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ABSTRACT

Although WiFi contributes little to total
radiofrequency electromagnetic field (RF-
EMF) exposure in our everyday environ-
ment, concern has raised whether this spe-
cific type of modulated RF-EMF causes
health problems. The aim of this review is
to evaluate all types of studies that investi-
gated biological and health effects of WiFi
exposure and fulfilled basic quality criteria.
Eligible for inclusion were epidemiological,
human experimental, in vivo and in vitro
studies using realistic WiFi exposure set-
tings. We conducted a systematic literature
search for all papers published between
January 1997 and August 2020 followed by a quality review addressing blinding and dosimetry in
experimental studies and various types of biases in epidemiological studies. All studies fulfilling the
quality criteria were descriptively summarized in terms of observation or absence of associations.
From 1385 articles identified by the literature search, 23 fulfilled basic quality criteria: 6 epidemio-
logical papers, 6 human experimental articles, 9 in vivo articles, and 2 in vitro articles. Whereas in
vivo and in vitro studies applied exposure levels up to 4W/kg, human studies dealt with exposure
levels several orders of magnitude below the ICNIRP guidelines, which are typical for WiFi exposure
situations in the everyday environment. Numerous outcomes ranging from biological markers to
symptoms were mostly found not to be associated with WiFi exposure. Sporadic findings were not
consistent in terms of outcomes or exposure-response associations. This review based on a system-
atic literature search and quality evaluation does not suggest detrimental health effects from WiFi
exposure below regulatory limits.

KEYWORDS WLAN; WiFi; risk assessment; health; radiofrequency electromagnetic fields; epidemiological; in vivo; in vitro;
human experimental
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Introduction

WiFi, also called WLAN (Wireless Local Area Network), is commonly used to connect devices
and for Internet access. Typical applications are in private homes, schools, workplaces, and WiFi
hotspots in cities and public transport. WiFi is based on the IEEE 802.11 family of standards,
which uses various transmission protocols mostly in the frequency range of 2.400 to 2.484GHz
and 5.150 to 5.825GHz (IEEE, 2016). Data packets are transmitted between multiple devices and
access points using various types of modulations such as the multiple-input, multiple-output
orthogonal frequency-division multiplexing (MIMO-OFDM). Consequently, WLAN devices trans-
mit short pulses (bursts) and the burst lengths and burst repetition rates are highly dependent on
the actual data traffic in the network. The duty factor is the ratio of the pulse duration to the
total period, which is usually low for WiFi communication (Khalid et al., 2011). In the absence of
data traffic, only the access point transmits a short beacon signal, every 100ms, which corre-
sponds to a pulse rate of 10Hz. In this situation, the crest factor, defined as the ratio of peak val-
ues to the effective value, is highest (about a factor of 100) (Schmid et al., 2020).

Peyman et al. (2011) conducted systematic measurements of 15 different types of laptops and
13 different types of access points to estimate exposure of pupils in UK schools to WiFi. For
these measurements, the duty factor was maximized so that the burst power was equal to the
time averaged power. For laptops operating at 2.4GHz, the maximum power flux density
decreased from 22 to 0.13mW/m2 as the distance increased from 0.5 to 1.9m. Similar trends
were observed for laptops operating at 5GHz with a maximum value of 15mW/m2 at 0.5m dis-
tance from the device. For 2.4GHz access points, the maximum power density value at 0.5m
from the source was 87mW/m2 decreasing to 0.22mW/m2 at 1.9m (maximum of ca. 22mW/m2

in the 5GHz band). Subsequent analyses of realistic duty factors of 146 individual laptops investi-
gated in six primary and secondary schools during classroom lessons yielded values from 0.02 to
0.91%, with a mean duty factor of 0.08% (Khalid et al., 2011). The duty factors of access points
from seven networks ranged from 1.0% to 11.7% with a mean of 4.8%. This implies that time-
averaged exposure levels are considerably lower than the reported maximum values. From these
observed duty factors, Khalid et al. (2011) concluded that maximum time-averaged power density
from a laptop at a distance of 0.5m would be 220lW/m2 (instead of 22mW/m2), and the peak
localized specific absorption rate (SAR) in the torso region of a 10-year-old child model, at 34 cm
from the antenna, was predicted to be 80 lW/kg. Findlay and Dimbylow (2010) computed a max-
imum whole-body averaged SAR value of 19.1lW/kg for a 1V/m (¼2.65mW/m2) plane-wave
incident WiFi exposure situation.

Several studies have measured typical personal exposure from WiFi emissions together with
other sources of radiofrequency electromagnetic fields (RF-EMF) such as mobile phones, Digital
Enhanced Cordless Phones (DECT) or radio or TV broadcasting. These studies, and also some
systematic reviews of RF-EMF exposure studies from Europe, have shown that the contribution
of WiFi to total RF-EMF exposure is relatively low, typically below 10% (Birks et al. 2018;
Foerster et al., 2018; Gallastegi et al., 2018; Jalilian et al., 2019; Roser et al., 2017; Sagar et
al., 2018).

Despite the fact that typical WiFi exposure levels in the everyday environment are several
orders of magnitude below guideline values (10W/m2) (ICNIRP, 2020), there is concern that
exposure to WiFi radiation could cause harm for the population, and individuals have reported
to specifically react to this type of exposure (Andrianome et al., 2018). It has been speculated that
biological effects could arise from high peak values of the WiFi signal pulsation owned to the low
duty factor. Wilke (2018) evaluated more than 100 studies on RF-EMF in the 2.45GHz frequency
range and concluded that these studies document “damage to the reproductive system, impacts
on the EEG and brain functions, as well as effects on the heart, liver, thyroid, gene expression,
cell cycle, cell membranes, bacteria, and plants.” She mentions that many studies identified oxida-
tive stress as a mechanism of action. According to a review of Pall (2018) oxidative stress, sperm/
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testicular damage, neuropsychiatric effects including changes in the encephalogram (EEG), apop-
tosis, cellular DNA damage, endocrine changes, and calcium overload are established effects of
WiFi exposure. However, this review was heavily criticized for selective reporting, for ignoring
the quality of the studies, for ignoring the level of exposure, for including studies that did not
apply WiFi signals, and for inadequate description of the study results (Arribas et al., 2018;
Foster & Moulder, 2019; Najera, 2019; Pinto et al., 2020). Another review with substantially less
papers, owing to more stringent inclusion criteria, concluded that several studies observed bio-
logical effects due to WiFi-type exposures, but technical limitations prevent drawing conclusions
about possible health risks of the technology (Foster & Moulder, 2013).

The aim of this review was to evaluate whether WiFi signals have specific biological or health
effects by conducting a systematic literature search and restricting the review to studies that
adhere to basic quality criteria defined a priori and thus low risk of bias.

Methods

Basic eligibility criteria

All epidemiological, human experimental, in vivo and in vitro studies published between January
1997 and August 2020 referring to WiFi exposure were eligible for inclusion if peer-reviewed and
written in English, German or French. We only considered studies with applied SAR values up to
20W/kg, which corresponds to the basic restrictions for local exposure of limbs in occupational
settings (ICNIRP, 2020). We did neither consider studies on plants, bacteria or fungi, nor letters,
commentaries, editorials, case reports, conference proceedings, reviews or exclusively computa-
tional or modeling papers. We did not consider studies on microwave ablation, thermal treat-
ment, diathermy, other therapeutic applications, medical implants, medical devices and
electromagnetic compatibility. To be eligible, studies needed to report an effect estimate for WiFi.
Studies that reported WiFi exposure effects exclusively in combination with other signals, for
example DECT or mobile phone RF-EMFs, but did not report an effect estimate specifically for
WiFi, were not considered.

In order to represent a realistic WiFi signal, studies had to address exposure in the RF-EMF
frequency range labeled as any of the IEEE WLAN 802.11 standards (e.g. 802.11ac, 802.11n,
802.11a, 802.11 b, 802.11 g, 802.11 h). If not specifically labeled, studies with realistic WiFi-like
signals had to be in the frequency range of 2.400- 2.483 and/or 5.150� 5.725GHz and fulfill any
of the following criteria:

1. Signal was not a continuous wave (CW) signal, and was declared as a packet-type of
data service.

2. Modulation was described as direct sequence spread spectrum (DSSS), frequency-hopping
spread spectrum (FHSS) or orthogonal frequency division multiplex (OFDM) resulting in
stochastic signal characteristics with a pulse rate between 10Hz for beacon only and ca.
100Hz at maximum data transmission rate (Schmid et al., 2020).

3. In the absence of data transmission, a pulse rate of 10Hz was applied.
4. Signal originated from a commercially available access point or mobile terminal (e.g. laptop).

Quality criteria

In addition to the basic eligibility criteria, the following minimal quality criteria had to
be fulfilled.

1. Any experimental study had to include at least one sham condition.
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2. Any experimental study had to be at least single blinded.
3. The exposure levels in experimental studies were measured or modeled to demonstrate

exposure differences between various conditions. Just placing a WiFi emitting device with no
emission control was considered to be inadequate.

4. In in vitro and in vivo studies, an adequate dosimetry was performed.
5. Any epidemiological study had to describe how participants were selected including inclusion

and exclusion criteria. For instance, recruiting study participants by an advertisement would
result in strong self-selection, which would not be suitable for a cross-sectional data analysis.

6. Any epidemiological study had to consider basic confounders such as age, sex and sociode-
mographic factors.

Literature search

Using the Web of Science and PubMed databases, a systematic literature search was performed
for relevant records between 1 January 1997 and 31 August 2020 (IEEE 802.11, the original WiFi
standard, was released in 1997). Keywords referred to exposure and signal type (radiation, radio-
frequency electromagnetic fields, 2.4 GHz, 2.45GHz, 5GHz, WLAN, WiFi, 802.11 standard),
study type (epidemiology, experimental animal models, in vitro, in vivo) and study subject
(human, health, animal, rat, mouse, hamster, rabbit, cell). Variations of the search terms were
included as well (e.g. 2.4 GHz / 2400MHz, WiFi/Wi-Fi, wireless LAN / WLAN, RF-EMF / radio-
frequency electromagnetic fields, mouse/mice etc.). A detailed list of the search terms is provided
in Table S1 (supplemental material 1). Complementary, manual search was applied to include
additional publications found in reference lists of published articles on the topic.

The retrieved literature list was checked for duplicates and with respect to fulfilling the inclu-
sion criteria based on title, abstract and full text. Subsequently, quality evaluation was independ-
ently conducted by two data assessors (SD and HJ) and any discrepancy was solved together with
MR. In five cases, clarification whether the signal used was indeed a WiFi signal according to the
basic eligibility criteria was sought by direct communication with the authors.

Data extraction

For each of the studies fulfilling the inclusion and quality criteria, a defined set of criteria was
assessed, and the respective information that was provided in the studies was extracted into tables.
The assessment criteria for included studies are listed in Table S2 (supplemental material 1).

Synthesis

The findings of all studies were narratively summarized. Both, associations and absence of associa-
tions were reported. Results were evaluated individually with respect to the strengths and limita-
tions of the corresponding studies and potential risk of bias (NTP, 2015; Rooney et al., 2014). An
important aspect was to compare exposure levels in relation to regulatory limits and actual expos-
ure levels of the population. As the number of findings per outcome was too small and exposure
situations too heterogeneous, we abstain from pooling effect estimates using meta-analysis.

Results

Literature search

After removing duplicates, the search yielded a total of 1385 publications. From these, 955 publi-
cations were excluded based on the information and terms in the title, and an additional 190
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publications after viewing their abstract (Figure 1 and supplemental material 2). After applying
the basic eligibility and quality criteria, 23 publications remained for full assessment and data
extraction. These comprised six epidemiological articles, six articles describing human experimen-
tal studies, nine in vivo, and two in vitro papers.

Epidemiological studies

Table 1 and Table S3 (supplemental material 1) give an overview on the six epidemiological
papers fulfilling the quality criteria. Redmayne et al. (2013) conducted a cross-sectional study in
373 adolescents with a mean age of 12.3 years about occurrence of symptoms in relation to use of
mobile and cordless phones and to the presence of a WiFi at home. While several symptoms
were found to be related to mobile phone use, those with a WiFi at home were significantly less
likely to wake up during the night. Other symptoms (headaches, feeling down or depressed, tin-
nitus, trouble falling asleep, tired during school, painful texting thumb) were not related to the
presence of WiFi at home. A limitation is self-reported WiFi at home, which concerns also the
following two epidemiological studies.

In a larger cross-sectional study involving 2,361 children at seven years of age, it was evaluated
if exposure to RF-EMF was associated with reported quality of sleep (Huss et al., 2015). Together
with data on other EMF sources (cordless phone base station and mobile/cordless phone use),
data on presence of a WiFi at home was obtained from parental reports referring to the time
when the child was five years old. In addition, modeled RF-EMF exposure from mobile phone
base stations at home and at school was also considered. None of the five scales of the Child
Sleep Habits Questionnaire (CSHQ), a priori hypothesized to be potentially related to RF-EMF

Figure 1. Identification and selection of studies on the health or biological effects of exposure to radiofrequency electromag-
netic fields from WiFi.
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exposure (sleep onset delay, sleep duration, night awakenings, parasomnias, daytime sleepiness),
was related to WiFi exposure. Among three negative control outcomes, which were a priori
hypothesized not to be associated with RF-EMF, higher sleep anxiety was observed in children
with WiFi at home compared to those without. In the same study, behavioral problems were
inquired at the age of five years using the Strength and Difficulty Questionnaire (SDQ) filled in
by the teachers and the mothers (Guxens et al., 2019). The risk for any borderline/abnormal score
was not related to the presence of WiFi at home for any of the five SDQ scales.

In the Netherlands, Bolte et al. (2019) including a pilot study from Bogers et al. (2018) aimed
to directly evaluate in electromagnetic hypersensitive (EHS) individuals whether RF-EMF expos-
ure in daily routine triggers symptoms. While the preceding pilot study (Bogers et al., 2018) com-
prised data of seven EHS individuals, the main study (Bolte et al., 2019) included 57 participants.
In the main study, participants carried an exposimeter logging 12 RF-EMF bands for five days,
and provided information on occurrence of nonspecific symptoms at random intervals about
eight times a day. The pilot study lasted for 21 days, with participants providing information on
symptom occurrence three times a day in 6-hour intervals. In the pilot study, based on 52 tests
without multiple correction, one participant felt unsettled with increasing rate of change WiFi
exposure and headache decreased in two participants with increasing WiFi exposure. In the main
study, there was no statistically significant association between measured personal exposure and
occurrence of symptoms at group level. Subsequently, the authors also undertook individual ana-
lysis of 36 participants that ascribed their primary complaint to sources within the measuring
range of the exposimeter. Named by 22 out of 36 participants, WiFi was the most commonly
attributed RF-EMF source in this collective, attributing their complaints to at least one specific
source. After correction for multiple testing and confounding, two significant associations were
found for one person. For this individual, the sum score of nonspecific symptoms and the sever-
ity of the most relevant complaint was associated with WiFi exposure (rate of change and time
above 0.1mW/m2). Chance findings due to multiple testing and lack of experimental blinding are
a limitation for this study. Study participants may be aware of the presence of a WiFi, which may
trigger a nocebo response (Brascher et al., 2020). This might be the explanation why one partici-
pant in the pilot study reported increased lightheadedness and fatigue in relation to perceived
WiFi exposure but not real WiFi exposure.

In a cross-sectional study of 149 pregnant women, self-reported use of WiFi and mobile
phones was evaluated in relation to various parameters related to oxidative stress in the blood
and placenta, immediately collected after birth (Bektas et al., 2020). Some parameters were associ-
ated with mobile phone use but none with WiFi exposure at workplace or at home. The small
sample size and the self-reported exposure measures are limitations of this study.

Human experimental studies

In total, six papers on human experimental studies qualified for this review (Table 1 and
Table S4 supplemental material 1). Papageorgiou et al. (2011) conducted a randomized experi-
ment with 15 male and 15 female individuals with a mean age of 24 years to study the P300 com-
ponent of electroencephalography (EEG), a measure of the event-related potentials (ERPs) and
marker of attention and working memory operation of the brain, while performing a modified
version of the Hayling Sentence Completion test. Volunteers were either sham or real exposed to
a 2.45GHz WiFi access point placed at a distance of 1.5m from the head, resulting in an electric
field strength of 0.49V/m at the head. No exposure effect was observed except a gender�exposure
interaction at some EEG recording electrodes within the response inhibition condition.

Zentai et al. (2015) included 25 volunteers in a double-blind provocation study to study the
effects of a 2.45GHz WiFi exposure for 60minutes on the spontaneous awake electroencephalo-
graphic activity and psychomotor vigilance. The exposure system was constructed from
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commercial parts and peak SAR10g (SAR averaged over 10 g of contiguous tissue mass) was mod-
eled for various brain regions. The maximum level was obtained for the cerebrospinal fluid
(6.57mW/kg). Compared to a sham condition, neither spontaneous awake electroencephalo-
graphic recordings, psychomotor vigilance test (reaction time, number of lapses, variability of
responses) nor self-reported fatigue was affected.

In a French human experimental study two different experiments were undertaken
(Andrianome et al., 2017). First, the activity of the autonomic nervous system of 30 EHS individ-
uals was compared with age-, sex- and BMI-matched control persons in a series of biological
parameters without any EMF source present. Upon an auditory stimulus, EHS individuals had
higher skin conductance activity than the control group. Heart rate variability parameters and
blood pressure did not differ between the two matched study groups. Second, ten EHS individuals
from the first experiment took part in a double-blind provocation study, where they were ran-
domly sham and real exposed to four EMF signals (Global System for Mobile communications
(GSM) 900, GSM 1800, DECT, and WiFi) at a level of 1V/m (2.7mW/m2) for 5min per signal
with a rest period of ten minutes between the signals. None of the signals was associated with
respiratory rate, heart rate variability, blood pressure or skin conductance. Further, saliva alpha
amylase, cortisol and immunoglobulin A concentrations were not related to any of the signals
applied (Andrianome et al., 2019).

Effects of WiFi exposure during sleep were investigated in a double-blind, sham-controlled,
randomized, and fully counterbalanced cross-over study of 34 healthy young males. Study partici-
pants spent a first night in the sleep laboratory for a screening and adaptation night, and later
four experimental nights, consisting of baseline nights followed by sham or real exposure nights
(Danker-Hopfe et al., 2020). A whole-night 2.45GHz WiFi (maximum peak spatial SAR10g of
6.4mW/kg) exposure was delivered by a newly developed exposure facility mimicking a strong
but realistic home setting with an access point near the bed, which is well characterized in
Schmid et al. (2020). No global EEG power parameters did differ between exposure and sham
condition except the EEG power in the alpha frequency band (8.00–11.75Hz) during non-rapid
eye movement (NREM) sleep, which was reduced under acute WiFi exposure compared to sham.
This slight physiological change in the EEG power observed under WiFi exposure was neither
reflected in the subjective assessment of sleep quality nor at the level of objective measurements
of the macrostructure of the sleep.

In a crossover study with 32 female and 13 male participants in Iran, effects of WiFi exposure
on reaction time, short-term memory and reasoning ability were investigated (Hosseini et al.,
2019). Based on one sham and one exposure session, each lasting two hours, no significant differ-
ences between the mean scores of reaction time, short-term memory, and reasoning ability were
found. However, the exposure setup does not allow firm conclusions about actual WiFi exposure
of the study participants.

In vivo studies

Nine publications from three different laboratories in France, Turkey and Italy reported about in
vivo experiments in rodents with WiFi exposure (Table 2 and Table S5, supplemental material 1).
In the French laboratory, pregnant female Wistar rats and their offspring were exposed in a free-
roaming system to a sham or a 2.45GHz WiFi signal, including a positive control, to assess the
impact on reproduction and developing organism (Ait-Aissa et al., 2010, 2012, 2013). WiFi expos-
ure with a whole body SAR of either 0.08, 0.4, or 4W/kg for the adults (and up to 12W/kg for
the pups) was applied for 2 h/day during 5 days/week for the last 2 weeks of gestation, and for an
additional 5 weeks after birth. In the brains of the young rats, no indication for altered gliosis
(astroglia activation assessed by glial fibrillary acidic protein immunostaining) and apoptosis
(TUNEL assay) were found (Ait-Aissa et al., 2010). Screening the blood of the new-borns for the
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presence of markers for oxidative stress did not reveal any significant alterations and litter size by
WiFi exposure, and body mass and pups anogenital distance were also not changed (Ait-Aissa et
al., 2012). Furthermore, WiFi exposure did not affect the expression of the stress markers, 3-
Nitrotyrosine and the heat shock proteins Hsp25 and Hsp70 (Ait-Aissa et al., 2013). In a further
experiment in the same laboratory using similar exposure conditions, although no positive control
was executed in this case, female Wistar rats and their pups were exposed postcoitum for 18 days
2 h/day and 6 days/week (20 animals per group) and data were obtained for both the mother and
the new-borns (Poulletier de Gannes et al., 2012). Apart from an increased food consumption
during the lactation period in rat dams exposed to 0.4W/kg lacking an exposure-response correl-
ation, no effects were observed in respect to death rate of fetuses, number of implantation sites,
litter size, number of stillbirths and live births, maternal body weight and macroscopic abnormal-
ities. In addition, the live pups did not differ in body weight, physical and functional develop-
ment, or showed behavioral abnormalities. In a third experiment executed in the same laboratory,
nine male and nine female Wistar Han rats per group were exposed to a 2.45GHz WiFi signal
for 1 h/day during 6 days/week at a whole body SAR of 0.08 and 4W/kg for three and two weeks,
respectively, continuing for another three weeks after mating (one couple per cage) (Poulletier de
Gannes et al., 2013). Based on absence of effects for most outcomes, the authors concluded that
their experiment does not provide evidence for adverse effects of WiFi exposure on the male and
female reproductive organs, fertility and fetal body weight. Sporadic findings in exposed animals
occurring without any consistency in terms of exposure-response associations were considered
incidental and spontaneous in nature.

Dasdag et al. (2015) performed a long-term and low dose 2.4GHz WiFi signal exposure
experiment with 16 adult male Wistar rats and assessed sperm parameters and the histology of
the reproductive organs. Eight animals per group were sham- or continuously WiFi-exposed for
one year, but cage or positive controls were not included. An average SAR (10 g) of 1.02mW/kg
was calculated for testes and prostate, but this may involve some uncertainties due to the free
roaming of rats. While neither an impact on total morphologic defects nor sperm motility and
concentration was observed, the authors found an increased proportion of sperms with head
defects in exposed animals. Furthermore, they reported a decreased weight of epididymis and
seminal vesicles, but not of testes and prostate, and reduced thickness of the tunica albuginea and
diameter of seminiferous tubules without changing the Johnsen’s Biopsy score.

In experiments including a cage control group conducted in an Italian laboratory, specific-
pathogen-free C57BL/6 mice were either sham- or WiFi-exposed, while being restrained in a
tube. Center frequency of the WiFi signal was 2.462GHz and the whole body SAR 4W/kg.
Exposure was applied for two hours per day, starting five days after mating and ending one day
before the expected delivery. Mating success, number of newborns/mother and body weight at
birth was analyzed and found to be not influenced by WiFi exposure (Sambucci et al., 2010).
New-born mice were immunologically analyzed at 5 or 26weeks of age. B cell differentiation and
function (Sambucci et al., 2010) as well as cell count, phenotype, and proliferation of thymocytes
including spleen cell count, CD4/CD8 cell frequencies, T cell proliferation, and cytokine produc-
tion were mostly not related to prenatal exposure (Laudisi et al., 2012). The few associations
observed did not show any consistency. In a follow up experiment, 16 new-born mice per expos-
ure group were either sham- or real exposed to a 2.462GHz WiFi signal for 2 h/day, 5 days/week
for 5 consecutive weeks starting the day after birth (0.08 or 4W/kg whole body SAR) (Sambucci
et al., 2011). Body weight increase and development was not different among the groups. In the
immunological analyses, a reduced IFN-c production in spleen cells of 4W/kg exposed male but
not female mice was observed in comparison to sham-exposed mice. None of the other immuno-
logical parameters (thymocytes maturation, peripheral T and B cells) were related to expos-
ure status.
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In vitro studies

Two studies fulfilled the inclusion criteria (Table 2 and Table S5, supplemental material 1).
Kuzniar et al. (2017) applied a 5.8GHz WiFi of 9.5 V/m for 24 h on human osteosarcomas
(U2OS), human fibroblasts (VH10) and mouse embryonic stem cells (IB10) to assess the prote-
ome by mass spectrometry. The authors found that less than 1% of the detected proteins
responded to EMF, which—according to the authors—does not indicate perturbed cellular proc-
esses or pathways in response to WiFi exposure. Furthermore, no proteins with consistently
changed abundance in the three cell lines were identified, which could serve as biomarker for
WiFi exposure. Among various tested modulated EMF signals, Schuermann et al. (2020) exposed
primary human MRC-5 lung fibroblasts and immortalized human trophoblast cells (HTR-8/
SVneo,) with a WiFi signal at SAR levels 0.5, 2 and 4.9W/kg applied for 1, 4 and 24 h intermit-
tently (5/10min on/off). The authors concluded from genotoxicity experiments, independently
conducted in two laboratories, that there is no indication for a direct or reactive oxygen species
(ROS)-mediated induction of DNA damage. Therefore, both of these in vitro studies concluded
an absence of short-term effects of WiFi exposure.

Discussion

Following a systematic literature search and quality evaluation, two in vitro, five in vivo (nine
publications), five human experimental (six publications) and four epidemiological (six papers)
studies remained for evaluation. The outcomes covering a broad range of biological parameters
were mostly found to not be related to WiFi exposure. Sporadic findings were not consistent in
terms of biological context or exposure-response associations. Whereas in vivo and in vitro stud-
ies applied in most cases exposure levels up to the guideline levels (ICNIRP, 2020) or even higher
(4W/kg), human studies dealt with levels several orders of magnitude below the ICNIRP guide-
lines of 10W/m2 for whole body exposure or 40W/m2 for local exposure (or SAR 2-4W/kg),
which are typical for WiFi exposure situations in the everyday environment.

Our findings for WiFi exposure are in line with other recent reviews on RF-EMF exposure.
Biological effects are occasionally observed at relatively high exposure levels close to, or above,
the ICNIRP guidelines in experimental studies suggesting that RF-EMF may modify—at least
temporary—oxidative stress responses or membrane potentials (Barnes & Greenebaum, 2020).
However, this has not been found to translate inevitably to health damage, and reviews reporting
such sporadic effects could not identify consistency in terms of exposure time and intensity or
other testing conditions, for instance for cognitive behavior in laboratory animals (Sienkiewicz &
van Rongen, 2019) or for electrophysiological effects in humans (Danker-Hopfe et al., 2019;
Wallace & Selmaoui, 2019). Various reviews concluded that the excellence of conceptional and
experimental execution inversely correlates with the likelihood to report an effect; the more the
quality criteria requirements were satisfied in a study, the smaller was the number of detected
response in cells or animals (Elwood & Wood, 2019; Simko et al., 2016). A recent review on
mobile phone use and tinnitus concluded that study quality is critical (Kacprzyk et al., 2021) and
a review focusing on exposure from mobile phone base stations concluded that the more sophisti-
cated the exposure assessment is, the less likely an effect would be reported (R€o€osli et al., 2010).
For this reason, in our review we only included studies that met a basic set of quality criteria and
thus had a lower risk of bias or experimental artifacts.

For hazard identification, epidemiological studies are most appropriate to study exposure situa-
tions occurring in our environment including long-term exposure. However, observational
research is prone to bias. Exposure to WiFi radiation is likely to be correlated with several life-
style and behavioral factors such as socioeconomic status, stressful lifestyle, internet use including
problematic use and sleep displacement or blue-light exposure from screens. Thus, it is a
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challenge to differentiate between physical WiFi exposure and other factors related to the use of
wireless communication. Three out of four epidemiological studies in this review have used a
crude exposure assessment asking about the presence of WiFi at home or in school (Bektas et al.,
2020; Guxens et al., 2019; Huss et al., 2015; Redmayne et al., 2013). This has a high ecological
validity as it represents the situation of people who complain about WiFi effects. However, it is
likely to result in considerable exposure misclassification, as the contribution of WiFi exposure to
total RF-EMF exposure is relatively low. To put this statement into perspective a summary of
WiFi exposure studies is given in the following.

WiFi contribution to typical total personal RF-EMF exposure has been investigated in several
studies. In a personal RF-EMF exposure study with 529 children, aged 8–18 years, conducted
between 2014 and 2016 using personal portable exposure meters in Denmark, the Netherlands,
Slovenia, Switzerland, and Spain, WiFi in the 2.4GHz band contributed about 2% (median:
1.8lW/m2) to total environmental RF-EMF exposure (median: 75.5lW/m2) (Birks et al., 2018).
Whether children had a WiFi at home or not had only marginal influence on the personal EMF
exposure in the 2.45GHz band. In personal measurements of 8-year-old Spanish children, median
exposure in the 2.4GHz band was 12.7lW/m2 in living rooms and 2.3 lW/m2 in classrooms
(Gallastegi et al., 2018). These studies are in line with systematic reviews of RF-EMF exposure
studies from Europe that concluded that WiFi contribution to total RF-EMF exposure is typically
low and below 10% (Jalilian et al., 2019; Sagar et al., 2018). Among the few exceptions is a per-
sonal measurement study of 98 adults in the Netherlands, where WiFi from Internet use in the
2.4GHz band contributed 11.5% to total RF-EMF exposure with highest level at home (mean:
33lW/m2) and at the work place (7 lW/m2) (Bolte & Eikelboom, 2012). In personal measure-
ments of 18 teachers in Swedish schools, WiFi in the 2.4GHz band contributed 12% (2.8 lW/m2)
and WiFi in the 5GHz band contributed 14% (3.1 lW/m2) to total RF-EMF exposure
(Hedendahl et al., 2017). For an indoor office environment in Belgium, Aminzadeh et al. (2016)
reported an average of 166 lW/m2 in the WiFi-5GHz frequency band.

In a Swiss study with data collected from 90 adolescents in 2013 and 2014, WiFi in the
2.4GHz band accounted in average for 3.5% (2.2 lW/m2) of total personal RF-EMF exposure
(Roser et al., 2017). WiFi exposure during school hours was 7.4 lW/m2 for students with WiFi
available at school and 1.0 lW/m2 for those without. In this study, the total absorbed dose was
calculated by combining measured environmental RF-EMF exposures with contributions from
sources used close to body (e.g. own mobile phone). On average, WiFi in the 2.4GHz band con-
tributed 0.2% to the brain dose and 0.5% to the whole body dose. In an update of this study with
additional exposure data from 58 adolescents collected between 2014 and 2015 and using an
improved dosimetric model, environmental WiFi from access points and other people’s mobile
phone contributed 0.2% and WiFi from own mobile phone data traffic contributed 3.4% to total
brain dose (Foerster et al., 2018).

Given the little contribution of WiFi to total exposure, the observed absence of associations in
the three epidemiological studies discussed above (Bektas et al., 2020; Guxens et al., 2019; Huss et
al., 2015; Redmayne et al., 2013) based on simple proxies is little informative and could also rep-
resent exposure misclassification. A more reliable exposure estimate was obtained in the fourth
epidemiological study, measuring exposure during daily routine and addressing acute effects
(Bogers et al., 2018; Bolte et al., 2019). However, this panel study may be affected by confounding
and awareness bias, which means that knowledge about the presence of a WiFi source nearby
may bias the symptom reporting of some individuals. Thus, no firm conclusion can be drawn
from the observed associations in one out of 22 persons complaining about WiFi exposure in the
main study (Bolte et al., 2019).

Given these limitations, the human experimental studies are considered particularly relevant
for hazard identification. In the sleep study of Danker-Hopfe et al. (2020) the exposure set-up
was of high quality, mimicking an extreme, but still realistic situation with a WiFi access point
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close to the head during sleep (Schmid et al., 2020). The randomized, double-blind experimental
design is unlikely to be affected by confounding. Further, the French study on EHS individuals is
important as it examined the potentially most sensitive group stating to react to RF-EMF in their
daily routine (Andrianome et al., 2019). Although several orders of magnitude below regulatory
limits, exposure levels of 1V/m are still relatively high for WiFi exposure in environmental set-
tings, and the absence of any associations is an import finding. It has been criticized that EHS
individuals may be stressed in such an experiment in unfamiliar surroundings. However, in
randomized tests at the home of 42 EHS individuals applying different types of RF-EMF sources
according to individual attributions (16 persons requested WiFi), none of the participants was
able to correctly identify when they were being RF-EMF-exposed better than chance (van
Moorselaar et al., 2017). The third human experimental study passing our basic quality criteria
did neither find any effects from WiFi exposure on spontaneous awake electroencephalographic
activity and psychomotor vigilance (Zentai et al., 2015). No effects were found also in the fourth
human experimental study, which investigated reaction time, short-term memory and reasoning
ability (Hosseini et al., 2019). Thus, from these four studies acute effects of WiFi at levels typic-
ally occurring in the environment are unlikely, even in EHS individuals. The observed effect in
the fifth human experimental study is most likely an incidental finding as it is restricted to a gen-
der-exposure interaction occurring at a single component of the EEG.

In vitro and animal studies are useful to elucidate underlying biological mechanisms for any
effects observed in human studies. Thus, they can be applied to confirm and to investigate health
related exposure effects on the functional and molecular level, even above the regulatory limits.
Applying our inclusion criteria for WiFi exposure and quality, the majority of the studies were
excluded, mostly because of the lack of experimental blinding and/or sham control or the applica-
tion of EMF that are unmodulated or hardly resemble a real WiFi signal. The few remaining in
vitro and in vivo studies found mostly no association between WiFi exposure and the assessed
readouts in respect to neuro- and genotoxicology, reproduction and immunological parameters,
despite applying high exposure close or above the ICNIRP guidelines for the general population
(SAR of 4W/kg). Note that the realistic WiFi signal applied by Schuermann et al. (2020) was out-
side the usual frequency range.

In this review, we have focused exclusively on WiFi exposure. In principle, biological EMF
effects could be a function of frequency, amplitude, and modulation. We hypothesized that WiFi
signals could have different effects than other types of RF-EMF exposure including CW signals as
often complained by EHS individuals (Andrianome et al., 2018). Based on our hypothesis, we
have excluded many studies that addressed WiFi frequencies (e.g. 2.4 GHz) but used continuous
wave signals or a different type of modulation (e.g. 217Hz pulses as used for Global System for
Mobile Communications, 2G). These excluded studies would result in similar tissue specific SAR
values for a given exposure level than the included studies. In reality, it is challenging to charac-
terize the typical WiFi signal modulation, because it is highly variable according to amount and
direction of data transmission. Thus, the included studies likely represent a mixture of different
signal forms ranging from idle state with high crest factor and strong 10Hz pulsation to almost
stochastic pulsation frequency for heavy data transmission. Thus, one might be concerned that
effects from very specific WiFi signal modulations or mixtures have not been captured in the
research so far. Systematic research on modulation-specific effects is still inconclusive. In a
human experimental study, modulation specific effects on the EEG during sleep were observed,
suggesting that effects are proportional to the maximum peak during the pulse and not the aver-
age exposure levels (Schmid et al., 2012). If this were confirmed more broadly in the future, this
would imply that, at the same average exposure level, WiFi would be biologically more active
than most other RF-EMF sources in our daily environment due to the low duty factor of WiFi.
However, exposure to WiFi is low compared to other sources, namely own use of mobile phones
and emissions from mobile phone base stations (Jalilian et al., 2019; Sagar et al., 2018). Hence,
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even if we consider peak pulse levels, contribution from WiFi to total RF-EMF dose would be
low compared to other sources. It is thus likely that complaints to have experienced detrimental
effects when being exposed to WiFi are owing to a nocebo response. A recent experimental dou-
ble-blind study using sham and real WiFi exposure demonstrated that negative expectations about
the harmfulness of EMF may foster the occurrence of illusory symptom perceptions via altera-
tions in the somatosensory decision criterion (Wolters et al., 2021).

In conclusion, we found little evidence that WiFi exposure is a health risk in the everyday
environment, where exposure levels are typically considerably lower than ICNIRP guideline val-
ues. Observational studies on long-term effects specifically focusing on WiFi are scarce and chal-
lenging to conduct given the little exposure contribution from WiFi to overall RF-EMF exposure.
Experimental studies, although limited in numbers, did not provide evidence that WiFi exposure
may be more problematic than other types of RF-EMF exposure in a similar frequency and inten-
sity range, and it is justified to conduct health risk evaluation for WiFi based on the total RF-
EMF literature. Given the fact that some people state to react to specific RF-EMF sources, we
recommend further experimental studies aiming to clarify the exact role of the signal characteris-
tics by systematically exploring different aspects of RF-EMF exposure such as frequency, signal
characteristics and crest factors in addition to intensity and duration of exposure. A more system-
atic and concerted approach would provide more reliable information for risk assessment for spe-
cific RF-EMF sources or for new exposure situations like the ongoing introduction of the fifth
generation mobile radio technology (5G). Our review has demonstrated that a substantial amount
of papers did not fulfill basic quality criteria. Experimental studies should apply well-controlled
exposure set-ups, consider confounders such as temperature changes and vibrations and conduct
at least blinded analyses when blinded experiments are not possible. For observational studies,
reliable and validated exposure assessment is a key requirement in addition to minimizing selec-
tion bias and confounding. Another aspect is reporting, which was insufficient for many studies.
Thus, papers should be checked prior to publication whether they adhere to well accepted report-
ing guidelines such as STROBE (STrengthening the Reporting of OBservational studies in
Epidemiology) (von Elm et al. 2007) or CONSORT (Consolidated Standards of Reporting Trials)
(Schulz et al. 2010), ARRIVE (Animal Research: Reporting of In Vivo Experiments) (Kilkenny et
al., 2010; Percie Du Sert et al., 2020), and MIBBI (Minimum Information for Biological and
Biomedical Investigations (Taylor et al. 2008; Emmerich & Harris, 2020).
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