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Electromagnetic radiation (EMR) in the environment has increased
sharply in recent decades. The effect of environmental EMR on
living organisms remains poorly characterized. Here, we report the
impact of wireless-range EMR on the sleep architecture of mouse.
Prolonged exposure to 2.4-GHz EMR modulated by 100-Hz square
pulses at a nonthermal output level results in markedly increased
time of wakefulness in mice. These mice display corresponding de-
creased time of nonrapid eye movement (NREM) and rapid eye
movement (REM). In contrast, prolonged exposure to unmodulated
2.4-GHz EMR at the same time-averaged output level has little im-
pact on mouse sleep. These observations identify alteration of sleep
architecture in mice as a specific physiological response to pro-
longed wireless-range EMR exposure.

electromagnetic radiation | sleep | wireless signal | mouse model |
public health

Electromagnetic radiation (EMR) is omnipresent in the world.
In the past several decades, EMR has been drastically in-

creased in the environment. Wi-Fi, which mainly works in the dual
frequencies around 2.4 and 5 GHz (1), is available in numerous
households for local wireless network communication. 4G cell
phones, Bluetooth, and microwave ovens also use frequencies
around 2.4 GHz. Wireless equipment in major cities of the world
has doubled in the last 5 y (2), exposing the public to a potential
health risk that has yet to be adequately assessed.
Epidemiology studies have revealed worldwide rise of certain

health conditions such as sleep disorder (3), infertility (4), psy-
chiatric disorder (5), and cancer (6). The rise has been generally
attributed to worsened environment such as work stress and air
or water pollution. Although it remains unclear whether EMR
constitutes one of these environmental factors, public concern is
growing over the safety of EMR, particularly in the microwave
frequency. Unfortunately, investigations on the effects of EMR
have often been controversial. In 2011, a World Health Organi-
zation (WHO)-authorized agency classified 30-kHz to 300-GHz
EMR as possibly carcinogenic (7). In 2014, however, a WHO
project found no adverse health effects by mobile phone use (8).
More recently, EMR was reported to adversely affect the central
nervous system, causing sleep disorder (9) and learning/memory
impairment in humans (10), stress and anxiety-like behavior in rats
(11), and physical/cognitive abnormality (12). Increased incidences
of malignant gliomas and schwannomas in male rats appear to be
associated with prolonged exposure to modulated EMR at 900
MHz and 1.8 GHz (13–15).
Sleep is essential for attention and cognition (16–18). Sleep

disorder has become a worldwide health challenge (19). The sleep–
wake cycle of mammals is divided into three phases: wakefulness,
rapid eye movement (REM) sleep, and non-REM (NREM) sleep
(20). Several studies on pulse-modulated 900 MHz EMR suggest a
potential effect on the architecture of human sleep, such as altered
EEG spectral power at specific frequency bands or sleep phases

(21–26). Small effects of mobile phone EMR on sleep EEG param-
eters are considered possible (27).
Previous studies reported an inconclusive effect of EMR on

human sleep architecture (25, 28–31), in part because human
volunteers are easily disturbed by environmental factors (e.g., cof-
fee/alcohol/smoking/medication/mobile phone), and these studies
may lack adequate control (25, 32). In addition, the effect of EMR
may depend on exposure time, radiation intensity, modulation
mode, and other parameters (21, 30, 31, 33–36). To address these
issues, we establish an experimental system to investigate the EMR
effect on mouse behavior. To our knowledge, such effort using a
mouse model has not been previously attempted. We demonstrate
that prolonged exposure to pulse-modulated 2.4-GHz EMR results
in marked increase of the total time of wakefulness in mice.

Results
The Experimental System. We designed a closed chamber with the
EMR antennae on top and a mouse cage at the bottom (SI
Appendix, Fig. S1 A and B). To record electroencephalogram
(EEG), we planted four cranial electrodes in the skull of each
mouse. To help identify the wakefulness phase of sleep, we
planted two electrodes in the neck musculature for electromyog-
raphy (EMG) and installed an accelerometer in the headstage of
each mouse. In addition, we planted intracranial electrodes in
three regions of the mouse brain: hippocampus, ventrolateral
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periaqueductal gray matter (vlPAG), and pedunculopontine teg-
mental nuclei (PPT). The surgery was performed 14 d ahead of
data recording (day −14) to allow recovery and habitation. Three
sets of the polysomnography, each lasting 12 h, were collected
(Fig. 1A). The first recording begins on day −1 and serves as the
reference (referred to as “Pre”). The second recording begins
on day 1, immediately after 24 h of radiation (referred to as
“Pos1”). The third recording begins on day 9, immediately after
7 d of radiation (referred to as “Pos9”).
With a carrier frequency of 2.4 GHz, three distinct EMR

regimens were employed: 100-Hz square modulation with a duty
cycle of 1/8 and a maximal output of 64 W radiated through a
horn antenna (referred to as Pulse64W); 100-Hz square modu-
lation with a duty cycle of 1/8 and a maximal output of 8 W
radiated through a horn antenna (referred to as Pulse8W); and
continuous radiation with an output of 8 W radiated through a
horn antenna (referred to as Conti8W) (Fig. 1B). The Pulse64W
regimen has the same time-averaged output as that of Conti8W,
whereas Pulse8W has 1/8 the total output as that of Conti8W
or Pulse64W.

The experiments were performed on a cohort of four mice for
each cycle. These four mice were simultaneously exposed to dis-
tinct EMR regimens: Pulse64W, Pulse8W, Conti8W, and no ra-
diation (Control). In the end, we obtained valid data on 12 cohorts
of 48 mice, with 12 mice exposed to each regimen.
The EMG, accelerometer, and EEG data were analyzed by the

SleepSign software (37, 38) (SI Appendix, Fig. S2A). The results
were visually validated and manually corrected using the same
criteria for all data of the four experimental groups. Wakeful-
ness, REM sleep, and NREM sleep each have their own distinct
features in the EEG, EMG, and accelerometer recordings (SI
Appendix, Fig. S2B). Fast Fourier transformation of a 4-s EEG
epoch reveals distinct frequency features for the three phases of
sleep architecture (SI Appendix, Fig. S2C). These data were
processed to generate the total time of wakefulness, REM sleep,
and NREM sleep for each mouse in each 12-h recording period.
Double blindness between acquisition and processing of the data
were strictly enforced; the individual who processed the data had
no knowledge of the conditions of data acquisition.

Increased Wakefulness by Pulse64W Regimen. We first investigated
potential effect of the Pulse64W regimen. The processed data at
Pre, Pos1, and Pos9 were compared between the Control and the
Pulse64W groups. Out of the 12-h sleep period, the average time
of wakefulness for the Control group of 12 mice is 234.8 ± 11.1,
229.5 ± 7.3, and 231.3 ± 9.4 min, respectively, for the Pre, Pos1,
and Pos9 recordings (Fig. 2 A and B). These values are close to
each other. In contrast, the average time of wakefulness for the
Pulse64W group displays a trend of marked increase: 220.1 ±
7.8 min for Pre, 231.6 ± 10.9 min for Pos1, and 268.8 ± 8.6 min
for Pos9. Compared to the Control, the average time of wake-
fulness for the Pulse64W group is 16.2% more at Pos9, with a
P value of 0.043 (Fig. 2A). The statistically significant increase at
Pos9, but not at Pos1, suggests prolonged radiation as the key
factor. A scatter plot for individual mouse confirms the increase
of wakefulness time for the Pulse64W group (Fig. 2B). Within
the Pulse64W group, the wakefulness time at Pos9 is 22.1% more
than that at Pre, with a P value of less than 0.001.
Next, we developed another criteria for evaluation of the

wakefulness change by defining the radiation effect index (REI)
for the Pos1 and Pos9 data of the same mouse. For each mouse,
REI at Pos1 or Pos9 is defined as the ratio of the difference of
the total wakefulness time at Pos1 (TPos1) or Pos9 (TPos9) rel-
ative to that at Pre (TPre) over that at Pre. Therefore, REIPos1 =
(TPos1 – TPre)/TPre; REIPos9 = (TPos9 – TPre)/TPre. An REI value
of 0 indicates no change of wakefulness compared to the Pre data,
and a value of 0.2 means 20% increase of wakefulness. For each
group of 12 mice, the average REI value was calculated using the
simple formula ∑REIi/12 (i = 1, 2, . . ., 12). The average REIPos1
and REIPos9 values for the Control group of 12 mice are
−0.008 ± 0.038 and −0.006 ± 0.031, respectively (Fig. 2C). In
contrast, the average REIPos1 and REIPos9 values for the Pul-
se64W group are 0.051 ± 0.029 and 0.234 ± 0.051, respectively.
In particular, the REIPos9 value of 0.234 ± 0.051 indicates a
statistically significant increase of wakefulness for the Pulse64W
group at Pos9, with a P value of 0.001.

Decreased NREM and REM Sleep by Pulse64W Regimen. Given the
fixed 12-h period, increased wakefulness must be compensated
by decreased NREM sleep and/or REM sleep. In contrast to the
Control group that maintained a relatively steady average time of
NREM sleep, the Pulse64W group at Pos9 exhibited 7.4% de-
crease of NREM sleep compared to the Control, but with a
P value of greater than 0.05 (Fig. 2D). A scatter plot of the total
time of NREM sleep for individual mouse confirms the de-
creasing trend from Pre to Pos9 within the Pulse64W group

Fig. 1. Experimental design and radiation dosage. (A) Temporal design of
the experiments. The electrodes are implanted in mice on day −14. Radiation
is applied for 24 h on day 0 and continuously on days 2 through 9. With
radiation off, the polysomnography is recorded in the light phase of day −1
(Pre), day 1 (Pos1), and day 9 (Pos9), each for 12 h. (B) Schematic diagram of
three radiation regimens. With a carrier frequency of 2.4 GHz, EMR is given
in three regimens: Pulse64W, 10-ms repeats, each with 1.25-ms radiation at
an output power of 64 W (Top); Pulse8W, 10-ms repeats each with 1.25-ms
radiation at an output power of 8 W (Middle); Conti8W, continuous radia-
tion at an output power of 8 W (Bottom).
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(SI Appendix, Fig. S3A). Notably, the NREM time at Pos9 is 8.2%
less than that at Pre, with a P value of less than 0.001. The REI
analysis reveals an average REIPos9 value of −0.081 ± 0.024 for the
NREM sleep of the Pulse64W group (SI Appendix, Fig. S3B).
With a P value of 0.006, this result indicates a statistically signif-
icant decrease of NREM sleep for the Pulse64W group at Pos9.
An analogous analysis on the REM sleep reveals a similar

conclusion. Compared to the Control group, the Pulse64W group
exhibits a 9.2% decrease of the REM sleep time, but with a
P value of greater than 0.05 (Fig. 2E). In the scatter plot, however,
the REM time at Pos9 is 18.6% less than that at Pre, with a
P value of 0.003 (SI Appendix, Fig. S3C). The REI analysis reveals
an average REIPos9 value of −0.170 ± 0.048 for the REM sleep of
the Pulse64W group, with a P value of 0.004 (SI Appendix, Fig.
S3D). This result indicates a statistically significant decrease of
REM sleep for the Pulse64W group at Pos9.

Impact on Sleep Architecture by Pulse8W Regimen. We then assessed
the impact on sleep architecture by the Pulse8W treatment,
which has one-eighth the radiation level compared to Pulse64W
treatment. The average time of wakefulness for the Pulse8W
group is 224.2 ± 8.2 min for Pre, 209.7 ± 9.8 min for Pos1, and
245.6 ± 9.5 min for Pos9 (Fig. 3A). Compared to the Control
group, the average time of wakefulness for the Pulse8W group is
6.2% more at Pos9, with a P value of greater than 0.05. In the
scatter plot, the wakefulness time at Pos9 is 9.5% more than that
at Pre, with a P value of greater than 0.05 (Fig. 3B). Therefore,
in neither case, the increased value of wakefulness is statisti-
cally significant. Next, we calculated the REI for the Pos1 and Pos9
data. Compared to the Pre data, the average REIPos1 and REIPos9
values for the Pulse8W group are −0.058 ± 0.043 and 0.103 ± 0.042,
respectively (SI Appendix, Fig. S4C). In particular, the P value for
the Pos9 over Pre data of the Pulse8W group is 0.031.
These analyses identify a mild increase of wakefulness in mice

by the Pulse8W regimen. However, the extent of increase is
considerably smaller compared to that by the Pulse64W regimen.
Such a modest increase of wakefulness at Pos9 is compensated
by the 3.5% decrease of NREM sleep compared to Control, with

a P value of greater than 0.05 (Fig. 3C). Notably, there is little
change (0.6%) for the REM time at Pos9 between Pulse8W and
Control (Fig. 3D). These results are confirmed by the scatter
plots for individual mouse (SI Appendix, Fig. S4 A and B) and by
the REI analysis (SI Appendix, Fig. S4D and E). Compared to Pre,

Fig. 2. The pulsed radiation of Pulse64W significantly increases the wakefulness time in mice. (A) The Pulse64W regimen markedly increases the wakefulness
time at Pos9 in mice. Shown here is the average time of wakefulness for the Control (gray) and Pulse64W (salmon) groups at Pre, Pos1, and Pos9. The error bars
throughout the manuscript are SEM. (B) A scatter plot of the wakefulness for individual mouse. Each dot represents the total time of wakefulness for one mouse,
and the dotted line connects the data for the same mouse. (C) Evaluation of the change of wakefulness through analysis of the REI. (D) The Pulse64W regimen
decreases the average time of NREM sleep at Pos9 in mice. (E) The Pulse64W regimen decreases the average time of REM sleep at Pos9 in mice. n = 12 per group.

Fig. 3. The pulsed radiation of Pulse8W results in statistically insignificant
increase of wakefulness in mice. (A) The Pulse8W regimen results in modest
increase of wakefulness at Pos9 in mice. Shown here is the average time of
wakefulness at Pre, Pos1, and Pos9 for the Control (gray) and Pulse8W (light
green) groups. (B) A scatter plot of the wakefulness for individual mouse. (C)
The impact of the Pulse8W regimen on the NREM sleep. Shown here is the
average time of NREM sleep at Pre, Pos1, and Pos9. (D) The impact of the
Pulse8W regimen on the REM sleep. n = 12 per group.
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the Pulse8W group exhibits no statistically significant changes on
NREM sleep or REM sleep at either Pos1 or Pos9 (SI Appendix,
Fig. S4 A and B). The average REIPos1 and REIPos9 values carry
no statistical significance (SI Appendix, Fig. S4 D and E).

Impact on Sleep Architecture by Conti8W Regimen. Our analyses
thus far indicate that Pulse64W, and to a much lesser extent
Pulse8W, affects the sleep architecture of mouse. Both Pul-
se64W and Pulse8W are pulse-modulated, although the latter
has one-eighth the radiation level of the former. To examine the
potential contribution by pulse modulation, we compared the
data of the Conti8W treatment to that of Pulse64W. Conti8W
and Pulse64W have the same time-averaged radiation level. The
average time of wakefulness for the Conti8W group is 227.6 ±
7.7 min for Pre, 209.4 ± 8.5 min for Pos1, and 237.0 ± 10.0 min for
Pos9 (Fig. 4 A and B). Compared to the Control, the wakefulness
time for the Conti8W group is 8.8% less at Pos1 and 2.5% more at
Pos9, both with P values of greater than 0.05 (Fig. 4A). Compared
to Pre, the average REIPos1 and REIPos9 values for the Conti8W
group are −0.064 ± 0.061 and 0.048 ± 0.042, respectively, both
with P values of greater than 0.05 (SI Appendix, Fig. S5C).
We also compared the NREM and REM data. The Conti8W

group exhibits no statistically significant change in either NREM
sleep (Fig. 4C) or REM sleep (Fig. 4D), compared to the Control
group. Compared to Pre, the Conti8W group exhibits no statisti-
cally significant changes on NREM or REM sleep at either Pos1
or Pos9 (SI Appendix, Fig. S5 A and B). The average REIPos1 and
REIPos9 values carry no statistical significance (SI Appendix, Fig.
S5 D and E).

Confirmation of Increased Wakefulness by Pulse64W. All above ex-
periments were performed in mice with intracranial electrodes
planted in specific sleep-related brain regions in addition to

cranial electrodes in the skull. Although our simulation experi-
ments indicate otherwise, there is a remote possibility that the
local electric field generated by the intracranial electrodes may
affect the sleep architecture of the mice. To scrutinize this pos-
sibility, we repeated the experiments on two groups of mice with
only cranial electrodes: the Control without EMR (referred to as
Control-R, R for repeat) and the EMR group with Pulse64W
regimen (Pulse64W-R). Each group has 12 mice.
For the Control-R group, the average time of wakefulness is

very similar for the three recording periods, Pre, Pos1, and Pos9
(Fig. 5A). In contrast, the average time of wakefulness for the
Pulse64W-R group increased from 217.9 ± 6.2 min for Pre and
222.9 ± 8.2 min for Pos1, to 286.7 ± 13.1 min for Pos9. In par-
ticular, the average wakefulness of the Pulse64W-R group at
Pos9 is 21.0% more than that of the Control-R group, with a
P value of 0.002. This result qualitatively agrees with the con-
clusion associated with the Pulse64W group, except that the extent
of wakefulness increase for the Pulse64W-R group is even greater.
This result is also clearly shown in the scatter plot (Fig. 5B).
Within the Pulse64W-R group, the average wakefulness at Pos9 is
31.6% more than that at Pre, with a P value of less than 0.001.
The REIPos9 value for the Pulse64W-R group is 0.338 ± 0.090

with a P value of 0.003 (Fig. 5C), again confirming the increased
wakefulness at Pos9. Similar to prior findings, the increased
wakefulness is compensated by corresponding decreased NREM
sleep (Fig. 5D) and REM sleep (Fig. 5E). Compared to the
Control-R group, the NREM sleep and REM sleep for the
Pulse64W-R group are decreased by 8.9% and 19.8% at Pos9,
respectively, with P values of 0.008 and 0.031. Within the
Pulse64W-R group, the NREM sleep and REM sleep at Pos9 are
decreased by 12.4% and 22.6% compared to that at Pre, with
P values of less than 0.001 and 0.005, respectively (SI Appendix,
Fig. S6 A and C). The decrease of NREM sleep and REM sleep
is confirmed by the REI analysis (SI Appendix, Fig. S6 B and D).
A direct comparison between the Pulse64W and Pulse64W-R

groups reveals a highly similar pattern of changes in sleep ar-
chitecture, as revealed by the REI analysis (SI Appendix, Fig. S7).
The REIPos9 values for the wakefulness changes of the Pulse64W
and Pulse64W-R groups are 0.234 and 0.338, respectively (SI
Appendix, Fig. S7A). This is compensated by corresponding de-
crease of the NREM sleep (SI Appendix, Fig. S7B) and REM sleep
(SI Appendix, Fig. S7C). These results further indicate that the
implanted intracranial electrodes have little impact on the observed
increase of wakefulness due to the Pulse64W regimen. Therefore,
with the caveat of the intracranial electrodes, the observed alter-
ation of sleep architecture is a direct result of the EMR on mice.

Discussion
Prolonged radiation of mice (Pos9) using the Pulse64W regimen,
but not the Conti8W regimen, results in statistically significant
increase of wakefulness (Figs. 2, 4, and5). Notably, these two
regimens have the same time-averaged radiation level over the
12-h sleep period, suggesting a key role for pulse modulation.
The increase at Pos9 is estimated to be about 16.2% compared
to the Control (Fig. 2A) and 23.4% compared to Pre (Fig. 2B).
Consistent with our conclusion, 1-mo exposure (1 h/d) to mod-
ulated 900-MHz EMR, but not the unmodulated EMR, was
found to affect the sleep power spectra of Wistar rats (39). Ex-
posure of Wistar rats to unmodulated 900-MHz EMR for several
weeks affected the sleep macrostructure marginally (40, 41), al-
though the EMR intensity is less than that of our Conti8W regimen.
On the other hand, the Pulse8W regimen, with one-eighth the

radiation level of Pulse64W, only induced insignificant increase
of wakefulness compared to the Control (Fig. 3). A side-by-side
comparison between the Pulse64W and Pulse8W groups illustrates
a similar trend but distinct consequences on sleep architecture

Fig. 4. Impact of the continuous radiation Conti8W on the sleep architec-
ture of mice. (A) The Conti8W regimen shows no obvious impact on the
wakefulness in mice. Shown here is the average time of wakefulness at Pre,
Pos1, and Pos9 for the Control (gray) and Conti8W (light blue) groups. (B) A
scatter plot of the wakefulness for individual mouse. (C) The Conti8W reg-
imen has no obvious impact on the average time of NREM sleep. (D) The
Conti8W regimen has no obvious impact on the average time for REM sleep
at Pos9 in mice. n = 12 per group.
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(SI Appendix, Fig. S8). In contrast, the comparison between the
Pulse64W and Conti8W groups reveals little similarity (SI Ap-
pendix, Fig. S9).
For both Pulse64W and Pulse64W-R groups, the increase of

wakefulness is insignificant at Pos1 but becomes quite prominent
at Pos9 (Figs. 2 and 5). The decrease of NREM sleep follows a
similar pattern (SI Appendix, Figs. S3 and S6). For Pulse8W group,
however, the increase of wakefulness is insignificant at both Pos1
and Pos9 (Fig. 3). Our observed dose-dependent effects of EMR
on mouse sleep are consistent with a previous study, which iden-
tified a dose-dependent relationship between pulsed EMR field
intensity and NREM sleep EEG for human (31).
A distinct implication of this study is the possibility that pro-

longed exposure to modulated 2.4-GHz radiation, such as the
wireless signal, might also increase wakefulness for humans.
However, assessing this possibility may take extraordinary effort
because of the complex issues for human volunteers. Consistent
with our conclusion on the Conti8W group, previous studies found
no significant effect on human sleep by unmodulated radiation
(33, 36). Whole-night exposure to Wi-Fi was found to affect the
sleep microstructure of humans but had no significant acute ef-
fects on the sleep macrostructure (42). This result is consistent
with prior studies on the effect of mobile phone and base station
radiation on human sleep (24, 28, 33). Another study on human
subjects found no significant effects of 900-MHz EMR with global
system for mobile communications modulation, either on con-
ventional sleep parameters or on power spectra (30).
A relatively small sample size of 12 mice per group was used in

this study. However, this should not be a concern for the con-
clusion because statistical analysis takes into account the sample
size. In fact, a decreased sample size is unfavorable for reaching
a conclusion as it tends to make the conclusion less convincing.
This may be the case for the Pulse8W group, which shows
moderate, but statistically insignificant, increase of wakefulness
for the Pos9 data. With a larger sample size, the increase at Pos9
may become statistically significant for Pulse8W.
One-way ANOVA analysis of the baseline (Pre) data for the

time of wakefulness, NREM, and REM reveals no significant

differences among the Control, Pulse64W, Pulse8W, and Con-
ti8W groups (in all cases, P > 0.05). To examine whether the
circadian rhythm of mice is normal before radiation, we combined
the baseline data of all 48 mice. The results of the average time
spent in wakefulness, NREM sleep, and REM sleep per hour at
Pre-2, Pre-1, and Pre (days −3, −2, and −1) confirmed the normal
sleep behavior of mice (SI Appendix, Fig. S10).
The implanted intracranial electrodes in hippocampus, vlPAG,

and PPT allow investigation of possible neural mechanisms of
EMR effect on sleep. Analysis of the average normalized local
field potential power density during wakefulness, NREM sleep,
and REM sleep reveals no significant differences among the Pre,
Pos1, and Pos9 data (SI Appendix, Figs. S11–S13). In this study, we
focus on the effect of EMR on mouse sleep architecture in the
light period. In the future, we plan to extend such effort into
the dark period and scrutinize other parameters that influence
the sleep/wake cycle.
In a collective exposure scenario, the average power density at

close proximity is about 0.037 W/m2 for a smartphone, 0.013 W/m2

for a laptop, and 0.13 W/m2 near the Wi-Fi router (1). These
values are considerably lower than the time- and whole-
body–averaged general public exposure limit of 10 W/m2 or oc-
cupational exposure limit of 50 W/m2 for 2–300 GHz suggested by
International Commission on Non-Ionizing Radiation Protection
(43). In our experiments, the measured spatial averaged power
density for Conti8W is 36.80 ± 0.92 W/m2. Pulse64W is expected
to have the same power density. Importantly, the effective EMR
dose for inducing a biological response in mice is likely to be
different from that in humans. Therefore, the relatively high EMR
dose of the Pulse64W regimen that causes increased wakefulness
in mice could be markedly reduced in humans. An epidemiolog-
ical survey among those who work under either very high or very
low doses of wireless radiation may reveal some clues.
In this study, 2.4-GHz EMR is modulated by 100-Hz square

pulses, which have sharp edges and thus might have some un-
anticipated impact on neural activity in the brain. Additional
experiments should be performed to examine whether other
modulation functions such as sinusoidal modulation can induce

Fig. 5. Confirmation of increased wakefulness in mice induced by the pulsed radiation of Pulse64W. (A) The Pulse64W regimen markedly increases
wakefulness at Pos9 in mice of the Pulse64W-R group (light salmon) compared to the Control-R group (gray). The Pulse64W-R group of 12 mice and the
Control-R group of 12 mice only have cranial electrodes in their skulls. (B) A scatter plot of the wakefulness for individual mouse. (C) Evaluation of the change
of wakefulness through analysis of the REI. (D) The Pulse64W regimen results in a marked decrease of the NREM sleep at Pos9 in the Pulse64W-R group.
(E) The Pulse64W regimen results in a marked decrease of the REM sleep at Pos9 in the Pulse64W-R group. n = 12 per group.
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similar increase of wakefulness in mice. In addition, other mod-
ulation frequencies such as 10 and 1,000 Hz should be investigated
to answer the question of whether increased wakefulness is spe-
cific to certain modulation frequencies. Finally, both the intensity
and the frequency of the carrier EMR (2.4 GHz in this study)
should be scrutinized.

Materials and Methods
All methods are detailed in SI Appendix and briefly described here.

Radiation Equipment Setup. A MXG Vector signal generator together with an
amplifier were used to generate 2.4-GHz EMR of three distinct patterns:
Pulse64W, Pulse8W, and Conti8W. The signal was emitted through a horn
antenna. Absorbing materials were used in the animal container to drastically
reduce reflection.

Polysomnographic Recording and Analysis. EEG and EMG signals were col-
lected using a digital headstage. The data acquisition system receives the

digital signal at a sample rate of 1,000 Hz. All data were amplified and fil-
tered. All video signals were monitored as an auxiliary method. Using the
sleep analysis software, we analyzed the filtered EEG data (bandpass, 0.5–100
Hz) using fast Fourier transformation. The spectral signatures of EEG, EMG,
and acceleration signals were used to score brain states into wakefulness,
NREM, and REM for each 4-s epoch (38).

Information of animal, electrode implantation, and statistical analysis are
described in SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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