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ABSTRACT

Purpose: The study objective was to assess the influence of radiofrequency electromagnetic fields
(RF-EMF) exposure on sleep patterns in preterm newborns. We hypothesized that an increase in
RF-EMF exposure levels would alter infants’ sleep structure parameters.

Materials and methods: Individual, continuous measurements of RF-EMF levels were performed
in 29 hospitalized preterm newborns throughout the first 21 days after birth. The last day, over-
night sleep structure was recorded by polysomnography. Relationships between both chronic
(three-week period) and acute (polysomnographic period) RF-EMF levels with sleep parameters
were computed.

Results: At median levels, the main chronic effect was an increase in indeterminate sleep with RF-
EMF exposure. At the highest exposure levels found in our study, an increase in RF-EMF levels
increased sleep fragmentation. No significant relationship was found between acute RF-EMF levels
and sleep parameters.

Conclusions: Despite no consolidated disruption in sleep structure, this study is the first to show
that some sleep parameters seem to have a certain sensitivity to chronic - but not acute - RF-
EMF exposure in preterm newborns. Further studies are needed to confirm our results and exam-
ine possible mid- to long-term, sleep-related cardiorespiratory and neurodevelopmental outcomes.

Abbreviations: ECG: electrocardiogram; EEG: electroencephalographic leads; EOG: electrooculo-
gram; IS: indeterminate sleep; NICU: neonatal intensive care unit; NREMs: non-rapid eye move-
ments; P99: 99th percentile; RF-EMFs: radiofrequency electromagnetic fields; REM: rapid eye
movements sleep; SPT: sleep period time; TST: total sleep time; WASO: wakefulness after sleep
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Introduction

Neonates spend a major part of their early life asleep. The
early developmental period features major changes in sleep
patterns, reflecting the degree of brain maturation and plas-
ticity. Sleep-wake state integrity is also of paramount impor-
tance in the neurophysiological development (e.g. body
growth and vital functions) of neonates (Curzi-Dascalova
et al. 1993; Mirmiran and Ariagno 2009) and preterm neo-
nates in particular.

We recently reported that preterm neonates are chronic-
ally exposed to low environmental radiofrequency electro-
magnetic field (RF-EMF) levels while hospitalized in
neonatal intensive care units (NICUs) (Besset et al. 2020).
Preterm neonates are very sensitive to their environment
such as EMF (Peyman 2011). Strikingly, there are currently
no data on the impact of RF-EMF exposure on sleep in this
population. In adults, most of polysomnographic studies in
the literature showed that RF-EMF exposure may not dis-
turb clinical features (macrostructure) of sleep in humans

(Lowden et al. 2019; Danker-Hopfe et al. 2020) or in rats
(Crouzier, Debouzy, et al. 2007; Crouzier, Testylier, et al.
2007). However, it also reported structural modifications of
sleep with either a delayed appearance of rapid eye move-
ment sleep (REM) (Loughran et al. 2005) or a 30% increase
in REM sleep (Danker-Hopfe et al. 2016) after mobile phone
exposure in other studies. In juvenile rats, studies by our
group showed an increase in the frequency of REM episodes
in mobile phone exposed animals (Pelletier et al. 2013).

Above studies do not show definitive evidence about
deleterious effects of RF-EMF exposure on sleep in adults.
However, RF-EMF should merit special attention in preterm
neonates as regards to the crucial role of sleep in neuro-
physiological development and their high sensitivity to the
environment (Tamashiro and Moran 2010).

The goal of the present study was to assess the influence
of RF-EMF hospital exposure on sleep patterns in the pre-
term neonate. We hypothesized that an increase in RF-EMF
exposure levels would alter sleep structure parameters.
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Materials and methods
Infants

Twenty-nine preterm neonates (18 girls and 11 boys) were
recruited from the NICU at Amiens University Medical
Center (France) after their parents had been informed of the
protocol and had given their written consent. The anthropo-
morphic characteristics are presented in Table 1. The proto-
col was approved by the protection of persons committee
(‘Comité de protection des personnes du Sud-Est IIT’, project
no. 18.10.12.31915). All neonates were free of neurological,
respiratory, and cardiac diseases. Some infants received
mechanical ventilation. Recordings were performed after
determining by practitioner that there had been no changes
in health status in previous days. None of the infants had
suffered from sleep deprivation in the 48 hours prior to the
sleep recording session.

Radiofrequency electromagnetic field measurements

Methods, equipment and exposure values have been previ-
ously described (Besset et al. 2020, 2021). Briefly, recordings
were performed using three-axis exposimeters (EME Spy
200, Microwave Vision Group, Paris, France). Attached to

measurements of RF-EMF levels were made, for each new-
born, at only one single location, 30cm away from the
child’s head in order to reflect individual, specific exposure.
RF-EMF measurements were made every two minutes
throughout the first 3 weeks after birth (15,120 measure-
ment points per infant). Individual RF-EMF exposure level
was expressed as the median and the 99th percentile (P99).
The median represented half of the exposure period, i.e.
10.5 days, whereas P99 represented 1% of the highest values,
i.e. 5h24 over the whole recording period. The same RF-
EMF measurements and analyses were also performed
for each infant during his polysomnographic period
(Figure 1).

Sleep analysis

Overnight polysomnographic recordings were performed
3 weeks after birth between 8:00 p.m. and 8:00 a.m.
Electrophysiological recordings included six right and left
electroencephalographic (EEG) derivations (F3-M2, F4-M1,
C3-M2, C4-M1, O1-M2, 0O2-Ml), an electrooculogram
(EOG), and an electrocardiogram (ECG). Body movements,
respiratory movements by actimeter and transcutaneous
arterial oxygen saturation were also recorded. All recordings

the incubator wall of each newborn. In this way, were continuously monitored on a polysomnograph
Table 1. Clinical characteristics of the subjects.
Gestational age (weeks of amenorrhea) 29 (27-33)
Birth weight (g) 1230 (550-2344)
Percentile weight (%) 58 (2-96)
Artificial ventilation (number of days) 20 (1-21)
0, supplementation (>21%) (number of days) 3 (0-20)
weight at study (g) 1578 (740-2578)
# of infants under artificial ventilation at study (%) 55
# of infants under O, supplementation (>21%) at study (%) 24
# of infants under caffeine treatment at 3 days before study (%) 93
# of infants under neurological/cardiological treatment at 3 days before study (%) 0

Values are quoted as the median (range), percentile weight calculated according to Chou et al. (2020) and Fenton and Kim (2013).
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Figure 1. An example of continuous RF levels over one typical day (extraction of 24 h data from the same infant as in Besset et al. 2021).



(Deltamed LTM  Brainbox Medical
Incorporated, Pleasanton, CA).

Sleep states were scored (always by the same operator)
visually in 30-second epochs as recommended by the
Pediatric Task Force (Grigg-Damberger 2016). Sleep states
were differentiated on the basis of the concordance between
EEG and EOG signals. As necessary, breathing and cardiac
parameters were superimposed on these measurements to
help define sleep stages. Infants were also video-recorded
throughout the night to help excluding nursing interventions
and feeding episodes from the analysis. Wakefulness was
defined as a state in which the infant’s eyes were open
(whether scanning the environment or not) and when fre-
quent body movements occurred. REM sleep was defined as
continuous EEG activity with eye movements, while non-
rapid eye movement (NREM) sleep was defined as discon-
tinuous EEG activity without eye movements. Periods that
did not meet the criteria for either REM or NREM were
defined as indeterminate sleep (IS).

The following criteria were taken into account: sleep
period time (SPT), beginning at the first sleep onset and
ending at the last awakening; the frequency, mean dur-
ation, and proportion of wakefulness after sleep onset
(WASO), expressed as a percentage of the SPT; total sleep
time (TST), defined as the difference between SPT and
WASO durations; and the frequency, mean duration, and
proportion of the different sleep states, expressed as a per-
centage of TST.

1166DC, Natus

Statistics

Statistics were computed using Statview software (version
5.0; SAS Institute, Cary, NC). Normality of data distribution
was checked by applying the Kolmogorov-Smirnov test.
Since most of the data did not follow a normal distribution,
non-parametric tests were used. The influence of chronic
RF-EMF exposure on sleep was assessed by using
Spearman’s correlations to test the relationship between all
sleep parameters and RF-EMF levels calculated over the
3-week period (median and P99).

To ensure that the effects were actually due to the
chronic RF-EMF exposure (and not to acute RF-EMF expos-
ure per se), we performed the same statistical analyses with
the median and P99 RF-EMF levels extracted from the poly-
somnographic period only. Due to multiple testing (76 cor-
relations in total: 19 sleep parameters correlated to both the
median and P99RF levels over both the 3-week and poly-
somnographic periods), a Bonferroni correction was applied
to calculate the threshold for statistical significance, which
was set to p < .0007.

Results

Sleep structure parameters extracted from the polysomno-
graphic recordings at 3 weeks postnatal age are shown in
Table 2. For the chronic RE-EMF exposure over the 3-week
period, average exposure of the 29 infants was
0.03 + 0.01 V/m at the median level and 0.24 £ 0.11 V/m at
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Table 2. Sleep data.

SPT (min) 672.5 (515-713)
TST (min) 605.5 (312-699)
Sleep efficiency (% SPT) 89.3 (51-100)
WASO (min) 75.5 (0-300)
WASO frequency (h™") 0.6 (0-1)
WASO mean duration (min) 12.3 (2-76)
WASO (% SPT) 10.7 (0-49)
Sleep state change frequency (h™ 4.2 (2-6)
REM frequency (h™") 1.1 (0,3-2)
NREM frequency (h™") 0.8 (0,5-1)

IS frequency (h™") 17 (1-2)
REM mean duration (min) 21.9 (10-38)
NREM mean duration (min) 15.5 (5-29)

IS mean duration (min) 9.5 (6-25)
REM (% TST) 41.1 (20-65)
NREM (% TST) 26.5 (11-36)
IS (% TST) 349 (17-57)
Longest REM period 40 (29-72.5)

Longest NREM period 28.5 (17.5-64)

SPT: sleep period time; TST: total sleep time; WASO: wakefulness after sleep
onset; REM: rapid eye movement sleep; NREM: non-rapid eye movement
sleep; IS: indeterminate sleep.

Values are quoted as the median (range).

Table 3. Correlations between sleep data and chronic RF-EMF exposure levels
over the 3-week period.

RF-EMF median level  RF-EMF P99 level

Correlation Correlation
Sleep structure parameters (p) p Value (p) p Value
SPT (min) 0.039 .8358 -0.083 6596
TST (min) 0.113 5488 0.044 8145
Sleep efficiency (% SPT) 0.082 6648 0.076 6857
WASO (min) -0.093 6209 -0.076 .6881
WASO frequency (h_l) -0.155 4127 0.09 6347
WASO mean duration (min) 0.001 .9957 -0.278 1558
WASO (% SPT) -0.077 .6828 -0.076 6867
Sleep state change frequency (h™") 0.098 6058 0.45 .0172
REM frequency (h_l) 0.181 3394 0.44 .0198
NREM frequency (h™") -0.016 9315 0.033 .8593
IS frequency (h’l) 0.131 4889 0.407 .0311
REM mean duration (min) -0.156 4094 -0.412 .0292
NREM mean duration (min) -0.205 2791 -0.0278 1558
IS mean duration (min) 0.437 .0208 -0.102 .5895
REM (% TST) -0.297 1166 0.116 5384
NREM (% TST) -0.157 4067 -0.23 2235
IS (% TST) 0.457 .0156 0.044 8165
Longest REM period -0.477 0116 -0.249 .1883
Longest NREM period -0.100 .5953 -0.143 4485

p: Spearman’s rank correlation; NS: non-significant; see Table 2 for other
abbreviations.
None of the correlations was significant after Bonferroni’s correction.

the P99 level. For the acute RF-EMF exposure during the
polysomnographic period only, average exposure was
0.03 + 0.02 V/m at the median level and 0.12 £ 0.09 V/m at
the P99 level.

Results of the correlations between sleep structure param-
eters and both chronic and acute RF-EMF exposure levels
are shown in Tables 3 and 4, respectively.

For the chronic RF-EMF exposure, the median level was
associated positively with both IS mean duration and pro-
portion, and negatively with the longest REM period. At the
highest exposure levels, P99 was associated negatively with
the mean duration of REM episodes, and positively with the
sleep state change frequency. The latter result was mainly
due to an increase in the frequencies of REM and IS epi-
sodes with the increase in P99.
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Table 4. Correlations between sleep data and acute RF-EMF exposure levels
during the polysomnographic period.

RF-EMF median level

RF-EMF P99 level

Correlation Correlation
Sleep structure parameters (p) p Value (p) p Value
SPT (min) -0.539 .0044 —-0.153 4191
TST (min) -0.307 .1045 -0.170 .3685
Sleep efficiency (% SPT) -0.083 6596 -0.139 4611
WASO (min) 0.048 .8014 0.100 .5949
WASO frequency (h™ 0.099 .6003 0.403 .0329
WASO mean duration (min) 0.111 5726 -0.215 2732
WASO (% SPT) 0.084 6577 0.140 4603
Sleep state change frequency (h™')  -0.050 .7908 0.263 .1639
REM frequency (h™ 0.152 4202 0.250 1863
NREM frequency (h™ -0.342 .0705 -0.069 7152
IS frequency (h™ -0.201 2867 0.080 6709
REM mean duration (min) -0.028 .8809 -0.306 .1051
NREM mean duration (min) 0.296 1175 -0.089 6366
IS mean duration (min) -0.136 4731 0.212 2623
REM (% TST) 0.106 5756 -0.169 3713
NREM (% TST) -0.092 6283 -0.131 4881
IS (% TST) -0.163 3872 0.340 .0721
Longest REM period 0.115 5415 -0.145 4431
Longest NREM period 0.193 3075 -0.200 .2908

p: Spearman’s rank correlation; NS: non-significant; see Table 2 for other
abbreviations.
None of the correlations was significant after Bonferroni’s correction.

During acute RF-EMF exposure, an increase in the
median level was significantly associated with a decrease in
SPT. On the other side, a positive association was found
between P99 and WASO frequency.

Discussion

Preterm neonates are chronically exposed to RF-EMF
(Besset et al 2021) at levels, which do not place them at risk
(ICNIRP 2020) and, despite subtle changes in some sleep
parameters, the present study shows that such exposure does
not disrupt their sleep structure.

Here, sleep data were similar to those found in previous
sleep studies (Stéphan-Blanchard et al. 2008). In particular,
sleep parameters were highly correlated with postmenstrual
age. This is an usual effect observed in the literature
(Bourel-Ponchel et al. 2021). However, postmenstrual age
was not correlated with chronic or acute RF-EMF exposure
levels (data not shown) and cannot therefore be considered
as an independent cofactor in RF-EMF effects.

At median levels, an observed trend (not significant after
Bonferroni’s correction) was an increase in IS with RF-EMF
exposure. At the highest exposure levels in our study (P99),
an increase in RF-EMF levels did not alter sleep structure
but seemed to increase sleep fragmentation (greater sleep
state change frequency not significant after Bonferroni’s cor-
rection). More consistently, our results suggest that the RF-
EMF impact on sleep was dependent on exposure duration
rather than exposure levels as regards to the differences
observed between chronic and acute exposures.

An increase in IS with chronic RF-EMF exposure might
have neurophysiological significance. Indeed, it was shown
that a greater preponderance of organized, well-defined sleep
states, i.e. NREM or REM, is one of the most significant
aspects of early brain maturation (Curzi-Dascalova et al.

1993; Mirmiran and Ariagno 2009). Therefore, IS may indir-
ectly be a marker of low brain maturation. We also observed
that chronic RF-EMF exposure could potentially result in
sleep fragmentation, with an increase in the occurrence of IS
and REM episodes. This poorer sleep stability may also sug-
gest a lower brain maturation in the most exposed infants.
Indeed, it is commonly established (Lehtonen and Martin
2004) that sleep continuity increase is a marker of brain
maturation, with concomitant increase in the sleep stage
duration and decrease in the sleep stage frequency. Given
the crucial role of sleep for growth and brain development
in preterm neonates, the effects observed here suggest that
exposed infants may have more difficulty to organize and
maintain their sleep, probably as a consequence of compara-
tive immaturity.

On the other hand, analysis of the influence of RF-EMF
exposure during the polysomnographic period only showed
no global influence on sleep. Acute exposure levels were
either not statistically different for the median levels
(p = .8095) or significantly lower for P99 (p = .0001) as
compared to the whole 3-week recordings. Thus, it cannot
be ruled out that this may have contributed to the absence
of effect in the highest acute exposure levels. Acute RF-EMF
exposure was nevertheless associated with a decrease in the
SPT at median levels and an increase in the frequency of
wakefulness episodes at the highest levels (not significant
after Bonferroni’s correction). However, inherent to clinical
studies, infants with the lowest SPTs in our study were those
for whom the most human intervention (nursing staff,
parents) periods had to be excluded from sleep analysis.
Taken as a whole, our findings indicate that, at the low lev-
els found in our study, acute RF-EMF exposure does not
alter sleep patterns in preterm neonates.

These results are consistent with current knowledge on
sleep neurophysiological mechanisms. Sleep is a very inte-
grated process, known for its plasticity and ability to
reorganize in response to stimulation provided by the post-
natal environment (Peirano et al. 2003). Thus, very low,
acute RF-EMF environmental levels may not be high enough
to show sleep disturbances. Also, the impact on sleep caused
by chronic exposure may have masked some of the acute
effects. Current studies, reporting either sub-chronic
(Danker-Hopfe et al. 2016; three nights of RF-EMF expos-
ure) and acute (Loughran et al. 2005; 30 minutes of RF-EMF
exposure) exposure in adult humans, or chronic exposure in
rats (Pelletier et al. 2013, 5 weeks of RF-EMF exposure)
were always performed at levels at least 100 times higher
than those found in our study. Strikingly, all these studies
pointed out in the same direction: a sleep fragmentation and
an increase in REM when exposed to RF-EMF whatever the
exposure modalities (acute or chronic). As more and more
are mentioned in the most recent neurodevelopmental para-
digms, our study is the first to highlight that the population,
period and duration of exposure to environmental agents
are key factors in the appearance of effects. Although no
effect on sleep structure was found, our data suggest that
some indicators of sleep quality were sensitive to RF expos-
ure, even at very low levels. Our study was not designed to



evaluate the effects of low-frequency EMFs; however, it
could be interesting to study their specific or cumulative
influence with RF on the structure of sleep given the results
obtained previously by other authors (Bellieni et al. 2008,
2012).

In conclusion, chronic exposure to low RF-EMF levels
did not disrupt sleep structure despite some discrete altera-
tions such as increased IS and sleep fragmentation. These
changes may indicate a lower brain maturation in the most
exposed infants. Although no concerns about infants™ health
are currently relevant, further studies are needed to confirm
the present results and examine mid- to long-term, sleep-
related cardiorespiratory (Chardon et al. 2004) and neurode-
velopmental effects (Constantinou et al. 2005).

Acknowledgements

The authors thank the staff of the Neonatology Department for their
assistance with the experiments.

Author contributions

Dimitri Besset: methodology, software, formal analysis, investigation,
and writing - original draft; Brahim Selmaoui: methodology, validation,
and writing - review and editing; Stéphane Delanaud: methodology,
software resources, and writing — review and editing; Lisa Bessarion:
investigation; Karen Chardon: methodology, validation, data curation,
and writing; René de Seze: methodology, software, validation, and writ-
ing - review and editing; André Leke: methodology and writing —
review and editing; Erwan Stephan-Blanchard: conceptualization,
methodology, validation, data curation - writing - review and editing,
and project administration.

Ethical approval

The study was approved by an independent institutional review board
(CPP Sud-Est III; reference: RCB18.10.12.31915) and was performed in
accordance with the principles of the Declaration of Helsinki
Participation of human subjects and did not occur until informed con-
sent was obtained.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work is supported by The French National Research Program for
Environmental and Occupational Health of ANSES (EST/2017/
2 RF/03).

Notes on contributors

Dimitri Besset is a PhD specialized in biology and health and inte-
grated physiology and currently an international project manager in
clinical research since 2022.

Brahim Selmaoui, PhD, HDR, is a principal investigator currently
working in the Department of Experimental Toxicology and Modeling,
at INERIS and deputy director of the Peritox Laboratory at UMR-I-01,
UPJV. He is interested in emerging risks and their effects on human
health: Study of the central nervous system, brain activity, reproduc-
tion, circadian rhythms and physiological functions.

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY . 431

Stéephane Delanaud is experimental techniques engineer in the peritox
UMR-I-01 laboratory. He brings his expertise in the implementation of
material resources for research protocols in the fields of measuring
physical parameters (electromagnetic field) and human physiology
(electroencephalogram, respiratory, cardiac).

Lisa Bessarion, MD, is a medical doctor and hospital practitioner in
neonatal intensive care units at the Amiens hospital CHU-Picardie and
research scientist in PeriTox UMR-I-01 laboratory, UPJV.

Karen Chardon, PhD, is professor in the PeriTox UMR-I-01 labora-
tory, UPJV. Her research themes focus on the interactions of the con-
trol systems of hypnic, thermoregulatory and ventilatory functions in
preterm newborns. She is currently working on the effects of in utero
exposure to chemicals on the physiology of the newborn baby.

René de Seze, MD, PhD, is a principal investigator in the Department
of Experimental Toxicology and Modeling, at INERIS and senior
researcher in the Peritox Laboratory at UMR-I-01, UPJV. He is work-
ing on the effect of radiofrequency on thermoregulation.

Dr André Leke, MD, is a medical doctor, hospital practitioner specialist
in pediatrics at Amiens hospital CHU-Picardie and research scientist in
PeriTox UMR-I-01 laboratory, UPJV.

Erwan Stephan-Blanchard, PhD, is associate professor in the PeriTox
UMR-I-01 laboratory, UPJV. His research themes focus on the adapta-
tions and interactions of the control systems of hypnic, ventilatory and
cardiovascular functions in preterm newborns. Currently, his projects
focus on the influence of environmental agents on these neurovegeta-
tive regulations.

ORCID

Brahim Selmaoui ([s) http://orcid.org/0000-0003-0953-8280

References

Bellieni CV, Acampa M, Maffei M, Maffei S, Perrone S, Pinto I,
Stacchini N, Buonocore G. 2008. Electromagnetic fields produced by
incubators influence heart rate variability in newborns. Arch
Dis Child Fetal Neonatal Ed. 93(4):F298-F301. doi:10.1136/adc.2007.
132738

Bellieni CV, Tei M, Iacoponi F, Tataranno ML, Negro S, Proietti F,
Longini M, Perrone S, Buonocore G. 2012. Is newborn melatonin pro-
duction influenced by magnetic fields produced by incubators? Early
Hum Dev. 88(8):707-710. doi:10.1016/j.earlhumdev.2012.02.015

Besset D, Selmaoui B, Delanaud S, de Seze R, Leke A, Stéphan-
Blanchard E. 2021. Individual exposure to environmental radiofre-
quency electromagnetic fields in hospitalized preterm neonates.
Bioelectromagnetics. 42(5):432-434. doi:10.1002/bem.22349

Besset D, Selmaoui B, Tourneux P, Leke A, Delanaud S, de Seze R,
Stephan Blanchard E. 2020. Environmental radiofrequency electro-
magnetic field levels in a department of pediatrics. Environ Res.
181:108894. doi:10.1016/j.envres.2019.108894

Bourel-Ponchel E, Hasaerts D, Challamel M-J, Lamblin M-D. 2021.
Behavioral-state development and sleep-state differentiation during
early ontogenesis. Neurophysiol Clin. 51(1):89-98. doi:10.1016/j.neu-
¢li.2020.10.003

Chardon K, Telliez F, Bach V, Leke A, Delanaud S, Bouferrache B,
Libert JP, Gaultier C. 2004. Effects of warm and cool thermal condi-
tions on ventilatory responses to hyperoxic test in neonates. Respir
Physiol Neurobiol. 140(2):145-153. doi:10.1016/j.resp.2003.11.007

Chou JH, Roumiantsev S, Singh R. 2020. PediTools electronic growth
chart calculators: applications in clinical care, research, and quality
improvement. ] Med Internet Res. 22(1):e16204. doi:10.2196/16204

Constantinou JC, Adamson-Macedo EN, Mirmiran M, Ariagno RL,
Fleisher BE. 2005. Neurobehavioral assessment predicts differential
outcome between VLBW and ELBW preterm infants. J Perinatol.
25(12):788-793. doi:10.1038/sj.jp.7211403

Crouzier D, Debouzy JC, Bourbon F, Collin A, Perrin A, Testylier G.
2007. Neurophysiologic effects at low level 1.8 GHz radiofrequency


https://doi.org/10.1136/adc.2007.132738
https://doi.org/10.1136/adc.2007.132738
https://doi.org/10.1016/j.earlhumdev.2012.02.015
https://doi.org/10.1002/bem.22349
https://doi.org/10.1016/j.envres.2019.108894
https://doi.org/10.1016/j.neucli.2020.10.003
https://doi.org/10.1016/j.neucli.2020.10.003
https://doi.org/10.1016/j.resp.2003.11.007
https://doi.org/10.2196/16204
https://doi.org/10.1038/sj.jp.7211403

432 . D. BESSET ET AL.

field exposure: a multiparametric approach on freely moving rats.
Pathol Biol. 55(3-4):134-142. doi:10.1016/j.patbio.2006.06.007

Crouzier D, Testylier G, Perrin A, Debouzy J-C. 2007. Quels effets neu-
rophysiologiques pour un champ électromagnétique de faible puis-
sance a 2,45 GHz? Pathol Biol. 55(5):235-241. doi:10.1016/j.patbio.
2007.03.001

Curzi-Dascalova L, Figueroa JM, Eiselt M, Christova E, Virassamy A,
d‘Allest AM, Guimaraes H, Gaultier C, Dehan M. 1993. Sleep state
organization in premature infants of less than 35 weeks gestational age.
Pediatr Res. 34(5):624-628. doi:10.1203/00006450-199311000-00013

Danker-Hopfe H, Bueno-Lopez A, Dorn H, Schmid G, Hirtl R, Eggert
T. 2020. Spending the night next to a router - results from the first
human experimental study investigating the impact of Wi-Fi expos-
ure on sleep. Int ] Hyg Environ Health. 228:113550. doi:10.1016/j.
ijheh.2020.113550

Danker-Hopfe H, Dorn H, Bolz T, Peter A, Hansen M-L, Eggert T,
Sauter C. 2016. Effects of mobile phone exposure (GSM 900 and
WCDMA/UMTS) on polysomnography based sleep quality: an
intra- and inter-individual perspective. Environ Res. 145:50-60. doi:
10.1016/j.envres.2015.11.011

Fenton TR, Kim JH. 2013. A systematic review and meta-analysis to
revise the Fenton growth chart for preterm infants. BMC Pediatr.
13(1):59. doi:10.1186/1471-2431-13-59

Grigg-Damberger MM. 2016. The visual scoring of sleep in infants 0 to
2 months of age. J Clin Sleep Med. 12(3):429-445. doi:10.5664/jcsm.5600

International Commission on Non-Ionizing Radiation Protection
(ICNIRP). 2020. Guidelines for limiting exposure to electromagnetic
fields (100 kHz to 300 GHz). Health Phys. 118:483-524.

Lehtonen L, Martin RJ. 2004. Ontogeny of sleep and awake states in
relation to breathing in preterm infants. Semin Neonatol. 9(3):229-
238. doi:10.1016/j.siny.2003.09.002

Loughran SP, Wood AW, Barton JM, Croft RJ, Thompson B, Stough
C. 2005. The effect of electromagnetic fields emitted by mobile
phones on human sleep. NeuroReport. 16(17):1973-1976. doi:10.
1097/01.wnr.0000186593.79705.3¢

Lowden A, Nagai R, Akerstedt T, Mild KH, Hillert L. 2019. Effects of
evening exposure to electromagnetic fields emitted by 3G mobile
phones on health and night sleep EEG architecture. J Sleep Res.
28(4):e12813. doi:10.1111/jsr.12813

Mirmiran M, Ariagno RL. 2009. Role of REM sleep in brain develop-
ment and plasticity. In: Sleep and brain plasticity. Oxford: Oxford
University Press; p. 181-188. doi:10.1093/acprof:0s0/9780198574002.
003.0010

Peirano P, Algarin C, Uauy R. 2003. Sleep-wake states and their regu-
latory mechanisms throughout early human development. ] Pediatr.
143(4 Suppl.):S70-S79. doi:10.1067/50022-3476(03)00404-9

Pelletier A, Delanaud S, Décima P, Thuroczy G, de Seze R, Cerri M, Bach
V, Libert J-P, Loos N. 2013. Effects of chronic exposure to radiofre-
quency electromagnetic fields on energy balance in developing rats.
Environ Sci Pollut Res Int. 20(5):2735-2746. doi:10.1007/s11356-012-
1266-5

Peyman A. 2011. Dielectric properties of tissues; variation with age and
their relevance in exposure of children to electromagnetic fields;
state of knowledge. Prog Biophys Mol Biol. 107(3):434-438. doi:10.
1016/j.pbiomolbio.2011.08.007

Stéphan-Blanchard E, Telliez F, Léké A, Djeddi D, Bach V, Libert J-P,
Chardon K. 2008. The influence of in utero exposure to smoking on
sleep patterns in preterm neonates. Sleep. 31(12):1683-1689. doi:10.
1093/sleep/31.12.1683

Tamashiro KLK, Moran TH. 2010. Perinatal environment and its influ-
ences on metabolic programming of offspring. Physiol Behav.
100(5):560-566. doi:10.1016/j.physbeh.2010.04.008


https://doi.org/10.1016/j.patbio.2006.06.007
https://doi.org/10.1016/j.patbio.2007.03.001
https://doi.org/10.1016/j.patbio.2007.03.001
https://doi.org/10.1203/00006450-199311000-00013
https://doi.org/10.1016/j.ijheh.2020.113550
https://doi.org/10.1016/j.ijheh.2020.113550
https://doi.org/10.1016/j.envres.2015.11.011
https://doi.org/10.1186/1471-2431-13-59
https://doi.org/10.5664/jcsm.5600
https://doi.org/10.1016/j.siny.2003.09.002
https://doi.org/10.1097/01.wnr.0000186593.79705.3c
https://doi.org/10.1097/01.wnr.0000186593.79705.3c
https://doi.org/10.1111/jsr.12813
https://doi.org/10.1093/acprof:oso/9780198574002.003.0010
https://doi.org/10.1093/acprof:oso/9780198574002.003.0010
https://doi.org/10.1067/s0022-3476(03)00404-9
https://doi.org/10.1007/s11356-012-1266-5
https://doi.org/10.1007/s11356-012-1266-5
https://doi.org/10.1016/j.pbiomolbio.2011.08.007
https://doi.org/10.1016/j.pbiomolbio.2011.08.007
https://doi.org/10.1093/sleep/31.12.1683
https://doi.org/10.1093/sleep/31.12.1683
https://doi.org/10.1016/j.physbeh.2010.04.008

	Influence of radiofrequency electromagnetic fields exposure on sleep patterns in preterm neonates
	Abstract
	Introduction
	Materials and methods
	Infants
	Radiofrequency electromagnetic field measurements
	Sleep analysis
	Statistics

	Results
	Discussion
	Acknowledgements
	Author contributions
	Ethical approval
	Disclosure statement
	Funding
	Orcid
	References


