct sequence spread spectrum (DSSS) RF-
EMF in the range of 2.46 GHz with duty factors of ~1% and pulse
rates ~10 Hz frequency were generated and exposed to one group,
while similar arrangement were made for the sham exposed group
with RF-EMF generator turned off. A signal generator (R & S
SMB1000A) with frequency range of 9 kHz to 6 GHz was used in
generating the required Wi-Fi signal. This signal was set at +13
dBm power to provide the required exposure. An omni-directional
antenna is used to transmit the signal to the mice in 2.46 GHz
exposed group. A spectrum analyzer (R & S FSL6) with a frequency
range of 9 kHz—6 GHz was used to measure the received signal
strength at different position inside the cage as well as to make
sure that the signal received is free from dominant unwanted signal.
RF-EMF monitoring meter (portable measurement system (SMP)
wave control) in the frequency range of 3 kHz to 3 GHz was used to
validate the electric field strength generated inside each cages. The
cages were placed at far field distance using far field equation
parameters given by Equation 1, where R is the distance (m) from
the source to the far field, D is the largest dimension (m) of the
source antenna and A is the wavelength (m) of the transmitted
signal (Saunders et al., 1991). The far field distance was calculated
to be 2 m from the source.

n*
== 1
R — 1)

The average field strength generated by the signal generator and
transmitted by the omni-directional antenna measured at several
points inside the cages using both the spectrum analyzer and SMP
electric field meter was averaged as 1.1 x 10° mwW/cm? This
correspond to the typical field strength obtained during the Wi-Fi
base stations and their access point (APs) site surveys conducted
at far field distances previously by our group (Usman et al., 2011).

An empirical formula for calculating the average specific absorption

rate (SAR) of an irradiated object over broad range for prolate
spheroidal models of human and animals (Durney et al., 1986)
developed was used to calculate the average SAR. The average
SAR for incident power density of 1 mW/cm? and E polarization with
semi major axis a, and semi minor axis b, in meters is shown in
Equation 2, where A1, Az, A; and A4 are functions of a and b, As is a
function of ¢, the permittivity of muscle and =, is the permittivity at

20 GHz. The average length is 2a, and b is defined in Equation 3,
where V is the volume and the resonant frequencies fc., foi fu:

and A;, Az, A, A; and As are defined in the work of Durney et al.
(1986) in Equation 5.2 t0 5.9.

AR D+ Aa (F/fo)ulf — for) + A As(F 2 F5 — foa)l

SAR(W /kg) = 105752 + A, e — 1)° (2)

The unit function u(f-fo1) is defined by:
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Figure 1. Thermographic pictures of the mice in 2.46 GHz exposed group taken (a)

before and (b) after the EMF exposure.

0, f<0
ulf — fo) = {1’ fo =0 ulf — fuzj is similarly
defined.
ET
b= | (3)

These equations allowed computation of the frequency dependant
normalized SAR of mouse appropriate for estimating the average
SAR for free moving mouse. The average SAR for an incident
power density of 1.1 x10”° mW/cm? at 2.46 GHz was calculated to
be 1.82 x 10 W/kg.

The exposure was conducted for 7 h daily for 4 weeks including
weekends and public holidays. Measurements of temperature rise
in the body of the mice were done each day before and after the
2.46 GHz exposure using IRTC (IR Snap shot Model 525). One
thermographic image was taken per sample for all the samples in
each group. The camera resolution is 0.1°C and Snap View pro 2.1
software is used for the thermographic analysis. This infra-red
camera has a wavelength of 8 to 14 um which is quite suitable for
measurements of mice temperatures (Holst, 2000). In this band,
molecular absorption process from water or carbon dioxide is not
distinctive and the transmission coefficient of normal atmospheric
air is high. Wien’s law stipulated that peak radiation of 37°C back
body lies at 9.3 um and this can be detected with this high
sensitivity infra red sensor. In this wide band range the emissivity is
related to the object, black body and ambient temperature given by
Stefan’s Boltzmann law (Holst, 2000) in Equation 4, where Tp, is the
black body temperature, To, is the object temperature, Tamp is the
ambient temperature and &y is the emissivity coefficient of the

object in the wave band use for the measurement.

T* =g, Td+[1—¢,]T2 @)

amb

RESULTS

The IRTC was used to capture the temperature of all
mice from each group before the exposure (in the
morning) and after the 7 h exposure (in the evening). The
body mass of all the mice in each group were taken on
day 1 and subsequently on weekly basis. The sample of
the color coded temperature maps obtained from IRTC is
as shown in Figure 1. The IRTC gives an integrated
measurement of color temperature and volume/area of a
body, the white area is the point of the highest
temperature on the mice body. Average mice
temperatures taken on each day before and after
exposure as well as the average weights taken on weekly
basis were presented in Figures 2 to 5. The mice death
recorded during this study were sent for postmortem
examination.

The thermography of the sham exposed group is
shown in Figure 2. In this group, there is no definite
pattern for temperature changes, the average thermo-
graphic result fluctuates. The mice average temperature
increases, decreases or even shows no change in some
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Figure 2. Average temperature variations for sham exposed group.
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Figure 3. Average temperature variation with prolong exposure for 2.46 GHz exposed group.

instances after the 7 h duration. The average highest
temperature of 35.9°C recorded in the sham exposed
group was on day 15 and 26, and the lowest average
temperature of 33.8°C was recorded on day 4.

The average temperature change of mice in 2.46 GHz
exposed group where measurements are taken both
before the exposure in the morning (M) and after 7 h of
exposure in the evening (E) for four weeks were shown in
Figure 3. From the graph, the average highest

temperature of 36.1°C was observed on day 13 and the
lowest average temperature recorded was 34.0°C on day
1 immediately after the exposure (in the evening). The
high difference in daily temperature before and after the
exposure is 1.4°C on day 7 and the temperature
difference with respect to the average ambient
temperatures were within the range of 6 to 7.1°C. It was
observed from week 3, that there is small increment in
temperature with prolong exposure. This small increment
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Figure 4. Average body mass of mice for sham exposed group.
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Figure 5. Average body mass variation with prolong exposure for 2.46 GHz exposed

group.

may likely be due to decrease in metabolic activities of
the mice.

The mice average body mass measured before the
exposure in the morning on day 1 and subsequently at
the end of every week after the exposure in the evening
were shown in Figures 4 and 5 for both sham exposed
and 2.46 GHz exposed groups, respectively. For the
sham exposed group in Figure 4, the average weight of
the mice increases. The average weight measured on
day 1 is 46.2 g and at the end of week four, the average
weight was measured to be to 50.2 g. This however, is

contrary to 2.46 GHz exposed group as shown in Figure
5. RF-EMF exposure effect was evident as the average
weight of the mice in 2.46 GHz exposed group on day 1
is 48.1 g and a decrease in weight was observed after
each week measurement. At the end of week four, the
mice average weight decreases to 39.8 g. Note that after
the four weeks exposure, the average weight of the mice
in the 2.46 GHz exposed group is 10.4 g less than the
average weight of the mice in sham exposed group. The
death recorded may also be another indicator as a result
of prolonged exposure to Wi-Fi frequency. In the 2.46 GHz
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Table 1. Paired sample T-test for mice in 2.46 GHz exposed group.

Temperature n Mean SD t p
Post test (Evening) 28 35.2321 0.55914 15.315 0.000
Pre test (Morning) 28 34.5143 0.54141 - -

Table 2. Independent sample T-test for mice in 2.46 GHz and sham exposed group.

Group n Mean SD t p
2.46 GHz 28 35.2321 0.55914 0.596 0.553
Sham exposed 28 35.1464 51531 - -

exposed group, the death recorded was 10 equivalents to
28% as against 2 death recorded from the sham exposed
group which is equivalent to 6%. A postmortem
examination of the dead mice from the sham exposed
and exposed groups were taken to VRI Ipoh. The
postmortem examination of the sham exposed group was
found to be normal while that of the 2.46 GHz exposed
group shows a sign of dehydration and cell degeneration.

A statistical analysis carried out using SPSS software
also corroborated the results obtained in Figure 3. The
paired sample t-test shown in Table 1 for 2.46 GHz
exposed group shows t (27) = 15.315 and p = 0.000.
Therefore, since sig-t (0.000) < a (0.05), it shows that the
difference in temperature observed after the exposure in
the evenings is significant as compared to the
temperature before the exposure in the morning at 0.05
level of significance. However, the independent sample t-
test results shown in Table 2 were on the contrary with
sig-t (0.553) > a (0.05). The repeated measure analysis
using Turkey honestly significant difference (HSD) for
2.46 GHz exposed group shows Wilk’'s Lamda value as
0.103, p-value as 0.000 (< 0.05), the effect size as 0.897
and the statistical power is 100%.

DISCUSSION

Previously, a number of studies were conducted to
determine the effect of temperature rise as a result of
exposure either to heat or electromagnetic field to human
or animal using infra red thermal imaging (Alla et al.,
1998; Christian, 2005; Ivana et al., 2007; Ludwig et al.,
2007; Mikokajczyk et al., 1991). These studies however,
are either for short term exposure, long term with short
exposure duration or using restrained mice as the
surrogate. On the other hand, this study was designed to
expose unrestrained Swiss albino mice to Wi-Fi
frequency for 7 h mimicking the average hour’s people
spend in the office or school children spent in schools
with Wi-Fi facility.

Though, the incident power density of 1.1 x 10 mW/cm?

used in this study is less than the ICNIRP recommended
value of 0.98 mW/cm?, sharp temperature increase were
noticed after the exposure in each day for mice in 2.46
GHz exposed group. The differences observed after the
exposure was found to be significant. However, contrary
results were obtained when comparing 2.46 GHz
exposed group and sham exposed group. Temperature
compensation was noticed within the period before the
next exposure start. But in most cases temperature did
not revert back to the previous readings.

Temperature increase is related to metabolic activities
of the body; for the 2.46 GHz exposed group, it was
observed that the metabolic activities decrease with
increase in the number of days for the exposure.
Naturally, the cells of living organisms maintain an
electrical charge across their membrane that are
essential for normal functioning of human tissues which
are sensitive to microwave energies. Microwave induced
stress is capable of rearranging and altering metabolic
function of molecules. This may result to changes in
hormonal activity, interference of flow of substances and
leads to eventual cell damage. The decrease in body
weight with prolong exposure noticed in 2.46 GHz
exposed group during the course of this study may likely
be as a result of lack of appetite as well as some other
hidden effects. While mice in sham exposed group
gained weight as the days goes by, with the highest
records in week 4. An increase urine secretion, clustering
of the mice in one place and non free movement of the
mice in 2.46 GHz group are observed while this is in the
contrary to the mice in sham exposed group. This result
is quite comparable to the study (Ludwig et al., 2007;
Mikolajczyk et al., 1990), which demonstrate heating
effect as a result of induce stress on animals exposed to
microwave frequencies and differences in water content
in salivary, kidney and peripheral bloods of rats subjected
to different kind of EM fields, respectively. Also, findings
of Ray and Behari (1990) reported that animals exposed
to microwaves tended to eat and drink less and thus,
showed a smaller gain in body weight corroborated the
findings of this work.



Some of the limitations of this study are largely due to
complicating requirements of RF-EMF researches, that
is, seeking compromise between the biological and the
engineering requirements. Difficulties in ensuring uniform
field distribution, interference, uniform temperatures and
humidity especially when dealing with unrestrained
animals is paramount. A reasonable homogeneous field
distribution was obtained by optimizing the design to
obtain average field strength. Absorbers were used to
prevent possible interference and a humidity and
temperature meter was used in monitoring the room
temperature and humidity. The experimental rooms were
dimly lighted so as to reduce the clustering of the mice in
one place.

Conclusion

Long term exposure of RF-EMF in the range of Wi-Fi
frequency on unrestrained Swiss albino mice was
investigated. An increase in body temperature was
observed and recorded using IRTC. Despite the
thermoregulatory mechanism of animal body when
subjected to heat stress, it is evident that the temperature
effect is cumulative as this gives rise to manifestation of
some changes in both physiological and eating habit.
This action leads to loss of weight and increased urine
secretion as well as non active nature of the animal as
compared to the sham exposed group. The death rate is
another pointer to likely secondary effect caused by the
long term RF-EMF exposure. A statistical analysis
conducted shows that the temperature rises as a result of
exposure where Wi-Fi frequencies is significant. From the
results, it is demonstrated that, the pattern of energy
absorption inside irradiated body is non uniform and the
biological responses are dependent on the exposure
durations.
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